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Foreword

In 1971, an mternatIOnal symposmm, "Sorghum m the Seventies", organIzed by the
All IndIa Coordmated Sorghum Improvement Project With support from the IndIan
CouncIl of AgrIcultural Research and the Rockefeller Foundation was held m Hydera­
bad, India The symposmm reviewed the current knowledge base of the sCIentIfic,
production and nutrItIOnal aspects of sorghum as a crop and as a human food In 1981,
ICRISAT, INTSORMIL, and the Indian CouncIl of AgrIcultural Research (ICAR)
sponsored "Sorghum m the Eighties", an mternatIOnal symposmm at ICRISAT Center
m India, to review the achievements accomplIshed m sorghum research durmg the
precedmg 10 years They reviewed sorghum's role as an Important cereal food, feed,
construction materIal, and fuelm the developed and developmg countrIes In 1994, after
discussion among INTSORMIL and ICRISAT sCientists, It was recogmzed that an
mternatlOnal meetmg on the genetic Improvement ofgram sorghum and pearl mIllet was
needed and would be strongly supported by the mternatlOnal sorghum and mIllet
research communIty

Those discussIOns led to the September 1996 InternatIOnal Conference on Genetic
Improvement of Sorghum and Pearl Millet

Gram sorghum and pearl millet are major food grams m the semiarid trOpiCS ofAfnca,
India, and South AmerIca Sorghum ranks fifth among the world's cereals, followmg
wheat, maize, nce, and barley FAO mcludes all millets together m ItS production
estimates Current estimates mdlcate that annual world sorghum productIOn IS approxI­
mately 61 mIllIon metrIC tons and world mIllet production IS approxImately 20 mIllIon
metric tons The maugural speaker ofthls 1996 conference, Dr Leland House, mdicated
global populatIOn IS projected to mcrease to nme bIllIon people by the year 2030 and IS
projected to mcrease most rapidly m the developmg world This wIll create a growmg
demand for food, as well as potentIal new market opportunIties for food products
developed from these baSIC grams

This conference brought together sorghum and mIllet research sCientists from around
the world to share and exchange mformatIon on the genetic Improvement of these two
crops Papers were presented on genetic resources, yield and adaptatIOn, breedmg,
breedmg techmques, breedmg for resistance to bIOtic stresses, abiotic stresses and
Strlga, breedmg for Improved gram quahty and utIhzatIon, and the current and future
use of bIotechnology m genetic Improvement Mr DennIS Avery, of the Hudson
Institute, and closmg keynote speaker to the conference, challenged the conferees WIth
thiS concept "Research IS the largest component of agrIcultural sustamabllIty under
human control"

INTSORMIL and ICRISAT Wish to thank the Rockefeller FoundatIOn, the Overseas
Development AdminIstratIOn (ODA), the NatIOnal Gram Sorghum Producers Assocla-
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tlOn, the Texas Seed Trade AssocIatIOn, Texas Tech UOlverslty, and Texas A&M
UOlverslty for theIr support of mternatlOnal partIcIpants and conference actiVities Which
made thIS meetmg a special success SpecIal thanks go to the Texas A&M sClentlsts who
orgaOlzed the field tours and to Cargill Seed Company, Crosbyton Seed Company,
DeKalb Seed Company and the PIOneer Seed Company for hostmg tours through their
breed109 nursenes and seed productIOn faCIlItIes SpeCIal thanks also goes to the
orgaOlzmg commIttee for pullIng thIS program together and to the partIcIpants who
prepared the papers appeanng m thIS volume The conference body applauded the
INTSORMIL support staff, Joan Fredenck, MarIlyn McDonald, and Dottle Stoner, and
Sheryl SmIth of the Texas A&M Research Center, Lubbock, 10 apprecIatIon for the
outstandmg manner m whIch logIstIcs and conference detaIls were handled

A speCIal award was presented at the Conference to Dr Leland K House who was
honored for hIS many years of servIce to mternatlOnal sorghum research and for the
many contnbutlOns he made to Improvmg sorghum 10 developmg countnes Dr House
was the leader m orgaOlzmg and served as a symposIUm coordmator 10 the prevIOus
InternatIOnal Sorghum Conferences 10 1971 and 1981 A summary of the profeSSIOnal
career and accomplIshments ofDr House are pnnted on page 689 10 these proceedlOgs
It was fittmg that Dr House served as the keynote speaker at thIS conference Durmg
the banquet Thursday evenmg, Dr Ouendeba Botorou, Coordmator for the Pearl MIllet
Research Network 10 West AfrIca (ROCAFREMI), was also recogmzed for hIS years
ofservice as INTSORMIL Host Country Coordmator and pearl mIllet research collabo­
rator 10 NIger

PartIcIpants came to thIS conference prepared to spend long hours 10 gettmg caught
up on the most recent sCIentIfic advancements made 10 the field ofgenetIc Improvement
10 sorghum and mIllet WhIle we take our research very senously, there were lIght
moments as well At the banquet, Dr AlIya Kasakova, Deputy DIrector, All RUSSIa
Sorghum Research InstItute, Rostov, RUSSIa, dedIcated a poem to the conference
partIcIpants entItled "Sorghum and MIllet That Need To Be Improved" The poem
captures the spmt of the conference and IS mcluded 10 these proceedmgs

ThIS publIcatIOn WIll be WIdely dlstnbuted throughout the world We hope the
mformatlOn, poster abstracts and dISCUSSIOns appeanng 10 thIS proceedmgs WIll be as
stImulatmg to the reader as the actual presentatIOns I belIeve thIS meetmg strengthened
the collaboratIOn between NatIOnal Agncultural Research OrgaOlzatlOns (NARs), SCI­
entIsts from the US, ICRISAT, ODA, and other mternatlOnal orgaOlzatlons

JohnM Yohe
INTSORMIL Program DIrector
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Sorghum and Millet
That Need to Be Improved

by Abya S Kasakova, Deputy Director,
All Russia Sorghum Research Institute,

Rostov, Russia

There are Sorghum and MIllet that need to be Improved

And thIs IS a conference that was organIzed because
Sorghum and MIllet need to be Improved

And thIS IS the Lubbock - CIty that has a conference
that was orgamzed because Sorghum and MIllet need
to be Improved

And there IS our Orgamzmg CommIttee that has done
everythmg and chosen the Lubbock - CIty
that has a conference whIch IS orgamzed because
Sorghum and MIllet need to be Improved

And thIS IS an mtematlOnal team of Sorghum and MIllet sCIentIsts
that thanks an OrganIzmg CommIttee,
that has done everythmg and chosen the Lubbock - CIty
that has the conference that was organIzed
because Sorghum and MIllet need to be Improved

And those (m the field) are Sorghum and MIllet vanetles
that were created by plant breeders
that thank an Orgamzmg CommIttee that has done everythmg
and chosen the Lubbock - CIty
that has the conference
because Sorghum and MIllet need to be Improved

And thIS IS the large Texas beefthat lIke to eat new
forage Sorghum and MIllet varIeties,

that grow m the field
that were created by plant breeders
that thank an OrganIzmg CommIttee that has done everythmg
and chosen the Lubbock - CIty
that has a conference
because Sorghum and MIllet need to be Improved
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And thIS IS a good pIece of real Texas meat
that was prepared from the large Texas Beef
that hked to eat new forage Sorghum and MIllet vanetIes
that grow m the field
that were created by plant breeders
that thank an Orgamzmg CommIttee
that has done everythmg and chosen the Lubbock - CIty
that has the conference
because Sorghum and MIllet need to be Improved

And all that IS a magIC power of SCIence
that gIves us a good pIece of real Texas meat
that was prepared from large Texas beef
that lIked to eat new forage Sorghum and MIllet vanetIes
that grow m the field
that were created by plant breeders
that thank an Orgamzmg CommIttee
that has done everythmg and chosen the Lubbock - CIty
that has the conference
because Sorghum and MIllet need to be Improved
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Inaugural Address

Leland R House

I wish to thank the orgamzers of this
conference for glvmg me the opportumty
to give this maugural address

We are a group of agncultural SCien­
tiStS with a focus, or at least an mterest, m
sorghum and mIllets Our mterest m and
approach to our sCience IS vaned, our
expectatIOns different, and our rewards
mdlvldual, but bemg mvolved m agncul­
ture, particularly With sorghum and pearl
mIllet, which are Important crops to some
of the world's poorest people, carnes a
responsibilIty to address Issues ofconcern
to those who use the crop I feel that for
those ofus mvolved m crop Improvement,
the end pomt IS the user, not a pubhcatlOn
or cultlvar release Advances m our SCI­
ence are made by people and for people,
so we must be concerned about people
This meetmg has a focus on the SCience,
It IS mternatlOnal m scope and wants pro­
JectIOn mto the future I would hke m
recogmzmg these Issues to consider sev­
eral areas our SCience, development, and
the human resource With which we work
I belIeve that these tOpiCS are relevant to
our concern about where we are gomg

Changes m Sorghum and MIllet
ProdnctIon

Before begmnmg these tOpiCS, I should
mentIOn somethmg about slgmflcant
trends m sorghum and millet productIOn
and projectIOn of crop demand

Leland R House Rt 2 Box 136 A 1 Baken;vllle NC 28705 USA

Sorghum ranks fifth among the world's
cereals, followmg wheat, maize, nce, and
barley Production m the early 1960s was
about 35 mIllIon tons but mcreased rap­
Idly, reachmg almost 70 millIon tons m
1978 ProductIOn then fluctuated substan­
tially, reachmg a peak of 77 mIllIon tons
m 1985 ProductIOn declIned and m 1993­
94 was about 61 mIllIon tons In the 1993­
94 season, area sown and yield figures
more or less followed productIOn and de­
chned as well, With about 44 mIllIon hec­
tares sown and With an average yield of
about 1420 kg ha I (FAO Production Year
Books)

FAO mc1udes all millets together m ItS
estimates, so figures for Africa and India
have been used to better represent changes
for pearl mIllet Comparmg the averages
for the years 1975-79 With the years 1990­
94, area declIned by 4 5 millIon hectares
(350 and 305 mIllIon hectares, respec­
tively), whIle yield mcreased by 115 kg
ha I (565 compared to 680 kg ha I) so
production was relatively constant durmg
thiS penod, With an mcrease of 800,000
tons (19 6 compared 20 4 mtlhon tons,
respectlvely)

On a world baSIS, sorghum represents
four percent ofthe total cereal productIOn
WhIle thiS figure IS small, there are coun­
tnes where sorghum productIOn IS ofgreat
Importance Burkma Faso (53%), Sudan
(72%), Chad (41%), Cameroon (40%),
Botswana (84%), Rwanda (52%) In Af­
nca as a whole, sorghum represents 18
percent of the total (Dendy, 1995)
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Averagmg the productIon figures for
1987, 88, and 89, pearl mIllet represents
about 1 1% of total world cereal produc­
tiOn In AfrIca as a whole (1989), the
figure IS 10%, and m IndIa, 5% of total
cereal productIOn The crop IS very Impor­
tant m several AfrIcan countrIes, account­
mg for the followmg percentages ofcereal
productIOn NIger 70%, Senegal 63%,
MalI 40%, Chad 38%, Uganda 39%,
BurkmaFaso 25% (FAO ProductIOn Year
Book, 1989) A concerned focus on pearl
mIllet m a number ofAfrIcan countrIes IS
Important

It IS worth notmg that productIOn of
sorghum m AfrIca, WIth a low of eIght
mIllIon tons m 1973, mcreased to 17 mIl­
hon tons m 1988 and averaged about 15 5
mIllIon tons m the 1993-94 perIod (FAO
ProductIon Year Books)

The use of gram as ammal feed has
been an Important stImulus for the global
use of sorghum (Dendy, 1995) Feed use
was relatIvely mmor untIl the mId 1960s
when It expanded rapIdly, partIcularly m
North AmerIca Feed utIlIzatIOn overtook
food use for the first tIme m 1966 Over
the past 25 years, feed use has rIsen from
15 mIllIon to 40 mIllIon tons ThIS use, up
to 97%, has occurred m developed coun­
trIes, but also m some better-off develop­
mg countrIes, partIcularly m Latm Amer­
Ica, where It accounts for about 80% of
sorghum utIlIzatIOn

I would lIke to comment about the SItu­
atIon m IndIa, whIch I feel presents a
sIgmficant lesson In the 1960s, sorghum
was grown on about 11 3 mIllIon hectares,
producmg about 5 8 mIllIon tons ofgram
YIeld was 400-450 kg ha 1 In 1986-1990,

2

area sown was about 9 1mIllIon hectares,
productIon around 8 0 mIllIon tons, and
yIeld about 1048 kg ha I (Murty, 1992)
ThIS represents a declIne of about 2 1
mIllIon hectares m area sown, but an m­
crease m productIOn of about 2 2 mIllIon
tons of gram ThIS IS a consequence of
efforts made m the country to develop an
All IndIa Coordmated Sorghum Improve­
ment Program, WIth a focus on hybrIds,
and the estabhshment of a seed mdustry
to produce and market hybrId seed of a
number of crops

Area sown to sorghum m the U S be­
gan a declIne m the last halfofthe 1980s,
and m 1995 the area sown was approach­
mg half of the area sown m 1986 As a
consequence, some three to five years
ago, several large seed companIes under­
took dramatIC cutbacks m theIr sorghum
programs Recently, both PIoneer and
Deka1b, whIch sell nearly 50% of the sor­
ghum seed mthe US, also began substan­
tIal cutbacks ThIS reactIOn IS cause for
concern because It JeopardIzes the prIvate
sector's contrIbutIOn to product develop­
ment and marketmg, research that ad­
dresses the Issue of genetIc vulnerabIlIty,
and countrY-WIde, even mternatIOnal,
testmg leadmg to hybrIds WIth broad
adaptabIlIty PrIvate sector research also
addresses such Issues as drought and pest
reSIstance, havmg a more fundamental as
well as applIed outlook Part ofthIS prob­
lem was created by allocatIOn of acreage
for maIze Farmers would sow maIze to
retam theIr allotment, thus leadmg to a
negatIve Impact on the area sown to sor­
ghum The recent change m the U S Farm
BIII permIts farmers to sow as they
choose, and, WIth dry weather thIS past
year, the area sown to sorghum m 1996 IS
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125 mIllIon acres, up from 95 mIllIon
acres m 1995 ThIS IS encouragmg and I
hope helps address thIS Issue

In the US, durmg most of ItS hIStory,
agncultural productIOn was mtended for
domestIc consumptIOn However, dunng
the last several decades, export demand
has grown faster than domestIc demand
ThIS reflects a declIne m the rate ofpopu­
latIon growth and a declImng percentage
of mcome spent on food By contrast,
much ofthe rest ofthe world, partIcularly
developmg countrIes, have expenenced a
more rapId nse m both populatIOn and
mcome growth ThIS has stImulated a
market to WhICh U S agrIculture has re­
sponded

Lookmg to 2030, based on the US
Census and Umted NatIOns base lIne pro­
JectIOns, the U S populatIOn IS expected

3000

MIllIon 2500

Metne 2000
Tons

1500

1000

500

0

Grain DC

[] 1985 to 1988

to grow about 20-25 percent, whIle m
other areas, partIcularly developmg coun­
trIes, the rate IS projected to be around 80
percent Global populatIOn WIll mcrease
from about 5 bIllIon m 1990 to about 9
bIllIon m 2030 ThIS populatIOn mcrease
WIll create a rIsmg demand for food as
well as a market for produce

WIth rIsmg mcome m the lesser devel­
oped countrIes (LDCs), It IS projected that
a greater portIon of mcome WIll be spent
on food and mcreasmgly on ammal prod­
ucts, raIsmg the demand for feed

Combmmg vanous populatIOn and per
capIta mcome data, FIgure 1 was devel­
oped It compares data for the penod
1985-1988 WIth projected data for 2030
The coarse grams mclude com, sorghum,
barley, and oats ThIS projectIon mdIcates
a substantIal mcrease m demand m less

Grain LDC

[J 2030

Figure 1 Demand for Gram m Developed (DC) and Less Developed Countnes (LDC), 1985-88
and 2030 (ProJected)
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developed countrIes and adds relevance to
the InternatIOnal scope of thIS meetIng
(CAST, 1992)

The SCience

A Glimpse ofHistory

We now have a pretty good under­
standIng of where our crops came from
and eVIdence that humans began domestI­
catIOn of sorghum about 8,000 years ago
Sorghum was movIng In trade channels
eastward over the ArabIan PenInsula and
across the IndIan Ocean some 3,500 years
ago Over centunes, farmer breeders
adapted the crop to an array ofcondItIOns
They dId a good Job m se1ectmg cu1tIvars
they could rely on to gIve them food every
year, but WIth a narrowIng genetIC base,
they frequently had to be content WIth
modest yIelds

Our Germplasm Resource

Today, we are actIve m the collectIOn,
preservatIOn, and understandmg of our
germplasm CountrIes have been wIlhng
to share theIr resources and to benefit
from the developments of theIr col­
leagues Germplasm acceSSIOns, breedIng
stock, and sources of reSIstance and qual­
Ity traIts have moved extensIvely m the
last 3-0-50 years In an effort to capItahze
on tropIcal cultIvars m the temperate re­
gIOn, where some tropIcal types dId not
flower dUrIng the growmg season or dId
so extremely late, the USDA and Texas
A&M, smce 1962, have undertaken a
backcrossmg program to convert tropIcal
materIals to temperately adapted hnes
SelectIOns from thIS program have, for
many years, been used worldWIde ThIS
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flow of matenal has been free and fre­
quent and has been sIgmficant to our ef­
forts and achIevements Many have gIven
and many have receIved and the process
has no end

The Issue of propnetary nghts looms
larger and larger on the hOrIzon and may
Impact the way germplasm exchange oc­
curs The baSIC concept In the mmds ofus
allIS that the exchange process IS valuable
and we need to ensure that It contmues

Crop Improvement

We have developed an array of tech­
mques for breeders pedIgree breedmg,
populatIOns, hybndizatIOn, and gene
movement VIa backcrossmg, to mentIOn
some Our pathologIsts, entomologIsts,
and phYSIOlogIsts have IdentIfied eco­
nomICally Important traIts, prIorItIzed
them m dIfferent enVIronments, devel­
oped techmques for theIr systematIC
evaluatIOn, and formed teams WIth breed­
ers to bnng together traIts for YIeld, re­
sponse to bIOtIc and abIOtIC stresses, and
Improvement m gram and forage quahty

As a consequence, sIgmficant contrI­
butIOns to productIon have occurred m
many places change m the gram-straw
ratIO (I e , shorter, generally earher plants
more responSIve to management), com­
merCIal explOItatIon of heterosIs, effec­
tIve use of reSIstance and quahty traIts,
mteractIOn of dISCIplInes to support mte­
grated pest management, and crop man­
agement contrIbutIOns, mcludmg stand
estabhshment, weed control, and re­
sponse to fertIhzatIOn and IrrIgatIOn
WhIle In many of the sorghum and mIllet
growmg areas ofthe world, these changes
have made a sIgmficant dIfference, there



are some exceptIOns Gumea sorghum has
been dIfficult to Improve, as well as the
long season culttvars along the hIgh ram­
fall coast of tropIcal Afnca WhIle Im­
provement m ramy-season sorghum m In­
dIa was readIly made, the development of
sorghum cultlvars for the post-ramy sea­
son has been slower These more dIfficult
sItuatIOns present an mterestmg chal­
lenge

Great stndes have been made for some
traIts gram qualIty, plant color, matunty,
and resIstance to greenbug, downy mIl­
dew, mIdge, Strlga, and mIlo dIsease
Others have been less successful, m de­
velopmg, for example, resIstance to stem
borers and headbugs TraIts lIke drought
resIstance and yIeld are poorly under­
stood New traits come forward, for ex­
ample, Improved nutrItIve value of food
from our crops and bIrd reSIstance m sor­
ghum not mvolvmg tannIn A lot of our
work IS empmcal and complIcated by the
number of traIts we can manage How
many components of reSIstance to stem
borer are known and how many of these
components are actually selected for m
the crop Improvement process? The ge­
netICS of many traits are poorly under­
stood, and seem varIable WIth culttvar and
locatIOn How much do practicmg breed­
ers make use of known genetics of the
traIts WIth whIch they deal? For me, as a
breeder addressmg quantItative traits, It IS
more a general Idea based on observation
over time than an appreCIatIOn of a deter­
mmed nature of mhentance No wonder
crop Improvement has been recogmzed as
both an art and a SCIence Improvement In
yleld-IImlttng traits has made a sIgmficant
contnbutIOn to mcreased productIOn,
what contrIbutIon can come from a better

abIlIty to utIlIze the genettcs of the traIts
ofmterest?

Can we do more? The green revolutIon
was made pOSSIble by a change In plant
deSIgn, most frequently where lITIgatIon
was mvolved We can stIll explOIt Im­
proved plant deSIgn m places where tradI­
tIOnal vanettes are grown, particularly on
ramfed land, for example, tradItIOnal cul­
bvars are m use on about 50 percent ofthe
hectarage m India, on most of the area
sown to our crops In countrIes ofsouthern
and western AfrIca, and m hIgher ramfall
areas of central AfrIca HybndizatIOn has
certamly contnbuted m the Amencas, the
Sudan and IndIa, and WIth com m a
number ofAfrIcan countrIes Yet there are
many places, partIcularly m Afnca, where
hybnds can contrIbute ThIS 15 somewhat
more dIfficult because of problems of
seed productIOn and dlstnbutIOn, but hy­
bndizatIOn deserves the effort, not only
because of the yIeld gam of hybnds, but
because ofthe creatIOn ofan mdustry that
contrIbutes adequate quanttttes of good
qualIty seed on a tImely baSIS and, as It
grows, research and development Hy­
bndizatIOn, I belIeve, can be a very Impor­
tant contnbutor to a second green revolu­
tion, partIcularly m AfrIca Lookmg to the
future, we should encourage Its conSIdera­
tion

I was Impressed ten or more years ago
WIth the theSIS work ofStan Cox, a student
of Dr Kenneth Frey, undertaken at the
ICRISAT Center, who transferred Just a
few genes from wIld sorghum mto the
cultivated types In some cases, results
were strlkmg, and they raIse the questIon
whether we have done enough to work
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with fewer numbers of genes focused on
traits of mterest

Although I beheve the situatiOn is im­
provmg, we can do more m terms ofcrop
utihzatIon To be readlly accepted for tra­
ditiOnal use, a new cultIvar must satisfy
the taste and texture quahties preferred

Changes m traits of the gram to im­
prove food taste and texture and nutntion,
and to reduce cookmgtime and eqUipment
to reduce the labor to prepare food, are all
recogmzed and at times avallable (sor­
ghum flour on the grocery store shelf m
Botswana is an example) As high-yield­
mg cultIvars become avallable, it is im­
portant to explore uses for mcreased gram
produced to aVOid a drop m gram pnce,
which can have an adverse impact on new
projects

We have examples, as With Hageen
Dura-I m the Sudan m 1986, when over
production resulted m a drop m pnce and
slowed a rapidly growmg mterest m hy­
bnd seed As productiOn ofgram sorghum
and pearl ml1let mcreased m India, the
area sown declmed as higher value crops
were used Gram went to hvestock, par­
ticularly poultry

The All India Coordmated Sorghum
Improvement Program now has an obJec­
tive of forage improvement, and the sor­
ghum improvement program m Zambia
mcludes dual purpose and forage sor­
ghum The SADCIICRISAT program is
mcorporatmg the brown mid-nb gene,
and the cross between pearl m111et and
elephant grass is rapidly gammg popular­
ity It is not uncommon these days to hear
people talkmg about sorghum for feed to
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free maize for food Lookmg to the future
m areas where sorghum has been tradI­
tionally grown for food, the use of both
gram and stover for animal feed should
hkely become a more promment part of
our crop Improvement effort

The mcreased avallabihty of good
maltmg sorghum m Zambia has resulted
m mcreased use of sorghum by national
brewers Progress has been made m
blendmg sorghum and millet flour WIth
flour from wheat and maize Frequently,
m Afnca, these efforts have been ham­
pered by the aval1abihty of mexpenslve
imported wheat and nce As an example
of the mfluence of wheat and nce avall­
abIhty, when Nlgena stopped the Import
of wheat and nce m 1985, sorghum pro­
duction mcreased from 7 9 ml1hon metnc
tons on seven ml1hon hectares m 1979­
1981 to II ml1hon metric tons on ten
milhon hectares m 1989 (Dendy 1995)

BIotechnology IS ofnsmg slgmficance,
is excitmg, and holds much promise
Without steahng from Dr Bennetzen, the
next speaker, let me make a few com­
ments The promise to better relate genes
to functiOn, to track genes m the breedmg
process, to transfer useful genes across
mfertIhty barriers, to recognize slml1arl­
ties and differences, and to hasten the rate
ofprogress have been demonstrated m our
crops It is not so much a questiOn of
possibihty as of cost, ofpnontizmg traits
and their components, and ofmcreasmgly
brmgmg the use ofthe techmques mto the
hands of crop improvement SCientists
Collaboration between the biOtechnolo­
giSt and the more traditiOnal sCientist is
important The promise for the future is
great



For younger people, m partIcular, the
array of opportumtles IS large There IS
need for the theoretIcal m understandmg
basIc pnnclples, and there IS need for the
apphed m makmg better food, feed, and
mdustnal products, enhancmg resIs­
tances, Improvmg YIeld, and workmg m
one's parent socIety or a dIstant one I
beheve that all aspects are Important and
that mdlvlduals will be the most creative
and find hfe most rewardmg domg what
they enJOY the most Many ofus may need
some mISSiOnary spmt, but more Impor­
tantly we must be skillful m our effort, and
we should leave the place better than we
found It As SCIentIsts, we should have the
ImagmatiOn to make relevant changes It
IS not that the farmer will not or cannot
change, we must create SItuatIOns where
he will change to an opportumty that he
could not vlsuahze ThIS IS a challenge
WIthout an end pomt and we are pnvlleged
to be the best eqUIpped to do somethmg
about It We should not be so swept along
by our mterests m the sCIence that we lose
SIght of those who can benefit, as Dean
Rusk told me when I first Jomed the
Rockefeller FoundatiOn m 1959, "don't
mIss the forest for the trees"

Development

What IS development? I define It, for
our purposes, as the apphcatton of the
findmgs of research mto SOCially benefi­
Cial enterpnse Research and develop­
ment are closely coupled, and I Will al­
ways respect the program of the Rocke­
feller FoundatIOn m India, which I
perceIve as a development program based
on research As new hybnds came from
research, the FoundatIOn expanded ItS
program to partICipate m the development
ofa seed mdustry, and as new agncultural

umversItles were estabhshed, the Founda­
tlon prOVIded expertIse III expenment sta­
tion development and management In my
expenence, research and development
have frequently been separated For ex­
ample, the mternatiOnal mstltutiOns are
Involved pnmanly WIth research and
trammg, not development actiVItIes ThiS
SItuatIOn, however, may be changIng In
many countrIes, the functiOns of research
and extenSIon reSIde m different depart­
ments, comphcatmg commumcatlon be­
tween the two As a consequence, focus
(and, hence, resource allocatiOn) has been
on research, and development (frequently
extenSiOn) has been left for somebody else
Without adequate concern for who that
somebody IS and the problems he or she
may have Land-grant umversltles m the
U S have, to a substantial degree, solved
thiS dilemma by housmg research, exten­
SiOn, and educatIon wlthm the same mstI­
tutlons and permlttmg staffto dIVIde then
time among the three

There are dramatic SItuatIons where re­
search accomplIshments have greatly
benefited the farmer and the commumty
But there are a number ofSItuatIOns where
good research has been and IS beIng done,
but It IS not adequately reahzed III the user
commumty Durmg the last few years, the
questIOn of why has been more loudly
raised, some even questIOn If supportmg
agncultural research IS worthwhIle
Surely thIS has raised concerns that sup­
port for research Will decrease unless ac­
complIshment IS measured, not so much
by how many vanetles have been released
or publIcatIons wntten, as by what change
has taken place on farm or by the user of
the research accomplIshment
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My comments wIll focus prImarIly on
India and AfrIca, where I have experIence
Problems m many of the countrIes m
WhICh we have concern are very comph­
cated, and the resources to generate
change are lImIted To me, the basIc
means of causmg change from our re­
search IS to generate a techmque or cultI­
var that WIll contrIbute In my experIence,
as we try to mitIate change m a traditIOnal
society, a new cultIvar should contrIbute
a 40 to 50% yield mcrease over the local
varIeties m the areas m whIch It IS adapted
(recommended) ThIS level of change IS
sufficIent for the farmer and others m­
volved (for example, government offi­
cers) to Sit up and take notIce, encourag­
mg necessary changes

Gomg mto the 1950s, India was facmg
a food problem WIth large Imports offood
gram The Rockefeller FoundatIOn was
mVlted to partICIpate m cereal crop Im­
provement, mltIally maize NegotiatIOns
began m 1954 and the first three members
ofthe Rockefeller FoundatIOn IndIan Ag­
rIcultural Program arrived m 1957 The
strategy was to establIsh All India Coor­
dmated Programs FoundatIOn staffwere
partICIpants m, not adVisors to, the crop
Improvement program ThiS prOVIded the
opportumty for a shared expenence With
colleagues Staff numbers mcreased dur­
mg the last few years of the 1950s and
early 1960s, reachmg a maximum offour­
teen m the perIod 1967-70, and then de­
clIned, phasmg out about 1975 Interest­
mgly, ofthe fourteen staffmembers, three
were devoted full time to qualIty seed
productIOn and marketmg and one to ex­
penment statIOn development and man­
agement
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Four hybrIds ofmaize were released by
the All India Coordmated Maize Program
m 1962, and the government estabhshed
All India Coordmated Programs for sor­
ghum and pearl mdlet, m the 1964-66
penod the government establIshed SImilar
programs for wheat and nce In the years
that followed, some 25 All India Coordi­
nated Programs were establIshed The
Rockefeller FoundatIOn was mvolved
only With maize, sorghum, mdlet, wheat,
and nce

There are several sigmficant aspects of
the FoundatIOn's mvolvement m India
The program was carefully planned with
Indian authonty FoundatIOn staff were
participants m the programs Develop­
ment was an Important component of the
program, the objective was to stabilIze
accomplIshments and then depart The pe­
nod reqUired was about 20 years

As part ofthe technology transfer effort
m the mid 1960s, the government devel­
oped the hlgh-yIeldmg vanetIes program,
m whIch for two years SCIentists were
responsIble for natIOnal demonstratIOns
and were mvolved With trammg extenSIOn
tramers

Based on research accomplIshments,
the government took steps to establIsh a
seed mdustry, to enhance rural credit, and
to encourage the use of mputs such as
fertilIzer With thIS determmatIOn, now
some 35 years later, the agncultural Situ­
atIOn has dramatically changed The fol­
lowmg comment IS a bnef mdicator of
what happened

"For sorghum m the 1989-90 penod,
approXImately 7 4 mdlIon hectares were



sown to hIgh-YIeldmg hybnds and varIe­
tIes (about 50% ofthe total hectarage) By
1988, the total seed productIOn capacIty m
the country was 667,853 tons and proc­
essed m 504 processmg plants By 1990,
pnvate companIes had developed 122 va­
netIes and hybnds of dIfferent crops,
about 70% ofthese bemg hybnds At thIS
tIme about 500 companIes emerged of
WhICh 35 are large, most ofthem mclud­
mg research Durmg the last five years the
mput mto research by the pnvate sector
has greatly mcreased" (Smgh et al , 1990)

Durmg 1962 and 1963, India Imported
10 and 14 mIllIon tons of food gram By
the mId 1970s, India was exportmg food
gram, and a few years later Its agnculture
was no longer dependent on monetary aid
ThIs was made possIble by a solutIOn to
the agrIcultural problem - and others can
do thIS The SItuatIon m every country has
ItS level of umqueness But I feel It IS
essentIal that the results of the research I
have been mvolved wIth are made avaIl­
able to the farmer m adequate quantItIes
(tons of seed) and for a long enough tIme
(3-8 years) to venfy the research findmgs,
generate farmer mterest, generate mterest
and understandmg by others such as gov­
ernment offiCIals, and develop a mecha­
msm (seed productIon and dIstnbutIOn) to
support and encourage the new develop­
ment m the hands of the user After all,
who other than the orIgmatIng SCIentIst IS
gOIng to know the development better and
take the mitIal steps to fit It mto a commu­
mty? It IS Important that the ongmatmg
researcher help colleagues understand all
that IS mvolved

Several years ago, staffofthe ZambIan
Sorghum Improvement Program VIsIted a

farmer m the Gwembe Valley where she
had Just harvested two tons ofgram ofthe
varIety Kuyuma (the seed was sold to her
by the research program) Her annual re­
qUIrement IS 800 kg Asked what she was
gomg to do wIth the excess, she Said she
wanted money I use thIS as an example of
the quantum Jump m YIeld, resultmg m
almost Immediate mcrease m productIOn
ProductiOn of gram from Hageen Dura-1
m the Sudan expanded at almost an explo­
SIve rate, resultmg m over-productIon, a
drop m gram pnce, and a temporary set­
back for the program Norm Borloug m
PakIstan advocated a floor pnce that
would hold up farmer enthUSIasm ThIS IS
fine for a modest tIme penod, but sor­
ghum m storage from over-productiOn m
ZImbabwe was very expenSIve, qualIty
was lost, and seed sold at a loss Opportu­
mtIes for commercial uses of our crops
have been mentIOned earlIer m thIS paper
LIke the establIshment of the seed mdus­
try, the uptake ofthese commercIal actIvI­
tIes reqUIres a determmed effort

The Human Resource

Our Farmer Clientele m
Developmg Countries

For many of us, the end user IS the
farmer, and we are fond ofreferrIng to the
"poor farmer" and "the poorest of the
poor" SometImes I feel we do thIS so
frequently It becomes a umversal kInd of
category Into whIch all farmers In devel­
opmg countrIes fit Saymg thIS, I am sure
we all recognIze varIabIlIty among peo­
ple, mcludmg farmers My expenence m­
dicates that among the so-called "poor"
farmers are those who are more capable,
wIllIng to take nsk, entrepreneuna1 m out­
look, and frequently exemplary members
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of theIr commumtIes There are those at
the other end of the scale who WIll not or
are slow to respond Everywhere I have
been there are busmess people m the ag~

nculture commumty Also, m my expen~

ence, farmers WIll pay for seed If they are
convmced that the cuitivar IS worthwhIle
We should not use a common label, but
address those who understand and WIll
take nsk and demonstrate the technology
to others

EducatIOn and Trammg

Many of the colleagues wIth whom I
have mteracted m the countrIes m WhIch
I have worked feel the most Important
thmg we dId was educate and tram - to
strengthen theIr people for the future de~

velopment of theIr countrIes The contn­
butIOns ofumversitIes everywhere to edu­
cate and tram have been outstandmg and
generate a backbone for development
ThIS opportumty to prOVIde education and
trammg should contmue at the same or
mcreasmg rate

EducatIOn and trammg, I feel, should
mclude more than a focus on a speCIfic
dISCIplIne or problem After recelvmg
theIr degrees and returnmg home, SCIen­
tists do not know what hes m front of
them, some wIll be practIcmg SCIentists,
some WIll be educators, some WIll go mto
admimstratIOn, some mto pnvate bUSI­
nesses, some WIll be expenment statIOn
managers If the total focus ofan mdivId­
ual's educatIon IS on hIs/her dISCIplIne/re­
search project, he/she IS left poorly pre­
pared for other actiVItIes Let me ask how
many ofyour graduate students know why
they are on field B-3 of the expenment
statIOn and what steps were taken to pre-
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pare the field for sowmg Exposure ofthe
user SCIentist to the statIOn manager and
the management of the statIOn all too fre­
quently does not occur Students are not
exposed to the ramIficatIOns of the seed
mdustry and, where relevant, the manage­
ment of Irngatlon water, etc I feel we can
greatly ennch the opportumtIes for stu­
dents by plannmg tIme for them to partICI­
pate m those actIVItIes to the pomt that
they can usetully conceptualIze them
ThIS can be Important for the qualIty of
our research and the effiCIency WIth
WhICh proVIded resources are used I en­
courage paymg more attentIOn to some of
these actIVItIes m our educatIOnal systems
than we have paId m the past

In some cases, students return home
after completmg then education to a SItu­
atIOn where they find It dIfficult to be
productive The Idea of provldmg re­
sources to help overcome thIS problem IS
worthy ofconSIderatIOn Support for such
resources could be part of the grant for
educatIOn or part of a program m theIr
home country

The SCientific Commumty

We generally find more breeders and
agronomIsts than entomologIsts, patholo­
gIStS, and food technologIsts One advan­
tage of regIOnal and mternational centers
IS to brmg together a cntical mass of SCI­
entific talent that can be broad based m ItS
research accomplIshment and catalytIC to
many m other SituatIOns

I feel another sIgmficant development
has been the tremendously mcreased m­
teractIOn between sorghum and mtllet SCI­
entIsts natIOnally, regIOnally, and mterna-



tIOnally We have become a commumty
of SCIentIsts workmg together ThIs sense
of commumty has led to greater under­
standmg of problems (hence relevance to
research), to mterpersonal relatIOnshIps
encouragmg openness and appreCIatIOn,
and to a more rapId mobIhzatIOn of Ideas
and products of research ThIS has been
encouraged by meetmgs such as thIS and,
mstitutIOnally, by agencIes such as INT­
SORMIL, IRAT, FAa, and ICRISAT
ThIS IS an extremely valuable develop­
ment that will no doubt be contmued and
should be ensured

Donor ASSistance

The strengthemng of national research
systems m a number of developmg coun­
tnes IS often dIfficult because of a low,
madequate resource base Donor contrI­
butIon becomes an Important component
of support, whIch helps, but also subjects
the system to the uncertamtIes ofchanges
m the donor orgamzatIOns Today we hear
about donor fatIgue, government debt m
donor countrIes, changes m demand for
donor resources, partIcularly m Eastern
Europe IndIcations are that, m the future,
support for research and development
from donor sources will gradually dImm­
Ish The response to the problem IS any­
thmg but easy, but clearly If the donor
source dechnes, more of the burden wIll
need to be pIcked up locally

The need for donor funds m too many
places becomes an accepted norm, but It
should not, and I encourage us to see It
more as a steppmg stone - but a steppmg
stone that IS effectIvely there to stabIhze
accomphshment m the local SItuatIOn
Agam, I refer to the Rockefeller Founda­
tion mvolvement m IndIa where obJec-

tIves were carefully defined, actIVItIes
were Jomtly undertaken, development
was mcluded to stabIhze accomphsh­
ment, and the FoundatIOn departed By
gomg beyond research to ensure utIhza­
tIon effective to the commumty, contrIbu­
tion can be made to help reCIpIent coun­
tnes reduce theIr need for donor support
ThIS can be an ObjectIve of our work

In recent years USAID has been plac­
mg mcreasmg emphaSIS on pnvate sector
actiVIty, and thIS, I beheve, IS a logIcal
thmg to do Sorghum and millet are m­
volved m the seed mdustry, the feed m­
dustry, m foods and beverages We are
aware of all of these, but how effective
have we been m seemg them make a SIg­
mficant Impact on theIr respectIve SOCIe­
tIes?

ConclUSIOn

A successful response to our endeavors
WIll compromIse our time on research As
I look to the future, I hope we WIll recog­
mze the contnbutIOn we should make to
play our role m strengthenmg people and
mstItutions Our own mterests and those
ofthe mstItutIOns to whIch we are respon­
SIble should not only permIt us, but en­
courage us, to respond to thiS need We are
not Without example

Consideratton has been given to re­
search, development, and the human re­
source Focus generally IS on research and
much IS bemg done toward personnel de­
velopment It IS my concern that there IS a
greater need for development and educa­
tIOn ThiS conference IS mternatlonal m
scope and, I beheve, should recogmze that
these three components need strengthen­
mg m many countnes They are mterre-
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lated and mutually supportIng Good re­
search and Its contnbutIOn to the commu­
mty IS not gOIng to happen wIthout con­
sIderatIon of all aspects

I wIsh the conference well and hope
that research and development wIll bene­
fit from It AgaIn, thank you so much for
gIVlng me the opportumty to make the
maugural statement
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The Potential of BIOtechnology for the
Improvement of Sorghum and Pearl Millet

Jeffrey L Bennetzen

Abstract

Plant blOtechnology focuses on the modificatlOn ofa crop's genetic complement to
provide Improved agronomic properties In both Its goals and basIc ratlOnale blOtech­
nologlcal enhancement ofcrops IS no different from the tradltlOnal processes ofcrop
Improvement by targeted breedmg However bIOtechnology brmgs a powerful set of
new molecular tools to the plant breeder's assistance Marker-assisted breedmg and
gene transfer will open new hOrizons m the rate, quahty, and quantity ofImprovements
Crops will produce higher yields ofhigher quahtyfood andfeed, with fewer chemical
mputs In the longe! term, the genetically engmeered synthesIs ofspecialtyproducts m
farmers fields may replace chemical and pharmaceutical productIOn plants With
mcreased opportumty will come mcreasedcompetltlOn Sorghum andpearl millet have
significant advantages particularly their tolerance to andenvironments andpoor sods
that couldpermit their survival or expansIOn m this new pan-crop competltlOn Other
crop species could displace sorghum and millet however, if they contmue to receive
disproportIOnately low levels ofresearch attentlOn

The last twenty years have wItnessed
remarkable changes m the rate and range
of potenttal modIficatIons to the genetIc
composItIon of plants DNA markers al­
low genetIcIsts and plant breeders to un­
ambIguously map and follow the numer­
ous mteractmg genes that determme com­
plex traIts hke drought tolerance Crops
can now receIve and express genes from
any eukaryottc or prokaryottc source In a
broad sense, these plant breedmg skIlls
are merely amphficattons ofthe claSSical
(and highly successful) efforts to rear­
range genettc compositton and to mtro­
duce new genes mto a crop by Wide
crosses and selectIve breedmg

Jeffrey L Bennetzen DepartmentofBIOlogical SCiences Purdue Umverslty
West Lafayette IN 47907 1392

The high-yIeldmg varIetIes developed
by tradItIonal plant breeders have been
essenttal to mamtammg adequate food
supphes for the ever-expandmg world
populatIon These routme approaches WIll
not be adequate, however, to meet the
great mcrease m food productIOn neceSSI­
tated by populatIOn growth and the hIgher
standards of hvmg deservedly deSIred m
deve10pmg countnes If we are to aVOId
catastrophic famme and the loss of our
remammg wl1d spaces to agncultural pro­
ductton, then biOtechnology wIll need to
proVIde a quantum mcrease m the rate of
crop Improvement

Marker-ASSIsted Plant Breedmg

The use of DNA markers has greatly
mcreased the number of traits that can be
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definItIvely followed m a breedmg pro­
gram As thIs process contmues to be
automated, an mdlVldual breeder could
foreseeably momtor thousands oftraIts m
vast populatIOns m a smgle season's pro­
gram To date, aSSOCIatIOn of agncultur­
ally SIgnIficant charactenstIcs WIth DNA
markers IS stIll m ItS mfancy, but thIS area
IS currently recelvmg much emphaSIS At
thIS early stage, full sets of partlclpatmg
genes should be IdentIfied WIthout the
dIstractiOn of efforts to understand the
physiOlogiCal contnbutiOns of the gene
products A tremendous strength ofgenet­
ICS (and ItS tradItional apphcatlOn by plant
breeders) IS that one does not need to
know the molecular nature of a gene's
contnbutlOn m order to use the phenotype
It condItIons Breeders will need to ex­
pand theIr analytIC and computatiOnal ca­
pabilItIes to deal WIth thIS great surge of
genetIC mformatIon

Once co-segregatmg DNA markers are
Identified for a partIcular tralt, analySIS of
these same mappmg populatiOns w111 m­
dlcate the genotype x enVIronment effects
and whether speCIfic polygemc mterac­
tlOns are synergIstIc or antagOnIstIC Mo­
lecular marker analySIS IS so easy that the
number of quantItatIve tralt lOCI (QTL)
that need to be followed becomes rela­
tiVely ummportant The breeder can fol­
low, for mstance, fifteen (or fifty or five
hundred, whatever the mappmg results
mdlcate) dIfferent DNA segments known
to pOSItIvely mfluence drought tolerance
These tralts could all be backcrossed mto
a preferred mbred, perhaps from one or
several non-recurrent backgrounds Test­
mg for the drought tolerance tralt m the
mtermedIate generatiOns would be largely
superfluous, thereby savmg tremendous
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amounts of tIme and money At each
backcross generatiOn, the hnes WIth all
fifteen mtroduced segments and as few
other mtroduced (non-recurrent) DNA
segments as pOSSIble are selected, and at
the end ofa relatively few backcross gen­
eratiOns, one has converted thIS mbred to
drought tolerance

Another powerful use ofDNA markers
WIll be to Identify novel sources of
germplasm DespIte the eXIstence of ex­
tenSIve varIetal collectlOns and theIr par­
tial charactenzatIon (see Dahlberg et al
and Eberhart et al elsewhere m these pro­
ceedmgs), very hmlted concrete mforma­
tIon eXIsts mdlcatmg whIch of the col­
lected matenals WIll be the source ofuse­
ful genes In sorghum, for mstance, some
of the wdd sorghum relatives do not ap­
pear to have many alleles of genes not
found m the cultivated sorghums, prob­
ably due to gene flow from the preponder­
ant agronomIc vanetIes that grow m the
same reglOns (Ohvelraetal ,1996) Char­
actenzatlOn of sorghum genotypes at the
DNA level mdlcates fauly unambIgu­
ously overall relatedness and allehc nov­
elty ThIS wdl allow germplasm collec­
tIons to be pruned to theIr truly novel
acceSSIOns Moreover, core subcollec­
tlOns (see Dahlberg et al and Eberhart et
al elsewhere m these proceedmgs) can
then be Identified that contam the maJor­
Ity ofthe dIverSIty m a speCIes, permlttmg
a more detaded and cost-effective charac­
tenzatlOn of the potentially useful agro­
nomIC traIts m thIS manageable core
PedIgree analySIS WIth DNA markers also
w111 be used to IdentifY the DNA segments
that are the source of Important traIts cur­
rently used m Improved vanetIes and lan­
draces (Lee, 1995) ThIS "segmental pedI-



gree" mformation would mdicate both
sources of genetIc Improvement that are
conSIstently effectIve and sources that are
novel or under-utIlIzed

The final outcome of marker-assIsted
crop breedmg WIll be the mcreasmgly
rapId productiOn of Improved vanetIes
generated at far lower costs GenetIc en­
gmeenng, although not lIkely to soon be
rapId or mexpenSIVe, holds out the prom­
ise of truly novel improvements m crop
productIVIty

A Need for the Genetic
Engllleerlllg of Crop Plants

Much of the success ofthe green revo­
lutIon m mcreasmg world food produc­
tiOn was due to Improved agronomIc prac­
tIces and hIgher mputs on Irngated farm­
lands AgrIcultural productIvIty 10

dryland SubSIstence enVIronments was
not greatly enhanced Severe and mcreas­
mg water lImItatIons are such that net
expanSIon of Irngated acreage worldWIde
does not appear to be feasIble, therefore,
future mcreases m world food productIon
WIll reqUIre Improvements m the perform­
ance ofumrngated lands GIven the many
varIed enVIronments and low mput poten­
tIal, there WIll be no sIlver bullet to cure
the defiCIenCies of SubSIstence agrIcul­
ture, and tradItIOnal plant breedlOg strate­
gIes are lIkely to be too slow and lOeffi­
Clent to generate the three- to four-fold
IOcrease 10 food productIOn necessary 10

the next fifty years

Plant genetIC engmeermg has the po­
tentIal to brIng totally novel traits mto any
crop speCIes We have already seen im­
proved pest or pathogen tolerances pro­
Vided by bacterIal or fungal genes These

changes can be tailored for any gIven ag­
ncultural mIlIeu, and for any gIven need
(low cost, envIronmental protectIOn, etc)
For mstance, the Improved msect reSiS­
tances prOVided by transgemc crystal pro­
tems from Bacll/us thurmgensls are both
less expenSIve and less damagmg to the
enVironment than broad msectIcide applI­
catIOn Moreover, the cost of a compre­
henSIve set of crop Improvements by tra­
dItIonal methods often can only be JustI­
fied for seed that WIll be grown across
extenSIve acreages, usually m the seed­
buymg developed countrIes However, as
plant genetIC engmeenng becomes less
costly to perform, crops WIll be mexpen­
sively engmeered WIth an array of traIts
speCIfically targeted to each of the mI­
croenvironments common to tropIcal ag­
nculture

OppositIon to Plant
GenetIC Engllleerlllg

Current oppOSItIon to genetIC engmeer­
mg IS not lIkely to WIthstand the growmg
understandmg among agncultural pro­
ducers and consumers that thIS technol­
ogy can be safer and less envIronmentally
damagmg than our present food produc­
tIon system Opponents of genetIC engI­
neerIng belong to two non-exclUSIve
groups those who fear there may be un­
known dangers 10 thIS new technology,
and those fundamentally opposed to any
new technology

The pOSSIbIlIty that genetIC engmeer­
mg mIght have unexpected hazards was
responSible for the unprecedented expen­
mental moratonum mitIated by the SCIen­
tIfic communIty m the 1970s Subsequent
experImentatIOn and experIence have
convmced the vast majorIty ofbiOloglCal
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sCIentIsts thatthere are few, If any, hIdden
dangers to thIS research Hazards there
may be, and reVIew processes takmg thIS
possIbIhty mto account have been devel­
oped and followed m all of the natIOns
WIth major bIOtechnology programs
However, the possIble hazards m transfer­
rIng a characterIzed smgle gene (for m­
stance) from one plant to another are cer­
tamly more easIly predIcted and less
lIkely to be problematIc than IS the classI­
cal agronomIc procedure of crossmg the
entIre genome from one specIes mto that
of another Although these WIde-crosses
have produced the rare notable negative
outcome (for mstance, AfrIcanized Euro­
pean honey bees), they also have been the
foundatIOn of the Improved varIeties that
currently feed the world It seems odd that
the more dangerous tradItIOnal breedmg
process IS much less regulated than IS
smgle-gene engmeerIng of crops

Some opponents of plant and ammal
genetIC engmeermg belIeve that technol­
ogy per se IS responsIble for most of the
problems on our planet and that return to
an IdealIzed low-technology lIfestyle
would be a panacea ThIS LuddIte VIew IS
obVIOusly ludIcrous m Its most extreme
forms, as these opponents are not wIllIng
to abandon our most dangerous technolo­
gIes (fire, the wheel) or our most technol­
ogy-dependent actIVItIes (modem medI­
cme, worldWIde commumcatIOn) At a
more moderate level, though, thIS argu­
ment IS equally mcorrect and more dan­
gerous Current lIfe expectancIes and
populatIOns would not be sustamable
WIthout modem advances m food produc­
tIOn technology If we return to the land­
races and low mput agrIcultural practIces
of SIXty years ago, then we have to face
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the fact that at least half the current
world's populatIOn WIll dIe of starvatIOn
almost ImmedIately ThIS dIsaster could
be partly amelIorated by brmgmg the rest
of the world's farmable WIldlands mto
production, but at a great cost to the enVI­
ronment and bIOdIversIty

A major pomt ofplant bIOtechnology IS
that crops can be grown on fewer acres,
due to hIgher YIelds, thereby allowmg
more land to be set aSIde for enVIron­
mental and bIOdIversIty preservatIOn
Moreover, one of the goals of plant ge­
netIC engmeermg IS to use genetic modI­
ficatIOn to replace the numerous chemICal
addItIves now used m hIgh-yIeld agrIcul­
ture Crops that prOVIde theIr own fertIlIz­
ers or are reSIstant to pathogens and pests
WIthout chemIcal treatment would pro­
VIde a much cleaner enVIronment For
these reasons, the mternatIOnal enVIron­
mental movement should be the strongest
proponent of agrIcultural bIOtechnology
rather than ItS mtermlttent opponent

Current and Future LImItations
on Crop BIotechnology

As general arguments agamst plant ge­
netIC engmeermg fade mto Irrelevance,
the chIef lImItatIOn upon thIS technology
WIll be our baSIC understandmg of plant
bIology Both the nature ofand most effi­
CIent route to valuable crop modIficatIOns
are generally not clear Most ofthe SImple
modIficatIOns targeted so far - such as
pest, pathogen, or herbICIde reSIstance ­
may appear ObVIOUS, but they were
founded on extenSIve backlogs of baSIC
research For more complex alteratIons m
crop stress tolerance, secondary product
productIOn, or growth habtt, most of the
approprIate genes have not been Identt-



fied, and a basIc understandmg of theIr
bIOlogy IS lackmg

In the long term, partIcularly m mdus­
tnahzed natIOns, much of the cash value
from agnculture could come from the pro­
ductIon of value-added secondary prod­
ucts, chemIcals, and pharmaceutICals
(Moffat, 1995) In thIS envIronment, those
physIOlogIcal processes that have re­
ceIved the most research attentIon are
hkely to dommate, whether or not they
would be the most preferred routes from
a basIc perspectIve The same IS true for
mdIVIdual crop specIes Sorghum and
pearl m111et are partIcularly well-smted to
semI-and agnculture, but If a better-stud­
Ied specIes (e g, maize) were easIer to
engmeer to a new hIgh-value use, then the
engmeered specIes mIght JUStIfy the m­
creased mputs that would allow It to sup­
plant sorghum or pearl m111et, even m
theIr current agronomIc mches Hence,
basIc understandmg and mvestIgatIOn of
both specIfic bIologICal processes and
partIcular crops may be theIr only hope to
contnbute to an mcreasmgly competItIve
agncultural ml1Ieu

Genome Synteny as a Tool for the
Study and Improvement of Grasses

Beyond theIr supenor dryland adapta­
tIon, sorghum and pearl mlllet also can
offer the advantages obtamed from a "um­
tied grass genome" (Bennetzen and Freel­
mg, 1993) approach to crop study and
Improvement Molecular mappmg and
gene dIscovery studIes have shownthat all
grasses have great sIml1anty m gene con­
tent and m the order ofthose genes on theIr
genetIc maps ThIS phenomenon of mter­
speCIes "synteny" mdlcates that the

grasses dIffer more by theIr allehc com­
pOSItIon than by theIr gemc compOSItIOn

One can now use map synteny as a
mechanIsm to determme whether two ge­
netIc processes m two dIfferent speCIes
are due to dIfferent alleles of the same
genes For mstance, It IS now possIble to
determme whether genes that provIde Im­
proved drought tolerance m sorghum
mIght be the same genes that speCIfy thIS
trait (to a less-effectIve degree) m maize
Ifso, then these genes could be transferred
from one speCIes to the other WIth a rea­
sonable assurance that they w111 functIOn
m the transgemc host Moreover, mfor­
matIon gamed from the study of these
syntenous genes and theIr phySIOlogIcal
processes can now be used to mform stud­
Ies m eIther speCIes Hence, the tradItIOnal
dl1utIOn of plant SCIence studIes across a
broad range ofspeCIes could now become
a strength rather than a weakness, as crop
SCIentIsts would have at theIr dIsposal
broader allehc vanatIOn than possIble
wlthm any smgle speCIes

For any crop that has receIved rela­
tIvely httle basIc research attentIOn, hke
sorghum and pearl m111et, the "umtied
grass genome" approach WIll allow the
more rapId apphcatlOn oftools developed
m better-studIed systems Hence, gIven an
mcrease m current efforts, sorghum and
mlllet could use thIS new tool to effi­
CIently achIeve parIty WIth maIze, nee,
barley or wheat as targets for molecular
crop Improvement

Sorghum as a Model for Plant
Genetics and Genetic Engmeenng

Beyond the possIble enhancements that
sorghum and pearl m111et could achIeve

17



through the use of pan-grass tools and
mfonnatton, sorghum has the potenttal to
become a model system for the under­
standmg of C4 plants Sorghum has a
relatIvely small genome for a grass (Aru­
muganathan and Earle, 1991), and has the
expected smaller dIstance between mdI­
VIdual genes than Its larger genome rela­
tIve, maize (Avramova et ai, 1996, Chen
et ai, 1996) Hence, map-based gene
clomng and the development ofa contIgu­
ous phySIcal map are both reasonable op­
ttons m sorghum, as opposed to most
other grasses Several laboratones are
now usmg sorghum as a model orgamsm
to Identrf)r, clone and understand genes
frommalze

DespIte the relattvely few attempts
made at sorghum transformatIOn, trans­
gemc sorghum plants have been produced
(Casas et ai, 1993) Further efforts are
needed on transfonnatIOn technology, but
the current status mdlcates that sorghum
can be genetIcally engmeered and that
baSIC studIes of transgene expreSSIOn
could (and should) be performed m sor­
ghum

GIven Its small genome and transfor­
matIOn competence, sorghum should be­
come a model for understandmg other
members of the tnbe Andropogonae, lIke
maize and sugarcane Along WIth a C3
grass, hke nce, the C4 grass sorghum
could become a model for understandmg
the molecular genetICS ofall grass speCIes
Sorghum Itself would benefit tremen­
dously from ItS pOSSIble status as a model
organIsm As stated earlIer, those organ­
Isms that are best understood at a very
baSIC level WIll usually be the hosts for the
modIficatIOns brought about by genellc

18

engmeers For example, many genetIc en­
gmeermg companIes now produce recom­
bmant protems m Escherzchza coil, de­
spIte ItS severe defiCIenCIes as a ferment­
mg orgamsm, largely because they know
how to eaSIly engmeer genes for expres­
SIOn m E cob SImIlarly, any cereal that
IS well-charactenzed genetically WIll
have a better chance ofbemg used as host
for genetIC engmeenng m the mdustrIaI
sector

Targets for BIOtechnological Improve­
ment III Sorghum and Pearl MIllet

Although pnontIes are always argu­
able, It IS clear that some applIcatIOns of
bIotechnology could ImmedIately be ap­
plIed to sorghum and pearl mIllet, whIle
others remam on the honzon WIth cur­
rent technology, marker-assIsted breed­
109 could rapIdly be apphed to any crop,
whIle most other sIgmficant crop genetIC
engmeermg apphcatIOns WIll not come to
frUitIOn 10 the short term

Both sorghum and pearl mIllet need
assessment of the genes - commonly
called quantitative traIt lOCI (QTL) - that
contrIbute to Important agronomIc traits
Once these traIts are IdentifIed and
mapped to reasonably small chromosome
segments, marker-assIsted breed109 could
be used to mtroduce them mto a WIde
vanety of populatIOns Marker-assIsted
breedmg can greatly reduce breedmg
populatIOn SIzes, the need for (and there­
fore cost of) contmuous recurrent testmg,
and the number ot generatIOns to develop
a supenor mbred ThIS technology IS now
bemg dIrectly applIed 10 the pnvate sec­
tor, but seems to be surpnsmgly under­
utIlIzed 10 the publIc sector However, m
the ImmedIate short term, sorghum and



pearl m111et reqUIre the detaIled genetic
mappmg studIes that would identrfy and
positiOn agronomIcally important genetic
traIts, determme their vanabihty across
environments, and charactenze their syn­
ergy or antagomsm with other genes

StudIes of genetiC diverSIty are also
appropnate and techmcally simple at thIS
tIme (Lee, 1993, Ohvelra et ai, 1996)
These studies will show from what
germplasm (and chromosomal segments)
previOUS crop improvements have ansen
and WIll mdicate what sources of genetiC
novelty have not been extensIVely util­
Ized

Genomlcs, the charactenzatton of the
entire genetic compOSItion of a speCIes,
could and should be ImtIated With sor­
ghum at thIS tIme On the grounds ofsmall
genome SIze and relatedness to maIze and
other important grasses, sorghum could
assert a role as a model for understandmg
plant bIology pertInent to crop Improve­
ment The development of a contIguous
phySIcal map (contlg) of sorghum, usmg
an already-eXistent bactenal artIfiCIal
chromosome (BAC) hbrary (Woo et al ,
1994), and ItS anchormg With genes pOSI­
tioned on the recombInatiOnal map, would
proVIde an mvaluable tool to all plant
SCIentIsts Sorghum, of course would
benefit the most from thIS contlg and
would thereby pOSItIon Itself as a central
orgamsm for addItiOnal molecular genet­
ICS

The genetic engIneenng ofa few traIts,
hke Insect tolerance or pathogen reSIS­
tance, could be mltIated at thIS tIme for
sorghum ThIS \\> III also be true for pearl
mIllet, of course, once transformatIon

technologIes have been worked out As In
other crops, some ofthese SImple changes
WIll prove qUIte (perhaps spectacularly)
valuable and others (probably most) WIll
be of hmlted or no sustaInable sIgmfi­
cance ThIS is, of course, true of all tech­
nologIes, partIcularly at theIr early stages
(It took many decades of automotive Im­
provements before any car was nearly as
useful as a horse and buggy) Neverthe­
less, it is a good time to begIn the genetiC
engmeenng process so we can see what
speCIfic advantages and dIsadvantages
sorghum can brmg to the table However,
the more subtle, durable, and sIgmficant
changes to the quahty and quantIty ofcrop
yIelds WIll reqUIre a greater baSIC knowl­
edge ofplant biOlogy that WIll most easIly
come from baSIC studIes mvolvIng the
mteractiOn of phySIOlogIStS, genetICIsts,
molecular bIOlogists, and other plant bI­
OlOgIStS

Will the Future Approach The Poten­
tIal of BlOtechuology In Sorghum and
Pearl MIllet Improvement?

Sorghum and pearl mIllet could both be
major beneficIanes of bIotechnological
enhancement, due to theIr hardIness m
and enVlfonments and, In sorghum's case,
because of itS advantages as a pOSSible
model grass Higher-Yleldmg varIetIes,
WIth a broader genetIc base, reqUIrIng
lower mputs and causmg less enVIron­
mental degradatIon are all fully feaSIble
The impreSSive productIOn ofbIOmass on
hot and dry lands could JustIfy the chOice
of these speCies for productiOn of food,
forage, and engIneered speCIalty products
on poor SOlIs all over the world However,
because neither of these crop speCies is
central to the agncultural economy ofany
developed country, they are hkely to con-
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tmue to be relatIvely Ignored as targets of
study and Improvement

In a crop Improvement system where
any traIt can be acqUIred from any other
specIes, the most competitIve crops WIll
be those that are best understood Sor­
ghum and pearl mIllet need attentIon and
resources commensurate wIth theIr obVi­
ous agronomIc advantages m order to
compete wIth maIze, nce, or barley WIth
these enhanced charactenzatIons, sor­
ghum and pearl mIllet could mamtam or
mcrease theIr contnbutIOn to world agn­
culture WIthout thIS added attentIon,
these two specIes could become lIttle
more than histoncal novelty crops
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DIscussion

SeSSIOn 1 - Inaugural SessIOn
SessIOn ChaIT, Darrell Rosenow

Rapporteurs - John Axtell and Abdeimonelm B EI AhmadI

Bob Schaffert - BiOtechnology and
molecular tools may be more Important m
developmg countrIes than m developed
countnes because the problems m many
of these countrIes are very dIfficult

J L Bennetzen - ThIS IS qUIte true
BIotechnology IS very cash mtensive but
could gIve nse to great breakthroughs
Progress WIll depend on the avaIlabIlIty of
finanCIal resources BIotechnology WIll
make It pOSSIble to custom desIgn crops
for each SItuatIOn, smce each developmg
country locatIOn WIll have umque reqUIre­
ments

DaVid Andrews - Progress m bIOtech­
nology has been very rapId for crop pro­
tectIon characters To solve problems
such as yIeld potentIal and adaptatIOn, we
must look at fundamental phySIOlogIcal
processes If we are to make progress

J L Bennetzen - I agree BIOtechnolo­
gIStS now domg targetmg relatively SIm­
ple Improvements that are relatively nar­
row m scope The tools are equally apph­
cable for more complex traits We need an
mterdiscIplmary approach whIch WIll
lead to an understandmg of correlates be­
tween genetICS and phySIcal traits

B S Rana - Where absolute reSIS­
tances are not aVailable m the germplasm
and conventiOnal breedmg approach
could not make a sIgmficant progress,
bIotechnology could be very Important to

solve such dIfficult problems such as the
shoot fly problem m sorghum

Hector Quemada - WIth the advent of
bIOtechnology, sorghum researchers need
to be more senSItIve to Issues of regula­
tIon They must be more aware of these
Issues, so that they can ensure that the
benefits ofbIOtechnology m sorghum can
be applIed ThIS IS especIally cntIcal m
developmg countrIes

Darrell Rosenow - In developmg
countnes, government polICies on seeds
are dIfficult to overcome How do we help
them to change pnonties to overcome
these dIfficultIes?

Lee House - The first step IS to make
sure the new technology IS really sIgmfi­
cant and wIll effect real change SCIentIsts
must address Issues of development so
that the end users WIll recognIze the use­
fulness ofthe new technology For exam­
ple, when sorghum hybnds became avaIl­
able m IndIa, there was farmer pressure
contributmg to change m pohcy so that
seed could be produced and made avaIl­
able It IS also Important that changes must
address Important problems ill the coun­
try IndIa was, at that time, Importmg
large quantItIes ofgrams so had a dIfficult
problem to solve In ZambIa, followmg
the removal of maIze SubSIdIes, there IS
greater farmer mterest ill growmg sor­
ghum ThIS, m part, was stImulated by a
clear on farm demonstratiOn ofthe contrI­
butIOn of new sorghum cultivars

21



Osman 0 EI Nagouly - In Egypt, sor­
ghum acreage IS declImng whIle that of
maIze IS IncreaSIng ThIS IS happemng In
many other countrIes Can you gIve some
reasons for sorghum declIne? How can we
mcrease sorghum areas m those coun­
trIes? Our country IS facmg water short­
age but the area of maIze IS mcreasmg
anyway Why?

Lee House - I would lIke to make two
comments FIrst, It IS logIcal that maIze
moves mto tradItIOnal areas of sorghum
where It IS well adapted Also, VIsa versa,
sorghum has moved mto many tradItIOnal
maIze areas In MexIco and several LatIn
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AmerIcan countrIes Second, how IS Ill­

vestment III research beIng placed? Sor­
ghum and mIllet are often left on the sIde­
hnes as lower prtOrIty crops In Southern
AfrIca, follOWIng years ofdrought, dIver­
sificatIOn to other crops than maIze was
wanted If we can develop cultIvars of
sorghum WIth a yIeld potentIal that can
compete WIth maIze, partIcularly m dner
enVIronments, we wIll begIn to see some
changes and perhaps mcreases In sor­
ghum acreage

Bruce Maunder - SometImes profits
from sorghum are put mto maIze research
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Preservmg Genetic Resources

S A Eberhart*, P J Bramel-Cox, and K E Prasada Rao

Abstract

The mlSSIOn of the us NatIOnal Plant Germplasm System (NPGS) lS to effectlvely
collect, document, preserve, evaluate, enhance, and dlstrlbute plant genetlc resources
for contmued lmprovement m the qualzty andproductIOn ofeconomlC crops lmportant
to us and world agrlculture Plant genetlc resources m the NPGS are made freely
avazlable to all bona fide users for the benefit ofhumankmd The actlve collectIOn lS
mamtamed and dlstrlbuted by 19 natIOnal reposltorles, and the base collectIOn lS
preserved at the NatIOnal Seed Storage Laboratory (NSSL), US Department ofAgrl­
culture Fort Collms, Colorado The NPGS collectIOns mclude 40,477 sorghum and
1 507 pearl mIllet accessIOns Ofthe 20,169 sorghum acceSSlons m the base collectIOn
at NSSL 80% are m conventIOnal storage at about -1{fC and 20% are m cryostorage
m vapor phase above lzqUld nitrogen at about -160°C, the pearl mlilet collectIOn lS m
conventIOnal storage

The InternatIOnal Crops Research Instltute for the Seml-And Troplcs (ICRISAT)
located at Patancheru, near Hyderabad, India has assembled a collectIOn of35, 643
sorghum and 21195 pearl mlilet accessIOns both ICRISAT mandate crops All these
acceSSIOns are mamtamedandpreservedm alummum cans m the medlum-term storage
facllzty at about 4°C and 20% relatlve humldlty Freshly rejuvenated acceSSlons wlth
at least 90% vlabllzty and about 5% seed mOIsture content are bemgplaced m mOlsture
proofalummumfod packets that are vacuum sealed and stored m long-term storage at
-20°C For these crops 17% of the sorghum collectIOn and 23% of the pearl mlllet
collectIOn have been transferred to long-term storage

Landraces and wIld relatives of crops
from centers of diverSity have been nch
sources of resistance to new pathogens,
msect pests, and other stresses, as well as
sources oftraits to Improve food and fiber
quahty, animal feed, and mdustrIaI prod­
ucts But, as farmers m centers ofdiVerSity
SWitch to new stress-tolerant, higher
yieldmg cultiVars, these valuable sources

S A Eberhart, Director Nanona! Seed Storage Laboratory USDA ARS
1111 Snuth Mason Street, Fort Colhns CO 80521-4500 USA P J Bramel
Cox: and K E Prasada Rao GenetIc Resource Dlvision ICRISAT
Palanchero P 0 AndhraPradesh 502324 Hyderabad India *CorrespondlOg
author

ofuseful genes wIll be lost forever unless
they have been collected and preserved ex
Sltu III gene banks

No country has all the plant genetiC
resources reqUired to develop and rnam­
tam a high level ofagncultural productiV­
ity The U S has an extremely hmited
number ofnative agncultural crop speCies
of economiC importance As With many
countnes, our exceptiOnally productive
agncultural systems were founded on m­
troduced plant genetic resources, mclud­
mg sorghum [Sorghum blcolor (L )
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Moench] and pearl mlllet [Penmsetum
glaucum (L ) R Br]

Mann et al (1983) hypothesIzed that
sorghum probably ongmated and was
subjected to domestICatIOn more than
5,000 years ago 10 northeastern AfrIca
More recently, Wendorf et al (1992) re­
ported that carbonIzed seeds of sorghum,
evacuated at Nabta Playa near the Egyp­
tian-Sudanese border, appear to be about
8,000 years old

Duncan et al (1991) summanzed
known 1OtroductIOns of sorghum 1Oto the
US, mcludmg broomcorn by Benjamm
Frankl10 10 1725, 'Chmese Amber' sweet
sorgo 10 1851, mllo 10 1879, 'Blackhull
Kafir' 10 1886, 'Fetenta' 10 1906, and
'HegarI' 10 1908 They 10dicate that the
first mentIOn ofthe value ofa gumea kafir
com from West AfrIca occurred at the
PhIladelphIa Agncultural SocIety 10

1810 As the value of sorghum 10 low
ramfall areas ofthe Great Plams was rec­
ogmzed, breeders 10 state agncultural ex­
penment statIOns and 10 the Agncultural
Research SerVIce began sorghum Im­
provement 10 the 1920s IntroductIOn of
addItional matenals was Important to
therr programs, and by 1957, more than
13,000 acceSSIons (many of whIch were
landrace collectIOns from Afnca) had
been 1Otroduced (Duncan et al , 1991)

Pearl mlllet has been used 10 Central
Afnca for many centunes by nomads and
hunters (Rachle and Majmudar, 1980)
Ball (1903) reported that pearl mIllet has
been "known 10 cultIvatIon as a forage or
cereal crop for at least 3,000 years" 10
IndIa, Arabia, and AfrIca He 10dicates
that pearl mIllet was WIdely cultIvated 10
the southeastern US by 1873, and he
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speculates that It probably arrIved along
With sorghum 10 the early 1850s Exten­
SIve research by Burton (1980, 1995) and
Hanna et al (1987) at Tifton, GeorgIa, has
concentrated on develop1Og Improved
pearl mIllet cultIvars for forage produc­
tIOn, but theIr parental hnes also have
been used 10 hybnds developed for gram
productIOn More recently, breed10g re­
search programs at Tifton, Hays, Kansas,
and L1Ocoln, Nebraska, have mcluded
gram types (Hanna, 1995, StegmeIer,
1994, RajewskI and Andrews, 1995)

The Organic Act of 1862, estabhsh10g
the Department of AgrIculture, drrected
the first CommISSIOner of AgrIculture,
Isaac Newton, "to collect, as he may be
able, new and valuable seeds and plants,
to test, by cultIvatIOn the value of such of
them as may reqUIre such tests, to propa­
gate such as may be worthy of propaga­
tIOn, and to dIstnbute them among agn­
cultunsts " In 1898, the Seed and Plant
Introduction SectIOn, which later became
the Plant IntroductIOn Office, was estab­
lIshed to manage plant exploratIOns and
mtroductions Before the late 1940s, 10­

troductIOns were sent dIrectly to 1Oter­
ested SCIentists WIthout any reqUIrement
that they be mamtamed Adequate preser­
vation methodologIes and faCIlItIes were
not avaIlable, and many acceSSIOns were
lost

The U S National Plant Germplasm
System

Ex Situ preservatIon of plant genetic
resources IS extremely Important to U S
agnculture The Research and Market10g
Act of 1946 (Pubhc Law 733) authonzed
the creatIon of four RegIOnal Plant Intro­
duction StatIOns (Ames, Iowa, Pullman,



Washmgton, Geneva, New York, and
Gnffin, Georgia) with the mission to ac­
qUire, mamtam, evaluate, and dlstnbute
germplasm to SCientIsts to be used for crop
Improvement The Inter-Regional Potato
IntroductIOn Station at Sturgeon Bay,
Wlsconsm, was establIshed m 1947 Na­
tIOnal Clonal Germplasm Reposltones
were establIshed m the mld-1980s to pro­
vide more systematic mamtenance of
vegetatively propagated germplasm The
N attonal Small Grams CollectIOn
(NSGC), now m Aberdeen, Idaho, began
m 1894 as a breeders' collectIOn m
BeltsvIlle, Maryland These reposltones
grow and mamtam the active collectIOns
and dlstnbute samples to sCientists world­
wIde The NatIOnal Seed Storage Labora­
tory (NSSL), Fort CollIns, Colorado, was
dedicated m 1958 as a long-term storage
facIlIty to preserve the base collectIOn for
backup of the active collectIOns These
umts have been mtegrated mto the Na­
tIOnal Plant Germplasm System (NPGS)
(ARS Information Service, 1990, Shands
et ai, 1989)

The mission of the NPGS IS "to effec­
tively collect, document, preserve, evalu­
ate, enhance, and dlstnbute plant genetic
resources for contmued Improvement m
the qualIty and production of economic
crops Important to U S and world agricul­
ture This IS achieved through a coordi­
nated effort by the U S Department of
Agnculture m cooperatIOn With other
publIc and pnvate U S and mternatIonal
organizations Plant genetic resources m
the NPGS are made freely avaIlable to all
bonafide users for the benefit of human­
kmd"

New acqUisitIOns must be mcreased,
charactenzed, and preserved as part ofthe

active collectIOns Each repository con­
ducts a systematic evaluation program to
obtam specific mformatIOn on disease and
msect reSistance, nutntIOnal qualIty, agro­
nomic and phYSIOlogical attnbutes, and
other traits of mterest InformatIOn on the
collectIOn and charactenzatIon (passport
data) and evaluation data are entered m
the Germplasm Resources InformatIOn
Network (GRIN) database When re­
quested, samples are distrIbuted to sCien­
tiStS worldWide at no cost for use m crop
Improvement and baSIC research Re­
search relatmg to Improved methods of
collection, regeneratIOn, propagatIOn,
preservation, evaluatIOn, and distribution
IS conducted, and the results are publIsh­
ed

The NatIOnal Germplasm Resources
Laboratory (NGRL), located at the
BeltsvIlle Agricultural Research Center
(BARC) m BeltsvIlle, Maryland, IS re­
sponSIble for a number of activities that
support the entire NPGS The Plant Ex­
change Office (PEO), the Germplasm Re­
sources InformatIOn Network Database
Management Umt (GRINIDBMU), and
the Plant Germplasm Quarantme Office
(PGQO) are components of the NGRL

The Plant Exchange Office coordmates
the acqUiSItion and exchange of plant
germplasm, documents passport data and
descnptIve mformatlOn for newly ac­
qUired matenal, assigns umque Plant In­
troduction (PI) numbers, and serves as a
lIaison on quarantme matters Strategies
are developed for mcreasmg the genetic
diverSity of U S collections Based on
these strategies, gaps m current
germplasm collections are Identified and
commumcated to the appropnate Crop
Germplasm Committee (CGC) or to other
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crop specIalIsts for theIr concurrence The
NGRL facIlttates the activIties of the
CGCs The publIc and prtvate sCIentists
on these commIttees represent the
germplasm user commumty for a particu­
lar crop or group ofcrops These commIt­
tees provIde crop-specIfic expert gUId­
ance on germplasm needs, collection
gaps, descrIptors, documentatIOn, regen­
eratIOn, evaluatIOn, and research goals to
varIOUS components of the NPGS

The GRIN IS the computerIzed data­
base for the NPGS InformatIOn m GRIN
IS avaIlable to any plant SCIentIst or re­
searcher worldWIde through a varIety of
avenues dIrect connectIon to the data­
base, PC GRIN, World WIde Web
(http //www ars-gnn gov), or contact
WIth the curator for the active collectIOn
ofthe crop ofmterest GRIN contams data
on taxonomy, ongm, evaluatIOn, and
characterIZatIOn for plant germplasm pre­
served m the NPGS

All plant germplasm entenng the
NPGS from outsIde the U S must comply
WIth federal quarantme regulatIOns,
WhICh are desIgned to faCIlItate the ex­
change of plant germplasm whIle hmlt­
mg/ preventmg the movement of patho­
gens RegulatIons are wrItten, mterpreted,
and enforced by the USDA Ammal and
Plant Health InspectIOn ServIce (APHIS)

Although the ARS components of the
NPGS are admmlstered by the area dIrec­
tor for the geographIC locatIOn of that
component, the ASSOCIate Deputy Ad­
mmistrator for GenetIC Resources and the
NatIOnal Program Leader for Plant
Germplasm on the natIOnal program staff
prOVIde leadershIp and coordmate actIVI­
ties for the NPGS They also prOVIde ad-
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mimstratIve support to the varIOUS adVI­
sory counCIls and commIttees for plant
genetIC resources

The NPGS mamtams one ofthe largest
ex Situ collections of plant genetic re­
sources m the world A detaIled report of
the NPGS hiStOry, polICIes, and archItec­
ture IS gIVen m Plant Breedmg ReViews
(ed by J Jamck, 1989) Smce 1898, about
575,000 acceSSIons WIth real or potentIal
economIc Importance to U S agrIculture
have been acqUIred through the former
Plant IntroductIOn Office Many of these
are among the more than 433,000 acces­
SIons, representmg over 9,000 plant spe­
CIes, that are now preserved m the NPGS
Between 1986 and 1995, the NPGS dIS­
tnbuted an average of 161,358 samples
each year to US publIc SCIentists (64%),
US prIvate mdustry SCIentIsts (13%),
foreIgn publIc SCIentIsts (8%), foreIgn pn­
vate mdustry SCIentIsts (13%), and mter­
natIOnal centers and USAID (2%)

The prmclpal mISSIOn of NSSL IS to
preserve the base collectIOn of the NPGS
and conduct research to develop new and
Improved technologIes for the preserva­
tIOn of seed and other plant propagules
NSSL also proVIdes long-term storage for
plant materIals not m the NPGS that are
not to be dlstnbuted 1) voucher samples
ofcuitivars and parental lInes lIcensed by
the U S Plant VarIety ProtectIon Office,
2) acceSSIOns of endangered speCIes
mamtamed by botamcal gardens, 3) quar­
antmed samples queued for regeneratIOn
under APHIS mspectIOn, and 4) securIty
backup materIals from mternatIOnal cen­
ters and other gene banks

PhySIcal faCIlIties ofNSSL were mod­
ernIzed and expanded fourfold m 1992



High secunty storage vaults have the ca­
pacity to provide protectIOn from natural
disasters, IncludIng floods, tornadoes,
fires, and earthquakes, for nearly one and
a half mIllIon samples The Insulated
walls, ceilIng, and floor of the cold vault
environmental chambers are IS 2 cm (6")
thick, and movable shelves Increase ca­
pacity Energy reqUirements are much
less with IS 2 cm InsulatIOn and movable
shelves (Walters et al , 1997)

MimmlZIng genetic change dunng ex
Situ preservatIOn IS paramount to retam as
much genetic vanatIon as possible for fu­
ture use (Crossa et al , 1994) A key first
step to mimmlze genetic change IS to pre­
serve the Imtml regenerated sample m the
base collection ThiS regeneratIOn should
be done with an appropnate number of
plants, with the reqUired pollen control,
and under optimum growmg conditIOns to
produce high quahty seed Careful proc­
essmg and dryIng are reqUired to maIntaIn
high viabilIty Storage ofdry, high quahty
seed at sub-zero temperatures can extend
vmbl1lty for many years before a second
regeneratIOn ofthe base collectIOn IS nec­
essary When contInumg demand on the
active collectIOn occurs, seed from the
base collection should be used for every
second or thIrd regeneratIOn

SCIentIsts In the Plant Germplasm Pres­
ervatIOn Research Umt (PGPRU) at
NSSL focus on the development of new
and Improved technologies for the long­
term preservatIOn of all forms of plant
germplasm ThiS research is expected to
Increase the number ofspecies that can be
stored at NSSL, the longeVity ofthe vari­
ous acceSSIOns, and the effiCiency of Vi­
ablhty testIng of accessIOns Longer stor­
age penods and reduced number of field

and/or greenhouse regeneratIOn cycles
w111 result In lower costs and greater ge­
netic Integnty of the germplasm

PreservatIOn of Orthodox Seeds

The technologies for preservIng ortho­
dox seeds are well understood Seeds
should be dned and stored at a low tem­
perature (Justice and Bass, 1978, Roos,
1986, 1989) Research by Justice and Bass
(1978), Bass (1980), and Bass and Stan­
wood (1978) showed that redUCIng the
storage temperature from SoC to sub-zero
temperatures Increased seed longeVity
from less than 10 years for some species
to several decades for most species

The ultra-low temperature of lIqUid m­
trogen (LN) used In cryogemc storage
should extend seed longeVity (Stanwood,
1980, 1985, Stanwood and Bass, 1981)
Stanwood and Sowa (199S) reported that
after 10 years of storage, oxygen uptake
rates and average seedhng root lengths
were greater for omon samples stored In
the vapor phase above LN (approximately
-160°C), compared to samples stored at
-18°C GermmatIOn percent did not
change dunng 10 years ofstorage at either
of these temperatures However, major
differences m germInatIOn were observed
between SoC and the sub-zero tempera­
tures

Although seed drymg extends longev­
ity, there are hmlts to the benefiCial ef­
fects, and the optimum mOisture content
varies With the chemical composition of
the seed (VertuccI and Roos, 1990, 1993,
Vertucci et ai, 1994, Walters-VertuccI
and Roos (1996), Elhs et aI, 1989, 1990)
Drymg seeds beyond a cntlcal mOisture
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content can result In accelerated deterIo­

ratIon at above zero temperatures USIng
basIc thermodynamIc pnnciples, SCIen­
tIStS at the NSSL (VertuccI, 1989, Ver­
tuCCI and Roos, 1990, 1993, VertuccI et
aI, 1994) have estabhshed that, contrary
to the VIabIlity equatIOns (EllIs and
Roberts, 1980, EllIS et aI, 1989), the ef­
fects of storage temperature and water
content of seeds are not mdependent
Consequently, the optimum water content
for seed storage vanes WIth both the spe­
CIes and the storage temperature The
thermodynamIc pnnclples used by Ver­
tUCCI and Roos (1990, 1993) and VertuccI
et al (1994) can be used to predIct opti­
mum mOIsture levels for all orthodox
seeds at all storage temperatures EqUIlI­
bration at about 25% RH at a speCIfied
temperature prOVIdes the optImum seed
mOIsture for storage at that temperature
for all orthodox seeds studIed Seed mOIS­
ture at eqUIhbnum WIll be less In seed
WIth a greater lIPId content (Walters-Ver­
tuCCI and Roos, 1996) The procedure of
dryIng to eqUIlIbrIum at an approprIate
relative humIdIty (RH) and temperature
elImInates the reqUIrement ofdetermInIng
the mOIsture content of each acceSSIOn
and saves processIng time When hIgh
quahty seed IS drIed to the optimum mOIS­
ture content and stored at sub-zero tem­
peratures, longeVIty of several decades
can be expected (Walters et al , 1997)

PreservatIOn of Sorghum and Pearl
Millet ID the NPGS

The NPGS active collections of sor­
ghum and pearl mIllet are maIntaIned and
dIstrIbuted by staff of the Plant Genetic
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Resources ConservatIOn Umt (PGRCU)
at Gnffin, GeorgIa, m cooperatIOn WIth
the sorghum curator at the TropIcal Agn­
cultural Research StatIOn (TARS) In

Mayaguez, Puerto RICO, and the pearl mIl­
let curator at Tifton, Gemgla AcceSSIOns
of both crops are regenerated at the
TARS About 100 plants are establIshed
and selfed by baggIng at least one pamcle
per plant PanIcles are harvested and equal
seed quantities from all selfed pamcles are
bulked These bulked seed samples are
then dIVIded WIth part stayIng In the ac­
tive collectIOn and the other part depos­
Ited In the NSSL base collectIOn Sor­
ghum and pearl mIllet samples at the GrIf­
fin PGRCU are maIntaIned In cold vaults
at about 5°C and 25% RH

Seed samples receIved at NSSL are
drIed Imtiallyto eqUIlIbrIum at about 10°C
and 30% RH, to obtaIn near optimum seed
mOIsture for long-term storage At thIS
temperature, the dehumIdIfier seldom
runs to achIeve 30% RH, whereas at 15°C
the RH drops below the deSIred 35% for
thIS temperature because of the naturally
low RH ofthe ambIent air at Fort CollIns
EIther of these cOmbInatIOns gIves the
same seed mOIsture as 5°C and 25% RH
(VertuCCI and Roos, 1993) Seed quahty
IS normally evaluated by germInatIOn
tests WIth four replIcatIOns of 50 seeds
each, USIng standard ASSOCIatIOn of Offi­
CIal Seed Analysts procedures For cryo­
preservatIOn, two replIcatIOns of50 seeds
are tested as usual (control), and two rep­
lIcatIOns are stored for 24 hours over LN
before the germInatIOn tests are con­
ducted As the seed counts and germIna­
tIOn tests are beIng conducted, a final
eqUIlIbratIOn IS done at about 5°C and
25% RH (seed mOIsture of sorghum sam­
ples stored at NSSL ranges from 6 to 9%,



dependmg on lIpId content) These eqm­
lIbnum procedures are predIcted to result
m seed mOlstures correspondmg to those
obtamed wIth 20% RH at -18°C

After seed counts have been made,
samples are packaged m mOIsture-reSIS­
tant alummum fOIl envelopes and stored
m the cold vault at about _18°C or placed
m polyolefin tubes and stored m the vapor
phase above LN at about -160°C m cryo­
tanks Samples that are substandard for
germmatIon (below 65%, or LN-treated
samples that deViate from the control by
10% or more) or are substandard for seed
number (below 1,000 seeds) are stored m
cold vaults whIle the acceSSIOns are
queued for regeneratIOn Operatmg costs
at NSSL to mamtam samples at -18°C are
estImated to be about $ 04 per sample per
year and about $0 14 per sample m cryo­
tanks

The seed qualIty data for acceSSIOns m
the NPGS actIve and base collectIOns are
entered m GRIN V labIlIty IS momtored
penodICally at NSSL dependmg on mitIal
VIablhty (about every 15 years, except for
acceSSIOns WIth poorer ImtIal qualIty that
are tested more often) Substandard sam­
ples of sorghum and pearl mIllet are Iden­
tified for regeneratIOn by the Mayaguez
TARS

Table 1 Status ofSorghum accessIOns m NPGS

The NPGS collectIOns mclude 40,477
acceSSIOns of sorghum (Table 1) Of the
20,169 acceSSIOns now m the base collec­
tion at NSSL, 80% are m conventional
storage and 20% are m cryostorage Seed
qualIty IS falr, WIth 79% ofthe acceSSIOns
havmg samples WIth germmatIOn above
64% The NPGS collectIOns mclude
1,507 acceSSIOns of pearl mIllet and re­
lated speCIes (Table 2) Only 102 Pen­
msetum acceSSIOns are backed up m the
NSSL base collectIOn Seed qualIty IS faIr,
WIth 79% of the acceSSIOns havmg sam­
ples WIth germmatIOn above 64% Coun­
tnes of ongm of NPGS acceSSIOns, as
hsted m GRIN, are shown m Table 3

U S quarantme regulatIOns reqmre that
sorghum and pearl mIllet acceSSIOns from
Afnca and ASia be grown under control­
led condItIOns and mspected by the Am­
mal Plant and Ammal Health InspectIOn
ServIce (APHIS) In the past seven years,
10,893 quarantmed sorghum mtroduc­
tIons have been regenerated m St CrOIX,
Vugm Islands, mspected, and added to the
NPGS sorghum collectIOn, WIth only 278
remammg m quarantme for regeneratIOn
Pearl mIllet acceSSIOns have been regen­
erated under quarantme restnctIOns m
greenhouses m Tifton, but 724 mtroduc­
tIOnS are backlogged AuthonzatIOn to re-

Plant varIety protectIon voucher samples
AcceSSIOns m quarantme status
AcceSSIOns m NPGS
AcceSSIOns m NSSL base collectIOn

Tested for germmatlOn
85 to 100%
65 to 84%

1 to 64%

Number
48

278
40477
20169
19803
9131
6479
4193

PerCent

50
99
46
33
21
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Table 2 Status of Pennzsetum accessIOns In NPGS

Plant vanety protectIon voucher samples
AccessIOns 10 quarantme status
AccessIons 10 NPGS
AccessIOns 10 NSSL base collectlon

Tested for germmatlOn
85 to 100%
65 to 84%

1 to 64%

Number
5

724
1507

102
77
32
29
16

PerCent

7
77
42
37
21

Table 3 Source ofSorghum and Penmsetum accessIons In the NPGS and ICRISAT
NPGS ICRISAT

Country Sorf!:hum Penmsetum Sorghum Penmsetum
Afnca 3
AlgerIa 41 52 23 5
Angola 44
Benm 417 199 46
Botswana 153 2 219 82
BurkmaFaso 334 117 549 868
BurundI 154 8 140
Cameroon 229 41 2486 998
Cape Verde Islands 1 2
Central Afncan Repubhc 4 249 156
Chad 111 192 136
Congo 1 8
Cote D Ivone 1 7
Egypt 16 1 35
EthIOpia 7080 42 4401 2
French EquatOrIal Afnca ~

GambIa 67 57 15
Ghana 46 9 147 283
Gumea 1
Kenya 723 50 988 98
Lesotho 10 12 271 4
Llbena 3
LIbya 22
Madagascar 10 14
MalaWI 550 15 423 312
Mall 1016 18 701 1178
Mauntanla 15 9 37
Morocco 1 4 27 4
MozambIque 23 13 48 33
NamIbIa 182 1126
NIger 515 37 412 1270
Nlgena 460 188 1672 1917
Rwanda 86 291
Senegal 347 4 241 415

(Cootmued 00 Next Page)
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Table 3 Source ofSorghum and Penmsetum accessIOns m the NPGS and ICRISAT, contmued
NPGS ICRISAT

Country Sorf{hum Penmsetum Sorghum Penmsetum
SIerra Leone 26 108 60
Somaha 102 446 4
South Africa 807 65 935 162
Sudan 3813 31 2494 614
SwazIland 11 202
TanzanIa 86 718 503
Togo 565 23 294 515
Tumsla 6
Uganda 682 7 1759 124
ZaIre 40 22 52 11
ZambIa 580 31 341 157
ZImbabwe 1237 385 1607 1386

Africa sub total 20392 1183 22985 12531

Afghanistan 10 3 5
Bangladesh 1 9
Chma 1122 5 380
India 1083 120 6106 7775
IndoneSIa 20 33
Iraq 5 3
Iran 420 3 7
Kazakhstan 3
Korea 40 78 1
Lebanon 32 360 108
Nepal 3 8
Oman 54 7
PakIstan 24 15 70 160
SaudI ArabIa 23 3 22
Turkey 111 50 2
Yemen 4635 62 2130 290
ASIa, other 83 2 242 2

ASia sub total 7668 221 9503 8338

Oceania sub total 239 9 64 8
Caribbean sub total 134 0 84 0
Europe sub total 501 25 526 61
North Amenca sub total 2642 58 2226 245
South Amenca sub total 132 11 192 2
Unknown 8769 63 10

Total 40477 1507 35643 21 195
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generate these acceSSIOns m St CrOIX has
been requested

A total of 1,596 sorghum landrace col­
lectIOns have been submItted for conver­
SIOn from photoperIod-senSItive to
adapted msensltlve verSIOns m the TAES­
USDA Sorghum ConverSIOn Program,
and 623 fully converted lInes have been
released and are aVaIlable m the NPGS
sorghum collectIOn (Duncan et ai, 1995,
Rosenow et ai, 1995, J A Dahlberg, per­
sonal commumcatlOn) Most accessIOns
avaIlable from the InternatIOnal Crops
Research InstItute for the SemI-And
TropICS (ICRISAT), Patancheru, IndIa,
are m the NPGS sorghum collectIOn

The InternatIOnal Crops Research
Institute for the Semi-Arid TropiCS

WIthm the ConsultatIve Group for In­
ternattonal AgrIcultural Research
(CGIAR), ICRISAT has responsIbIlIty
for the world sorghum and pearl mIllet
collectIOns, as well as theIr wIld relatIves
The polIcy of the CGIAR centers IS to
conserve, mamtam, Improve, and dlstnb­
ute germplasm world-WIde for use m ag­
ncultural research and development In
1983, the FAO member countrIes adopted
the InternatIOnal Undertakmg on Plant
GenetIC Resources and establIshed the
CommISSIon on Plant Genetic Resources
Under the framework ofthe InternatIOnal
Undertakmg, a Global System for Plant
GenetIC Resources has been proposed As
part ofthIS system, the FAO InternatIOnal
Network of Ex Sztu CollectIOns aIms to
ensure safe conservatIon and to proVIde an
eqUitable means whereby all countrIes
have access to plant genetIc resources to
enhance theIr agncultural stabIlIty, pro­
ductIVIty, and well-bemg, whIle they
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share equally and faIrly m the benefits
accrumg from the utIhzatIOn of such re­
sources Under thIS agreement, ICRISAT
has deSIgnated 80% of the sorghum col­
lectIOn and 98% ofthe pearl mIllet collec­
tion to the auspIces of the FAO/CGIAR
agreement, where these collectIOns wIll
be held m trust for the benefit of human­
kmd ThIS agreement covers collectIOns
held by ICRISAT pnorto December 1993
when the Convention ofBIOlogIcal DIver­
SIty, WhIch affirmed the sovereIgn nghts
of natIOnal governments over theIr na­
tIonal resources, came mto effect The
agreement states that ICRISAT's deSIg­
nated germplasm WIll contmue to be read­
Ily aVaIlable to all, smce ICRISAT WIll
not claIm ownershIp nor apply mtellectual
property protectIOn to the germplasm they
hold m trust and WIll ensure that reCIpIents
WIll not apply for mtellectual property
nghts to the germplasm Germplasm ac­
qUired after December 1993 wIll be sub­
Ject to condItIOns Imposed by the source
country and may be very speCIfic for each
acceSSIOn until a more global system for
plant genetIC resources can be developed
To meet theIr responsIbIlItIes, ICRISAT
reqUires every reCIpIent of deSIgnated
germplasm to SIgn a matenal transfer
agreement The avaIlabIlIty and status of
germplasm acqmred by ICRiSAT after
December 1993 wIll depend on mdIVIdual
agreements

Chapter 14G of Agenda 21 of the
Umted NatIOns Conference on the EnVI­
ronment and DIverSIty (UNCED) recom­
mends that all gene banks duplIcate theIr
collectIOns of germplasm for safety
ICRISAT's agreement wIth FAO also re­
qUires a safety duplIcatIOn The deSIgna­
tion of SItes for safety duplIcatIon and
storage IS bemg Investigated for both sor-



ghum and pearl mIllet Once sItes are
Identtfied, an agreement will be arranged
to facIlItate transfer and ensure safe stor­
age for the duplIcate collectIon At thIS
ttme, varIOUS optIOns are bemg mvestI­
gated, mcludmg an arrangement WIth
NSSL, regIOnal gene banks, other CGIAR
Centers, and specIfic natIOnal gene banks

The first major effort to assemble a
world collectIOn of sorghum was made m
the 1960s by the Rockefeller Foundatton
m the IndIan Agncultural Research Pro­
gram (House, 1980, 1985, Murty et al ,
1967, Rockefeller FoundatIon, 1970) A
total of 16,138 acceSSIOns were assembled
from dIfferent countnes, and Interna­
ttonal Sorghum (IS) numbers were as­
sIgned to them In 1976, ICRISAT was
gIven the responsIbIlIty to add sorghum
germplasm to the world collectIOn m ac­
cordance wIth the recommendatIOn made
by the AdvIsory CommIttee on Sorghum
and MIllet Germplasm sponsored by the
InternatIOnal Board for Plant GenetIc Re­
sources (now IPGRI, the InternatIOnal
Plant GenetIc Resources Institute)
(IBPGR, 1976, Mengesha and Prasada
Rao, 1982) At present, ICRISAT ASIa
Center (lAC) IS a major reposItory for the
world sorghum and pearl millet
germplasm collectIon, WIth a total of
35,643 sorghum acceSSIOns from 90 coun­
trIes and 21,195 pearl mIllet acceSSIons
from 48 countrIes The eXIstmg collec­
tIons of these two crops conserved at
ICRISAT have been estImated to repre­
sent about 80% of the VariabIlIty present
m the crop DespIte thIS, germplasm sttll
remams to be collected from a number of
speCIfic areas where a hIgh degree of ge­
netIc dIversIty stIll eXIsts m eIther the crop
or ItS wild relattves In the future, collec­
tIOn actIVItIes WIll be targeted to fill these

gaps for both ICRISAT and the speCIfic
country These collectIons WIll occur m
cooperatIOn WIth the speCIfic country and
will be based on a clearly defined agree­
ment on the collectIon and receIpt of the
germplasm

Greater research effort WIll be ex­
pended on assessmg the adequacy of the
eXIstmg collectIOns both wIthm natIonal
government programs and at ICRISAT,
ehmmatmg redundancy, and charac­
tenzmg the degree of dIversIty These as­
sessments WIll be conducted m coopera­
tton WIth speCIfic countrIes and WIll hope­
fully mvolve a repatrIatIOn of collectIOns
held by ICRISAT and other gene banks,
m-country evaluatIOns usmg descnptors
of value to the natIOnal programs as well
as ICRISAT, and an opportumty to en­
hance the trammg ofnattonal SCIenttsts to
assume responsIbIlIty for theIr genettc re­
sources and to benefit more dIrectly from
theIr use ThIS mcreased nattonal control
over theIr own natural resources IS af­
firmed by the Conventton of BIOlogIcal
DIversIty and WIll be an obJecttve of any
global genettc resource system In the fu­
ture, research emphaSIS WIll use In SItu

conservatton ofboth the crop and the wIld
relatIves m theIr natural habItats

The acceSSIOns of both sorghum and
pearl mIllet held by ICRlSAT are lIsted m
Table 3 accordmg to theIr ongms These
collectIOns contam matenal donated by
governments and pnvate mstItutIOns over
the past two decades or collected by ICRI­
SAT m cooperatton WIth nattonal genetIc
resource programs m vanous countnes
Thus, 90% ofthe sorghum collectIOn and
98% of the pearl mIllet collectton have
come from developmg countrIes m the
semI-and trOpICS About 49% of the sor-
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ghum collectIOn lS from five countrles
IndIa, EthIOpIa, Sudan, Cameroon, and
Yemen Thrrty-seven percent of the ac­
ceSSIOns III the pearl ml1let collectIOn are
from India Wlthm AfrIca, 33% of the
acceSSIons are from West AfrIca, whIle
18% are from Southern AfrIca BesIdes
India, the other mam contnbutors to the
pearl mIllet collectIOn are Nlgena, ZIm­
babwe, Nlger, Mah, and NamlbIa

ICRISAT has mamtamed and contm­
ues to conserve 473 WIld sorghum acces­
SIons from 23 taxa and 688 acceSSIOns
from 38 taxa for the wIld relatives ofpearl
mIllet The sorghum acceSSIons have been
screened for downy mIldew and shoot fly
resIstance at lAC Some ofthe acceSSIOns
ofdIploId wIld races ofS vertlcllliflorum
S vlrgatum, and S arundmaceum were
collected m theIr natural habltats m Su­
dan, near the EthIOpIan border where sor­
ghum IS consldered to have been domes­
ticated (Doggett, 1970, de Wet, 1976)
Harlan and de Wet's collection of wIld
sorghum, conslstmg of 188 acceSSIOns
from the early 1960s, was obtamed from
Mayaguez, Puerto R1CO, USA, m 1979
A collaboratIve effort WIth the Depart­
ment of Pnmary Industnes, Central Re­
gIOn, Queensland, Austraha, has resulted
m the recent collectIOn of 162 samples of
wIld sorghum belongmg to the sections
Parasorghum Stlposorghum Heterosor­
ghum, and Chaetosorghum The Austra­
han collection, after bemg released from
plant quarantme at lAC, WIll be added to
ICRISAT's collection and WIll brmg the
total number of wIld sorghum acceSSIons
at lAC to 635 (Prasada Rao et al , 1995)
FIfty-five percent ofthe collectIOn ofwIld
relatives of pearl mIllet conSIsts of 382
acceSSIOns of ssp monodll from 13 coun­
tnes The other speCIes represented m-
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elude P pedzcel/atum (132 accessIOns), P
polystachyon (79 acceSSIOns), P orzen­
tale (20 acceSSIOns), and P purpureum
(16 accessIOns)

A separately-mamtamed genetic stock
collectIOn mcludes acceSSIOns Identified
as sources of reSIstance (to major dlS­
eases, msect pests, and Strlga) , stocks
WIth genes for speCIfic morphologIcal and
agronomlc charactenstIcs, and cytoplas­
mlC male-stenle hnes (Prasada Rao and
Mengesha, 1988) For pearl m111et, four
trait-specific gene pool populatIOns have
been developed at ICRlSAT These gene
pools mclude an early matunty gene pool
(EGP) WIth 1,143 acceSSIOns from 24
countnes. a hlgh-t111enng gene pool
(HTGP) wlth 1,093 acceSSIOns from 28
countnes, a large-gram gene pool (LGGP)
WIth 887 acceSSIOns from 19 countnes,
and a large-pamcle gene pool wlth 804
acceSSIOns from 22 countrIes These all
have been random-mated at least four
tImes

All sorghum collectIOns are regener­
ated dunng the post-ramy season at ICRl­
SAT by selfing about 20 representative
panlcles from each hne Seeds harvested
m equal quantIties from these pamcles are
mIxed Landraces of pearl mIllet are
mamtamed usmg cluster baggmg ThIS
method mvolves plantmg 120 plants of
each acceSSIOn At the tIme of panlcle
emergence, five pamcles, one from each
offive adJommg plants, are clustered mto
a bag At harvest, each acceSSIOn WIll have
24 of these cluster bags, and an equal
quantlty of seed WIll be bulked from each
pamcle to reconstitute the acceSSIOn
Breedmg hnes and genetIC stocks are
mamtamed wlth sIbbmg and selfing The
cluster bag technIque has been used for a



number ofyears, but phenotypIC eVIdence
mdicates that the techmque may be made­
quate to mamtam the vanabIlIty of an
ongmal acceSSIOn Thus, studIes have
been mitIated at ICRISAT to evaluate the
adequacy of thIS procedure At harvest,
the mOIsture content of the seeds of both
sorghum and pearl mIllet IS about 8-10%,
so no addItIOnal drymg IS needed for me­
dIUm-term storage A bulk sample of
about 500 g of each sorghum and pearl
mIllet acceSSIOn IS preserved m an alumI­
num can m the mediUm-term storage fa­
CIlity (at about 4°C and 20% relatIve hu­
mIdIty) An ImtIaI mOIsture test IS con­
ducted on the seeds In medIUm-term
storage, and any of those WIth VIabIlItIes
above 95% are dned to 6-7% mOIsture
content In a dryer at 15°C and 15% RH
These acceSSiOns are placed m mOIsture
proof alummum fOIl packets that are vac­
uum sealed and stored m long-term stor­
age (-20°C) The exact reqUirements for
the InItIal VIabIlity test to move an acces­
SIOn Into long-term storage has been

changed to 90% as of 1996 SpeCIfically,
17% of the sorghum collectIOn and 23%
ofthe pearl mIllet collectiOn have been put
Into long-term storage (Tables 4 and 5) A
hIgher percentage of the two collectIons
has been tested for VIabIlity, 44% for sor­
ghum and 31% for pearl mIllet Of those
acceSSiOns tested for both crops, about
90% had VIabIlitIes of 85-100%

Another Important aspect of the ICRI­
SAT genetIC resource effort IS the distn­
butiOn of samples of requested acces­
SIons Across all mandate crops SInce
1992, about 49% of the requests have
come from WIthIn ICRISAT or other
CGIAR Centers, about 43% come from
natiOnal program SCIentIsts m developmg
countnes, and about 1% come from SCIen­
tists m developed countrIes The maJonty
of the germplasm sent from ICRISAT
goes to mternatiOnal and natiOnal pro­
grams, only 2% of all requests have been
from the pnvate sector, and none ofthese
were from developed countrIes ThIS dIS-

Table 4 Status ofSorghum AcceSSIOns at ICRISAT
Number PerCent

AcceSSIOns In ICRISAT
AcceSSIOns In long term storage

Tested for germmatlOn
85 to 100%
51 to 84%

I to 50%

35643
5955

IS 574
14080
1360

134

17
44
90

9
1

Table 5 Status of Penmsetum accessIons at ICRISAT
Number PerCent

AcceSSIOns In ICRISAT
AcceSSIOns In long term storage

Tested for germinatIOn
85 to 100%
51 to 84%

1 to 50%

21195
4866
6579
5934

572
73

23
32
90

9
1
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tnbutlon of requests may change m the
future If the role of the pnvate sector
mcreases m the area of baSIC germplasm
enhancement At thIS bme, research IS
bemg conducted pnmarIly by pubhc pro­
grams

The greater utIlIzatIOn of the genetIC
dIverSIty m developmg sustamable solu­
tIons to baSIC crop constramts or enhanc­
mg productlVlty wIll be cntIcal m the
future Increasmg both the utIlIzatIOn of
the sorghum and pearl mIllet collectIOn
and access to the mformatton avaIlable on
the collectIOns WIll greatly contrIbute to
thIS effort ICRISAT has been mvolved
WIth a CGIAR System-WIde Research
Program (SGRP) to enhance the avaIlabIl­
Ity ofthe databases on the collectIons The
SINGER (System-wIde InformatIOn Net­
work for GenetIC Resources) Program has
resulted m the consolIdatIon and entry of
passport and a hmIted amount of charac­
tenzatlon data for the sorghum and pearl
mIllet collectIons The pnmary objectIve
of SINGER has been to develop an effec­
tIve way to hnk the databases of the
CGIAR Centers and allow searchmg
across the Centers through a common user
mterface for data on speCIfic collectIOns,
theIr transfer to collaborators, and access
to the charactenzatton data SINGER wIll
result m a more compatIble and user­
fnendly format for managmg these data at
ICRISAT ThIS ObjectIve IS bemg ad­
dressed, and the databases for these two
collectIOns should be avaIlable through a
number of dIfferent means ThIS effort
also WIll depend on a contmumg effort to
collect charactenzatton data at ICRISAT
or from speCIfic country evaluatIOns, and
to consolIdate mformatlon about speCIfic
acceSSIons The databases WIll need to be
contmually updated by both ICRISAT
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SCIentIsts and other users III the SCIentIfic
commumty ThIS abIlIty to easIly and rap­
Idly share mformatton on the potentIal
benefit of an accessIOn IS cntIcal to the
greater utIlIzatIOn of sorghum and pearl
mIllet germplasm These databases also
WIll need to be compatIble WIth other m­
formatIOn systems, such as GIS data­
bases, and other germplasm databases,
such as GRIN or plant genome databases
that have mformatton for sorghum and
pearl mIllet

Core Subsets

When a SCIentIst determmes that ge­
netiC varIatIOn for a deSIred traIt IS made­
quate m the avaIlable germplasm, new
accessIOns are needed that WIll proVide
the hIghest probabIlIty of IdentIfymg use­
ful source matenals WIth mmlmum
screenIng Sometimes thIS can be
achIeved by obtammg acceSSIOns from an
area where the problem has been endemIC
for many years, e g , low soIl pH A hst of
candIdate accessIOns often can be gener­
ated when appropnate mformatIon IS m
the database

In other cases, espeCIally for new
pathogen strams or msect blOtypes,
searchmg database mformatlOn IS of lIttle
or no value When the SCIentIst must
search wlthm the crop collectIOn for the
deSIred trait, an mitIal screenmg of a di­
verse but smaller subset may reduce tIme
and costs The Idea of developmg such a
subset was proposed by Frankel (1984)
and further developed by Brown (1989a,
b, 1995) They suggest that "a core collec­
tIon conSIsts ofa lImIted set ofaccessIOns
denved from an eXlstmg germplasm col­
lectIOn, chosen to represent the genetIC
spectrum of the whole collectIOn The



core should mclude as much as possIble
of ItS genetIc dIversIty" The core subset
IS suggested to be about 10% of the crop
collectIon, but may vary from 5% for very
large collectIOns to 50% or more for very
small collectIOns, WIth about 3,000 sug­
gested as a maXImum number

Brown (1989a) recommended stratI­
fied samplmg methods when estabhshmg
core collectIons Groupmg begms WIth
taxonomIc affimty (e g , specIes, subspe­
Cies, cytologIcal races) AcceSSIOns
wlthm each taxon can then be assigned to
strata based on ecogeographlC zones and
genetic charactenstIcs (e g , plOIdy level,
photopenod response, races) In some
crops, country of ongm (or regIOn of ad­
Jacent countrIes) may be the only avail­
able means for developmg prehmmary
groups

Development of a useful core subset
may mvolve the followmg steps 1) as­
sembhng and reviewmg passport data and
other mformatIOn for estabhshmg non­
overlappmg groups, 2) assignmg acces­
SIons to appropnate groups, 3) choosmg
acceSSIOns for the prehmmary core subset
from each group, and 4) collectmg data on
phenotypIC and genetIc traIts for acces­
Sions m the prehmmary core and usmg
multIvanate analytIcal methods to con­
struct clusters and dendrograms to elUCi­
date systematic and statistical genetic re­
latIOns for further refinement of the core
subset

ProportIOnal samplmg wlthm each
group may prOVide a more representatIve
sample ofthe total genetIC diverSIty m the
core subset than would a completely ran­
dom samplmg from the crop collectiOn
Once the number needed from each group
has been determmed, acceSSiOns for the
core subset are usually chosen randomly

withm each group However, some cura­
tors are choosmg acceSSIOns WIth more
deslfable agronomIC traits wlthm each
group Clusters generated by multIvanate
analyses of morphologIcal traIts and mo­
lecular data may proVIde a better under­
standmg ofpatterns ofgenetIc dIvergence
and dIverSIty and WIll often IdentIfy eco­
geographIC regIOns that have not been
adequately sampled, espeCIally when the
ongm of each acceSSIon m the core IS
plotted geographIcally ThIS mformatIOn
may be valuable m plannmg future acqUI­
SItIons

The core collectiOn concept has gamed
WIde acceptance and core collectIons are
beIng developed In many countrIes
(Hodgkm et ai, 1995, Knupffer and van
Hmtum, 1995) The NPGS IS developIng
a core subset for each of the major crop
collectIOns (ErskIne and Muehlbauer,
1991, Holbrook et al , 1993, Dlwan et al ,
1994)

A sorghum core collectIon has been
estabhshed at ICRISAT (Prasada Rao and
Ramanatha Rao, 1995) by stratIfyIng the
total world collectIOn geographIcally and
taxonomIcally mto subgroups Acces­
SIons m each subgroup were then clus­
tered mto closely related groups based on
charactenzatIOn data, usmg pnnclple
components analySIS Representative ac­
ceSSiOns from each cluster were drawn In

proportIon to the total number of acces­
SiOns present m that subgroup to form a
sorghum core collection of 3,475 acces­
SiOns (approxImately 10% of the total
world collectIon) DeSignatIOn ofthIS core
subset will not affect the conservatiOn of
the total world collectIOn of sorghum
germplasm at ICRISAT and at other cen­
ters where duphcate sets are conserved
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Sorghum and Pearl Millet
Genetic Resources UtilIzatIOn

J A Dahlberg*, C T Hash, S KresovlCh,
B Maunder, and M GIlbert

Abstract

Sorghum and pearl m1llet are umque m Slze and dlVers1ty The largest collectIOns
contam 40 570 (U S sorghum collectIOn) and 21 191 (ICRISATpearl mlllet collectIOn)
accessIOns Less than threepercent ofthese accessIOns have been used m crop 1mprove­
ment Curatwn - or acqUlSl!wn mamtenance, characterzzatwn andutlhzatwn-plays
a role m explo1tatwn ofthe genetlc varzatwn w1thm these collectlOns

Cult1vatwn ofsorghum andpearlm1llet 1S mcreasmgthe use ofmargmal agrlcultural
land Future ut1hzatlOn w1ll depend on mcreased research on abwt1c and blOtlC stress
tolerance Tofac1lztate explo1tatlOn ofth1S vastgermplasm trad1tlOnal andbwtechmcal
methods must be combmed to proVlde better understandmg of the genet1c vanatwn
avazlable, wh1ch then can be used m crop enhancement Th1s can only be accomphshed
through sharmg of1deas, part1cularly through creatIOn ofan arena where mformat1on
1S globally access1ble

Sorghum [Sorghum blcolor (L)
Moench] and mIllet (pearl mIllet [Pen­
msetum glaucum (L ) R Br] and several
other small-seeded grasses grown as gram
and fodder crops) are some of the most
Important cereals globally In 1995, the
FAO estImated sorghum was harvested
on 43 mIllIon ha, wIth a productIOn of 53
mIllIon MT, and an average yIeld of I544
kg ha I MIllet was harvested on 37 mIl­
lIon ha, producmg 26 mIllIon MT, WIth an
average yIeld of 1070 kg ha 1(FAOSTAT
database, 1996) DespIte then Importance
as food and feed crops, hterature on theIr
curatIOn IS hmIted As demand for food

J A Dahlberg USDA ARS TARS Box 70 Mayaguez, PR 00681 USA
C T Hash ICRJSAT Patanchern AP 502 324 IndIa S Kresovlch USDA
ARS PGRCU Georgia Agricultural Expenment Station Georgia Station
GrIffin GA 30212 B Maunder 4511 Nmth St Lubbock TX 79416 M
GIlbert, CargIll Seed Co POBox 5645 MS16 MmneapolIs MN 55440
5645 ·Correspondmg author
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productIOn - wIth fewer mputs based on
a more balanced ecologIcal scale - m­
creases, mformatton on more effectIve
methods of Identtfymg, mamtammg, and
usmg exotIc germplasm wIthm both crops
IS needed

World collectIOns are umque, not only
m SIze, but also 10 dIverSIty (Dahlberg and
Spmks, 1995, Hanna and Lovell, 1995,
Lawrence and Rettke, 1995, Prasada Rao
et aI, 1995, Wenzel, 1995) The dIverSIty
and avaIlabIlIty ofthese resources has led
to steady Improvement 10 sorghum and
mIllet Sorghum Improvement has been
charactenzed by long-term mcrease of
hybnd yIelds (MIller and Kebede, 1984,
Doggett, 1988) Early work on utIlIzatIOn
of sorghum germplasm was confined to
pure hne selectIon wIthm cultIvated land­
race populatIOns m AfrIca and IndIa that



resulted m somewhat Improved cultIvars,
some of WhICh contmue to be wIdely
grown SelectIOn withm dwarf popula­
tIOns was then taken up, followed by ex­
plOItatIOn of cytoplasmIc male-stenhty,
which permItted the productlOn of com­
merCIal hybnds Crossmg and/or back­
crossmg between adapted mtroductlOns
and local germplasm has been used to
denve Improved self-polhnated vanetIes
and parental hnes (Prasada Rao et ai,
1989) Sorghum yields have mcreased by
over 30% withm the last 30 years and
much of thiS gam can be attributed to
genetic dIVersIty found withm the speCies
Useful traits such as mcreased seed
number, larger pamcles, greater total
plant weight, drought tolerance, dIsease
resistance, greater plant heIght, longer
matunty, greater leaf area mdices, m­
creased green leaf retentIOn, and greater
partItIOnmg of dry matter have contrIb­
uted to mcreased yields (MIller and Ke­
bede, 1984)

UtihzatlOn has been pnmarily hmited
to agronomically Important and, m some
cases, wild sources of germplasm For
example, use of Zerazera sorghum has
become widespread m the development of
new, supenor hybnds because ofsupenor
yield potential and gram quahty (Duncan
et ai, 1991) Restncted utIhzatlOn of ex­
tenSive germplasm collections has oc­
curred because of several charactenstIcs
mherent to the collectIOns themselves
The Size of many collections has made it
difficult to adequately screen them for
useful traits Most breeders rely on a one­
time, one-enVironment evaluatIOn of
germplasm to make selectIons for use m
breedmg programs Passport data is hm­
ited and, m many cases, mIssmg Informa­
tIon from donor countrIes on use umque

charactenstIcs, and Importance of mdi­
VIdual acceSSIOns does not eXist Conse­
quently, utIhzatlOn of the total collectlOn
has not been reahzed

ThIS is not to say that we have not been
successful m makmg use of available ex­
otIC germplasm Examples of the Impor­
tance of germplasm utIhzatlOn have been
Cited m sorghum (Duncan et al , 1991) and
mIllet (Andrews and Bramel-Cox, 1993)
In 1968, greenbugs (Schzzaphzs
grammum Rondall!) were observed on
sorghum m Wall, Texas Hackerott and
Harvey, workmg atthe Kansas State Um­
versity Agncultural Research Center m
Hays, Kansas, planted theIr available col­
lectIon of germplasm and found KS-30,
tumsgrass, to have reSIstance to the new
C-blOtype CooperatlOn between pubhc
and pnvate sector SCIentists made thiS
germplasm qmckly available, resultmg m
enough seed of reSIstant hybnds to plant
1 6 mllhon ha m 1976 The claSSIC exam­
ple of germplasm utIhzatIon m sorghum
has been the Texas A&M-USDA Sor­
ghum ConverSIon Program For a reVIew
ofthe program and ItS Impact, see Duncan
et al (1991) Currently 623 converted
hnes have been released, 533 hnes are
hsted m Duncan and Dahlberg (1993),50
are hsted m Rosenow et al (1995), and 40
new hnes have been released by TAES &
USDA (1996)

The successful mtrogresslon of reSIS­
tance to mIdge (Stenodzploszs sorghzcola
Coq) and downy mIldew [Peronos­
clerospora sorghz (Weston & Uppal)] C
G Shaw] has greatly stabIhzed sorghum
productIon m Austraha and Argentma
ConSIderable opportumtIes remam for ex­
plOltmg the collectIons to Improve sor­
ghum productIOn globally For example,
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over 340 acceSSIOns ofthe genus sorghum
belongmg to sectIOns Chaetosorghum,
Heterosorghum, Stlposorghum, Parasor­
ghum, and Sorghum were recently evalu­
ated for resistance to shootfly (Atherzgona
soccata Rondam) at the InternatIOnal
Crops Research Institute for the Seml­
And Tropics (lCRISAT) ASia Center
Seven acceSSIOns with very high levels of
resistance - m some cases close to Im­
mumty - were found (Nwanze et al ,
1995) Transfer ofthis high level ofresIs­
tance to cultivated sorghum could greatly
Improve productivity of late-sown crops
m Afnca and ASia, where shootfly IS a
major productIOn constramt

The pearl mIllet landrace 'Imadl' has
had widespread Impact on the Improve­
ment ofthat crop globally over the last 25
years (Andrews and Anand Kumar,
1996) Large Gram PopulatIOns (LaGraP)
and the Bold Seeded Early Composite
(BSEC), which have excellent gram YIeld,
gram Size, and disease resistance, have
been developed from thIS landrace at
ICRISAT ASIa Center CZP-IC 923 was
developed from a cross between a smut­
resistant dual-purpose vanety (lCMV
82132) and a mass-selected expenmental
vanety from BSEC (lCMV 87901) GB
8735, ICMV 221, ICTP 8203, and
Okashana I are examples of Improved
open-pollInated cultIvars, based largely
on thiS landrace, that have been widely
accepted by farmers Imadl has also been
used extensively m developmg hybnd
parents for India and the USA Many of
the popular early-maturmg pearl mIllet
hybnds m India are based on male-stenle
lInes developed m Kansas from crosses
mvolvmg a sample oflmadl (PI 185642)
collected from a local market m Kumasl,
Ghana, m 1949 ExtenSive evaluatIOns of
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the potentIal utilIty of WIld relatIves of
pearl mIllet m Improvmg forage and gram
cultIvars over the past 20 years have taken
place at the Coastal Plam Expenment Sta­
tIon, Tifton, Georgia, and m Francophone
West Afnca (Andrews and Bramel-Cox,
1993, Burton, 1995, Hanna, 1990, 1993,
Hanna and Burton 1987, Marchals and
Pernes, 1985, WIlson and Hanna, 1992)

Although these are ImpreSSive exam­
ples of the Impact that can be achieved
usmg exotic germplasm, the number of
acceSSIOns used m crop Improvement IS
very small gIven the sIze of collectIOns
mamtamed around the world For exam­
ple, the sorghum and mIllet collectIOns m
the Umted States stand at 40,477 and
1,507 respectIvely At ICRISAT, the sor­
ghum collectIOn contams 35,643 acces­
SIOns, whIle the mIllet collectIOn, the larg­
est m the world, contams 21,191 acces­
sIOns (see Eberhart et ai, 1996, for a
country-wIde breakdown of each collec­
tIOn) The Sorghum ConversIOn Program,
whIch has released 623 converted lInes,
has tapped mto less than 4% ofthe overall
collectIOn GIven these numbers, the
questIOn arises as to whether we have
created collectIOns that are too large and
poorly characterIzed to effectIvely man­
age and utIlIze them for the benefit of
global crop productIOn

One approach to addressmg thiS ques­
tIOn IS to cntlcally evaluate the utIlIzatIOn
or "curatIOn" ofmajor agncultural collec­
tIOns The overall goal of preservmg ge­
netIc resources m an agrIcultural settmg IS
the future safety offood and fiber produc­
tIon world-wide This reqUIres a long­
term strategy based on the overall cura­
tIon of each crop A curator IS defined by
Webster (1979) as "one that has the care



and supermtendence of somethmg " The
role of curatIon and curators ofplants has
traditIonally been associated with herban­
urns, natural history collectIOns, and/or
botanical gardens In fact, most wntmg
dealmg With preservatIOn and curatIOn of
plants has concentrated on natural history
collectIons or botamcal gardens (Callery,
1995, Dessaueretal, 1990, Hawks, 1990,
Hicks and Hicks, 1978, HOWie, 1986,
Spongberg, 1984) ConservatIOn BIOlogy
A Trammg Manual for BIOlogical Diver­
Sity and Genetic Resources (1992) ex­
plored much of the theoretIcal back­
ground that encompasses curatIOn from
the standpomt of collectmg, mamtammg,
and evaluatmg collectIOns Though a
trammg manual for plant bIOdiverSity,
many of the pnnciples are relevant to us
withm an agncu1tural context The pn­
mary tasks ofcuratIon can be divided mto
four categones acqUisItIon, mamtenance,
charactenzatiOn and evaluatIOn, and utlh­
zatiOn (Committee on Managmg Global
GenetIc Resources, 1991)

AcqUiSItion

AcqUiSitIOn of germplasm has been a
strong pomt wlthm the sorghum and ml1­
let programs Both ICRlSAT and the US
National Plant Germplasm System
(NPGS) have developed large germplasm
collectiOns from around the world (Eber­
hart et ai, 1996) Unfortunately, m both
collectiOns, passport data available on­
hne IS hmited to date collected, collector,
pedigree, country, state/provmce, loca­
tIOn, and secondary IdentIficatIOn The
lack of meanmgful passport data makes
the evaluatiOn ofacceSSiOns based on geo­
graphical diverSity difficult Ohvelra et al
(1996) pomted out that geographical on­
gm was found to be correlated With relat-

edness and that m some cases, the region
of ongm was a more slgmficant factor
than race m estabhshmg how vanatlon is
partItIOned

DescrzptorsforSorghum [Sorghum bl­
color (L) Moench] by IBPGR and ICRl­
SAT (1993) hsts over 50 variables cntlcal
to vahd and mformatlve passport data
Complete and thorough data IS reqUired
for plannmg acqUisition strategies Even
WIthout full passport data and hmlted
morphologIcal traits, molecular tech­
mques can provIde useful mformatIon for
further collectiOn needs CalculatIOns of
genetic distances Will Identify divergent
subpopulatIons that could harbor valuable
genetIc VariatIOns not apparent m current
holdmgs

Genetic conservatIOn, and therefore
germplasm utIhzatIOn, depends on effec­
tIve samphng techmques used m the ongl­
nal collectIOn Snaydon (1992) observed
that "collectIOns may be made (a) to con­
serve, as accurately as possible, a partiCU­
lar populatiOn perhaps m danger ofextmc­
tIOn, (b) to conserve, as accurately as pos­
Sible, the overall pattern of genetIc
vanatiOn m a partICular speCIes, perhaps
agam m danger of extmctiOn, (c) to con­
serve, or perhaps mamtam temporanly, a
WIde range ofuseful varIatIOn for a breed­
mg program, (d) to conserve, or mamtam
temporally, vanatIOn m some specIfic at­
tnbute (e g cold tolerance or dIsease re­
slstance) for a breedmg programme" In
the case of sorghum and ml1let, we strive
to conserve the overall pattern of genetIc
variatiOn for future use III evaluatIon and
enhancement To ensure that future col­
lectiOns are made to maximize genetic
diverSIty, collectIon strategies should be
coordmated through their curators, and
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strategIes should be based on sound SCIen­
tIfIC theory (Snaydon, 1992, Usher,
1992)

Two areas of need for acqUisItIOn m
both mIllet and sorghum are m genetIc
stocks and wIld specIes or relatIves Ge­
netIc stocks are becommg mcreasmgly
Important m crop Improvement The use
of molecular approaches has emphaSIzed
studIes of gene lOCI that control traIts de­
scnbed m germplasm acceSSIOns and for
whIch breeders select Although genetIc
and cytogenetIc stocks have been used m
many ways, mcludmg cultIvar develop­
ment, theIr mam use m sorghum and ml1­
let has been for research StudIes have
been conducted on theIr mhentance, al­
leltsm, lmkage, penetrance, and mtrogres­
SIOn, but theIr dIrect use m breedmg pro­
grams has been hmIted Most breeders
have chosen to use the ongmal germplasm
acceSSIOn or denved lme as a source ofan
allele ofmterest In other speCIes, notably
tomato, genetIc stocks have been used for
more practIcal purposes (Tomato GenetIc
Stock Center Task Force, 1988), because,
m part, a wIder array ofstocks IS aVailable,
they are more thoroughly descnbed, and
the potentIal user commumty IS large and
dIverse

WIth the aval1abIhty of molecular ap­
proaches m sorghum and mIllet Improve­
ment, genetIC and cytogenetIC stocks
should playa more Important role Indeed,
the requests for genetIc stocks have m­
creased conSIderably dunng the last few
years Sorghum and mIllet sCIentIfic com­
mumtIes need to make the acqUiSItIOn of
genetIc stock germplasm a pnonty for
future enhancement and research
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CollectIOn and preservatIOn of wIld
relatIves has been a major weakness m our
acqUiSItIon pohcy Currently, less than
1 5% ofeIther the ICRISAT or the NPGS
collectIOns contam wIld relatIves The
collectIons' defiCIenCIes m representatIOn
of wIld relatIves become more cntIcal as
natIve habItats come under IncreasIng
pressure from human and lIvestock popu­
latIOns, thus threatemng some wIld spe­
CIes - or at least local populatIOns of
them - WIth extmctIOn Both ICRISAT
and AustralIan SCIentIsts have recogmzed
the need to strengthen thIS area of
germplasm acqUISItIon and major collec­
tIon trIpS are scheduled The U S wIld
t>orghum collectIOn IS bemg reevaluated
for authentICIty, and status of thIS collec­
tIOn should be avaIlable by the end of
1996 AustralIan SCIentIsts have under­
taken a collectIOn of IndIgenous sorghum
(Lawrence and Corfield, 1995), whIch has
been sent to both ICRISAT and NPGS for
InclUSIOn m theIr respectIve programs
The first set receIved by ICRISAT con­
taIned wIld sorghum speCIes belongmg to
the sectIOns Parasorghum, Stlposorghum
Heterosorghum and Chaetosorghum
(Prasada Rao et aI, 1995) These are be­
Ing studIed at ICRlSAT ASIa Center for
taxonomIC claSSIfIcatIOn and speCIes
IdentIficatIon

Mamtenance

SItes for preservatIOn and maIntenance
of the largest sorghum and mIllet acces­
SIOns are located at ICRISAT, Andhra
Pradesh, IndIa, the NatIOnal Seed Storage
Laboratory, Fort Colhns, Colorado, US,
and the USDA-ARS Plant GenetIC Re­
sources ConservatIon Umt (PGRCU),
Gnffin, Georgia, U S Several countrIes
also mamtam theIr own collectIOns WIthIn



theIr natiOnal collections Major growouts
and regeneratiOns take place at the ICRI­
SAT Center m India and at the USDA­
ARS TropIcal Agnculture Research Sta­
tion, Mayaguez, Puerto RICO

The number ofplants reqmred to mam­
tam genetic vanabIhty withm a sorghum
or mIllet accessiOn has not been deter­
mmed sCIentifically In self-polhnated
crops, the populatiOn structure can be
vanable, dependmg on the percentage of
outcrossmg Burton (1951) reported that
wild-grass sorghum may outcross be­
tween 18 and 30% while Jones and SIeg­
hnger (1951) mdicated that cultIvated sor­
ghum may outcross between 5 and 10%
WIth no outcrossmg, landrace collections
WIll be pnmanly a mIxture of pure hnes
TheoretIcally, sorghum acceSSiOns col­
lected from small plots m farmers' fields
could contam a mIxture of pure hnes of
cultIvated, wild 3 cultIvated, and wild sor­
ghum In thIS case, the number of plants
to be regenerated becomes a function of
mamtammg as many pure hnes withm the
acceSSiOn as possIble Ideally, a sorghum
acceSSiOn should be separated mto ItS
separate pure hnes, reahstically, however,
thIS IS not feasIble Therefore, mamte­
nance of an acceSSiOn must be dIVIded
mto I) savmg an equal number of seeds
from each plant harvested from the first
mcrease dunng the quarantme growout,
and 2) bulkmg the acceSSiOn to be used m
dIstnbutiOn Returmng a balanced sample
of the first mcrease for long-term storage
WIll help preserve rare genes

In cross-polhnated crops such as pearl
mIllet, populatiOn structure can be more
complex, dependmg on the percentage of
selfing that takes place (Crossa et ai,
1994) Ideally, an acceSSIOn would be

based on nearly 200 plants and would be
regenerated by random matmg, m Isola­
tiOn, a balanced bulk of the descendants
ThIS strategy IS almost never practical,
except m the case of released open-pollI­
nated cultIvars where regeneratIon and
breeder seed multIphcation can occur SI­
multaneously Regeneratmg an acceSSIon
by harvestmg open-pollmated pamcles
from non-Isolated plants IS not acceptable,
as most seeds WIll be hybnds ofunknown
male parentage Intercrossmg by hand IS
the next best optIOn for mamtammg the
ongmal populatiOn structure Although
labonous, the nsk ofcross-contammatiOn
between acceSSiOns IS low Selfing to pro­
duce SI seed has been recommended by
Burton (1979) as a method for mcreasmg
seed of pearl mIllet acceSSIons for distn­
butIon and evaluatIOn ThIS IS less labon­
ous than mtercrossmg, and has a lower
nsk of cross-contammatiOn It has the
added advantage of producmg a popula­
tiOn WIth a known genetIc structure How­
ever, many pearl mIllet acceSSiOns are not
adapted to selfing and set httle or no seed
when pamcles are bagged Because of
thIS, the ICRISAT pearl mIllet collectiOn
IS mamtamed by cluster-baggmg, m
whIch several pamcles of a gIven acces­
SIon are enclosed m a smgle large selfing
bag The seed harvested has an unknown
genetic structure, bemg composed of a
mIxture of selves and crosses withm each
bag used m mu1tIplymg seed ofthe acces­
SiOn Seed from acceSSiOns that have been
mamtamed m thIS manner should be ran­
dom-mated several tImes, or crossed to a
tester, to overcome mbreedmg depres­
SIon, before bemg assessed for traIts re­
lated to gram and stover yIeld TraIt-spe­
CIfic gene pools, formed by random-mat­
lllg many acceSSIons, have been
developed as an alternative strategy for
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more effiCIently maIntaInIng and dIstnb­
utIng pearl mIllet germplasm (Ral et al ,
1997)

GenetIc markers can playa crucIal role
m momtonng heterogeneIty and het­
erozygosIty as acceSSIons are regener­
ated TheIr use WIll proVIde gmdelInes m
the refinement of regeneratIOn strategIes
to ensure the long term mamtenance of
genetIc dIverSIty Molecular markers WIll
also assIst IdentIficatIOn of duplIcate ac­
ceSSIOns, a problem withm large collec­
tIons that has never been fully addressed

AcceSSIons are probably most vulner­
able to genetIc dnft or loss due to mishan­
dhng, labelIng problems, growouts and
regeneratIOns, and storage Therefore,
proper mamtenance ofcollectIOns IS cntI­
cal m preservmg the mtegnty of each ac­
ceSSIOn Both ICRISAT and the USDA
have estabhshed gmdelInes for properly
mamtammg and regeneratmg acceSSIons
(Dahlberg, 1995, Prasada Rao et al , 1995,
Roberts, 1992) Improper handhng of the
collectIOn at thIS stage can mlmmlze the
potential utIlIty ofthe germplasm and po­
tentIally lose valqable genes needed for
future enhancement

CharacterIZatIon and EvaluatIon

EstImates ofgenotypIC and phenotypIc
vanatIon allow for the mference of ge­
netIc structures of mdlvidual germplasm
acceSSIOns ThIS structure proVIdes the
framework m whIch utIlIzatIOn takes
place PhenotypIC vanatIOn has been the
pnmary evaluatIOn tool utIlIzed m mdlet
and sorghum, and mference based on phe­
notypIC vanabIlIty has dlstmct advantages
over that based on genetIC vanabIlIty It IS
relatIvely easy to measure m the field and
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often proVIdes assessment of a sample of
many genetIc lOCI (Huenneke et al , 1992)

Several collectIOns have been evalu­
ated for phenotypIC or morphologIcal
traIts (Table 1) Descnptor hsts for evalu­
atIOn purposes are aVaIlable from ICRI­
SAT and the USDA (Dahlberg and
Spmks, 1995) Sorghum acceSSIOns have
been IdentIfied WIth resIstance to alumI­
num tOXICIty, shoot fly, stem borer (Chlio
partellus Swmhoe), Strzga, mIdge (Steno­
dzploszs sorghzcola Coq ), rust (Puccmea
purpurea Cooke), and downy mIldew
Sources of twm seededness, cytoplasmIC
male-stenle systems, brown mId-nb, and
other traIts also have been IdentIfied (see
both ICRISAT and USDA databases)

ICRISAT IS developmg Improved
screenIng systems m pearl mIllet to evalu­
ate tolerance or resIstance to wltchweed
[Strlga hermonthzca (Del) Benth], head
mmer (HellOchezlus alblpunctella de
JoannIS), stem borer (Comesta 19nefusalls
Hampson), and several other bIotIC con­
stramts Pearl millet germplasm evalu­
atIOn has IdentIfied sources of mcreased
gram yIeld potentIal, cytogenIc male-ster­
Ile systems (Hanna, 1990, 1993), dIsease
resIstance to rust (Pucclnza sp ) and
Pyrzcularza leafblast (Hanna and Burton,
1987, Smgh, 1990, WIlson and Hanna,
1992), and apomIXIS m several speCIes
and wIld relatIves (Hanna, 1995) Sources
ofresIstance to Important panIcle dIseases
such as downy mIldew [Sclerospora
grammzcola (Sacc ) Schroet], smut
[MoezlOmyces penzclllarlae (Bref)
Vanky] and ergot (Clavzceps fusiformzs
Lov ) also have been IdentIfied (Thakur
and Kmg, 1988a, 1988b, Smgh et aI,
1993)



Table 1 ApproxImate number off accessIOns evaluated for abIotIc and bIOtiC stresses wlthm the
U S NatIOnal Plant Germplasm System for sorghum (updated and modIfied from Duncan
et al 1995)

Approx # of % of total
accessIOns evaluated collectIOn

8955 221
5910 146
1186 29
1000t 25

8503 210

5564 137

19000t 469

10 ooot 247

10 ooot 247
357 09

5000t 124

6214 154

877 22

5000 124

500 12
10001 25

Causal orgamsm

Rust

Charcoal rot

Strlga

Head smut
Anthracnose

Downy mIldew

Midge

Blrssus leucopterus
(Say)
Spodoptera fruglperda
(J E Smith)

Yellow sugarcane aphid Slphaflava
(Forbes)
Schlzaphls grammum
(Rondanl)
Stenodlplos/s sorgh/cola
(CoqUlllett)
Sponsonum rellranum
Colletotnchum gramm/cola
(Cesao) WIlson
S Hermonth/ca S ASiatica
S densiflora
Peronosclerospora sorghl
(Weston & Uppal) C G Shaw
Puccmla purpurea
Cooke
Macrophomma phaseolma
(Maulb ) Ashby

Maize dwarf mosaic ViruS Aphid vectored Poty ViruS
Gram mold complex FusarIUm Curvularla

Aschocyta

Fall Armyworm

Greenbug (E I)

AI tOXICity
MntOXIClty
Lodgmg
Chmchbug

Charactenstlc

[These are apprOJomal1ons and totals are not currently avaIlable on GRIN

Although these evaluatIons have Iden­
tIfied several Important sources of genes,
assessment based on phenotypIC vanabl1­
Ity IS hmited It often IS dIfficult to deter­
mme whether phenotypIC vanabIhty IS
due to genetIc or envIronmental effects,
partIcularly when screenmgs are done
only once at a smgle locatIOn In contrast,
molecular markers allow for assessment
based on gene, genotype, and genome,
and proVIde a more accurate and detailed
outhne of the genetIc dIverSIty withm an
acceSSIOn Molecular markers also pro­
VIde a way to measure genetIc VartabIhty
m the absence of envIronmental mflu­
ences Markers must, however, be henta­
ble, dIscnmmate between acceSSIOns,
populatIOns, and taxa, easy (cost effec-

tIve) to measure and evaluate, and prOVIde
rehabIe, repeatable results (Hl1hs and
Montz, 1990)

Future evaluatIOns WIll reqUire merg­
mg of tradItIOnal phenotypIC screenmg
WIth molecular markers to ensure a more
complete and mformative evaluatIOn
One area m whIch mergmg of morpho­
logIcal and molecular data should be used
IS m designatmg core collectIOns Core
collectIons are a subset ofthe total collec­
tIon that can be effectIvely evaluated m
tImes of partIcular need Ideally they are
ratlOnahzed, refmed and structured
around a small, well-defined and repre­
sentatIve 'core' (Brown, 1988) Thus, a
core represents the genetIc dIverSIty of a
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crop and Its relatIves wIth mlmmal repe­
tItIveness (Frankel, 1984) Development
ofcore collectIOns and the concept oftheIr
use has gamed acceptance globally
(Hodgkms et ai, 1995, Knupffer and van
Hmtum, 1995) Usmg geographIc and
taxonomIC dIverSIty and tradItIOnal evalu­
atIOn, a representatIve core sorghum col­
lectIOn was set up at ICRISAT contammg
about 10% ofthe total collectIOn (Prasada
Rao and Ramanatha Rao, 1995) Usmg
both tradItIonal morphologIcal evalu­
atIOns and molecular markers, a more ef­
fectIve core subset can be developed
WhICh WIll optImIze sources of genetIC
VarIatIOn

UtilIzatIOn

Dudal (1976) pomts out that drought,
shallow soIl, and mmeral defiCIenCIes or
tOXICItIes account for 75% of the agncul­
tural lImItatIOns from the soIl (Table 2)
Sorghum and mIllet have hlstoncally en­
countered hIgher levels of abIOtIC stress
than other pnmary crops They are pn­
manly relegated to margmal land, ac­
countmg for roughly 80% yIeld loss m
U S sorghum due to clImatic/nutrItional
factors (Table 3, Kramer and Boyer,
1995) In the near future, sorghum and
mIllet WIll remam the pnmary crops of
poor soIls and agncultural condItIOns
Therefore, utIlIzation and Improvement
ofyIeld stabIlIty WIll depend on mcreased
research efforts on abIOtIc stress tolerance
to drought, temperature, and adverse soIl
compOSItIon Greater use of local land­
races m crosses WIth agronomIcally elIte
matenal WIll be needed to combme hIgher
gram yIeld WIth resIstance/tolerance to
locally Important bIOtIC and abIOtIc
stresses (Andrews and Bramel-Cox,
1993) Improved selectIOn methods ofac-
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Table 2 Area of total world land surface sub­
Ject to envIronmental hmltatlOn of
varIOUS types (Dudal, 1976)

EnVIronmental Area ofworld SOIl
hmltatJon subJect to limItation (%)
Drought 279
Shallow SOIl 24 2
Mmeral (excess vs 22 5

defiCiency)
Flood 122
Miscellaneous 3 I
None 10 I
Total 1000

Temperature* 14 8
Note area affected by unfavorable temperatures overlaps WIth
other clasSifications and IS shown separately

ceSSIOns that enhance combmmg abIlIty
for gram and bIOmass YIeld, along WIth
better InfOrmatIOn on heterotIC patterns
between germplasm acceSSIOns IS essen­
tIal to Increase sorghum and mIllet acre­
age worldWIde

Breeders VIew utlllzatIOn as the abIlIty
to place a speCIfic gene(s) or speCial
traIt(s) In adapted cultIvars UtIlIzatIOn
encompasses the capabIlIty to move Iden­
tified genes mto supenor lInes or cultIvars
that prOVIde farmers WIth Improved YIeld,
dIsease reSIstance, tolerance to abIOtic and
bIOtIc stress, and Improved qualIty TradI­
tIonal breedmg programs wIll contmue to
benefit from rapId IdentificatIOn and In­
sertIOn of genes mto eltte matenal
BIOtechnology offers many tools by
whIch thIS process may be enhanced
Transgemc plants offer the potentIal for
fast genetic solutIOns to senous problems
InsertIOn of Bt genes, mcompatibIltty
genes to prevent outcrossmg WIth
Johnsongrass (Sorghum halepense), and
protem genes to enhance the nutrItIonal
value ofsorghum and mIllet are Just some
ofthe examples m whIch both crops could
benefit from bIotechnology and genetIC



Table 3 Record yields, average yields, and yield losses for major U S Crops ID kg ha I (Kramer
and Boyer, 1995)

Crop

Maize
Wheat
Soybean
Sorghum

Record
yield
19300
14500
7390

20100

Average
yield
4600
1880
1610
2830

Disease
836
387
342
369

Average losses
Insect Weeds

836 697
166 332
73 415

369 533

Cllmatlc/nutntlonal
12300
11700
4950

16000

Oat 10600 1720 623 119 ,04 7630
Barley 11400 2050 416 149 356 8430
Potato 94100 28200 8370 6170 1322 50000
Sugar beet 121000 52600 10650 7990 5330 54400

Mean % of 1000 215 5 I 30 35 669
record yield

transformatiOn (Bennetzen, 1995,
Kononowlcz et ai, 1995) Marker-as­
sisted selectIOn (Lande, 1992, Oh et al ,
1994) could potentially halve the devel­
opment time of Improved cultIvars and
greatly assist the converSIOn of photope­
nod-senSItive acceSSIOns to day-neutral
forms

Future VIsion for Sorghum and Pearl
Millet Genetic Resources UtilizatIOn

Without an effective, long-term cura­
tIon strategy based on mput from crop
curators and other SCientists, effiCIent use
of germplasm resources currently avail­
able will contmue to be hmlted Plant
breeders Will contmue to make use of
genetIc resources as a pool from whIch to
IdentIfy specIfic sources of reSIstance to
dIseases, msects, and parasItIc weeds Cu­
ratonal needs wIll be broader IdentIty­
the determmatIon that an acceSSIOn IS
catalogued correctly, IS true to type, and
mamtamed properly, relatIOnshIps-the
degree of relatedness to mdIvidual acces­
sions or groups of acceSSIOns wlthm a
collection, structure - the partitIOnIng of
vanatIOn among mdIvlduals, acceSSions,
populatIOns, and specIes, and location -

the presence of a deSired gene or gene
complex m a speCific acceSSIOn, as well as
the mapped site of a deSIred DNA se­
quence on a particular chromosome m an
mdividual or cloned DNA segment The
greater utIhzatlOn of both sorghum and
millet germplasm can be reahzed only
through a strategIC, forward lookmg plan
that mtegrates the roles of SCIentists,
breeders, and curators WIth tradItIOnal and
bIOtechnologIcal tools Such a plan will
prOVIde a more complete and thorough
understandmg of available acceSSIOns m
our collectIOns and future acqUISitIOns

Sorghum and millet genetIC resource
utIhzatlOn, as defined by curators and
overseers of mtematIOnal and national
collectIOns, mvolves the mtegratIOn of
several dISCIplInes Curators strIve to pro­
VIde collectIOns that are ofthe greatest use
for SCIentIsts throughout the world ThIS
encompasses the mtegratIOn of acqUISI­
tion, mamtenance, evaluatIOn and charac­
tenzatIOn, and utIhzatIOn Curators must
proVIde collectIOns that are easily acces­
Sible and readIly available, WIth current
and thorough mformatIOn They must
strIve to mcrease utIhzatIOn of mIllet and
sorghum germplasm through enhanced
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scIentIfic and management strategIes
ThIS 1OtegratlOn can be accomphshed
through strategIc plann10g of tradItIonal
methods of curation such as field evalu­
atIOns, data acqmsitIon, and ma1Otenance,
wIth the 1OtegratlOn of blOtechnology
Core subsets for each crop WIll be an
Important part ofthIS servIce IntegratIon
of these technologIes WIll fundamentally
change how we utIhze large collectIOns
by IdentIfymg new and useful genes and
transfernng these genes 1Oto supenor,
adapted cultlVars
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DIscussion

SeSSIOn II - GenetIc Resources
SessIOn Charr - Bhola Nath Venna

Rapporteurs - Yu LI and Kay Porter

Abdelmonelm B El Ahmadl- I would
hke to pomt out that characterIzatIon of
sorghums WIth respectto sImply mherIted
characters especially those assocIated
wIth gram quahty such as the BI, B2,

spreader genes, etc, Ie, whIch varIetIes
have what genes IS very Important m
countrIes where sorghum IS used as food
for humans

Steve Eberhart - A very good pomt,
and breeder must gIve PrIOrIty to these
traIts when breedmg sorghum cultivars
for use as food

Fred Miller - Please define "Core Col­
lectIon" concept

Steve Eberhart - The WrItten verSIOn
has a full defimtIOn WIth references

NdJekounkosse DJool Yagoua - What
are the possIbIhtIes for m Sltu preserva­
tIOn? Because we are talkmg about ex Situ
preservatIOn and there are lImItatIons to
that cuitivars do not evolve WIth the
change of enVIronment

Steve Eberhart - GenetIc changes oc­
cur m much more tIme than the tIme ofex
Situ conservatIOn ConservatIOn m Situ
costs more than conservatIon ex Situ Evo­
lutIOn reqUIres centunes m Situ for much
dIversIty to occur Modem plant breedmg
IS much more effiCIent In Sltu conserva­
tIOn IS very dIfficult to manage and often
very expenSIve to make It effectIve

RanaJlt Bandyopadhyay - DUrIng the
eIghtIes, a lot ofeffortwas put mto screen­
mg sorghum germplasm to IdentIfy

sources of reSIstance to bIOtIc stresses
such as downy mIldew, gram mold, an­
thracnose, mIdge, shootfly, etc Several
sources of reSIstance have been IdentIfied
and are utIhzed by breeders Future need
hes m charactenzmg the reSIstance genes
m the sources to find If they are SImIlar or
dISSImIlar

J A Dahlberg - Work needs to con­
tmue m evaluatIon and charactenzatIon,
however, thIS work needs to be better
focused on charactenzatIOn ofthese genes
that are IdentIfied, prImarIly on a molecu­
lar baSIS Molecular tools WIll prOVIde a
tool by WhICh we can IdentIfy SImIlar or
dISSImIlar alleles whIch WIll aSSIst m
greater utIlIzatIOn of these IdentIfied
genes

Fred Rattunde - What research IS be­
mg conducted on the use of molecular
tools for charactenzatIOn of genetIc re­
sources? Also, WIth such large collec­
tIOns, how can these techmques be apphed
to the entIre collectIon

J A Dahlberg - Several groups are
workmg on the development of RAPD
and SSR markers for use m evaluatmg
genetIC dIverSity Groups wIthm the
USDA, Purdue UmversIty, and Texas
A&M are all evaluatmg molecular tools
for use m genetIC IdentIficatIon and dIver­
SIty The prImary hmItmg factor to the use
of these tools IS DNA extractIon, how­
ever, several groups are currentlyworkmg
on creatmg more effiCIent technIques for
DNA extractIOn and m the near future,
they WIll not be a major factor m usmg
these markers
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Breedmg Photoperiod InsensItive
Sorghums for AdaptatIOn and Yield

Fred Miller*, Nell Muller, Roger Monk,
D S Murty, and A Babatunde Obllana

Abstract

PhotoperIOd msensltlvlty m Sorghum bicolor (L) Moench has allowed the breedmg
and development ofcultlvars tofit defined target enVIronments By removmg confound­
mgvarzatzon createdbyphotoperIOdsensltlVlty yIeldand Its stablhty couldbe enhanced
through cntlcal selectIOn ofyIeld components Matunty genes Mal and the Ma5/Ma6
mteractzon are responsIblefor the bulkofthe sensItIvIty tophotoperIOd Other bIOchemI­
cal reactIOns are dnven by temperature and mfluence adaptatIOn As an adaptIve traIt
mampulatzon ofmatunty has provIded hIghest yIelds m wIdely different regIOns ofthe
world I e early sorghums m drought-prone or short-duratIOn seasons vs late-maturmg
sorghums m well-watered longer duratIOn seasons Once photoperIOd msensltlvlty IS
estabhshed, responses to bIOtIC and abIOtIc stresses are exposed SolutIOns can be
deVIsed that target each ofthe stresses Furthermore research can befocused m areas
ofphysIOlogIC growth and development when the overwhelmmg Impact ofphotoperIOd
response has been removed PhotoperIOd msensltlvlty has allowed for contmuous
Improvement ofyIeld and adaptatIOn m sorghum

AdaptatIOn IS the measure of a cultl­
var's abIlIty to survive m and respond to
a defined target enVIronment The abilIty
ofthe cultIvarto mamtam hIgh productIOn
depends on the degree and range of ItS
adaptIve traIts, whIch allow contmued
growth and production m the presence of
stresses The achIevement of adaptatIOn
can be expressed Via mechamsms such as
escape, tolerance, and resIstance Other
adaptation responses mclude aVOIdance
traits (such as early maturIty/late matur­
Ity) and resistance traIts and tolerance
characterIstics, which may be phySIOlogic
and/or physIOchemical ReSistance traits

Fred Miller M M R Genetlcs 6417 Zak Road Bryan TX 77808 NeIl
Muller Pacific Seeds (Australta) Roger Monk, PIoneer HI Bred Intema
tlonal (U S) 0 S Murty ICRISAT (Mah) A BabatundeObiiana, 1CRISAT
(Zimbabwe) Correspondmg author

are usually genetic, whIle aVOidance traits
are envlronmentaVgenetlc

Adaptation can be mamfested m differ­
ent ways (e g , wlde/ narrow or broad/spe­
Cific) Breeders often relate adaptation to
other discIplInes For example, specific
adaptatIOn can be descrIbed as vertical
reSistance, whereas broad adaptation can
be descrIbed as hOrIzontal reSistance, tol­
erance, or aVOIdance The followmg diS­
cussion Will attempt to characterIze and
summarIze some traits that affect adapta­
tion

Yield

Economic yield IS the productIon of
economIcally deSIrable plant parts per
umt area (e g , seeds, grams, forage, oIl,
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protem, etc) Almost all sorghum CUltl­
vars have the genetic/physIOlogIC poten­
tial to produce some degree of economic
Yield, but yield potential varies among
cultlvars It IS Important to determme
those traits that dIrectly and mdIrectly
mfluence yield ExpressIOn of potential
yield depends to a great extent on the
environment and the adaptatIOn ofthe cul­
tIvar that allows It to cope with Its envI­
ronment (yield = genotype x environ­
ment) It IS assumed that the cultlvar has
high absolute yield and a high degree of
yield stabilIty across environments As a
practical result, a hlgh-Yleldmg, widely
adapted cultIvar IS one that responds POSI­
tively to varymg environmental changes

The baSIC components of yield are
number of kernels per panicle, size of
kernels, and number of panicles per umt
area Size and number of kernels have
been shown to be strongly negatively cor­
related Some breedmg programs have
successfully maXimized that negative cor­
relation by selectmg females of hybnds
With the highest number ofkernels wlthm
some pre-judged mmlmum range, then
selectmg male parents (R-lmes) With
large kernels (Without regard for num­
bers) The FI hybrIds maximize the
number and size of kernels as lImited by
the correlation This approach seems most
reasonable because large seeds frequently
have problems ofgermmatlOn Seeds pro­
duced for sale are constramed only by
size but exhibit supenor germmatlon

PhotoperlOdffemperature

Photopenod msensltlvlty IS defined as
the mlmmal change m days to anthesls
and other morphological charactenstlcs
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when a plant grows under day lengths of
11-15 hours

In order to select for a baSIC pool of
photopenod-msensItIve sorghum stocks,
matenals must first be evaluated under
varymg photopenods Nursenes planted
m short, mtermedtate, and long day re­
gimes Will separate performance of
germplasm stocks and standard cultIvars
that are photopenod-msensltlve Gener­
ally, the removal of Mal wIll remove the
bulk of response to photopenod The m­
teractIon of Ma5 and Ma6 IS also a pho­
topenod phenomenon, but IS not of gen­
eral concern m most germplasm When
these two genetic conditIOns are alleVI­
ated, response to varymg photopenod IS
mImmal, and the remammg vanatlons m
growth and development are pnmarIly
temperature dnven

Some detrImental effects of photope­
nod among photopenod-msensltIve types
m tropIcal enVIronments are the loss of
leafareas, elongated mternodes, and rapid
change from vegetative to reproductive
growth The result IS loss of yield and
detenoratlOn of the stem, which leads to
mcreased lodgmg and rapid senescence

Two examples oftemperature response
are gIven to Illustrate the effects of tem­
perature on growth First, the AustralIan
Northern New South Wales slopes and
plams are sItuated at 29-30° S The plams
are hot and generally have lower unpre­
dIctable ramfall Day/mght temperatures
are approximately 37/24° C, respectively
The slopes at the same latitude have
hIgher ramfall and are cooler at 34/21° C
Anthesls occurs five to seven days earlIer
mthe plams than on the slopes The hIgher



temperatures of the plaIns promote more
rapId growth and development

Second, the charactenstic of tropIcal
vs temperate adaptatiOn IS basIcally a
temperature response Sorghum planted
at Weslaco, Texas, on March I grows
under cool soIl and envIronmental condI­
tions early In GS I Afterward, day and
mght temperatures Increase rapIdly
throughout the lIfe of the plant In con­
trast, at Halfway, Texas, seedIng occurs In
warm soIls and cool mghts By GS 2,
daytIme temperatures Increase, but mght­
time temperatures begIn to drop GS 3 IS
charactenzed by warm days and cool
mghts YIelds are sIgmficantly hIgher In
thIS latter SItuatiOn However, there are
dIfferences between cultIvars, and these
dIfferences have been used to separate
more tropIcal and temperate adaptive
types

Maturity

Matunty dIfferences In sorghum have
been preViOusly descnbed by QUInby
(1974) These dIfferences are assocIated
WIth four speCIfic genes and the allelIc
senes at each Breeders workIng WIth
photopenod-Insensitive sorghum qmckly
learn that some matunty genes form only
the template WIthIn an acceptable range of
productiOn The relatiOnshIp of later ma­
tunty and hIgher yIeld IS well-establIshed
However, lateness In Itselfdoes not allow
growers to obtaIn maxImum yIeld Breed­
ers have establIshed lImIts of enVIron­
ments and/or cltmatIc regiOns WIthIn
whIch a range ofmatunty WIll, over tIme,
produce the largest consIstent yIeld
These broad ranges of matunty are for
early, medIUm, and full season hybnds It
IS not appropnate to descnbe a range of

days to anthesls to umversally classIfy
these types, SInce each major productiOn
regiOn IS dIfferent from the others For
example, an early sorghum In ArgentIna
takes at least 10 days longer to reach ma­
tunty than an early sorghum In North or
South Dakota (D S )

MampulatiOn of matunty as an adap­
tIve tratt has provIded for hIgher and more
stable yIelds In many areas For example,
hIgh-yIeldIng enVIronments In AustralIa
are lImIted, and the largest sorghum pro­
ductIon areas have lower raInfall, hIgher
temperatures, and poor mOisture-holdIng
capaCIty soIls In these areas, utIlIzatiOn of
early and medIUm-early hybnds has been
very effectIve to prevent mOisture stress
In GS 3 WIth the IdentIficatIon ofnon-se­
nescence and other drought-related traIts,
there IS a slow shIft toward shghtly later
hybnds WIth hIgher yIeld (1 e, medIUm­
early to medIUm matunty hybnds) The
same SItuatiOn descnbes the types of hy­
bnd/varlety matuntIes In PS 13 - 19 zones
used by ICRISAT and the hybnd Industry
In the D S In the early 1970s the coastal
plaInS of south Texas grew pnmarIly me­
dIUm-early hybnds, however, today only
medIUm maturIng hybnds are grown In
the area Some growers are even USIng
near-full season hybnds to obtaIn hIghest
YIelds, even though theIr Input costs may
Increase

To summarIze, growers tend to use hy­
bnds that mature as late as envIronmental
condItIons permIt In order to maxImIze
yIelds It then becomes the responslblbty
of breeders to Include In yIeld-maxImIz­
Ing hybnds those adaptIve traIts that In­
crease stabIlIty DIsease and Insect reSIS­
tance, lodgIng reSIstance, and harvest
tratts must be part of the package as ma-
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tunty pushes the outer edges of produc­
tIon condItIOns and zones

Drought and Other Abiotic Stresses

Drought remams the smgle most Im­
portant threat to food secunty, especIally
m areas where sorghum and pearl mIllet
are cultIvated Drought mamfests Itself In
dIfferent forms, In dIfferent places, at dIf­
ferent tImes In the grOWIng season Its
penodic nature, therefore, makes It a sIg­
mficant factor m any strategy for genetIC
crop Improvement

In photopenod-InsenSItIve sorghum,
the three mam mechamsms for response
to drought must be conSIdered at the onset
ofa breedmg program escape, tolerance,
and reSIstance These and other phYSI­
olOgIC responses to abIOtIc stresses en­
hance the stabIlIty of productIOn m adap­
tIve breedmg programs Some of those
abIotIc stresses mclude

• Drought - escape and tolerance
mechamsms/phenologic targets

• Temperature - (cold) emergence
and early stage growth, (heat) blast­
mg, evapotranspIratIon, deSIcca­
tIon

• pH SOlIs - (hIgh) Iron chlorOSIS and
nutrIent use, (low) microflora mter­
actIOns/nutrIent release and utIlIza­
tIOn/toxIcItIes

• FertIlIty - (low) nutnent avaIlabIlIty

Biotic Stresses

Sorghum IS host to a large number of
msects and dIseases that attack the seed,
roots, stems, leaves, panIcles, and gram
One or more of these In anyone season
can have a dIsastrous effect on final har-
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vest yield Fortunately, all are not present
In every envlfonmental situatIOn
Germplasm resources have been ex­
plOIted to mcorporate reSIstance or toler­
ance to many of these economIcally Im­
portant bIOtIC stresses Every hybnd or
cultIvar need not have every resistance to
every disease or msect to be of benefit
Breedmg for those bIOtic constramts In
targeted productIOn zones Increases both
the tIme to release ofsupenor matenals as
well as the abIlIty to concentrate on "next­
lImItmg" traIts

Workmg WIth photopenod-msensitive
sorghum, It IS essential to understand the
genetIcs of msect and dIsease orgamsms
As we recogmze the role ofmtegrated pest
management (IPM), the deployment of
reSIstance genes must be fully understood
We cannot afford to carelessly spend a
gene Ifwe have alternatIve controls avaIl­
able It IS Important to work closely With
other profeSSIOnals to protect the crop's
productiVIty, the envIronment, and
germplasm resources

Growth and Development

The analySIS of growth and develop­
ment ofphotopenod-msensitIve sorghum
IS extremely Important The harvest mdex
(ratIO of total plant weIght/gram weIght)
must be cntIcally balanced As pamcle
SIze, kernel number, and kernel SIze are
VIewed WIth regard to photosynthetIc ca­
pacity, leafarea, green leafarea retentIOn,
and nonsenescence become Important
Leafarea alone (m some types ofhybnds)
may not be as Important to the productIon
of gram as IS the total leaf area avaIlable
to mtercept lIght The greater the lIght
mterceptIOn, the higher the photosyn­
thetIc capaCIty (whIch may be affected by



genettc control mechamsms), leadmg to
mcreased carbohydrate accumulatIOn and
opportumty to maxImIze gram yIeld On
the other hand, greater leaf area m later
maturmg cultivars leads to mcreased car­
bohydrate productIOn over a longer pe­
nod, and greater yIeld potenttal

RetentIon of effectIve photosynthetIc
leaf area IS essenttal for contmued carbo­
hydrate accumulatIon and maXImIzatIOn
of yIeld Adapttve breedmg programs,
therefore, must address senescenl-e traIts
(pre- and post-flowermg) and cultivar re­
actIOn to ommpresent leaf dIseases, both
ofwhIch reduce effecttve leaf area

It IS not possIble m thIS paper to fully
explore all ramIfications of nonsenes­
cence Therefore, we address some ofthe
broad aspects of nonsenescence m pro­
gressIve breedmg programs Lodgmg IS
associated WIth severe mOisture stress m
GS 3 m a faIrly large portIOn of the sor­
ghum productIOn areas of AustralIa, the
Umted States, Argentma, and South Af­
nca Culttvars that mamtam green leaf
area, healthy green stems, and green pan­
Icles until matunty WIll have mcreased
adaptatIOn and yIeld Although pre-flow­
enng stress reSIstance IS Important m pre­
yIeld formatIOn, post-flowenng stress re­
SIstance IS more Important, smce It alms
not only at lodgmg reSIstance but also at
maximIzmg yIeld m stressful enVIron­
ments

HIghly senescent types of sorghum un­
der mOisture defiCIt SItuatIOns mobIlIze
carbohydrates from lower leaves and
stems to the developmg gram These types
sacnfice baSIC plant well-bemg to msure
gram fill, m effect commIttmg "phYSI­
ologIcal SUIcIde" In SItuatIOns lIke thIS,

even moderate levels of nonsenescence
can playa major role m reducmg lodgmg
and mcreasmg harvestable yIeld Other
traIts such as osmotIC adJusttnent, water
use effiCIency, and nutrIent use effiCIency
are most lIkely actively mvolved These
traits are more dIfficult to select for, ex­
cept as they are expressed m stabIlIty of
performance

The mcorporatIOn of hIgh levels of
nonsenescence can lead to undeSIrable
SIde effects, such as delayed matunty un­
der stress, mcreased nodal and basal ttller­
mg, and some loss of yIeld Control of
apIcal dommance has been found and IS
easIly mampulated to control tIllermg
problems ModeratIOn seems to be the key
to the usefulness of the nonsenescence
traIts m adaptIve breedmg

HIgh and useful levels of nonsenes­
cence, whIch are now avaIlable, offer a
great opportumty to Improve both poten­
tial and harvestable yIeld by the develop­
ment of later maturmg hybnds for areas
where early matunty has been tradItIOn­
ally used as a drought aVOidance mecha­
msm

PhySIOlogical Parameters

YIeld ofgram IS the final product ofthe
factory (sorghum plant) that we have
bUIlt SIgmficant progress has been made
m charactenzmg the traIts VISIble above
the SOli lme that affect yIeld, but the root
system has receIved lIttle attentIOn We
know there are dIfferent types ofroot sys­
tems - deep rootmg, shallow rootmg,
sparsely branched, and profusely
branched - but we need to know much
more about how root systems functIOn,
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theIr role m lodgmg reSIstance, and the
potenttal of genetIc manIpulatIon

LIkeWise, only lImIted InformatiOn is
aVaIlable to descnbe the genetIc and
phYSIOlogIC systems operatmg WIthIn the
plant Some InfOrmatIOn is available on
dIfferences m photosynthetIC rates, but it
does not reflect whole plant or whole­
plant-m-field values IndIrect yIeld meas­
urements are the best estImates we have
to use m adaptIve change Some cultIvars
store sucrose m much hIgher concentra­
tIons m leaves and stems than others
What controls feedback mechamsms?
Why are caryopses allowed to reach only
certam SIze? What are phloem flow rates
and what controls those rates? What con­
trols loadmg and unloadmg of the photo­
synthate transport system? How can
breeders select for succeSSIve "bottle
necks" In the photosynthate system?
There IS a great need for phYSIOlogIC m­
formatIOn that breedmg programs can use
to Improve prodUCtIVIty

In 1986, at the First AustralIan Sor­
ghum Conference, thIS questIOn was
asked "How do we raIse the yIeld plateau
Without puttmg all our efforts mto 'fire
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fightmg'?" We offer these comments
Sorghum breeders are not Just "fire fight­
109" m identlfymg, developmg, and utll­
lZlng adaptIve traIts Every breeder wants
to Improve productlVlty The use ofadap­
tIve traIt breedmg has been successful m
achlevmg a stable and productIve com­
modity The IdentIficatIon and utIlIzatIon
ofsuch traIts as nonsenescence, control of
apIcal dommance, greenbug and mIdge
reSIstance, lodgmg reSIstance, tIllermg
control, reSIstance to downy mIldew, head
smut, fohar, and other dIseases, have led
to further Improvement m yield and yIeld
stabIlIty m many sorghum productIOn ar­
eas

FIgures I and 2 offer a VIsual perspec­
tIve of the sum of adaptatIOn and ItS Im­
pact upon yIeld and stabIlIty of sorghum
The yield plateau of sorghum has been
raIsed sIgmficantly by the IdentIficatIon,
development, and use of sound and enVI­
ronmentally fnendly adaptIve traIts
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Breedmg Photoperiod
Sensitive Sorghums

F Gomez* and J Chanterau

Abstract

PhysIOlogzcal mechamsms m the sorghum flowermg system are capable ofsensmg
differences m daylength Sorghum breeders have recently started to mampulate thzs
characterzstzc to develop specific matwzty genotypes In tropzcal regIOns ofAfrzca and
Central Amerzca, farmers have znformally selected sorghum wzth specific daylength
requzrements that match local envzronmental condztlOns to ensure gram productlOn
Daylength 1equzrements fm different sorghum genotypes have been determmed and
studzedfrom several dzsczplmes ConventlOnal breedmg methodology and efforts from
several mstztutzons such us INTSORMIL and ICRISAT have been rewardmg New
combmatIOns of local and exotzc enhanced germplasm have been developed that
maxzmzze gram and blOmass productIOn

DwarfMazczllos Varzetzes (DMVs) are new sorghum genetzc combmatlOns bred m
CentralAmerzea that express an outstandmgadaptatlOn to the local sorghum-mazczllos
agroecosystem, superIOr yzeld potentzal, defenszve capacIty and gram qualzty These
DMVs also show a substantzal vatzabzlzty m hezght and response to photoperzod,
mdzcatmg perhaps new allelze combmatlOns or new maturzty locz mvolved Some
superIOr DMVs have been extenszvely tested m farmers fields where they have
outyzelded the orzgmal mazczllos ecotypes Further studzes on the nature ofthe photop­
erlOd response shall be supported to custom tatlor sorghum genotypes for tropIcal
envzronments

The mItIatIOn of flowenng m many
tropIcal crops IS senSItIve to daylength or
photopenod (Norman, et al , 1984) Sor­
ghum [Sorghum bzeolor (L) Moench]
was classIfied as a short-day speCIes by
Gamer and Allard as early as 1923 PhySI­
ologIcal mechamsms m the sorghum
flowermg system are capable of sensmg
dIfferences m daylength from the time of
sunnse to sunset Daylength IS 12 1 hours
throughout the year at the equator, and
ranges from 10 6 to 13 7 hours at 25°

F Gomez, Escue!a Agncola Panamencana, POBox 93 Tegue,galpa,
HondurasandJ Chanterau ICRJSAT/CIRAD Bamako Mail ·Correspond
Ing author

66

latItude and from 8 7 to 157 hours at 45°
latItude (Norman et ai, 1984)

In tropIcal regIOns, farmers have mfor­
mally selected sorghum wIth specIfic
daylength reqUIrements that match local
envIronmental condItIons to ensure gram
productIon In West Afnca, for example,
Informal selectIOn by farmers for
daylength sensItlVlty has resulted m sor­
ghum that matures as avaIlable soIl water
IS exhausted m the early part of the dry
season, thereby ensurmg that the crop
fully utilIzes the growmg season whIle
avoIdmg dIseases assocIated wIth hIgh
humIdIty durmg gram maturatIon



SImIlar outcomes have been achIeved
by Central Amencan farmers where sor­
ghum IS a newcomer Around 200 years
ago, sorghum varIetIes sensItIve to pho­
topenod were mtroduced from AfrIca to
an area exhIbItmg dIstmctIve clImatologI­
cal condItIOns, such as a bImodal ramfall
pattern There, sorghum readIly adapted
to local farmmg practIces Contmuous se­
lectIOn by farmers has produced a umque
group of sorghum, colloqUIally named
mazed/os or lIttle com Acute photopenod
sensItIvIty was a key charactenstIc that
enabled marcIllos to become mtercropped
WIth early maIze landraces

Qumby (1974) descnbed the genetIc
response of sorghum to daylength for
flower mItIatIOn Four matunty genes,
desIgnated Mal, Ma2, Ma3, and Ma4,
were found to control senSItIvIty to
daylength Recent studIes pomt to the pos­
SIbIlIty that floral mItIatIOn m sorghum IS
controlled by more than four genes Aydm
and Rooney (personal commumcatIOn)
presented data on the mhentance of two
new matunty genes m crosses of an Ar­
gentmIan lIne denvatIve, 90T190, and
Tx430 The authors have deSIgnated these
new matunty genes as MaS and Ma6
Chanterau and collaborators (personal
communIcatIon) are evaluatIng crosses
between the landrace Gumea 1075 and IS
2807 A frequency dIstnbutIOn of F5
progenIes also suggests that the genetIc
control of photopenodlsm m these lInes
could mvolve more than the claSSIcal ma­
tunty genes

These findIngs enable tropIcal plant
breeders to taIlor sorghum genotypes

based on photopenod reqUIrements As a
result, breeders In temperate clImates
have developed sorghum cultIvars WIth
speCIfic flowenng reqUIrements that fully
explOIt local daylength LIkeWIse m the
tropICS, attempts to breed for custom-taI­
lored photopenod-sensItIve sorghum utII­
lZlng local ecotypes are under way

Methodology

Sorghum SCIentIsts reponsIble for ma­
mpulatmg tropIcal germplasm In the
Umted States and IndIa have explored
many aspects ofthe photopenod response
m sorghums Consequently, there IS a SIg­
nIficant understandmg of the genetICS,
phYSIOlogy, and breedmg methodologIes
of photopenod-sensItIve sorghum

Early genetIc studIes on sorghum flow­
enng helped to establIsh the Sorghum
ConverSIOn Program (SCP), the founda­
tIOn for brmgmg tropIcal germplasm to
U S sorghum (MIller, 1979) SImIlar ap­
proaches have been utIlIzed to a lesser
extent by sorghum breeders In Central
Amenca and Afnca to mtroduce elIte
temperate germplasm Into tropIcal photo­
senSItIve sorghums

A claSSIC study ofthe effect oftropIcal
photopenods on the growth of sorghum
was conducted by Miller et al In 1968
They concluded that tropical sorghum has
lower cntIcal photopenods than most
U S sorghum when planted from January
to July m Puerto RiCO, but the same varIe­
tIes nonetheless flower m about the same
tIme when planted under daylength con­
dItIons of 122-113 hours (mId-Septem­
ber through mId-November)
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Enhanced germplasm denved from
crosses between eltte exotIc U S and In­
dIan sorghum and tropIcal landraces has
been developed m Central AmerIca and
on several occaSIOns m Afnca ThIs
germplasm contams the speCIfic adapta­
tton of landraces and supenor alleles for
YIeld, qualIty, and defenSIve capaCIty
agamst bIotIC and abIOtIC stresses (Meck­
enstock et al , 1988) ConventIonal breed­
mg schemes are used to mtrogress exotIC
germplasm mto tropIcal sorghum PedI­
gree methodology IS the most common,
but some popuiatton enhancement also
has been attempted

In 1981, Meckenstock (1991) began an
ambItIous breedmg program whIle work­
mg m Honduras m collaboratIOn WIth
Central Amencan and U S sorghum
breeders These efforts centered on en­
hancmg the tall, photopenod-sensItIve,
10w-yIeldmg whIte sorghum ecotype
(mmcIllos) ofCentral AmerIca MmcIllos
IS a staple food of low mcome farmers m
the hIllSIdes of Central AmerIca In thIS
reglOn, the croppmg system (maIze-sor­
ghum) does not allow use of dIrectly m­
troduced photopenod-msensItIve sor­
ghum cultIvars Improvement of maIcIl­
los must be made in Situ due to Its speCIfic
photopenodIc response (140 N) (Mecken­
stock, 1991)

In the early 1980s, crosses were made
between selected maIctllos and elIte
germplasm from Texas A&M and ICRI­
SAT At the same tIme, studIes on photo­
penodIc response ofseveral sorghum cul­
tlvars were conducted (Meckenstock,
1984) These studIes concluded that
maIcIllos IS hIghly senSItIve to photope­
nod due to the presence of dommant al­
leles at the Mal and probably the Ma2
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lOCI These lOCI accounted for lateness III

100M and 90M growmg m the tropIcal
enVIronments m Puerto RICO (MIller et al ,
1968) 100M and 90M refer to the floral
charactenstlcs of mIlo genotypes de­
SCrIbed by Qumby (1972)

Segregant famIlIes of these crosses
were subjected to several cycles of selec­
tIon m multIple envIronments m sub­
sequent years Exposmg these famIlIes to
dIfferent bIOtIC and ablOtlc stresses re­
sulted m an Ideal selectIon pressure to
select a new enhanced photosenSItIve
germplasm, combmmg excellent adapta­
tIon, better yIeld potentIal, and supenor
gram qualIty In addItIon to mamtammg
the photopenodlc response, these segre­
gant popuiattons of enhanced maIcIllos
are selected for short stature (2 and 3 dw),
longer pamcles and exsertlOn, and reSIS­
tance to predommant pathogens causmg
dIseases such as anthracnose, rust, gray
leaf spot, downy mIldew, and tan plant
color (Gomez, 1995)

Results and DIScussIon

The germplasm developed m Central
Amenca has been named "DwarfMaIctl­
los VanetIes" (DMV) because of ItS an­
cestors Two hundred forty-one hnes have
been developed and are avaIlable as
DMV-germplasm These lInes have been
crossed among themselves to concentrate
ehte genes m new (mmcIllos x exotIc) x
(maIcIIIos x exotIc) germplasm Table 1
presents yIeld data, days to bloom, and
plant heIght ofsome ehte DMV sorghum

Based on plant heIght, four dlstmct
groups of maIcIllos are IdentIfied The
MC group corresponds to the ongmal



Table 1 Days to bloom, plant height (em), and gram yield (kg ha 1) ofsome photosensitive sorghum
planted m Honduras (140 5' N) on June 13, 1995, at 800 meters above sea level

Gram/ Days Gram
plant to yield

DMV color PedIgree bloom Plant kgha I

219 whTff {[SPV346 (81LL691 *Billy)]*(SC414*P N)} 253-4 143 177 2563
236 whIT {[(SC326 6*SC103 12)Llberal 40]*SCI207 2} 102 I ~ I ISS 138 1935
228 whTff {[SPV346 (81LL691 *BllIy)]*(SC414*P N)} 41 I 22 144 165 1914

Average 147 160 2138
137 whT/R (TAM428*Porvemr) 29 2 3 b b 140 228 4000
238 whIR [(Sepon 77*Santa Isabel) 6*ICSV lSI} 6 2 I 2 4 I 145 217 3591
240 whT/P [(Sepon 77*Santa Isabel) 6*ICSV lSI} 62 I 248 142 213 3128
237 whIT [(Sepon 77*Santa Isabel) 6*ICSV lSI} 62 I 2 I I 143 218 3105
239 whIT [(Sepon 77*Santa Isabel) 6*ICSV lSI} 62124-4 145 210 3039
241 whIT {[(TAM428*77CS3)GPRI48*Billy] 24*(SPV346(81LL691*BllIy 7] 36} 148 222 2972

Average 144 218 3306
179 whTff (SPV346*Glgante Pavana) 1 I 2 143 290 3780
221 whiT (Surefto*Caturra 68) 3 3 2 I 133 285 3580
198 whIT (TAM428*Porvemr) 29 I I b bib 142 267 3254
235 whIT [(TAM428*SBIII) 17*(CS3541*Llb) 6] 1912 132 260 3057
213 whT/R USPV346 (81LL691 *Billy)]*(SC414*P N)} 7 I b 146 247 2978
234 whTff [(TAM 428*S B III) 17*(CS 3541 *Llb) 6] 19 I 2 132 278 2957
210 whTff (TAM428*MCI00) 2 2 140 278 2939
218 whT/R {[SPV346 (81LL691 *Btllv»)*(SC414*P N)} 4 I I 142 275 2557

Average 139 273 3138
MC whIP Peloton 149 388 3316
MC whIP Porvemr 148 398 3247
MC whT/P San Bernardo 1Il 142 397 3171

Average 146 394 3248
Me = mmcillos cnollo DMV = Dwarfmmcillos vanety
wh=whlte T=transluCld pencarp lP=purple plant color lR=red plant color rr=tan plant color

ehte malcillos ecotype and averages 39m
m heIght (0 dw) The second group con­
SIStS of DMVs averagmg 27m m plant
heIght (1 dw) The thIrd group mcludes
DMV genotypes that average 22m m
heIght (2 dw), and the last group IS com­
posed DMVs that average 15m m heIght
(3 dw)

After several attempts to recover the
daylength response from the ongmal
malCillos, these groups of enhanced
malCIllos exhIbIt photopenod reqUIre­
ments sImilar to those of theIr maIcillos
counterparts We have been able to re­
cover genotypes wIth almost the same
matunty as the maicillos (-3 days on the
average)

Two ehte hnes that have exhIbIted out­
standmg performance and excellent com­
bmmg ability are denvatIves of crosses
between the ICRISAT hne SPV346 and
the malCIllos GIgante and between the
US hne RTAM428 and the maIcillos
Porvenu These hnes are the first vehIcles
to mtroduce supenor alleles for gram
yield and quality mto the maIctllos popu­
lation by means of natural mtrogresslon
and farmers' selectIOn

On-farm data from these two enhanced
DMVs show a substantial mcrease m
gram yIeld (Table 2) under dIfferent tech­
noiogicalleveis Data show that enhanced
maicillos are capable ofdouble gram pro­
ductIon WIthout sacnficmg forage pro­
duction due to reductIon m plant heIght
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Table 2 Average yIeld ofgram and forage of two enhanced malclllos cultlvars grown at 59 locations
m Honduras, 1993-1995

TechnologICal level GraIn Yield kg ha I Forage yIeld t ha I

GIgante MeJorado (DMV 179)
MmcIllos landrace 764 55
Enhanced mmcJllos 1056 54
Enhanced maIcIlIos +soil Insect control 2413 61
Enhanced mmcJllos + soil Insect control + 60 k ha I ofNitrogen 2960 66
Porvemr MeJorado (DMV 197)
Mmcllios landrace 922 54
Enhanced malcllios 1396
Enhanced malcillos + soli Insect control 1510
Enhanced mmcJllos + sod Insect control + 60 k ha J ofNitrogen 2185

New hnes are contmuosly bemg pro­
duced and deployed m fanners' fields
wIth the ObjectIve of enhancmg the local
ecotypes and In Situ conservatIOn Be­
cause we are mostly mterested m hnes that
exhIbIt photopenod response, untIl re­
cently no attempt was made to select pho­
topenod msensItlve hnes These efforts
offer Important new genetIC combmatlOns
that can be utilized for developmg photo­
penod-msensitive tropIcal sorghum

ConclUSIOns

Breedmg photosenSItIve sorghum for
speCIfic tropIcal enVIronments offers op­
portumtIes to lllcrease productIVIty, en­
hance gram quahty, and maxImIze agn­
cultural lllput utIlIzatIOn Small fanners
can benefIt tremendously because no
change In daylength reqUIrements IS
needed, thus, there IS no need to alter their
cropplllg systems

References

Chanterau J, M Ag Hamada, M DlOndel Malga
1996 Personal commUnlCatIOn

Garner W W and H A Allard 1923 Further stud
les on photopenodlsm The response ofthe plant
to relative length of day and mght J Agr Res
23871-920

70

Gomez F 1995 TropIcal sorghum conservatIOn
and enhancement m Honduras and Central
Amenca p 135 145 In Sorghum/Millet Col
laborative Research Support Program (CRSP)
Annual Report 1995

Meckenstock D H 1991 TropIcal sorghum con­
servatIOn and enhancement In Honduras and
Central Amenca In SorghumIMJllet Collabora­
tIve Research Support Program (CRSP) Annual
Report 1991

Meckenstock D H A Palma, and F Gomez
1988 MejOramiento de sorgo en Honduras
1987 En Memona del VI Taller de la ComIsI6n
Latmoamencana de InvestIgadores en Sorgo
Uso de la Semilla Mejorada de Sorgo para los

Agncultores de Mesoamenca San Salvador
E1 Salvador 6 9 de diciembre de 1988

Meckenstock D H, G C Wall, and R Nolasco
1985 Aspectos de mejOramiento genetico en la
InVestigacI6n sobre SIstemas de CUltivO en Hon
duras p 68-75 In C L Paul and B R DeWalt
(eds) EI sorgo en SIstemas de ProduccIOn en
Amenca LatIna Proc Workshop INTSORMIL
andCIMMYT EIBatan Mex Sep 16-22 1984
MeXICO DF

MIller F 1979 BreedIng of sorghum p 128-136
In BIOlogy and Breedmg ReSIstance to Arthro­
pods and Pathogens In Agncultural Plants Col­
lege StatIOn Texas

MIller F R D K Barnes and H J Cruzado 1968
Effect oftropIcal photopenods on the growth of
sorghum when grown In 12 monthly plantmgs
Crop SCIence 8 499 502

Norman M J T C J Pearson and P G E Searle
1984 The ecology OftroPlCal food crops Cam­
bndge Umversity Press Cambndge

Qumby J R 1972 Influence on matunty genes on
plant growth m sorghums Crop SCI 12690
692

QUInby J R 1974 Sorghum Improvement and the
genetICS of growth Texas A&M Umversity
Press College StatIOn TX



Breedmg Pearl Millet for Gram Yield and Stability

K N Rat*, K Anand Kumar, D J Andrews,
S C Gupta, and B Ouendeba

Abstract

Peal I mlilet fPenmsetum glaucum (L) R BrJ IS traditIOnally grown m the arzd to
seml-arzd tropical regIOns of the Indzan subcontment and Africa where sorghum and
mazze gram yields are low and unrelzable due to drought andsandy solls oflowfertllzty
Low harvest mdex «20%) oflandrace cultlvars, combmed with numerous bIOtic and
abIOtic constramts results m low and unstable gram yields ofpearl millet (500-600 kg
ha 1) m these environments Breedmg efforts addressmg these constramts have taken
mto account their relative global and regIOnal Importance andprobabllzty ofsuccess
Thus breedmg for high gram yield potentzal has been accorded highest przorzty
followed by resistance to downy mildew ThiS strategy has resulted m Impresslve genetic
gams and vIsible cultlvar Impacts m India andJust recently m Africa

For more rapid progress to occur m Africa It IS necessary to define clear research
targets andfoster effective mter-mstltutzonal research and development partnerships
ExplOItatIOn ofthe enormous genetic varzabllzty avazlable m pearl millet germplasm,
for both yield components and resistance to major diseases, will contmue to be
emphasized m cultlvar development Concentrated efforts are requzred to develop and
valzdate effective screemng techmques, to Identify good sources ofresistance/tolerance
to drought high SOli temperatures at seedlmg emergence, StrIga, stem borer and head
mmer, and to understand the nature of their mherltance The extent of mtegratzon of
resistance to these constramts as selectIOn crzterza m breedmg can then be exammed
Opportumtles eXist for testmg the utllzty and commerczal Vzabllzty ofpearl millet top
cross hybrzds (made with and without CMS) and mter-populatzon hybrzds, m additIOn
to open-pollmated varieties (OPVs)and CMS-based smgle-cross hybrzds andfor real­
lzmg about 5 t ha 1 ofgram yield m less than 90 days m mtenslve agriculture

Pearl mIllet [Penmsetum glaucum (L)
R Br] IS an Important food gram cereal,
grown annually on about 26 mIllIon ha m
the and to semi-and tropical environ­
ments of ASia and Africa Of the 12 mIl­
lIon ha grown m ASia, the lIon's share of

K N Ral and K Anand Kumar ICRISAT As,a Center (lAC) Patancheru
502324 Andhra Pradesh India D 1 Andrews Dept of Agronomy VOIver
S1ty of Nebraska, Lmenln NE 685830915 S C Gupta, ICRISAT Western
and Central Afnea RegIOn PMB 3491 Kano Nlgena B Duendeba, RD
CAFREMI ICRISAT Sabehan Center BP 12404 Niamey NIger COlTe
spondmg author

about 10 mIllIon ha are found m India
Thirteen countries m western and central
Africa grow thiS crop on 12 millIon ha, but
five countnes (Niger, NigerIa, MalI,
Burkma Faso, and Senegal) account for
85% of the total area m thiS region SIX­
teen countrIes m southern and eastern Af­
rica grow pearl mIllet on about 2 5 mIllIon
ha, With Sudan accountmg for more than
50% of thiS area and Tanzama, Zim­
babwe, and Angola together accountmg
for another 25%
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Pearl mIllet IS tradItIOnally grown m
low ramfall regIOns on sandy sOlIs wIth
low fertIhty where other coarse gram ce­
reals such as sorghum and maize faIl to
gIve assured yIelds The average gram
yIeld ofpearl mIllet m these envIronments
IS very low (500-600 kg ha \ althoug4
hybnd gram yIelds m excess of 5 t ha I

wIth a harvest mdex of more than 40%
have been obtamed m IndIa under optImal
condItIons (Rachle and Majmudar, 1980)

Pearl mIllet wIll contmue to be a domI­
nant cereal crop, mamly grown for gram
productIon m the and to semI-and tropIcal
enVIronments of ASIa and AfrIca There­
fore, thIS paper wIll largely address breed­
mg for gram yIeld and stabIhty m these
envIronments We shall present a compre­
henSIve account of approaches followed
m breedmg hlgh-YIeldmg cultIvars for
hIgh and stable gram productIOn We be­
gm by descnbmg productIOn constramts
and the ratIOnale behmd varymg levels of
mtegratIon of these approaches m the
breedmg programs, then Illustrate the Im­
pact of these approaches wIth varIOUS
categones of outputs ThIS paper draws
heavIly from, but IS not hmlted to, the
expenence and research results ofICRl­
SAT's and INTSORMIL's pearl mIllet
breedmg programs

Pearl mIllet IS a hIghly versatIle and
hIgh quahty cereal WIth great potentIal to
become a valuable component ofnon-tra­
ditIonal agrIculture We shall bnefly ex­
amme emergmg opportumtles for pearl
mIllet cultIvatIon under such systems

Production Constramts
and Breedmg PrlOnty

Several factors contnbute to low gram
yIeld and yIeld mstablhty m pearl mIllet
a) low yIeld potentIal associated WIth the
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plant archItecture oftradItIOnal landraces,
b) bIOtiC stresses such as dIseases, msect
pests, and a parasItic weed (Strlga sp ), c)
abIOtic factors such as low soIl fertilIty,
heat, and drought, d) lack ofmanagement
mput, and e) pohcy factors that do not
encourage labor and matenal mvestment
In pearl mIllet productIOn The ObjectIve
ofthIS sectIon IS not to produce a detaIled
analySIS of all factors that contrIbute to
low gram yIeld and yIeld mstabilIty, but
to bnefly present an assessment and pn­
ontlzatIOn of those that can be addressed
bybreedmg

Plant Architecture

Pearl mIllet IS a C4 plant WIth hIghly
effiCIent photosynthetIc machmery and
dry matter production abIhty A study m
northern NIgena showed that a tradItional
open-pollmated vanety matunng m 90
days produced dry bIOmass yIeld of 22 t
ha I under low-resource farmmg condI­
tions, but much of thIS was locked up m
vegetative parts, leadmg to a low harvest
mdex of 145% (Kassam and Kowal,
1975) Enormous genetic variabIlIty for
yIeld components eXIsts m the pearl mIllet
germplasm (Table 1), but the natural char­
acter combmatIOns m the landraces are
largely unfavorable For mstance, large
pamcles are found m excessIvely tall and
late-maturmg backgrounds, whIle good­
tIllermg germplasm exhIbIts mostly small
panIcles and small seed sIze The dIrec­
tion of these combmatIOns cannot be re­
versed by breedmg, however, a much
more favorable combmatIOn of yIeld
components WIth hIgher harvest mdex
and gram yields can be developed Most
ofthe yIeld components have hIgh henta­
bilIty, and they can be relIably assessed by
SImple measurements and VIsual scormg



Table 1 DIVerSity for time to flowermg, plant height, and gram yield components m the world
collectIOn of pearl millet germplasm, postramy season, ICRISAT ASia Center, India

Character
Days to flowermg
Plant height (cm)
Productive tillers
Panicle length (cm)
Panicle thickness (cm)
1000 gram mass (g)

AccessIOns
(number)

16259
16128
16115
16123
16125
16408

Mean+SE
754:1:018

1604:1:030
21:1:001

256:1:009
233:1:004
86:1:001

Range
Mmlmum
(IP no)

33 (IP 4021)
25 (IPI0401)

1 (IP 3035)
4 (IP 15625)
9 (IP 10402)

1 5 (IP 15352)

Maximum
(lP no)

159 (IP 11945)
425 (IP 13016)

19 (IP 3110)
125 (IP 10379)
61 (IP 14070)
21 3 (IP 11407)

Thus, genetiC mampulatlOn ofyield com­
ponents for high gram yield has received
highest pnonty m all breedmg programs

BIotIC Stresses

Downy mildew [Sclerospora gramml­
cola (Sacc) Schroet] is the most Wide­
spread and senous disease of pearl millet
m ASia and AfrIca Its importance has
substantially mcreased with the occur­
rence m India of three epidemics durmg
the last 25 years on the most Widely used
smgle-cross hybnds Effective screenmg
techniques for large-scale apphcatlOn m
both the field and the greenhouse have
been developed (Wilhams et ai, 1981,
Smgh and Gopmath 1985), dIverse
sources With high reSistance levels have
been identified (Smgh et ai, 1990, Smgh,
1992), and the mhentance of reSistance
has been found to be relatively sImple
Based on these consideratIOns, breedmg
for downy mtldew resistance has been
accorded highest pnonty among not only
the bIOtIC stress factors, but among all
yield-reducmg stress factors

Smut (Tolyposporzum pemcillarzae
Bref), ergot (Clavzceps fusiformzs Love­
less) and rust (Puccmza substrzata Ell &
Barth var mdzca Ramachar & Cumm )
are also economically Important dIseases,
but are much more locahzed and of less

Importance than downy mildew m these
regIOns Therefore, reSistance breedmg
for them has receIved less pnonty m India
and Afnca, although effective screemng
techniques and reSIstance sources have
been developed (Smgh, 1990, Thakur et
ai, 1992, 1993) Rust IS the most senous
disease m the southeastern Umted States
and is receivmg conSiderable breedmg at­
tentIOn

Pearl millet is reputed to have fewer
enemies m msect pests than sorghum and
maize, and msect pest problems are
largely confmed to western Africa Head
mmer (HellOchezlus albzpunctella de
JoanniS) and stem borer (Conzesta 19ne­
fusahs Hampson) have been identIfied as
the two major Insect pests of pearl millet
(Nwanze and Hams, 1992) Strlga re­
mams the most senous biotic constramt In
thIS regIOn, espeCially In low fertIhty
fields most charactenstIc of pearl ml1let
cultivatIon In the absence of effectIVe
screenmg techmques and confirmed resIs­
tance sources, breedmg for reSIstance to
msect pests and Strlga has received neg­
hgIble attentIOn

AbIOtIC Stresses

Low SOlI fertIhty (mamly lack ofmtro­
gen and phosphorous) and drought are the
two most important abIotic factors hmIt-
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mg pearl mIllet productlVlty Poor plant
stand, mamly caused by hIgh sod tem­
peratures and sod surface crustmg, IS an­
other abIOtIC constramt Researchers re­
port SIgnIficant genetIc vanabilIty for
seedlIng emergence and survIval at high
temperatures (Soman et aI, 1987, Pea­
cock et al , 1993) and for gram-filhng and
threshmg percentage (a measure oftermI­
nal drought tolerance) (BIdmger and Ma­
halakshmi, 1993) InformatIon avaIlable
on the nature of mhentance of these traits
and the effectIveness of screenIng tech­
nIques to select for reSistance m segregat­
mg populatIOns has not been estabhshed
As a consequence, breedmg for these abI­
otIC stress traIts has not yet become an
mtegral part of planned breedmg Breed­
mg m the target enVironments, dependmg
on the extent of the natural occurrence of
these abIotIC stresses, takes them mto ac­
count by dlscardmg progenIes that have
poor plant stand and do not yield well

Breedmg Approaches

Base PopulatIOn

The base populatIOns most extensIvely
used for pearl mIllet breedmg are devel­
oped by hybndizatIOn of parents WIth
complementary traIts, or by formatIOn of
composItes IndIVIdual landraces also
have been used as base populatIOns
Open-pollInated vanetIes (OPVs) devel­
oped from selectIOn withm mdividual
landraces have not been successful wIth
farmers, because the yIeld advantages of
such VarIetIes compared WIth the parental
populatIOns have been margmal (NIan­
gado and Ouendeba, 1987), and they have
not offered anythmg new m terms ofchar­
acter combmatton and qualIty
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ComposItes prOVIde the best optIOn for
broad-based populatIOns With greater
scope for genetIC gams and productIOn of
OPVs WIth WIder adaptatIOn The com­
posIte approach also IS qUIte relevant to
breedmg hybnd parents, prOVided the
traIts conSIdered important for hybnd par­
ents have been taken mto account whIle
selectmg the parents for theIr constItutIon
The extent to WhICh thIS approach IS fol­
lowed by varIOUS programs depends on
theIr geographical mandate, access to dI­
verse germplasm (raw and Improved), tar­
get cultlvars, and avaIlabIlIty of testmg
faCIlIties and manpower resources Thus,
ICRISAT and INTSORMIL (at Lmcoln,
Nebraska, and Hays, Kansas) have the
largest programs on compOSItes and
populatiOn Improvement Most ICRISAT
composItes mcorporate a large proportIOn
ofAfncan germplasm and breedmg mate­
flals, have substantIal dIverSIty, and are
pnmarIly mtended for the development of
OPVs In contrast, most INTSORMIL
compOSites are mtended for the develop­
ment of hybnd parents and have a rela­
tIvely narrower genetIc base

The most commonly used populatIOns,
espeCIally for breedmg hybnd parents, are
denved from hybndlzatIOn Inbred hnes
developed from such dIverse populatIOns
also are used for breedmg synthetICS
About 2,000 mbred hnes, most of them
InItIally produced as restorers of the Ai
CMS system, have been assembled at
lAC A majorIty of these are of medIUm
to tall heIght and medIUm to late matunty,
have good downy mIldew reSIstance lev­
els, and represent tremendous dIverSIty
for other agronomIc traits NatIOnal pro­
grams elsewhere, espeCially m IndIa, also
have developed a large number of mbred
lInes from such populatiOns, WhICh col­
lectIvely represent a WIde range of dIVer­
SIty



Target Traits

Gram yIeld (measurements or VIsual
scores), appropnate matunty, and downy
mIldew reSIstance are the key target traits
for genetIC enhancement both m ASia and
Afnca Stover yIeld and quahty are gen­
erally ofsecondary Importance AttentIOn
also IS paId to stalk strength, tillenng,
gram SIze, gram color, and pamcle length,
to meet farmers' reqUirements m vanous
regIOns Large gram SIze (greater than 10
g 1000 I) IS now WIdely emergmg as the
most preferred gram trait Gram traits re­
lated to better processmg (hard and large
grams) and better food quahty (VItreous
endosperm) also are taken mto account m
breedmg programs m the Afncan regIOns

On the cytoplasm SIde, two more stable
sources (A4 and As) have recently been
Identified (Hanna, 1989, RaI, 1995)
These sources substantially mcrease the
optIOn for genetIC and cytoplasmIC diver­
SIficatIOn of both mbred and populatIOn
seed parents, openmg up the POSSlblhty
for breedmg hybnds With higher gram
yield and stabilIty In the Improved
germplasm, the frequency ofrestorers for
the A4 CMS system IS less than for the AI
CMS system, and almost non-existent for
the As CMS system Thus, the use ofthese
new CMS systems may appear to reqUire
greater efforts m breedmg theIr restorers
However, the greater stablhty ofmale ste­
nhty ofthe A4 CMS system, and perhaps
relatively fewer comphcatIOns ansmg
from modIfiers, may mean less effort m
breedmg ItS restorers (Andrews and Ra­
Jewski, 1994) Male stenhty of the As
CMS system also IS as highly stable as that
of the ~ CMS system, and ItS restorer
gene(s) have been found m fourtratt-spe­
clflc genepools based on diverse
germplasm and m SIX P glaucum subsp
monodll acceSSIOns ongmatmg from

Mauntama and Sudan (2 each), Chad and
Senegal (l each) (Ral and Rao, 1996)

SelectIOn EnVIronment

Selection for gram yield and adaptatIOn
IS done under ramfed conditions at fertil­
Ity levels (20-60 kg N ha 1) hIgher than
where the cultlvar WIll actually be grown
(generally no more than an eqUivalent of
10-20 kg N ha 1) The philosophy behmd
selectmg at thiS higher fertlhty level IS
two-fold 1) the heterogeneity m soil fer­
tIhty IS reduced, allowmg more effective
selection of plants and progemes, and 2)
the goal of higher productiVity has to be
achieved by a combmatIOn of Improved
cultlvars and Improved management, m­
cludmg external mput Early generation
progemes (SI and half-Sibs m recurrent
selection and F3-Fs m pedigree breedmg)
are generally evaluated at one locatIOn,
and mfrequently at two locatIOns, owmg
to their large numbers The collaborative
research programs With NARS allow for
progeny testmg at later stages at two or
three locatIOns for some populatIOns Na­
tIOnal testmg networks allow for exten­
sive testmg of fimshed products at vary­
mg productiVIty levels m both India and
Africa

Selection for downy mildew resistance
m populatIOn progemes and early genera­
tion breedmg hnes IS based on field evalu­
ation m African regIOns where the disease
pressure IS generally hIgh Increasmg use
IS bemg made of field dIsease nursenes
At lAC, the greenhouse moculatlOn tech­
mque IS used most mtenslvely Open-pol­
lmated varieties and advanced breedmg
hnes are evaluated m field disease nurser­
Ies m all three regIOns
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Breedmg Procedures

Recurrent selectiOn m composItes m­
tended pnmanly for breedmg DPVs and
pedigree selectiOn m mostly hybndlza­
tIOn-denved populatIOns mtended pn­
manly for breedmg hybnd parents are the
two most common breedmg procedures
Backcross breedmg also has been used to
a lumted extent to transfer major genes
mto ehte genetIc backgrounds or to con­
vert composite populations

A detailed comparatIve study of van­
ous recurrent selectIOn procedures m
pearl mIllet concluded that the chOIce ofa
selectIOn procedure depends not so much
on Its relatIve effiCIency, but more on the
breedmg ObjectIve and how It fits mto the
overall goal of the program and avaIlable
resources (Smgh et ai, 1988) Thus, a
range of selectIOn procedures, mcludmg
mass selectIon, half-SIb and full-SIb, and
SI/S2 progeny selectIOn, often are used m
combmatIOn Rattunde and Wltcombe
(1993) evaluated, m nme locatIOn x year
enVIronments, varIOUS cycle bulks offour
composites Improved for four to five cy­
cles by dIfferent progeny testmg methods
Results showed good per cycle gams for
gram YIeld, rangmg from 3 6% for Me­
dIUm CompOSIte (MC) to 4 9% for Early
CompOSIte (EC), With a mlmmum of
o9% for New Ehte Composite (NELC)
(Fig 1) These gams are comparable to
genetIc gams documented for maize It IS
slgmficant to note that these yield gams
were accompamed by eIther slgmficant
changes for plant heIght and earher ma­
tunty or no changes m plant height m two
compOSItes

Hybnd parent research follows mostly
pedIgree and pedIgree bulk breedmg m
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populatiOns denved from hybndlzatIOn
between two mbred hnes or between an
mbred hne and a populatiOn, of which at
least one parent must have local adapta­
tIon Where both parents are mbred hnes,
three-way and complex crosses (albeIt m
low frequency) are made PedIgree breed­
mg also IS done m progemes denved from
compOSIte populatiOns, espeCially devel­
oped for their use m hybnd parent devel­
opment

Backcross breedmg also IS employed
on a limited scale to transfer Simply mher­
Ited traIts (e g, dwarf heIght, earlmess,
gram color, and brown mldnb) m DPVs
and hybnd parents Molecular marker-as­
SIsted backcross transfer of downy mIl­
dew resistance genes m commercIal hy­
bnd parents IS underway at lAC

Cu[tlvar Options

Both open-pollInated varIetIes and sm­
gle-cross hybnds have been WIdely ac­
cepted and are multIplIed on large scales
m IndIa The adoptIon patterns over the
years, however, reveal several factors
workmg m favor of hybnds 1) hybnds
have 15-20% gram yIeld advantage over
DPVs, 2) pnvate sector mvestment m
pearl millet IS as hIgh as publIc sector
mvestment, and the pnvate sector favors
hybnd research and development ofbetter
quahty seed WIth more aggreSSIve pubhc­
Ity, 3) due to vanous seed malpractices,
the morphological umformlty of hybnds
makes farmers more confident m the
genume seed qualIty, 4) a large-scale m­
stituttonal set up has been created to cer­
tIfy and momtor seed quahty, 5) although
hybnds to date have less stable reSIstance
to downy mildew, the research mfrastruc­
ture IS geared for developmg reSIstant hy-
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bnds with equally high or even higher
Yield levels, and 6) hybnds have no slg­
lllficantly greater disadvantage over
OPVs with respect to any other blOttC and
ablOtlc constramts, except for slgmfi­
cantly greater suscepttblhty to ergot and
smut

Hybnd adoptlOn m India IS fairly un­
even - With more than 90% coverage, for
mstance, m GUJarat and Maharashtra and
less than 25% m Rajasthan Four factors
mfluence these vastly different adoption
scales 1) differences m the aval1ablhty of
sUltable hybnds With demonstrated Slg­
mficant Yield advantage over OPVs, 2)
productiVity levels ofthe environments m
terms ofproductlOn constramts and use of
external mputs, 3) the attitude and atten­
tton of pnvate and pubhc sector research
and development toward hybnd develop-

ment for these envlfonments, and 4) the
probablhty of crop faIlure and multiple
plantmg needs m the drought stress envI­
ronments of Ra.Jasthan

The foregomg has considerable Imph­
catlOns for present and future culttvar op­
tions m Afncan reglOns OPVs Will con­
tmue to be the only credible optlOn untIl
downy ml1dew-reslstant hybnds are de­
veloped With at least 30% gram yield ad­
vantage over OPVs Even With OPVs,
seed production has proven to be a real
bottleneck m their adoptlOn, as reflected
m sporadic adoptlOn successes that are
proportlOnal to the seed productlOn ef­
forts Hybnd research effort m Africa has
been hmlted Results avadable so far m­
dlcate that top cross hybnds, based either
on male-stenle or male-fertl1e mbred seed
parents, may outyleld the best OPVs by

77



40-50% (Table 2) The use of locally
adapted landraces m breedmg top cross
hybnds on high-YIeldmg male-stenle
hnes may provide an opportumty to pro­
duce top cross hybnd culttvars with high
gram yield and downy ml1dew resistance
without any apparent loss ofadaptatiOn to
margmal environments m which the land­
race had evolved (Bidmger et al , 1994)
More extensive evaluatiOn is needed to
determme the yield advantages of top
cross hybnds, mcludmg evaluatiOn m on­
farm trIals The A4 eMS system has made
It feaSIble to breed male-stenle populatIOn
seed parents with stable male stenhty (Rat
and Rao, 1995), permlttmg the breedmg
of mter-populatiOn hybnds LImIted re­
search results from western Afnca show
that mter-populatiOn hybrIds also may
have yield advantages over the popular
OPVs slml1ar to those of the top cross
hybnd Further, male-stenle populatIOns
used as seed parents m such hybnds w111
have higher seed yield (reducmg the cost
of seed) and prOVide greater stablhty
agamst downy ml1dew The yield advan­
tages of mter-populatiOn hybrIds also
need venficatIOn m extensive trials, m­
cIudmg on-farm trials

Output and Impact

Breedmg for higher gram yield poten­
ttal and stablhty has led to variOUS out­
puts, mcIudmg fimshed products and im­
proved germplasm, whose VISible Impact
has occurred both wlthm and outSide the
regIOn where they were developed

FinIShed Products

The fimshed products (both OPVsand
smgle-cross hybnds m India and OPVs III

AfrIca) have the most vlSlble Impact In
the 1970s no more than two hybnds of75
days matunty (both made on the same
seed parent) were aval1able for country­
wide cultivation m India In 1994, 18 hy­
bnds and two open-polhnated vanetIes
were grown on varymg scales m Ma­
harashtra state alone The cultIvar diver­
Sity m 1996 has been reported to be even
greater than It was m 1994, m Ma­
harashtra as well as the rest ofthe country,
With about 50 hybnds m the market (see
Govl1a et al , m these proceedmgs) Open­
pollmated vanetIes, which gamed popu­
lanty due to a paucity ofSUitable hybnds,
contmue to occupy theIr own mches

Table 2 Gram yield advantages of four top-rankmg top cross and mterpopulatJOn hybrids over
open-pollmated varIeties (OPVs) m pearl mIllet

4 1438 (CIVT) ICRISAT West Afhcan Programs
Annual Report 1992

100 38 52 (ICMV F86415) ICRISAT Southern and Eastern
Africa Annual Report 1993

35 27 59 (Souna II) Lambert 1983

10 32 45 (P3 Kolo) Duendeba et aI 1994

LocatIOn
Top cross hybrId
Cmzana Kolo
Sadore Tara

Lucydale
Makohoh

Interpopulation hybrId
Bambey (2 years)

Sadore Bengou
(2 years)

No of Percentage yield
hybrIds advantage of top four
III trial hybrIds over DPV Reference
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Today, more than 70 large and small
seed companies are mvolved m the pearl
millet seed busmess, several ofthem hav­
mg developed their own hybnds The ex­
tent ofadoptIOn ofhlgh-Yleldmg vanetIes
(both hybnds and OPVs) m India was
about 55% dunng 1990-92, up from 5%
dunng 1965-69 (Fig 2) Durmg the same
penod, gram yield mcreased from 360 kg
ha I to 650 kg ha 1 (by 80% or at the rate
of3% year)

A large number ofOPVs with demon­
strated supenonty over locals for gram
yield and downy mIldew resistance have
been developed m AfrIca For mstance, 23
OPVs already have been released or are m
pre-release and on-farm trials m several
countries of western and central Afnca
(Table 3) Inadequate seed productIOn of

14

these vanetIes has been the major bottle­
neck m theIr adoptIOn Where thiS prob­
lem has been overcome (e g, Namibia),
the Impact has been highly VISible

Improved Germplasm

Improved germplasm targeted for high
gram yield and stablhty consists ofa Wide
range of materIals, mcludmg Improved
trait-specific composites (e g , Wide ma­
tunty range, large seed Size, large pamcle
Size, hIgh tIllermg, dwarf height, hIgh
plant growth rate, whIte gram, etc) Ral
and Anand Kumar (1994) have hsted a
diverse range ofcompOSItes developed by
ICRISAT Valuable sources of Improved
germplasm mclude OPVs found profilS­
mg but not released for cultIvatIOn, a
range of mbreds with morphological dl-
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versIty and sources of yIeld components
(large seed SIze, medIUm to large pamcle
SIze, and medmm to hIgh tIllermg), with
resistance to abiotIc and bIOtIC stresses
and fertIlIty restoratIOn, and dIverse eMS
sources wIth more stable male sterIlIty

Future Outlook

Sustamed Improvements m gram yIeld
ofboth OPVsand smgle-cross hybrIds are
enVISIOned for IndIa WIth the prIvate sec­
tor playmg an Increasmgly greater role In
hybrId promotIon, cultIvated areas under
SIngle-cross hybnds wIll Increase WIth

an mcreasmg number of hybrIds under
cultIvatIOn and greater replacement op­
tIons, a repeat of downy mIldew Impact
on productIon IS unlIkely ThIS wIll be
further ensured by mcreasmg use of dI­
verse reSistance sources In downy mIldew
reSIstance breedIng OPVs wIll contmue
to have theIr own mches In relatively less
favorable enVIronments They wIll re­
maIn the only credIble cultIvar optIOn for
AfrIca for the near future, but strategIc
research on hybrIds should be accorded
highest pnonty as the possibihty of a
breakthrough In productIOn is more lIkely
through the hybnd optIon

Table 3 Promlsmg OPVs of pearl mIllet, released or m pre-release and on-farm trials m
West African countries

Status m West African countnes
OPv
GB 8735

ITMV 8001
ICMV85327
ICMV 85333
ICMV 84400

ICMV IS 88102

ToromouCI
SOSAT C88

IBMV 8001
IBMV 8004

Released Pre released
Mauntama, Chad

Chad
Chad
Chad
Chad

Burkma Faso Malt

Malt
Mall MauntanJa

Senegal Mall
Senegal

On farnr test
Benm

Mall

Gambia

IKMV 8201
IKMP 1

IKMP2

IKMP 1
IKMP3
IKMP5
3/4HK B78

ICMV IS 88101

ICMV IS 89102
ICMV IS 89107
ICMV IS 91116
ICMV IS 89305
ICMV IS 88103
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Burkma Faso Mall
BurkmaFaso

BurkmaFaso

Cameroon

BurkmaFaso
BurkmaFaso
BurkmaFaso
MauntanJa

Mall

Mall

BurkmaFaso

BurkmaFaso
BurkmaFaso
BurkmaFaso
BurkmaFaso
Benm



Incorporatton of resIstance/tolerance
to drought, seedhng heat, Stnga, stem
borer, and head mmer m hIgh-yIeldmg
cultIvars remams a challenge Concerted
efforts WIll be reqUlred to develop and
vahdate effective screemng techmques,
develop enhanced reSistance sources, and
determme nature of mhentance POSItIve
results of apphed value leadmg to suc­
cessful cultIvars WIth readtly vIsible reSIS­
tance/tolerance levels to these constramts
are not hkely to come eastly

LIke many other crops, only a fractiOn
of cultIvated pearl millet germplasm has
been utIhzed m breedmg The Imadl
group of germplasm from Ghana-Togo­
Burkma Faso has proved most useful
globally (Andrews and Anand Kumar,
1996) Other sources ofuseful vanabIhty
m the landraces should be sought F0­

cused evaluatiOn and utIhzatlOn of other
Penmsetum specIes for novel traits, e g ,
stalk strength, dIsease reSistance, fertIhty
restoratlOn and apomIxIs, etc (Hanna,
1992), may further enhance the abIhty to
breed for hIgh gram yIeld and stabIhty
Ongm and key traIts of Improved
germplasm avatlable globally should be
summanzed as part of the InternatiOnal
Crop InformatlOn System for effiCIent ac­
cess to and greater utIlIzatIOn ofthIS valu­
able genetic resource

A dIverse range of Improved matenals
that can be ofdIrect use has been produced
globally Most of them remam undocu­
mented and hence unexplOlted Introduc­
tIon and proper evaluatlOn of these mate­
nals may have conSIderable spIll-over ad­
vantage as revealed m a few cases For
mstance, the mtroductIon and direct use
of the male-stenle hne Tift 23A m the
early 1960s and of842A (AKM 2021) and

843A (AKM 2068) m the early 1980s
from the Umted States had tremendous
effect on the pearl mIllet hybnd mdustry
m IndIa (Andrews and Bramel-Cox,
1993) SImtlarly, the mtroductIOn ofICTP
8203 and ICMV 88908 (Okashana 1) and
ICMV 82132 (Kaufela) from ICRISAT
ASIa Center to NamIbia and ZambIa, re­
spectIvely, had substantIal impact on
pearl mIllet productIVity m these coun­
tnes

Results from the apphcation ofeXIstmg
knowledge to pearl mIllet breedmg mdI­
cate that pearl millet may play a poten­
tIally larger role m world agrIculture, both
m low-resource tradItiOnal enVIronments
ofthe trOPICS and non-tradItiOnal enVIron­
ments of the trOpICS and warm-temperate
zones (Andrews and Kumar, 1992) For
mstance, a summer crop of pearl mIllet
followmg wheat and Brasslca m the Gu­
Jarat state of India has been reported to
gIve 2 5-3 5 t ha I, double the yIeld m the
mam (ramy) season Hybnd yIelds of
about 3 5 t ha I have been reported m the
southeast and mIdwest reglOns of the
Umted States Hybnds and populatlOns
matunng m 65 days under 14-15 hour
daylength have been Identified These hy­
bnds can be useful m multIple croppmg
systems and can help stabihze production
by producmg hIgher gram yield than me­
dlUm-matunng hybnds under late plant­
mg conditions An expenment WIth three
hybnds produced by Haryana Agricul­
tural Umversity m India showed that an
early-matunng hybnd HHB 67 (61 days
to mature) yielded 12-15% less than HHB
50 and HHB 60 (75-79 days to mature) at
normal plantmg tIme, but 45-72% more
under late plantmg (Table 4) CultIVatIon
of pearl mIllet m non-traditional enViron­
ments may brmg new challenges, mclud-
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mg greater Impact of ergot and rust, and
new reqUIrements, such as reSIstance to
herbICIdes, nematodes, and chmch bug
(Blzssus leucopterus Say)

Shrmkmg financIal allocatIOns for re­
search and development and a growmg
need to address complex research Issues
related to greater crop productiVity, biodi­
verSity, and environmental qualIty call for
enhanced mter-mstItutIOnal partnershIp
for the explOItation ofcomparatIve advan­
tages and spIll-over effects This IS espe­
CIally so for pearl mIllet, which IS grown
m poorer enVIronments, and has fewer
fundmg sources and only a handful of
well-establIshed research centers Some
eXIstmg formal lInkages for pearl mIllet
breedmg have proved Immensely produc­
tive (e g , partnershIps between NARS m
both ASIa and Afnca WIth ICRlSAT and
INTSORMIL, and between the John In­
nes InstItute and Umversity of Wales m
the UK and ICRISAT) Partnership With
NARS should be further strengthened,
and the pnvate sector and NGOs should
be mvolved m more extenSIve and coor­
dmated multIlocatIOnal testmg and seed
productIOn PartnershIp mvolvmg mter­
natIOnal research centers and advanced
research mstltutes should be worked out
to address complex problems of long­
term benefits - e g, applIcatIOn of

Table 4 Effect ofsowmg tIme on gram yIeld of
pearl mIllet hybrIds, Blsar, Baryana
(mean of 1987 and 1988)1

Gram yIeld (t ha 1)
at sowm Days to

Hybrid Normal Late matunty3
HHB 50 3 09 0 93 79
HHB 60 3 21 1 IO 75
HHB 67 272 1 60 61
ISource HaryanaFarmmg (1989) 18(5) 5
2Early sowmg (durmg July) Late sowmg Oate July to

mid August)
3Source Haryana Farmmg (1989) 1(6) 15
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bIOtechnology to bIOtIC and abIOtIC prob­
lems, utIlIzatton of novel traIts from WIld
speCIes, and evaluatIOn ofthe potentIal of
pearl mIllet m non-tradItIOnal enVIron­
ments, both for productIVIty and gram
uttlIzatIOn ICRlSAT and INTSORMIL
are SUItably placed for developmg and
strengthemng these partnershIps
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Developmg CountrIes Breedmg and
PotentIal of HybrId Sorghum

L R House*, B N Verma, G EJeta,
B S Rana, I Kapran, A B ObI1ana, B V S Reddy

Abstract

Virtually everywhere that hybrids have been compared to Improved and landraa
Varieties, there has been a yield advantage commonly on the order of20 to 60% As
growmg conditIOns become stressed the yIelds ofboth declme but the yield difference
between hybrids and varieties becomes larger, favormg the hybrid The smgle bIggest
problem wIth hybrids m many developmg countrIes IS the productIOn and marketmg of
hybrzd seed Where a seed mdustry does eXist, It provIdes an Important serVIce m the
tImely supply of good qualzty seed and, for the larger companzes, research The
avazlabllzty of hlgh-yleldmg hybrzds paves the way for establlshmg a seed mdustry
There are many Slmllarltzes m the breedmg procedures and methods of evaluatmg
resIstance and qualzty trazts m different wuntrles Yet there are differences between
countrIes, partIcularly as the Issue ofseeds IS addressed ThiS paper Identifies some of
these slmzlarztles and differences not only to provIde mformatzon but also to help those
workmg wIth hybrzds m developmg countrIes appreczate the opportunztles and the
potentzal

The greater contrIbutiOn of hybrIds to
YIeld, compared to Improved and lanclrace
VarIetIes, has been demonstrated In almost
every SItuatIOn In whIch they have been
evaluated As grOWIng condItIOns become
stressed, the yIelds of both hybrIds and
varIetIes declIne, but frequently the mag­
nItude of dIfference, percentage WIse, IS
greater for hybrIds compared to the SItu­
atIOn when grOWIng condItIons are good
HybrIds not only have yIeld superIorIty
over open-pollInated VarIetIes, but they
are more stable across dIfferent envIron­
ments For example, local varIetIes In In-

L R House Rt 2 Box 136 A I Bakersville NC 28705 B N Verma Mt
MakuluResearch Station Chllanga,Zambla G E)eta DepartmentofAgron
omy Purdue Umverslty West Lafayette IN 47907 B S Rana, NatIonal
Research Center for Sorghum Rajendranagar Hyderabad India I Kapran
INRAN B P 429 Niamey NIger A B OMana Bulawayo ZImbabwe
B V S Reddy ICRISAT Patancheru Ind.. *Correspondmg author
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dia were adapted to fairly narrow speCIfic
envIronmental nIches, but the first hybrId,
CSH-I, spread over much of the raIny
season (kharlf) sorghum area Pest and
qualIty problems frequently need resolu­
tiOn, however, the absence of a mecha­
nIsm for the productIOn and dIstrIbutiOn
of seed has been a major hurdle and a
dIscouragIng factor In a number of coun­
trIes, despIte the Immense contrIbutIOn to
agrIculture a seed mdustry can make

Although the development and use of
hybrIds has occurred m many developmg
countrIes, thIS paper WIll focus on India
and several countrIes In AfrIca I hope to
gIve adequate mSIght In the use ofhybrIds
to IndIcate the problems and successes
and help others relate to the Issues m~

volved



Breedmg

Common ConsideratIOns

There are two major aspects of breed­
mg generatmg dIversIty and explOltmg
the dIversIty by selectiOn In some SItu­
atiOns, mtroduced vanetles and hybnds
have performed well, but locally devel­
oped cultIvars have been supenor In my
expenence, the breedmg procedures have
been tradItiOnal, the problem has been
related more to effiCIent applIcatiOn than
to the development of new techmques

In breedmg, one cannot begm at the
end The first hybnd (CSH-l) released m
IndIa had a less deSIrable gram qualIty
than locals, WhICh I belIeve affected ItS
acceptance Because of other SIgnIficant
contrIbutiOns, It was released and exten­
SIvely used by farmers The gram qualIty
problem was overcome WIth CSH-S Im­
provement IS a contmumg process, and It
IS Important to keep a sIgmficant crop
Improvement actIvity over tIme

DiversificatIOn ofThe Genetic Base

In those countrIes where I have been
mvolved With developmg crop Improve­
ment programs that mcluded hybnds, m­
troductIon of substantial breedmg stock
and collection acceSSIOns to dIverSIfy the
genetIC base has been an Important first
step Many cultIvars mtroduced to begm
the program for sorghum and pearl mIllet
m IndIa contmued, becommg world col­
lectIOns EntrIes from these collectiOns
for years have been dIstributed world­
Wide Selection has generally been first
from breedmg stock, but landrace CUltl­
vars have been used to broaden the genetIc
base of traIts of mterest, partIcularly for

quantItatIve traIts Landrace matenal IS
frequently poorly-adapted because of
height and photopenod senSItIVity, hence
more difficult to use, so programs ofcon­
versIOn to temperate adaptatIOn and
germplasm enhancement have been con­
tnbutmg

Dunng the last twenty years, a wealth
of elIte germplasm has been developed,
mobilIzed, and dIstnbuted around the
world Today, elIte germplasm for both
"feed" and "food" gram types IS readIly
avaIlable to any research program that
wants It The seed mdustry m developed
countrIes has accumulated eltte
germplasm for feed gram hybnds PublIc
and mtematiOnal research programs have
generated a dIverse and elIte array offood
gram sorghum As a result, elIte hybnds
ofboth food and feed gram hybnds can be
developed WIthout lengthy effort m devel­
opmg parental lInes Many ofthese paren­
tal stocks have defenSIve traIts agamst
pests, dIsease, and paraSItIC mfectiOn

Breedmg Procedures

Good parents come from good varIe­
ties, but the best parents generally do not
come from the best varIetIes The breed­
mg procedures to develop both vanetIes
and parents ofhybnds have much m com­
mon In my expenence, pedIgree breedmg
has been the most common techmque
Crosses of exotic x exotic parents have
generally been the most rewardmg, fol­
lowed by exotIc x local crosses, least re­
wardmg have been selectIOns from local
x local crosses ThiS IS not always true,
however Several cultivars from the Ze­
razera landrace, for example, (such as
SIma m ZambIa) have been selected and
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released Backcrossmg has been used to
transfer traIts and develop new A-lInes

Important contrIbutIOn to mcreasmg
yIeld has been made from the Incorpora­
tIOn of resIstance traIts and to crop utilI­
zatIOn because ofthe mclusIOn oftralts for
good quahty SIgmficant m southem Af­
nca was the effort over several years to
Identrfy locatIOns for evaluatmg reSIS­
tance to dIseases, msects, and Strlga Fa­
cIlItIes were establIshed to rear and mfest
WIth stemborers, and to screen for reSIS­
tance to nematodes The program m Zam­
bia focused on aCId soIls, and the food
technology lab of the SADC/ ICRISAT
program developed and applIed a tech­
mque to evaluate dIastatic power These
examples Illustrate the range of traIts
evaluated EvaluatIOn contrIbuted to na­
tIOnal programs m the regIOn

Some sources of traIts have been more
dIfficult to use than others, for example
S-GIRL was a potentIal source of mIdge
reSIstance, but the recovery ofgood prog­
eny from crosses was much less than
when other sources were used The Gum­
eas have been dIfficult to Improve and,
whIle heterotIC m crosses, have had other
lImltmg traits, such as hIgh levels oflodg­
mg

The dIfference between vanetal Im­
provement and hybnd development oc­
curs when promlsmg cultivars are IdentI­
fied In hybnd development, thIS has m­
volved test-crossmg to evaluate parents m
hybnd performance In IndIa and AfrIcan
countrIes where I have worked, off-sea­
son nursenes have been establIshed to
make hybnds for test-crossmg prelImI­
nary, advanced, and regIonal yIeld trials
ThIS opportumty speeds breedmg pro­
gress
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Once useful lInes have been selected,
more progress generally results from se­
lectIOn m advanced generatIons from
crosses than from contmued selectIOn
WIthIn the lIne The utilIzatIon ofpopula­
tions, In my experIence, has occurred only
atthe ICRISAT Center Seeds ofpromIS­
mg plants m populatIOns were sown as
head rows for selectIOn and crossed WIth
eXIstmg good breedmg stock for further
selectIOn ThIS approach was effectIve

Hybnds of sorghum generally mvolve
two parents The Important conSIderatIOn
IS the phenotype ofthe hybnd, so thIS must
be kept m mmd m selectmg parents The
avaIlabIlIty ofa broad genetIc base faCIlI­
tates applIcatIon of a hIgh selectIon pres­
sure for wanted traits EvaluatIOn m test
crosses IS Important to be sure the hybnd
has the deSIred traits Nursenes frequently
are grown m more than one enVIronment
to IdentIfy broad adaptabIlIty

Compared to vanetal development, the
crossmg of two parents can result m
changes m matunty and plant heIght, but
also m gram qualIty, whIch IS generally
less deSIrable than m local vanetIes, and
m reduced effectIveness of reSIstance
traits These pOSSIbIlItIes mcrease the
need for greater evaluatIOn and develop­
ment of seed parents that contrIbute de­
SIred traits, partIcularly for gram qualIty
traIts whose A-lmes are useful as testers
for an array ofpotentIal pollInatorparents

The most common method for transfer­
rmg traits IS backcrossmg The techmque
IS most effectIve for SImply mhented
traits, but WIth quantItatIve traIts, one or
two backcrosses are pOSSIble, then new
parents are selected by pedIgree breedmg
WhIle receSSIve traits must be mcorpo-



rated m both parents, dommant traIts need
be present m only one parent and are
worth watchmg for

Test crosses m India were evaluated for
restoratIOn ofmale fertlhty m the hybnds
by baggmg heads before flowenng and
subsequently observmg seed set At the
off-season nursery at COlmbatore, prom­
lSlng non-restorers were backcrossed to
form new seed parents Plants mvolved m
backcrossmg were numbered, each cross
leadmg to a paIr ofhead rows, and evalu­
ated for non-restoratIOn m the male-stenle
row, thIS process ofnumbered crosses and
evaluatIOn ofnon-restoratIOn contmued to
prevent problems ofpartial fertIlIty Most
of my experIence has been on A I cyto­
plasm, although A2 has been mcreasmgly
used SIgmfIcant success has been
achIeved m India to IdentIfy new CMS
systems Good reVIews of thIS work are
mcluded m the Proceedmgs of Sorghum
m the SeventIes (Rao, 1972) and Sorghum
m the EIghtIes (Schertz et ai, 1982)

DespIte hIgher hybnd yIelds, some CIr­
cumstances favor varIeties Because It IS
necessary to breed receSSIve trmts mto
both parents, the tIme reqUIred to develop
a hybrId can be longer than the tlme re­
qUIred to develop a varIety In India, va­
rIeties WIth resistance to midge and to
Strlga have outylelded hybrIds In areas
endemiC for these problems when the
problems are severe The varIety
Kuyuma, whIle lower-yleldmg than hy­
brIds, has been WIdely used m ZambIa
because of ItS drought tolerance and be­
cause of mitIaI concerns related to seed
production

When the farmer first uses hybrIds,
there are several Important conSIdera­
tions The Increase m yield over the locals

should be sIgmficant (40% or more)
There should be a mck m flowenng when
the two parents are sown at the same tlme
to faCIlItate new seed producers The hy­
brId should not be more susceptlble to
msect and dIsease pests than the locals,
and It should have an acceptable gram/for­
age quality for ItS mtended use The hy­
brId should be grown on farm to generate
farmer enthUSiasm and mterest ofgovern­
ment offiCials and potential seed produc­
ers

Hybnds are developed by researchers
whose prImary responsIbIlity contmues to
be research It IS essential to IdentIfy and
fund mdlvlduals whose pnmary responSI­
bIlIty IS development of a seed mdustry
CollaboratIOn WIth people from other
countrIes With an established seed mdus­
try IS mvaluable The research SCIentIst
needs to remam mvolved

Why HybrIds

Table 1 has been orgamzed from a
number of sources to proVIde examples of
hybnd/varlety performance m IndIa and
several countnes of Afnca and Latm
Amenca

Percentage mcrease m yIeld ofhybnds
over Improved varieties ranges from 15 to
66 percent, and over locals from 7 to 13 1
percent (Table 1) Generally, Improved
varieties do not yield as well as hybnds,
but the dIfference IS generally not as great
as when compared WIth traditIOnal land­
race varIetIes In terms of crop Improve­
ment, I feel that the explOltatIOn of het­
eroSIS IS one of our strongest tools The
development ofsorghum hybnds m IndIa
and several AfrIcan countrIes IS bnefly
outlined m the followmg paragraphs
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Table 1 ComparatIve performance of hybrids, Improveovanehes, and land race culfivars
Years of Number No ofentnes Yield kg ha I % mcrease over Type of Authonty

Connlly testIng oftnals Hybnd Var Local Hybnd Var Local Var Local test

IndIa
Khanf 198590 7 4 3665 3189 149 Regional Murty UR

1992
Rabl 1981 87 13 15100 I 2400 2900 17.2 StatIon Reddy B VS

198387 5 31 100 I 2400 4300 -44 1994

Zambia 198990 3 3 3977 3238 228 Demon Verma,BN
199091 3 3 4162 3091 346 u "Pers Com
1991 92 3 3 2741 1928 422 u

Sudan 1985 Iff 1 1 5189 3010 723 Regional EJeta, G 1985
1985 dry 1 1 2968 1543 923

1986 2 1 1 4152 2700 537 · EJeta, G 1985

2 I I 2670 2483 75 ·
2 1 I 3891 3113 249 ·
9 6 I 4573 3109 470

Niger 1988 lIT 90 33 2 2582 1779 1605 45 61 StatIon Kapran I
1988 dry 90 33 2 1799 1081 1204 66 49 . 1988

West Central AfrIca 1986 87 10 34 I 2970 1770 677 Regional Murty D S
1995 4340 3120 39 I · Pers Comm

BurkmaFaso
FarakoBa I 21 2 I 2258 2795 1345 19 67 Regional Murty DS

4241 3236 31 Pers Comm
Kambomse I 21 2 I 945 0 185 ·

1904 679 331 180
Ouahlgouya I 21 2 1 687 1031 271 33 154 ·

2302 1490 54

IndIa 14 15 3254 2336 39 Inti ICRISAT
PakIstan 14 15 1663 1535 8 Armual

ThaIland 14 15 3007 4775 37 Report

Pluhppmes 14 15 5394 2327 131

EI Salvador 14 15 6196 3549 75

Venezuela 14 15 6826 4707 45

°Benm Burkma Faso Cameroon Cote d Ivorre Ghana, Mall Niger Nlgena Senegal Togo



IndIa

The sorghum situatiOn m IndIa has
changed dramatIcally smce the early
1960s Hybnds of maIze, sorghum, and
pearl mIllet were released between 1962
and 1965 and prOVIded a base for a seed
mdustry that has grown sIgnIficantly
Many mtroductlOns were used to create
hybnds earher than the locals by two to
fIve weeks and wIth an Improved
gram/straw ratIo of lito 1 2 5 These
earher hybnds aVOIded drought stress
when late season rams faIled to occur, and
they were more management-responsIve
I recall some early agronomIc work mdI­
catmg that locals were yIeldmg SIX to ten
kg of gram per kg of nItrogen applIed,
whIle hIgh-yIeldmg hybnds were produc­
mg 20-45 kg of gram per kg of nItrogen
applIed Fourteen hybnds and eleven va­
netles have been released by the All IndIa
Coordmated Sorghum Improvement Pro­
gram, offenng farmers broader chOIces
and preventmg genetIC vulnerabIlIty

The research program of the All IndIa
Coordmated Sorghum Improvement Pro­
gram has been broad-based, mvolvmg a
range ofmanagement practices that focus
on msect pests (shootfly, stemborer,
midge, shootbug, and earhead bugs), dIS­
eases (downy mIldew, graIn molds, ergot,
charcoal rot, and rust), graIn and forage
qualIty, InvolVIng a range of relevant
tests, and development of dual purpose
hybnds and forage hybrIds mvolvmg
sudangrass(~urty, 1992)

In the future, the All IndIa Program
plans to mtensIfy efforts on post-ramy
season (rabI) sorghum Efforts WIll con­
tmue on kharlf hybnds and new male­
stenle seed parents WIth reSIstance and

Improved qualItIes, mcludmg explOIta­
tIon of dIfferent sources of cytoplasm
male stenhty Further efforts wIll be dI­
rected toward contlllued use of
germplasm, a search for alternate uses of
sorghum, development ofmultIcut forage
hybnds, contmued responSIbIlIty for
breeder seed, and a search for economIcal
management practIces (B S Rana, 1996,
personal commUnICatIOn)

Results m the ramy (khant) season
have been spectacular NatiOnally, the
yIeld has mcreased from around 400-450
kg ha I m the 1960s to 1048 kg ha I m
1989-90 Durmg 1962-67, the area sown
covered 11,216,400 hectares, m 1986-90,
the area sown covered 9,129,000 hectares,
a drop of 2,097,400 hectares However,
dunng thiS same penod, average produc­
tIon mcreased by 2,189,000 tons- from
5,779,000 tons m 1962-67 to 7,968,000
tons m 1986-90 (Murty, 1992) In 1988,
667,853 tons of seed of all crops - 70%
hybnd - were produced and processed m
504 processmg plants (Smgh et al , 1990)
ThIS IS an outstandmg example and should
encourage other countnes to venture mto
hybnds

WhIle there have been some gams m
the post-ramy (rabI) season, they have
been modest and more dIffIcult to
achIeve A number of hybrIds were re­
leased for the rabi season but then accep­
tance was low IncreaSIng effort over the
years has been put forth to resolve thIS
problem and develop hybnds for the post­
ramy season Atthe ICRISAT ASIan Cen­
ter an effort IS bemg made to use landrace
rabI varIetIes to brmg m deSIred traIts
Seed set IS part of the study A1 and A2
cytoplasms m Durra and Zerazera WIth
landrace pollmators were evaluated for
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seed set at low temperatures (lO°C for
several days) as part ofthe effort Both Al
and A2 were found to have better seed set
m the Zerazera than Durra backgrounds
BesIdes seed set, hybnds were evaluated
for gram and fodder yIeld, lodgmg, stay­
green, and pearly, bold, round gram Re­
SIstance to shootfly and Improved gram
luster are stdl areas of concern In IndIa,
the best qualIty sorghum comes from rabI
varIetIes, so good gram qualIty wIll be
reqUIred m the hybnds If they are to be
accepted SelectIon for seed set has been
rewardmg (Reddy and Stenhouse, 1994)

ZambIa

Sorghum and mIllet are tradItIOnal
crops m ZambIa as mother countnes of
southern AfrIca Over 40 years ago maIze
began to replace sorghum, extendIng even
Into areas poorly adapted for the crop The
maIze hybnd SR-52 was mtroduced from
RhodesIa (now Zimbabwe) pnor to for­
matIOn of the ZambIa Seed Company
(Zamseed) m 1980 It has been estImated
that more than 70% of ZambIan farmers
use hybnd maIze seed At one tIme, 80%
of Zamseed's revenue came from sale of
hybnd maIze seed and 10% from vegeta­
ble seeds

The mterest m maIze encouraged a re­
search focus on thIS crop, and research on
sorghum and mdlet was neglected How­
ever, frequent droughts, hIgher cost of
agncultural mputs, and recurrmg food
defiCIts leadIng to the need for SubstantIal
food Imports led the government to con­
SIder mcreased crop dIversIficatlOn m the
1980s - not only m ZambIa but m the
SADC regIOn as a whole In ZambIa, the
SwedIsh InternatIOnal Development
Agency (SIDA) provIded expertIse and
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financIal aSSIstance for several actIvItIes,
mcludmg Zamseed and the research pro­
gram

To strengthen sorghum Improvement,
ICRISAT organIzed an mtroductlOn nurs­
ery ofsome 6000 accessIOns from 25 sta­
tIOns around the world Two of the nurs­
erIes were sown m ZambIa and proVIded
a broad genetIc base from WhICh to de­
velop the program The process was not
unIque pedIgree selectIon among prom­
Ismg mtroductlOns, selectIOn m advanced
generatlOns from crosses, and test-cross­
mg of potentIal pollen parents to several
A-hnes SelectIOn pressure could be hIgh
because of OPPOrtunIty proVIded by ex­
tenSIve mtroductlOns The first off-season
actIvIty took place at MuzarabanI m ZIm­
babwe and later m ZambIa PromISIng
vanetIes and hybnds were orgamzed Into
prelImInary and advanced tnals and
evaluated at several locatIOns In each of
the three IdentIfied envIronmental reglOns
of the country The best entrIes were en­
tered mto SADC regIOnal trIals

Concern developed about a VIruS dIS­
ease, found pnmanly around Lusaka, and
several leaf dIseases occurrmg on the
crop An Isolated field was establIshed at
the Golden Valley StatIOn for systematIc
evaluatIOn ofsusceptIbIlIty to downy mIl­
dew, and the breedmg nursery was rou­
tmely evaluated for response to leafbhght
and sooty strIpe Response to stemborers
also was scored LUSItu was selected as a
SIte to evaluate crop response to hIgh heat
and mOisture stress, Mount Makulu, to
test not only for response to VIruS, but for
crop potentIal m a chmate WIth cool nIght
temperatures, and Mansa, to evaluate the
crop for anthracnose and soIl aCIdIty SCI­
entIsts from the SADCIICRISAT pro-



gram participated m these evaluations
with Zambian sCientists

From the outset, concern about crop
utilIzation was reflected m the program
where breedmg was undertaken for food
qualIty, mlllmg, maltmg, and forage qual­
Ity ImtIally SVALOF AB tested entries
m yield trials for gram qualIty parameters
such as gram hardness, tannm content,
dlastatIc power, protem content, and
ammo aCid composItion Later, testmg for
some of these traits plus mIllIng qualIty
was undertaken by the SADCIICRISAT
program Also, the HCN content of the
regrowth offorage types was evaluated at
SVALOF AB, and protem content of
stems and leaves was evaluated at the
Mount Makulu statIOn near Lusaka

Progress m the program, which began
III 1983/84, was rapid The hybnd
WSH287 and two vanetles, WSV387 and
WSVI87, were prereleased m 1987 All
three had good qualIty white gram The
parents of WSH287 did not mck well m
the mam season, so it was dropped, but m
1989 the two vaneties were released,
WSV387 as Kuyuma and WSV187 as
Sima Also III 1989 two hybnds,
MMSH375 and MMSH413, With brown
gram and good maltmg qualIty for brew­
mg, were pre-released and then released
m 1991 A white-gramed, drought-reSIS­
tant hybnd, MMSH928, was pre-released
m 1993 From the evaluatIOn of 200 hy­
bnds mvolvmg a gram sorghum seed par­
ent and sudan grass pollInator, the forage
hybnd FSH-22 was pre-released m 1993
ThiS hybnd was found to have good for­
age YIeld, low HCN content, ease of seed
productIOn, and hIgh protem content
(Verma, 1992)

Two Improved sorghum varieties,
ZSV-1 and Framlda, had been released
earlIer In 1980 Zamseed began producmg
small quantities (10-20 tons) ofthese cul­
tIvars, plus a brown-seeded vanety grown
for maltmg purposes, Red SwazI Produc­
tion was undertaken by commerCIal farm­
ers m RegIOn II around Lusaka where the
cultIvars were not well adapted LeafdiS­
eases, low Yield, and reSidual varIabIlIty
m ZSV-1 made certIficatIOn difficult
Zamseed was discouraged and reluctant
to become mvolved With productIOn of
sorghum seed agam ExtenSIOn programs
also responded negatIvely based on their
concepts ofeXlstmg and new cultIvars for
subSistence farmers

To overcome these obstacles, the re­
search team began to conduct preplantmg
meetmgs, carrymg seeds to farmers at lo­
cal schools m two target areas where sor­
ghum IS Important (LUSItu and ChIawa)
Farmers aware of the varIety Kuyuma
from on-farm demonstrations were mter­
ested m the seed 1 4 tons of seed were
sold m the first year, and 8 tons m the
second, m the third year, 20 tons of seed
were sold cash out of pocket at 2 5 times
the gram prIce At thiS pomt a GTZ pro­
gram m the area took over the seed pro­
ductIOn project EnthUSiasm rapIdly m­
creased and receIved a boost from VISItS
by the country's preSIdent and mmIster of
agriculture

WIth nsmg pressure for seed, the re­
search team worked With Zamseed to be­
gm large scale seed production dunng the
off-season, begmnmg m the drought year
of 1987 until 1992, on a pnvately operated
lITIgated farm at the edge ofLake Kanba
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In 1987, 120 tons of Kuyuma were
produced on 80 hectares In 1988, seed of
WSH287 was produced on 40 hectares In
1991,50 tons of Kuyuma were produced
on 16 hectares In 1992, 374 tons of seed
were produced, prImarIly ofKuyuma, but
also Sima and the two hybrIds MMSH375
and MMSH413 In 1994, 594 tons of seed
were produced on 300 hectares (160 ha of
Kuyuma, 80 ha of SIma, 40 ha of
MMSH413, and 40 ha ofMMSH375)

Through thIS process, Zamseed be­
came more mvolved wIth sorghum as a
profit-makmg crop, as reflected m the m­
creased volume of the company's seed
productIOn after 1990 Seed sales m­
creased from 21 9 tons m 1990/91 to 852
tons m 1995/96

The mvolvement of the utIhzatIOn m­
dustry has been slow NatIOnal brewenes
have begun to purchase sorghum gram
Three meetmgs have been held among
representatIves of the mdustry, Zamseed,
and the research program Export has
been encouragmg Zamseed exports 200­
300 tons of seed annually pnmarIly to
MozambIque, MalawI, Zimbabwe, and
Botswana Zimbabwe IS mterested m the
hybnds for maltmg, Foods Botswana now
wants annually 10,000 tons or more of
whIte gram for mtlhng and 5000 tons of
brown gram from hybnds for brewmg
(B N Verma, 1996, personal commumca­
tIon)

A change m government polICies to­
ward economic lIberalIzatIOn and re­
moval of controls and SubsIdies focused
pnmanly on maize has created mcreasmg
mterest of larger (commercIal) farmers m
hybnd sorghum These farmers are pre­
dommantly on the plateaus where the en-
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vIronment IS conduCIve to hIgh yIelds
Hybnds WIth yields of eight to mne t ha 1

will be competItIve wIth maize m years of
good ramfall and will have hIgher yIeld
when rams are poor WIth thIS level of
yield and appropnate gram/forage qual­
Ity, hybrId sorghum would be a rellable
commodIty at favorable pnces and would
be competItIve With maIze m the utIlIza­
tIOn mdustry Two hIgh potentIal full sea­
son hybnds, MMSH1257 and
MMSH1324, were pre-released m 1995

Had the crop Improvement team not
developed varIetIes and hybnds to satIsfy
different uses and had they not devoted
so much effort and resource m estab­
lIshmg the value of the new cultIvars and
msurmg aVailabIhty ofseeds, the new cul­
tIvars would have contnbuted much less
and a much longer penod of tIme would
have been reqUIred ThiS IS a slgmficant
example of a development actIVIty grow­
mg out of a research program and carnes
valuable lessons for others

South AfTlca

In South Afnca, the commerCIal use of
hybnd sorghum IS well-estabhshed The
government sponsors a research program,
and pnvate seed compames are engaged
m research actIVities The food technol­
ogy umt of the Council of SCIentIfic and
IndustrIal Research (CSIR) has long been
mvolved WIth sorghum and has done PIO­
neermg work on fermentatIOn ofsorghum
for food and beverage CommerCIal com­
pames that utIlIze sorghum not only pro­
Vide products on the market but are m­
volved m product development A seed
law, a certIficatIOn program, a sorghum
growers aSSOCIatIOn, and plant breeders
nghts are m place ThIS mdustry has all



the components and hopefully will m­
creasmgly serve as an example and a place
where other countries mterested m hybnd
seed and the seed mdustry can gam expe­
nence

Sudan

Agncultural research mthe Sudan goes
back many years The Gezua Research
Farm was establIshed m 1918, while the
pnmary focus was on cotton, some work
was done with sorghum Local sorghums
were collected and evaluated, and
germplasm was mtroduced mto the coun­
try by the 1930s A full-fledged sorghum
Improvement program came mto eXist­
ence m 1952, and selectIOn began mlocal
types for earlIness and shorter plant stat­
ure Mechamzed farmmg was mcreasmg
and With It the need for shorter plants
Exotic types brought m did not adapt well
In the 1960s, effort to develop hybnd
sorghum met With only lImited success
and was dlscontmued Around 1973, the
And Lands Agncultural Development
Program (ALAD) ofthe Ford Foundation
ImtIated efforts to develop hybnd sor­
ghum, these efforts were contmued by the
ICRISAT/Sudan Cooperative Program
for Sorghum and Millet Improvement m
1977

Via the ALAD program, large collec­
tIOns of germplasm were mtroduced and
evaluated along With locally developed
cultlVars Slgmficant among the mtroduc­
tIons were yellow endosperm hnes se­
lected from the nursery of the late Dr
Karper IntroductIOns were evaluated at
the statIOn at Wad Medam, an off-season
crossmg block was estabhshed, selected
parents were crossed to mtroduced A-

lInes, and the hybnds were evaluated
When ICRISAT became mvolved, a mul­
tidisciplInary base was estabhshed among
the sCientists atthe station BecauseStnga
was a severe problem, It received added
attention Over four seasons (1979-82),
3000 expenmental hybnds were evalu­
ated m both lITIgated and dryland condi­
tIOns

Three elIte expenmental hybnds were
Identified from 21 yield trials over four
seasons at several locations on the central
clay plams ofthe country While thiS test­
mg was underway, expenmental produc­
tIOn of seeds of these three hybnds was
undertaken on separate one-acre fields
The purpose was to check mckmg of the
two parents and to demonstrate that the
hybnds were readily produceable - an
Important consideratIOn for the first hy­
bnd NIckmg was good m two ofthe three
hybnds The hybnd gram was evaluated
at the Food Technology Center at Sham­
bat near Khartoum, and the food products
made from the gram were found to be
good

One ofthe expenmental hybnds (EEH­
3, Tx623A x YE1592) was released m
1983 With the name Hageen-Dura-l, or
sorghum hybnd number 1 The A-hne
(Tx623A) IS from the Texas Expenment
StatIOn and yellow endosperm YE1592
was selected from an mtroductlon from
the nursery ofDr Karper, a good example
of shared germplasm Results mdlcated
that Hageen Dura-l had an average yield
of 5189 kg/ha, or 58% greater than the
local under lITIgatIOn, and 2968 kg/ha, or
52% greater than the local under ramfed
conditIOns (EJeta, 1983, 1985)
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Followmg Hageen Dura~1's release, a
proposal was submItted and accepted by
USAID for a pIlot project to produce hy~

bnd seed A meetmg also was orgamzed
mvolvmg Sudanese authonty, pnvate
seed producers, and mdIviduals from the
U S and IndIa wIth expenence m the seed
mdustry One purpose OfthiS meetmg was
to descnbe the dIfferences m the produc­
tIon of vanetal and hybnd seed and to
encourage productIOn m the pnvate sec~

tor

In 1985, two years after Its release,
Hageen Dura-l was planted on 29,000 ha,
seed avaIlable for the 1986 season was
suffiCIent for 250,000 hectares YIelds on
fanners' fields far surpassed the 50% m­
crease over locals mdICated m yIeld trIals
Dunng the drought year of 1984, the hy­
bnd had an 85% mcrease over locals on
dry land and a 300-400% mcrease m Irn­
gated condItIOns (EJeta, 1986)

Some concern developed because the
large harvests of 1985 and 1986 resulted
m a drop m sorghum gram pnce, tempo­
ranly slowmg further development of
seed productIOn The area under seed pro­
ductIon dropped from 1080 hectares m
1985 to under 400 hectares m 1986 Such
an expenence as thIS hIghlIghts the need
to conSIder how the crop can be utIlIzed
and marketed to aVOId the problem Pro­
ductIOn contmued, however, and reached
5,850 hectares m 1988-1989 (EJeta,
1993) WhIle no seed mdustry has devel­
oped m the Sudan, there IS a sIgmficant
pnvate sector seed sales operatIOn today
There IS some concern that Hageen Dura­
l IS stIlI the only hybnd avaIlable Hope­
fully, m the not too dIstant future, other
hybnds wIll be released
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Nigeria

Interest m hybnd sorghum m NIgena
began before 1980 and was encouraged by
an ActIOn CommIttee for a Hybnd Sor­
ghum Project (Obl1ana, 1982) FIve sor­
ghum hybnds were released m 1985, and
breeder seed was prOVIded to the NatIOnal
Seed Service and the pnvate company
AGSEED Seed productIOn was slow and
finally stopped With mterest m the vanety
SK5912 used m commercial maltmg m
the productIOn oflager beer Four hybnds
developed by ICRISAT and the Institute
for Agncultural Research (IAR) are soon
to be released However, PremIer Seed
Company already has been producmg
seed of one hybnd, ICSH 89002 NG­
717 kg m 1992-93,9828 kg m 1993/94,
10,000 kg III 1994/95 and agam m
1995/96

Niger

In 1975, the Government ofNiger and
USAID organIzed a program to
strengthen actIvItIes for developmg and
utilIzmg crops and advancmg agncultural
mputs, mcludmg seeds After ten years the
program was stopped One recogmzed
problem was the need for a hIgh-yIeldmg
hybnd to generate seed actIVIty Out of
thIS expenence the government wants to
establIsh a seed mdustry m the pnvate
sector

INTSORMIL-INRAN collaboratIOn
for sorghum Improvement began m the
early 1980s CollectIOns were made of
landraces, particularly the 'dune' sor­
ghums speCIfic to Niger These were m­
corporated mto a random-matmg popula­
tion, provldmg a broad-based source of
local gennplasm IntroductIOns also came



from outsIde, partIcularly from countrIes
lIke the Sudan that were envIronmentally
simllar to NIger These were evaluated
and advanced by pedIgree selectIOn,
crosses were made, and selectIOn was un­
dertaken m advanced generatIOns Hy­
bnds had been mtroduced mto the country
m the 1960s, but were dlscontmued be­
cause of gram quahty problems and the
perceptIOn that they reqUired good grow­
mg condItions (mputs)

Begmnmg m 1986, two students super­
VIsed by INTSORMIL conducted theIr
masters theses m NIger Kapran (1988)
compared 90 hybnds wIth theIr parents
and local checks m several envIronments
The parents and checks had SImIlar yIeld
under lITIgatIOn, but hybnds were better
yIeldmg than both under ramfed and lITI­
gated condItions (see Table I) The second
student, Tyler (1988), evaluated 40 hy­
bnds where male parental hnes were
grouped as exotic, mtermedlate (from
crosses of exotIC x locals), and locals
Gram yIeld heteroSIs over male parents
was 127% for exotICS, 83% for mtermedI­
ates, and 66% for local polhnator parents
(the seed parent was exotic)

From these studIes, seed of the best
hybnds was mcreased, and the hybnds
were evaluated m trials m sorghum grow­
mg areas ofthe country Food quahtytests
were conducted to determme the accept­
ablhty of the gram to make Tuwo The
hybnd Tx623A x MR732 was found to be
the best yielder WIth good food quahty
and was released as NAD-l NAD-l was
mcluded m RegIOnal Tnals m West Af­
nca, where m 1989 It ranked thud among
twenty entnes

Expenmental seed productIOn began at
Maradl m 1989, demonstratmg produce-

ablhty ofthe hybnd Smce that tIme, mod­
est amounts of seed have been produced
m the country and at Purdue to support
on-farm demonstratIOns (Kapran et ai,
1995)

An effort IS currently underway to
Identrfy mdlvlduals mterested m seed pro­
ductIon and to sell hybnd seed at eIght
times the gram pnce For the current sea­
son, the breeder used the radIO to mform
farmers of the avallablhty of seed, whIch
was completely sold Posters dlsplaymg
NAD-l have been gIven to the country's
preSIdent and to the governor of Maradl
Most of the NAD-l seed contmues to be
produced by INRAN, but steps are bemg
taken to shIft seed productIOn to pnvate
mterests

ASSIstance

ASSIstance m supportmg research, edu­
catIon, and trammg from many donors,
umversltles, agenCIes such as ICRlSAT,
INTSORMIL, USAID, IRAT, FAO, and
others needs thankful recogmtIon

ConclUSIOn

The Idea IS fairly prevalent that hybnds
are SUitable only for the better watered
areas where fertlhzer IS used and not for
the poor farmer workmg m harsh growmg
condItIOns In my expenence, however,
all farmers, gIven the chance, have bene­
fited from hybnds Bmswanger and col­
leagues (1979) undertook a study of rIsk
among farmers m IndIa and mcely sum­
manzed the SItuatIOn "EconomIc analy­
SISJustified that the technology developed
IS compatIble WIth the needs and capablh­
ties of the small farmer, m fact, more
SUited to hIm, that It IS economIcally
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sound and vIable and that there IS no need
or JustIfication for the development of
separate technologIes for the small and
large farmer"

In my experIence, the breedmg tech­
mques have been tradItIOnal, but efforts
have been made to use them efficIently
The Importance ofresIstance and traIts for
crop utIlIzatIOn have been part ofthe crop
Improvement process m the countrIes
mentIOned We are experIenCIng and can
expect an mcreaSIng contrIbutIOn from
bIOtechnology An Important challenge
comes when the opportumty arIses to
move hybrIds to farmers Where thIS has
gone well, It mvolved a sustamed contrI­
butIOn from the orIgmatmg SCIentIsts
and/or theIr InstItutIOns over a three to ten
year perIod India, for example, went In a
relatIvely few years from a major food
Importmg country dependmg heavIly on
foreIgn donor support to one that exported
food gram and no longer needed outSIde
support It serves as an example for others
that WIth determmatIOn It can be done
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Breedmg Pearl MIllet Hybrids for
Developmg Countries: Indian Experience

o P Govlla*, K N Ral, K R Chopra,
D J Andrews, and W D Stegmeler

Abstract

Pearl mIllet fPenmsetum glaucum (L) R Br ] IS mamly grown m Indra and AfrIca
In Indra the productlOn and productlVlty IS steadlly on the rise mamly due to the
wIdespread adoptlOn and cultIvatIon of smgle cross hybrids based on cytoplasmIc
nuclear male sterlllty On the contrary m AfrIca the hybrid development program has
not been successful due to nonavarlablbty ofsUltable parentallmes possessmg downy
mIldew [Sclerospora gramlmcola (Sacc) J Schroet] and ergot [Clavlceps fuslfonms]
(Loveless) resIstance

Thefirst hybrid (HB 1) was released m Indra m 1965 usmgAl cytoplasmIc male sterlle
lme Tift 23 In thIs paper, hIstory ofthe hybriddevelopment program m Indra has been
dIscussed HB 4 BJ 104 BK 560 ICMH 451 Pusa 23 HBH 110 MLBH 104 andHHB
67 ale among the most wIdely cultIvated past and pre~ent hybrIds The pearl mIllet
hybrid program m Indra has occaslOnal setbacks due to downy mlldew epIdemICS At
present, Indra has a very strong research and development program, testmg network
and seed productlOn for pearl mIllet hybrids Further progress IS contmumg WIth the
actIve partIcIpatIOn of NatlOnal AgrIcultural Research System private sector and
ICRISATAsra Center Male sterile lmes WIth Al cytoplasm mcorporatmg downy mIldew
resIstance have been bred m the NatlOnalprogram and at ICRISATAsra Center A great
deal ofgenetIc dIversificatIOn of CMS lmes has been achIeved m Al cytoplasm back­
ground As a result ofthIs about 50 smgle cross hybrids m different maturity group!> are
now avarlable However fewer than twelve are popular among the farmers It has been
focused In the paper that lack ofgenetIc dlve1 Slty led to outbreaks ofdowny mIldew The
reasons for hIgh 1ate of adoptIOn of hybrIds m Indra, and successful hybrid ~eed

productIOn and dIstrIbutIOn have also been discussed

In Afnca the hybllds developed m Indra have not been successful mamly due to therr
undeSirable matunty and high susceptlbillty to downy mlldew and ergot HeterOSIs has
been Identified m many combmatlOns mvolvmg local material StrategIes for develop­
ment ofhybrids m AfrIca have been dIscussed The Indran experience can be conslder­
ably useful to AfrIca and other developmg countries m hybrid research and enhance­
ment ofpearl mIllet productlVlty and stabillty

o P Gavda DIVISlOn of GenetIcs IndIan Agncultural Research Insl1tute New DeIhl 110 012 india., K N Rat Genetic Enhancement DIVISIon ICRISAT Asta
Center Patancheru 502324 Andhra Pradesh Ind.. K R Chnpra, Mahendra Hybnd Seeds Company Post Box No 52 Jalna 431 023 Maharashtra India D J
Andrews Department ofAgronomy Umverslty ofNebraska., LIncoln NE 68583 U S and W 0 Stegmeler Fort Hays Branch Agncultural Expenment Statton
Kansas State UniverSIty Hays KS 67601 US Correspondmg author
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Pearl mIllet [Penmsetum glaucum (L )
R Br] IS grown predomInantly In AfrIca
and IndIa, prImarIly as a graIn crop, but
also for Its stover and fodder It IS gener­
ally cultIvated In areas wIth raInfall vary­
Ing from 150 to 600 mm It can wIthstand
drought to a great extent, but responds
well to good management and hIgher fer­
tilIty levels (Nirwal and Upadhyaya,
1979, SIngh and Maurya, 1969)

Table 1 All IndIa area, productIon and pro­
ductIVIty of pearl mIllet on trlenmum
baSIS

TrIenmum Area Production ProductiVity
ending (m ha) (m t) (kg ha I)
1977 11 20 495 443
1980 1102 475 429
1983 11 46 533 465
1986 11 03 581 522
1989 10 67 5 19 475
1992 10 47 606 577
1995 10 08 701 684

Source DIrectorate of Economics and Stallstlcs Government of
Imba

Table 2 Area, productIOn and productIVIty of
pearl mIllet In AfrIca on trIenmum
baSIS

Pearl mIllet IS an excellent forage crop
because of ItS comparatIvely low hydro­
cyanIc aCId content The green fodder IS
nch In proteIn, calcIUm, phosphorus, and
other mInerals, wIth o-xalIc aCId WIthIn
safe lImIts (Athwal and Gupta, 1966,
Gupta, 1975) It IS more dIgestIble when
fed green to ammals rather than as chaffed
straw

TrIenmum Area
ending (m ha)
1977 1606
1984 1552
1991 1492
1994 16,1

Source FAa ProductIOn BulletIn

ProductIon
(m t)
988
930
10 53
10 07

ProductiVIty
(kg ha 1)

614
~98

707
598

Production and productiVIty of pearl
mIllet In India are IncreaSIng In spIte of
the reductIOn In area planted to pearl mIl­
let (Table 1) The same IS not true for
AfrIca, where productIon IS more or less
stagnant (Table 2) The Increase of pro­
ductIOn and productIVIty In IndIa IS re­
lated to the WIdespread use ofsIngle cross
hybnds based on cytoplasmIc-nuclear
male stenlIty (CMS) and to abundant hy­
bnd seed productIOn and supply Nearly
55% of the total pearl mIllet area In India
IS under hybnds and Improved open-pol­
lInated VarIetIes (OPVs) (see Rat et ai,
these proceedIngs) In companson, there
are no hybnds and relatIvely lIttle adop­
tion of Improved OPVs In AfrIcan coun­
trIes

Pearl mIllet IS a hIghly cross-pollInated
crop, WIth outcrossIng rates In excess of
85 percent (Burton, 1974) It also dIsplays
a hIgh degree of heterOSIS for graIn and
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fodder yIelds These two features ofpearl
millet meet some key bIOlogIcal reqUIre­
ments for explOitatIon of heteroSIS In
hIgh-yIeldIng cuItIvars Work on explOi­
tatIOn of heteroSIS first started In IndIa In
the 1950s (Rao etal, 1951, Chavanetal,
1955) utIlIZIng the protogynous flowenng
habIt of the crop The discovery of cyto­
plasmIC male stenlIty by Burton (1958,
1965) fulfilled the need for a VIable and
economIC method of prodUCIng pure hy­
bnd seed on a commercIal scale

The pearl mIllet hybnd program for
graIn productIon IS a great success story
In IndIa, resultIng from the gradual evolu­
tIon of a research and development Infra­
structure and close InteractIOn between
the NatIOnal Agncultural Research Sys­
tem (In both the publIc and pnvate sec­
tors) and the InternatIOnal Research Cen­
ters WIth theIr varyIng roles and responSI­
bIlItIes ImplIcatIOns are pOSItIve for



hybnd research and development pro­
grams mother developmg countrIes, not
only for breedmg hybnds but also for seed
productIOn and Impact generatIOn ThIS
paper reVIews the hlstoncal aspects and
present status ofhybnd breedmg, testmg,
and seed productIOn m India and the role
of the pnvate sector Other developmg
countnes can greatly benefit from mfor­
matIon about the way hybnds were devel­
oped m India for adoption by small scale
farmers

Pearl Millet Hybrids III India

In India from 1993 to 1995,pearlm1l1et
was grown on an average of ten mllhon
hectares WIth an average gram productIOn
level of seven mllhon tons (Table 1) It IS
the fourth most Important food crop,
mostly grown m the arId and semI-and
regIOns, partICularly III the northwest parts
of the country III the states of Rajasthan,
Maharashtra, GUJarat, Uttar Pradesh, and
Haryana, whIch account for nearly 95%
ofthe total pearl mlliet area (Table 3) The
crop IS grown m varylllg ecologIcal enVI­
ronments from very low to hIgh produc­
tIVIty levels

The first pearl m1l1et hybnd, HB 1, was
released III 1965 (Athwal, 1965, 1966)
The seed parent was the Al cytoplasmlc­
nuclear male-stenle hne TIft 23A, bred III

the US (Burton, 1958, 1965) Smce then
45 hybnds have been offiCially released
(Table 4) and a SImIlar number developed
by the pnvate sector (Table 5) Thus a
large number of genetIcally dIverse hy­
bnds are currently aVailable to farmers
Pnvate compames have populanzed theIr
hybnds m specIfic areas of adaptatIOn,
further mcreaslllg the productIOn of pearl
mlliet

Table 3 Average statewIde area, productIOn
and yIeld of pearl mIllet Mean of
1992-93 and 1994-95

Area ProductIOn ProduCllvlty
State (m ha) (m t) (kg ha 1)
Rajasthan 4 78 2 17 445
Maharashtra I 82 I 37 746
GUJarat I 23 I 23 996
Uttar Pradesh 080 092 1146
Haryana 0 58 0 60 1024
Kamataka 033 017 532
TamJl Nadu 021 026 1201
Madhya Pradesh 015 013 872
Andhra Pradesh 0 15 0 II 759
Alllndm 1009 700 688

Source Directorate ofEconoIDlcs and Statistics Government of
IndJa

In spIte of theIr overall success, the
pearl m1l1et hybnd programs m India have
had occasIOnal setbacks due to downy
mlldew [Sclerospora gramlmcola (Sacc )
J Schroet] epIdemIcs and the potential
threat posed by smut [MoeszlOmyces
pemclllarzae (Bref) K Vanky, syn Toly­
posporzum penclllarzae Bref] and ergot
[Clavlceps fusiformls (Loveless)] to sm­
gle cross hybnds The hybnds HB 3 and
HB 4 were very popular dunng 1968-74
However, when the seed parent of these
hybnds (Tift 23A) became susceptIble to
downy mlldew m 1975, multIphcatlOn of
hybnds on Tift 23A was dlscontmued
Two new hybnds produced on seed parent
5141A, BJ 104 and BK 560 (Pokhnyal et
al , 1976), became common m pearl m1l1et
growlllg areas III India The entIre hybnd
area was occupied by Just these two hy­
bnds BJ 104 was adapted to low ramfall
areas but also gave hIgh yIelds under good
management condItIOns, whlle BK 560
was adapted to good ramfall areas of the
country Due agam to an Illcrease m the
downy mlldew susceptIblhty ofboth par­
ents (5141A and restorer hne J 104), hy­
bnd BJ 104 was completely WIthdrawn
from seed multIphcatIon However, hy­
bnd BK 560 (5141A x K 560-230) IS stlll
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Table 4 Pearl mIllet hybrIds released and notIfied JD IndIa as of 1995

Year of
Hybnd Source release PedIgree Remarks
Hybnds predommantly bred on Tin 23A
HB 1 LudhIana 1965 Tift 23A x BI! 3B
HB2 Jamnagar 1966 Tift 23A x J 88
HB3 Jamnagar 1968 TIft 23A x J 104 HIghly popular
HB4 Kanpur (JARI) 1968 TIft 23A x k 560 Highly popular
HB5 Kanpur (JARl) 1969 TIft 23A x k 559
NHB3 Deihl (IARI) 1975 5071Ax J 104
NHB4 DeIhl (IAR!) 1975 5071A x K 560 230
NHB5 DeIhl (JAR!) 1975 5071A" K 5~9

PHB 10 Ludhlana 1975 Pb 11lA x PIB 155
PHB 14 Ludhlana 1975 Pb 11lA x PIB 228
GHB 1399 Jamnagar 1975 126 DzA x J 1399
Hybnds predommantly bred on 5141A
BJ 104 Deihl (JARl) 1977 5141AxJ 104 HIghly popular
BK560 Deihl (IARI) 1977 5141A x K 560230 HIghly popular
CJ 104 DeIhl (IARl) 1977 5054A x J 104 Moderately popular
BD III Deihl (JARI) 1977 5141AxD III
GHB27 Jamnagar 1981 5141A x J 2002
BD763 Deihl (JARI) 1982 5141AxD763
GHB32 Jamnagar 1983 5141A x J 1188
HHB45 Hlsar 1984 5141A x H90/4 5
COH2 COimbatore 1984 5141AxPT 1921
Hybnds on genetIcally dIversIfied male stenle hnes
CM46 Deihl (IARI) 1981 5054AlI. M46
MBHllO MAHYCO 1981 MS2xPL2 HIghly popular
PHB47 Ludhlana 1983 Pb lilA x PIB 1234
Xs COimbatore 1984 Pb ll1AxPT 1921
MBH 118 MAHYCO 1984 MS2xPL3
ICMH451 ICRlSAT 1986 81A x ICMP 451 HIghly popular
ICMH501 ICRlSAT 1986 834A x ICMP 501
MH182 Pune 1986 PT 732A x PNBM 83099
GHB32 Jamnagar 1986 5054A x J 2002
Pusa23 DelhI (JARI) 1987 841A "D23 HIghly popular
HHB50 Hlsar 1987 81AxH90/45
MBH 130 MAHYCO 1987 MS2 xPL4 Moderately popular
HHB60 Hlsar 1988 81A x H 77/833 2 Moderately popular
ICMH423 ICRlSAT 1988 841A x ICMP 423
MBH 136 MAHYCO 1989 MS2xP 16
HHB67 Hisar 1990 843A x H 77/833 2 HIghly popular
VBH4 Vl]ay seeds 1990 VBMS IA x BBR 19 Moderately popular
EKNATH301 Nath seeds 1991 NBH5 13A x NB 37 Moderately popular
Current hybnds
MLBH 104 Mahendra 1991 3Ax 13 HIghly popular
ICMH356 ICRlSAT 1993 ICMA 88004 x ICMR 356 Moderately popular
Pusa322 Deihl (IARI) 1993 841A x PPMI 301 Moderately popular
HHB68 Hlsar 1993 842A x H 77/833 2
Pusa444 Deihl (JARI) 1994 189A x PPMI 301 Moderately popular
MLBH 267 Mahendra 1995 HIghly popular
Pusa 325* Deihl (IARI) 1995 490A x PPMI 303
*Identtfied by AICPMIP worksbop
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Table 5 Pearl mIllet hybrIds bred by prIvate sector* m IndIa as of 1995
Name ofthe Company Hybnds avmlable
Nath Seeds EKNATH 201 301 302 2011

SWAMINATH 10 12 16 20 401 1024 and 1038
AJeet Seeds AJEET 11 and AJEET 21
J K Seeds JKBH 26
Hmdustan Lever Ltd PBH 13 22 24 35
Kalyani Agro Corpn Ltd KBH 1
Ganga Agn Seeds Ltd GK 1004 GK 1006
M S S C Akola RHRBH 8609 (Shraddha)
MAHYCO MBH 163 151 183 1101 191 118 and 188
ITC Zeneca Ltd AH 903 AH 931
ProAgro Seeds 7701 7601 9401 and 9402
Mahendra Hybrtd Seeds MLBH 104 267 285 287 298 and 305
·The pedigree of the hybnds IS not known Most of the hybnds are not tested In the NatIOnal Program The seed IS sold as truthfully

labelled

cultIvated on large areas due to Its hIgh
gram and fodder yIelds and farmer de­
mand Though 5141A IS susceptIble to
downy mIldew, ItS restorer K 560-230 IS
faIrly reSIstant Due to the dommant na­
ture of downy mIldew reSIstance, the hy­
brId does not pose any problems for farm­
ers DUrIng 1981, MAHYCO, a prIvate
seed company, released MBH 110, WhICh
was very popular m the state of Ma­
harashtra Agam, due to an mcrease m
downy mIldew susceptIblhty, thIS hybrId
was WIthdrawn by the company after
about ten years of successful cultIvatIOn

Smce 1986, a large number of hybrIds
have been released, some of WhICh
(ICMH 451, Pusa 23, HHB 67,
MLBH 104) are very popular WIth farm­
ers Charactenstlcs ofsome ofthe hybrIds
are gIven m Table 6 Almost all these
hybrIds were bred from downy mIldew­
reSIstant parental hnes SIgmficantly, m
all these hybrIds, the Al CMS system has
been utIlIzed, but there IS no eVIdence that
Al CMS IS assocIated WIth downy mIldew
reSIstance At thIS stage, genetIcally dI­
verse A-hnes were utIlIzed m the breedmg
program m IndIa CharacterIstIcs of some

of the A-hnes are gIven m Table 7 Con­
SIderable efforts have gone mto the devel­
opment of these A-hnes at the Interna­
tIOnal Crops Research InstItute for the
SemI-And TropIcs (ICRISAT),
Patancheru, the IndIan Agrrcultural Re­
search InstItute (IARI), New DelhI, other
mstItutIOns m the NatIOnal AgrIcultural
Research System (NARS) m IndIa, and
the Fort Hays Branch ExperIment StatIOn
of Kansas State Umverslty, m the US

An evaluatIon of some newly devel­
oped, downy mIldew-resIstant A-Imes
(Table 8) was carned out at IARI, New
DelhI (Madhusudhana, 1996, Venkata­
chalam, 1996) to assess the dIverSIty
avaIlable among them for theIr per se per­
formance and hybnd performance The
range and varIance for characters (Table
9) clearly mdlcated adequate dIverSIty
among the new A-Imes m terms of theIr
performance per se Flowenng tIme
ranged from 47 to 61 days, and heIght
ranged from 106 to 168 cm SImIlarly, the
range and vanance for effectIve tIller
number, pamcle length, and pamcle WIdth
mdlcated adequate vanabIlIty among
these parental hnes In case of gram yIeld

101



....
~

fable 6 CharacterIstIcs of some of the popular hybrIds released m IndIa
Average Days to Average

gram yield 50% Matunty plant height
Hybnd Parentage (kgha I) flowenng (days) (em) TIllenng AdaptatIon Remarks
lIB 3 Tlf123A x J 104 2250 45-48 75 165 Profuse All India dry tract Fan degree of resistance to downy

mlldew
lIB 4 Tlf123A x K 560 2298 5055 85 175 Profuse All India SUited to both ramfed and Imgated areas

but susceptible to downy mlldew
BJ 104 5141A xJ 104 2110 4550 7580 150 Profuse All India SUited to both ramfed and lITIgated areas

fertilizer responsive
BK560 5141AxK560230 2200 5055 8590 180 Profuse All India Resistant to downy mlldew

Pusa23 841AxD23 2312 4752 77 82 160 2-4 All India Drought tolerant downy mlldew resistant

Pusa322 841AxPPMI301 2463 4852 7580 160 2-4 All India ReSistant to downy mlldew lodgmg

ICMH451 81A x ICMP 451 2400 5055 8590 175 23 All India ReSistant to downy mJldew and lodgmg
drought and sallmty

HHB60 81A x H 77/8332 2400 44-47 74 76 190 HIgh Haryana state Downy mlldew resistant sUited to early
and late sowmg

HHB67 843A x H 77/833 2 2135 40-42 6268 150 HIgh Haryana and adJommg Downy mlldew resistant sUIted to early
drought prone areas and late sowmg

ICMH356 ICMA 88004 x ICMR 356 2450 4550 7580 160 1-4 All Inilia ReSIstant to downy mlldew

Table 7 MorphologIcal features of some Important pearl mIllet male sterile lines

Alme
5141A
5054A
81A
841A
843A
842A
189A
ICMA88004

Days to Plant No of Pamcle Pamcle 1000 gram
50% height tJllersi WIdth length weight

flowermg (em) plant (em) _ __ (em} (g)
58 155 3 4 I 49 18 9 6 0
53 150 51 130 1754 53
60 75 2 3 I 40 20 76
50 165 26 195 1520 64
42 105 42 205 1650 105
49 102 2 I I 8 1600 II 7
53 160 2 I 2 06 183 6 8
45 141 40 12 1316 123

Downy
mlldew
reactIOn

Susceptible
Resistant
ReSistant
ReSistant

Susceptible
Susceptible

HIghly resIstant
HIghly resistant

Remarks
Good for high & low mput conmtlons
Good for drought prone areas
Good for Ingh mput conmtlons
Good for memum matunty hybnds
Good for early hybnds
Good for early hybnds
Good for memum matunty
Good for early hybnds

Ref AlCPMIP trial lIlA



Table 8 eMS lInes (At) utIlIzed for heterosIs
study

per plant, the range (27 3 to 40 5 g) and
vanance (9 8) mdlcated greater genettc
differences for theIr potentIahty The dI­
versIty among these A-hnes was further
reflected m the performance of their hy­
bnds (Table 9) IndlVldual plant gram
yields of the hybnds ranged from 366 g
(565% below Pusa-23) to 143 9 g (71 4%
over Pusa 23), and varIance (389) was
hIgh Nme ofthe hybnds had sIgmficantly
pOSitIve economIC heterosIs for thIS char­
acter SImIlarly, a good amount of diver­
Sity m the performance of hybnds was
observed for vanous other characters
Thus, It IS apparent there IS suffiCIent van­
ablhty among avaIlable AI cytoplasmIc
male-stenle lInes to permIt generatIOn of
a WIde range of genetically dIverse hy­
bnds With hIgh gram yield

Study II
843A
81A
863A
123A
TIf1:23A
5141A
841A
189A
480A
393A
267A
278A

LVenkatachaiam S R (1996)
2Madhusudhana R (1996)

I049A
I023A
lI39A
1161A
lI09A
ICMA9I333
ICMA 91444
ICMA 91777
lCMA92444
ICMA 92777
ICMA92888
84 IA (control)
843A (control)
5141A (control)

mIldew A cntIcal appraisal of the SItu­
atIOn may now reveal that failure ofthese
hybnds was mamly due to lack of dIver­
SIty m the parental hnes, as all hybnds
were first based on TIft 23A, then on
5141A Out of 20 hybnds avaIlable then,
16 were based on three male-stenle hnes
[5141A (8), TIft 23A (5) and 5054A (3)],
three restorers were male parents of mne
commercial hybnds [J 104 (4), K 560­
230 (3) and K 559 (2)] These facts mdI­
cate that outbreaks ofdowny mIldew were
merely due to a narrow genetic base
among eMS hnes and restorers (and thus
their hybnds) and thelf subsequently eVI­
dent lack of durable genetIC reSIstance to
downy mIldew, rather than to any delete­
nous effects of Al cytoplasm

Hybrid Research and Testmg Network

Pnor to 1993, the entIre pearl mIllet
growmg area m IndIa was treated as one
umt for multtlocatIOnal testmg, although
m the state breedmg programs, reqUire­
ments for local adaptatIOn were attempted
to be catered for However, now the coun­
try has been diVIded mto three zones (see
Fig I)

Zone A1 IS composed of parts of the
states ofRajasthan, GUjarat, and Haryana
The zone IS drought-prone With annual
ramfall of less than 400 mm, lIght sandy
soIls, and hIgh temperatures

Based on the history ofhybnd develop­
ment m IndIa, It IS eVIdent that some popu­
lar hybnds - most Importantly HB 3,
HB 4, BJ 104 and MBH 110 (Dave, 1987,
GovIla, 1988) - had to be WIthdrawn
from farmers' fields because of an m­
crease m theIr suscepttblhty to downy

Zone A IS composed of the remammg
parts of the states of Rajasthan, GUjarat,
and Haryana and the entIre pearl mIllet
growmg areas ofother northern states hke
Uttar Pradesh, northern Madhya Pradesh,
and DelhI The zone has sandy to sandy
loam soIls and an annual ramfall ofgreater
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Table 9 Performance per se of male sterIle hnes and heterosIs of their hybrids
CMSlmes Hvbnds

Perse
perfonnance Performance HeterosIS (%).Character rane:e variance (rane:e) (range)Study 1

Days to 50% flowermg 430570 148 43005900 140180Plant height (cm) 108 182 582 160250 25521 10Productive tIllers 1028 I 14 1035 200 1800Panicle length (cm) 164255 80 174283 2958 [448Panicle width (cm) 1526 01 1728 19323381000 gram weight (g) 42 II 0 50 60 I3 2 50398Gram Yleld/p[ant (g) 10 8-42 5 196 204600 490500Study II
Days to 50% flowermg 470610 10 I 410600 210140Plant height (cm) 106 169 417 155269 182414ProductIve tillers 1932 02 1650 500580Panicle length (cm) 166245 50 190290 270 128Panicle width (cm) 1526 01 1729 20532 I1000 gram weight (g) 18 I 306 25 17642 I 173974Gram Yield/plant (e:) 273405 98 3641439 566 71 5over Pusa 23

I Jodhpur (H Q )
2 Hisar
3 Jmpur
4 Banner
5 Jmnnagar
6 Mathura
7 Pune
8 Gwahor
9 Aurangabad
10 Anantpur
II Mysore
12 COlmbatore
13 BIJapur
14 Ludhlana

Cooperative Centers
a IARI (DELID)
b Rahun
c Cam
d Palem
e ICRISAT

Figure 1
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than 400 mm, IITlgatIOn facIlIties are
avaIlable m some areas

Zone B is compnsed of the southern
states of Maharashtra, Karnataka, TamIl
Nadu, and Andhra Pradesh wIth greater
than 400 mm ramfall, heavy sOlis, and
mIld temperature condItions The zone
has shorter days compared to Zones AI
and A

Even thIS zone deSignation is not ade­
quate smce the followmg facts pivotal to
further zonmg ment senous attentIOn

• Pearl mIllet is a quantitative short
day plant As one moves itS cultIva­
tIon to northern latitudes, the flow­
ermg behaVIOr IS conditlOned by
thIS photopenodlc reqUirement

• Pearl millet IS predommantly a
ramfed crop Its plantmg is cnti­
cally condItiOned by the onset and
quantity of southwest monsoon
rams, whIch vary accordmg to geo­
graphIcallocatlOn Thus "matunty"
becomes a vague and relative term
and does not have the same impli­
catIon even withm one zone

• Withm each zone, areas of ad­
vanced agronomy WIth mput-mten­
Sive conditions and areas of mten­
SIVe stress condItions should be rec­
ogmzed

Testing of hybnds IS earned out
through the Indian CouncIl of Agncu1­
tural Research, admImstered by the All
India Coordmated Pearl MIllet Improve­
ment Project (AICPMIP) The project has
14 research centers and four voluntary
centers (not funded through AICPMIP)
(Fig 1) Both public and pnvate research
organIZatiOns contribute hybnds for test-

mg m natiOnal trIals conducted at SItes
located m dIfferent agrochmatIc zones of
the country (Fig 2) ICRISAT works m
close collaboratIOn WIth the entire NARS
Table 10 hsts the state-wide hybnd tnals
conducted through AICPMIP durmg
1991-95 Although Rajasthan represents
47% ofthe total pearl mIllet-growmg area
m the country, results from only 26 effec­
tive trlals were reported from thIS state
durmg these five years oftestmg Andhra
Pradesh, on the other hand, represents
only 1 5% of the total pearl mIllet area m
the country, but results from 65 effectIve
tnals were reported from thIS state dunng
the same penod SimIlarly, a comparison
of A and B Zone tnals revealed that the
testmg system m IndIa needed reOrIenta­
tlOn for identifymg promlSlng 10catiOn­
speCific hybnds withm the states Keep­
mg thIS Situation m View, the IndIan
Council of AgrIcultural Research has
shifted the AICPMIP headquarters from
Pune m Maharashtra to Jodhpur m RaJas­
than, WhICh falls m the A1 Zone As a
result, research pnorIties and testmg Sites
for hybrIds are bemg reorIented m the A
and Al Zones

HybrId testmg starts when the cooper­
atmg centers (lCAR InstItutes, State Ag­
ncultural Umversities, and prIvate com­
pames) nommate their promismg hybrIds
for the Imtlal Hybnd Tnal (IHT) (FIg 3)
The hybnds found promlsmg for gram
yIeld and downy mIldew reSIstance are
promoted to the Advance Hybnd Tnals
(AHTs) AHTs are conducted on a zonal
baSIS for two years SImIlarly, agronomIC
data and mformatlOn on downy mIldew
reSIstance and pests are recorded on the
hybnds under testmg On-farm trlals are
conducted sImultaneously by the exten­
SIon staffofICARInstItutes, state agncul-
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State
1 Rajasthan
2 GUJarat
3 Haryana
4 Punjab
S Jammu & KashmIr
6 Uttar Pradesh
7 Madhya Pradesh
8 MahJrashtra
9 Andhra Pradesh

10 Karnataka
11 TamIl Nadu

FIgure 2 Testmg network for pearl mIllet hybrIds m IndIa

Number of SItes
avaIlable for testmg

(11 A + SAl)
( 8 A + 2 AI)
( 3A+ I AI)

( 2A)
( 1A)
(13 A)
( 2A)
(I8B)
(17 B)
( 8 B)
( 3B)

tural UnIVersItIes (SAUs) and pnvate
companIes Normally It takes three years
of testmg to IdentIfy a promlSlng hybnd
The ongmatmg breeder has to submIt to
the annual pearl mIllet workshop a pro­
posal for IdentificatIOn of hybnds for re­
lease After agreement of the workshop,
the proposal IS sent to the Government of
IndIa for notIficatIon and release by the
Central Varietal Release CommIttee The
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seed multIplIcatIOn cham (Breeder-Foun­
datIOn-CertIfied) starts after notificatIOn
of the hybnd

Apart from gram YIeld, major emphasIs
durmg testmg IS placed on downy mIldew
mCldence, both on hybnds and parental
lInes Hybnds showmg more than 10% of
the downy mIldew mCldence on susceptI-



Table 10 Hybnd trials conducted through AICPMIP m different states oflndla durmg 1991-95
Pearl millet %

area of Number oftnals
States (m ha) area Conducted Rejected Effective
Zone A
Rajasthan 477 4760 30 4 26
GUJarat 122 1218 75 13 62
Uttar Pradesh 080 796 21 3 18
Haryana 057 569 26 I 25
Madhya Pradesh 015 150 I3 I3
Total 751 7493 165 21 144
ZoneB
Maharashtra 182 1816 82 6 76
Karnataka 033 329 30 I 29
Tarot! Nadu 021 201 21 6 15
Andhra Pradesh 015 150 72 7 65
Total 251 2496 205 20 185
All India 1002 370 41 329
Source All India Coordmated Pearl MIllet Improvement Project Annual Reports 1991 to 1995

Hybrid Developed by NARS & Pnvate Co,

IdentIficatIOn of superior entries

MinI kits I on - farm trials on farmer's field

Downy mIldew
screenmg

AgronomIc trials

AHT - II

I Nominations (Private & Public) I.. Downy mildew
I Imtlal Hybnd Tnal (IHT) screening

Promotion of .. promising entries, ,
Zone A ZoneS Downy

Advance Hybrid ~ mildew
Trial (AHT) AHT screening.. ,

year - 3 IL__A_H_T_-_11__

year - Z

Year-l

Release notification by Central Vanetal Release Committee

Figure 3 Procedure for hybnd testmg and release through All India Coordmated Pearl MIllet
Improvement Project
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ble check HB 3 are rejected from the first
year onward Three years of testmg for
downy mIldew resIstance reduce the nsk
of releasmg a susceptIble hybnd ThIS
procedure was not adopted m IndIa when
the first popular hybnds, HB 3 and HB 4,
were released SImIlarly, no mformatton
on downy mIldew resIstance was avatl­

able on the seed parents ofhybnds BJ 104
and BK 560 Presently, parental hnes of
hybnds also are subjected to downy mtl~

dew testmg from the second year onward
Downy mIldew sIck plots have been de~

veloped at many locatIOns m the country
(ICRISAT ASIa Center, Mysore, Pune,
Hlsar, Jatpur, etc) Some of the recently
bred male-stenle hnes that have been
WIdely tested and found resIstant to
downy mIldew are 863A, ICMA 88004,
ICMA 89111, 189A, and 490A It IS eVI­
dent that IndIa now has a very strong
research/development and testmg net­
work for pearl mIllet hybnds Further re­
finement of the system IS contmumg It
may be mcorrect to conclude that parental
hnes TIft 23A, 5141A, 5071A, and J 104
of the first released hybnds were cases of
breakdown of downy mIldew resIstance
These hnes probably dId not have ngor­
ous evaluatIon agamst downy mddew be­
fore theIr hybnds were released Exten­
SIve downy mIldew m the earher released
hybnds was due to lack ofdIverSIty m the
breedmg matenal, as the hybnds were all
based first on TIft 23A and then on
5141A

Seed ProductIOn Network

WIth a VIew to provIdmg qualIty seed
for the farmers m IndIa, the NatIonal Seed
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CorporatIOn (NSC) was establIshed m
1963 at the central level Subsequently,
State Farms CorporatIOn of IndIa (SFCI)
came mto eXIstence m 1969 Later, an
urgent need for the establIshment of seed
corporatIOns m each state was felt Thus
m the early 1980s, state seed corporatIons
were estabhshed m Andhra Pradesh, As­
sam, BIhar, Haryana, Karnataka, Ma­
harashtra, and Madhya Pradesh

The Government ofIndIa declared seed
an essentIal commodIty m 1955, and, an­
tIcIpatmg the lIkely growth of the IndIan
seed mdustry and the need for qualIty
control, enacted the Seeds Act m 1966
The seed rules framed under the Seeds Act
were estabhshed m 1968 and amended as
needed from tIme to tIme A seed control
order was Issued m 1983 Under the Seeds
Act, the Central Seed CommIttee and
Central and State Seed Testmg Laborato­
nes were estabhshed, wIth power to notIfy
vanetIes, fix mmImum lImIts ofgermma­
tton and punty, and regulate sale ofseeds
A seed certIficatIon mechamsm was de­
VIsed, whIch covered certIfIcatIOn of
seeds of foreIgn ongm as well By-laws
for the export and Import of seeds also
were formulated

The NatIOnal Research Centers, AICP­
MIP, SAUs, NSC, SFCI and some seed
compames are producmg breeder and
foundatIOn seeds ofparental hnes ofpearl
mIllet hybnds ICRISAT ASIa Center pro­
duces breeder seed, and the pnvate sector
m IndIa also IS mvolved m large scale
productIOn of foundatIOn and certIfied
seeds of pubhcly bred hybnds, as well as
theIr own propnetary hybnds The certI­
fied seed productIon program IS organIzed
pnmartly m farmers' fields by vanous
seed corporatIOns and prIvate companIes



The followmg procedure has been
adopted to produce breeder seed (Rat,
1992)

1 The Directors of AgrIculture, NSC,
SFCI and other central agencies submit
mdents-mdlcatIOns of their hkely re­
qmrements-for breeder seed dIrectly to
the Department of CooperatIOn (DC)­
Seeds, MIlllStry of Agnculture, Govern­
ment of India (GO!) Pnvate companies
submit their mdents to the DC-Seeds
through the Seed AssociatIOn of India

2 The DC-Seeds commUlllcates com­
plIed mdents to the Assistant Director
General-Seeds, Indian Council of AgrI­
cultural Research, who, m tum, passes on
the mdents to the Pearl Millet Project
Coordmator (PC)

3 In BSP-l, the PC commUlllcates the
Breeder Seed ProductIOn Plan (BSP) to all
those mentIOned m steps one and two
above, as well as to agencies responsible
for breeder seed productIOn

4 In BSP-2, after actually sowmg nu­
cleus seed for breeder seed productIOn,
the concerned breeder commUlllcates the
sowmg date, area, expected productIOn,
and locatIOn to a momtonng team nomi­
nated by the PC

5 In BSP-3, a Jomt momtormg team
mspects the breeder seed crop and pre­
sents a report about ItS conformity to
genotype descnptlOn, adequacy of Isola­
tion, etc

6 In BSP-4, the breeder seed IS har­
vested and production figures are re­
corded

7 In BSP-5, results of grow out tests
are recorded and the DC-Seeds commUlll­
cates the allocatIOn ofbreeder seeds to all
concerned

8 In BSP-6, the breeder seed distribu­
tion plan IS commulllcated by the DC­
Seeds to all mdentors who take the dehv­
ery of seeds from the concerned breeder

9 In BSP-7, the DC-Seeds commUlll­
cates availablhty of foundatIOn seed pro­
duced from supphes of breeders seed

The Government ofIndla also assesses
certified seed demand every year for all
states and allocates certified seed produc­
tion programs to vanous seed-producmg
orgalllzatlOns

Certified Seed Production

In both the pubhc and pnvate sectors,
large scale certified seed productIOn of
released and notified hybnds occurs m
GUjarat, Andhra Pradesh, Maharashtra,
Kamataka, and Tamil Nadu dunngthe dry
season from January to Apnl every year
In comphance With the Seeds Act of 1968,
seed growers must register the area under
seed productIOn With their state's seed
certificatIOn agency, which IS empowered
to control the quahty of seed and assess
the quantities produced every year The
certified seed productIOn of pearl millet
hybnds and OPVs from 1988 to 1996 IS

given m Table 11 Populanty of pubhc­
bred hybnds can also be judged from
these seed productIOn trends

In India, the pnvate sector has recently
started producmg large quantities of
"truthfully labeled seed," which need not
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be certIfied by the seed certIficatIon agen­
cIes It IS dIfficult to assess the quantIty of
such seeds produced and marketed by the
pnvate sector

AdoptIOn ofHybrids In IndIa

The extent of adoptIOn and Impact of
hybnds m IndIa contmues to be fatrly
uneven, wIth greater Impact m areas pre­
sentmg relatIvely more favorable clImate
and soIl condItIOns and better developed
state agrIcultural and extenSIOn servIces,
and, more recently, those wIth well­
placed prIvate research and development
agenCIes

HB 3, HB 4, BJ 104, BK 560,
ICMH 451, Pusa 23, MBH 110,
MLBH 104, and HHB 67 are among the
most WIdely cultIvated past and present
pearl mIllet hybnds AdoptIOn of hybrIds
m IndIa has been rapId SInce the release of
hybnd HB 3 (TIft 23A x J 104) Hybnds
and Improved OPVs presently cover
about 55% ofthe total pearl mIllet area m
IndIa The proportIOn of fresh seed usage
varIes from state to state Andhra Pradesh
and GUJarat rank hIghest m fresh seed
usage, followed by Haryana, Ma­
harashtra, and Karnataka (Table 12)

Over 50% of the pearl mIllet hybnd
seeds produced are sold m Maharashtra
and GUJarat, mdlCatmg that the area under
hybnds IS greater m these states than m
others Although Rajasthan has the largest
area under pearl mIllet, adoptIOn of hy­
bnds m thIS state has been very low, pn­
manly due to the unavaIlabIhty ofSUitable
hybrIds for areas charactenzed by adverse
agrochmatIc condItIons and mOisture
stress The AICPMIP and pnvate compa­
mes WIth well-orgamzed research and de-

llO

velopment mfrastructures are now target­
mg Rajasthan as a major market and
breedmg hybnds to WIthstand harsh
growmg condItIOns and mOisture stress
Thus, the area under hybnds m Rajasthan
IS hkely to mcrease by the end of thIS
century The adoptIOn ofhybnds has been
mamly affected by the followmg factors

Stable gram andfodder yIelds

HybrIds offer stable ytelds ofgram and
fodder, prOVIded they are ofdeSIrable ma­
tunty AdoptIOn has been very hIgh m the
states of GUJarat and Andhra Pradesh,
moderate m Maharashtra, Karnataka, and
Haryana, and poor m Rajasthan and Uttar
Pradesh The rate and level of adoptIOn
also has been mfluenced by research, ex­
tenSIOn actiVIty, and seed productIOn pro­
grams of the mdIvIdual states

DeSIrable maturzty

The most deSIrable matunty penod for
hybrIds to be WIdely adopted under IndIan
condItions IS around 70-75 days The
popular hybnds HB 3 and BJ 104 were m
thIS matunty range Hybnds WIth matur­
Ity of more than 75 days tend to expen­
ence termmal drought stress Among the
most recent hybnds, Pusa 23, HHB 67,
and MLBH 104 have been adopted by
farmers because of early matunty
Pusa 23 has an added advantage of hIgh
bIOmass productIOn A medIUm maturIty
and hIgh-yIeldmg hybnd, ICMH 451 (85
days), also IS popular m areas WIth good
ramfall and under better management
Earlmess also IS useful because It allows
pearl mIllet to be grown m multiple crop­
pmg systems In Haryana, HHB 67 IS pre­
ferred by the farmers because It allows
convement double croppmg of pearl mIl-
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l'able 11 Certified seed productionofpii6lk sectorpearrmIllet hybnds and OPVs (tons)
Cultlvar Institute 1988 1989 1990 1991 1992 1993 1994 1995 1996
HybrIds
BK560 IARI 3774 4761 4351 1557 2966 2509 1448 858 1466
Pusa23 IARI 299 688 1407 1950 2245 1687 2204 2272
CJ104 IARI 138 227 16 40 185 184 81 45 14
Pusa322 IARI 98 110
lCMH451 ICRISAT 4985 6575 475 1053 245 2846 1273 794 1022
ICMH356 ICRISAT 04 113
HHB50 HAD 733 322 240 96 264 77 45 28
HHB60 HAD 26 22 11 175 156 102 125 91
HHB67 HAD 74 279 149 540 1029 919 1314
GHB30 GAD 809 393 146 157 119 19
GHB235 GAD 21
OPV
WCC75 ICRISAT 1668 2603 608 556 587 263 268 202 329
ICTP 8203 ICRISAT 900 3335 1545 2960 2446 1263 2216 1731
ICMS 77003 ICRISAT 319 308 225 165 240 151 3
ICMV221 ICRISAT 3 56
ICMV 155 ICRISAT 4 2 23
Total 12426 16414 10180 6066 12048 11189 7373 7784 8358
% contnbutlon of IARI 3148 3221 4965 4439 4233 4413 4494 4132 4489
% contnbutlOn of ICRISAT 5610 6327 4560 4905 3346 4964 3917 4468 3785
% contnbutlOn of Others 1242 452 475 656 2421 623 1589 1400 1726

Source I) Seed Cerlificalion AgenCies of the states ofGuJarat, Andhra Pradesh Maharashtra Tamil NOOu and Karnataka
2) The figures were obtaIned as area offered for cerlificatlon (acres) and have been extrapolated to tons @400 kg seed produclion per acre
3) Figures do not mclude tmthfully labelled seed produced by pnvate compames



Table 12 Statewide seed requirement, availability and percentage of area covered

Total area
State ( m ha)
Rajasthan 4 85
GUJarat 115
Haryana 061
Maharashtra I 93
Uttar Pradesh 0 77
Tamil Nadu 026
Karnataka 0 42
Andhra Pradesh 0 23
Madhya Pradesh 0 17
Others 006
Al1lndm 1045

Source Nallonal Conference on Seeds Agra

Total seed
reqUIrement
(000 tons)

194
46
24
77
3 1
10
I 7
09
07
03

418

CIS & TL
seed availabilIty
dUring 1991 92

(000 tons)
41
55
13
41
05
04
08
15
02

184

% of pearl
millet under

high yleldmg
varieties

2113
10000
5417
5325
1613
40 00
4706

100 00
2857

4402

let With BraSSlca or chIckpea (Ocer
anetmum L)

ReSistance to downy mzldew

The mam reason for dechne m gram
yIeld of the hybnds HB 3 and HB 4 m
IndIa durmg the 1970s was downy mIl­
dew Later, two more popular hybrIds,
BJ 104 and BK 560, succumbed to downy
mIldew dUrIng 1982-83 A hybrId from
the prIvate sector, MBH 110, also met the
same fate Thus, breedmg of downy mtl­
dew-resIstant male-sterIle and restorer
hnes gamed hIgh pnorIty m IndIa, con­
trIbutmg to greater adoptIOn of hybrIds
Several hybrIds WIth reSIstance to downy
mIldew (such as ICMH 451, Pusa 23,
HHB 67, ICMH 356, Pusa 322, Pusa 444,
and MLBH 267) have been released m
IndIa smce 1985 and are under moderate
to large scale cultIvatIOn

Economical seedproductlOn

PublIc sector seed-producmg orgamza­
tIOns m IndIa are reqUIred to produce and
sell certIfied hybrId seed to fanners at a
speCIfied controlled rate Thus, certIfied
seed productIOn per umt area becomes
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very Important One of the mam factors
for the fast adoptIOn ofthe hybrId Pusa 23
IS hIgh productlVlty of the female parent,
841A (Table 13), leadmg to hIgher mone­
tary returns to seed producers A seed­
producmg fanner gets 20% hIgher profits
from multIplymg Pusa 23 than from
ICMH 451 Good synchromzatIOn be­
tween male-sterIle and restorer hnes, and
hIgh fodder and seed yIeld from the paren­
tal hne m the certIfied seed productIOn
plot also contrIbute to hIgh seed produc­
tIon profits and qUIck adoptIon (as was the
case WIth hybrId Pusa 23) It IS Imphed
that along WIth economIcal seed produc­
tIon, the hybrId should be acceptable to
farmers

Role ofthe Pnvate Sector

PrIvate research to develop superIor
hybrIds was mItIated by a few seed com­
panIes m the mId-SIxtIes PerSIstent ef­
forts by MAHYCO's pearl mIllet research
team led to the development ofMBH 110,
the first prIvate sector pearl mIllet hybrId
released by the Central VarIety Release
CommIttee III 1981 Because of ItS short
duratIOn, reSIstance to downy mIldew,



Table 13 Certified seed productIOn of Pusa 23 and ICMH 451

Hybnd A Ime
ICMH 451 81A
Pusa 23 841A
Source GuJarat Cooperatlve Marketmg Federatlon 1992

Area Seed production
(ha) (tons)
496 488
467 552

Average seed
Yield (kg ha I)

983
1183

and large grams, and m the absence of
downy mtldew-resistant publIcly-bred
hybnds, MBH 110 nearly monopohzed
the pearl mIllet hybnd market m Ma­
harashtra untIl it suddenly succumbed to
downy mIldew m 1988-89

The number of companIes WIth pnvate
research and development, Includmg
multmatlOnals, has steadily mcreased
from about 12 m 1987-88 to over 30 by
1995, largely due to the GOl' s recogmtlOn
of the pnvate sector's performance capa­
bIlItIes and announcement of a New Seed
PolIcy III 1988 EstablIshed domestic
companIes lIke Mahendra Hybnd Seeds
Company, which imtiated a pearl mIllet
breedmg program m 1986, obtamed a
Wide range of germplasm from natlOnal
and mtematlOnal research centers, and
concentrated on developmg supenorpearl
millet hybnds With early matunty and
Wide adaptabIlIty Theu fust hybnd,
MLBH 104, was released by the Central
Vanety Release CommIttee m 1991 This
company also conducted large scale dem­
onstratIOns m farmers' fields m major
pearl mIllet growmg areas dunng 1990­
91 Because of Its short duratlOn, medmm
heIght, synchronous tIllenng, and bold
grayIsh grams, thIS hybnd was WIdely
accepted by farmers and filled the gap
created by WIthdrawal of MHB 110 The
company IS promotmg another hybnd,
MLBH 267, released m 1995 Several ad­
ditlOnal hybnds bred by the pnvate sector

have been released by the Central Vanety
Release CommIttee (Table 4)

About 50 smgle cross hybnds of pearl
mIllet are now on the market Only a few
of these hybnds were entered m AICP­
MIP tnals Many compames do not even
conduct multilocatlOnal tnals through
AICPMIP before entenng theIr product m
the market, therefore, most hybnds have
a short market hfe because of the rapId
breakdown of theIr downy mIldew reSIS­
tance However, of these 50 hybnds,
fewer than ten are popular among farmers

The mam focus of many pnvate seed
companIes has been pearl mIllet and sor­
ghum hybnd seed productlOn WIth a few
exceptIons, they thnve on hybnds and
parental hnes developed by pubhc sector
mstItutions, NARS, and mtematlOnal re­
search centers These mstitutlOns are open
and bnng out the detaIls of the matenals
every year The SCIentIsts workmg m the
pnvate sector are part ofthe visItmg teams
to all expenments and get matenal from
the pubhc sector It IS for them to deCIde
what names or numbers they gIve to then
products, WhICh get a hIgh premmm m the
market backed by conSIderable produc­
tIon, marketmg, and advertlSlng support

There IS no denymg that the pnvate
sector, because of ItS effiCIent mfrastruc­
ture, plays an Important role m supplymg
seeds to farmers It IS mterestmg to note
that from 1993-94 to 1995-96, 62-70% of
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pearl mIllet seeds were produced by the
pnvate sector (Table 14)

Pearl Millet Hybrids for Africa

The lessons learned from the hybnd
program m IndIa are Important for breed­
mg successful hybrIds m AfrIca (Andrews
and Bramel-Cox, 1994) EXIstmg Indian
hybnds are not adapted to most pearl mIl­
let production areas m Afnca due to dIS­
eases, pests, and dIfferences m length of
the growmg season DIseases and pests
(prmcipally downy mIldew, ergot, and
stem borer) m West Afnca are much more
aggressIve than m IndIa, and hybrIds WIth
hIgh levels of durable reSIstance are
needed Most hybnds and A-lInes bred m
IndIa are completely destroyed m the
seedlIng stage by downy mIldew, If not,
they may be attacked by ergot at flower­
mg

Progress In IdentzficatlOn ofHybnds

The earlIest reported mformatlOn on
hybnds m AfrIca came from two years of
tests ofmtervanetaI hybrIds, conducted m
1971-72 by IRAT m Senegal (Lambert,
1983) 0f35 hybnds made from 35 open­
pollInated varIeties on Souna 2, the cross
WIth Iniadl (a landrace from the
Togo/Ghana regIOn) gave 59% more
gram yIeld than Souna 2 (Andrews and

Kumar, 1996) Two varIeties trom MalI
abo produced hybnds that had 27-31%
more gram yIeld than Souna 2 (Table 15)
SImIlar research by Ouendeba et al
(1993, 1995) showed that mtervarietal hy­
brIds outyleided the higher-yIeldmg pa­
rental populatIons by 25-80% ICRISAT,
m collaboration WIth natIonal programs,
has recently conducted extenSIve hybrId
tests m both southern and western AfrIca
Intervanetal hybnds yIelded 18-87%
more than the best parent m ZImbabwe
and 15-99% more than the best parent m
Tanzama (Monyo et ai, 1996)

FoIlowmg several years of testmg m
West AfrIca, topcross hybnds (mbred x
varIety hybnds [IVHs]) were m on-farm
tests m 1996 In 1995, an advanced IVH
mal was grown m NIger, MalI, Chad, and
Togo (ICRISAT, 1996) Although hy­
bnds matured earlIer at mdividual loca­
tIOns, they gave up to 8% hIgher yIelds
than the best varIety m the test (1995 was
an unusual year of adequate ramfall when
late-matunng OPVs were able to gIve
theIr best yIelds) SIX of the nIne hybrIds
m the test averaged 4-36% more gram
yIeld than theIr correspondmg pollmator
OPVS Three hybnds made WIth vanety
GB 8735 showed the hIghest yIeld advan­
tages (30-36%), mdlcatmg ItS supenor
combmmg abIlIty It may be noted that
GB 8735 IS denved from an Imadl x

Source Seed Producttou & Market Survey

1993 94 1994 95 1995 96
(000 tons)

562 651 456
938 1130 1118

1500 17811575

Table 15 Average gram yields ofthree hlghest­
yleldmg West Afncan mtervarletal
pearl millet hybrids (mean of 1971
and 1972 at Bambay, Senegal)

Intervarletal Gram yIeld Percent of
hybrId (kg ha 1) control
Imadl,( Souna 2 3660 159
DOrI x Souna 2 3020 131
M2D2 x Souna 2 2920 127
Souna 2 (control) 2300 100

Source Lambert 1982
710635

ContributIOn of pnvate company hy­
bnds towards total seed productIOn
m pearl millet (1993-94 to 1995-96)

Pubhc hybrIds/varIetIes
PrIvate hybrIds
Total
% contrIbution of
PrIvate hybrIds 62 5

Research
sector

Table 14

114



Souna cross, and Imadl was found to be
the best combmer m IRAT's 1971-72 m­
tervanetal hybnd tests

MultllocatlOnal analysIs and agro­
nomIC evaluatiOn under vanous levels of
soli fertlhty, drought stress, and plant den~
Sity have shown that topcross hybnds giVe
a more stable performance than the POllI~

nator OPVs, and theIr supenonty over
OPVs mcreases as stress mcreases For
example, under low fertIlIty condItIons,
topcross hybnds averaged 39% more
gram yIeld than OPVs (ICRISAT, 1996)
In NamIbIa, a topcross hybnd
(SDMH 92012) made wIth Okashana 1
averaged 27% more yIeld than
Okashana 1 Itself over five locatiOns
(ICRISAT, 1995) Okashana 1 (WIt­
combe et aI, 1995) IS an early matunng
and large-seeded vanety-developed
from a populatiOn based largely on Imadl
germp1asm-that IS already wIdely grown
mNamIbIa

Thus, It IS pOSSIble to find hIgh levels
of heterosIs between vanetIes wIthm the
same regiOn and between dIfferent varIe­
tIes and mbreds MamfestatiOn of thIS
level of heterOSIs IS encouragmg for
launchmg a commerCIal hybnd develop­
ment program for pearl mIllet m AfrIca

StrategIes for Development
ofHybrids In Africa

As mentiOned earher, A-lInes and hy­
bnds bred m IndIa do not perform well
under Afncan condItIons There are, how­
ever, practIcal solutIons to these problems
that pOSItiVely mdlcate the type ofhybnds
needed m these regiOns There are alter­
natIves to smgle cross hybnds based on

A-hnes m pearl mlllet, and the use of a
locally adapted OPV as a hybrId parent
can confer durable dIsease reSIstance as
well as local adaptatIon to topcross hy­
bnds (Talukdar et al , 1996)

Pearl mIllet hybnds can be made WIth­
out CMS by utIhzmg protogyny, a bIO­
logIcal charactenstIc offlowenng m pearl
mIllet These hybnds can be made by
usmg fertIle dwarf mbred seed parents
WIth less than 5% selfing m the female
When the polhnator IS the dommant tall
phenotype, even 20% selfing m the dwarf
female does not affect hybnd perform­
ance

Research has shown that greater ergot
susceptIbIhty of smgle cross hybnds
based on the Al system IS due to mcom­
plete restoratiOn of male fertIlIty (1 e , all
pollen IS not fertIle) and to the umformIty
of the smgle cross hybnd, whIch causes
the first panIcles on all plants m a field to
flower at the same tIme and thus become
female fertIle (due to protogynous flow­
enng) before any pollen IS produced, pro­
vIdmg an Ideal opportumty for ergot
(Thakur et ai, 1989, 1991, Ral and
Thakur, 1995)

Landrace vaneties and Improved OPVs
have a bUIlt-m capaCIty to escape ergot,
because they are, m fact, genetIcally van­
able populatiOns ThIS results m a narrow
spread m flowenng, and the first few ear­
hest panIcles to flower are qUIte adequate
to proVIde suffiCIent pollen to protect the
larger number flowermg later (mdeed thIS
may be a valuable attrIbute of the weedy
"shIbras" that always flower earher than
most West AfrIcan pearl mIllet cultIvars
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It IS prudent to conclude that pearl md­
let hybnds m Afnca must be made with
an OPV (landrace or Improved) as one or
both parents and should aVOid male stenl­
Ity (I e , use offertl1e mbred lme x vanety
hybrids [IVH], where a seed parent lme or
narrow based populatIOn IS pollInated by
an adapted OPV usmg protogyny) ThiS
type ofhybnd capltahzes on OPV breed­
mg, and the development time for the
hybnd IS short, reqUirmg only that a SUit­
able seed parent be Identified There also
IS no need for the male parent OPV to
carry genes for fertlhty restoratiOn ofany
CMS system In theory, the maximum
expreSSIOn of heteroSIs IS achieved be­
tween mbred hnes, but m practice m less
than Ideal productlOn sltuatlOns, there IS
httle difference between mbred x mbred
and mbred x variety hybnd yields Inter­
varietal hybnds are also hkely to have
better environmental buffermg and give
more stable yields across unpredictable
environments - a much needed cultlvar
quahty m African pearl mdlet growmg
regIOns

A new cytoplasmiC male stenhty sys­
tem, A4 (Hanna, 1989), now offers com­
plete restoratIon of male fertIhty (An­
drews and RaJewski, 1994) ThiS CMS
system may be useful m breedmg hybnd
seed parents for Afnca prOVided It can be
demonstrated that Its use IS not asSOCIated
With mcreased susceptlblhty to ergot

Seed ProductIOn

SuffiCient eVidence shows that top­
cross hybnds and mtervanetal hybnds are
VISibly supenor to locals m gram yield
Nlgena may proVide a better platform for
their populanzatlOn m Africa, because
pearl mIllet farmers there are relatively
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more market-OrIented and prIvate seed
companies m Nlgena prOVide the neces­
sary mfrastructure for hybnd seed pro­
ductIOn and distrIbutIOn PrIvate compa­
mes at present do not have a concept of
mterpopulatlOn hybnds Therefore, a con­
tmuous mteractlOn With them on all as­
pects (hybnd yield advantage, vanablhty
m the parental populatiOn and hybnds,
and mamtenance ofparental populatiOns)
Will be deSirable from the very begmmng
Namibia proVides an example ofsuccess­
ful pearl mdlet seed multIphcatlOn based
on supervised farmer productIOn as seed
IS brought and sold at economically at­
tractive pnces

ConclUSIOn

The Indian seed mdustry has reached a
stage of matunty and IS m a pOSitIOn to
shape Itself to compete at natlOnal and
mtematlOnallevels Recent economic re­
forms are openmg up opportumtles and
challenges offered by the globahzatlOn of
agnculture In ItS current state ofdevelop­
ment, the Indian seed mdustry workmg
closely With Indian farmers, can produce
high quahty seeds to meet mtematlOnal
standards at globally competitive pnces
The pohcy environment m India IS condu­
cive to seed exports There IS a posslblhty
that once a SUitable hybnd IS developed
for African conditions, ItS seed can be
produced easIly and economically m In­
dia The pnvate sector m India can play
an Important role m thiS directiOn

In Afncan countnes, NARS have to be
strengthened for development of Im­
proved hybrIds Some areas that need at­
tentlOn mclude trammg of SCientIsts, ex­
change ofgenetic matenal, Jomt research
With ICRISAT, an Improved testmg sys-



tern, and seed productiOn The IndIan ex­
penence can be consIderably useful to
AfrIca and other developmg countrIes m
hybrId research and enhancement ofpearl
mIllet productIVIty and stabIlIty
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Impact of Genetic Improvement
m Sorghum and Pearl Millet:

Developmg Country Experiences

A B Obllana*, E S Monyo and S C Gupta

Abstract

AchIevements have been made m genetIC Improvement technology m sorghum and
pearl mIllet m many countrIes of southern AfrIca, partIcularly Botswana, NamIbIa,
Zambza and ZImbabwe In the ten-year perIOd 1984-85 to 1994-95, ICRISAT s
germplasm and assoczatedbreedmg efforts ofthe SADC (Southern AfrIca Development
Communzty)/ICRISAT Sorghum and MIllet Improvement Program (SM/P), m collabo­
ratIOn wIth the NatIOnal AgrIculturalResearch Systems (NARS) SCIentIsts, have resulted
m the release of32 Improved varzeties and hybrzds ofsorghum andpearl mIllet m eIght
countrzes ofsouthern AfrIca These releases are more than double (250%) those released
m the ten years from 1973-74 to 1983-84 EIghty-seven percent ofthe releases contam
ICRISAT materzals Cultivars released m the four countrIes used as case study experz­
ences m th,s paper (Botswana Namlbza, Zambza, andZImbabwe) accountfor 20 (63%)
of the total 32 sorghum and pearl mIllet cultlvars m the regIOn Of the 20 released
cultlvars, eIght (40%) have been adopted and are presently bemg grown by farmers
AdoptIOn studIes carrzed out through surveys by SADCIICRISAT SM/P, based on seed
sales and dIstrIbutIOn and estImates by breeders m the regIOn, based on quantItIes of
seedproduced, mdicate a varIable diffuSIOn pattern m the four countrIes WIth rates of
diffuSIOn rangmgfrom one year (for Phofu sorghum varzety m Botswana Okashana 1
pearl mIllet varzety m NamIbIa and PMV 2 pearl mIllet varIety m ZImbabwe), through
two years (for Kuyuma sorghum varIety m Zambza) to five years (for SV2 sorghum
varIety m ZImbabwe) The areas ofcurrent coverage follow a slmzlar dramatIc pattern
In Botswana varzety Phofu covered 25% ofthe total sorghum area (22 000 ha) wlthm
the one year ofdiffuSIOn, whIle varIety Okashana 1 covered14% ofthe totalpearl mIllet
area (47 000 ha) m NamIbIa A 36%farm coverage was recordedfor varIety SV2 after
three years ofsIgmficant diffusIOn m ZImbabwe followmg emergency seedproductIOn

In monztormg the release on-gomg adoptIOn and Impact of Improved varIetIes m
SADC countrIes survey data (1994-95 to 1995-96)from SADCIICRISATSM/P mdicate
an mternal rate ofreturn of27-34% anda stream ofnet benefits rangmgfrom $ 78-289
mIllIOn m ZImbabwe for SV 2 and PMV 2 In NamIbIa, a rate ofreturn of13% WIth net
benefit of $ 0 04 mIllIOn was calculated (AnandaJayasekeram et aI, 1995) Impact
assessments ofthe other released Improved varIetIes m Botswana and Zambza are stIll

A B Obllan.. SADC (Southern Afnca Development Commumty)IICRlSAT Sorghum and MIllet hnprovement Program (SMIP) Box 776 Bulawayo
ZImbabwe E S Monya SADC (Southern Afnea Development Commumty)IICRlSAT Sorghum and MIllet Improvement Program (SMIP) and S C Gupta
ICRISAT WCA, Nlgena ·Correspondmg author
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gomgon Thepresentlymoderate Impacts generatedatfarm levelby these new Improved
varieties as a result of genetic Improvement (mvolvmg research and development
activItIes) has been enhanced and promoted by several Important factors 1) the
mtroductlOn and development ofImproved germplasm wIth farmer-preferred traIts of
early maturzty, drought resIstance, and acceptable good qualzty m gram 2) seed
productlOn, 3) effectIve on-farm testmgforfarmer verzficatlOn and 4) breederpartlcl­
patlOn and commItment In technology transfer and exchange

ConventIonal breedmg programs al­
ways have resulted m the development of
Improved genetIc stock, breedmg lmes,
and populatIons, as well as the release of
Improved vaneties WhIle these constI­
tute achIevements of the programs, they
alone do not generate Impact PrevIous
trends m genetIc enhancement have been
the generatIon of Improved germplasm
and the testmg of thIS technology These
breeders' actIvItIes are usually followed
by release of Improved germplasm m the
form ofvaneties or hybnd parents as end
products after on-statIon evaluation The
consequence of thIS approach endmg at
varIety release, WIth no planned push of
the products mto farmers' fields, has been
the hmited adoptIon of the senes of varI­
ety releases by end-users, the farmers
ThIS shortfall has been a major constramt
to mcreased productIon and productivIty
of Improved sorghum and pearl mIllet va­
netles especIally m developmg countnes

Present trends m genetic enhancement
research have shown that targeted and
more appropnate varIety releases, WhICh
can result m mcreased productIon of the
Improved varIeties, can be achIeved by
mcreased adoptIon ofthe technologIes by
farmers, through on-farm testmg and
farmer venficatlon (Chmtu et ai, 1996a
and 1996b, Ipmge et al , 1996, Matanyalre
and Gupta, 1996, Mangombe and
Mushonga, 1996, SADC/ICRISAT
SMIP, 1995 and 1996)
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The transfer of Improved varIety tech­
nologIes mto farmers' fields has ad­
dressed the need to mcorporate prefer­
ences of farmers who WIll accept, adopt,
and produce the new Improved varIetIes
It has been shown (AnandaJayasekeram et
ai, 1995, Jenkms et ai, 1996) that the
mcorporatIOn of technology transfer ac­
tiVItIes mto genetic Improvement of sor­
ghum and pearl mIllet, followmg technol­
ogy development and testmg, has greatly
enhanced the release ofmore farmer-pre­
ferred varIetIes m southern AfrIca ThIS
mnovatIve strategy has led to the m­
creased adoption for productIon of the
new Improved sorghum and pearl mIllet
varIeties and hybnds released m natIOnal
programs

It therefore should be the breeder's re­
sponsIbIhty to partICIpate m and cham­
pIOn the move of outputs from genetIc
Improvement mto farmers' fields for m­
creased adoptIOn and productIOn ThIS IS
the demand of contemporary genetIc en­
hancement m the Improvement of sor­
ghum and pearl mIllet - that IS, breedmg
for Impact I

The purpose ofthIS paper IS to show the
type, qualIty, and quantIty oftmpact gen­
erated from genetic Improvement of sor­
ghum and pearl mIllet and share our expe­
nences of developmg countnes from
southern AfrIca sub-regIOn The strategy
we used WIll be descnbed, and our



achIevements hIghlIghted We wIll pre­
sent case studIes from four countnes of
the southern AfrIca sub-regIOn The four
southern AfrIcan countnes mclude Bot­
swana (for sorghum), NamIbIa (for pearl
mIllet), ZambIa (for sorghum), and ZIm­
babwe (for sorghum and pearl mIllet)

Method

Breedmg for Impact mvolves a se­
quence of sIgmficant events m a tIme­
phased and overlappmg senes ofprogres­
SIve actIVItIes The strategy used m south­
ern Afnca by the SADC (Southern AfrIca
Development Commumty)/ ICRISAT
(InternatIonal Crops Research InstItute
for the SemI-And TropICS) Sorghum and
MIllet Improvement Program (SMIP),
has mvolved, first, the ratIOnalIzatIOn of
the genetIc Improvement obJectIves, fol­
lowed by a systematIc and lOgICal breed­
mg, selectIOn, and testmg program

RatIOnalizatIon of Breedmg
ObjectIves

Based on the mitIal progress made by
the SADC/ICRISAT SMIP m southern
AfrIca durmg the first two phases (1983­
84 to 1993-94) m the development of Im­
proved varIetIes, populatIOns, and breed­
mg lInes, the objectIves of the genetIC
Improvement program for sorghum and
pearl mIllet for the thIrd phase (1994-95
to 1998) were ratIOnahzed The purpose
of the ratIOnahzatlon exercise was to Im­
prove on the conventIOnal successes ofthe
genetic Improvement program by movmg
forward from the approach ofdevelopmg
and releasmg cuitivars and breedmg hnes
to the present strategyofensunng notonly
that the cuitivars developed are adopted,
released, and produced by farmers, but
also that the breedmg hnes are effectIvely

utIhzed by breeders m collaboratIve part­
nership

The ratIOnalIzed objectIves of the
SADC/ICRISAT SMIP breedmg pro­
gram smce1994, after Improved varIetIes
became avaIlable, are

1) To contmue to breed Improved va­
netIes and to collect and exchange
germplasm WIth partIcular reference to
drought

2) To facIhtate the transfer oftechnolo­
gies to small-scale farmers through the
NatIOnal Agncultural Research Systems
(NARS) and hnkages WIth Non-Govern­
mental OrgamzatIOns (NGOs), seed com­
panies, and other partner mstItutlons

3) To evaluate gram qualIty for varIOUS
end-uses

4) To Improve the productIvIty of
NARS and NGO research and develop­
ment m crop Improvement through m­
country and regIOnal trammg, collabora­
tIve actIVItIes, and Jomt work plannmg m
genetIC Improvement of sorghum and
pearl mIllet

One addItIonal aspect of the ratIOnal­
ized objectIves IS that they have a produc­
tion system focus targeted at two mam
production systems 1) the lowland
drought, short season «100 days) sor­
ghum/millet/rangeland system, and 2) the
semi-arid, often-droughted, mtermedlate
season (100-125 and 125-150 days) sor­
ghum/maize/rangeland/mIllet/legumes
system

Events and Process

The sequence of tIme-phased events
and overlappmg senes of actIVItIes for
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generatton of Impact m genettc Improve­
ment mclude technology development,
technology testmg, and technology trans­
fer and exchange Table 1 shows the
events and overlappmg sets of activities
mvolved (Note All tables appear at the
end of this article) The sets of acttvlttes
wlthm each event determme the type of
outputs from the genetic Improvement
process Germplasm movement and utIli­
zatIOn generate the breedmg hnes, popu­
latIOns, and cuItlvars, mcludmg pure hne
vanetIes, hybnd parents and hybnds, for
testmg Technology testmg both on-sta­
tton m experIment statIOns and on-farm m
farmers' fields, evaluates the perform­
ance and adaptatton for producttvlty ofthe
genetic products Technology transfer
and exchange events are based on the
good and tested genetic products resultmg
from technology generatton and testmg
Farmer verIficatton and preference tests
usually enhance the progress and success
of technology transfer actlvlttes In the
southern Afnca regIOn, the systematic
progressIOn for breedmg, testmg, and se­
lection process as a strategy for technol­
ogy testmg IS shown m Figures I and 2
As shown m Table I and Figures I and 2,
the approach for genetic Improvement to
generate Impact has been multidiSCiplI­
nary and depends on collaborative part­
nership With the national programs and
their NGOs m developmg countries of
southern Africa The natIOnal program m
Zambia has been more aggressive m thiS
process

Results and DISCUSSIon

Progress In GenetIc Improvement
In Southern A/Tlca

Slgmficant achievements have been
made m the breedmg and release for pro­
ductton of Improved sorghum and pearl
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millet culttvars m the SADC region The
successes achieved have been due to the
collaborative efforts of the regIOnal
SADC/ICRISAT SMIP and some
(NARS) m the regIOn SpeCifically, suc­
cesses achieved m some of the NARS
have generated Impact at both sCientific
and farmer levels m their respective coun­
trIes

Tables 2, 3, 4, 4a, and 5 show the sor­
ghum and pearl millet vanetles released
III the four target countrIes for case study
(Botswana, NamIbIa, ZambIa and ZIm­
babwe, respectively) dunng the ten-year
penod 1984-85 to 1994-95 Table 6 shows
the trend of achievements from pnor to
1983 to the penod 1984-85 to 1994-95
Table 8 shows the successes achieved m
germplasm movement to and from the
fourtargetcountrles Tables 9, 10, ll,and
12 show the summary yield (t ha I) and
matunty (days to 50% headmg) of the
released vanetles m Botswana, Namibia,
Zambia, and Zimbabwe, respectively

Botswana

In 1994, four new sorghum cultIvars
were released by the NatIOnal Vanety Re­
lease Committee These cultlvars mclude
three pure hne vanetles (Phofu, Mahube
and Mmabaltse) and one smgle cross hy­
bnd (BSHI) (Table 2) ThiS hybnd IS the
first ever released m the country Breeder
seeds are bemg mamtamed m the country
and the backup actlVlty of SADC/ICRI­
SAT SMIP In 1995 commerCial farmers
started large-scale productIOn ofthe foun­
dation seed of vanety Phofu m the Pan­
damatenga area of the country on 400 ha,
With backup techmcal support from the
natIOnal breeder, the sorghum and pearl
millet Improvement team m the country,
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Figure 1 ProgressIOn for breedmg, testmg and selection process m southern Africa (SADC regIOn)
for sorghum by SADCIICRISAT SMIP
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and SMIP m Matopos Seeds of vaneties
Phofu (400 ha), Mmabaltse (120 ha), Ma­
humbe (24 ha) and the hybnd BSHI (58
ha) WIth Its parents (52 ha) \\-ere pro­
duced

Avatlable data collected on seed pro­
duction and sales throughout the southern
AfrIca regIOn show that 3,000 mt of seed
for these four cultlvars were produced m
Botswana dunng 1995 by the pnvate and
pubhc sectors (SADCIICRISAT, 1996)
ThIs slgmficant seed production had been
wIdely stImulated by government and do­
nor mvestments m drought-rehef pro­
grams A two-year techmcal backstop­
pmg and m-country hybnd seed produc­
tIon trallllllg program by the SMIP
breeder led to strengthened capacIty ofthe
Botswana NARS to be able to mltially
produce 35 tons of the BSHI hybnd and
ItS three parents m 1994

Among the three releases, vanety
Phofu WIth whIte seeds and stay green
traIt (a combmatIOn oftratts that make It
useful for dual purpose of food and crop
resIdue) IS most popular among Botswana
farmers About two-thuds ofthe sorghum
seed produced m 1995 (2000mt) IS ofthls
varIety The hybnd BSHI (Botswana Sor­
ghum Hybnd 1) has very good whIte bold
seeds WIth excellent mtlhng quahty The
whIte flour from the mIlled gram IS very
sought after by the mllhng and food mdus­
try m Botswana, espeCIally Foods (Bot­
swana) Pvt Ltd

The summary yIeld (t ha I) and matur­
Ity (days to 50% headmg) data for the four
sorghum varIeties and hybnd are shown
m Table 9 In the on-statIOn trIals that
spanned four years and two-four loca­
tIOns, varIety Phofu (WIth an average 3 25
t ha I) and hybnd BSHI (WIth an average
383 t ha I) slgmficantly (P >001) out-

yIeld the control and farmer varIetIes m­
cludmg the popular Segaolane (WIth an
average 2 34 t ha \ by a range of 17 to
75% In on-farm trIals, averaged across
two years m nme VIllages and 108 farmers
wlthm three agncultural regIons, vanety
Phofu (WIth an average 073 t ha I) out­
yIelded farmer varIeties, mcludmg Segao­
lane (wIth average of 0 51 tha I), by-2to
84% The hybnd BSHI was not tested
on-farm as It was targeted for mdustrIaI
processmg m mtllmg for flour and sor­
ghum meal It was therefore released
based on Its hIgher yIeld potentIal, very
hard (4 5 out of 5 0 on gram hardness
score) and excellent whIte gram quahty
for flour yleld,and acceptable whIte flour
color

The vanety Phofu was therefore re­
leased based on ItS early matunty, good
yIeld potentIal, large-sIzed heads, good
field gram quahty (better whIte gram than
the popular vanety Segaolane, whose
whIte grams tum blackWIth extreme mold
mfectlon when exposed to late season
mOIsture) and 99 9% farmer acceptance
These farmer-preferred tratts are m addI­
tion to Its stay green traIt WIth broad
leaves, whIch makes the vanety useful for
good quahty crop reSIdue The other two
vaneties, though lower-yleldmg than the
controls, have a mche m the production
envIronment m the country VarIety Ma­
hube IS the earhest m the regIon, headmg
m only 58 days (takmg only 95-100 days
to phYSIOlogical matunty), whIte vanety
Mmabaltse IS earher than the controls by
over 10 days

NamIbia

The major success of genetIc enhance­
ment m NamIbIa was release ofpearl mtl­
let varIety Okashana 1 m 1990 (Table 3)
Present survey data (SADCIICRISAT,
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1996) show that 125 mt of pearl mIllet
seed were produced 10 1995 As a result
of consIstent backstopp1Og from SMIP 10
Matopos over the past four or five years,
coupled wIth FAO-supported seed pro­
ductIon actIvItIes m-country, NamIbIa IS
now self-sufficIent m ItS seed productIon
capabilIties Up to 313 5 mt of seed have
been produced dunng thIS penod

Okashana-l was selected by farmers
because of ItS early matunty and drought
tolerance (Table 10) It matures up to 10
days earlIer than most of the local land­
races thereby makmg It able to aVOId ter­
mmal drought whIch charactenzes much
of northern NamIbIa It has a bIg advan­
tage over the locallandraces 10 yIeld only
III seasons characterIzed by severe
drought and espeCIally m the north west­
ern and north central regIOns where the
ramfall season IS short (less than 90 days)
Much of the hIgh YIelds reported 10 the
table are a result of averagmg out per­
formance across the country where the
northeastern part (Kavango and CapnvI)
receIves hIgher ramfall (500-700 mm)
compared to the north central and north­
western parts (Owamboland) where
Okashana-l IS more popular and ramfall
averages only 350-400 mm In these re­
gIOns, WhICh cultIvate more than 75% of
the total hectarage of pearl mIllet 10 Na­
mIbIa, the yIeld supenonty ofOkashana-l
IS sometImes double that ofthe local land­
races 10 seasons of extreme drought be­
cause Its early matunty can be as much as
2-3 weeks earlIer than some landraces 10
the Owamboland regIOn

ZambIa

Success 10 genetIc enhancement ofsor­
ghum and pearl mIllet has been made m
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ZambIa Between 1987 and 1995 the
country released seven cultIvars, out of
whIch three (WSH 287, MMSH 375 and
MMSH 413) are smgle cross hybnds (Ta­
ble 4) Of these hybnds, the earlIest re­
leased one (WSH 287) IS out of produc­
tIon The two pure lIne vanetles among
the releases, SIma and Kuyuma WIth
whIte seeds, are very popularWIth farmers
m the dry parts ofthe country The hybnd
MMSH 413 WIth brown seeds IS be10g
selected by the brewmg 10dustry for Its
good maltmg qualIty In 1994-95, more
than 544 mt of seeds of the four cultlvars
were produced and sold to both domestIc
and export markets

All five sorghum cultIvars released 10
ZambIa, though hlgh-Yleld1Og on-statIOn,
are not better than the controls (Table 11)
However, they have been released based
on the target clIents The two hybnds
MMSH 375 and MMSH 413 have good
maIt10g qualItIes (402 and 38 2 dlastatlc
umts per gram) for use m the brewmg
sector The two varIeties SIma and
Kuyuma have very good whIte grams ac­
ceptable for food SIma has very bold,
translucent grams, though It IS very late
matunng (the days to 50% headmg) rela­
tIve to controls (average 77 days to 50%
headmg)

The two released pearl mIllet vanetIes,
Lubasl and Kaufela, are both sIgmficantly
(P>O 01) hIgher Yleld10g (2 38 t ha I and
2 04 t ha I, respectIvely) and earlIer ma­
tur10g (62 and 60 days to 50% headmg,
respectIvely) than the controls (averagmg
1 48 t ha I and 70 days to 50% headmg)
(Table 4a) On-farm data are not avaIl­
able These varIetIes were released mamly
for theIr potentIally hIgh YIelds and early
matunty



Zzmbabwe

In Zimbabwe, genetic enhancement
achievements have been made m both sor­
ghum and pearl millet Between 1987 and
1992, three sorghum cultlvars (SV1, SV2
and ZWSH1) and two pearl millet cultl­
vars were released (Table 5) However,
the only hybnd, ZWSH1, was never pro­
duced Both sorghum vanety SV2 and
pearl millet vanety PMV2 are very popu­
lar With farmers m the dry agro-ecologlc
regions IV and V ofthe country, for their
early matunty (115-120 days and 85-95
days, respectively) relative to the local
varieties (160 days for sorghum and 110­
120 days for pearl mIllet) Table 12 shows
the summary Yield (t ha I) and matunty
(days to 50% headmg) data for the three
sorghum and two pearl mIllet cultIvars
released m ZImbabwe plus controls and
farmer vanetles It IS obvIOUS that, on-sta­
tion, the two vanetles SV1 (Yleldmg 406
t ha I) and SV2 (Yleldmg on average 338
t ha I) outyleld, slgmficantly (P>O 01), the
controls and farmer vanetIes (Yleldmg on
average 2 73 t ha I) by a Yield range of5%
to 67%

On-farm vanety SV2 (averagmg 2 15 t
ha I) was better m yIeld than the controls
and farmer varieties (averagmg 1 56 t
ha I) by about 37% Variety SV1 was not
mcluded m on-farm trials However, SV2
(headmg m 63 days) IS sIgmficantly
(P>O 01) earher matunng than the con­
trols and farmer varIeties (headmg m 76
days) Early matunty IS a most preferred
traIt of farmers m Southern Afnca be­
cause offrequent droughts, the reason for
whIch SV2 was released for assurance of
food and msurance agamst drought It IS
sure to proVIde food for the farmmg popu­
latIOn, mcludmg women and chIldren,
early m the season

SImIlar observations can be made for
the two released pearl millet varIeties,
PMV-1 and PMV-2 When averaged
across 25 on-station testmg SItes, PMV-1
proVided about 13% more gram Yield

Icompared to the local (2 27 vs 2 01 t ha ),
whereas PMV-2 was overall 40% supe­
nor (2 81 vs 2 01 t ha I) Under farmer's
conditIOns however, PMV-2 more than
doubled the YIelds of the locallandraces,
where as PMV-1 prOVIded 37% more
gram YIelds (2 28 vs 1 70 t ha I for PMV-1
and 1 07 t ha-l for the local check)

ImtIal seed production m these popular
releases was slow from 1987-1992, due to
the erroneous belIef of commercial seed
producers m Zimbabwe that there was no
demand for sorghum and pearl mIllet
seed However, WIth the popularIzatIOn
and present mcreased demand by farmers
for theIr preferred vanetles, more con­
certed efforts are bemg devoted to seed
production m the country Accordmg to
avaIlable data from seed dlstnbutlon and
sales surveys (SADC/ICRISAT SMIP,
1996), about 1400 mt of SV2 seeds were
commercially produced m Zimbabwe m
1995 These seeds were destmed for dIS­
tnbutIon m Zimbabwe, Angola, and
MozambIque for agncultural and drought
recovery programs

Adoptlon ofReleased
Cultlvars and Impact

Tables 2 through 5 show the 20 new
cultIvars of sorghum and pearl mIllet re­
leased by the natIOnal programs of Bot­
swana, NamIbia, Zambia, and ZImbabwe
from 1984 through 1995 These cultIvars
have been dIfferentially adopted by farm­
ers m each country, resultmg m variable
Impacts The patterns ofadoption leadmg
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to Impact are eVIdent 10 the same tables
AddItIonally, Table 6 shows a trend 10
relatIve achIevements 10 the four coun­
tnes for cultlVar releases and the Impact
10 cultIvar releases due to collaboratIon
WIth the regIonal SMIPdunngthe II-year
penod

Pnor to 1983 and before the 1Oceptlon
of the SADCIICRISAT SMIP, a total of
12 Improved vanetles of sorghum and
pearl mIllet were released by three of the
four target countnes Botswana (8 vane­
ties), Zambia (2 vanetIes), and Zimbabwe
(2 vaneties) (Table 6, AnandaJayasek­
eram et aI, 1996) Of these, only nme
varIetIes were produced, three ofthe Bot­
swana releases were never produced Na­
mIbIa had no Improved varIetIes dunng
thIS penod However, dunng the next 11
years when SMIP was operat1Og, the four
countrIes Improved 10 theIr capablhtles
for genetic enhancement and 10creased
therr releases of sorghum and pearl mIllet
to 32 cultIvars (varIetIes and hybnds), of
whIch 27 are be10g produced (Table 6)
The natIOnal programs have gamed
strength 10 breedmg that leads to vanety
releases due 10 part (for Botswana, Na­
mIbIa and Znnbabwe) to the techmcal as­
SIstance and faclhtatlOn of processes by
the reglOnal SADCIICRISAT SMIP Dur­
109 the II-year penod, ICRISAT's efforts
10 germplasm movement and assocIated
breedmg m collaboratIOn WIth these
SADC countrIes have contrIbuted to the
release of the cultlvars

The 10crease of varIety releases from
seven (SIX sorghum and one mdlet) pnor
to 1983 to 20 (14 sorghum and SIX mdlet)
dunng the SMIP era - a more than 100%
Improvement made by the four countrIes
- IS a sIgmficant achIevement and has a
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strong Impact on genetIc enhancement 10
the southern AfrIca regIOn

Noteworthy IS the trend m these
achIevements for each of the countrIes
studIed (Table 6) Whde NamIbIa started
produc1Og ItS only Improved pearl mIllet
dunng the SMIP era (specIfically 10 1991
as shown 10 Table 3), ZambIa moved
mostly on ItS own from produc1Og no sor­
ghum and pearl mIllet varIeties pnor to
1983, to produc1Ogten nnproved cultIvars
(seven sorghum and three pearl millet)
between 1984 and 1995 Similar trends
are shown 10 ZImbabwe and Botswana
(WhICh IS stdl produc1Og ItS only old pearl
millet varIety and eIght sorghum varIeties,
WIth two old and three new sorghum va­
netIes, and two new pearl mIllets)

AdoptIOn and Impact Case Studies

Areas of expected coverage and estI­
mates ofcurrent coverages for each ofthe
released vanetIes 10 Botswana, NamIbIa,
ZambIa, and ZImbabwe, are shown 10 Ta­
bles 2 through 5 These estImates ofadop­
tIOn and nnpact should be conSIdered pre­
hmmary, although some have been ven­
fied (SADCIICRISAT SMIP, 1996) The
SADCIICRISAT SMIP IS momtor1Og the
adoptIon of the released Improved cultI­
vars and contmues to collect data on seed
productlOn and dlstrlbutlOn The 10ltIal
results ofa regIonal survey on the release
and adoptIOn of new sorghum and pearl
mIllet varIetIes 10dlcate eVIdence of fa­
vorable adoption of some of these cultI­
vars (Agr1Oews, 1996)

Botswana

The adoptIon pattern and rate of the
four newly released sorghum cultlvars 10



Botswana are shown III Table 2 The year
of ftrst slgmftcant dlffuslOn for three of
the four cultlvars was 1995, only one year
after theIr release The areas of expected
coverage were estimated as 40,000­
50,000 ha for Phofu, 20,000 ha for Ma­
hube and 10,000-15,000 ha for the hybnd
BSH1 These estImates were based on the
seed multIplIcatIon activIties before and
after the releases, the areas that can be
covered by the quantIties of food qualIty
seeds produced, and the strengthened ca­
pabIlItIes of the natIOnal SCIentists and
breeders to produce hybnd seeds The
mode of dIstnbutIOn of the seeds and ItS
tllmng also playa role A regIOnal survey
on adoptIon ofthe Phofu varIety show an
estImated 10,000 ha planted by farmers III

1995-96 (SADCIICRISAT SMIP, 1996)

Based on aVailable quantity of seeds,
thIS 11 24% adoptIOn survey estImate for
Phofu IS lower than the area of current
estimated coverage (25%) (Table 2) The
dIscrepancy IS due to delayed and con­
fused dlstributlOn ofseeds to farmers Va­
nety Mahube and hybnd BSH1 were ap­
propnately produced as expected, al­
though the adoptIon surveys on them still
have to be camed out Vanety Mmabaltse
has no sIgmftcant dIffusIOn and has SIllce
not been produced, because of lack of
farmer preference for the varIety

EVIdence has thus been proVIded for a
sIgmftcant Impact m Botswana for three
of her four new sorghum releases The
mam factors responsIble for thIS Impact
have been Illtense and systematic m-coun­
try seed productIOn, SMIP backstoppmg
for breeder seed, and trammg m seed pro­
ductIon, coupled WIth a rapId dIffuSIon
rate (one year only) due to farmer and
mdustrtal preferences for the cultIvars

The farmers CIted early matunty and stay
reen traIt for crop reSIdue use, whIle m­
dustries prefer the new vaneties for excel­
lent whIte flour for food and good mtllIng
quantitIes

Further adoptlOn surveys and plans for
an Impact assessment are contmuIllg WIth
focus on farmers who planted the new
varIeties m the north, central, and south­
ern parts ofthe country III the 1994-95 and
1995-96 seasons

Namlbza

Pearl mIllet vanety Okashana 1 was
released III 1990 III the far north of the
country, whIch IS the prIllcipal crop zone
III NamIbta (Table 3) The dlffuslOn ofthIS
vanety was very rapId, WIth the ftrst Slg­
mftcant diffuslOn recorded one year after
ItS release In 1992-93, the estImated rate
of diffuslOn reached 9 5% based on seed
sales, and 17 0% based on survey data
(Table 7, AnandaJayasekeran et al ,
1995) ThIS rapId rate reached 45% III

1994-95 m the two mam productIOn zones
of Kavango and Owambo provInces
(lCRISAT CCER Report, 1996)

The current area of coverage of
Okashana 1 has been estimated at 47,000
ha, 14% of the total mtllet area (Table 3,
SADCIICRlSAT, 1996) ThIS scenarIO
results III an Illternal rate of return of
13 3%, a calculated beneftt of $350,000
(Table 7, AnandaJayasekeran et al 1995)
Further Impact analySIS of Okashana 1 III

NamIbIa WIll be formally completed
Jomtly by SMIP and NamIbIan SCIentists
m 1996-97

The exemplary rapId dIffuSIon rate and
mternal rate of return m less than ftve
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years for the pearl mtllet varIety
Okashana 1has been mamly due to farmer
preference for Its early matunty ThIS al­
leViates food problems under constant
drought SItuatIons

Zambza

The Impact story of sorghum varIety
releases and productIOn m Zambia takes a
dIfferent form and shape The first sIgmfi­
cant dIffuSIon of the two most popular of
the five releases, varIetIes Kuyuma and
SIma, occurred two to three years after
release 10 1990, although farmers only
started be10g aware of the varIetIes 10
1996 Presently, mitIal results of d re­
gIOnal adoptIOn survey show that the va­
netIes Kuyuma and SIma each covers
5,000 ha (13% of current total sorghum
area) (Table 4, SADCIICRISAT SMIP,
1996) However, hIgher coverages of
50% were estImated for 1993-94 for all
Improved cuitivars m the Siavonga dIS­
tnct, the pIlot area of the promotIOnal
campaIgn (Verma, 1996, personal corre­
spondence)

EstImates of adoptIOn for the three re­
leased hybnds are not avaIlable One of
them, WSH 287, IS out of productIon,
whIle the more popular of the remammg
two, MMSH 413, IS an export commodIty
and IS used for opaque beer productIon A
rough estImate of current coverage for
MMSH 413 IS put at 700-800 ha (Verma,
1996, personal correspondence) Accord­
Illg to the ZambIa natIOnal statIstICS,
47,000 ha were planted to Improved sor­
ghum vaneties and hybnds III 1995-96
(Verma, 1996, personal correspondence)
The Impact of these dIffuSIOn patterns m
ZambIa needs to be assessed Presently,
the ZambIa NARS, SACCAR and
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SADCIICRISAT SMIP are conductmg a
collaboratIve adoptIOn Impact study of
new sorghum cultivars m ZambIa

It IS worthwhIle to note that Impact IS
bemg generated from the new cultIvar
releases m ZambIa due to combIlled ef­
forts of the breeders, who champIon the
dIstnbution and dIffuSIOn ofseed, and the
natIonal seed company, Zamseed, whose
commercIal and export productIOn focus
IS provIdmg spIllover effects to neighbor­
mg countrIes Such spIllover effects from
the ZImbabwe commerCIal seed produc­
tIOn actIVIties 10 1995-96 also are startmg
to show Impact on neighbonng countrIes,
espeCIally for drought relIef

Zzmbabwe

The Impacts of Improved cultivar re­
leases m ZImbabwe are recorded for both
sorghum and pearl mIllet Of the three
sorghum cultIvars released m 1987 and
1992 (Table 5), only SV 2 varIety became
popular WIth farmers Of the two pearl
mIllet releases, PMV 2 IS the only vanety
that became popular The pattern ofdIffu­
SIOn and trends of Impact are dIfferent m
both SItuatIons, as shown m Table 5

The sorghum varIety SV 2, released m
1987, dId not record any SIgnIficant dIffu­
SIon untIl 1992 However, thIS delayed
dIffuSIOn (caused mamly by lack of seed)
has not hmdered ItS rapId and hIgh adop­
tIOn rate smce 1992 WIthm three years,
the area of expected coverage of 60,000
ha (54% of the total sorghum area) has
almost been reached, WIth a current cov­
erage of 40,000 ha (36% of the total sor­
ghum area) (SADC/ICRISAT SMIP,
1996)



ThIS phenomenal rate of adoptIOn has
been stImulated by the drought relIef
emergency seed productIOn of 1992,
WhICh resulted m mItIal productIon of493
mt of SV 2 and 161 mt of PMV 2 The
project provIded a large quantIty of good
qualIty seed to small farmers and contrIb­
uted to Improvement of theIr household
food securIty, followmg the severe 1991­
92 drought (ICRISAT, 1993)

SImIlar but lower adoptIon rates were
obtamed from pearl mIllet varIety PMV 2,
current estImated coverage IS 35,000 ha
(14% of the total pearl mIllet area), rela­
tIve to the expected area of coverage of
100,000 ha (41% of total) Lower adop­
tIOn rates have occurred despIte the SIg­
mficant dIffusIon rate of only one year
after PMV 2's release m 1992 The re­
sponse to pearl mIllet has not been as
phenomenal as the response to sorghum
due to complete lack of mterest m pearl
mIllet seed productIOn after the 1992
emergency seed productIOn exerCIse In
order to keep the adoptIon momentum
gomg, the breeders m SMIP must produce
large quantItIes ofbreeder seed to support
the natIonal program needs m ZImbabwe
An average of two to three tons of pure
breeder seed, produced m Isolated fields,
were supplIed to ZImbabwe NARS be­
tween 1992 and 1995 for both SV 2 and
PMV 2 sorghum and pearl millet varie­
tIes

The Impact of these reported adoptIOn
trends ofsorghum and pearl mIllet m ZIm­
babwe has been assessed An analySIS of
the rate of return derIved from sorghum
and pearl mIllet genetIC Improvement m
ZImbabwe mdIcated an mternal rate of
return of 27-34% and a stream of net
benefits rangmg from $7 8-28 9 mIllIon

(SADC/ICRISAT SMIP, 1995) Accord­
mg to AnandaJayasekeram et al (1995),
the dIffuSIon estImates for SV 2, based on
seed sales and survey data, are 29% and
30%, respectIvely (Table 7) They re­
corded mternal rates of return of 25 8%,
WIth benefits of $0 22-1 29 mIllIon

It IS mterestmg to note that farmers
CIted early maturIty of SV 2 and PMV 2,
not prodUCtIVIty gams, as the mam rea­
sons for theIr sIgmficant adoptIon

Intermediate Outputs
Contrlbutmg to Impact

Much ofiCRISAT's genetIC Improve­
ment effort m the regIOnal SMIP program
has been to offer mtermedIate genetIc out­
puts that contrIbute to development of a
WIder range of fimshed products by the
NARS These mclude breedmg stock and
germplasm WIth varIOUS speCIalIzed traIts
and sources ofreSIstance to alleViate con­
stramts, both abIOtIC and bIOtIC m nature
Table 8 shows the movement of such
germplasm materIals mto the four case
study countrIes m southern AfrIca The
materIals from SMIP conSIst of dIrect re­
mtroductIOns from ICRISAT mto the re­
gIon, and mtroductIOns from west and east
AfrIca, Latm AmerIca, and the U S (INT­
SORMIL), totalmg approXimately 13,000
sorghum samples and 10,000 pearl millet
samples The remamder ofthe SMIP sam­
ples are generated and derIved from all
these sources, together WIth the mdIge­
nous farmers' collectIons m the regIon

Smce the mceptIon of the regIOnal
SADC/ICRISAT SMIP m 1983-84, and
durmg the 10-year research perIod 1984­
85 to 1994-95, a total of 85,734 genetic
materIals of sorghum and pearl mIllet
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have moved mto Botswana (8,654 sam­
ples), NamIbia (3,212), Zambia (11,705),
and ZImbabwe (62,168) (Table 8) The
avaIlabIlity of dIverse and vanable
germplasm of sorghum and pearl mIllet
for genetic enhancement purposes m­
creased by the followmg percentages
25% for Botswana, 112% for ZambIa, and
1,196% for ZImbabwe

ThIS proVIdes eVIdence for an mterme­
dIate "scIentific Impact" that preceeded
the Impact on farmers' fields, due to
germplasm movement and utilIzatIOn
The mcrease m accessibilIty and avaIl­
abIlIty ofdIverse and vanable germplasm
and breedmg lInes to the NARS m the
southern Afnca regIOn has led to greater
access to mternatIOnal technology The
SMIP project also has contnbuted to the
awareness ofthe NARS breeders m these
countrIes and theIr trammg m genetIC en­
hancement, It also has strengthened theIr
capaCIties and capabIlIties for the genetic
Improvement ofsorghum and pearl mIllet

Factors Enhancmg Generation of
Impact of Genetic Improvement of
Sorghum and Pearl Millet

Several factors contribute, at different
times and m different forms, to achlevmg
Impact through breedmg at two mam lev­
els the SCIentIst (mtermedIate) level and
the farm level The several contrlbutmg
factors to Impact generatIOn m the south­
ern Afnca regIOn m general and the four
countnes (Botswana, Namibia, Zambia,
and ZImbabwe) speCIfically, fall wlthm
the three mam events of technology gen­
eratIOn, technology testmg, and technol­
ogy transfer and exchange, as a senes of
overlappmg and time-phased genetic Im-

132

provement actlVlties (Table 1) The mam
enhancmg factors mclude

1 Germplasm mtroductIon, diStrIbu­
tion, and utilIzatIOn

2 AvaIlabilIty of Improved vanetIes
andhybnds

3 On-farm testmg and farmer prefer­
ence evaluatIOn

4 Emergency seed productIOn of 1992,
followmg the most severe drought of
1991

5 Effective collaboratIOn among all
partners

6 Long-term and committed donor
support

7 Commitment of breeders to cham­
pIOn their cause and their confidence m
the Improved technologIes

Germplasm IntroductIOn,
DlstrzbutlOn, and UtilizatIOn

The need for alternative crop technol­
ogy m any crop enVIronment and produc­
tion system accounts for a great deal m ItS
success The past faIlures of maize, the
mam staple food, m the southern African
regIOn, due to consistent drought penods
culmmatmg m the 1981-82 drought cou­
pled With the deSire ofthe respective gov­
ernments m the regIOn to solve the
drought problem that resulted m food
defiCits and loss of some farmers' mdlge­
nous germplasm, created the need for crop
diverSificatIOn and use of alternate crop
varieties that could Withstand the drought
Wlthm an ll-year penod (1983-84 to



1994-95) the SADC/ICRISAT Sorghum
and MIllet Improvement Program
(SMIP), whIch IS responsIble for genetIC
enhancement ofsorghum and pearl mdlet
m the southern AfrIca regIon, together
WIth NARS m Botswana, NamIbia, Zam­
bIa, and ZImbabwe, collected local
germplasm (a total 00,000 sorghum and
2,500 pearl mdlet acceSSIons) from the
regIOn, and mtroduced 23,000 exotic sor­
ghum and pearl mdlet germplasms The
exotIC acceSSIons consIsted of both m­
digenous and enhanced germplasm
These were dIstnbuted and tested across
the whole southern AfrIca regIon, and
utIhzed m several ways by each NARS for
ItS genetIC enhancement research

ThIS maSSIve germplasm movement
created a favorable base for generatIOn of
Impact at both mtermedIate (SCIentIst) and
farmer levels

Avallahillty ofImproved
VaTletles and HyhTlds

Through a senes of national and re­
gIOnal breedmg nursenes, crossmg
blocks, off-season wmter nursenes, and
prehmmary screenmg, a total of 96,391
enhanced germplasm, breedmg lmes, and
populatIOns of both sorghum and pearl
mIllet were developed by the NARS
(whIch are strong m breedmg research) m
collaboratIOn WIth SADC/ICRISAT
SMIP durmg 1984-85 to 1994-95 (Table
8) Compared to the penod 1975-76 to
1982-83 before the mceptIOn of SMIP,
thIS IS a 460% combmed achIevement m
germplasm enhancement m Botswana,
NamIbia, Zambia, and ZImbabwe

From these enhanced genetic stocks,
collaborative research efforts m multI-

10catIOnal, multI-year, and multi-diSCIph­
nary testmg have resulted m the release of
32 Improved sorghum and pearl millet
varIetIes and hybnds m eIght southern
AfrIca countrIes m the era of SMIP Of
these, 20 are m Botswana (4), NamIbIa
(l), Zambia(10), and ZImbabwe (5) Only
eIght (40%) of these cuitivars (two sor­
ghum m Botswana, one pearl mdlet m
NamIbia, three sorghums m Zambia, and
one sorghum and one pearl millet m ZIm­
babwe) have resulted m Impact on farm­
ers' fields

On-farm Testmg and Farmer
Preference EvaluatIOn

In collaboration WIth our NatIOnal Ag­
ncultural Research and ExtenSIOn System
(NARES) partners, the regIOnal SMIP m­
ItIated the transfer of technologIes to
farmers' fields m 1992 The mitIal coun­
trIes mvolved m on-farm testmg m 1992­
93 were ZImbabwe, NamIbIa, and
MalaWI Durmg the 1993-94 season, on­
farm tnals on sorghum and pearl mdlet
were conducted m seven of the 12 SADC
countrIes In Zambia, thIS actiVIty was
done by the NARS on ItS own smce 1989
New Improved genotypes and productIOn
technologIes (IPM on Strlga and ar­
moured cncket only) were demonstrated
on farmers' fields

The research outcomes ofon-farm tests
and farmer preference evaluatIOns led to
release ofnew varIetIes and hybnds m the
SADC countrIes "Farmer pressure" was
espeCially mfluential m leadmg to cultIvar
releases m Botswana (for sorghum), Na­
mIbia (for mdlet), and most recently Tan­
zania m November 1995 (for sorghum) It
IS worthwhde to note that early matunty
and gram quahty were the two mam traIts
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that mfluenced choice of cultivars and
preference for release

Emergency Seed ProductIOn of1992

The 1991~92 drought m southern Af­
nca was widely descnbed as "the worst m
hvmg memory", total ramfall m the re­
gion of 12 countnes ranged from 00­
350mm, coupled With early cessation and
poor distribution ofthe total ramfall (less
than 200mm m most countrIes) In early
1992, when the magnItude ofthe drought
became apparent, planners qUIckly as­
sessed the requIrements for drought re­
covery and sustamable mtervention dur­
mg the followmg 1992-93 croppmg sea­
son ThiS unIque Situation fostered the
popularity of sorghum and pearl mtllet
among farmers and m government Circles
In response, production of sorghum and
pearl mtllet seeds of the avatlable Im­
proved cultivars was carned out under
Irngation m the dry wmter off-season of
1992

ThIS proJect, funded by Umted States
for InternatIOnal Development (USAID)
and the CanadIan InternatlOnal Develop­
ment Agency (CIDA), resulted m produc­
tIOn of493 mt ofSV 2,250 mt ofkuyuma,
both whIte sorghum varietIes, 161 mt of
pearl mtllet (PMV 2 and Okashana 1), and
40 mt ofkaufela mtllet vanety Almost all
the seed produced for dIstrIbutIOn m ZIm­
babwe, ZambIa, and NamIbIa reached
small farmers

ThIS project prOVIded the first opportu­
nIty for a large number of small farmers
m semI-arId regIons of ZImbabwe, Na­
mIbIa, and Mozambique to plant Im~

proved sorghum and pearl mIllet culti­
vars (Much had already been done m
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ZambIa by the NARS before thiS proJect)
Seeds offered through the project contrIb­
uted about 35% of the sorghum and pearl
mIllet harvested by small farmers m ZIm­
babwe and at least 15% ofthe pearl mtllet
gram harvested m NamIbia (ICRISAT
1993) More Important, the emergency
seed project stImulated and promoted the
adoptIOn of new Improved cultivars, thus
enhancmg their Impacts at the farmer
level, and offered a contmumg stream of
benefits to some ofthe poorest farmers m
each of the target countrIes

CollaboratIOn Among AllPartners

SMIP has collaborated effectIvely WIth
all relevant partners, espeCially WIth the
weaker NARS m the NatlOnal Agncul­
tural Research and ExtenslOn Systems
(NARES), mcludmg NGOs m each coun­
try, at each stage of technology develop­
ment, technology testmg, and technology
transfer, for the generatIon and assess­
ment of Impact due to genetic enhance~

ment Success has been due to

• collaboratIve work plannIng for re­
search actlVlties mcludmg IdentIfi­
catIOn of responslblhties, expected
outputs, and assOCiated budgets

• Jomt travel to research test loca­
tions for evaluatIOn of cuitivar trI­
als

• Jomt data analyses, reportmg and
pubhcatlOns

• backup supply of breeder seed and
faclhtatlOn of seed productIOn m­
country

• natlOnal and regIonal trammg m
seed productlOn and on-farm re­
search

• expenment statIOn and on-farm
fIeld VISItS by farmers, farmer



groups, seed producers, and non­
governmental orgaOlzatlOns
(NGOs) mterested m technology
transfer and exchange of Improved
varIetIes of sorghum and pearl mil­
let

Long-Term and CommItted
Donor Support

The fundmg support by commItted do­
nors to long-term (I5 years) research on
genetic Improvement of sorghum and
pearl millet, coupled wIth the mamte­
nance of a cntical mass of research and
development sCIentists provided from
such donor funds, has slgmficantly en­
hanced the development of Improved cul­
tIvars SpecIfic support has been gIven by
USAID, BMZ (Bundersmmlstenum fur
Wirtschafthche Zusammenarbelt und
Entwicklung)/GTZ (Dentsche Gesell­
schaft fur Techmsche Zusammenarbelt),
CIDA (CanadIan InternatIOnal Develop­
ment Agency), to SADC/ICRISAT
SMIP, and by SIDA (SwedIsh Interna­
tIOnal Development Agency) to Zambia

CommItment ofBreeders to ChampIOn
TheIr Own Course and TheIr Confi­
dence In the Improved TechnologIes

The success of transfer of any technol­
ogy depends on how good the technology
IS A good technology sells Itself, and
confidence m the technology by the devel­
opers and adopters enhances ItS Impact
However, any technology needs a pro­
moter who Will champIOn the push

The SCIentists, officers, and agents of
the NARS m Botswana, Namibia, Zam­
bia, and ZImbabwe, m collaboratIOn wIth
breeders m SMIP, have developed very

good Improved varieties and hybnds of
sorghum and pearl millet The Improved
cultIvars have been Jomtly evaluated for
several years on-station (4-8 years) and
on-farm (2-4 years) m several locatIOns
(2-8 locatIOns) ofthe target four countrIes
They have been exposed to farmers
through effective demonstratIOns Farm­
ers have lIked them and preferred them to
mdlgenous cultIvars, espeCially for early
matunty and good gram qualIty for food
and maltmg At any or all ofthese stages,
the breeders have been m the forefront
encouragmg the push mto farmers fields
and workmg with other SCIentists, agents,
extenSIOn officers, NGOs, and seed mdus­
try ThIS commitment and belIefm the Im­
proved cultlvars' performance has been
the baSIS for Impact
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Table 1 Events and overlappmg sets of actIvIties that would generate Impact m genetic Improve­
ment

Event
Technology generation

Technology testmg

Technology transfer and
exchange

Activities
Germplasm movement
*exotlc mtroductlons
*mdlgenous collections
*dlstrlbutlOn
Germplasm utlhzatlOn
*crossmg block
*tralt management
*mltlal selections
*varlety development
*populatlon and hnes
development

On station trialS
*multl locatlOnal effects
*year effects
On farm evaluation
and venficatlOn
Farmer preference tests
Laboratory gram and food
quality screenmg

Cultlvar releases
*lme and population releases
*breeder seed multlphcatlOn and
production
*trammg 10 genetic
Improvement and breeder
seed productIOn
Lmkages
Momtonng adoption
Assessmg Impact

Collaborators
Breeder
Genetic resources sCientist
Farmers
Breeder
Entomologist
Pathologist

Breeder
Technology exchange
speclahst/agronomlst
ExtenSIOn speCialist
Food technologist/scientist
Farmers

Breeder
Seed Producers
Technology exchange
specialist
ExtenSIOn speCialist
Economist
Farmers

Table 2 Sorghum varIeties released m Botswana as a result of collaborative technology develop­
ment and testing between NARS and ICRISAT, 1984-1995

Vanetyname ICRISAT Year Yearoffirst Area ofexpected Area of current
(ICRISATINARS gennplasm of slgmficant coverage coverage
acronym) used (YesINo) release diffuSIon (% of total) (% of total)
I Phofu Yes 1994 1995 40 000 50 000 ha 22 000 ha
(SDS 3220) (45560/) (25/)

Remarks
Wh,te seeded Has
staygreen traIt Dual
purpose for food gram
and stover

2 Mahube Yes 1994 1995 20000 ha 900ha Red seeded for maltmg
(SDS 2583) (22%) (1%) and anImal feed Tannm

free

3 BSHI Yes 1994 1995 10 000 15000 ha I30ha WhIte seeded WIth
(SDSH48) (II 17%) (02%) excellent flour qualIty

Mamly for food

4 Mmabattse No 1994 WhIte seeded WIth
(BOT 79) brown specks
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Table 3 Pearl millet varIetIes released In NamIbIa as a result of collaboratIVe technology develop­
ment and testIng between NARS and ICRISAT, 1984-1995

Vanetyname ICRISAT Year Yearoffirst Areaofexpected Area ofcurrent
(ICRISAT gennplasm of slgmficant coverage coverage
acronym) used (Yes/No) release diffuSIOn (% of total) (% of total)
Okaltana 1 Yes 1990 1991 93 000 ha 47 000 ha 1994
(ICMV 88908) (56%) (14%)

74000 ha 1995
(45%)

Remarks
Recommended for the
north centra! regIOn of
NamIbia

Table 4 Sorghum varIetIes released In ZambIa as a result ofNARS efforts In technology develop­
ment and testIng WIth some collaboratIon WJth ICRISAT, 1984-1995

Vanetynarne ICRISAT Year Year of first Areaofexpected Area of current
(ICRISATINARS gennplasm of slgmficant coverage coverage
acronym) used (Yes/No) release diffuSIOn (% of total) (% oftota!)

WSH287 Yes 1987
Remarks
Dropped

SIma No 1989 1990 7000 ha 5000 ha White seeded for food
(IS 23520 denvatlve) (18%) (13%)

Kuyuma No 1989 1990 10 000 ha 5000 ha White seeded for food
(MR4/4606T11
WSV387) (25%) (13%)

MMSH375 No 1992 1991 5000 ha na- Brown seeded for
(13%) maltmg

MMSH413 Yes 1992 1991 10000 ha n a- Brown seeded for
(25%) maltmg

ZSV12 No 1995 na- na- na- Pigmented white gram

FSH22 No 1995 na- na- na- Forage sorghum
hybnd

-n a = not available

Table 4a Pearl mIllet varIetIes released In ZambIa as a result of NARS efforts In technology
development and testIng WIth some collaboratIon from ICRISAT

Vanetynarne lCRISAT Year Year of first Area ofexpected Area of current
(ICRISATINARS gennplasm of slgmficant coverage coverage
acronym) used (Yes/No) release diffuSIOn (% of total) (% of total)
Kaufela Yes 1989 1990 20 000 ha 10 000 ha
(ICMV 82132) (38%) (19%)

Remarks
Recommended for the
southern proVInce

Lubasl
(LBC)
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Yes 1991 1992 32400
(62%)

20000 ha
(62%)

Recommended for the
western proVInce



Table 5 Sorghum and pearl millet vanetles released m Zimbabwe as a result of collaborative
technology development and testmg between NARS and ICRISAT, 1984-1995

Vanetyname ICRISAT Year Year of first Areaofexpected Area ofcurrent
(ICRISATINARS gerrnplasm of slgmficant coverage coverage
acronym used (YeslNo) release diffusIOn (% of total) (% oftotal) Remarks
Sorghum
I SVI
(ICSV 112)

Yes 1987 500ha
(4%)

500ha
(4%)

White seeded for food
Out of productton

2 SV2 Yes 1987
(A6460)

3 ZWSH I No 1992

Pearl Millet
1 PMVI Yes 1987
(RMPl)

2 PMV2 Yes 1992
(SDMV 89004)

*n a = not aVailable

1992 60000 ha
(54%)

na* 500ha
(2%)

1993 100000ha
(41%)

40000 ha White seeded for food
(36%)

WhIte seeded wIth
brown specks Never
produced

na * Recommended for
zones 4 and 5

350QQha Recommended for
(14%) zones 4 and 5

Table 6 CultIvars released m the four case study countnes of Southern Afnca showmg the trend
of achievements of the natIOnal and regIOnal breedmg programs m genetic Improvement
and Impact generated m the respective countnes

Number of cultlvars released pnor to 1983 Number ofculttvars released In the penod 1984 1995 Grand
Country Sorghum Pearl MJ.llet Total Sorghum Pearl MIllet Total Total

Botswana 7(4)* I 8(5)* 4 4 12(9)*
Namtbta - I I 1
Zambia 2(0) 2(0) 7 3** 10 12(10)
Ztmbabwe 2 2 3 2 5 7
Total II (6) 12(7) 14

* number of the cuIttvars produced are shown In parentheses for sorghum
** not mcluded In the Impact for ZambIa

6 20 32(27)

Table 7 Economic mdlces ofImpact generated by and assessed for genetIc enhancement ofsorghum
(SV2) and pearl mdlet (Okashana 1) m ZImbabwe and NamibIa, respectively, 1992-93

EconomIc mdex Ztmbabwe Namlbta for
for SV2 Okashana I

DdfuslOn estimates (%) 290a 9 Sa
300b 17 Ob

Average area planted (Ha) per household

Calculated benefits accrumg to Improved cultlvars (D S dollars)

073
(0 58)C

129M 035M

Net benefits (D S dollars)** 022M 004M

133258Internal rate of return (%) Without fertlhzer
• Modified from AnandaJayasekeram et al (1995)
a Based on seed sales
b Based on survey data
C Average area planted for local farmer vanety relattve to SV2

Net benefits after research and transfer of gennplasm costs have been deducted
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Table 8 Movement and sources ofsorghum and pearl millet germplasm and breedmg hnes from
genetic enhancement programs mto Botswana, NamibIa, Zambia and Zimbabwe, 1975-76
to 1982-83 and 1984-85 to 1994-95

1975 76 1982 83 198485 199495
from ICRISAT ICRISAT SMIP

Pearl Pearl Pearl Grand
Country SOfl:lhum MlIlet Total Sorghum Millet Sorghum MIllet Total total
Botswana 6594 310 6904 890 13 5067 2684 8654 15558
NamibIa 28 41 3143 3212 3212
ZambIa 4695 822 5517 6811 3362 11467 717 22357 27874
ZImbabwe 4505 292 4797 22504 8092 6752 24820 62168 66965
Total 15794 1424 17218 30205 11495 23327 31364 96391 113609

'The gennplasm mclude re mtroductlOns of mdtgenous gennplasm collected m the SADC regIOn and exotic accessIOns mtroduced
from the rest of the world

Table 9 Summary yield (t ha 1) and maturIty (days to 50% headmg) data offour sorghum cultlvars
and controls released 10 Botswana

Gram YIeld t ha 1

On experIment statIon
CultIvar Averll2e Ranl!e
Phofu 325 1 18469
Mahube 122 069201
BSHI 3 83 1 21 7 00
Mmabll1tse 1 93 0 50 2 84
Control/Farmer varIety 2 34 0 72 4 00
SE± 0547 038088
CV% 2974 180500

Averal!e
073
059

051

On farm
Ranl!e MaturIty

045 101 69
043075 58

* 72

* 70
046055 86

na
na

Not tested on fann BSHI IS an FI hybnd Mmab31tse was not mcluded m on fann tnals
n a = Not aV31lable

Table 10 Summary yield (t ha I) and maturIty (days to 50% bloom) data for Okashana-l, the cultlvar
released 10 Namibia

Gr3lU yIeld t ha 1

On-exoenment stallOn On fann'
Cuillvar Average Range Average
Okashana I 2 45 0 69 5 25 I 65
Controls (fanners local) 237 0 83 546 I 14
S E ± 0 269 0 147 0 428 0 076
C V% 3050 160-427 384
Yield data averaged over 5 on stallon SItes and 21 on fann enVIronments dunng 1992 93 season
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Table 11 Summary yield (t ha 1) and maturity (days to 50% headmg) data of five sorghum and two
pearl millet cultlVars with controls released m Zambia

Gram vleld t ha I

On expenment statIOn On farm
Cultlvar Average Range Average Range Maturity
Sorghum
WSH287 331 103-443 na na 78
Sima 329 287350 na na 86
Kuyuma 336 305377 na na 78
MMSH375 381 252567 na na 79
MMSH413 437 320611 na na 74
Controls/farmer varIety 333 233550 na na 77
LSD 138 039279
CV% 32 1063
Pearl Millet""
Lubasl 238 094382 na na 62
Kaufela 204 089333 na na 60
Controls/farmer variety 148 032270 na na 70
LSD 076 044 130
CV% 27 1261

On farm data are not avaIlable (n a )
Pearl mIllet data averaged over 10 sites for two seasons

Table 12 Summary yield (t ha 1) and matunty (days to 50% headmg) data of three sorghum and
two pearl mIllet cultIvars and controls released m Zimbabwe

Gr ld h IamYle t a
On exoenment statIOn On farm

Cultlvar Average Range Average Range Maturity
Sorghum'
SVI 406 258633 75
SV2 338 241 379 215 1 22 3 15 63
ZWSHl 491 336645 237 094405 72
Controls/farmer variety) 273 229378 156 045344 76
SE± 0380 010074 0292 025068
CV% 2971 170483 3288 16 1 673
Pearl Mdler
PMV 1 227 164269 170 067307 60
PMV-2 281 222323 228 1 22 3 17 54
Controls (farmers) 210 052244 107 024186 70
SE± 0288 011 041 0256 010 063
CV% 2257 I3 172934 2035 8393833
" 1 No of slles m sorghum expenment statIon tnals are 30 fnr four years for SVI and SV2 and 14 sites for two years for ZWSHI
". I No of sites m sorghum on farm tnals are 15 for two years for all three released cultlvars
"""2 Pearl mIllet matunty averaged over 25 on stallon sites over 4 years and 10 on farm enVIronments over 2 years
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Impact of Genetic Improvement on
Sorghum Productivity In India

B S Rana*, Swarnlata Kaul, and M H Rao

Abstract

Almost one thIrd oftotal worldsorghum IS grown as ramfed crop m Indza The gram
IS przmarzly consumed as human food and green forage and stover for anzmals The
genetIc Improvement m plant type productIVity, andresistance to varIOUS bIOtIC stresses
m a systematIcally planned manner has resulted m the development and release of15
whIte pearly gramed hybrids (3 0-3 9 t ha 1) and 15 varzetles (2 8-3 6 t ha /) gradually
over a perIOd of three decades Improved cultlvars, partIcularly the ramy season
hybrzds rapIdly became the przmary components ofproductzan systems (Mono- and
Inter-sequence croppmgs) due to assured hIgherproductIVIty wIder adaptabllzty short
duratzan and stature, response to applzed nutrients, effectIve components m IPM,
acceptabllzty to farmers, and effectIve seedproductzan supportfrom publzc andprzvate
sectors

The area under hlgh-yleldmg varzetal (HYV) programs mcreasedfrom 0 18 mlllzan
ha m 1966-67, to 1 31 millIOn ha m 1974-75, to 3 5 mIllIOn ha m 1980-81 and reached
7 1 mlllzan ha ofthe total 11 9 mlllzan ha area under sorghum cultIvatIOn (TE 1995-96)
The acceleratIOns m adoptIOn rate are associatedWith the tIme to tIme development and
spread of hybrzds of hIgher potentzal ThIS rapId rate of adoptIOn of HYVs has a
perceptIble Impact on prodUCtIVIty, whIch over the 25 years between 1968-70 to
1992-94, has mcreased 201% m ramy season (kharif) and 146% m post ramy season
(rabl) resultmg m an overall 177% mcrease ThIs has been achIeved m spIte ofconstant
declme m sorghum area from 18 mIllIOn ha m TE 1967 to 11 89 mlllIOn ha m TE
1995-96 The sharp declme m sorghum area of2 3%per annum between 1980 and 1994
IS due to fallmg per capIta consumptIOn anda market-drzven economy mfavor ofpulses
and oll seed crops replacmg ramy season sorghum In spIte ofthat, yIeldper ha under
ramfed sItuatIOns mcreased by 322% per annum between 1967-1980 and 190% per
annum between 1980-1994

Ramy season sorghum's abllzty to compete efficIently With other crops m the future
would depend on productiVIty growth I e evolutIOn of hybrzds WIth hIgher yIeld
potential, closmg the yIeld gaps, reductIOn per unzt cost of cultIvatIOn, and creatmg
demandfor domestic andexportmarkets Genetlc enhancement m gram moldresistance
and value addItIOn through genetIc means andpost harvestprocessmg would augment
food feed and mdustrlal uses and ultImately mcrease the economy HeterOSIs breedmg
and stabllzzmg yIeld through mcorporatzon of reSIstance genes conventIOnally and
through bIOtechnologIcal technzques are currently high research prIOrztles to break the
yIeldplateau m post ramy season

B S Rana Swarntata Kaut and MH Rao NatIOnal Research Centre for Sorghum Rajendranagar Hyderabad 500030 (Ind..) Correspondmg author
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Indian Sorghum III the
World Scenario

IndIa IS the largest sorghum growmg
country m the world, m 1994, It repre­
sented 29 8% ofthe world sorghum grow­
mg area (11 95 mIllIon hectares out of a
total 43 52 mIllIon hectares worldwIde)
The US, Nigena, and Sudan are other
Important sorghum growmg countnes,
representmg 11 to 12% of the total area
planted to sorghum IndIa contrIbutes
20% ofthe total sorghum productIOn, and
IS the second largest producer ofsorghum
m the world after the Umted States, whIch
contrIbutes about 36% ofthe world's total
sorghum productIon (FIg 1) WhIle pro-

dUCtIVIty m the US, MeXICO, and Chma
amounts to over 3 1-3 8 t ha 1, the ramfed
prodUCtIvIty m IndIa IS 959 kg ha I under
low mput management, close to produc­
tIVIty levels m EthIOPIa and NIgena

IndIa, unlIke other countrIes, has two
sorghum producmg seasons - khanf
(ramy season June/July-September/Octo­
ber) and rabt (post ramy season October­
December/January) DIfferent cultlVars
are generally reqUIred for each season, as
productIon condItIons are qUIte dIfferent

From 1979-81 to 1992-94, the total
world sorghum growmg area area showed
a mmor change (-305%), however, there

Burkma Faso 201Ethiopia 1 9/

Others 276/

BurkIna Faso 3 1 /
Sudan 131/

Area

India 298/

Chma 31/

USA 93/

Others

MeXICO 71/

Sudan 53/

N,gena 64/

China 82/

Production

Ethiopia 1 8

280/

FIgure 1 Area and productIOn m major sorghum growmg countrIes, 1992 and 1994
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was a sIgmficant decrease m area m ASIa
(-254%), North Amenca (-20 17%), and
South Amenca (-45 21%) On the other
hand, the growmg area m AfrIca sIgmfi­
cantly mcreased by 4521%, from 13 6
mrlhon ha to 20 15 mrlhon ha (Table 1)
Among ASIan countrIes, productlOn m In­
dIa durmg thIS penod Improved shghtly
from 11 4 mrlhon tons to 1242 ml1hon
tons, despIte a 3 41 ml1hon ha reductlOn
m the sorghum growmg area The change
m total productlOn on the ASIan contment
(-525%) was prllllanly due to reductlOn
ofproductlOn m Chma and Yemen, rather
than India

In AfrIca, the mcrease m total produc­
tIon has been pnmanly due to an mcrease
m the sorghum growmg area rather than
m productIVIty Most ASian countnes
showed a pOSItive mcrease m productiVIty
from 1979-81 to 1992-94 ProductiVIty m
AfrIca dechned to 1663% m the same
penod ProductIVIty m India mcreased

I Ifrom 695 kg ha to 959 kg ha , a 38%
mcrease, whl1e productIVIty m Chma m­
creased by 50 46%

March from SubSistence to
Productive System

Before the advent of hybnd technol­
ogy, the SemIarId TroPICS (SAT) system

Table 1 Indian sorghum In world scenario

remamed at a SubSIstence level, WIth an
average productlVlty range from 467 kg
ha I m 1955 to 545 kg ha I m 1965, and
covenng a large area from 17 59 ml1hon
hectares m 1955 to 16 14 ml1hon hectares
m 1965 Crop diversificatlOn m the form
of mIxed croppmg or mtercroppmg WIth
cereals, legumes, and Ollseeds had been an
Important feature of traditlOnal agncul­
ture m the past, provIdmg both msurance
agamst crop faIlure and food secunty at
the household level

The essential components of sorghum
farmmg before the era of hIgh-yIeldmg
vanetIes were tall late cultivars WIth traits
Important for survIval There IS a stnkmg
parallelIsm m tropIcal sorghum m IndIa
and sorghum across the contment m Af­
nca Rao and Rana (1978) have charac­
tenzed such sorghums as exceSSIvely tall,
longer m duratlOn than the length of the
growmg penod, generally photosenSItive,
low m harvest mdex, locally preferred,
and adaptable These types are mdivIdu­
ally supenor m low populations (due to
better mdividual plant expresslOn) and m­
fenor m hIgh populatlOns

Although low productIVIty mvolves
lower nsks, technologIcal changes m a
hIgh productlVlty background can proVIde

AreaIMha) Production (M t) Yield (t ha 1)
Particulars 197981 199294 Change (%) 197981 199294 Change (%) 197981 199294 Change (%)
India 1636 1295 2086 1138 1242 914 696 959 3791
Chma 283 136 5194 703 510 2741 2484 3752 5106
US! 527 404 2334 1916 1748 877 3636 4327 1901
MeXICO 149 128 1409 499 444 11 09 3349 3466 350
Nlgena 268 400 4925 328 403 2297 1224 1008 1761
Sudan 305 570 8699 227 331 4581 744 580 2202
Ethiopia 104 084 1923 141 110 2222 1356 1306 370
BurkmaFaso 105 135 2889 062 124 10000 590 916 5517
Others 1112 1200 788 1538 13 42 1274 1383 1119 1912
World 4489 4352 305 6552 6254 455 1460 1437 154
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productivIty assurance and ensure food
secunty at household and natIOnal levels
Because low productIVIty of tropIcal cul­
tIvars IS assocIated wIth a low harvest
Index, hIgh bIOmass productIvIty, late ma­
tunty, and termInal drought vulnerabIhty
due to raInfall fluctuatIons, It was neces­
sary to reoptImIze the plant growth phases
to appropnately match the crop growth
penod WIth the length ofthe grOWIng sea­
son under raInfed agrIculture The 140
day duratIon oftradItIonal kharlfsorghum
exceeds the duratIOn of raInfall from July
to mId or late September The production
of dry matter exceeds mOIsture avaIlabIl­
Ity In the SOlI and the longer duratIOn
hmIts the water use effiCIency

GenetIC Improvement of sorghum In
IndIa In the early seventIes thus adopted
the physIOlogIcal approach of restructur­
Ing the plant In terms of dry matter dlstn­
butIon, IncreaSIng harvest Index, optImIz­
Ing heIght and matunty, and Incorporatmg
photo-msensItIve genes and multtple re­
SIstances to vanous Insects and dIseases
In an tmproved genetIC background Pa­
rental Ime Improvement has been the
torch bearer of hybnd breedmg ModIfi­
catIOns of exceSSIve heIght and maturIty
penod were pOSSIble through the mtro­
gresslon of early maturIty and dwarfing
genes from temperate germplasm ofU S
OrIgm (although dwarf [brachytIc] and
earher verSIons of sorghum were encoun­
tered m farmers' fields In Sudan) Selec­
tion m such temperate x tropIcal crosses
of sorghum has been descnbed by Rao
and Rana (1982)

The relatIonshIp ofheIght and matunty
to graIn yIeld IS curvIlInear In a WIde range

of germplasm (120), IncludIng repre­
sentatIve temperate and tropIcal
germplasms and theIr denvatIves (Rana et
ai, 1984) A computer exerCIse mvolvIng
hnear, quadratIc, and product terms deter­
mIned the optImum plant type to maXI­
mIze yIeld The optImum genotype was
charactenzed by a heIght of 175-180 cm
and flowenng at 68-70 days WIth reduced
leaf numbers Such genotypes combIned
performance In commumty (Ideal geno­
type concept) and WIder adaptabIhty
These mtermedIate types between tem­
perate and tropIcal parents, as a bndge
populatIOn, offered further opportumtIes
for rapId recOmbInatIOn These types WIth
optnnal dry matter productIon per umt
tIme and dIstrIbution and growth rhythms
used water effiCIently and formed the ba­
SIS ofImprovmg raIny season sorghum for
yIeld and stabIhty (Rao et al , 1979, Rana
and Rao, 1986) As a result, ten vanetles
(CSV 2 to CSV 11) were developed and
released for all IndIa cultivatIon between
1968 and 1985

ReductIOn In duratIOn ofmatunty com­
cIdmg WIth occasIonal late rams resulted
m graIn detenoratIOn, sometImes render­
Ing graIn less preferred for human con­
sumptIOn and marketIng Thus, accept­
able gram quahty has been a major thrust
m the program Rana et al (1978) utIlized
hard gram, low water absorptIon, and tan
plant background as selectIon CrIterIa to
breed for gram mold reSIstance Tan plant
pIgment, a SImple mhented character, has
been useful In furnIshIng reSIstance to the
most prevalent leaf dIseases (Rana et al ,
1976) Greater emphaSIS on these traIts In
the ramy season m genetIC enhancement
programs has resulted m more dIverse
forms WIth better consumer acceptabIhty
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(e g, hybnds CSH 5, CSH 6, CSH 9, and
CSH 11) The Increased need for fodder
has led to crosses among temperate and
tropIcal deriVatIves that attam a new optI­
mum relatIOnshIp between heIght and
yIeld and accumulatIOn of favorable
genes ThIS Idea stemmed from multIple
regressIon of gram yIeld wIth harvest m­
dex and bIOmass productIVIty

FIfteen hybrids and 15 varieties have
been released at the natIonal level, and
five hybrids and 25 varieties have been
released at state levels smce the mceptIOn
of the All IndIa Coordmated Project m
1969 Some recent genotypes, such as
CSV 10, SPY 462, SPY 475 (CSV 13),
and CSV 15, WIth hIgh produCtiVIty, mul­
tIple reSIstance, and WIder adaptabIlIty,
are becommg more popular among farm­
ers where hybrid seed supply IS lImIted
The yIeld potentIal of currently grown
VarietIes m ramy and post-ramy seasons
are gIven m Tables 2 and 3

The first change m the hIstOry of sor­
ghum transformatIon was the develop­
ment and release of the early-maturing
dwarfhybnd CSH 1 (CK 60A x IS 84) m
1964 Although the hybrid had a pheno-

menonaI adaptabIlIty range, hIgher pro­
ductlVlty than local varieties, and a ratoon
crop as an addItional bonus, It had prob­
lems of susceptibIlIty to gram mold and
leafdIseases and reduced fodder quantity
Subsequent Improvement m hybrids m­
volved genetIC enhancement of these
traIts m parental hnes FIfteen hybrids
(CSH 1 to CSH 15) have evolved so far,
the most popular among them, based on
the CMS and restorer lInes bred m the
proJect, have been CSH I, CSH 5, CSH 6,
CSH 9, CSH 14 m the ramy season, and
CSH 8R and CSH 12R m the post-ramy
season CSH 10, a tall hybrid, and CSH 11
(ICSH 153) were not favored by farmers,
despIte enhanced fodder m the former and
gram yIeld m latter, because of low seed
productIOn m CSH 10, small seed, and
occaSIOnal lodgmg due to charcoal rot m
CSH 11

Under ramfed condItIons, yIeld poten­
tial for variOUS ramy season hybrids IS
30-39 t ha I, and 28-36 t ha 1 for varIe­
tIes Further genetIC dIverSIficatIOn m
ramy season hybrids has been due to the
mtroductIon of earlIness meSH 14 and
hIgh fodder yIeld m CSH 13 (khanf and
rabI), WIth gram yIeld level matchmg that
ofthe most popular hybrid, CSH 9

Table 2 Sorghum hybrids and vanetles for All IndIa cultIVatIOn m kharlf(ramy season)

HybndlVanety Gram yIeld Fodder yield Plant height DuratIOn
(t ha I) (t ha I) (em) (days)

Hybrids
Early Duration
CSHI 30 75 ISO 100
CSH6 34 81 161 98
CSH 14 38 88 181 103
Methum Duration
CSH5 34 93 174 119
CSH9 39 98 182 110
CSH 13(I<..&R) 39 144 261 110

VarietIes
CSVlO 28 101 194 112
CSV 11 32 96 174 109
SPY 462 33 97 208 111
CSV 13 35 97 181 112
CSV 15 36 121 232 110
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Table 3 Sorghum hybrids and varietIes for All IndIa CultIvatIon m rabl (post ramy season)
Gram yield Fodder ileld Plant height Duration

Hybnd/Vanety (t ha I) (t ha ) (em) (days)
Hybrids

CSH8R 22 37 102 115
CSH 12R 26 47 201 115
CSH 13(K&R) 33 54 184 113
CSH 15R 32 56 196 110

VarIetIes
CSV8R 22 48 157 120
Swan 22 53 168 II7
CSV 14R 23 55 165 II7
M35 I 21 6 I 151 II9

Tratts farmers look for m post-ramy
season (rabI) cultivars are hIgh yIeld wIth
matchmg gratn quahty and boldness, re­
SIstance to shootfly, and fodder quantIty
equal to that of the popular local vanety
M 35-1 under recedmg mOIsture condI­
tIOns Current research strategy targets
these tratts m rabi adaptatIOn Breedmg
for shootfly reSIstance (Rana et al , 1975,
Balakotatah et aI, 1975), charcoal rot re­
SIstance (Rana et al , 1982), and mcreased
water use efficIency m hmited mOIsture
avaIlablhty has led to development ofhy­
bnds such as CSH 15R, released m 1995,
some expenmental hybnds, e g , SPH 634
and SPH 695, and vanety CSV 14R
These hybnds for the first tIme are based
on bold seeded rabi type CMS (l04A,
116A) and restorer hnes (RS 585, RS 615,
SPY 492) WIth adequate levels ofmultIple
reSIstance to bIotIC and abIOtIc stresses
These breedmg concepts have been useful
to varIOUS national and mternatIonal pro­
grams partIcularly m East, West, and
South AfrIca

Improved CultIvars as a Primary
Component III Production Systems

It was earher beheved that vanetIes
would spread faster due to theIr self­
propagatmg nature, and small farmers

would prefer to retam theIr seeds rather
than buy expenSIve hybnd seed every
year However, hybnds have emerged as
carrIers of technology pnmarIly due to
hIgher productIVIty potentIal, better sta­
bIhty of performance, low nsk, and as­
sured supply of quahty seed GenetIC Im­
provement m hybrIds also has progressed
faster than m vaneties (Table 4) Over the
last three years, the average hybnd yIeld
progressed 108, 119, and 129% over va­
rIetIes The yIeld potentIal of hybnds IS
always hIgher than varIetIes, but the best
hybnd IS 10-32% hIgher yIeldmg than the
best vanety at a gIven tIme Hybnds ex­
hIbIt better homeostatIC propertIes than
homozygotes, as the regreSSIon coeffi­
CIent ofhybnds IS less (b =0 73-0 96) than
that ofvanetIes (b =095-1 13) m multIlo­
catIOn tests (Table 5)

The varIetal program has recently been
dIrected toward dual-purpose breedmg
The varIetIes are selected for enhanced
heIght and thus exhIbIt 18 6% supenonty
m fodder yIeld over popular hybnds The
recently released varIety CSV 15 IS supe­
nor to popular hybnds such as CSH 5 and
CSH 6 It took about 18 years to breed
such a vanety WIth yIeld potenttal match­
mg some popular hybnds However, the
best dual purpose hybnd CSH 13 (khanf
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Table 4 Heterotic advantage of hybrids over varietIes (ramy season)
Gram YIeld (t ha I) HybrId! Range Best hybrId!

No of Variety Best varIety
Year locations VarIety HybrId (%) VarIety HybrId (%)
1993 29 3 142(9) 3404(9) 108 28423245 29943580 110
1994 33 3003(10) 3 561(10) 119 2564 3249 28073841 118
1995 30 3036(12) 3913(17) 129 25993285 31744334 132
Mean (Wt) 3056 3688

Table 5 AdaptabIlIty of hybrIds and varIetIes (ramy season)
Hybnd x b VarIety
CSH 6 2 807 0 73 SPV 462
CSH 9 3 647 0 96** CSV 13
CSH 14 3572 083** CSV 15

x = Mean Gram Yield (t ha 1)
b =RegreSSIOn coefficient ofvanetal mean over Env Index LocatIOn =29
•• Significant at 1% agamst ItS own deViatIOn

x
2972
3047
3178

b
1 11**
113
095**

and rabI) was supenor m both gram (10%)
and fodder (14 8%) yIelds over the best
dual purpose varIety m the tnal

The use of nsk averSIon m sorghum
breedmg (Barah et ai, 1981) pomted out
that yIeld and nsk preference rankmgs are
closely related In purSUIt of low nsk and
hIgh YIeld, breedmg efforts toward geno­
type alteratIon and multI-locatIOn testmg
to IdentIfy WIdely adapted cultIvars have
been fruItful The genotypes wIth hIgh
mean and low CV (%) are consIdered to
be hIghly adapted over a WIde range of
enVIronments When eIght released geno­
types, along wIth seven addItIOnal expen­
mental genotypes, were analyzed agamst
the weIghted mean of all the genotypes
(3372 kg ha I) and theIr mean CV over a
penod of three years (1993-95) at 27 lo­
catIons, the hybnd CSH 6, released m
1976, was found lowest yIeldmg and most
varIable over locatIons compared to re­
cently bred genotypes (FIg 2) In the con­
text ofthe latest genetIcally Improved va­
netles and hybnds, CSH 5, CSV 13, and
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SPY 462 were moderate m performance
and vanatlon over locatIons The recently
bred hIgh-YIeldmg vanetIes, such as Spy
1025, CSV 15, and SPY 881, and hybnds
CSH 9 and CSH 14 wIth the lowest CV
(18-21%) exhIbIted WIder adaptabIlIty
(Table 6)

The low VarIabIhty and relatIve yIeld
advantage of hybnds over varIetIes make
them preferred by farmers (FIg 3) Hy­
bnds had the hIghest frequencIes, m the
3500-4000 kg ha 1 range, m contrast WIth
varIetIes, falhng m the 3000-3500 kg ha 1

range

Impact of Improved CultIvars on
Crop Management Practices

Response ofImproved CultlVars
to AppliedNutrients

It was earlIer beheved that the low
value nature of sorghum was the pnmary
reason fertIhzer was not apphed to tradI­
tIOnal cultIvars StudIes of Jha and Sann
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Table 6 Vanetal productIvIty and mcrement (Inc) over precedmg dose under dIfferent fertilIty
managements rn rarny season

FertIlizer 1993 94 (Loe 7) 199495 (loe 6)
N P CSH9 CSV13 CSH9 CSV 15 AdJ

Gram yield (t ha )
20 10 3032 2806 2603 2385 2778
40 20 3776 3075 3316 2749 3130
60 30 4157 3429 3724 3160 3516
80 40 4890 4057 4400 3747 4164
100 50 5039 4358 4511 4287 4788
Lowest HIghest 1 166 1 155 1 173 1 180 1 172
Mean 4179 3545 3711 3267 3675

AdJ = Adjusted Yield ofCSV 15 for year effect equal to the Increase In CSH 9 yield In 1993 94 over 1994 95

(1981), however, mdlcated that lack of
fertIlIzer was the mam reason They made
the plea for development of regIOnally
adapted fertIlIzer-responsIve sorghum
cultIvars m IndIa

Because response to applIed N oc­
curred m the order of hybrId Improved
varIetIes local cultIvar, genetic Improve­
ment and partIcularly explOItatIOn ofhet­
erosIs had an Impact on nutrIent use Hy­
brIds have better resource utilIzatIon ca­
pacity and return per kg N applIed
Resource allocation IS therefore preferred
more toward hybrIds m low nsk enVIron­
ments where hIgher yields are more as­
sured

Because sorghum IS a low value crop,
farmers have not been mchned to apply
fertIlizer However, It also IS pOSSIble to
demonstrate that hybrIds, even at natIve
fertIlIty, yield hIgher than the local cultI­
vars There IS a genotypIc-dependent re­
sponse to applIed N under both ramfed
and IrrIgated condItIons Even m the mld­
SIxtIes WIth the mtroductIOn of the first
sorghum hybrId (CSH 1) and the varIety
Swarna (later named as CSV 1), It was
pOSSIble to demonstrate that hlgh-yleldmg
hybrIds and varIetIes responded 2 S to 3
times more favorably than local cultIvars
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to low doses of N applIcatIOn The re­
sponse (kg gram/kg N apphed/ha) ofCSH
1 vs local at O-SO kg/N was 21 2 kg vs
7 1 kg gram/kg N At hIgher doses of
fertIlIzer (SO-100 kg Niha) the response of
CSH 1was 13 76 kg compared to the local
cultIvar's response ofS 42 kg Under such
SituatIOns, farmers found It more eco­
nomIcal to apply fertilIzer to the hybnds
than to traditIOnal cultIvars

Subsequent hybrIds and varieties con­
tmue to respond to hIgher doses of bal­
anced fertlhzer Even at the low fertIlIzer
dose of20 kg N + 10 kg P20S m the ramy
season, the popular hybnd CSH 9 could
yIeld 2 6-30 t ha 1 The optimum recom­
mended dose under ramfed conditions ­
80 kg N + 40 Kg P20S /ha - can gIve a
yIeld of 4 4-4 9 t ha I, about a 6S% yIeld
gam over the lowest dose Improved va­
netles CSV 13 and CSV IS, WIth a yield
potential of 2 4-4 3 t ha 1 under varIOUS
levels of fertIlizer applIcatIOn, achIeve an
mcrease of 10-18% for each additIOnal
dose of20 kg N + 10 kg P20Slha up to the
optimum level However, the latest dual­
purpose vanety CSV IS responded an ad­
ditIOnal 14% beyond the recommended
optimum due to genetically enhanced
phYSIOlogical attrIbutes Hence, It could
be pOSSIble to further enhance fodder



yIeld ofthIS varIety by 8-10% by mcreas­
mg plant densIty 180,000-200,000 wIth a
margmal mcrease m gram yIeld Such re­
sponses can mcrease profitablhty m those
areas where stover demand IS hIgh to sus­
tam large cattle populatIOns

The rate of response to apphed fertil­
Izer under the recedmg mOIsture condI­
tIOns of the post-ramy season was never
encouragmg However, WIth the mtroduc­
tlon of Improved hybnds hke CSH 13R
and CSH 15R, It IS now possIble to dem­
onstrate, at low as well as higher doses of
N, a response more than three tImes
greater compared to the popular local va­
nety M 35-1, WhICh could lead to adop­
tIOn of hIgh management With Improved
hybnds (Table 7) Under IrrIgated condI­
tIons, the varIetal response IS stdl higher
than under ramfed condItIons CSH 13R
yIelds 4-4 5 t ha 1 under lrrIrated manage­
ment, compared to 3 3 t ha under ramfed
condItIOns

Impact ofGenetIc Improvement on
TransformatIOn ofIntercroppmg
PractIces

Intercroppmg has been an age-old
practIce m India WIth traditIonal cultIvars,
but the most SCIentIfIC approach was
adopted after the mtroductIOn ofshort du­
ration and stature hlgh-Yleldmg hybnds
It now IS possible to deSign mtercroppmg
systems and Identrfy smtable genotypes to

mmlmlze the level of competItIon be­
tween compamon crops Although crop
geometry IS one management method, the
genetIc enhancement and modIficatIon of
sorghum matunty and growth rhythm has
had more slgmficant Impact on the deSIgn
and adoptIOn of Improved and transgres­
SIve systems A hybnd hke CSH 6, whIch
matures m 100 days, IS an appropnate
chOIce to be grown WIth a medlUm-matur­
mg pIgeon pea vanety (Table 8) Such a
hybnd responds to the closer mter-row
spacmg m the system and makes the sys­
tem more remuneratIve than others, pn­
marlly due to the hIgh yIeld ofpIgeon pea
As CSH 9 became popular due to hIgher
productlVlty m about 110-115 days, a new
deSIgn of mtercroppmg system WIth a 3 3
row pattern of prmclpal crop and mter­
crop was evolved to smt thIS hybnd The
change m row pattern IS pnmanly due to
relatIvely longer duratIOn and VIgorous
growth of thIS hybnd

Improved Cultlvars as a
Component of IPM

SubSIstence systems based on local
cultlVars were able to reSIst pests hke
shootfly but often were damaged by
mIdge and earhead bug m certam areas
GenetIc enhancement of yIeld and plant
type could take care of productiVity but
could not prOVide adequate levels ofresIs­
tance to shootfly However, due to re­
duced matunty duratIOn, It IS pOSSible to

Table 7 Vanetal response to applIed N In post ralRY sorghum
Ramfed (N kg ha 1) I lITIgated (N kg ha I)

HvbrId o30N 3060N o60N I 0-40N 4080N o80N
Response K2 gram I K2 N applied I ha

CSH 13 R 109 68 890

I
118 82 10 00

CSH 15 R 95 48 723 194 54 11 75
M 35 1 (loeal) 32 18 217 -
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Table 8 Varietal response to mtercrop

Plgeonpea as
Sole Intercrop YIeld loss mtercrop

Genotype sorghum sorghum msorghum Yield (t ha 1)
Gram yield t ha I

HybruJs
CSH6 2231 2025 206 555
CSH9 3044 2936 108 307
Vafletles
Swama 2187 1904 283 189
Local 2199 2081 118 386

plant these genotypes early wIth the onset
of the monsoon to avoId losses due to
shootfly and realIze theIr full potentIal It
also IS possIble to plant smgle maturIty
genotypes m a large area to mmimize
damage due to mIdge and ear head bug
Management ofmajor pests lIke shootfly,
mIdge, and ear head bug, therefore, could
be possIble by mtroducmg short duratIon
hIgh-YIeldmg cuitivars

Though early maturIty has played a
crucIal role m Integrated Pest Manage­
ment and has led to better utIlIzatIOn of
natural resources (ramfall and nutrIents),
It causes vulnerabIlIty to gram molds due
to rams at the tIme of maturIty Presently
thIS IS a major constramt on the Impact of
hIgh-YIeldmg cultivars m the ramy sea­
son In the post-ramy season, reSIstance to
seedlIng pests lIke shootfly IS absolutely
necessary GenetIc enhancement for
shootfly reSIstance and charcoal rot reSIS­
tance IS Important to demonstrate genetIc
potentIal m farmers' field

Rate ofAdoptIOn of Improved
Cultlvars (Hlgh-Yleldmg Varieties)

Impact ofGenotypes on AdoptIOn Rate

The advent of hybrId technology and
the effectIve mvolvement ofseed produc­
tIon organIzatIOns assured qualIty seed

/52

productIOn and ItS tImely supply to the
farmers The area under hIgh-YIeldmg
varIetal (HYV) programs has gradually
mcreased from 0 18 mIllIon ha m 1966­
67, to I 31 mIllIon ha m 1974-75, and to
35 mIllIon ha m 1980-81 (FIg 4) Smce
1975-76, there has been a constant m­
crease m the total area planted under
HYV, partIcularly hybrIds, whIch cov­
ered 7 I mIllIon ha (494% adoptIOn) of
the total area of 14 36 mIllIon ha planted
m 1990-9I DespIte a sIgmficant decIme
m total sorghum area from 15 8 mIllIon ha
m 1980-81 to 1I 7 mIllIon ha m 1994-95,
the area under Improved cuitivars re­
mamed the same Thus, most of the area
planted under HYV contmued WIth sor­
ghum, WhICh presently represents 60 5%
adoptIon rate

Coverage had been low untIl 1974, m
spIte of release of the sorghum hybrIds
CSH I and CSH 2 and the varIety Swama
between 1964 and 1968 The adoptIOn
rate mcreased between 1975- I982 from
122% to 26 7%, prImarIly due to the m­
troduction of two major hybrIds, CSH 5
and CSH 6, whIch were genetIcally en­
hanced m prOductIVIty as well as m mul­
tIple reSIstance to leaf dIseases and gram
mold reSIstance It took a few years for
seed to mcrease and make an Impact on
coverage under these two hybrIds
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Another sIgmficant change took place
smce the mtroductIOn of the presently
most popular hybnd CSH 9 m 1982,
whIch accelerated the rate of adoptIOn to
the present level of 7 1 milhon hd ThIs
program has been supported by the release
of a number of hIgh-Yleldmg vaneties
and, m the last few years, by the mtroduc­
tIon ofnumber ofhybnds bred by pnvate
compames

Skewed AdoptIOn Rates
m Various States

DespIte the large area of coverage and
avaIlabIhty ofwIdely adapted hybnds and
varlettes, rates of adoptIOn of hIgh-YIeld­
mg vaneties m IndIa vary from state to
state (FIg 5) A statewIde analysIs re-

vealed that coverage had been faIrly fast
mthose states where sorghum IS relatIvely
more Important and mOisture stress IS
hIgh, such as Maharashtra, Karnataka,
and TamIl Nadu Currently the hIghest
adoptIon IS m TamIl Nadu (897%), fol­
lowed by Maharashtra (719%), Madhya
Pradesh (65 2%), Andhra Pradesh
(462%), and GUJarat (412%) Coverage
m Karnataka has not grown beyond 30%
due to a sharp reductIon m ramy season
area The overall coverage mMaharashtra
was 4 3 mIlhon ha m 1992-93 Almost
100% of the 2 8 mIlhon ha ramy season
area was under hybrIds, and about 1 44
mllhon ha (46 5%) of the 3 1 milhon ha
post-ramy season area was under Im­
proved VarIetIes and the Improved local
cultivar, M 35-1
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Qualify SeedProductIOn ScenarIO

PublIc hybnds have wide support from
both the publIc and pnvate sectors (Table
9) Of 18,243 tons of certified ramy sea­
son hybnd seed, 76% IS produced by the
publIc sector and the remamder by the
pnvate sector CSH 9 has emerged as the
best-sellmg hybnd m the country, with a
75 5% share CSH 5 IS another Important
hybnd, with high levels of productIOn
(2071 mt) Among early matunng hy­
bnds, CSH 14 (1117 mt) and CSH 6 (621
mt) are Important Commercial produc­
tion ofthe first hybnd CSH 1has declmed
due to Its replacement by CSH 14 Pro­
duction of the dual-purpose hybnd CSH
13 has recently begun Among post-ramy
season seed productIOn, the emphasIs so
far has been on varieties such as CSV 8R
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(SPV 86), SwatI, CSV 14R, and M 35-1,
rather than hybnds

Demand for seed of these hybnds de­
pends on the genetic potential of the hy­
bnd, consumer acceptabilIty, and econ­
omy of seed productIOn Apparent gram
qualIty, seed Size, cookmg qualIty (cha­
patI-makmg qualIty), storabllIty, degree
of gram mold resistance, and lodgmg re­
sistance have been some of the major de­
termmants for varietal chOice oframy sea­
son cultIvars In fact, CSH 9 has most of
these favorable traits and a well-estab­
lIshed seed grower cham to patromze It
over a long penod of time

Almost a dozen pnvate seed companies
are presently operatmg m the country with



Table 9 Certified seed production of publIc hybrIds ID 1995-96 (Quantity ID tons)
By State Seed ByPnvate

Hybnd Corporattons Sector Total %
CSH 1 1645 300 1945 1 1
CSH5 15021 5697 20718 113
CSH6 6213 1836 8049 44
CSH9 105507 32276 137783 755
CSH 14 8371 2802 11173 61
SPH388 1506 700 2206 12
CSH 13 (K&R) 28 30 58
Total 138291 43641 182432 996

strong R&D, seed productIOn, and mar­
ketmg networks Because none ofthe hy­
bnds eIther bred m IndIa or Imported un­
derthe NatIonal New Seed PolIcy by these
companIes can be released at the natIonal
level, uncertIfied seed of a number of
hybnds IS marketed m sIzeable quantItIes
(approxImately 5100 t) each year under
the truthful label and grown randomly
Some mIght become establIshed m spe­
CIfic areas, too

Seed productIOn of ramy season hy­
bnds occurs m the post-ramy season, par­
tIcularly m Andhra Pradesh where mIlll­
mum wmter season temperatures are
moderate (> 16° C) Seed production m
the ramy season IS not feasIble because
gram mold mfectIOn lowers germmatlOn
rates The dependence of the northern
states on Andhra Pradesh for seed produc­
tIon makes It dIfficult for them to bnng
more area under hlgh-yteldmg varietIes
and achieve the deSIred level of Impact on
sorghum productIvIty

Impact of Genetic Improvement on
ProductiVity Enhancement

Ramy Season Productlvlty

The adoptJon rate of Improved hybnds
and varietIes has a dIrect 1lllpact on pro-

ductlVlty enhancement (FIg 6) Due to
fast adoptIon of hybnds m Maharashtra,
the Impact on sorghum prodUCtIVity IS
eVident, as mdicated by an average yIeld
of 1778 kg ha 1 achIeved durmg 1992-93
and 1542 kg ha 1 m 1994-95 from an area
of 2 5 millIon ha, compared to about 548
kg ha 1 m 1967-68 (m the era before hIgh­
yIeldmg varIetIes) ProductIVIty mcreased
by an average of281 % (WIth-a maXImum
mcrease of about 324% m 1992-93) after
the mtroductlon ofhybnds (Table 10) In
other dual-season states, the mcrease m
prodUCtIVIty per ulllt area was 233% m
Karnataka and 180% m Andhra Pradesh
between 1967-68 and 1994-95

Other states pnmarlly growmg ramy
season sorghum alone, such as Madhya
Pradesh, GUjarat, and Rajasthan WIth
632%,41 3%, and 1 8% of the total sor­
ghum area under Improved cultivars,
achieved an average productiVity of 1093,
708, and 531 kg ha 1, respectIvely The
rate ofmcrease durmg thIS tIme was 134%
m Madhya Pradesh, 308% m Gu]arat, and
171% m Rajasthan The average yIeld m
Uttar Pradesh mcreased by 176%, from
525 kg ha 1 m 1967 to 925 kg ha 1 m
1994-95 There was a sIgmficant mcrease
m yield m these states, too, but the rela­
tIvely low yIeld IS due to the large compo­
nent of forage sorghum m these states
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Table 10 Change In productIvIty scenarIO In post HYV era and In best year 1992-93
Average gram yIeld (t ha 1)

TE* 1967
Best year

Sorghum TE 1994 95 % change 199394 % change Area(Mha)
growmg states (A) (B) (B/A) (C) (CIA) TE 199495

Ramy season sorghum (Khanf) (K)
Maharashtra 548 1542 2814 1778 3244 253
Karnataka 531 1236 2328 1 188 2237 056
Andhra Pradesh 460 830 18043 820 1783 045
Madhya Pradesh 693 929 13405 1093 1577 13
Uttar Pradesh 525 920 17523 929 1762 048
Tamil Nadu 747 970 12985 1004 1344 044
GUJarat 215 635 29534 662 3079 029
Rajasthan 310 400 12903 531 1713 07
Total 498 1097 2203 1230 2469 686
Post ramy sorghum (Rabl) (R)
Maharashtra 480 564 1175 541 1127 329
Karnataka 583 679 1165 679 1165 161
Andhra Pradesh 588 821 13962 905 1539 054
Total 483 637 1319 632 1308 567
All IndIa (K + R) 492 891 181 982 1995 1258
'lE = TnenntuIU Endmg
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Post-Ramy Season ProductiVIty

The post-ramy season crop IS pnmanly
grown III a contiguous belt III Ma­
harashtra, Karnataka, and Andhra
Pradesh over an area of 5 6 mllhon ha
under recedmg mOlsture condltlOns The
adoptIon rate m thIS season IS hmlted to
Improved varIeties and Improved locals,
whIch have relatIvely low yIeld potentIal
but hIgh survIval value under bIOtiC and
abIotIc stresses ProductivIty enhance­
ment IS hmlted to 117 5%, 116 5%, and
139 6%, respectively, m these three states
m the post-HYV era Lack of appropnate
hybnds for dIfficult agro-ecologlcal Sltu­
atlOns, such as severe drought, variable
depth of sOli, and bIOtIC stresses, are pn­
marlly responsIble for low Impact m thIS
season

The progress m sorghum productivIty
m the last 25 years IS presented m FIg 7
There has been a 201% mcrease m khanf
prodUCtiVIty, a 146% mcrease m rabl pro­
dUCtiVIty, and a 177% mcrease overall
from 1968-70 to 1992-94

Constramts on Impact

Low Competitiveness of
Ramy Season Sorghum

Sorghum IS predommantly consumed
as a food m IndIa The most convmcmg
Impact on productIVIty has been seen WIth
ramy season sorghum, but ItS preference
as a food m both rural and urban areas IS
dechnlllg (Radha Knshna and Ravl,
1990), pnmartly due to a nse m mcome,
a comfortable supply of preferred cereals
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Change 201% 146% 177%

Figure 7 Progress m sorghum productiVity In 25 years
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(nce and wheat) m the open market, and
theIr assured supply at subsidized pnces
through a pubhc dIstrIbutIOn system to
traditIonal sorghum eaters Per capita con­
sumptIOn of sorghum m rural areas fell
from 1 64 kg/month In 1972-77 to 0 93 kg
m 1990-91 (NSSO - NatIOnal Sample Sur­
vey OrgamzatlOn 1972-73 to 1990-91)
(Fig 8) The consumptIOn of sorghum m
urban areas was almost half(46 %) that In
rural areas and thiS also has proportIOn­
ately dec1med to 0 40 kg/month/person m
recent years The total cereal consumptIOn
fell to 57 7% m rural areas and 51 9% In
urban areas between 1972-74 and 1990­
91 ThiS declIne has been reflected m food
sorghum demand In IndIa (although, to a
certam extent, Increase In population has
buffered total consumptton)

A micro level mvestIgatlOn ofsorghum
competItIveness III IndIa revealed low net
returns from sorghum (Dayakar et aI,
1996) Returns from the post-ramy season
are highest for Improved ramy season cul­
ttvars, followed by local culttvars (Table
11) RelatIve to sorghum, the net returns
from competmg crops grown m the same
sorghum agro-ecology (rather than In the
arId areas of pearl mIllet ecology) are
several tImes hIgher Thus sorghum IS
bemg replaced by soybean, sunflower,
groundnut, cotton, and other hIgh value
crops In hIgh productiVity zones such as
Akola (Maharashtra), per hectare profit­
abIlIty (m INR) recorded at research sta­
tIons for plgeonpea (7653), cotton (4225),
or sunflower (3311) IS much hIgher than
for Improved sorghum culttvars (2271)
Soybean IS more profitable to farmers and
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Figure 8 Per capita consumption of sorghum
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IS replacmg sorghum m thIS zone and
Madhya Pradesh, lImItmg sorghum cultI­
vatIon to margmal areas, WIth negatIve
Impact on productIVIty HIgh value ramy
season crops such as sunflower and cotton
compete wIth post-ramy sorghum m the
Bljapur area of Karnataka, as deep vertI­
sols kept fallow for sorghum are dIverted
to these crops

The weakemng competItIveness ofsor­
ghum IS due also to unfavorable govern­
ment polICIes, such as mlmmum support
prices (MSP) and nonprocurement ofsor­
ghum gram when the market price falls
below the MSP (Table 12) The produc­
tIVIty of ramy season sorghum, even un­
der low mput management, IS deCIdedly
hIgher than productIVIty of competmg
dryland crops grown under better man­
agement However, hIgher market prices,
2 27-3 17 tImes hIgher MSPs for compet-

Table 11 Average net returns from sorghum
and competmg crops

Dlstncts
Crop Anantapur Akola Bljapur

Net returns (Rs/ha)
Sorghum (Local) 598 3556
Sorghum (HYV) 988 2271
Ctloundnut 3427
Sunflower 5602 3311 5676
Plgeonpea 3954 7653
Cotton 4225 10603
Chilhes 2965

Source NRCS ICRISAT Sorghum Ut,hzallon Survey 1994 95

mg food crops (Mmlstry of AgrIculture,
1993) such as soybean, sunflower,
groundnut and greengram, and a 4 5 tImes
hIgher MSP for cotton, leave sorghum
growers to opt for the cultIvatIOn ofthese
hIgh return crops As real market prices of
ramy season sorghum fall below the MSP
at Rs 240 per 100 kg (Mlmstry ofAgrIcul­
ture, 1993) and prices ofcompetmg crops
are hIgher than theIr MSPs, the real return
from competmg crops has been much
hIgher than from sorghum

Kelly et al (1994) reported weakenmg
competItIveness of sorghum m the states
of Madhya Pradesh, Andhra Pradesh,
Karnataka, and Gu]arat due to expanSIOn
of lITIgatIOn favormg lITIgated crops such
as sugarcane and cotton Low producer
prices for sorghum relatIve to Ollseeds and
legumes result m price movements work­
mg m favor of those competItIve crops
and laggmg productIve growth Sor­
ghum's abIlIty to compete effiCIently WIth
other crops m the future WIll depend on
productIVIty growth It may be feaSIble to
Improve the competItIveness of sorghum
by closmg yIeld gaps, raIsmg yIeld poten­
tIal, and reducmg the per umt cost of
sorghum productIOn It IS pOSSIble that
productIOn mcreases m ramy season crops
whose food demand IS declInmg may re­
sult m price falls, encouragmg sorghum
substItutIon for maIze m vanous mdus-

Table 12

Crops
Sorghum
Soybean
Sunflower
Groundnut
Cotton
Greengram
Sugarcane

Competmg crops m ramy season
Average ~Ield Cost of productIOn

(t ha ) (Rs/IOO kg)
1097 341

918 592
611 693

1042 759
262 832
855 676

7l 099 26

Mmunum support
pnce (Rs/IOOkg)

300
680
950
900

1350
800
43

Expected return
(Rs/ha)
3741
6242
5804
9378
3510
6840

30215
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tries such as for starch, poultry and darry
feed, and brewenes

Yield Gap AnalysIs

Yzeld at Research StatIOns (RS)
Vs Dzstrzct Level

83% and 758%, respectively, m these
districts, due to both varietal components
as well as management factors

Yzeld at Research StatIOns (RS) Vs On­
Farm Front Lme DemonstratIOns (FLD)

There are slgmficant dIfferences be­
tween potentIal yIeld and yIeld that can be
reahzed m farmers' fields (Table 13)
Presently the yield gap ranges from 51 to
79% m different states In Maharashtra,
the average gram yield was 1680-5142 kg
ha 1at research statIOns and 1103-2053 kg
ha 1 m the districts, resultmg m a yield gap
that vaned from 34 3 to 64 6% ThiS dif­
ference can be attributed to low fertIhzer
and less than optimum plant protectIOn
and plant populatIOn management In
Karnataka, gram yield ofCSH 5 was 3002
kg ha 1 at research statIOns and 1340 kg
ha I at the distrICt level, leavmg a gap of
55 4% In Andhra Pradesh, locals are pre­
dommantly grown m the Mahaboobnagar
district and both Improved and locals are
grown m Adllabad The yield gap was

The gap between the vanetal yield
achieved at research statIons and m front
hne demonstratIOns on farmers' fields m
well-planned expenments With recom­
mended doses of fertIhzer and plant pro­
tectIOn was 31-44% (Table 14) In Ma­
harashtra, the average gram yield of the
dual-purpose vanety CSV 15 was 336­
4 06 t ha I at 14 Research StatIOns, com­
pared to yields of2 1-29 t ha 1 m 47 FLD
resultmg m a gap of 16 7-37 5%, which
was less than that observed for hybnd
CSH 9 The centrally released variety
CSV 15 also exhibited better gram and
fodder yield potential on farmers' fields
m Karnataka, compared to the state re­
lease DSV 2 The gaps were 30 9-42 3%
for gram yield and much higher (44 4­
64 8%) for fodder yield

Table 13 Yield gap analySIS (CSH 9 at research statIOn vs average yield of distrIct)
Research StatIOn (RS) Dlslnct yIeld Gap (%)

Research (Yleldtha I)" (t ha "I) (A B)/A
StatlOnlDlstnct 1992 1993 Mean (A) 1992 1993 Mean (B) x 100
Maharashtra (HybrId - CSH 9)

1404 1644 646Parbhanl 5593 3716 4654 1884
Akola 4356 3753 4054 2104 1707 1905 425
Buldana 5185 3333 4259 2598 1509 2053 517
Nagpur 1760 1600 1680 1 101 1 105 1103 343
Rabun 3580 3802 3691 1947 1492 1719 534
Jalgaon 5333 4851 5142 2190 1886 2038 603
Mean 4301 3509 3913 1971 1517 1744 554
Karnataka (CSH 51D RS vs CSH 5 and other hybrIds IDldlstnct)
Dharwad (4) f 3002 3002 1340 1340 554
Andhra Pradesh (CSH 9 III RS Vs Locals III dIstrIct)

826Palem 3895 3093 3494 627 590 608
(Mababoobnagar)

1262 758AdJlabad 6025 4412 5218 1207 1317
Mean 4950 3752 4356 917 953 935 792
Grand Mean 4466 3507 3910 1707 1322 1519 612
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In comparIsons of CSV 15 and local
cuItlvars m front hne demonstratiOns at
Palem (AP), the yield of Improved varIe­
ties was 200% greater than that of local
cuItlvars Thus, genetic Improvements
made m recent years can help double the
yield Ifthe locals are completely replaced
m thiS state In the post-ramy season, sor­
ghum IS grown m recedmg mOisture, and
expressiOn of genotypes happens to be
sub-normal The experImental yield ofthe
hybrId CSH 13R IS about 3 t ha 1, com­
pared to 2 t ha 1 yield ofthe local cuItlvar,
M 35- I Although both experIenced a slg­
mficant dechne m yield m 29 on-farm
trIals, the yield of the hybrId (I451 kg
ha 1) was stilI 25 3% higher than that of
the local In another set of on-farm trIals,
the yields of the recently released varIety
CSV 14R and M 35-1 were 1 2 t ha 1 and
lOt ha 1, respectively, agamst the na­
tIOnal average of 639 kg ha 1

Influence ofLow Competitiveness
on the Area and ProductIOn

After the green revolutlOn m major ce­
reals m the early 1960s, the sorghum
growmg area has contmuously decreased

Even sorghum's own green revolutlOn
due to a quantum Jump m the productivity
of the ramy season crop could not help
sustam a large growmg area In the 1960s
sorghum was grown on over 18 26 mtlhon
ha (II 35 mllhon ha m the ramy season
and 6 91 mtlhon ha m the post-ramy sea­
son), with a total production of9 343 mtl­
hon tons at an average productivity of 51
t ha 1 Durmg that perIod the total produc­
tIOn dUrIng the ramy season and post­
ramy season was 6 0 and 3 4 mllhon tons,
respectively, with an average productivity
of 529 t ha 1 and 48 t ha 1 Sorghum was
grown on a total ofabout SIX mllhon ha m
Maharashtra alone This state has shown
a rapid rate of adoptIOn of hlgh-Yleldmg
varieties smce 1975-76, achlevmg 72%
adoptIOn m recent years Despite the per­
ceptible changes m productivity of the
monsoon season crop, there has been a
gradual decrease m the sorghum growmg
area due to low competitiveness of sor­
ghum compared to Oilseed and legumes

An area of 16 14 mtlhon ha m 1974-75
was reduced by 22% m two decades m
India (Table 15) Most of the reductIOn
(3 39 mllhon ha) occurred m the ramy

Table 14 YIeld gap analysIs In dual purpose varIety CSV 15 In Front LIne DemonstratIOns (FLD)
In raIny season

Zone Gram yIeld (t ha I) Fodder yIeld (t ha 1)
(RS FLDNo) Culttvar RS FLD Gap % RS FLD Gap %
Rabun (5 20) CSV IS 406 26 359 11 36 60 472

CSH9 (C) 416 23 562 937 57 392
Akola(530) CSV 15 336 21 375 IS 30 65 575

CSH9 (C) 357 20 440 1270 58 543
Parbham (4 20) CSV 15 348 29 167 11 14 75 327
Dharwad (2 18) CSV 15 463 32 309 1440 80 444

SPV 462 451 26 423 1280 45 648
Indore (3-24) CSV 15 280 27 34 1460 100 31 5

Local 23 85
Palem (1 24) CSV 15 306 20 346 135

Local 10
( ) No Of Research StatIOn (RS) and Front Lme Demonstrations (FLD) respectively m parenthesIs
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,
Area ProductIOn YIeld % changes ofTE

Season (Mha) (M!) (tha I) 199495 over TE 1974 75
TE TE TE TE TE TE

1974 75 199495 1974 75 199495 1974 75 199495 Area ProductIOn YIeld
Khanf 10 25 686 611 75\ 598 1093 3307 2290 8282
Rabl 589 572 272 363 454 639 350 3377 4068
Total 16\4 \258 883 11 14 545 889 2206 2079 6296

Table 15 Changes over two decades ID sorghum area productIOn and yield

TE = Tnenmum Endmg

season crop, mdicatmg a -33% change
The post-ramy season crop area has re­
mamed at around 5 89 mIllIon ha, wIth a
mmor fluctuatIOn of -3 5% In t>pIte of
these reductIOns, the total productIOn of
8 83 mIllIon tons mcreased by 20 79% m
the same tIme penod The productIOn m
1994-95 of 11 14 mtlhon tons can be at­
tnbuted to an 82 82% mcrease m produc­
tiVIty m the ramy season crop and a
40 68% mcrease m the post-ramy season
crop

The reductIOn of area IS neglIgIble m
Maharashtra, a core sorghum growmg
state However, m other states there has
been a sharp dechne m ramy season area
from -14 31 % to -66 5% A senous de­
elme occurred m those states where sor­
ghum IS also grown for forage In the case
of Kamataka, a -430% reductIOn m area
of the ramy season crop corresponded
wIth an mcrease of 5353% m the post­
ramy season crop area In the case of
Maharashtra, where mOIsture stress IS
more prevalent m the ramy season, and m
both Maharashtra and Karnataka, sor­
ghum contmues to be better adapted mthe
post-ramy season than other hIgh value
crops

Compound Growth Rates (CGR) per
annum (%) are given m Table 16 In the
pre-HYV era endmg 1964-65, both area
and yIeld mcreased at rates of 1 0 and
1 49% per annum, respectIvely As some

Table 16 All India compound growth rate of
sorghum % per annum (1981-82 =
100)

Penod Area Production Yield
194950 1964 65 099 251 \ 49
196768 198081 1 [5 204 322
\980 8\ \99495 230 044 1 90
1967 68 1994 95 1 17 0 79 1 98
1949 50 199495 054 101 I 56

Source Agncultural statistIcs at a glance

more promIsmg hybnds lIke CSH 5 and
CSH 6 were mtroduced on a large scale
after the mId-seventIes, there was a quan­
tItatIve Jump m productIVity at 3 22%
CGR per annum ThiS commendable rate
was achIeved m dryland areas due to ge­
netIc Improvement In spite of the sharp
declIne (2 3% CGR) between 1980-81 to
1994-95, the overall productlVlty gam has
been 1 90% per annum The extra gam m
productiVIty was reahzed after the mtro­
ductlOn ofCSH 9 m 1982-83 Most ofthe
coverage at present has been under thiS
hybnd On a long-term baSIS, over 45
years there has been a contmuous mcrease
m productiVity at the rate of 1 56% per
annum, mitIally due to genetIc enhance­
ment withm tropical matenal and m re­
cent years due to the large scale mtroduc­
tlOn ofhIgh-yIeldmg hybnds

Future Needs to Improve and
Enhance the Impact on Crop
ProductiVity

SWOT analySIS (study of Strength,
Weakness, Opportumty and Threat) has
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ascertamed the future course of action to
mcrease sorghum productivIty and profit­
abIlIty under dryland cultIvatIOn The
strength (S) of sorghum cultIvatIOn m In­
dIa (besIdes ItS utIlIty as a forage crop) has
been Illustrated above m terms of genetic
enhancement of productIVIty, mcreased
adoption rates, and change m the attItude
of the farmers to adopt commercIal hy­
brIds and better mput management In the
post ramy season, greater utilIty of sor­
ghum gram and fodder, low cost of cultI­
vatIOn oflocal cultlvars due to theIr hIgher
survIval value under drought and bIOtiC
stresses, and hIgh market rate are keepmg
sorghum more competItive than other
crops Because sorghum IS a more assured
crop under recedmg mOIsture condItIons
(wIthout ram or supplementary lITIga­
tIOn), other crops could not replace It

The major weaknesses (W) ofsorghum
cultivatIon m IndIa are low produCtIVIty
of post-ramy season sorghum due to lack
of approprIate hybrIds, low competitIve­
ness and profitabIlIty of ramy season sor­
ghum due to gram mold susceptibIlIty and
slackenmg market demand, low stover
qualIty to sustam anImal health, lack of
absolute reSIstance m germplasm to major
bIOtic and abIOtIC stresses, mabIlIty to
make major mvestments m baSIC research,
mcludmg the applIcatIon of bIotechnol­
ogy, and a market scenarIO unfavorable to
the cultIvatIon of kharlf sorghum

Though sorghum IS becommg less
competitIve and less remunerative to the
farmer, partIcularly m assured ramfall and
deep soIl areas, the answer lIes m achlev­
mg another quantum Jump m mOIsture­
scarce areas Opportumtles (0) to en­
hance the productIVIty m selected areas
mclude

I Improvmg post-ramy season sor­
ghum productIOn m dry and lITIgated ar­
eas utilIzmg currently avaIlable technol­
ogy

2 Breakmg the yIeld plateaus through
heterosIS breedmg and stabIlIzmg yIelds
m the post-ramy season through genetIc
enhancement to mcorporate cross reSIS­
tance to shootfly, charcoal rot, drought
and cold

3 Improvmg the profitabIlIty of ramy
season sorghum through evolvmg hlgh­
yleldmg hybrIds reSIstant to gram molds,
value addItIOn (through genetIc means
and post-harvest processmg) to promote
alternate uses, development of dwarf
short-duratIOn hybrIds to mtercrop WIth
low-canopy crops whIch have replaced
sorghum m the past, WIth partIcular em­
phaSIS on export and alternate domestIC
uses

4 WIdenmg the explOItatIOn ofgenetIc
dIverSIty m hybrId breedmg by convertmg
reSIstant genotypes mto CMS lInes usmg
alternate cytoplasms, mcorporatIOn ofre­
storer genes m Improved combmers, and
creatIOn of heterotIC gene pools

5 Applymg bIOtechnology to mcorpo­
rate reSIstance to bIOtIc and abIOtIc
stresses where conventIonal methods
could not make much Impact and
germplasm lacks absolute reSIstance

6 Employmg Integrated Pest Manage­
ment strategIes WIth an mcreased HPR
component and envlfonmental protection

7 Crop modelIng and optlmlzmg com­
ponents of production to sustam hIgher
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yIelds m mter- and sequence-croppmg
systems

8 GenetIcally Improvmg chapatI-mak­
mg qualIty and gram storage to bnng
khanf sorghum under a publIc dIstnbu­
tIOn system for Improvmg food demand

The major threats (T) to sorghum cul­
tIvatIOn have been Its susceptIbIlIty to
gram molds m the ramy season, whIch
reduces Its preference for food and results
m a non-remuneratIve market pnce, rapId
declIne m the ramy season sorghum area,
mcrease m crop losses due to bIOtIC
stresses m both seasons, and aggressIve
R&D of multI-natIOnal compames m the
area ofgenetIC engmeermg, restnctmg the
opportumties of the natIOnal program m
future IPR regImes

Molecular marker-aIded selectIOn, be­
sIdes conventIOnal approaches, can help
Improve bIOmass productIvIty and harvest
mdex under mOIsture stress, reSIstance to
bIotIC and abIotIc stresses, restoratIon of
fertIlIty m cold weather, and gram qualIty
traIts promotmg alternate uses (maltmg
qualIty, carotene content, protem quan­
tIty, quahty and dIgestIbIlIty, starch qual­
Ity) and sugar content m stalkJUIce Crea­
tIOn and explOItatIOn of heterotIc gene
pools on the pattern ofcorn wIll be useful
for evolvmg hybnds WIth hIgher potentIal
m the future Increased water and nutnent
use effiCIenCIes may promote response to
applIed fertIhzer under mOIsture stress
SItuatIOns and mcrease prodUCtIVIty and
stabIhty m the post-ramy season

Breedmg post-ramy season sorghum
WIth cross reSIstance to bIOtIC and abIOtIC
stresses wIll remam a challengmgJob and
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WIll reqUIre more resources and more m­
novatIve and concerted sCIentIfic efforts
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Ergot Awareness

Coordmators - G N Odvody and R A Fredenksen
Texas A&M Umverslty

An Ergot Awareness SeSSiOn was held
m aSSocIatIon WIth the InternatIOnal Con­
feence on GenetIc Improvement of Sor­
ghum and Pearl MIllet to provIde sor­
ghum workers wIth the most recent mfor­
matIon about the bIOlogy, dIsease
management, and geographIcal dIstnbu­
tlon of sorghum ergot (Bandyopadhyay et
al , 1996) The epIdemIc ofsorghum ergot
(sugary dIsease) caused by Clavlceps af­
rzcana (FrederIckson et al , 1991) m Bra­
zIl m 1995 (FerreIra and Casela, 1995 and
Rels et ai, 1996) was the first report of
any ergot speCIes on sorghum m the West­
ern hemIsphere The rapId spread ofergot
to other countrIes m South AmerIca and
ItS observatIOn m the Queensland regIOn
ofAustralIa m 1996 demonstrated that C
afrlcana had rapIdly become a global
threat to sorghum productIon The hIgh
mCIdence of ergot m susceptIble male­
sterIle sorghums m hybrId seed produc­
tIOn fields m BrazIl and probably BolIVIa
m 1995 and 1996 raIsed mdustry concern
about seed movement from ergot-affected
countrIes RapId spread to neIghbormg
countrIes further compounded concerns
for the potentIal mtroductIOn ofergot mto
other regIOns mcludmg the Umted States
Ergot could cause devastatmg losses to
the commercIal hybrId seed productIon
mdustry m the U S If spread or mtroduc­
tIon occurs pnor to development of ade­
quate dIsease management practIces

Global authOrItIes N McLaren (GCRl,
South AfrIca) and R Bandyopadhyay
(lCRlSAT,Indla) prOVIded a summary of
the bIology, epIdemIOlogy, and economIC
Impact of sorghum ergots The current
status of the global threat of ergot was
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addressed m regIOnal reports from several
sCIentIsts representmg BrazIl (R Schaf­
fert, EMBRAPAlCNPMS), AustralIa (R
Henzel, DPI) and ArgentIna (L
GlOrda,INTA A summary was presented
ofthe successful use oftrlazole fungiCIdes
to control ergot on male-sterIles m EM­
BRAPAlCNPMS field expenments (Fer­
reIra et a1, 1996) and m commercIal hy­
bnd sorghum productIOn fields m BrazIl
m 1995-96

Quarantme and other ergot contam­
ment Issues were addressed by USDA­
APHIS (J StlbICk) and the ergot concerns
of the seed mdustry were presented by
PIoneer Hybnd Seed Company (K Por­
ter)

The meetmg concluded WIth an open
dISCUSSIon of ergot Issues and needs for
future research mItIatlves and actIVIties
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DIscussion

SeSSIOn III - YIeld and AdaptatIOn Breedmg
SessIOn ChaIT Wayne Hanna

Rapporteurs - Ouendeba Botorou and James Osborne

J N Mushonga - Its noted that pearl
mIllet productIOn m IndIa and southern
AfrIca IS declInmg and yet you talk of
more Improved populatIons bemg devel­
oped What IS the cause for thIS produc­
tIOn reductIOn? What strategy do you pro­
pose to stop thIS?

K N Ral- FIrst ofall, I dId not say that
productIon IS gomg down m IndIa, It IS
area that IS gomg down In fact, wIth m­
crease m productivIty, the productIon m
IndIa IS gomg up In IndIa, the declIne m
pearl mIllet area IS due to favorable land,
prevIOusly under pearl mIllet cultivatIOn,
bemg dIverted to other more profitable
crops There IS no way thIS can be stopped,
nor IS there a need for It so long as thIS
strategy gIves overall benefit to the farm­
ers Breedmg more productive cultlVars of
pearl mIllet, however, may reduce the rate
of declIne m the pearl mIllet area The
same thmg may apply to pearl mIllet areas
m southern AfrIca as well I do not thmk
that the productIOn m southern Afnca IS
declImng

S C Gupta - Area under pearl millet IS
declInmg m India because of the avaIl­
abIlIty and mcrease of resources such as
IrrIgatIOn and fertIlIzer WIth Improved
resources, farmers have other crops to
grow which are more profitable than pearl
mIllet

S K Bhatnagar - Drought plays an
Important role for unstable pearl mIllet

gram yIeld m stress envIronments m the
northwestern regIOn of IndIa Whereas
drought has been assIgned pnonty "low"
pnonty m future breedmg programs, what
IS the futUrIstic look m breedmg for
drought tolerance?

K N Ral - As I mentIOned m my pres­
entatIOn, termmal drought IS bemg ad­
dressed by breedmg for hIgher yIeld po­
tential and earlIness However, there IS
another type of drought whIch occurs m­
termittently durmg plant growth and de­
velopment There IS no effectIve screen­
mg techmque developed and no reSIS­
tance/tolerance IdentIfied to address thIS
type ofdrought Thus, the only course left
IS to conduct and evaluate breedmg nurs­
enes and tnals m the drought-prone enVI­
ronments and select for what performs
best

Lee House - Concern was expressed
that the expenence m IndIa ofestablIshmg
a seed mdustry may be dIfficult to repeat
m AfrIca It IS my feelmg that the prob­
lems thus far expenenced m AfrIca do not
so much relate to capabIlIty as to orgam­
zatIOn, Ie, suffiCIently hIgh yIeldmg cul­
tlvars compared to locals have not been
avaIlable It IS Important to begm WIth
hybnds whIch also have generally not
been avaIlable Development actIvIties
related to seed productIOn and marketmg
have not been part of research programs
to develop hIgh yIeldmg management re­
sponsIve cuitivars, and the roll of publIc
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and pnvate sector activIty has not been
clearly defined, much less Implemented
The effort to provIde qualIty seed to farm­
ers m adequate quantIty on a tImely basIs
needs much more consIderatIon than It has
receIved

Osman 0 EI Nagouly - Hybnds had
better response to enVIronments than
lInes On the other hand you mentIOned
that hybnds out yIelded hnes under stress
enVIronments Would you please gIve me
an explanatIon for that?

Lee House - ObservatIOn that the per­
centage dIfference between the yIeld of a
hybnd versus a varIety IS hIgher under
stress than m the absence of stress IS a
frequent observatIOn but there are excep­
tions I am not aware that the reason for
thIS IS known, It may relate to heterosIs, to
a greater genetIc plastICIty because of m­
creased heterozygosIty and studIes at
Texas A&M IndIcate that hybnds better
wIthstand pre-flowerIng stress than varIe­
tIes but are not supenor m response to
post-flowermg stress Hybnds extract SOlI
nutrIents at a faster rate than varIeties
whIch support growth but may place the
hybrId In greater problem Ifthere IS stress
at the end of the season

Brhane GebrekIdan - It has been em­
phasIzed m the presentatIOns that the suc­
cess m sorghum and mIllet productIOn
advances m IndIa have been maInly due
to research on breedmg and the effectIve­
ness of the seed Industry What are the
other factors that have contrIbuted to the
success m IndIa? What are the lessons for
AfrIca?

Babatunde ObIlana - We can gIve
answer to the questIOn on why It seems It
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IS only research and seed companIes that
achIeved the Impact bemg talked about?
There are a lot ofbehmd the scenes activI­
ties and other technology exchange activI­
tIeS that go to Impact achIevement It m­
volves on-farm testing and verIficatIOn of
farmer acceptance mvolvmg all collabo­
rators and partners I lIsted m my paper It
IS multIdIscIplmary, multIsectonal and m­
volves farmer pressure to change dIfficult
pOlICIes enablIng envIronment IS Impor­
tant too

B S Rana - Hybnd confers advantage
over varIetIes m terms ofproduCtIvIty and
stabIlIty In IndIa it was earlIer conceived
that varietal adoptIOn wIll be faster due to
ItS selfpropagatmg nature and poor farm­
ers may save theIr own seed But once
farmers were convmced about hybrIds,
they adapted It m spite of hIgher cost No
one can afford such a tIme lag by stIckmg
to vanetal program Thus, hybnd program
is a must for all developmg countnes for
theIr prospenty and government polICIes
can be amended accordmgly

Don Vietor - Please descnbe the clI­
matIc condItions m Central AmerIca, 1 e ,
raInfall dIstrIbutIon, photopenod, and
temperature, that motivate producers and
breeders to select for and maIntaIn pho­
toperIod senSItivIty m sorghum, rather
than photopenod msensItlVlty

FranCISco Gomez - ClImatIC condI­
tions where photosenSItIve sorghums are
grown m Central AmerIca are very dIS­
tmctIve FIrst, ramfall pattern IS bI-modal
, May - November The first (May-July)
part of the ramy season IS used for sor­
ghums to grow vegetatIvely, whIle m the
second (August-November) they grow re­
productIvely ThIS allows the gram to ma-



ture at the end of the season when mOlS­
ture IS very low, aVOldmg gram molds,
bud damage and mIdge

Abdelmonelm B El Ahmadi - I
would lIke to add, one enVIronment where
photopenod sensItive sorghums are
grown IS along the nver bank m the north­
ern parts of Sudan after flood receSSIon
Plantmg IS usually m October and harvest
m early February

A Blnm - Durmg the penod of SCIen­
tific agnculture, only very few major
genes brought about a revolutIon m yIeld
of cereals These are heIght and photope­
nod senSItIvIty genes Both affected har­
vest mdex Reduced heIght and reduced
photopenod senSItivIty mcreased harvest
mdex and gram yIeld of the cereals, to a
lImIt Photopenod sensItlVlty IS usually
used to fit crop growth duratIon to a clI­
matIC SItuation WIth a chmatic or abIotic
lImitatlOn so photopenod senSItIvIty may
be the best optiOn for maximIzmg yIeld m
these condItions ThIS, however, mvolves
a certam reductiOn m harvest mdex and
potentIal yIeld

FranCISco Gomez - Yes, but photope­
nod senSItivIty add sIgmficant advantage
to certam sorghums m speCIfic enVIron­
ments PhotosensItivIty IS an adaptive
strategy to overcome gram mold, bIrd
damage and mIdge problems

R G Henzell - Is there any reason why
all sorghums should not be tan plant col­
ored?

F R Miller - I do not know of reasons
to not expect rapId change to tan plant
color Reluctance to change IS the only

thmg holdmg back a very pOSItive adap­
tive change Tan plant color supports su­
penor yIeld because of better heat-bal­
ance/photosynthesIs Tan plant color ap­
pears to convey fohar dIsease reSIstance
Improvement Tan plant color IS our only
hope to sIgmficant mternatlOnal food re­
source markets Via exports Tan plant
color Improves the cosmetic appearance
of leaves, glumes, bran, and gram Tan
plant color WIth whIte gram maximIzes
hght or temperature load from a pure
physlOlo-chemical pomt of VIew In ten
years or less, I expect 90+% ofAmencan
sorghum hybnds to be tan plant color
There are two genes - P_Q_ which con­
dItiOn color ppQQ IS good but l2P9iLIS
best'

Belum V S Reddy - LImIted studIes
on tan and nontan plant color Isogemc
lInes showed that nontan plant Isogemc
lInes yIelded hIgher than tan plant color
Isogemc under post ramy season whtle the
advantage of nontan plant color was not
observed m the ramy season when tem­
perature regImes are hIgher dunng gram
development than m the post-ramy sea­
son

Secondly, m post-ramy season, many
segregates from the varIetal Improvement
program WIth nontan plant color had
hIgher productiVIty than the tan-plant
color varIeties m post ramy season Of
course, the hybnd Improvement WIth tan
plant color for post ramy season IS a dIf­
ferent case because the productIVIty on
hybnds IS based on gene action dIfference
from varIetIes Therefore, we need to
study m more detatl the advantage/dIsad­
vantage of the plant color m relatiOn to
dIfferent adaptatiOns
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B S Rana - The tan plant pIgment, an
mnovatiOn of the All IndIa Sorghum Im­
provement Programme, confers advan­
tage for resIstance to gram molds and leaf
dIseases m ramy season ThIS IS the reason
why one gets cleaner gram than those
harvested from non-tan types m ramy sea­
son whIch are otherwIse susceptible to
above dIseases Smce post ramy season
crop IS grown under recedmg mOIsture
(WIthout IrngatiOn and no-ram SItuatIOn)
gram molds and leaf diseases are not a
problem, and tan plant has no advantage
There is an example where hybnd
CSH13R, a tan plant-type, yIelds I 5
times more than popular non-tan varIety
10 post ramy season

Darrell Rosenow - Can you speculate
on the hentabihty ofadaptatiOn m photop­
enod msensltIve sorghums such as m the
great difference among photo-msensitive
sorghums 10 theu adaptatwn under
shorter day-more tropical envIronments?

Fred Miller - Perhaps the baSIC rea­
sons for the major dIfferences among
"tropIcally" and "temperately" adapted
sorghums are not fully known It IS known
that there are baSIC dIfferences m base
metabohc temperatures - thIS impacts
respiratiOn and finally growth and devel­
opment Temperately adapted types
grown m tropical envIronments are physl-
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ologlcally pushed by temperature condI­
tIoned reactiOns toward reproductiOn Se­
nescence begms early and loss of plant
health causes lodgmg, etc Hentabihty of
supenor performance m more tropIcal en­
Vironments by photopenod msensitIve
types is suffiCiently high to faclhtate easy
breedmg success

Edgar Haro - In wheat, there is a black
box between 12-14 hours ofday length m
determmmg day length senSitIve from m­
senSItive types Sometimes a plant claSSi­
fied as photopenod senSitIve when grown
at 12-14 hours of day length behaves as
msensitIve, the same response may be
observed With msensltlve types Is there a
good defimtiOn ofthe range 10 day length
for sensltlve and msensltlve types?

Fred Miller - Please - BTx3197 is very
photopenod msensitlve and serves as a
base hne for further evaluatIOns (12-15
hours day length IS the regime of con­
cern) Expenence has shown that few sor­
ghums are absolutely msensltIve Once
Mai IS changed to ~l, the bulk of the
photopenod response IS removed, then
temperature responses become eVident I
suggest a hterature CitatiOn - 1968, Crop
SCience, Miller, Barnes, and Cruzado ­
whIch shows how we screened and clas­
SIfied photopenod response
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Breedmg Hybrid Parents

D J Andrews*,G EJeta, M GIlbert, P Goswanll,
K Anand Kumar, A B Maunder, K Porter, K N Rat,

J F RaJewskI, V S Belum Reddy, W StegmeIer, and B S Talukdar

Abstract

In both gram sorghum andpearl mIllet, smgle cross hybnds are made wIth cytoplas­
mlc-genzc male sterzle (CMS) seedparents andpollenparents that restore malefertllzty
In pearl mIllet, hybnds also can be made wIth an mbred (or F l) seedparent pollmated
by a varIety These hybndsprobably are the best typefor AfrIcan condItIOnsfor reasons
ofdIsease resIstance, adaptatIOn and ease ofproductIOn Such hybnds can be made
wIth or wIthout CMS

Improved levels ofcombmmg abllztyfor yIeld, together wIth desIred gram qualztles
phenotype, andWIde adaptatIOn are the keys to breedmg hybrIdparents Early genera­
tIOn testmg to select for comblnzng abllzty IS necessary but a certam level ofper se
elzteness together wIth a good B or R reactIOn m the CMS system mustfirst be obtamed
before testmg can begm The concept ofheterotIC groups IS useful m breedmg hybrId
parents, even if the classz.ficatzon IS mostly by stenle (mdlcatmg B or mamtamer) or
fertlle (R or restorer) reactIOns on a CMS sterzle system Accordmg to ItS reactIOn, new
germplasm IS addedto eIther the B or Rpool (Germplasm glvmg an mcomplete reactIOn
IS normally avOIded) However new germplasm chosen for ItS per se values does not
necessanly add to the heterotIc value ofa B or R pool Ideally a system that screens new
germplasmfor new alleles lzke that proposed by Dudley (1984, 1987), should be used
to add genetIc d,vers,ty to each group

Balanced breedmg programs have both short-term and long-term alms Better
parents are mostfrequently obtamedfrom elzte x elzte crosses, however fm sustamed
Improvement, new vanabllzty must be found and moved mto elzte backgrounds Con­
ventIOnally such mtrogressIOn programs have backcrossed to elzte lmes whlch may be
satIsfactoryfor pearlmIllet (because unadaptedgermplasm IS usually a populatIOn) and
for partly adaptedsorghum However research on sorghum at Kansas State Unzversity
has shown dIstmct advantages of usmg adapted random matmg populatIOns (WIth
genetIc male stenlzty) over lmes as recurrent parents to facIlztate the dIscovery and
mtrogressIOn ofuseful trazts from unadapted speCIes cultlvated or WIld

D J Andrews and J F RajewskI Department of Agronomy Umverslty of Nebraska, Lmcoln NE 68583 0915 G EJeta Department of Agronomy Purdue
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Center Nlarney Niger A B Maunder DeKalb Genetics Lubbock, TX K Porter Pioneer Hi Bred Inti Inc Plamvlew TX KN Rat V S Belurn Reddy and
B S Talukdar ICRISAT ASia Centre Hyderabad IndIa W Stegmeler Ft Hays Branch Exp Sta Kansas State Umverslty ·CorrespondlOg author
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Hybrzd testmg programs first test m Ideal conditIOns and agamst the known major
specific constramts before engagmg m extensive multllocatwn testmg m 20 to 100
locatIOns, which Will adequately expose new hybnds to the range of environmental
varzatwns expected m the target domam In the US these are known as StriP tests, and
almost all are placed m farmers' fields and managed by farmers, permlttmg a good
estimatIOn of the G x E mteractzon ofthe new hybnds Performance data (mcludmg
gram qualltles), extensive Vlsual evaluatIOns farmers oplmons, and seed productIOn
are all conSidered m the deCISIOn to release

EXlstmg breedmg methodology shouldcontmue to ralse yields by around one percent
peryear There IS adequate untappedgenetic varzablilty m cultIvatedgermplasm ofboth
crops (for example m sorghum less than 10% ofthiS been used m breedmg commercial
US hybrIds) BreedmgfOJ quallty anddefenSive tralts evenperhaps drought tolerance
may be accelerated by better methods ofgene IdentificatIOn and transfer whIch may
mvolve marker-assIstedselectIOn and/or other bIOtechnologicalmethods But the ablilty
ofbIOtechnology to help Improve complex tralts such as yzeldpotential stIll IS uncertam
for both economic and techmcal reasons (molecular research IS specifically needed on
methods which WIll complement combmmg ablilty testmg) In any case Improvements
are needed m eXlstmg breedmg methods and germplasm characterzzatlon to IdentifY,
extract and transfer new genetic varzablilty that WIll contrIbute to combmmg ablilty

General Concepts

Breedmg hybnd parents m both sor­
ghum and pearl mIllet follows the same
general pnncIples (House, 1985, An­
drews, 1987), although there are some
dIfferences m techmque In addItIon ­
unlIke sorghum - several types of hy­
brIds are pOSSIble m pearl mIllet

In gram sorghum, only smgle-cross hy­
brIds based on cytoplasmIc-nuclear male
sterIhty (CMS) are used Farmers m many
countrIes have become accustomed to and
reqUIre totally umform sorghum hybrIds
ThIS preference does not pose severe
problems because mbreedmg depreSSIon
IS not Important m thIS VIrtually mbreed­
mg speCIes, and mbred hnes (especIally
seed parents) are relatIvely hIgh-YIeldmg
Three-way hybrIds (usmg FI seed parents
to mcrease seed yIelds) have been trIed,
but the heterogeneIty m hybnds has not
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appealed to farmers AddItIonally, be­
cause bIOtIC reSIstances may have evolved
to operate well m a homozygous state m
thIS speCIes, It has been pOSSIble (WIth
some exceptIOns, e g, shoot fly reSIS­
tance) to find and mcorporate effectIve
reSIstances to major pests and dIseases
mto sorghum mbred parental hnes

In pearl mIllet, only smgle-cross hy­
brIds have been grown for gram produc­
tIon on a large scale m IndIa (smce the mId
1960s) Downy mIldew became a major
problem on the mitIal hybrIds, and, be­
cause ofadherence to the smgle-cross dIC­
tum, progress m breedmg reSIstant hy­
brIds was slow (Andrews and Bramel­
Cox, 1994) Durable reSIstance to downy
mIldew m pearl mIllet, a naturally cross­
polhnatmg speCIes where tradItIonal cul­
tlVars are heterogeneous, heterozygous
populatIons proved dIfficult to mcorpo­
rate mto mbreds It was finally done after



20 years, but the rehable supply ofhybnds
to Indian farmers stIll partly depends on
the diversity created between parental
hnes and hybnds developed by both the
publIc and pnvate sectors CMS-based
hybnds m pearl millet are still vulnerable
to ergot, sporadically senous m India, but
a major threat m Africa Because of m­
breedmg depreSSIOn common With a
cross-breedmg crop lIke pearl mIllet, con­
Siderable effort has to be made to breed
for yIeld per se m mbred seed parents

Top cross (TC) hybnds - an mbred
seed parent (an F1 also can be used) pOllI­
nated by an open pollmated vanety - are
practical m pearl mIllet and have real ad­
vantages for AfrIca m terms of durabilIty
ofdisease resistance and stabIlIty ofadap­
tatIOn, which are difficult to obtam m
smgle-cross hybnds TC hybnds can be
made usmg eIther a CMS seed parent (an
mbred lIne or F I ) or a normal male fertIle
lme as the seed parent ThIS second way
ofmakmg the hybnd, termed a protogyny
top cross (PTC), IS feasIble because ofthe
protogynous nature of flowenng m pearl
mIllet When flowermg, each head first
becomes completely female fertIle for a
penod ofone to several days before anthe­
SIS occurs, durmg whIch penod It IS func­
tionally male stenle Expenments have
shown that over 90% hybnd seed can be
obtamed when such a protogyny "seed
parent" IS saturated WIth pollen from an
appropnate male "pollInator" vallety m a
seed production plot (Lambert, 1982)
Further expenments have shown that be­
cause of morphological and vigor dIffer­
ences between plants of the PTC hybnd
and the seed parent (which IS normally of
dwarf stature), 10 to 20% seed parent
selfing has a neglIgIble effect on the per­
formance of the PTC (Andrews et ai,

1993) Both the TC and PTC hybnds con­
fer advantages of durabilIty of resistance
and stablhty of performance In ordmary
production SItuations, theIr yIelds are not
substantially less than those of smgle­
cross hybnds PTC hybnds, however,
have additIOnal advantages Smce CMS IS
not mvolved, there IS no addItional ergot
susceptibilIty, and It IS not necessary for
the male parent to carry CMS restorer
genes Smce these hybnd varieties are
expected to exhIbit phenotypIC vanabIl­
Ity, Fls can be used for seed parents to
mcrease seed yIelds PTC hybnds have
dlstmct advantages for Afnca, mcludmg
reduced development time

Breedmg hybnd parents m both species
IS essentially a balance ofselection for per
se performance and for combmmg abilIty
Some of the reqUirements of seed parents
per se are dIfferent from those ofmale (or
pollen) parents Values of lInes per se are
eaSIer to select for than combmmg abilIty,
whIch can be evaluated only through hy­
bnd performance Some traits ofparental
lmes per se are well expressed m hybnds
Unfortunately, m the case of YIeld, the
correlatIOn between parents and theIr hy­
bnds IS unrelIable

The phYSIOlogical baSIS for heterOSIs
(hybnd VIgor) has not yet been explamed
More IS known about the types of gene
actIOn mvolved m heterOSIS than how the
genes work General combmmg abilIty
(GCA) IS pnmanly a function of additIve
gene actIOn (which can be fixed through
selection and mbreedmg), whIle speCIfic
combmmg abIhty (SCA) depends on non­
additive gene actIOn that can only eXist m
heterozygotes For gram yIeld m both
crops, estimates of the ratio of contribu­
tion ofGCA and SCA to hybnd perform-
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ance are wlde-rangmg The general con­
clusIon IS that GCA IS more important, but
SCA should not be neglected Hybnd par­
ents need to be genetIcally complemen­
tary for vigor and yIeld-assocIated traIts,
but not for other often receSSIve traIts that
would adversely affect heIght, matunty,
gram qualItIes, or resIstance

Heterotic Groups

The notIOn of heterotIc groups IS
wIdely developed m maIze (Pollack et al ,
1991) Interbreedmg between them WIll
result m loss ofgenetIc complementarIty
Incorporatmg new sources of genetIc
varIabIlIty WIll mcrease the vanablhty m
group A but should also complement (and
hence show good levels ofheterosIs With)
group B The OpposIte applIes when seek­
mg new vanablhty for group B HeterotIc
groupmgs could potentIally be multI-dI­
menSIOnal, but a bI-dImenSIOnal groupmg
IS eaSIer to manage

Such heterotIc groupmgs ongmally ex­
Isted m sorghum, but not m pearl mIllet
Hlstoncally m sorghum, members of the
Kafir and Milo races provIded contrastmg
hybnd parents, the female parents bemg
of the Kafir group When CMS was first
dIscovered m sorghum, Kafirs were found
to carry nuclear genes that caused male
stenhty when put mto Milo cytoplasm
The MIlo race carned nuclear genes for
restoratIon of male fertlhty as well as
contrastmg genetIc dIversIty, whIch pro­
duced good hybnd vIgor The sItuatIon
now, however, has become complIcated
WIth the mclusIOn of other sources of dI­
versIty mto both the B Kafir pool and the
R Milo pool, although heterotIC contrasts
ObVIOusly eXIst (GIlbert, 1994) In pearl
mIllet If any heterotic groupmg eXIsts
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WIth respect to the Ai CMS system, It IS
detenumed by Band R reactIOns to CMS
TIft 23Ai More recently m pearl mIllet
the Imadi (Togo) genuplasm apparently
fonus a thIrd heterotIc group, combmmg
well WIth both the Ai CMS mamtamers
denved from TIft 23B and the non-Togo
restorers of the Ai CMS system The A4

CMS system m pearl mIllet produces a
dIfferent configuratIOn because, whIle
most Al B and R lInes are mamtamers on
~, Imadl genuplasm does contam~ al­
leles In general, however, both m pearl
mIllet and sorghum, breeders aVOid B x R
crosses for the generatIOn ofnew parental
variabIlIty except when genes from a spe­
CIfic source have to be mcorporated mto
both parents

Cytoplasmlc-Gemc Male SterilIty
Systems

Several cytoplasmIc-gemc male stenl­
Ity systems have been found m both spe­
CIes (Schertz, 1973, Kumar and Andrews,
1984, Worstell etal, 1984, Hanna, 1989)
The most WIdely used system m both
crops was the first to be found, deSIgnated
Al for each crop The other systems have
vanous advantages and dIsadvantages
both for breedmg and seed productIOn
Because of the susceptIbIlIty m maIze to
southern leaf blIght aSSOCiated WIth male
stenle Texas cytoplasm, many sorghum
breedmg programs are trymg to develop
hybnds m the A2 CMS system The use of
alternate cytoplasms also opens up the
possIbIlItIes of dIfferent heterotIC group­
mgs With potentIally new alleles (GIlbert,
1994) In sorghum, most high-YIeldmg
restorers on Ai are mamtamers m A2, and
thus can be used as seed parents, however,
there are very few complete restorers for
the A2 system A3 male stenles, though



they shed no pollen, have plump yellow
anthers whIch cannot eastly be distm­
gUIshed from ferttles A4 and 9E have
other dIsadvantages However, It IS easIer
to develop seed parents wIth A2, A3, and
~ than It IS WIth Al

Early m the development ofhybnds m
pearl mIllet, four CMS systems were
found, all have dIsadvantages (Kumar and
Andrews, 1984) The first to be found,
PT732A, (Madhava Menon, 1959) was
not pubhcIzed and was not numbered
Appadural (1982) subsequently showed
PT32A CMS was dIfferent from AI, A2

and A3, but stIll It dId not gIve complete
stenhty Complete and stable male stenl­
Ity could not be obtamed wIth A2 and A3

Although Al has been extensIvely used
commercIally, It too has problems There
are modIfiers to the full expressIon ofboth
stenhty and complete restoratIOn offertIl­
Ity, each bemg envIronmentally unstable
There IS consIderable uncertamty about
producmg a completely stenle A hne
from a B hne m whIch the first test cross
was perfectly stenle, the loss of putatIve
B hnes to thIS cause may exceed 90%
Consequently, rehable stenles and restor­
ers are hard to breed, and some RI hnes
that restore male fertIhty on some Al fe­
males act as partIal restorers on others
Male stenle AI hnes can revert to pollen
shedders at a low rate (because of both
nuclear and cytoplasmIc mutatIOns), but
sufficIent to necessItate careful rogumg of
both A Ime dUd hybnd seed production
fields

By contrast, the new~ system m pearl
mIllet (Hanna, 1989) shows up the defi­
CIenCIes of the earher systems (Andrews
and RaJewskI, 1994) and suggests that a
SImIlar system needs to be found m sor-

ghum The A4 CMS system m pearl mIllet
offers a hIgh success rate because appar­
ently there are no modIfiers to the stenhty
genes and fewer envIronmental effects on
the expreSSIOn of male stenhty and ferttl­
Ity ObservatIons over the last five years
at the UmversIty of Nebraska at Lmcoln
mdIcate that If the first test cross shows a
plant IS an A4 mamtamer, then all selec­
tIons from that plant can be stenhzed, and
there wIll be no erOSIOn m the quahty of
stenhty durmg progressIve backcrosses m
A hne development A4 restorer hnes do
vary m the quantIty ofpollen theIr hybnds
produce, but thIS IS an attrIbute ofthe hne
and does not seem to change WIth tIme or
locatIOn Although reasons are stIll bemg
sought, It has been noted that seed set on
selfed~ x ~hybnds, A4 x B crosses, and
~ selfs m stenle cytoplasm IS frequently
better than counterparts m the Al CMS
system The reason may be SImply more
fertIle VIgorous pollen, but the better A4 x

B seed set may mdIcate an Improvement
m stIgma receptiVIty or duratIOn The lack
ofmodIfiers and the better envIronmental
StabIhty ofmale stenhty or fertIhty means
that A4 greatly sImphfies both breedmg
and seed productIOn The stenle anthers
can look dIfferent from Al stenles, but are
still readIly dIstmgUIshable from male fer­
tile plants ImtIally there was a lack of
genetIc dIversIty m R.t restorers, but thIS
IS now Improvmg through crossmg and as
more germplasm IS screened

Genetic Variability and SelectIOn

New genes are needed for long-term
progress m breedmg For convemence we
WIll dIfferentIate between varIabIhty that
contnbutes purely to yIeld potentIal
through better and more effiCIent growth,
and defenSIve traIts that prOVIde protec-
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tIon from pests, dIseases, and physIcal
stresses hke drought, thereby allowmg the
plant to better reahze ItS potentIal Yield
potentIal IS Important at all levels ofpro­
duction, perhaps relatIvely more so m
stress condItiOns where lImIted resources
must be utilIzed more effiCIently Large
collectIOns ofthe total cultIvated vanabIl­
Ity ofboth crops eXIst, but often only wIth
some basIc morphologIcal descnptlon
What IS lackmg, wIth some exceptions for
drought (Rosenow and Clark, 1995), are
any systematic evaluatIOns for Important
attnbutes such as pest, dIsease, and stress
resIstances (Maunder, 1992), or worth m
breedmg for yield potentIal

In long-estabhshed breedmg programs,
the most advanced hnes are very different
from raw (landrace) germplasm, and SIm­
ple crosses between the two rarely yield
segregates comparable to the advanced
parent In sorghum, the exotic (unadap­
ted) germplasm content usually must be
reduced to 12% or less by backcrossmg to
adapted parents before useful segregants
occur (Maunder, 1992) However, be­
cause It IS often necessary to use unadap­
ted germplasm to obtam specrfic new
traIts, many programs have mtrogressIOn
projects These are eaSIest when some
clearly IdentIfiable traIt IS needed, and It
IS here that marker-assIsted selectIOn WIll
be able to help further Breedmg for com­
bmmg ablhty, however, IS more dIfficult,
smce ImtIaI crosses WIth raw germplasm
do not show whether they can provide
new yIeld genes, and thus mtrogressIOn
programs are often somewhat specula­
tIve In response to the need to access a
WIder range ofgermplasm, USDA funded
the Sorghum ConverSIOn Program at
Texas A&M, startmg m 1964 ThIS pro­
gram has converted many Important rep-
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resentatlves of the major sorghum races
(by removmg photopenod senSitivity and
all major dommant height genes except
DW2 ), provldmg breeders a useful new
diverSity, particularly from the Zerazera
race The converSIOn program was not,
however, deSIgned to IdentIfy combmmg
abIlIty nor to use anythmg but gram sor­
ghum, m addItion, backcrossmg was to­
ward the germplasm source, to otherwise
preserve ItS ongmahty

Several major seed companies conduct
theIr own sorghum mtrogresslOn pro­
grams ICRISAT has conducted an exten­
SIve germplasm utIhzatlOn program of ItS
own, but much of ItS advanced matenal
(whIch has been used by breedmg pro­
grams worldwide) has slgmficant Zera­
zera content ICRISAT now has a Wider
program ofgermplasm utlhzatIon, mclud­
mg wIld relatives PopulatIOns have con­
tnbuted to R hne productIOn, but pedIgree
selectIOn IS stIll the pnncipal method for
dlsease- and pest-resIstant seed parent de­
velopment Recent research at Kansas
State Umverslty has mvestIgated how
best to access useful yIeld and other genes
from adapted, unadapted, and wIld sor­
ghum Usmg adapted random matmg
populatIOns mstead ofehte hnes as recur­
rent parents proved to be supenor m ex­
tractmg useful VarIabIhty from unadapted
or wIld relatives, usmg one or two back­
crosses (Menklr et al , 1994) Apart from
theIr use m mtrogresslOn, random matmg
populatIOns m sorghum have not demon­
strated any supenonty over more conven­
tIOnal breedmg methods m producmg
ehte hybrId parents

The SItuation IS dIfferent for pearl mIl­
let Good pollen parents, but not seed par­
ents, have been extracted from popula-



hons Some crosses between raw
germplasm and adapted lInes or popula­
tions also have been productive These
crosses are simIlar to mtrogresslon ofun­
adapted germplasm Via adapted popula­
tIOns m sorghum, because, m both cases,
populatIOns provide more opportumtles
for favorable recombmatlOns In pearl
millet, as m sorghum, photoperIod sensI­
tiVity has obstructed access to much trOPi­
cal genetic varIabilIty The most useful
source of germplasm for pearl millet
breedmg worldwide has been the Imadl
landrace (from the Togo/ Ghana! Burkma
Paso regIOn), which has large seed, good
combmmg abilIty and parental worth, and
IS unusually photoperIod msensltIve (An­
drews and Anand Kumar, 1996)

In both crops, breedmg new hybrId pa­
rental lInes has become mcreasmgly de­
pendent on crossmg elIte by elIte lInes, B
x B lInes and R x R lInes ThiS practice
progressively narrows the genetic base of
breedmg programs and reqUIres new
traits, espeCially reSistances, to be brought
m by pre-breedmg, often backcrossmg
The success of a backcrossmg program
greatly depends on the preCISion With
which the deSired trait can be Identified
and thus preserved m the backcrossmg/
mtrogressIOn process The tendency IS to
select for genes havmg major effects or
tightly lmked gene complexes Thus, par­
ticularly III sorghum, elIte x raw
germplasm crosses are not used m the
expectation of Immediate discovery of a
new elIte lIne, the most common short­
term approach m breedmg mbred parents
m both crops has been elIte x elIte lIne
crosses followed by pedigree selectIOn
However, mtrogresslOn seekmg new
genes must be a feature of any long-term
balanced breedmg program

SelectIOn Procedures

DeterminatIOn ofHeterotic Affinities

In many breedmg programs, heterotic
affimtIes are determmed solely on the ba­
SIS of whether the new acceSSIOn IS a re­
storer or mamtamer m regard to the eMS
system bemg used However, more mfor­
matIon IS needed A new acceSSIOn should
contribute new useful genes, either for
yield or defenSive traits, to ItS heterotic
group and mcreased heteroSIs to hybrIds
With the counterpart group For disease
and pest reSistance, resistance levels to
various blOtypes and segregatIOn patterns
among progeny from crosses With known
sources ofresistance can both prOVide the
helpful mformatIon For Yield, however,
only crosses With representatives of both
heterotic groups can claSSify the useful­
ness of a new accession (Dudley, 1984
and 1987, GIlbert, 1994) Gene mappmg
Will eventually help Most breedmg pro­
grams do not employ these complIcated
tests (except for resistance to well known
pest bIOtypes) and rely on the assumption
that a new lIne With obvIOUS per se differ­
ences IS lIkely to contam genetic diverSity
which may prove useful for yield

Selectingfor Combining Ability

Because crosses between elIte lInes
produce a high proportIOn ofprogenyWith
deSirable per se values (see parental lIne
CrIterIa below), selectIOn for combmmg
abilIty can begm at an early stage wlthm
F3 familIes or even among F2 plants m R
lIne development There IS general accep­
tance that early generation testmg assists
m the selection ofgood combmers There
IS disagreement, however, whether It IS
worth expendmg test crossmg resources
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at a stage when a hIgh proportIon of the
plants/famIlIes tested subsequently WIll
be dIscarded on per se cnterIa Many pro­
grams delay testmg untIl the F4 when
more per se selectIOn has been done and
then start wIth two wIdely adapted tester
lInes F4 also IS a common level of m­
breedmg m pearl mIllet when the first test
crosses wIll be made

Selectmg for combmmg abIlIty has
sometImes lacked objeCtIVIty Ideally one
would lIke to select for combmmg abIlIty
that would work WIth any new parent
ThiS IS unrealIstIc because m sorghum,
and espeCially m pearl millet, a few tester
lInes do not well represent any heterotIC
group At the opposite end of the scale,
however, It IS easy to VisualIze Improvmg
an eXlstmg hybnd - the progeny selected
from crosses With one parent are best
evaluated by usmg the other parent as the
tester However, thiS approach Will buIld
only on the speCIfiCity of one tester and
does not broadly expand the potential of
the breedmg program

In practIce, most breedmg programs
adopt a compromise Through expen­
ence, or testmg, a few of the best A lInes
and R lInes WIth good general combmmg
abilIty and Wide adaptatIon have been
IdentIfied One or two of these may be
used for the Imtlal screenmg ofnew early
generatIOn lmes, then as numbers to be
tested are reduced, more testers are used
to both substantIate GCA and mcrease the
discovery of added SCA expreSSIOn
Early generatIOn combmmg abIlIty tests
are not mtended to defimtlvely Identify
the best combmers (thiS cannot be done
WIthOut extenSIve testmg), but to mcrease
the probabIlity of retammg them for de­
tection m later tests The first set of test
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cross may be screened only Visually m one
or two environments With pOSSIbly a 30 to
40 percent selectIOn pressure Although
one or a few testers may exert strong
dIrectIOnal effects m the lInes they select,
thiS focus has to be accepted to make
progress m selectmg for combmmg abil­
Ity The chOIce ofthe testers for the Imtml
screenmg IS therefore very Important
They should be of contrastmg parentage
but known to combme well With a broad
range of matenal

Oplmon IS diVIded about when early
testmg for combmmg abilIty m seed par­
ent development should begm before,
durmg or after male stenle development
As m R lIne development, theory mdl­
cates It IS better to begm selectIon for
combmmg abilIty early m the mbreedmg
process, at F3 or F4 However, given the
uncertamty of developmg a completely
stenle lIne m the Al CMS system from
progeny of a B x B cross, It would seem
prudent to at least test cross the plants m
questIOn to determme the qualIty of their
stenlIty reactIOns before begmmng to de­
termme combmmg abIlItIes IfAl CMS IS
bemg used, these first test crosses should
be on a lIne known to carry excellent
stenle cytoplasm (a related phenotypI­
cally SimIlar lIne, If pOSSIble, because ho­
mogeneity wIll be more qUIckly achIeved
dunng backcrossmg), smce that test cross
Will constItute the first step m A lIne de­
velopment and prOVide the cytoplasm that
Will remam thereafter In sorghum, If Al
lmes have not been developed, It IS neces­
sary to stenlIze RI lmes m A2 or A3 cyto­
plasm, to prOVIde appropnate testers
(from the "opposite" heterotIc group) to
directly evaluate the combmmg abilIty of
the pOSSible B-Imes When breedmg seed
parents m pearl mIllet, It IS not necessary



to resort to R lIne sterilIzation, because
potentml B lIne plants can be used dIrectly
as females m crosses wIth appropriate re­
storer testers, usmg protogyny to make the
test cross

Thus, apart from combmmg abIlIty, se­
lectlOn for many of the per se selectlOn
Criteria for hybrid parents can be rapIdly
applIed m the first two or three segregat­
mg generatIons Indeed, m many elIte x

ehte crosses, selection can be saId to begm
WIth the chOIce of parents It IS therefore
possIble to begm testmg for combmmg
ablhty m early generatIons, whtle varI­
ablhty for It still eXIsts, and before loss
begms through genetic drift, whIch wIll
occur when no selectlOn pressure IS ap­
phed dunng mbreedmg

Quallty Criteria

Gram quahty criteria are determmed by
end uses In sorghum there are three prm­
clpal end uses for gram feed, food, and
brewmg (Bramel-Cox et al , 1995) Pearl
mIllet IS almost always grown for food,
only occaslOnally bemg used for brewmg
It IS bemg developed as a potential feed
gram m the US

Although genetIc vanabIlIty for feed­
mg quahty (nutnttonal value), mcludmg
sources of hIgh lysme m protem and
hIgher dlgestIblllty from waxy en­
dosperm, has been demonstrated m sor­
ghum, selectIOn IS not practiced for feed­
mg qualIty except for aVOIdmg tannm m
the gram In general food quahty gram IS
assumed to have acceptable feed qualIty

Because food quahty vanes by regIOn
and use, qualIty CrItena have been dIffi­
cult to define, and therefore use How-

ever, flour yIeld (% recovered after mIll­
mg) and starch propertIes, especIally
water absorptIon and retentIOn, are usable
CrItena Appearance of gram, flour, food
product and taste are matters of opImon
and are best measured by consumer pan­
els In general, "food qualIty" sorghum
gram IS assumed to be whIte or cream m
color, reSIstant durmg npenmg to dIscol­
oration from surface fungtlbactena, easy
to decortIcate and grmd mto flour, and
hIgh m flour yIeld Though soft endo­
sperms are deSIrable for some food prod­
ucts, hard endosperm grams are usually
preferred because they tend to be more
reSIstant to damage from pests and are
eaSIer to decortIcate These (plus tan plant
color, smce any dIscoloratIOn on the gram
IS less ObVIOUS) are the per se cntena plant
breeders use when selectmg for feod qual­
Ity sorghum In some areas where mOIS­
ture condItlOns are hIgh durmg matura­
tion, red pencarp sorghum IS necessary,
and bud depredatIon may reqUIre that
food gram sorghum contam tanmns Usu­
ally food preparatIOn practIces m those
areas mvolve technIques to neutrahze the
anti-nutrItIonal effects of tanmn Where
sorghum IS used for brewmg, dlastatIc
levels are usable criteria, but opmIons on
taste of the product are stIll needed

Gram quahty cntena m pearl mIllet are
less well defined (Andrews and Kumar,
1992) Usually gray plump gram IS WIdely
accepted, though m parts of West AfrIca
lIght brown or cream/whIte grams are pre­
ferred There IS a WIde range of protem
and lysme m protem levels (whIch do not
affect the starchy endosperm) IntrmsI­
cally pearl mIllet has hIgher nutrItIonal
values than sorghum, bemg eqUIvalent or
slIghtly better than maIze for non-rumI­
nants, partIcularly poultry
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In neither crop (apart from aVOidance
of subcoat taoom 10 sorghum) IS there
currently any mcentIve 10 either food or
feed markets to demand higher nutrItIOnal
qualIty Thus there IS no motivation for
applIed breeders to put much emphaSIS on
selectmg for nutrItIOnal qualIty

Parental Lme Crtterta

Seed (female) parents have a number of
particular per se reqUIrements besides sta­
ble and perfect male sterIlIty (Andrews,
1987) The hnes must be as hlgh-Yleldmg
as pOSSible, low tIllermg (especially 10

sorghum), or at least have tIllers which
rIpen as qUIckly as the malO head, good
head exsertIon, good seed set, seed SIze
and seedlIng vigor, they also must possess
a number ofper se traits that have a good
correlatIOn WIth hybnd performance,
such as heIght, maturIty, dIsease, and pest
and lodgmg reSIstance

Pollen (male) parents should com­
pletely restore male fertIhty, even under
low temperatures, but also should have
profuse, early and prolonged pollen shed
Pollen parents often are hIgh tIllermg,
WhICh contributes to contmued pollen
supply and head number 10 hybnds In
both sorghum and pearl mIllet, there IS
genetIC VarIatIon for anther formation on
pedlcelled flowers, which mature later
than anthers on the sessIle flowers Pollen
parents With thiS useful feature have, 10

effect, two successive phases of pollen
shed from the same head Pollen parents
also should possess many ofthe same per
se traits of seed parents that are herItable
m hybrIds In sorghum, the recessive
height genes should be as stable as pOSSI-

182

ble Pollen parents also have been shown
to contribute to hybnd seed germmatlOn
and vigor (Maunder et al , 1988) With the
AI CMS system m sorghum, high tem­
perature enVIronments put more stress on
the expressIOn of male sterIhty and are
thus useful m detectmg A-lInes which
might break down and shed some pollen
The expressIOn of sterIhty also IS weaker
at the bottom ofthe head and on tillers, If
any Conversely, cooler temperatures are
useful 10 both crops 10 evaluatmg the ca­
pacity of a pollen parent to restore male
stenlIty m hybnds Expenments showed
that Itt hybnds m pearl mIllet can shed
fertIle pollen at temperatures as low as a
constant 12° C

For Viable commerCial hybnd seed pro­
duction, the male parent should conSIS­
tently 'mck' With the seed parent, that IS,
the male parent should be early enough to
start sheddmg pollen before the stigmas of
the seed parent become receptive, and
contmue to shed pollen throughout the
flowermg duration of the seed parent
Should the male not meet these reqUIre­
ments, there IS the added dIfficulty of
eIther splIt plantmg the male or delayed
plantmg ofthe seed parent (the latter to be
aVOIded If at all pOSSible) Smce anthesls
begms 10 pearl mIllet only after female
flowenng, male parents should be about
five to seven days earlIer than seed par­
ents TIllenng 10 pearl mIllet, WhICh can
be accentuated by reducmg plant denSity,
usually prOVides a suffiCiently long dura­
tIOn of pollen shed Top cross hybnds 10

WhICh the male parent IS a varIety rarely
have a problem of pollen supply because
of the natural spread 10 flowenng that IS
normal wlthm any pearl mIllet varIety



Hybrid Testmg

G x E InteractIOn

The recogllltIOn and charactenzatlon of
a genotype's reactIOn to environmental
varIation IS paramount m determmmg ItS
usefulness While newer hybnds are ex­
pected to have higher mean yields or show
a supenor level ofsome other useful trait,
they also are expected to show stabilIty of
performance that IS equal or better than
eXlstmg Widely grown hybnds The first
step m determmmg genotype x environ­
ment (G x E) mteractIOn IS to recognize
adaptation domams, the second step IS to
recoglllze that all tests do not contribute
equally to the estimation ofG x E mterac­
tIon (Bramel-Cox, 1996) Some tests or
locatIOns may proVide a poor separatIOn
between genotypes either due to poor pre­
CISion, or because the actual differences
between genotypes, though statistically
slglllficant, are relatively small Con­
versely, some test locations frequently
give a good separatIOn between genotype
performances and are much more valu­
able m determmmg G x E mteractlOns
Smce year x locatIOn mteractlOns are un­
predictable and are not the same as loca­
tIOn-wlthm-year VariatIOn, an adaptation
domam must be suffiCiently sampled,
there IS no substitute for conductmg a
large number of tests over more than one
year Also, farmers manage crops m a
number of ways, often qUIte dIfferently
from the way they are managed at expen­
ment statIOns, thus numerous on-farm trI­
als, or StriP tests, are necessary to properly
sample the enVironmental vanabllIty to
WhICh the new hybnd Will be subJected

MultllocatlOnal Testing

A hybnd testmg program must permit
a large number ofnew combmatIons to be

tested each year, but progreSSively reduce
theIr numbers each season so as to retam
and ultimately Identify the few ulllque
combmatlOns that are truly supenor to
currently cultivated hybnds As numbers
are reduced, testmg becomes more precise
(more rephcatlOns, bordered plots) and
more extenSive (better samphng of the
adaptation domam, more test locatIOns)
After the test cross nursery, the survlvmg
hybnds Will first be tested m a few se­
lected environments to determme yield
potential (well-managed, often-lITIgated)
and cntIcal adaptatIOn factors such as re­
sistance to Important diseases and msects
and drought Often plant populatIOn Will
be varied The final stages ofhybrId test­
mg Will mclude tests at 20 or more loca­
tIOns, the maJonty m farmers' fields, and
a larger number of strip tests, SIX to eight
rows Wide, also m farmers' fields BeSides
routme data collectIOn, comprehenSive
Visual comparIsons to check hybrIds Will
be made, and farmers' opmlons sought at
field days The seed productIOn Ulllt Will
assess parental characterIstics for seed
productIOn All thiS mformatIOn Will be
reviewed before the deCISIOn IS made to
release a hybrId

Examples of Notable Hybrids

IndIa

Pearl Millet HB-3 (Hybnd Ba]ra No
3, TIft 23A1 x Jl04) was the first WIdely
grown hybrId m India Released m 1966,
It was grown on over one mIllIon hectares
annually by 1972, before becommg sus­
ceptible to downy mildew Tift 23AI
came from Tifton, Georgia, US, and
1104 was an early mbred from Jamnager,
GUJarat, derIved from a Rajasthan land­
race This hybrId had a tremendous Im­
pact It was shorter, higher yleldmg, and
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much earlIermaturmg than local varieties,
and It performed well m poor conditions
where drought was frequent It had excep­
tionally wide adaptation from TamIl Nadu
to the Punjab, 9-300 N It stimulated re­
search mterest and Involved pnvate enter­
pnse m seed productIOn As a result, today
there are several large seed company pearl
millet breedIng programs, and over 100
companies producmg hybnd seed for 3 of
the 10 mIllIon hectares of pearl millet
grown In the country

Sorghum CSH-l (CoordInated Sor­
ghum Hybnd No 1, CK60AI X IS 84 ­
both Introductions from the US), lIke
lIB-3, was the first hybnd released In
India m 1964 It rapIdly became widely
popular for ramfed conditions, as It was
early maturIng and widely adapted It too
stimulated further research mterest and
pnvate mvestment, leadmg to the produc­
tIon ofCSH-9 (296A1 x CS3541), which
has been the most popular hybnd SInce
1977 Over 100 seed companIes now pro­
duce 10,000 to 15,000 metrIc tons of sor­
ghum hybnd seed peryear for four mIllIon
hectares

lIB-3 and CSH-l were successful for
several reasons, but prIncipally because
they were widely adapted, earlIer and
much higher yleldmg than eXistIng cultl­
vars However they are both properly
termed "first generation hybnds," smce It
soon became apparent they had deficIen­
cies Subsequent hybnds have had better
adapted parents bred In India and have
tended to have better gram qualIty and be
slIghtly longer maturmg Nevertheless,
success ofthe InItial hybnds provided the
Impetus for an mcrease m Investment m
breedmg, and they were the dIrect cause
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of the phenomenal growth of the hybnd
seed mdustry m India

AfTlca

Sorghum Hageen Dura-l (HD-l) was
released m Sudan m 1983, markIng the
first time a commercial sorghum hybnd
was developed and released m tropIcal
Afnca The female parent (Tx623A1) IS a
converted Zerazera from EthIOpia The
male parent (KI597) IS a yellow en­
dosperm lIne converted from a NIgenan
Kaura HD-l was selected for Its drought
resistance, yIeld stabilIty, and gram qual­
Ity and had become very popular In Sudan
for these same charactenstIcs In the last
12 years, the area under HD-l In Sudan
has ranged from 12,000 to over 120,000
hectares Demand has always exceeded
supply, however Nevertheless, the devel­
opment, release and diffuSIOn of HD-l m
Sudan has stimulated a slgmficant pnvate
seed Industry where none eXIsted before
It has also stimulated sorghum research m
Sudan leadmg to the development of sec­
ond generatIon hybnds and vanetles,
some With enhanced resistance to bIOtIc
stress Includmg Strlga

us

Examples of some exceptionally suc­
cessful hybnds marketed In the U S are
given below UnlIke maize, for which
about 60% of the hybnds grown In the
com belt are closely related, there IS some
diverSIty ofparentage among leadmg sor­
ghum hybnds, and hence reduced nuclear
genetic vulnerabilIty Even so, although
mtrogresslon of exotic germplasm has
been a contmuous effort mm~or sorghum
breedmg programs, only a small propor-



tIon ofthe total diverstty avaIlable IS rep­
resented m marketed products

Cargl1l607E The female ofthIS hybnd
IS a Wheatland x Redbme selectlon
crossed WIth a selection from a Doggett
stIff stalk populatlOn The male IS a Kafir
x Fetenta x Caprock selectlOn WIth a con­
tnbutlOn of SA 7536-1 for bIotype C
greenbug resIstance ThIS hybnd IS umque
m that It has shown resIstance to several
blOtypes of greenbugs mcludmg C, D, E,
I, and K ThIs multIgemc resIstance to the
greenbug has allowed the hybnd to be
durable for many years, m additlOn, when
thIS type of resIstance IS planted over a
WIde area, the greenbug mutatIOns may be
less frequent

Dekalb E-57 The female ofthIS hybnd
IS a Texas Biackhill Kafir x MIlo denva­
tIve selected for open head and early ma­
tunty The male, whIch can be traced to a
NIgenan Kaura mtrogressed wIth Hegan,
contrIbuted stiff stalk and drought and
anthracnose reSIstance Subsequent Im­
provement was made by addmg bIotype C
greenbug reSIstance to the U S form, and
smut race I reSIstance to the female for
Austrahan use Because ofstress StabIlIty,
thIS hybnd lasted for 27 years

Dekalb DA-48 The female came from
a cross between a hIgh tanmn forage of
temperate ongm (Wacoma Orange) and
Westland for Improved stalk The male IS
a Sudanese PI of Snowden's group 47
crossed WIth the E-57 male, the elIte hne
Although of low yIeld and seed quahty,
the PI contrIbuted excellent anthracnose
and mIldew reSIstance (Pathotype I) ThIS
hybnd IS now greenbug blOtype E-reSIS­
tant and over one mIlhon umts have been
sold

PIoneer 8333 The female of thIS hy­
bnd was denved from a cross between
Java Kafir and a Kafir by a partially con­
verted lIne from EthIopia The male was
denved from a cross between Kaura yel­
low endosperm matenal by a hne WIth
Fetenta background The hybnd had the
umque combmatIon ofhIgh YIeld, green­
bug reSIstance, and downy mIldew and
head smut reSIstance It was adapted over
a WIde area of the U S sorghum belt It
was replaced when the greenbug bIotype
changed from C to E

PIOneer 8500 The female of thIS hy­
bnd IS a Kafir hne The male IS a denva­
tive of crosses between a partIally con­
verted Zerazera and a yellow endosperm
Kaura and a dIfferent Zerazera hne
crossed WIth early "Norghum"
germplasm The hybnd IS umque for ItS
combmatlOn ofexceptIOnal YIeld, drought
tolerance, and extremely fast drydown It
competes successfully WIth both earher
and later hybnds m the market place

Future

Sorghum hybnd gram yIelds have been
mcreasmg at about 1% per year, and al­
though there have been megulantles,
there IS no mdicatlOn ofany plateau Prob­
ably less than 10% of the total genetic
varIabIhty In cultivated sorghum In the
World CollectIOn has contnbuted to cul­
tIvars grown m the U S In othercountnes,
thIS percentage IS certamly less Thus, un­
tapped vanabIhty IS easIly accessIble, es­
peCially If crossable wIld speCIes are m­
eluded Further yIeld mcreases are con­
stramed, not through msufficient genetic
VarIabIhty, but by lack of more effiCIent
methods to find and select the needed
genes
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Fer defensive and qualIty traits, where
good selectiOn pressure can be applIed,
progress IS lIkely to be good For the Im­
provement ofcombmmg abilIty for yield,
a very complexly controlled charac­
terIstic, It IS dIfficult to enVISIon VIable
economIC alternatives to the current
method of makmg test crosses and meas­
urIng theIr performance The mevitable
questIon IS how can biOtechnology help?
It can certamly help through marker-as­
SIsted selectIOn (MAS) and probably
transformatIOn However MAS IS more
applIcable to defenSIve traIts and works
best on SImply mhented traIts, or pOSSIbly
on QuantItatIve Trait LOCI (whIch tend to
be combmatIOn speCIfic and subject to G
x E effects) The great challenge for
biOtechnologists IS to move forward from
the stage of characterIzmg dIverSIty, to
IdentIfymg genetIC patterns that contrib­
ute to combmmg abIlIty for gram yield
Even then the questiOn of cost of operat­
109 selectIOn WIth bIotechnologIcal assIs­
tance arIses, and an economIC benefit has
to be secure As competitIOn for research
funds mcreases and operatIOnal costs go
up, both 10 publIc and prIvate sectors, the
results of bIotechnology-assIsted genettc
Improvement may be avaIlable only Via
patents, and ultImately cultIvators WIll
have to pay for those In any case, for
further gam 10 yield potential we need to
Improve and effectively use conventiOnal
methods of selection, whIch should con­
tmue to gIve gams on the order of one
percent per year

For pearl mIllet, the SituatiOn may be
better, because 10 comparIson to sorghum
and maize, yIeld Improvement 10 the spe­
cies IS stilI at a relattvely early stage, even
10 IndIa where most advances have been
made In AfrIcan countrIes, the 20-25%
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gam 10 yield through the change from
varIetieS to hybrIds has yet be utilIzed at
the farmers' level That thIS yield mcrease
IS available has been well demonstrated
by tests of adapted hybrIds 10 several
countrIes 10 AfriCa, but problems ofmfra­
structure, assured food gram markets, and
diverSificatIOn of end uses ar~ among
many that must be overcome to allow
hybrIds or even Improved varieties to be
profitably used by smaller farmers there
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PopulatIOn Improvement of Pearl MIllet
and Sorghum: Current Research, Impact

and Issues for ImplementatIOn

H F W Rattunde*, E Weltzlen R, P J Bramel-Cox,
K KofOld, C T Hash, W Schlpprack,

J W Stenhouse, and T Presterl

Abstract

PopulatIOns ofpearl mIllet and sorghum are bemg developed and Improved for a
varIety ofpurposes In thIS paper we present a global reVIew ofcurrent populatIOns
theIr composItIOn and methods for Improvement The potentwl Impact of these pro­
grams IS md,cated by recent results regardmg responses to recurrent selectIOn and the
lmkages ofpopulatIOn Improvement WIth development oflmes andvarzetles m these two
crops Recent research on generatmg mterpoolpopulatIOns and modelmg responses to
alternatIve recurrent selectIOn methods are presentedfor populatIOn Improvement of
pearl mIllet

PopulatIOn Improvement mvolves the
generatIOn ofbroad-based gene pools and
theIr Improvement through recurrent se­
lectIOn Favorable genes should be con­
centrated through recurrent selectIOn, re­
sultmg m Increased mean of the popula­
tIon and supenor performance of the best
famIlIes (Hallauer, 1981) PopulatIOn Im­
provement provIdes ample opportumtles
for recombInatIon after each cycle of se­
lectIon

The tandem cyclIng of selectIOn and
recombInatIon IS particularly Important
for Improvement of polygemc traIts and
for SImultaneous Improvement of several
traIts (Doggett, 1982) ThIs method could
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mcrease the effectIve use of non-elIte
source matenals, where the greater oppor­
tumtles for recombmatIOn could break
lInkages between genes for the deSIred
traIt and unfavorable agronomIC charac­
tenstIcs

A WIde range of methods have been
developed for populatIOn Improvement
Several reVIews of these methods (Hal­
lauer, 1981, Hallauer and MIranda, 1988,
SImmonds, 1979, Wltcombe, In press) are
avaIlable In the lIterature In thIS paper we
WIll focus specIfically on current actIvI­
tIes and research pertaInIng to populatIOn
Improvement In pearl mIllet and sorghum
ThIS reVIew covers the penod from 1986
to 1996

Pearl MIllet and Sorghum Popula­
tIons and Their Improvement

The dIversIty of pearl mIllet and sor­
ghum random-matIng populations and the
approaches taken for theIr Improvement



and utIhzatIOn correspond to the range of
economIC and adaptIve reqUIrements be­
mg addressed A recent reVIew provIdes a
hst of pearl mIllet populatIOns developed
by ICRISAT and cooperatmg NatIOnal
Agncultural Research Systems (NARS)
m India and Afnca (Ral and Kumar,
1994) We document here the genetIc
composItIon and selectIOn hIStOry ofpearl
mIllet (AppendIx 1) and sorghum (Ap­
pendIx 2) populatIOns currently receIvmg
the greatest efforts world wIde or repre­
sentmg the most Important populatIOns
for a partIcular regIOn

Pearl Millet PopulatIOns

PopulatIOn Groups

Pearl mIllet populatIon development m
both the Sahehan and Sudaman Zones of
Western Afnca has focused on mter­
varIetal crosses, pnmarIly between local
landraces and ehte VarIetIes PopulatIOns
for the Sahehan Zone are earher matunng
(less than 100 days), whereas those for the
Sudaman Zone mature m 100-150 days
(AppendIX 1) PopulatIons for both zones
are subjected to selectIOn for gram yIeld,
downy mIldew resIstance, and resIstance
to msect pests

PopulatIOns bemg Improved m the
ASIan regIOn can be classIfied mto three
groups (AppendIX 1) For the drIer areas
WIth less than 400 mm ramfall, early-ma­
tunng populatIOns (60-75 days m non­
stressed envIronments) are developed
from stress-tolerant local germplasm and
mter-populatIOn crosses between local
germplasm and early-matunng elIte
germplasm SelectIOn IS for adaptatIOn to
northern IndIan growmg condItIOns and
mcreased productIVIty ofgram and stover,
Improved seed set, hIgher tIllenng (as a
determmant of stover quahty and yIeld

stabIhty), and downy mIldew reSIstance
A hIgh proportIOn of germplasm m these
populatIOns ongmates from India and
PakIstan, partIcularly from the dnest mIl­
let-growmg regIOns

PopulatIOns for the hIgher ramfall
(greater than 400mm) mIllet-growmg re­
gIOns m ASIa contam larger proportIOns of
Afncan germplasm, rangmg from half to
prImanly AfrIcan-based, and are later­
maturmg (75-90 days) SelectIOn pressure
IS predommantly for mcreased gram
YIeld, panIcle SIze, and downy mIldew
reSIstance These populatIOns vary m the
prevalence ofTogo germplasm (Andrews
and Kumar, 1996) and m expressIOn of
stem, gram, and panICle charactenstics of
the Bold Seeded Early CompOSIte

A thIrd group of populatIOns m the
ASIan regIOn mcludes those that have
broader geographIc domams or target en­
VIronments outSIde ofASia (AppendIX 1)
These populatIOns should serve new or
emergmg demands for early-matunng
gram hybnds, populatIOn hybnds, and m­
dustrml uses

PopulatIOns developed m Nebraska
hkewise prOVIde source matenal for de­
velopmg parents for pearl mIllet gram-hy­
bnds (AppendIX 1)

SelectIOn Methods

The recurrent selectIon methods used
most often to Improve the populatIOns m
the first two ASIan groups are full SIb
progeny (FSP), S\ progeny, and S2 prog­
eny methods (Table I) The full-SIb
method offers two advantages 1) FSPs,
bemg non-mbreds, are less affected by
envIronmental stresses and commonly
have lower error varIances than mbred
progemes (Schipprack, 1993), and 2)
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FSPs are generated m the random matmg
phase m the off-season, enabhng comple­
tIOn of one cycle of selectIon per year m
the target environment This method IS
partIcularly useful for populatIOns bemg
Improved for adaptatIon to the heat, mOIS­
ture defiCIts, and long photopenods of
northwestern IndIa However, skIlled
hand crossmg IS requIred to produce ade­
quate numbers of full-SIb progemes with
sufficIent seed quantItIes for muitiloca­
tlOn testmg, espeCIally for populatIons
WIth small pamcle SIZe MultIple pollma­
tIons of the same two plants and bulkmg
seed from recIprocal crosses between
them has proven useful m producmg new
full SIbs

for resIstance to downy mIldew (20-40%
selectIOn mtensIty) m the greenhouse, and
the more reSIstant progemes are then
tested for prodUCtIVIty Smgle plants from
selected SIP are selfed and test crossed to
one elIte male-stenle tester, the resultmg
S2 test crosses are evaluated pnmartly for
selfed seed set and pollen fertIhty restora­
tIon m the target enVIronment ThiS pro­
cedure, through greater mbreedmg, alms
to Improve seed set, pOSSibly VIa elImma­
tIon oftranslocatIOns that have poor chro­
mosomal palrmg WIth elIte matenal, and
to mcrease the frequency of restorer al­
leles m the populatIOn for use m develop­
ment of pollen parents for topcross and
smgle-cross hybnds

The three-stage S2 progeny-testcross The SIP selectIon procedure IS occa-
procedure IS relatIvely new, but ItS advan- sIOnally used, pnmanly where mcreased
tages may lead to mcreased use m the reSIstance to downy mIldew IS reqUIred A
future ThIS method begms WIth full-SIb large number (500-800) of SIP are tested
progeny (FSPS2) selectIOn WIth mtensIty for downy mIldew reSIstance usmg a
of 30% (Table 1) Three hundred to four modIfied greenhouse testmg procedure
hundred SI progemes (SIP) generated (WeltzIen and Kmg, 1995) The most re-
from selected FSPS2s are ImtIally tested sIstant progemes are then tested m mul-
Table 1 Most commonly used recurrent selectIOn procedures for pearl millet Improvement at

ICRISAT ASIa Center ID collaboratIOn WIth IndIan NARS
Full Sib S1 procedure

procedureSeason
Ramy season I

Offseason I

Full Sib progemes (FSPso)
tested m the target
environment (TE)

Random mate selected
full Sibs by plant to plant
crossmg to create new
full Sib progemes (FSPso)

Selfing wlthm half Sib
or full Sib progemes III

the IE

SI progemes tested m
a) downy mildew and
b) off season drought
evaluatIOns

S2 testcross
procedure

Full Sib progemes (FSPs2)
tested m IE

Selfing m selected full Sib
progemes SI progemes
tested for downy mildew
resistance

Ramy season 2

Offseason 2

Ramy season 3

Offseason 3
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evaluated III IE

Random mate selected S2
progemes by formmg full
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tIlocatIOn yield trials m collaboration with
breeders from the target environments
ThiS procedure IS widely used m popula­
tions targetmg environments with higher,
more rehable ramfall, where SIP testmg IS
more feasible due to less abIOtic stress
More populations can be handled With the
two-stage SIP procedure, as yield evalu­
atIOns occur only every other year

Selected populations at ICRISAT
(lAC) also are Improved by backcrossmg
to enhance specific traits such as bnstles
(long awns), yellow or whIte gram color,
photopenod msensltlvlty, or male stenl­
Ity The advantages of thiS procedure are
outhned m a later sectIOn on sorghum

Sorghum PopulatIOns

Diverse breedmg objectives and stud­
Ies on selectIOn methodology are bemg
pursued at several umversltIes m the US,
focused pnmanly on gram sorghum
populatIOns with temperate adaptatIOn

Purdue Unzverslty

An array of populations have been de­
veloped at Purdue Umverslty (Appendix
2) Also, populatIOns contammg 0%,
50%, 75%, or 100% ofan ehte base popu­
latIOn based on 20 ehte R-lmes were de­
veloped to study the relationshIp between
the level ofehteness ofthe Imtlal popula­
tIOns and the performance ofthelf denva­
tIVes (G E]eta, 1996, personal commum­
cation)

UnzverSlty ofNebraska-Lmcoln

At the Umverslty ofNebraska-Lmcoln
(UNL), populatIOns based on earher B­
and R-Imes and newly utIhzed germplasm
acceSSIOns are bemg generated for vanous
feed gram quahty parameters (high and

low rate of m Vitro starch dlgestIblhty,
total starch content, and pepsm msoluble
mtrogen) (J Pedersen, 1996, personal
commUnICatIOn) Two B populatIOns
(D J Andrews, 1996, personal commum­
catIOn) and a restorer population (J D
Eastm, 1996, personal commumcatIOn)
have been recently developed (Appendix
2)

Fort Hays Experzment StatIOn

A senes of methodology studies IS un­
derway at the Fort Hays Expenment Sta­
tion of Kansas State Umverslty (K Ko­
fOld, 1996, personal commumcatIOn) A
study of alternative famIly-based selec­
tIOn procedures IS bemg conducted, con­
tmumg selectIOn started m Nebraska m
the early 1970s m NP3R and NP5R popu­
lations No differences were found among
procedures m NP3R based on predicted
gams (Table 2) A study testmg the feasl­
blhty of gametophytlc selectIOn for stress
tolerance IS underway, with selectIOn
pressure mduced by holdmg pollen m pol­
hnatmg bags for either 45 or 90 mmutes
pnor to pollmatton No slgmficant re­
sponse to selectIOn was observed after
two years ofevaluation The feaslblhty of
mass selectIOn for drought tolerance IS
bemg tested usmg plants grown m 5 cm
diameter cones m the greenhouse Water
IS Withheld from 3°days after sowmg
untIl a VIsual assessment of plant death
reaches 75-80% SurvIVmg plants are m­
termated, and recombmed seed IS sown m
the field at high denSity (530,000 plants
ha I) Also, the effectiveness of smgle lo­
catIOn, smgle rephcate evaluatIOns of SI
progeny With augmented deSigns IS bemg
compared With a rephcated procedure

191



Kansas State Umverszty

The major research thrusts m popula­
tlon Improvement of sorghum at Kansas
State Umversity (KSU) mclude Improve­
ment of gram yIeld and adaptatlon to
drought stress, ammal feed value ofgram,
and Fusarzum and charcoal rot resIstance
(Bramel-Cox, 1996, personal commum­
catlon) Each of these are summarIzed
below

DIvergent SI famIly selectlOn m the
populatlon KP9B IS bemg conducted col­
laboratlvely between KSU and UNL WIth
selectlOn under optlmal [KP9B(MD)] or
drought-stress condItIons (KP9B(GC»
The fourth cycle ofeach selectlon scheme
IS underway PredIcted gams (Zavala­
Garcia et ai, 1992) and realiZed gams
(MacIel, 1995) are reported Also, the
same base populatlOn, KP9BCo, was Im­
proved for three cycles usmg a modIfied
full-sIb method wIth multI-locatiOn evalu­
atlOn, selectIon was based on a rank sum­
matlOn mdex across locatiOns PredIcted
gams from thIS method have been re­
ported by ChiSI et al (1996)

The Improvement of feed value of the
gram was pursued m the KP7BCopopula­
tIon wIth two separate SI selectlOn
schemes One scheme uses protem dIgest­
IbIlIty VIa the pepsm dIgestIon techmque
as the sole cntenon [KP7B(DG)],
whereas the rank summatlon for gram
yIeld and protem dIgestIbIlIty was used m
the other [KP7B(RS)] Bramel-Cox et al

(1990) descnbe these cntena and pre­
dIcted gams from selectlon

SelectlOn for reSIstance to Fusarzum
and charcoal rot (Macrophomzna phaseo­
lzna) m the KP8BCopopulation was con­
ducted for two cycles, usmg toothpIck
moculatlOn, on half-SIb famIlIes at two
locatIOns m Kansas (Bramel-Cox and
Claflm, 1989)

ICRISAT Asza Center

An array of populatIons for long-term
Improvement of key agronomIC traIts or
traIt combmatlOns and reSIstances to ma­
jor msect pests are bemg developed and
Improved at the ICRlSAT ASia Center
(lAC), IndIa (AppendIx 2)

The Shoot Pest populatIon, for shootfly
(Atherzgona soccata) and stem borer
(Chzlo partellus) reSIstance, and the Head
Pest populatlOn, for mIdge (Contarznza
sorghzcola) and earhead bug (Calocorzs
angustatus) reSIstance, trace theIr ongms
to populatlOns begun m the early 1970s at
ICRlSAT, IndIa The earlIer shoot pest
populatlOn was mass selected for shootfly
and stem borer reSIstance for approXI­
mately one decade, followed by progeny­
based selectlOn m the late 1980s (Agrawal
and Taneja, 1989, ICRlSAT, 1988) By
the begmnmg of thIS decade, the Head
Pest and Shoot Pest populatIons had rela­
tlvely hIgh means but low varIances Thus
m 1991 mtrogresslOn of large numbers of
dIverse sources of reSIstance was con-

Table 2 Predicted gams from one cycle of alternative family selection methods, usmg direct
selection With 20% selection mtenslty 10 two sorghum populatIOns 10 Kansas, U S

Days to Plant Gram Test
anthesls height yield weight

PopulatIOn Family days em kgha 1 kgm3

NP5R SI 48 119 270 198
NP3R SI 33 116 404 235
NP3R HS 20 90 150 260
NP3R FS 36 100 361 248

KofOld unpubhshed data
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ducted mto both populatIOns (Wehmann
et ai, 1992, AppendIx 2) These new
populatIOns are heavily based on landrace
materIal of tall stature (greater than 2m),
wIth considerable photoperIod senSItivIty
and segregatIOn for gram characterIstIcs

Mass selectIon has been used exten­
SIvely at lAC for Improvement of the
Large Gram, HIgh TIllermg (Reddy and
Prasada Rao, 1993), Early Dual Purpose,
and Gumea Gram Mold populatIOns The
Large Gram and Hlgh-Tl1lermg popula­
tIons are bemg managed as open popula­
tIons (Reddy, 1994) These populatIOns
have predommantly whIte gram color, ex­
cept for the Early Dual-Purpose popula­
tIOn which IS segregatmg for gram color
and testa

Progeny-based selectIOn methods have
been used to Improve the US/R and RS/R
populatIons Two cycles of SI progeny
selectIon for mcreased gram and stover
yield wlthm restricted growth duratIon
were recently completed m the US/R(DP)
populatIOn (Rattunde, 1994) A modified
base mdex WIth standardized values for
gram, stover yield, early maturIty and
lodgmg reSIstance, weighted by the rela­
tIve economIC weIghts and estImated herI­
tabIhtIes ofeach traIt, was used for selec­
tIon The genetIc variatIOn for seedlmg
VIgor observed m the US/R(C 1) and
RS/R(C1) populatIOns (Rattunde, 1992)
has been explOIted through three cycles of
full-SIb selectIOn for seedlIng vigor m
each populatIOn (Rattunde, 1993)

ICRISAT Southern and
Western African Programs

The populatIons developed bv ICRI­
SAT and NARS collaborators m the
Southern African regIOn (AppendIX 2)
target contrastmg agro-ecologlcal zones

(A B Obdana, 1996, personal commum­
catIOn, ICRISAT, 1989) Gumea and
Caudatum (J Chantereau, 1996, personal
commumcatIOn) and Gumea x Caudatum
(D S Murty, 1996, personal commumca­
tIon) populatIOns are currently bemg de­
veloped m Mah (AppendIX 2)

Genetic Gams from
Population Improvement

Pearl MIllet Response to SelectIOn

SubstantIal mcreases for gram yIeld per
se have been obtamed through progeny­
based recurrent selectIon m an array of
populatIons m India Gams of 1 9 to 5 0%
per cycle m SIX populatIOns (Super Serere,
New Ellte, Inter Varietal, MedIUm, Early
and D2 CompOSItes) selected for two to
five cycles were exhIbited m 1982 m a
multI-locatIOn evaluatIOn m IndIa (Pheru
Smgh et ai, 1988) A sImdar range of
gams (09 to 4 9%) was exhibited by four
compOSItes, selected for three to SIX cy­
cles, when theIr cycle bulks were evalu­
ated m IndIa from 11~ to29~ over three
years (Rattunde and Wltcombe, 1993)
The hIghly sIgmficant gams m gram yIeld
were most closely related to mcreases m
the number ofseeds per pamcle (Table 3)
Ten cycles ofper se selectIOn m the Me­
dIUm CompOSIte resulted m mcreases m
combmmg abIlIty of 1 2 to 1 8% per cycle,
dependmg on the tester used, as well as a
43% per cycle gam m gram yIeld m the
populatIon per se (WItcombe, m press)

Mass selectIon IS expected to be more
effectIve for plant traIts that have rela­
tIvely hIgh herItabIhtIes on a smgle plant
baSIS such as plant heIght (h2=0 58), pan­
Icle length (h2=0 64) and seed mass
(h2=0 52), and less effectIve for less herI­
table traIts llke gram yIeld (h2=0 29) (Rat­
tunde et ai, 1989) Mass selectIon for
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gram YIeld, when conducted m a smgle
locatIon, can also result m locatIOn-spe­
cIfic responses (Rattunde, 1988, Table 4)

Recurrent selectIOn for resIstance to
downy mIldew has proven very effectIve
Two cycles of progeny selectIon wIth a
modIfied glasshouse screenmg procedure
m a hIghly susceptIble populatIon, WRa­
JPop88, sIgmficantly reduced downy mIl­
dew mCIdence from 134% m Cycle 0 to
18% In Cycle 2 bulk (WeltzIen R and
Kmg, 1995)

Sorghum Response to SelectIOn

Responses to two cycles ofS\ selectIon
for early-maturmg, dual-purpose sor­
ghum m the US/R(DP) populatIOn were
recently evaluated m IndIa, the country of
selectIOn, and under ramfed condItIons m
the Sudan, an Important target enVIron­
ment for short-duratIOn sorghums Large
responses of both gram (13 2%) and
stover (164%) yIelds were observed m

IndIa whIle matunty was held constant
(Table 5, Rattunde, unpublIshed data)
The yIeld gams were pnmarIly achIeved
m the first cycle of selectIOn and were
assocIated WIth a 1 4 day mcrease m tIme
to flower m that cycle TIme to flower was
reduced to near that of the ongmal popu­
latIOn m the second cycle EstImates of
genetIC varIabIlIty remamed unchanged
over the two cycles of selectIOn for gram
yIeld, but were reduced for stover yIeld
and tIme to flower (Table 6) The pattern
of response observed m Sudan was SImI­
lar to that observed m IndIa (Table 5,
Rattunde and IbrahIm, unpublIshed data)
The results from IndIa and Sudan are note­
worthy as both gram and stover yIelds
were mcreased, total bIOmass was m­
creased withm a constant growth dura­
tIon, and these gams were expressed over
a WIde range of soIl fertIlIty and clImatIC
condItIOns

Responses to two cycles of S\ famIly
selectIon m KP9B under drought-stress

Table 3 Means of base (Co) and most advanced selected populatIOn (Ct) from five pearl mIllet
composites evaluated at three locatIOns m Indl3 m the 1987 ramy season for SIX agronomic
traits

IndIVidual
Composite Gram Bloom Height seed mass Seeds Panicles
and eycle (kg ha I) (days) (em) (mg) panicle I m 2

MCCo 2300 503 226 886 2160 125
MCCs 3160** 509 222 941 2590* 123

IVCCo 2550 530 242 961 2730 99
IVCC6 2660 535 225* 852* 2540 11 1*

NELCCo 2140 542 210 833 2440 114
NELCCs 2880** 545 224 895 3030** 110

SRCCo 1860 553 219 850 2190 93
SRCy 2880** 523* 235* 879 2640** 118**

D2CCo 2110 510 153 837 2170 122
D2CCs 2490 504 160 863 2500 113

LSD 005 390 24 16 091 394 11
• •• Slgmficant dIfference between base and advanced cycle populatIOn at P<O 05 and P<O 0I respecuvely
(Rattunde and Wltcombe \993)
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Table 4 Gram yield responses (kg ha I deviatIOns from unselected bulk) to one cycle of mass
selectIOn for gram Yield per se and for an mdex ofphysiological determmants ofgram Ylelda

In the pearl mJllet Early Composite at the location of selectIOn (PAT) m central India
(17°N), Northern India (HSR, 29°N), and Southern India (BSR, H°N)

SelectIon
CrIterIa PAT

Gram yield per se 351*
PhyslOl-mdex 649**

LocatiOns
HSR
133
72

BSR
252
264

"Index based on growth rate growth duratIOn and harvest Index
• •• denotes slgrnficant differences between base and selected populatIOn at P<O 05 and P<O 01 respectively
(Rattunde 1988)

Table 5 Progress from 81 progeny Index selectIOn for early dual-purpose sorghum m the USIR (DP)
populatIOn

Cycle

Cycle 0

Gram (t ha 1)
India' Sudanb

277 I 12

Stover (t ha 1)
IndIa Sudan
416 204

F10wermg (d)
IndIa Sudan
567 656

Cycle I

Cycle 2

304
(10 O)e

313
(13 2)

130
(16 I)

126
(13 0)

496
(193)

484
(164)

222
(88)

206
(10)

58 I
(25)

570
(06)

652
(06)

637
( 2 8)

LSD (P=O 05) 0 05 0 II 0 09
"60 FS per cycle three fertilIty environments at Patancheru india 1994
bZO FS per cycle In ralnfed enVlfonment Wad Medanl Sudan 1995
c% change from CO
(Rattunde Ibrahim unpublished)

018 002 070

Table 6 Genetic components ofvanance and theIr standard errors ofU81R (DP) Sorghum Popu­
latIOn Cycle 0 and Cycle 2 full-sibs In India

Cycle
Cycle 0
Cycle 2

Gram
92±236
88±228

Stover
78 2±l5 58
48 6±1O 82

F10wermg
12±I 14
o7±l 37

(Rattunde unpublIshed data)

[KP9B(GC)] and optimal conditIOns
[KP9B(MD)] m the midwest U Shave
been evaluated m both low- and high-pro­
ductiVity environments Gram yield gams
of 20% from selection under stress were
exhibited at both the hlgh- and low-pro­
ductiVity test sites (Table 7, MaCiel,
1995) These gams were larger than those
obtamed by two cycles of selection under
more optImal conditions Also, the gram
yields of the ten best familIes from both
selectIOn schemes were dlstmctly supe-

nor to those from the ongmal KP9BCo
(Table 8) The best familIes from selec­
tion under optimal conditions were
slIghtly later flowenng and dlstmctly
taller than those selected under stress Es­
timates of genetic vanance were smaller
among the stress-selected KP9B(GC)Cz
familIes as compared to non-stress-se­
lected KP9B(MD)Cz familIes (Table 7)

Gndded mass selectIOn for mdlvldual
panicle gram weight m IAP4R m Iowa
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was shown to have effectIvely mcreased
gram yIeld by 2 06% cycle lover three
cycles m thIS broad-based populatIon (Se­
cnst, 1989, Secnst and Atkms, 1991)
Mass selectIOn mcluded InItIal culhng of
late flowenng plants and resulted m de­
creased time to flower m the Cycle 3
populatIOn, relatIve to Cycle 0 Four cy­
cles of mass selectIOn for cold tolerance
m Purdue PopulatIOn 9, through natural
selectIOn wIth early sprmg sowmgs, m­
creased cold emergence by 2 8% cycle I

(Bacon et ai, 1986) Four cycles of gnd­
ded mass selectIOn for threshed panIcle
weIght sIgmficantly mcreased gram yIeld
250 kg ha I (1 2% of Co mean), but re­
sulted m hIghly sIgmficant mdIrect re­
sponses for days to flower (1 6 days) and

plant heIght (9 cm) (Maves and Atkms,
1991) Four cycles of mass selectIOn for
mcreased seed SIze m IAP3BR(M) SIg~

mficantly mcreased seed size but de­
creased gram yIeld (Kwolek et ai, 1986)
SIX cycles of mass selectIOn for shootfly
resIstance mthe ongmal Shoot Pest popu­
latIon had reduced shootfly deadheart fre­
quency from 712% to 58 5% (ICRISAT,
1988) Mass selectIon was not effectIve
for resIstance to stem borer (Chllo partei­
ius) (ICRISAT, 1988) Seven cycles of
mass selectIon for whIte gram color and
gumea glume and gram type, Imttally wIth
mtld selectIOn mtenslty, achIeved hIgh
frequencIes of both m the Gumea x

Caudatum Gram Mold populatIon

Table 7

Test sites

Gram yield (kg ha I) and genetic variance «12g) ofthe sorghum base-population KP9BCo
and the stress-selected KP9B (GC) C2 and non-stress-selected KP9B (MD) C2 at three hlgh­
and three low-productivity test sites m the midwest U S m 1993 and 1994

KP9BCQ KP98 (GC) Cz KP98 (MD) Cz
Mean gram yield
High
Low

fig gram yield
High
Low
Bold = dIrect seleclton
(MaCIel 1995)

4763
2742

360767
305681

5699 (20%)
3284 (20%)

109889
306388

5446 (14%)
315, (15%)

222218
446478

Table 8 Means of the top 10 families from the base sorghum populatIOn KP9BCo and the stress­
selected KP9B (GC) C2 and non-stress selected KP9B (MD) C2 at three hlgh~ and three
low-productiVity test sites m the midwest U S m 1993 and 1994

Gram Flower Height Seed
kg ha 1 d em number/mz

High sites
KP9BCO 6277 68 110 28607
KP9B(GC)Cz 7102 69 109 31729
KP9B(MD) Cz 6765 71 117 31398

Low sites
KP9BCO 3843 65 1I3 15699
KP9B(GC) Cz 4433 67 112 17684
KP9B (MD)Cz 4393 68 120 18407

Bold = dIrect selectton
(Maciel 1995)
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Issues lD ImplementatIOn of
PopulatIOn Improvement

Lmkmg PopulatIOn Improvement
wIth End-Product Development

The economIC benefits of populatIon
Improvement are ultImately realIzed
when genetIc matenal from these popula­
tIOns IS used to develop hnes and vanetles
for cultIvatIOn by farmers The Interface
between populatIOn Improvement and end
product development has rarely receIved
attentIon m the hterature In thIS sectIOn
we reVIew the methods used m sorghum
and pearl mIllet for explOItmg Improved
populatIons for end-product develop­
ment Also, the conflIct between maXI­
mlzmg long-term genetIc gams through
populatIon Improvement and developmg
agronomIcally ehte fimshed products wIll
be addressed

Sorghum

Supenor famlhes developed and Iden­
tIfied through recurrent selectIon provIde
a startmg pomt for hne development m
sorghum TradItIOnal pedIgree selectIon
methods used durmg the mbreedmg proc­
ess produce pure hnes for dIrect use as
varIetIes or hybnd parental hnes or, more
frequently, as Improved parental matenal
for advancmg pedigree breedmg actiVI­
ties Selection agaInst the male-stenle
gene would also be reqUIred, but IS easIly
handled by IdentIfymg stenle plants at
flowenng ThIS approach has been used m
the development ofhnes from SI famlhes
ongmatmg m several populatIOns at Pur­
due (EJeta, 1996, personal commumca­
tIon), and m the ongomg denvatIOn of
restorer hnes and dual-purpose vanetles

out of the US/R(DP) populatIOn at IeRI­
SAT (lAC)

In broad-based populatIOns, genetIC
VariatIOn and potentIal long-term genetIC
gams are maxImIzed However, because
these populatIons tend to have low means
for cntIcal agronomIC traits, frequenCIes
of ehte segregates are low Thus, hnes
denved from these populatIons rarely, If
ever, possess the full complement of re­
qUIred agronomIc charactenstlcs These
hnes would represent Improved source
matenal usefulm crossmg WIth ehte lmes

Ehte populatIOns, m contrast, would
restrIct mtroductIOn ofundesIrable alleles
for such traIts as heIght, maturIty, fertlhty
reactIOn, and gram and panIcle charac­
tenstIcs durmg populatIon development
These restrIctIOns would be Imposed
through hmitIng mtroductIOn mto the
populatIon as well as cullmg undeSIrable
agronomIc types dunng random matmg
A much hIgher frequency of ehte hnes
would be denved from such populatIons
However, the narrow genetIc base would
hmlt genetIC VariatIOn and potentIal long­
term genetIc gams If It IS used as a closed
populatIOn

2AddItIve genetIC varIatIon cr A IS a
functIOn ofthe number ofloci segregatmg
(n), the frequency of favorable (p) and
unfavorable alleles (q), and the breedIng
value a. (Falconer, 1981), It can be ex­
pressed With the followmg formula

riA = I,fi 2pqa.2

cr2A can be mcreased by mcreasmg
eIther n for the traIt of mterest or the
frequency ofp If It IS less than 0 5 for the
deSIrable allele The mtroductIOn of new
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alleles or mcreasmg the frequency of de­
sirable alleles can be achieved by mtro­
gresslon of exotic source matenals

Researchers at KSU are pursumg mtro­
gresslOn mto ehte populatIOns, usmg
population backcrossmg, to accommo­
date the contradictory goals of denvmg
ehte hnes and makmg long-term gams m
the source populatIOn (Bramel-Cox and
Cox, 1989, Menklr et aI, 1994a,b) Intro­
gresslon ofthe exotic sources at less than
50% ofthe nuclear genome by backcross­
mg to the ehte population would mamtam
the ehteness of the populatIOn

Effective mtrogresslOn usmg a popula­
tion backcross approach would reqUire
samphng enough plants durmg back­
crossmg to retam a maximum diverSity of
alleles from the exotic source Also, when
new source matenalls mtrogressed mto a
populatIOn already Improved for that trait,
screemng at each level of backcrossmg
would msure retention of more genes for
that trait when handling small populatIOn
sizes For example, when mtroducmg new
greenbug resistance alleles mto an eXlst­
mg greenbug-reslstant populatIOn, the re­
sultmg BC2F2 can be put directly mto a
pedigree program Alternatively, addi­
tional random matmg can be done to break
undesirable hnkages pnor to hne denva­
tlOn, as IS bemg done for chmchbug resIS­
tanceatKSU

ThiS open-population approach With
populatIOn backcrossmg has been apphed
m the KP9B and KP7B populatIOns at
KSU for such diverse objectives as green­
bug reSistance, gram-nutritional quahty,
drought tolerance, chmchbug reSistance,
heterOSIs, and cold tolerance Ten R hnes
from population mtrogresslon of a stress
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tolerant hne (1S22253 from Zimbabwe), a
Chmese hne (258), and a biotype e green­
bug-reSistant source (1S2388) are ex­
pected to be released from Kansas State
Umverslty thiS year

Pearl Millet

Because pearl millet IS a cross-polh­
nated crop, an array of economically VI­
able variety types can be denved from
populations DescnptlOns of the different
end-products and the methods used to de­
nve them from populatIOns are outlmed
below

• Use a populatIOn directly as an
open-polhnated vanety (OPV)

Mass selectIOn wlthm a populatIOn for
more restricted plant type and phenology
IS a common method ofdevelopmg OPVs
m pearl mIllet ThiS approach IS exemph­
fied by the development of ICMVl55
through a smgle cycle of mass selectIOn
for gram yield and SimIlar plant height,
pamcle type, and matunty m the NELC
populatIOn after four cycles of progeny­
based selectIOn (Pheru Smg et ai, 1994)
A modified mass selectIOn method IS
qUite Important m India In thiS method,
Indian program sCientists do smgle plant
selection of selfed plants for agronomic
type and adaptatIOn m the target enVlfon­
ment, and the resultmg S, progemes are
tested at ICRISAT for resistance to
downy mIldew The more resistant proge­
mes are recombmed to form the expen­
mental variety (Weltzlen R and Hash,
1995)

• Form an OPV from famlhes se­
lected from a populatIOn



VarIeties can be produced by recom­
bmmg famlhes selected on performance
mformatiOn obtamed durmg the testmg
phase of a progeny-based populatIon Im­
provement program Generally a small
number (l0 to 15) offull-sib or SI famlhes
are selected to produce a vanety A senes
ofexperImental VarIetIes can be produced
by Imposmg dIfferent selectIOn cntena or
dIfferent weightmgs for mdividual selec­
tion CrItena The use of selection mdlCes
based on standardIzed trait values has
proved useful for thIS method of vanety
development Because these varIeties are
narrow-based populatIons, further selec­
tIOn can be done for enhancmg cntIcal
traIts, such as resistance to downy mIl­
dew, or for mcreasmg umformity for a
specIfic plant type The vanety ICTP
8203, developed from five S2 progemes
from the Imadilandrace populatIon IS cur­
rently bemg grown on more than 600,000
hectares m the Indian state ofMaharashtra
(lCRISAT,1996)

• Develop topcross hybnds

PopulatIOns can be used as the pollen
parent to produce topcross hybnds The
first topcross hybnd JBH1was released m
India m 1996 Its pollInator was devel­
oped from the Bold Seeded Early Com­
posIte VIa test crossmg to select for fertIl­
Ity restoration, progeny testmg for agro­
nomic type and resIstance to downy
mIldew, and mass selectiOn for umform
matunty ImtIal seed production of thIS
hybnd by a publIc agency m IndIa IS al­
ready under way DIverse topcross pOllI­
nators (TCPs) are bemg developed at
ICRISAT (lAC) from an ehte, medmm­
matunty populatIon (MC ClO) and from
earher-maturmg, IndIan landrace-based
populatiOns (WRaJPop, ERaJPop, EHI­
TIP, CZ-IC 416, andLRE 118) The labor
and resources reqUIred to produce effec-

bve TCPs are relatively modest for popu­
latIOns lIke MC ClO, havmg hIgh fre­
quency of restorer alleles However,
much greater effort IS reqUIred to develop
TCPs from the more landrace-based
populations for use m stress-prone enVI­
ronments, due to theIr low restoratiOn fre­
quency WIth current male-stenle hnes and
more frequent fertIhty restoratIon prob­
lems under heat and drought condItiOns m
the areas of cultIVation TCPs also are
narrow-based populations and would be
amenable to contmued selectiOn for traIts
such as reSIstance to ever-evolvmg downy
mIldew pathogen populatIOns and tIme to
flower to mck WIth male-sterIle hnes

• Denve mbreds for use as hybnd
parents

Pedigree breedmg methods can be used
to develop mbred pollen and seed parents
from populatIOn-derIved progemes Sev­
eral pearl mIllet populatiOns have been
developed speCIfically as source matenal
for denvIng eIther pollen or seed parental
hnes (AppendIX I) The Extra Early R and
Extra Early B CompOSItes were constI­
tuted by selectIng for the non-Togo phe­
notype m the former and the Togo pheno­
type m the latter, to develop genetIcally
dIStInct and heterotIC gene pools The 82
test cross procedure (Table 1) IS well­
SUIted for IdentIficatIon of potentIal re­
storer lInes

Open-pollInated varIeties (OPVs) play
a very Important role In IndIan farmIng
systems The cultIvation ofhybnds IS In­
creasIng In some areas (ICRISAT, 1996),
yet OPVs WIll contmue to play an Impor­
tant role because theIr broader genetIC
base contnbutes to more durable downy
mIldew reSIstance, theIr longer penod of
pollen sheddmg reduces nsks ofergot and
smut, and the gram yIelds of the best
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released OPVs usually are on par wIth the
best released smgle-cross hybnds [the
AIl-India CoordInated Pearl Millet Im­
provement Project (AICPMIP) advanced
vanety and hybnd trIal results, 1993­
1996]

CollaboratIOn between natIOnal pro­
gram SCIentIsts operatIng In the target en­
vironment and SCientIsts WIth more re­
gional or InternatIOnal focus, such as
those at ICRISAT, can be very effectIve
for developmg fimshed products from
populations (Weltzlen R and Hash,
1995) Opportumtles for collaboratIOn In­
clude such actIvities as IdentIficatIOn of
population bulks for use as source mate­
nal, formatIOn of test UnIts, evaluatIOn I
selection of test UnIts, and recombInation
and productIOn of seed (Weltzien R and
Hash, 1995) The effectiveness and grow­
Ing Importance of these efforts IS Indi­
cated by the predomInance of collabora­
tlvely bred varieties submitted for testIng
In the All India CoordInated Pearl Millet
Improvement Program SInce 1994

ReCIprocal Recurrent SelectIOn ofSor­
ghum and Pearl Millet

Comstock et al (1949) first suggested
the use ofpopulation Improvement to en­
hance heterOSIs between two populatIOns
ReCiprocal recurrent selectIOn (RRS)
maximizes the genetic divergence be­
tween the populatIOns for lOCI With domi­
nance effects, by baSIng selection on
crosses generated With one parent from
each population This method would be
useful for crop species where hybnds are
commerCially Viable and large Inter­
populatIon heteroSIs IS expected or ob­
served These conditions are met for both
pearl millet and sorghum, but espeCially
for pearl mIllet Furthermore, thiS ap­
proach allows IntegratIOn of long-term
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and short-term breedIng objectives (Ey­
herablde and Hallauer, 1991)

The use ofRRS In sorghum, espeCially
full-Sib reciprocal recurrent selectIOn, IS
hampered by the stenhty system used to
enable random matIng All crosses (test
and selectIOn umts) would be generated
usmg a male-stenle as the female for
which no selfed seed can be produced
Thus from the selected full-Sibs, only the
male parents from each cross can be used
as recombInatIOn UnIts, effectively reduc­
mg selectIOn mtenslty and failIng to cap­
ture genes from those female parents pro­
dUCIng supenor crosses

ReCiprocal full-Sib selectIOn has been
used to Improve the sorghum populatIOns
KP9BCo and GTPP7R, a denvatlve of
TP24 100 to 200 reciprocal full Sibs from
each population (With that populatIOn as
male parent) were tested collaboratlvely
by KSU at Garden City and the UnIversity
of Nuevo Leon m Monterrey, MeXICO
The top 15% full Sibs were selected from
the best stress Site, and remnant SI seed of
the male parents was used for recombma­
tIOn EstImates ofgenetIC vanances, hen­
tablhtles, and mtra-populatlon predicted
gams were reported by Chlsl (1993) Es­
tImates for the genetic vanabIhty and
mean were found to be conSIstently hIgher
m the TP24 x KP9B (TP24 as female)
than the KP9B x TP24 recIprocal crosses,
suggestmg that SignIficant cytoplasmiC
effects may eXist (P Bramel-Cox, 1996,
personal communIcation)

Generatmg Inter-Pool
PopulatIOns ofPearl Millet

PopulatIOn Dzallel Analyses

Crossmg populatIOns representmg con­
trastmg genetic sources may explOit het-



erosIs, mcreasmg the mean productIVIty
and the genetIc VarIatIOn of the resultmg
mterpool populatIons Such populatIon
crosses are frequently used m pearl mIllet
populatIOn Improvement to combme
groups oftraIts and thus mcrease varIabIl­
Ity for productIvIty and adaptatIOn The
chOIce ofparents often IS based on knowl­
edge of the performance and speCIfic
characterIstIcs ofpotentIal parental popu­
latIons Knowledge about heterotIC pat­
terns among populatIOns could be helpful
m choosmg parents for makmg popula­
tIOn crosses PopulatIOn dlallel analyses
are deSIgned to allow deSCrIptIOn of the
nature and amount of heteroSIS generated
by populatIOn crosses, and should help to
Identify speCIfIC crosses or types of
crosses to explOIt

A senes ofpearl mIllet populatIOn dlal­
leIs WIth prImary focus on gram yIeld
have been recently conducted m ASia [11
longer duratIOn (All, 1996) and ten early­
maturIng populatIOns (Presterl and Weltz­
len R, unpublIshed)], and m AfrIca [five
WIdely grown Improved landraces (Ouen­
deba et ai, 1993) and 11 Improved varIe­
tIes and landraces (ICRISAT, 1992)] A
dlallel of five dIverse populatIons also
was conducted to study Inhentance pat­
terns and methods for Improvement of
vegetatIve growth mdex (Lynch et ai,
1995) The early populatIOn dlallel
(Presterl and Weltzlen R, unpublIshed)
WIll be descnbed as an example of thiS
approach usmg the analySIS of Gardner
and Eberhart (1966)

Ten early-matunng populatIons were
IdentIfied, they varIed for yIeld potential
under favorable condItIOns, adaptatIon to
mOIsture and heat stress, and yIeld com­
ponents such as panIcle and gram SIze and
tIllermg These populatIons represented a
contmuum from locallandrace, baSIcally

ummproved populatIons, to hIghly bred
exotIC matenals, WIth each havmg certam
ments for the targeted hot, dry mIllet
growmg regIOn of northwestern IndIa

The populatIon cross F1S and parents
were evaluated for three years m multIlo­
catIon trials m the target regIon The re­
sults mdlcated that the FIgram yIeld was
detennmed by both the per se perfonn­
ance of the parental populatIons and the
level ofheterosIs (Table 9) HeteroSIS was
attrIbutable pnmarIly to speCIfic heterOSIS
of the mdIvidual F I combmatIOns, mdI­
catmg that the pattern of heterOSIS was
complex Ofthe four F1s havmg the hIgh­
est gram yIelds and mId-parent heterOSIS
greater than 20%, two were elIte x elIte
crosses, one an elIte x hIgh-tIllermg land­
race cross, and one an elIte x high-tIllenng
exotIC

ThIS analySIS was useful for descrIbmg
the level and pattern of heteroSIS obtam­
able through fonnatlon ofmterpool popu­
latIOns and for Identlfymg superIor popu­
latIOns for further use or Improvement
The complex pattern of heterotIc expres­
SIOn and the way It was dramatIcally m­
fluenced by the sample of test enVlfon­
ments make It dIfficult, however, to pre­
dICt more generally WhICh type of
populatIons would combme best

Farmers' Involvement m
Generatmg Interpool PopulatIOns

It IS generally assumed that breeders
have the full responsIbIlIty and compara­
tIve advantages over fanners m the chOIce
of gennplasm and the breedmg actIVItIes
assOCIated WIth development of mterpool
populatIons (SperlIng and ScheIdegger,
1996, CeccarellI et aI, 1996) However,
expenences m NamIbIa (Ipmge and BId­
mger, 1996, personal commumcatIOn)
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and on-farm varIetal evaluatIons m west­
ern Rajasthan from 1992 to 1995 (Weltz­
len R et ai, 1996a) suggest that for a
cross-pollInated crop lIke pearl mIllet,
some farmers are mvolved m these actIvI­
tIes

Farmers mvolved m on-farm pearl mIl­
let varIetal evaluatIOns saved seed of the
experImental vanetles that possessed spe­
CIfic traits of mterest ThIS seed was most
often sown m mIxture WIth theIr own va­
nety to reduce nsk of faIlure m the event
of severe stress The mIxed sowmg and
cross pollInatIon between the newly se­
lected genetIc matenal and the local ma­
terIal resulted m mterpool populatIOns,
whIch farmers have contmued to sow m
subsequent seasons

The potentIal benefits of farmers' m­
volvement m mterpool populatIOn forma­
tIOn mclude

• ample recombmation over several
seasons

• larger populatIon SIzes than are fea­
SIble on expenment statIOns, WIth
greater pOSSIble mtenslty of selec­
tIOn

Table 9 Percent sums of squares among en­
tnes and signIficance of mean
squares from a dlallel ofearly-matur­
mg pearl millet populations for gram
yield and stover yield m three RaJas­
than environments

Source of Gram Stover
vanance yIeld YIeld
Varieties 44 ** 45 **
HeteroSIs 56 ** 55

Average 5 ** 4 *
Variety 9 6
SpeCIfic 42 ** 45

• •• Stgmficant at the a05 and 0 01 probabIltty levels
respecttvely

(Presterl and Weltzlen R unpubhshed data)
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• reductIOn m frequency of unadap­
ted genotypes, because both natural
selectIon and farmers' selectIOn op­
erate under the target, albeIt varI­
able, envIronmental condItions
(Weltzien R et aI, 1996b)

• breeders' abIlIty to focus more on
Improvement of traIts dIfficult to
select for on a smgle plant baSIS
(WeltzIenR etal, 1996b, Weltzien
R et aI, 1996c)

There IS ongomg expenmentatIOn at
ICRISAT (lAC) to quantIfy the feaSIbIlIty
of lOvolvmg farmers m developmg popu­
latIOn crosses and of managmg genetIc
dIversIty through evaluatIon of farmer­
generated seed stocks

Modelmg SelectIOn Gams
from AlternatIve Recurrent
SelectIOn Methods

Completely and ngorously comparmg
the effectiveness of the many alternatIve
recurrent selectIOn methods and varIants
for each through field expenmentatIOn IS
extremely dIfficult, If not ImpOSSIble
Computer modelIng enables comparIsons
ofalternatIve methods, WIthout the nsk of
confoundmg dIfferent genetIC matenals,
selectIOn and test SItes, selectIOn mtensIty,
and resources used, as would be the case
across mdependently conducted recurrent
selectIOn programs Furthermore, pro­
gress WIth a gIven method depends on the
effectiveness WIth whIch resources are al­
located

A ngorous modelIng effort was con­
ducted to compare the effectIveness of a
senes ofselectIOn methods that have been
or could be expected to be used for popu­
lation Improvement of pearl mIllet
(Schipprack, 1993) The methods mclude



mass selection, half-sib, full-sIb, SI and S2
faIntly evaluatIOns, as well as two com­
bmed methods, SI followed by S2 family,
and full-sIb followed by SI family selec­
tIOn All methods were compared at com­
mon levels of total labor capacity and
rates ofmbreedmg m the populatIOn The
ratIos of genotypIC, genotypic x enVlfon­
mental and error vanances used m mod­
ehng were based on estImates of these
parameters from populatIOn progeny trial
data from ICRISAT (lAC) The expected
response to selectIOn was estImated as
gam m General Combmmg Ablhty per
year (G(y)) by applymg the formula

G(y) = I(a) pxy cry / y

where l(a) IS the mtenslty of selectIon,
pxy the coeffiCIent of the correlatIon be­
tween the selection and the response CrI­
tenon (GCA), cry the standard deViatIOn of
the response cntenon, and Y the number
ofyears per cycle

Modehng was first used to optImize
resource allocatIon wlthm each method
for the numbers of progemes, locatIons,
and rephcatlons tested, to maximize ex­
pected gams from that method under the
lImItatIOns of resources and mamtenance
ofgenetIC diverSity The optImal configu-

ratIons of each method were then com­
pared over a range of avaIlable labor ca­
paCIty

Major dIfferences were found among
the alternative methods for estImated se­
lectIon gams for head yIeld per year (Ta­
ble 10) Compared to the estImated gams
from the highest ranked full-SIb method,
the second to fIfth ranked methods
achieved only 90%, 75%, 71%, and 50%
as much progress The assumed levels of
correlatIon between per se performance
and GCA dId mfluence the relatIve gams
Under a tIghter correlation (0 8), the gams
from the selfed progeny methods m­
creased, but these were still only 84% of
the gams achieved by the full-Sib method
The highest rankmg method, when as­
summg a correlatIon of0 8, was the com­
bmed full-slb/S I famIly method, whose
estImated gams were 6% hIgher than the
full-SIb method

The rankmg of methods showed no
change over a broad range oflabor avaIl­
ablhty (FIgure I) Only at the lowest labor
levels and hIghest correlatIon between per
se performance and GCA were predicted
gams from SI hne selectIOn greater than
for full-SIb selectIon (FIgure 2) Also the

Table 10 SelectIOn response per year for pearl mIllet head yield from alternative recurrent selectIOn
procedures optimized for allocatIOn oflabor modeled under high (p=O 8) and mtermedlate
(P=O 5) correlations of per se performance With GCA

Recurrent selectIOn procedure
Mass selectlon*
Half Sib famJiy*
Full Sib family
Slime (one stage)
S2 hne (one stage)
Slime (two stage)
SI hne/S2lme
Full slb/S lime

• Slimes from So smgle plants used for recombmalion
0N Schlpprack 1993)

P-05
022
034
051
027
023
026
026
046

SelectIOn response
P=O 8
022
034
051
043
043
042
046
055
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rankmg of methods was sImIlar across a
range of assumed levels of dommance
(cr2D/cr2AratIOs of 0 25 to 0 75)

In the past, full-SIb selectIon methods
were rarely used at lAC for pearl mIllet
(Pheru Smgh et ai, 1988, Rattunde and
Witcombe, 1993) Schipprack's (1993)
results have led to extensIve use offull-sib
evaluatIOn for yIeld and agronomIC traIts
m IndIa HIS results are based on restnct­
mg the rate of mbreedmg to 1% per year,
whIch would be appropnate when pursu­
mg long-term populatIOn Improvement
However, when shorter term goals are
pursued, a hIgher rate ofmbreedmg would
be acceptable and the rankmg ofthe recur­
rent selectIOn methods may change

ConclUSIOns

PopulatIOn Improvement of pearl mIl­
let and sorghum IS currently bemg con­
ducted WIth dIverse matenals and obJec­
tIves In the future, populatIon Improve­
ment WIll be an essentIal breedmg tool

EffectIve utIlIzatIon ofthe tremendous
genetIC dIversIty avaIlable m these spe­
CIes WIll be VItal for genetIc enhancement
of prodUCtiVIty and stabIlIty of these
crops PopulatIOn Improvement allows
more recombmatIOn and a larger number
of favorable alleles than IS pOSSIble WIth
the same number of plants handled VIa
pedIgree methods The documented gams
m populatIOn means and supenor famIlIes
achIeved through recurrent selection
show the effectIveness OfthiS general ap­
proach In pearl mIllet, the mcreased use
of populatIons for development of pOllI­
nators, espeCIally top cross pollInators,
would contrIbute greatly to the dIversIfi­
cation ofhybnds avaIlable for cultIvatIOn

The chOIce of speCIfic methods for
populatIOn Improvement WIll have Impor­
tant consequences for the gams achIeved
ModelIng the effiCIency of alternatIve
evaluatIOn methods for Improvement of
pearl mIllet populatIOns showed more
than two-fold dIfferences The open­
populatIOn approach WIth mtrogressIOn
VIa populatIon backcrossmg should Im­
prove the source populatIOns withm the
context of an applIed program, especially
for sorghum ThIS method would prOVIde
both source matenal for ImmedIate devel­
opment of fimshed products as well as
longer-term genetic enhancement re­
qUIred for future gams

The open-pollInated pearl mIllet varIe­
tIes and pure-lIne sorghum varIetIes de­
rIved from populatIOns can be readIly
propagated by local seed systems The
Impact of populatIOn Improvement could
be greatly enhanced Ifnew ways for mter­
facmg research mstItutIOns WIth local
seed systems could be explored and devel­
oped ThIS IS especially true for regIOns
and condItIOns where seed enterprIses are
currently not provIdmg Improved prod­
ucts to farmers
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AppendIx 1 Pearl MIllet populatIOns currently bemg developed, Improved or representmg the most
Important populatIons m a regIon

PopulatIOn Genetic composltIon/OrIgm

InstItutIOns
Tan!et EnVIronments Sahehan Zone, 300-600 mm ram, 60-100 d maturltv

GuenOlan Population cross between Guerguera (NIger) and Imadl (GB 8735 large 2 stage SL multllocatlon
Intervanetal seeded Togo type) cross combmatton Idenlified m populatIOn dlallel
Composite (GRGB) (1989 90) five F IS selected from ongmal 36 F LS between 14 selected

full sibs random mated [1994]"
ISC Intervanetal ApproXimately 180 F IS from mtervanetal crosses mvolvmg 40 West Random mated (3) 2 stage SL
Composite (ISC 851) Afucan unproved vanetles and promment landraces [1985] mu1lilocalion
Long Head Gene Pool AcceSSIOns from Western Niger [198990] Random mated (3) 2 stage SL
ilGHP) multtlocatlon
MedIUm Matunng AcceSSions from Northern Nlgena [1989 90] Random mated (3) 2 stage SI
Composite (MMC) multtlocabon

InstItutIOns West African NARS, ICRISAT-Mah
Tarl!et EnVIronments Sudaman Zone, 600-900 10m ram, 100-150 d maturltv

ICMC IS 101

RP 1004

Intervanetal cross between Kapelga photopenod senSitive late cultlvar One cycle of recurrent
from central BurkmaFaso andGT79 nearly day neutraicultlvarIn13dl selection completed and
from Togo [1992] deflvatlon of elite lines

currently no acllve breedmg
Intervanetal cross between Kapelga photopenod senSitive late cullivar One cycle of recurrent
from central BurkmaFaso and GT 85 nearlydayneutralcultlvarInladl selection completed and
from Togo [1992] deflvatlOn of elite lines

currently no active breedmg

InstItutIOns ICRISAT ASIa Center, IndIa, ASIan NARS
Target EnVIronments ASIa, primarily northwestern IndIa, <400 mm ramfall, very
early maturltv (60 to 70d under favorable condItIOns)

Western Rajasthan popula 14 landrace accesSIOns from NW India selected from 155 accessIOns Randommated(3) selectIOn on
lion (WRaJPop 88) tested m Rajasthan and Patancheru [1989] dlffenng progeny tvnes (C4)
Early Raj asthan 30 SI hnes from 4 selected Western Rajasthan landraces IP 3188 (n-3) Random mated (3) full Sib
POpulatIOn (ERaJPoP 91) IP 3228 (12) IP 3464 (10) IP 3246 (5)"[1991] selection (C3) muittiocatton
Early HIgh Tillenng Popula 600 full Sibs 30 from each of20 populatIOn crosses among 9 populations Random mated (3) full Sib
lion (EHlTtP 92) ERaJPop 91 Early Paktstan Pop LRE 49 XEC C6 HlTIP 88 HITIP 89 seleclion (C2) multilocation

PakLR74 XEC 89 PakLR74 HlTIP TCP EC C6 [19921
CZP IC416 Two mterpopuiatton crosses from the early population diallel EPDT 5 Random matmg (3) C1 of

(EC C6 XLRE 128) (58S) EPDT 41 (Pak LR 74 XEC 89) (41 FS) and testcross (S2 hnes on 841A for
EPDT 5 XEPDT-41 (82 FS) [1994] seed setllng and fertility

restoralion
RCB IC 956 (EC 89) Population cross ofEC C6 With BSEC [1989] Random mated (2) two cycles

modIfied mass selection mild
mass selection for earhness
panicle type m Rajasthan SI
selection for DM resistance at
IRC

RCB IC948 Interpopulallon cross of EC II With WRaJPop 89 selected from an Random mated (3) first cycle
early population dlallel [1990] of SI progeny selecllon

mlt13ted,multdocatlon
Barmer populallon 5 Western Rajasthan landrace accessIOns collected by NBPGR and Third random matmg bemg

ICRISAT m 1992 selected on station by farmers m a drought year at completed
Jodhpur 119941

Jakbarana Tall long pamcled late matonng landrace accessIOn from Sikar dlstnct Thlfd random matmg bemg
Rajasthan crossed With ICMV 155 a vanety denved from the NELC completed
populalion [1996]

Target EnVIronments ASIa> 400 mm ramfall, partIcularly more productIve pearl
mIllet HOWml! enVIronments throul!hout the IndIan sub-contment and PakIstan

New Ehte
Composite II
(NELCII)
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Crosses of NELC With progemes from a late populatIOn dlallel Random mated (3) Imtlate
predommantly Afucan non Togo [1994] progeny selectIOn

multtlocallon augmented
desum m 1996



Selection
PopulatIOn Genetic ComposltlOn/Origm HlstorylUse
Smut Resistant Crosses of SRC II With progemes from a late population Random mated (3) Iml1ate progeny
ComposIte III dla1lel predommantly AfrIcan, non Togo [1994] selectIOn mull1local1on augmented

(SRCIID design m 1996

Smut Resistant Interpool crossmg of Smut Resistant Composite and Intervanetal Random mated (3) progeny
Composite IT Composites [1987] selecl10n mull1local1on augmented
(SRCIT) design (C3) propose one more cycle

of selectIOn and then termmate
Early Smut Resistant One cycle of MSL m SRC IT for earlIness largely Afncan non Togo Progeny selection multllocatlon
Composite IT (1988) augmented design (C3)
(ESRCm
MedIUm Composite 94 Crosses of elIte matenals from Medium Composite (CIO) With ehte Bold Random mated (3) progeny
(MC 94) Seeded Early Composite matenals (ICMV 88908 = Okashana I) 3/4 selectIOn multllocatlon augmented

Afncan 1/4 Indian 50% Togo [1990] design (CI) emphasize reduced
height large gram Size

High Head Volume B West African Landraces crossed With ehte hnes (1990) Progeny selection at lAC (C4)
Composite (HHVBC) agronomic type seed setl1ng under

selfing

Target EnVIronments Broad range of eXlstmg or potential production systems
Extra Early R Early progenies under el'jpnded day length from broadest range of Random mated (4) mltlate mass
Composite (EERC) compoSite bulks & hnes non Togo phenotype [1995] selectlon 10 target environment

progeny downy mildew screening
testcross to determme fertilIty
restoratlon at lAC

Extra Early B Early progenies under extended day length from broadest range of Random mated (4) use as source
Composite (EEBC) composite bulks & hnes Togo phenotype [1992] matenal to denve B hnes
SADC White Gram Developed m Zimbabwefrom white gramed germplasm accessions [1994] Propose progeny selection
Composite (SADC multllocatlon augmented deSign for
WGC) gram YIeld potential for mdustnal &

food uses
Early Composite II Early Gene Pool predommantly Indian [1984] Progeny selection multllocatlon
(ECIl) augmented deSign [C6] for gram

Yield medium duratlon
DwarlNlgenan Nlgenan Composite Test cross selectlon (C3) for stenhty
Composite (NCD2) maintenance on AI cytoplasm

backcrossmg (BC2) to convert to A4
cytoplasm potential female parent
for population hybnds especially for
Western Arnca

InstitutIOn Umverslty of Nebraska-Lmco]n, U S
fTarget EnVironments Dwar· gram pearl millet growmg areas

NPM I (pI 574382) 14 selfed plants from Nebraska DwarlPearl Millet PopulallOn progenies Random matmg (I) With mild
selected for large heads good selfferl1hty medIUm matunty (55 65 d to selectIOn unrephcated SI (I cycle)
flower) and height «80 cm) [1985] Andrews et al 1995 Crop SCI grldded mass selectlon (2 cycles)
35598 use as polhnator or source ofrestorer

hnes on Al cytoplasm
NPM 2 (pI 574383) 7 selfed plants from Nebraska DwarlPearl Millet PopulallOn selected for Random mated (I) With mtld

early matunty «55 d 10 flower) dwarl«60 cm) high tlllenng plant type selection umephcated SI (I cycle)
Wlth 4 or more erect tlllen. and good self fertlhty [1985] Andrews et al gndded mass selection (2 cycles)
1995 Crop SCI 35 598 use as polhnator or source ofrestorer

hnes on Al cytoplasm
NPM 3 (PI 574544) 9 dwarf mbred hnes of diverse ongm (from Al mamtamer breedmg Random mated (2) use as source of

program) Identified as restorers on AI cytoplasm [1992] D J Andrews polhnators for AI cytoplasm
andJF RaJewskt 1995 Crop SCI 351229

"Year of ongm

209



AppendIx 2 Sorghum populatIons currently bemg developed, Improved or representmg the most
Important populatIOns m a regIOn

Population Genetic Composttlon/Ongm SelectIOn methods!
RecombmatlOn

InstItutIOn Purdue UnIversIty, IndI3na, U S
Target EnvIronments Temperate gram sorghum areas and areas reqUlrmg Slnga or
2ram mold resIstance

Purdue PopulatIOn 34
Purdue Population 35 Early B populatIOn developed from 30 B hnes Used for Ime denvatlOn
Purdue PopulatIOn 37 Slnga ResIstant populallOn from 20 mternatlonally tested Slnga resistant Used for Ime denvallOn

hnes
Purdue PopulatIOn 40 Mold resistant populatIOn from ehte mold resIstant Imes Used for hne denvatlon

InstitutIOn Umverslty of Nebraska - Lmcoln, U S
Target EnvIronments Temperate gram sore:hum e:rowme: areas

Nebraska Stress Tolerant Denved from 2 cycles of SI progeny selection for drought tolerance m Source of drought tolerant
Food Quality Population NebraskalKansas from Texas Population TP24 [1966]2 food quahty tan plant B hnes
(NP37)
Nebraska Early Duration 13 dIverse very early matunng B hnes from US x trOPiCal food quality Source for denvatlOn of very
B Lme Population mtrogresslOn program crossed onto sterile F2 plants from cross early B hnes

CK60Bms7 x NI22B and backcrossmg B hnes to resultmg stenle F2S
IfI996]

Nebraska Memum Duration 26 dIverse memum matunng B hues from US x trOPICal food qUalIty Source for denvatlOn of
B Lme Populatlou mtrogressmn program crossed outo stenle F2 plants from cro;s medIUm duration B hnes

CK60Bms7 x N122B and backcrossmg B hnes to resulting stenle F2S
[1996]

Nebraska Population 39 S2 famlhes (n-I00) from TP24R selected out of 900 for gram yIeld and Random mated (3) use as tan
(NP39) matunty under severe preanthesls drought stress at Garden City KS plant populatIOn for US Great

fI988] Plams
InstItutIOn Kansas State Umverslty, Manhattan, Kansas
Target EnVIronments Temperate dry land gram sorghum areas WIth unpredIctable
drought and requIrement for early maturIty

Population Genetic ComposltlonlOngm Selection HtstorylUse
KP7B First stage IAP2Bms, stenle plants crossed WIth BOK II BKS 9 BKS Random mated (>3) 2 cycles

45 BKS 46 BKS 52 BKS 56 BTx 623 andBTx 625 resultmg F2 sample SI selection for protem
random mated m Isolation Second stage One sub population generated dIgestIbIlity or protem
by random matmg the F2 sample under extreme drought and heat and mgeStlbIhty and gram yield A
selectmg agronomIcally deSIrable male stenles A second subpopulallon ehte B population
generated by crossmg unselected F2 and Yellow Endosperm Kafir ms)
stenles as females With BKS 9 BKS 45 BKS 56 BKS 67 BOK II BSC
599 BI778 B1887 B4R BTx 625 BSC 356 and BTx 2803 and
advancmgthese Fls to F2 The two subpopulatlOns were bulked m equal
quantities and random mated mIsolation under moderate droughtand heat
stress [1984]

KP8B Stenles ofYellow Endospenn Kafir ms) and the first stage F2 populatIOn Random mated 2 cycles half
of KP7B were crossed WIth drought tolerant B hnes mclumng BKS 9 SIb selectIOn for resIstance to
BKS 18 BKS 67 BSC 35 6 B1887 BSe 599 BTx 2803 B4R and BTx charcoal rot and Fusarium
625 The FIS were selected for agronomIc deslrablhty under drought and
heat stress [1985]

KP9B IAP2Bms3 stenles crossed WIth all Bhnes used mfirst stage ofdevelopmg SelectIOn usmg SI full Sib
KP7B as well as BKS 66 BTx 2749 BTx 2752 D Redlan 8UU 138 reciproCal recurrent selection
81HZ 242 81H5 62 81H5 112 81H5 218 81H6 63 81H6-69 BKS 67 emphaslzmg adaptauon to
BKS 68 and B7904 The F2was bulked as the maJor component, With YE dryland conditions An ehte B
Kafir F2mS) and random mated under severe drought and heat m 1983 populatIOn that IS broader
WIth selection of agronomically deSIrable stenle and fertile plants All based than KP7B
selectIOns were grown head to row under moderate heat and drought and
agronomically deSirable stenle plants selected m 1984
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InstitutIOn ICRISAT ASI8 Center, Patancheru, Indl8
Target Environments Dual-purpose sorghums for ASian Post-Ramy Season under
d Iechmne: temperature, stored SOl mOisture and short day conditIOns

SelectIOn Methods
PODulatlOn Genetic COffiDosltlOn/One:tn and Cntena/Use
Large Gram PopulatIOn 9 large gramed landraces were crossed to USIB (C6) and resultmg FIS Multiple cycles of smgle
(ICSPLGP) were crossed to a1temallve accessIOns from the same set (1990] locallon mass selectIOn for

gram size
Shoot Pest Populallon Fzs from crosses among 981andraees and 17 breedmg hnes representmg Random matmg (3) mass

diverse sources for shoot fly and/or stem borer resistance were seleclton for shootfly
mtrogressed mto the ongmal shoot pest populatIOn [1992] resistance and adaptallon to

the post ratny season (C4)

Target EnVironments Gram or dual-purpose sorghum areas m ASian Ramy-Season
h 90120 d h d tWit - l!:rowt ura Ions

PODulatlOn GenetIc COffiDosltlOn/One:tn Selection Hlstorv/Use
B Populallon (ICSP B) 10 bold gratn hnes 47 progemes of QL3 x 296B With downy mildew AdditIOnal mtrogresslOn ofPS

resistance 5 mIdge resistant hnes apprOlamately 18 high Yleldmg B 19349 296B M 35 I with
hnes crossed to male stenles (ms3) ofUSIB C6 [1989] contmued mass selectIOn for

large round lustrous gratn
gram number and shootfly
resistance

US'fR Dual Purpose USfR populatIOn composed ofconverted African matenals selected from Random matton (0) SI
PopulatIOn (ICSP USfR (DP» Purdue Populallons PPI PP3 and PP5 and NebraskaPopulallonsNP4BR, progeny selecllon for gram

NP5R and NP8 contams ms3 [1975] and stover yIeld early
matunty and lodgmg
resistance SelectIOn Imllated
m 1991 with SI progemes
from the USfR CI and C2
bnlks Two cycles completed

Early Dual Purpose Stenles of 22 SI progemes selected m the first cycle of unprovement of Random matmg (3) mass
PopulatIon (ICSP EDP) ICSP USfR(DP) were crossed With landraces(IS 869 IS8101 IS 19159 selectIon for gram and head

IS 20545 IS 22500 IS 23897 IS 24335 IS 24436) breedmg Imes (IS charactenstlcs
18758c 591T IS 18758c 618) and forage variety HC 260 A1lmatenals
were chosen based on multI enVIronment data with selectIOn mchees
contammg gram stover yield and early flowenng [19921

Head Pest Population Fzs from crosses among 27 landraces and 6 breechng hnes representIng Random MatIng (3) ImtIated
(ICSPHP) diverse sources of resistance to head bug and midge were mtrogressed mullt localton (IndIa and

mto a bulk of approximately 100 stenles of the preVIous Head Pest Kenya) two stage (SI/SZ)
PopulatIon [1992] progeny testmg for midge

resistance
High Tillermg PopulatIon 21 early matunng fast growth hnes and 4 umculm hnes tIllenng under Random matmg (3) mass
(ICSPHT) stress from diverse countries 2 gram grass hnes 3 sudan grass hnes 2 selectIon for tillenng (2 to 3

high tillenng forage hnes from SADC/ICRISAT 7 sweet stalk hnes 3 plant I) at 35 DAE large
brown mldnb hnes I anthracnose and I downy mtldewreslstanthnewere leaves With brown mlOOb and
crossed to male stertles ofUSIB C6 [1990] mild pressure for anthracnose

resistance (C3)
Tarl!:et EnVironment Hleher ramfall areas (>800mm) m Western and Central AfrIca

PODulatlOn Genetic ComnOSltlonlOngtn SelectIOn Hlstorv/Use
(Gumea) Gram Mold A Gumea Caudaturn populatIOn was fonned by crosses of 3S mold Random matmg (4) mass
PopulatIon resIstant and 4 susceplIble hnes to 5 USfR and 12 USIB populallou seleclIon for white gram and

denvallves m 1984 and resuillng progemes ofthese crossed With 23 mold gumea glume (1990 1993) as
resistant 27 high yleldmg and 14 dwarf & early hnes m 1987 well as reduced plant heIght
IntrogresslOn of 12 consplcuum types mltIated 1996 m parallel to mass (1993 1996) and agatnst nodal
selectIon tillers (1996\

InstitutIons SADCIICRISAT SMIP
Target EnVIronments Contrastmg agro-ecologlcal zones prevalent m Southern Af­
rIca

SDSP HotIDry

SDSP Cool/Dry

Based on 4 populations (TP24R04/TPI5R05 TP2IRB03 84PP 19M Random matmg (4) WIth
PP 19) With highest gram yields at Sebele Botswana and Makahoh selectIOn populatIOns made
Zimbabwe [1992"] aVailable to regronal NARS
Based on 4 populatIOns (TP24R041TP15R05 TP8 WAEC3PC82R, Random matmg (4) wllh
KP8B) With highest gratn yields at Matopos and Lucydale Zimbabwe selectIon populatIOns made
[19927] avaIlable to regIOnal NARS
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PopulatIOn GenetIc ComOosltlOn/Ort!!In SelectIon HlstorvIVse
SDSP Drought ConmtlOns Based on 4 populatIOns (TP24R04/TP15R05 TPI5 TP21RB03 Random matlng (4) with

KP9BSO) With highest gram YJelds at Muzarabam Zimbabwe and selectIOn populations made
Golden Valley Zambia [19921] aVailable to regIOnal NARS

SDSP Broad Adaptation Based on 4 populatIOns (TP24R04ITPI5R05 TPI RB03 1 1) WIth Random matmg (4) WIth
highest grain yields across all zones selectIOn populations made

avaJiable to remonal NARS

IifW
InstitutIOns CIRADIICRISAT
T E S d Zare;et nVlronments u aman oneo estern A fica

GUinea Population 13 Guinea accessIOns from-West AfrIca (54 14 5436 64 17 8786 Random mating (2) completed
Nazongala Ouem CSM 282 CSM 335 CSM 382 CSM 485 87 45 In 1996
87 46 50 8) crossed to ms3 source One (10 accessIOns) or two
backcrosses (3 accessIOns) made to the accessIOns With accesSIOns as
female m last bachross BCIF, (n=lO) and BC,F, (n=3) were bulked
(1994)

Caudatum Population 12 Caudatum acceSSIOns (IS 2333 IS 2867 IS 3413 IS 3547 IS 8219 Random matmg (2) to be
IS 8848 IS 23516 CSM 309 CSM 315 Gadlabanl S 8136 from Mall completed In 1996 Intended
mostly colored gram and chosen for gram mold resistance) crossed to ms3 selectlon for gram mold
source and backcrossed once uSing the caudatum accessions as female resistance
parents BCIF2entnes bulked 11994)

Gumea Caudatum Selected landraces Improved and adapted hIgh Yielding hnes and a few Random mating WIth selectIOn
PopulatIOn resistant sources 119961 to be initiated In 1997

I Selection cycles completed
2Year the populatIOn was generated
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Alternate Cytoplasms and ApomixIs
of Sorghum and Pearl MIllet

K F Schertz*, S Slvaramaknshnan, W W Hanna, J Mullet, Yl Sun,
U R Murty, D R Pnng, K N Rro, and B V S Reddy

Abstract

CytoplasmIc-nuclear male sterzbty (CMS) has been an Important factor m the
Improvement ofsorghum and pearl mIllet by mcreasmg YIeld, expandmg productIOn
andstlmulatmgresearch andbreedmg The IdentificatIOn ofalternate sterzbty-mducmg
cytoplasms and theIr emergmg deployment holdpromise for further advances Current
research to determme the cause and control of CMS m these species could lead to
greater effiCiency andeffectIveness m usmg CMS to selectparents andproduce hybrzds

ApomlXls although not now used WIth eIther sorghum or pearl mIllet, has the
potentzal to be as Important as male sterzbty m these specIes Potentzal sources have
been Identified and research IS m progress on characterzzatwn mtrogresswn and
enhancement The abllzty to perpetuate hybrzd vIgor by self-pollmatwn could be very
Important m some ofthe major sorghum and mIllet growmg areas

Success m Identifymg and usmg cyto­
plasmic-nuclear male stenhty to produce
hybnd omons (Jones and Emsweller,
1937, Jones and DaVIS, 1944) had a maJor
Impact on crop breedmg Smce then, hy­
bnds of many crops, mcludmg sorghum
[Sorghum blcolor (L ) Moench] and pearl
millet [Penmsetum glaucum (L ) R Br],
have been mass-produced usmg cytoplas­
mic-nuclear male-stenle (CMS) female
parents ApomiXIs has the potential to be­
come as Important m sorghum and mIllet
hybnd productIOn as IS eMS, allowmg
breeders to more rapIdly and effiCIently
use avaIlable germplasm to produce hy­
bnds

K F Schertz Texas A&MUmverslly DepartmentofSOII and Crop SCIences
College StatIon TX 77843 S Slvaramaknshnan K N Ral and B V S
Reddy ICRISAT WW Hanna and DR Pnng USDA ARS I Mulle~

Texas A&M Umverslty YI Sun ShanXI Academy of Agncultural SCience
P R ChIna U R. Murty NatlOnai Research Centre for Sorghum India
"'Correspondmg author

CytoplasmIC Male Stenhty

CMS sorghum and millet plants are
male-stenle because their pollen IS not
Viable Female fertihty, however, IS usu­
ally normal CMS results from specific
mteractlOn of the cytoplasm and the nu­
cleus Plants are male-fertile when the
cytoplasm and/or nucleus are compatible
Plants are male-stenle when the cyto­
plasm and the nucleus are mcompatlble
Male-stenle combmatIOns are detected m
segregatmg F2 progeny Non-adequate
combmatlOns m the male-stenle hnes are
detected by crossmg male-stenles by pol­
len parents and observmg F I plants for
male stenhty or fertlhty Those male par­
ents that produce male-stenle F I plants
have the potential to be made mto male­
stenles by backcrossmg Those male par­
ents that produce fertile F I plants are po­
tential male parents Hybnd seed IS pro-
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duced by plantmg male-sterIle female
parents adjacent to male-fertIle parents
that have a gene that will restore fertilIty
to the FI plants The hybrId seed produced
on the female parent IS what the farmer
plants

Although the mam cytoplasms used to
make male-sterIle parents ofsorghum and
pearl mIllet hybrIds are effective, addI­
tIOnal usable cytoplasms have been
sought for two reasons I) to have addi­
tional cytoplasms avaIlable Ifsome adver­
SIty becomes assocIated wIth those usu­
ally deployed, and 2) to provide dIversity
m cytoplasms so that different cytoplas­
mic-nuclear combmatlOns could be used,
thus allowmg breeders to more fully ex­
plOIt the germplasm diversIty avaIlable

eMS In Sorghum

CytoplasmIc-male sterIhty m sorghum
was first reported by Stephens and Hol­
land (1954) and Its deployment soon fol­
lowed theIr efforts and those of their col­
leagues Qumby, Kramer, Webster, and
others Sorghum yIelds mcreased dra­
matIcally With the use of hybrIds The
milo cytoplasm used m the first hybrIds IS
stIll the mam male sterlhty-mducmg cy­
toplasm used today Breeders have
learned which hnes can be made male­
sterIle m mIlo cytoplasm and which Will
restore fertlhty and can therefore be used
as male parents There IS, however, an
awareness ofthe benefits ofusmg alterna­
tive sources ofmale sterIhty-mducmg cy­
toplasms

SCientists m India (TrIpathl, 1979, Ap­
pathural, 1964, Rao, 1962), AfrIca (Web­
ster and Smgh, 1964), and the US
(Stephens and Holland, 1954, Ross and
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Hackerott, 1972, Schertz and Ritchey,
1977, Schertz and PrIng, 1982) have Iden­
tified many sources of stenlIty-mducmg
cytoplasms ofsorghum Cytoplasms from
different sources, however, might not dIf­
fer m the manner m which they mduce
male stenhty The mam approach to de­
termme stenlIty-mducmg differences
among the cytoplasms has been to cross
each male-stenle by the same male parent
and to determme which Fls differ m fer­
tIhty restoration

From such studies It has been deter­
mmed that there are four dlstmct sterIhty­
mducmg cytoplasms (AI to~) and three
others that are less dlstmct One must keep
m mmd that the results ofsuch studies are
mfluenced by the male parents used, the
nuclear background of the male-stenles,
and the envIronmental conditIOns m
which the Fls are observed Reddy and
Rao (Reddy, 1996, personal commUlllca­
tlOn) have Identified a set oftester lInes to
dlstmgUIsh AI, A2, A3, and ~ SImIlar
studies have been reported by others
(Worstell et aI, 1984, Schertz and PrIng,
1982) The Indian sCientists have com­
pared the cytoplasms Isolated m the US
with the cytoplasms Isolated m India, and
the followmg relationships were revealed
(U R Murty, 1996, personal commUlllca­
tIon) G1 (G2-S, msGI, G-I-G, GIA, GIA­
A3) are analogous to A3 (NIlwa, IS1112)
VZM-l and VZM-2 are the same M35-1
and M31-2 are SImIlar Hagpur A has mIlo
cytoplasm Restorers are difficult to find
for the sterIhty-mducmg cytoplasms Iden­
tified m India

The other approach to determme diver­
sity among cytoplasms IS molecular
RFLPs have been used to dlstmgUIsh cy­
toplasms (Conde et aI, 1982, Pnng et aI,



1982), most prommently between plants
with small anthers, e g , A I and A2, and
those with large anthers, e g , A3, A4, and
9E (Chen et ai, 1993), although other
dlstmctIOns have been made The AI/A2

groups have not been distingUished from
each other by mtDNA or ctDNA analyses,
to date The two cytoplasms are readIly
dlstmgUIshed from A3, ~, 9E, and several
normal cytoplasms by numerous RFLPs

A potentially Important abnormahty of
the Al and A2 cytoplasms and the A5/ A6

groups IS a deletion m the rpoC2 chloro­
plast gene, which encodes the B" subumt
of RNA polymerase ThiS deletIOn was
not detected m the A3/~/9E cytoplasms or
m a number of normal cytoplasm hnes
The observation that male-stenle verSIOns
of these cytoplasms share the "small an­
ther" phenotype might be consistent With
a sporophytlc mode ofrestoratIOn, assum­
mg that mlcrosporogenesls IS mterrupted
early, leadmg to early collapse of the ml­
crospore, analogous to T cytoplasm
maIZe

Two unusual mtDNA open readmg
frames, Identified as speCifiC to the
IS1112C cytoplasm (A3), might be related
to CMS (Tang et ai, 1996a) Both con­
figuratIOns resulted from duphcatIOn/ re­
combmatIOn events, common m CMS-re­
lated genes m many other species One
candidate open readmg frame, orj30, was
generated by recombmatIOn events m­
volvmg the obhgate gene atp6 and se­
quences of unknown ongm Fertlhty res­
toration has no effect on transcnptIOn

A more mterestmg candidate IS or/]07,
which resulted from duphcatlon/recombl­
nation With the obhgate gene atp9 The
ammo termmus ofor/]071s highly SimIlar

to that of atp9 The carboxy termmus IS
highly SimIlar to that of an open readmg
frame, orj79, suspected to cause CMS m
the Chmsurah Boro II cytoplasm of nce
Most mterestmgly, fertIle or partially fer­
tIle hnes are charactenzed by a transcnpt
processmg event that cleaves or/]07 tran­
scnpts wlthm the gene, which may dra­
matically reduce gene product abundance
Such an effect might parallel the behaVIOr
of maize mitochondnal T-ur/]3 m plants
restored to fertlhty Leaver and colleagues
(BaIley-Serres et ai, 1986a,b) showed
that the IS 1112C (A3) cytoplasm m a
mamtamer hne syntheSizes a 12 kD pro­
tem, which IS the approximate predicted
size of the or/]07 gene product, and that
thiS protem IS greatly reduced m the male­
fertIle ISll12C hne

Prmg and colleagues have proposed
that restoratIOn of the A3 cytoplasm IS
gametophytlc All plants of F2 or BCI

(A3Tx398 (A3Tx398 x IS 1112C» hnes,
which are partially or fully restored, carry
the or/]07 transcrIpt processmg actiVity,
leadmg to the posslblhty that the nuclear
gene conferrmg thiS activity functIOns as
an R/ gene, or IS tightly hnked to an R/
gene They have exammed over 150 mdl­
Vidual plants m which segregatIOn could
have occurred, and all are partially/fully
restored and have the processmg activity
A second, mdependent gene has been
Identified m segregants from the cross
(A3Tx398 x IS 1112C) Tx398, and segre­
gation for pollen stamablhty suggests a
third gene

Consistent With a gametophytlc mode
are observatIOns of IOdme stamablhty of
pollen m stenle or partially restored hnes
SegregatIOn patterns for stamablhty
wlthm the population of an anther are
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consIstent WIth MendelIan segregatIOn
and a possIble three-gene model It IS clear
that pollen abortIOn occurs very late m
development

The enVIronment has an effect on the
expreSSIOn of sterIlIty/fertIlIty, more WIth
some cytoplasms than wIth others The
same precautIons and tests practiced WIth
the cytoplasm InItIally used also are nec­
essary wIth the alternate cytoplasms
Plants wIth A3 cytoplasm grown In the
greenhouse dUrIng the wmter, wIthout
supplemental lIght, are more stenle than
IdentIcal plants m the field A lower per­
cent stamabIlIty ofpollen was obtamed m
Fls or segregatmg F2s m the greenhouse
All these plants have the orf]07 process­
Ing actIVIty In somatIC cells, POIntIng to­
ward the remaInmg two/three genes, or
altered expreSSIon ofthe processIng actIv­
Ity In anthers (D R PrIng, 1996, personal
commUnICatIOn) Murty (1993) has pro­
posed a system ofhybrId productIon rely­
Ing on the environment to make the fe­
male lIne fertl1e m selected plantIngs for
seed productIon

Leaver and colleagues (BaIley-Serres
et al , 1986a,b) and other reports reVIewed
by Prmg et al (1995) establIshed that the
~ and 9Ecytoplasms Include an abnormal
form of the mItochondrIal gene cox] In
these cytoplasms, an msertIOnal event
generates a longer gene than for mIlo cy­
toplasm, and IdentIficatIOn of the gene
product verIfies that ~/9E cox] IS Indeed
larger than cox] In ml10 cytoplasm The
altered cox] represents an Important con­
SIderatIon as potentIally related to CMS m
these two cytoplasms EXamInatIOns of
the expression of the cox] protem In an­
thers should be done
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A4 and 9E have been dlstmgUIshed by
RFLP analySIS (Xu et aI, 1995) These
cytoplasms also share several mtDNA
RFLPs that dIstmgUIsh them from all
other cytoplasms exammed to date, m­
cludmg polymorphIsm for the gene atp9
(Yan and PrIng, 1996, personal commUnI­
catIOn) A report by SIvaramaknshnan et
al (1996) IS m press on the charac­
terIZatIOn of the~ cytoplasm

Nuclear Genes

The nuclear/cytoplasm genetIC Interac­
tIOn IS varIed In some mstances, appar­
ently a smgle dommant nuclear gene re­
stores fertilIty, and m others, as many as
two or more major genes and several
modIfiers are Involved In restoratIOn of
fertIlIty and, conversely, In stabIlIty of
sterIlIty Because of thIS compleXIty and
dIverSIty, the development of females
WIth stable stenlIty and males WIth de­
pendable restoratIon of fertIlIty IS dIffi­
cult We have a project m progress to map
the nuclear genes that control the mterac­
tIon With the cytoplasm to control male
sterIlIty/fertIlIty Our mtent IS to develop
probes that can be used In marker-assIsted
selectIon breedIng of parents

Use ofCytoplasms

DIverse cytoplasms are bemg re­
searched by ICRISAT, country SCIentIsts,
and prIvate breeders The milo Al cyto­
plasm IS the maIn cytoplasm used to de­
velop male-sterIle female parents, but
other cytoplasms are used In a more lIm­
Ited way by some breeders Many breed­
ers have put theIr elIte female parents mto
A2 cytoplasm as msurance agamst the
pOSSibIlIty ofa hazard assOCIated With AI
Others see alternate cytoplasms as a way



to make female parents of local cultIvars
A few breeders are actually developmg
hybnds with A2 cytoplasm For example,
m Chma two hlgh-Yleldmg hybnds offe­
males with A2 cytoplasm crossed by Chi­
nese male parents are m production on
100,000 ha (NlU, et ai, 1996, personal
commumcatlOn) Some breeders have
said they are usmg other cytoplasms as
well, although Identities were not dis­
closed

When choosmg to use a cytoplasm
other than mllo, one should consider the
advantage to be greater than the extra care
needed to work with more than one cyto­
plasm It IS tmportant to have good mo­
lecular markers to dlstmgUlsh cytoplasms
used m breedmg and hybnd seed produc­
tion

eMS In Pearl MIllet

Cytoplasmic-nuclear male stenhty was
ftrst documented m pearl millet by Burton
(1958) A\, released by Burton (1965), has
been the most widely used cytoplasm for
producmg commercial hybnds Tift 23A
was developed as a female parent with Al
cytoplasm and became the seed parent m
India for the first two mIllet hybnds re­
leased Even today, Al cytoplasm IS used
most often to make male-stenle female
parents of hybnds Pearl mIllet yields III

IndIa were rather stagnant until 1962
With the advent of hybnds, production
more than doubled Additional stenhty­
mducmg cytoplasms have been Identified
m pearl mlliet

The ftve dlstmct cytoplasms (AI to As)
reported m pearl millet have been dlstm­
gUlshed mamly by restoration and mam-

tamer relatIonshIps when crossed by
known stenhty mamtamer and fertilIty
restorer- hnes (Kumar and Andrews,
1984, Hanna, 1989, Ral, 1995) In addi­
tion, other cytoplasms presumed to be
dIfferent from Al to As, but not thor­
oughly documented or assigned a number,
have been reported (Appadurai, et ai,
1982, Aken'Ova, 1985, and Marchalsand
Pemes, 1985)

The Al cytoplasm was released m TIft
23, an mbred WIth good general combm­
mg ablhty Smce ItS release m 1965, the
Al cytoplasm has been transferred to and
studied m numerous genetic backgrounds
(summanzed by Kumar and Andrews,
1984) The Al cytoplasm has been the
basIs ofcommercial forage hybrids m the
US, AustralIa, and South Amenca and of
the mcreasmg gram hybnd productIOn m
IndIa The mam weakness ofthe Al cyto­
plasm IS that It produces fertile revertants
at a frequency as hIgh as 1 64 per 1000
mflorescences Smce an mflorescence
can produce 1000 or more seeds, one can
readIly see how these fertIle revertants
can rapidly contammate a CMS popula­
tIon Roguemg IS necessary to elImmate
pollen-sheddmg plants from the CMS
populatIOn

The A2 and A3 cytoplasms (Burton and
Athwal, 1967) have not been used com­
mercIally Male stenhty IS very unstable
m the A2 cytoplasm, and various levels of
pollen sheddmg have been observed
(W W Hanna, 1996, personal commum­
cation) The A2 and A3 cytoplasms were
extensively used m breedmg hnes at Pun­
Jab Umverslty, Ludhlana, but nearly all
the A-hnes were unstable for male stenl­
Ity (K N Ral, 1996, personal commUnIca­
tIon)
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The.A4 cytoplasm was transferred from
a wIld grassy subspecIes, P glaucum sub­
speCIes monodll (MaIre) Brunken The
mam advantage of thIS cytoplasm IS that
no male-fertIle revertants have been ob­
served (Hanna, 1989, 1996) Data also
mdlcate that It WIll be more dIfficult to
find restorers of fertIlIty for the A4 cyto­
plasm than for Al The stabIlIty of the
male stenlIty mduced by the A4 cytoplasm
WIll probably make It a popular cytoplas­
mIC source to produce commercIal hy­
bnds m the future At ICRISAT, the ~
system IS bemg used to develop male-ster­
Ile hnes and a male-stenle populatIOn

Ral (1995) aSSIgned As to a cytoplasm
shown to be dIfferent from ~ By Imph­
catton, he assumed It was dIfferent from
A), A2, and A3 Data mdlcate that It may
be more dIfficult to restore As than A4

Mltochondnal DNA restrIction en­
donuclease fragment and maIze mIto­
chondnal gene probe hybndization pat­
terns have been used to dlstmgmsh the
cytoplasms m pearl mIllet (SmIth and
Chowdhury, 1989) RaJeshwan et al
(1994) charactenzed dIverse cytoplasms
of pearl mIllet by Southern blot hybndI­
zatIOn and maIze mltochondnal DNA
probes SmIth and Chowdhury (1991)
found that 47-kb, 109-kb, and 13 6-kb
mitochondnal DNA fragments were asso­
cIated wIth CMS The cloned marze mIto­
chondnal genes rrni8, rrn5, and coxi
were located m the repeat regIOns ofthese
fragments SmIth et al (1987) compared
mtDNAs ofmale-stenle hnes, theIr male­
fertIle revertants, and the normal cyto­
plasm ofthe fertIle mamtamer hnes TheIr
results revealed the presence of a umque
4 7-kb Pstl fragment m the male-stenle
hne that was not detected m the revertant
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lmes A 9 7-kb fragment m the revertant
hne appeared to have replaced the 13 6-kb
fragment

The chimenc mitochondnal gene can
be transcnptIOnally actIve and IS ex­
pressed as a novel or varIant mltochon­
dnal protem that appears to be related to
faIlure m mltochondnal functIOn m the
anther tapetum and mlcrospores, and
leads to pollen faIlure

Nuclear Genes

Appa Rao et al (1989) reported that out
of 428 dIverse acceSSIOns from 12 coun­
tnes, 20 3% were mamtamers, 7 5% were
restorers, and 65 9% segregated for male
fertIlIty restoratIOn when crossed onto a
lme wIth an AI cytoplasm Raveendran
and Appadurai (1984) observed that re­
storer genes and modIfiers had an addItive
effect for better male fertIhty restoratIOn
Rar and Hash (1990) observed fertIlIty
restoratIOn to be complex and affected by
the envIronment

Use ofCytoplasms

The AI cytoplasm has been the only
cytoplasm used for producmg commer­
cIal forage and gram hybnds for pearl
mIllet smce 1965, when the first gram
hybnd, HB-l, was released m IndIa (Ku­
mar and Andrews, 1984) Although the Al
cytoplasm produces a low frequency of
pollen shedders, these fertIle revertants
are rogued to keep pollen-sheddmg plants
to a mlmmum m the A-hne

It appears that the ~ cytoplasm wIll
make an Important contrIbutIon to hybnd
productIOn m the future, mamly because
It does not produce fertIle revertants Male



fertllIty restorers are more dIfficult to find
for thIS cytoplasm, but they are avaIlable
Male fertIlIty restoratIon is not Important
for forage productIOn The first commer­
CIal hybnd usmg the At cytoplasm was
TIfleaf 3, a 3-way forage hybnd released
m 1995 (W W Hanna, 1996, personal
commUnICatIOn) Andrews and RajewskI
(1995) released an At restorer populatIOn
for producmg gram hybnds The At cyto­
plasm was made avaIlable to IndIan SCI­
entIsts m 1986

It IS expected that the use of dIverse
cytoplasms of millet wIll mcrease It WIll
be Important to make deCISiOns based on
expected advantages and to have molecu­
lar markers to dIstmgUIsh cytoplasms

ApomixIs

ApomIXIs has the potentIal to become
as Important m productiOn of sorghum
and mIllet hybnds as IS eMS It was first
reported m 1841 and has been studIed m
a number of speCIes, mcludmg many
tropIcal grasses (Asker and Jerlmg, 1992)
ApomixIS IS a reproductIve mechanIsm by
which seed IS produced from somatIC cells
that develop mto embryos WIthout fertIlI­
zatiOn These cells and the resultmg em­
bryos have the same chromosomal and
genetIC constitutIon as the plant on whIch
the seed is produced Of the three basic
types of apomiXiS (Bashaw, 1980), apo­
spory IS the only type confirmed m sor­
ghum and mIllet As a result of thIS type
of apomiXIS, all progeny of a plant are
denved from somatIC cells and are there­
fore Identical to the plant on whIch the
seed IS formed ThIS IS true even If the
plant on WhICh the seed IS formed IS a
hybnd and heterozygous

Interest m apomIXIS for crop Improve­
ment mcreased m the 1950s WIth the dIS­
covery of a sexual plant m apomIctIC
Cenchrus ThIS allowed InItIatIOn of a
breedmg program to produce apomIctIC
cultIvars (Bashaw and Hussey, 1992) by
crossmg the sexual plants by the apomIC­
tIC plants, as males, and selectmg apomIC­
tIC progeny The dIscovery of facultatIve
apomIXIS m sorghum m the late 1960s
(Rao and Narayana, 1968, Hanna et ai,
1970) raIsed the potentIal for usmg
apomIXIS m gram crops

Interest m apomIXIS of mIllet and sor­
ghum stems from the need for effiCIency
of breedmg and seed productIon WIth
apomIXIS, one could explore all the avaIl­
able germplasm to make hybrIds
Germplasm acceSSIOns could be crossed
by apomIctic male parents and supenor
apomiCtIC hnes could be selected m early
generatiOns The effiCIency of seed pro­
ductIon would be espeCIally Important m
some countnes Hybnd seed could be m­
creased by self pollInatIOn WIthOUt the
need for makmg hybnd seed by crossmg
a female WIth a male parent Presently,
apomIXIS research is bemg pursued m
both pearl mIllet and sorghum

ApomIXIS In Pearl Millet

ApomIXIS IS not known to occur natu­
rally m pearl mIllet but It has been mduced
m mutatIon studIes (Hanna et aI, 1992)
One mutant, a facultative apomICt, pro­
duced vanous levels (average 26%) of
maternal progeny Another mutant, a fe­
male-stenle, produced aposporous em­
bryo sacs but no seed

ApomiXis does occur m other speCIes
ofPenmsetum, and a project was InItiated
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m the late 1970s to transfer apomIXIS from
a wIld apomictic Pennzsetum species mto
pearl mIllet A number of wild apomIctic
species were mvestIgated, but the most
success was obtamed wIth hexaplOid
(2n=6x=54) P squamulatum crossed wIth
tetraplOid (2n=4x=28) pearl mIllet
(Hanna et al , 1992) This project has pro­
gressed to the BC6 wIth the productIon of
a pearl mIllet-lIke plant wIth 29 chromo­
somes that produces 95% maternal prog­
eny (W W Hanna, 1996, personal com­
mumcatIOn) One problem encountered
smce the BC3 IS loss of seed set, from
good mItIal seed development to about 5
to 15% at 8 to 10 days post-polhnatIOn
Research IS now dIrected toward reducmg
the seed-set loss

ApomIXIS In Sorghum

ApomIXIS also has been reported m sor­
ghum In the hnes m whIch It IS descnbed,
It appears to be of the apospory type,
WhICh would make It useful, If It could be
perfected The mechamsm and frequency
of apomiXIS were researched m detail m
hne R473, WhICh resulted from a cross of
IS 2942 x AISPUfl m IndIa (Rao and
Narayana, 1968) R473 has been studied
extenSIvely by Murty (Murty and Rao,
1972, Murty et aI, 1984) The facultatIve
apomIXIS m thiS hne IS comphcated by
cross-stenhty The frequency ofapomiXIS
was studIed by usmg the segregatIon of
three monogemc traits (bloomless, shrIV­
eled endosperm, and plant color) m near
Isogemc hnes The highly varIable fre­
quency of apomIXIS m R473 does not
make It a promlSlng hne m ItS present
form ApomIxIs m a gram crop such as
pearl mIllet or sorghum would have to be
nearly 100% Recently It has been re­
ported (NlU, et al , 1996, personal commu­
mcatIon) that facultative apomIXIS has
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been recovered Without cross-stenhty m
a progeny from crossmg R473 A low
frequency of apomIXIS has been reported
mother hnes, but no progress has been
reported m tmprovmg them ApomiXIs
has been reported from tissue culture re­
search m RUSSia (Elkonm et ai, 1995)

Transfermg apomIXIS from Cenchrus
cillarzs to sorghum has been proposed
EffiCient and reproducIble tIssue culture
techmques for sorghum and Cenchrus
have been standardIzed Induction of sus­
pensIOn cultures and somatic hybndlza­
tIOn have not yet been accompltshed

Use ofApomIXIS

ApomIXIS would have the greatest Im­
pact for producmg pearl millet or sor­
ghum hybnds m countries where hybnds
are not now used It would rapidly make
avaIlable the mcreased Yield and vigor of
hybrIds, regardless of the heterozygosIty
of the parental hnes Large numbers of
dIfferent true-breedmg hybnds from a
cross between an apomIctIC hne and a
local landrace could be produced Those
selected could be rapIdly mcreased and
perpetuated WIthOUt further crossmg The
advantage of hybrId VIgor and mamte­
nance of local genetic dIverSIty would be
reahzed

ApomIXIS also could have an Impact for
producmg hybrIds m countrIes where hy­
bnds made on CMS females are used
ApomIXIS would lessen the tIme to pro­
duce hybrIds for testmg It would not re­
qUIre CMS and the development and
crossmg ofmbred hnes to produce hybnd
seed Instead, hybnd seed could be pro­
duced on open-polhnated apomIctIC hy­
bnds



Summary

There are now available several dls­
tmct male stenhty-mducmg cytoplasms
m both mIllet and sorghum They provIde
a degree of potentIal protectIon agamst
assocIated hazards More Importantly,
they provIde the dIversIty needed to ex­
plOIt more fully the germplasm dIversIty
m hybnd development and productIOn

In both mIllet and sorghum, there is a
trend toward usmg the dIversity m cyto­
plasms In each program the costs WIll
need to be compared to the potentIal bene­
fits Not all WIll want to, nor should, use
diverse cytoplasms, but as some do, the
diversity of hybnds should mcrease As
more than a smgle eMS system IS used m
a breedmg program, it IS important to have
a method to defimttvely distmgmsh the
cytoplasms

ApomIctic reproductiOn has been
documented m both pearl mIllet and sor­
ghum Aposporous apomIxIs has been
transferred to tetraplOId pearl mIllet, re­
sultmg m the productIOn of a hIgh fre­
quency of maternal types Some seed re­
tentIOn problems, however, need to be
solved The facultattve nature ofapospory
m sorghum reqmres eIther that the fre­
quency is lllcreased to a usable level or
that a gene(s) from another genus IS trans­
ferred to sorghum Efforts are underway
at a number of locatIons to clone the
gene(s) controllmg apomIxis

ApomIXIs could have a major Impact
on hybnd productIOn m both pearl millet
and sorghum It would allow breeders to
more rapIdly and effICIently use the
germplasm aVaIlable m these specIes to
produce hybnds
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Breedmg For Diverse
Target Environments

P J Bramel-Cox*, G A MacIel, F Zavala-GarcIa,
M ChISI, E A Weltzem, and E 0 Monyo

Introduction

The world populatIon is mcreasmg at a
rapId rate while the rate ofgrowth m food
productIon has slowed, due, m part, to a
ShIft to more margmal productIOn enVi­
ronments because ofthe effects ofurbam­
zatIon, desertificatIon, sahmzatlOn, etc
ThIS ShIft to margmal land reqUIres that
we carefully evaluate the effectiveness of
our breedmg programs to target mcreas­
mgly dIverse regiOns Evans (1993) de­
scnbed two objectives for breedmg pro­
grams that create a dilemma for future
development I) globally-onented pubhc
and commercIal research programs must
develop new cultIvars With broad adapta­
tIon to a wIde range of dIverse enVIron­
ments, and 2) local farmers need new
cultIvars WIth rehable performance from
year to year m a specIfic locahty ThIS
dilemma stems from the fact that breedmg
for broad adaptatIOn could hmIt the poten­
tIal for genetIc gam m specific enVIron­
ments (Ceccarelh, 1989, Evans, 1993,
Bramel-Cox, 1996)

Crop plants evolve m three dIstmct
stages (Evans, 1993) ImtIaI domestIca­
tIon, adaptatIon to new enVironments, and
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mcreased selectiOn for improved produc­
tIVIty of speCific organs Most of the se­
lectiOn dunng the first two stages focuses
on improved adaptatIOn to speCific enVI­
ronments (Bramel-Cox et aI, 1991) The
focus of the third stage has been on
broader adaptatIon to enVIronments larger
than the mdividual farmer's field ThIS
focus may result m reduced emphaSiS on
the speCIfic use of the crop and a greater
homogeneity m the improved crop

The effectIveness of selectiOn and as­
SOCiated changes brought about by do­
mestIcatiOn, broad adaptatIOn, and m­
creased yIeld potentIal has been well
documented (Evans, 1993) Most studIes
show that Improvements m both stress
and non-stress condItions have been due
to mcrease m Yield potential, usually as­
SOCIated WIth mcrease m harvestable yIeld
as a percentage of total bIOmass Cecar­
relh et al (1996) discussed the theoretIcal
baSIS of preferentIal adaptatiOn that oc­
curs when improved vaneties are selected
m the more favorable range of target en­
Vironments As a result of cross-over m
adaptatIon, new vanetIes better adapt to
the favorable target enVIronments m a re­
giOn and actually lose adaptatIon to the
poorer target enVIronments ThIS prefer­
entIal adaptatIon has led to greater adop­
tIon of improved high-YIeldmg cultIvars
m favorable conditIons where access to
the mputs that enhance genetIcs mcrease
their benefits Resource-poor farmers hv­
mg m less favorable enVironments stIll



depend on tradItIonal vanetIes wIth theIr
greater specIfic adaptatIOn (Ezagmrre and
Iwanaga, 1996)

Bramel-Cox (1996) and Evans (1993)
emphasIzed the need to balance hIgh
YIeld, WIde adaptabIlIty, and relIable per­
formance m specIfic condItIons m breed­
mg program goals Breedmg programs
need to better charactenze the target re­
gIOn, develop a better strategy to allocate
resources to test envIronments, develop
the optImal populatIOn type to buffer
agamst dIverse envIronmental con­
stramts, define the optImal selectIOn cn­
terIa to enhance mean performance and
reduce envIronmental sensItIvIty, Im­
prove traIt IdentIficatIon for selectIOn, and
mcrease the use of genetIC dIversIty
wlthm a crop specIes for speCIfic adapta­
tIOn to vanous stresses In most cases, the
source of Improved speCIfic adaptatIOn IS
found wlthm landrace populatIOns of a
crop specIes WhIch have been farmer-se­
lected over tIme (EyzagUlrre and
Iwanaga, 1996) ThIS paper mvestIgates
the potentIal benefits of each ofthese op­
tIons m relatIOn to breedmg for broad
adaptatIOn across a vanable target range,
and looks at a new alternatIve, whIch
would emphaSIze relIabIlIty usmg farmer
partIcIpatory breedmg or vanety selec­
tion

CharacterIZation of Target RegIOns

The first goal of any analySIS of G x E
mteractIon for the target regIOn ofa breed­
mg program IS to delIneate the regIOnal
groupmg based on predIctable attrIbutes
(Allard and Bradshaw, 1964) Ifthese at­
trIbutes are large-scale condItIons such as
IrrIgatIon potentIal, growmg-season dura­
tIon, or photopenod response, they can be

classIfied as separate target regIOns or
macro environments (Yau et ai, 1991,
CeccarellI, 1989) Vanous statIstIcal pro­
cedures used to delIneate or descnbe tar­
get regIOns of breedmg programs mclude
both cluster analYSIS, usmg vanous dIS­
tance estImates and the product moment
correlatIOn coeffiCIent, and pattern analy­
SIS, utllIzmg both claSSificatIOn tech­
mques (such as cluster analySIS) and ordI­
natIon techmques (such as prmclpal coor­
dmate analysIs) (Bramel-Cox, 1996)

Cluster analySIS IS useful for defmmg
environments that differ for the genotype
response and for mmlmlzmg the mterac­
tIOn component Westcott (1986) cntI­
clzed the use ofcluster analySIS to claSSIfy
environments or genotypes because It
puts a speCIfic structure on a data setWIth­
out a full understandmg of ItS actual baSIS
or even whether It eXIsts In addItIOn, there
are many pOSSIble dISSimIlarIty measures
and clustermg strategIes, and the use of
any may result m a dIfferent groupmg
Instead, Westcott (1986) suggested the
use of pnnclpal coordmate analySIS to
quantify the relatIOnship between groups
and to supenmpose the results on a mlm­
mum spanmng tree for Identlfymg dIS­
SimIlar genotypIC or enVIronmental
groups

Pattern analySIS can be used to delIne­
ate further those enVIronments that Iden­
tify genotype responses fittmg the spe­
CIfic ObjectIves ofa breedmg program, by
determmmg an environment's contnbu­
tlon to the claSSificatIon and ordmatIOn of
the lInes' performance (Shorter et ai,
1977) Several methods to enhance the
use of the pattern analySIS WIth varIOUS
data transformatIon techmques have been
proposed The best of these IS a stand-

225



ardlzatlon techmque to determme the re­
latIOnshIp of any smgle enVIronment to
the long-term average usmg a set of rep­
resentatIve cultlvars (Fox and Roslelle,
1982a,b) The number of genotypes
needed to descnbe a conSIstent enVIron­
mental claSSIficatIOn depends on the
strength of the pooled genetIc correlatIon
between enVIronments (Bull et ai, 1994)
AlternatIvely, Ivory et al (1991) used the
G x E deVIatIOn matrIX to allow separatIon
of enVIronments based on abIlIty to dIS­
cnmmate among genotypes

Another alternatIve to cluster analySIS
IS to group enVIronments or genotypes
usmg the shIfted multIplIcatIve model
(SHMM), WhICh IS a step-down method
based on separabIlIty of genotype effects
(CornelIus et ai, 1992, Crossa et ai,
1995) ThIS exploratory method dIffers
from cluster analysIs smce It uses the en­
tIre data set and then subdIVIdes based
upon the presence of crossover mterac­
tIons m the resultmg subdIVISIon The fi­
nal groupmg IdentIfies a set of enVIron­
ments WIth few or no crossover mterac­
tIons, thus, the genotype effects are
homogeneous wlthm each group

Strategies for Allocatmg
Resources to Test EnVironments

Once the target range has been delIne­
ated, a commonly used cntenon for Iden­
tlfymg the best test SItes IS the hentabIlIty
estImate Allen et al (1978) found the
hentabIlIty estImate at the selectIOn enVI­
ronment and the genetIc correlatIon be­
tween the mean genotypIc value at the
selectIon and target enVIronments would
be better Falconer (1989) descnbed gam
from selectIon m the target enVIronment
as a correlated response from mdlrect se-
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lectIOn at the test enVIronment Thus, the
value ofa test SIte could be Judged by the
mdlrect response to selectIOn for all the
speCIfic enVIronments withm a target re­
gIOn The use of the relatIve effiCIency of
genetIc gam from mdIrect selectIOn m re­
latIOn to dIrect selectIon at a speCIfic en­
VIronment has been demonstrated
(Zavala-GarcIa et al , 1992b)

Generally, all procedures that use van­
ous estImates of hentabillty and genetIC
correlatIOn to determme the best set oftest
enVIronments reqUIre a large set ofmultI­
ple locatIOn-year tnals, WIth at least a
small set of conSIstent genotypes for the
target regIOn (Bramel-Cox, 1996) These
analyses are retrospectIve, but can be use­
ful m definmg breedmg strategIes (Bren­
nen et al , 1981) An early generatIOn test
IS conducted at a lImIted number of SItes
selected to represent the range of all pos­
SIble genotype mteractIOns m the target
regIon In the advanced stages of testmg,
locatIOns that better charactenze speCIfic
adaptatIon are used to determme the optI­
mal range for the Improved cultIvars ThIS
strategy IS practIcal for a target range WIth
very large predIctable dIfferences m
genotype responses, but not for the target
areas deSCrIbed by Fox et al (1985), Yau
et al (1991), and Zavala-GarcIa et al
(1992b), gIven the unpredIctable nature of
G x E and our poor understandmg of the
phySIOlogIcal baSIS for dIfferentIal geno­
typIC responses (Blum, 1988) For these
target envIronments, the best strategy IS to
better use varIable selectIOn enVIronments
to breed for stable or relIable responses
and/or to use alternatIve populatIOn types
Excellent reVIews ofCrIterIa used to select
the best test enVIronments and to optImIze
gam m WIdely defined target regIOns can
be found m Blum (1988), Bramel-Cox
(1996), and Evans (1993)



The use ofstabIhty parameters as dIrect
estImates ofsensItIvIty reqmres extensIve
testmg m early generatIOns, when the
number of entrIes IS hIgh and seed sup­
phes are low The best allocatIOn of re­
sources m the cntIcal earher generatIons
would be to IdentIfy a hmIted number of
test SItes that consIstently represented the
range of target condItIons for the entIre
regIOn These multIple locatIOns could be
used to select for mean performance or
sensItIVIty, usmg a cntenon such as rank
summatIon In more advanced genera­
tIOns, these selectIOns would be tested
more WIdely to determme theIr adaptabIl­
ity for later recommendatIOn or release
(Fox et aI, 1985, Yau et aI, 1991, Bren­
nan et aI, 1981)

Optimal PopulatIOn Development to
Buffer Agamst Diverse EnVironments

If a set of target enVironments IS char­
actenzed largely by seasonal fluctuatIOn,
It may be difficult to IdentIfy a set of test
locatIOns that wIll predIctably select a sm­
gle genotypIC response, or the range of
adaptatIons may be beyond the hmIts of
any smgle genotype Breedmg programs
that attempt to mcorporate both speCIfic
adaptatIOn to predIctable environmental
dIfferences and adaptatIOn to the more
unpredictable tranSlent fluctuatIons ofthe
envrronment reqUIre careful evaluatIOn of
the optImal genetIc systems to develop a
"well-buffered" vanety (Allard and Brad­
shaw, 1964) ThiS buffenng can be due
eIther to developmental homeostasIs of
mdividual genotypes (mdIvIdual buffer­
mg) or to genetIC homeostasis between
mdIviduals m a varIable populatIOn
(populatIOn buffermg) (Allard and Brad­
shaw, 1964) VarIetIes made up of pure
hnes or smgle-cross hybnds are genetI-

cally homogeneous populatIOns that rely
solely on mdivIdual buffenng, whereas
heterogeneous populatIOns, such as mIX­
tures of pure hnes or double and three­
way hybnds, rely on populatIon buffer­
mg In some variety types, such as open­
pollmated synthetiC vanetIes of
cross-pollInated speCIes hke maize or
pearl mIllet, both mechanIsms are impor­
tant

Marshall and Brown (1973) predIcted
that mIxtures would be of no advantage
where the enVIronments represented a
faIrly umform target area and the compo­
nents were hIghly adapted varIetIes The
stabIhty and yield ofmIxtures ofhomozy­
gous pure hnes and heterogeneous bulks
are mfluenced by both mdividual and
populatIon buffenng The benefits of
populatIon buffermg and mdivIdual buff­
enng also can be mfluenced by the degree
of heterozygosity The Impact of het­
erozygOSity has been documented for
cross-pollmated speCIes, such as maIze or
pearl mIllet, but is less important for self­
pollmated crops, such as wheat or sor­
ghum Companson of G x E mteractIon
mean squares of homozygous versus het­
erozygous cultivars of varIOUS crop spe­
Cies reveals a general advantage for hy­
bnds (Becker and Leon, 1988) On the
other hand, the advantage of hybnds m
sorghum results more from their higher
yIeld potentIal than from WIder adaptatIon
(Blum et aI, 1992)

Schnell and Becker (1986) deSCrIbed a
deSign to separate the relatIve Importance
of heterozygOSIty and heterogeneIty to
yield and stabilIty They compared maize
and sorghum In both crops, only het­
erozygOSIty was Important for YIeld,
while heterozygOSIty and heterogeneIty
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were of nearly equal Importance for sta­
bIlIty In general, the Impact ofboth types
ofbuffenng was of greater Importance m
maIze than m sorghum, thus, the relatIve
Importance of mdividual and populatIOn
buffenng could depend on the matmg sys­
tem ofthe crop and Its prevIOus evolutIOn
For example, m pearl mIllet, a hIghly
cross-pollInated crop, topcross hybnds
between varIable landraces and open-pol­
lInated mbred male stenles allow optImal
yIeld and stabIlIty from both heterogene­
Ity and an mcreased level ofheterozygos­
tty (Mahalakshmt et al , 1992, Btdmger et
ai, 1994)

SelectIOn CriterIa to Enhance Mean
Performance and Reduce EnvIron­
mental SenSItIVIty

Gam from selectIOn, realIzed by Im­
proved overall performance and adapta­
tIon, results from the efficIency ofmdIrect
selectIOn at the specIfic selectIOn envIron­
ments for all envIronments that defme the
target area, as opposed to the gam that
would be realIzed from dIrect selectIOn
for all the varIable condItIOns that make
up the target area (Falconer, 1989) Selec­
tIon for broad adaptatIOn can be equal to
selectIOn for specIfic adaptatIOn, but IS
never greater (Wnght, 1976) If the mter­
actIOn of genotypes and enVIronments IS
large, selectIOn for broad adaptatIOn
would be dIsadvantageous, even WIth a
large number of selectIOn enVIronments
The Impact productIVIty levels of the se­
lectIOn enVIronment on potential gam m
the same and dIfferent enVIronments has
been evaluated m a number ofstudIes WIth
contradIctory results (Atlm and Frey,
1990, Bramel-Cox, 1996)

Two types of selectIOn occur WIth re­
gard to contrastmg enVIronments "syner-

228

gIStIC" selectIOn for hIgh performance m
hIgh-productIVIty enVIronments and for
low performance m low-productIVIty en­
VIronments, and "antagomstIc" selectIOn
for hIgh performance m low-productIVIty
enVIronments and for low performance m
hIgh-productIvIty enVIronments (Fal­
coner, 1990) For yIeld across enVIron­
ments, we are mterested only m synergIS­
tIc selectIOn m hIgh-productIVIty enVIron­
ments or antagonIstic selectIOn In

low-productIVIty enVIronments Falconer
(1990) defines the dIfference m perform­
ance under htgh- and low-producttvtty
condItions as envIronmental senSItiVIty,
and the effect of antagomstIc and syner­
gIStIC selectIOn on changes m the mean
and senSItIVIty as the "Jmks and Connally
rule" TheoretIcally, thIS rule predIcts that
the overall expected response of antago­
mstic or synergIstIc selectIOn WIll be
asymmetrIcal, that IS, Rl +CRh 1~ +CR1,

where R1IS the dIrect response from selec­
tIon at low-productIVIty condItIons, C~
IS the correlated response from selectIon
at low-productIvIty envIronments for
hIgh-productIVIty enVIronments, Rh IS the
dIrect response from selectIon at hIgh­
productIVIty enVIronments, and CRh IS the
correlated response from selectIOn at
hIgh-productIVIty enVIronments for low­
prodUCtIVIty enVIronments If more than
one enVIronment IS mvolved, It also
would mclude the correlated response at
all other test SItes from selectIOn at one
SIte ThIS asymmetrIcal response would
be expected for both mean and sensItIvIty,
thus, only one type of selectIOn would be
the most effectIve over all condItIOns

RealIzed gams from dIrect and mdlrect
selectIOn m low-, medmm-, and hIgh­
yIeld enVIronments for drosophIla (Pa­
leolog and MacIeJowskI, 1991), barley



(Ceccarelh and Grando, 1991a, b), oats
(Atlm and Frey, 1990), maize (Johnson
and Gaedelman, 1989), and sorghum
(Marmesco, 1992, ChlSl, 1993) were
tabulated, and the average mean re­
sponses to antagonIstic and synergistic
selection were compared for each ofthese
selectIOn trials (Bramel-Cox, 1996) The
average response ofthe mean to selectIOn
IS the sum of the direct response to selec­
tion m a specIfic envuonment and the gam
from mdlrect selectIOn at all other types
of environments, divided by the total
number of enVironments (Falconer,
1990) As Falconer predicted, the re­
sponses from antagonIstic selectIOn and
synergistic selectIOn are not equal The
relative advantage ofone type ofselectIOn
over the other depends on the organIsm
and the range of selectIOn envuonments
for all studies (Falconer, 1990, Bramel­
Cox, 1996)

The sorghum productIOn area of Kan­
sas and Nebraska IS charactenzed by large
G x E mteractIOns because of large sea­
sonal fluctuatIOns Categonzmg environ­
ments as low-, medmm- or hlgh-Yleldmg
(Ceccarelh and Grando, 1991a), the aver­
age relative effiCiency of predicted gam
from mduect selectIOn was compared to
that from direct selection for KP9B Co,
and after one cycle of S\ famIly selection
under good (KP9B C\ [M]) and poor
(KP9B C\ [GC]) condItions (Zavala-Gar­
ciaetal, 1992b, Mannesco, 1992) In the
base populatIOn, KP9B Co, the mdlrect
predIcted response to selectIOn was low
compared to the direct predicted response,
even withm groupmgs ofSImIlar enVIron­
ments Yet m both the low- and hIgh­
yIeldmg enVIronments, the average rela­
tIve effiCIency was hIgher wlthm than be­
tween all groups ThiS was not as eVIdent

m the medmm group, where the relative
effiCiency was Similar across all groups

ThiS Impact of selection m one type of
environment on the breadth of adaptation
to different types ofconditions also can be
seen m a companson of the number of SI
familIes that were hlgh-Yleldmg across all
test sites m cycles 1 and 2 (Marmesco,
1992, MaCiel, 1996) In the base popula­
tion, KP9B Co, 18% ofthe top 20 famlhes
were highest m all SIX enVironments,
whereas m the two selected cycles, KP9B
C\ (M) and KP9B C\ (GC), 22% and 15%
of the top families were highest overall
The slIghtly greater mcrease m gam per
cycle from antagonIstic selection demon­
strates the mcreased frequency ofbroadly
adapted lInes obtamed from thiS type of
selection Scott et al (1994) found 25­
50% of the top ten percent of the best
soybean hnes over all were Identified
from hlgh-Yleldmg test sites while 50­
75% were Identified from low-Yleldmg
tests

Paleolog and Lorklewlcz (1991) evalu­
ated ebony drosophila flies selected for
Improved fecundity m either optImal con­
ditions or alcohol-stress conditions under
heat stress Based upon heterOSIs between
the two dIvergent selected populations,
they found that these two populatIOns
were dIfferent after 28 generatIOns of se­
lectIOn under optimal and stress condI­
tions, due to dIfferent genetic archItec­
tures for the same quantitative trait An­
tagonIstic selectIOn under stress
condItIOns resulted m Wider adaptation of
the population RealIzed gam from selec­
tion IS a product of the genetic properties
of the base population, the kmd of selec­
tIOn enVIronment, and the cumulative hiS­
tory ofprevIous selection, either artIfiCial
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or natural (Paleolog and MacleJowskl,
1991, Paleolog and Lorklewlcz, 1991)
These simIlar results are reported for the
two cycles of selectIOn evaluated by Ma­
ciel (1996) but to a lesser degree, gIven
the shorter number of cycles

Falconer (1990) concluded that the to­
tal response to selection results from
changes In both mean and sensItivity He
descnbed thiS total response as RT =Rm ±
Y2DRs, where Rm IS the response of the
mean, D IS the dIfference III perfonnance
between enVIronments III the ongIllal
populatIon, and Rs IS the response of the
sensItlVlty The Impact ofchanges III sen­
SItiVIty can be eIther pOSItIve or negative
and the magmtude depends on the relative
dIfferences between enVIronments (D) If
dIfferences are wIde, D wIll be large and
Rs wIll be more Important than If D IS
small Thus, the Impact ofchanges In ~en­

SitIVIty Increases as the dIversIty of the
target regIOn Illcreases The response of
senSItivIty IS defined as the dIfference be­
tween correlated response and dIrect re­
sponse relatIve to overall dIfferences III

theenvIronments,I e ,(CRwRdlDforan­
tagomstic selectIOn, and (RwCRdlD for
synergIstic selectIOn AntagomstIc selec­
tIon WIll decrease senSItIvIty, and syner­
gIStIC selectIOn WIll Illcrease It If the sum
of the dIrect response, Rn + RL, IS greater
than the sum of the correlated response,
CRn + CRL In all the examples gIven III

Bramel-Cox (1996), antagomstIc selec­
tIon resulted III reduced senSItivIty, re­
gardless of the Impact on response of the
mean USlllg Falconer's fonnula, the total
response (RT) to antagomstIc selection IS
equal to the correlated response III hIgh­
productiVity enVIronments from selectIOn
III low-productIVIty enVIronments (CRn)
The RT for synergIStiC selection IS equal
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to the dIrect response to selectIOn at the
hIgh-productIvIty envIronment (Rn),
thus, the dIfference between total re­
sponses from synergIstIC selection and an­
tagomstic selectIOn IS equal to the dIffer­
ence between the correlated response and
dIrect response In hIgh-productiVity envI­
ronments For the total response to be
greater from antagomstIc selectIOn, the
response for senSitIvity also would have
to be pOSItive

MaCIel (1996) evaluated the response
of the mean, response of envIronmental
senSItIVIty, and the total response of sor­
ghum S I hnes denved from a population
after two cycles under stress (GC) and
nonstress (M) condItIOns The results of
thIS analysIs are gIven III Table I In thIS
study, antagomstIc selection resulted m a
greater response to the mean III both the
population and the top ten famIlIes Selec­
tion under stress conditIOns (antagomstIc)
also resulted III Illcreased senSItivIty III the
population and an Illcrease III the total
response to selectIOn when compared to
the onglllal populatIOn and the cycles se­
lected under non-stress condItions (syner­
gIStIC) The AMMI analysIs was used to
descnbe the complexIty ofthe Illteraction
ofthe selected cycles III companson to the
Co The ongmal populatIon had one SIg­
mficant prIncIpal component III the Illter­
actIOn matrIX, as dId the cycle selected at
the stress SIte, whereas those selected un­
der non-stress condItIOns had three SIg­
mficant components Selection under
stress had a more sImphfied pattern of
IllteractlOn between the hnes and enVIron­
ments Thus III thiS study, unlIke all the
studIes reported III Bramel-Cox (1996)
and Falconer (1990), antagomstIc selec­
tion resulted III Illcreased senSItivIty or no
change from the ongmal population as



Table 1 The response ofthe mean, response ofenvironmental sensItivity, and the total response to
selectIOn among 81 families after two cycles under stress (GC and nonstress (M) conditIOns
and m the top 10 families tested m 1993 and 1994 (MaCiel, 1996)

C2GC C2MD CO
Source

Response ofthe mean
1993 Sl 4132 3764 3732
1994 Sl 4611 4578 3691
1993 Top FaImlies 5493 5278 3851
1994 Top FaImlies 6014 5775 5041

Response of senSItivity
1993 Sl 091 080 100
1994 Sl 121 107 100
1993 Top FaImlies 100 080 100
1994 Top Families 099 095 100

Total response
1993 Sl 4960 4492 4642
1994S1 5956 5767 4802
1993 Top Families 6735 6272 5093
1994 Top Families 7217 6930 6256

compared wIth synergIstIC selectIon If
the maIn Interest ofa breedIng program IS
to maxImIze selectIon response under op­
tImal condItIOns and to reduce senSItIvIty,
these goals may be very dIfficult to
achIeve (Falconer, 1990) The key to pro­
gress toward both goals wIll be to deter­
mIne the relatIOnshIp between the mean
and senSItIvIty and select for both SImul­
taneously, or to use a plan that selects
IndIrectly for one or the other cntenon

Falconer (1990) descnbed the correla­
tIOn between the mean and senSItIvIty, rms,

and ItS Impact on the total response to
antagonIstIc or synergistIC selectIOn He
concluded that antagOnIstIC selectIOn
theoretIcally results III reduced sensItIv­
Ity, but ItS Impact on the mean IS not
predIctable (see also Bramel-Cox, 1996)
Falconer Illustrated four pOSSIble configu­
ratIons of four genotypes WIth dIfferent
senSItIVItIes and means Ifthe genetIc cor­
relatIOn between enVIronments IS pOSI­
tive, then eIther type of selectIOn WIll Im­
prove the mean In both envIronments, be­
cause the same genotype IS best In both,

and senSItIVIty WIll remaIn the same, re­
gardless ofthe magnItude and dIrectIOn of
rms or the magnItude of genetIC vanance
In each enVIronment If the genetIC corre­
latIOn between enVIronments IS negative
and rms IS pOSItive, then antagonIstic selec­
tIOn wIll reduce or not change perform­
ance In the hIgh-productIVIty enVIron­
ment, whereas senSItIVIty WIll be reduced
AlternatIvely, If rms IS negatIve, and the
genetIc varIance under the low-productIv­
Ity enVIronment IS greater than under the
hIgh-productiVIty enVIronment, antago­
nIStIC selectIOn would lead to RL == CRR

and reduced senSItIVIty The most com­
mon configuratIons for a typical range of
a crop Will be either those III WhICh no
crossovers occur III a narrow range, as III

the first example, or those III whIch cross­
overs occur In the lower range Thus, an­
tagOnIstIC selectIOn would eIther not
change or reduce performance III the hIgh­
productiVIty envlfonments

Rosielle and HamblIn (1981) evaluated
two alternatIve procedures to select for
performance In stress and non-stress en-
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vlronments sImultaneously TheIr focus
was on two selectIon cntena mean pro­
ductIVIty and tolerance Zavala-Garcia et
al (1992a) defined tolerance m the sor­
ghum populatIon KP9B usmg the squared
Eucltdean dIstances among the eIght test
envIronments for each genotype The
relatIve efficIency of mdlrect selectIOn
wIth thIS estImate of tolerance (DT) was
very poor m relatIon to dIrect selectIOn
Mean productIVIty was defined usmg only
the two extreme envIronments (MBW) or
two extreme and one mtennedlate enVI­
ronment (MBIW) A SmIth (1936)-Hazel
(1943) mdex was developed, m whIch
enVIronments were selected and weIghed
to optImIze gam across the range of the
target area (Zavala-GarcIa et ai, 1992a)
ComparIson of the relative effiCIency of
mdlrect vs dIrect selectIOn for these varI­
ous crIterIa m S1 famIlIes In KP9B
(Zavala-GarCIa et ai, 1992a) and m full­
SIb famlhes m KP9B (ChIS1 et ai, 1996)
showed that m both populatIOn types, the
use of mean prodUCtIVIty or selectIOn m­
dIces was supenor to the use ofany smgle
enVIronment or the mean over all the van­
ous selectIon enVIronments

After revlewmg relatIonshIps between
varIOUS estImates ofStablhty, Becker and
Leon (1988), Lm et al (1986), and Leon
and Becker (1988) concluded that the best
estimate of stabIlIty or responsIveness
was the Imear regreSSIOn coeffiCIent ThIS
was true despIte ItS many faults, descnbed
by these authors as well as Westcott
(1986) To overcome these defiCIencIes, a
number of other alternatIves have been
suggested, mcludmg the use of nonpara­
metrIC measures (Nassar and Huhn, 1987)
and pattern analySIS (Byth et al,1976),
whIch mvolves both claSSIficatIOn and or­
dmatIon technIques Zobel et al (1988)
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descnbed the apphcatlon of an addItIve
and multlphcatlve mteractIOn model to
the analySIS ofthe mam effects and G x E
mteractIOn of an analySIS of varIance
Crossa et al (1988) compared stabIltty
usmg modIfied hnear regressIon analySIS
(Venna et ai, 1978) and a spatial method
usmg pnncipal coordmate analySIS
(Westcott, 1987) The analySIS of cross­
over G x E mteractIons was descnbed by
Gregonus and Namkoong (1986), Baker
(1988), and Seyedsadr and CornelIus
(1992) Cornehus et al (1993) demon­
strated the apphcatIOn of the shIfted mul­
tlphcatlve model (SHMM) descnbed m
Seyedsadr and Corneltus (1992) In all the
multIvarIate procedures descnbed, com­
parIson ofthe genotypes IS not as dIrectly
quantIfiable as the stabIhty parameters
descnbed by Becker and Leon (1988) or
Lm et al (1986), nor IS the optImal re­
sponse pattern as SImply descnbed The
use of these technIques reqUIres a much
better understandmg of the baSIS for dIf­
ferences In the enVIronments and the
genotypes' senSItiVIty to these dIfferences
- or the dIfferences between dealIng
WIth the G x E mteractIOn usmg a bIOmet­
ncal approach versus a stress phySIOlogI­
cal approach (Blum, 1988) Our appltca­
tIon ofstatistIcal tooIs to breed for broader
adaptation clearly IS lImIted, and progress
ultImately WIll reqUIre a better under­
standmg of the phySIOlogIcal baSIS of the
mteractIOn

The applIcation of multIvarIate proce­
dures, such as AMMI (Zobel et al , 1988),
SHMM (CornelIus et al , 1993), or pnncI­
pal coordInate analySIS (Crossa et ai,
1988), could be useful to delIneate geno­
types WIth deSIrable responses for selec­
tIOn and cuitivar recommendatIOns ChiSI
et al (1996) defmed stabIlIty as a geno-



type with above average gram yield at all
test sites One hundred full-Sib famIlies of
KP9B were tested at SIX enVironments,
and the G x E matrix was partitIOned usmg
the AMMI procedure The three prmclpal
component scores, which accounted for
about 70% of the G x E variance, were
clustered mto five groups of genotypes
These five groups were charactenzed for
Yield, flowenng date, and plant height at
the SIX environments One group was
found to be fairly consistent m ItS per­
formance across the enVironments, and
genotypes selected from thiS group would
be expected to be better adapted across the
target region ThiS procedure would allow
the analySIS of the slgmficant portIOn of
the G x E Without the nOise m the data set
The clusters represent types of responses
to the different selectIOn environments If
broad adaptatIon IS defined as the product
of a combmatIOn of speCific adaptatIOns
(Ceccarelh, 1989), then selectIon among
these clusters would allow a speCific type
of response to be targeted SelectIOn
wlthm the deSirable cluster for the best
performance would optimize the mean for
that target range SelectIon for speCific
types of responses was not eqUIvalent to
selectIOn usmg mean productiVity, rank
summatIOn, or a selectIOn mdex (Chlsl et
ai, 1996)

Zavala-GarCia et al (1992b) calculated
a Smith-Hazel mdex usmg yIeld and the
regreSSIOn coeffiCient (b) or yIeld and the
fIrst prmclpal component score (PC)
They also selected for both yield and sta­
bilIty usmg mdependent culhng at a 25%
mtenslty Both selectIOn mdlces were
more effiCient than mdlrect selection for
the stablhty parameters alone, except m
the poorest environment When the num­
bers of famlhes m common With those

selected directly were compared m the
eight enVironments, the mdlces were su­
penor to those from mdependent cullmg
and equal to the two measures of mean
prodUCtiVity and rank summatIon, except
m the poorest environment Although m­
dIrect selectIOn for a Wide range ofunpre­
dlctable environments Improved most
With the use of an mdex contammg both
yield and a stabilIty parameter, the gam
over mean prodUCtiVity or a rank summa­
tIOn usmg only a subset of environments
did not JUStify the extra resources needed
to estImate stablhty (ZavIla-Garcla et ai,
1992b)

Barah et al (1981) reported on the ap­
plIcatIon of nsk averSIOn to breedmg for
genotypes that perform well overall and
have relIable yield for farmers at speCific
locatIOns - m other words, a balance of
mean yield, adaptabilIty, and relIablhty
(Evans, 1993) Wltcombe (1988) com­
pared the use of various cntena to select
for mean yield and adaptablhty Eskndge
(1990) suggested the use of the safety­
first declslon-makmg procedure to de­
velop an mdex that weights stablhty and
mean yield CeccarellI and Grando
(1991b) demonstrated the use of safety­
first models and concluded the mdlces
denved could select genotypes WIth low
probabilIty of faIlure and an acceptable
economic threshold m the poorest condi­
tions In none ofthese examples would the
genotype selected for both mean yIeld and
stabilIty have the best yield under the best
conditIons

An alternative for Improvmg the effi­
ciency of selectIOn for tolerance to the
varIOUS types of stresses that charactenze
a target regIOn, as well as for yield poten­
tIal under the more favorable envlron-
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ments, IS to use molecular markers to se­
lect mdlrectly for stress tolerance, yIeld
potential, or both Paterson et al (1991)
dIscussed the use of "quantitatIve traIt
lOCI," or QTL mappmg, to select mdI­
rectly for speCIfic attnbutes Paterson et
al (1991) and Hayes et al (1993) demon­
strated that QTLs could show the same
range of sensItivIties to enVIronments as
yIeld Itself Two classes of genetIC mark­
ers were IdentIfied The first mcluded
constant QTLs, havmg no environmental
mteractlOns, the second class mcluded en­
vIronment-specific QTLs Use of genetIC
markers would gIve enhanced opportum­
tIes to combme both broad adaptatIOn and
SIte-specIfic adaptatIOn Without the need
to test m all speCIfic condItIOns The key
to progress for thIS strategy IS carefully
IdentIfymg the envIronment-specific
QTLs and determmmg their Impact on
both adaptatIOn and yIeld potentml Iden­
tificatIon reqUires testmg under speCIfic
conditIons to lInk markers consistently
WIth a traIt related to speCific adaptatIon
or performance

Trait IdentIficatIOn for
Use In SelectIOn

Wallaceetal (1993),Blum(1988),and
Evans (1993) descnbed yIeld as the result
ofthree phySIOlogIcal components 1) net
accumulated bIOmass, 2) harvest mdex,
and 3) time needed to develop to harvest
matunty Each ofthese components IS the
result of numerous biochemical and
physIological processes The components
ofYIeld, environmental potentml, and du­
ration of the growmg season ultImately
determme the pathway to yIeld by modI­
fymg or termmatmg the other processes
(Wallace et al , 1993) In enVIronments m
which duration of season varIes because
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of envIronmental constramts, the G x E
mteractIOn IS due to the Impact of these
constramts on the tlmmg of the phySI­
ologIcal processes and their total duratIOn
Blum (1988) and Ceccarelli et al (1991)
descnbed thIS as the Impact oflocatlOn or
year on the correlatIOn between multiple
traIts and yield ThiS mteractlOn makes It
very difficult to Identify smgle traIts or
even multIple complexes oftraits that can
be used as alternatives to select for yIeld
under stress conditIOns or optImal condI­
tIOns CeccarellI et al (1991) gave an ex­
cellent example of the Impact of trait as­
SOCiatIOns and seasonal dIfferences m de­
fmmg the opttmal genotype under
variable CondItiOns Because of the com­
plex nature of trait associatIOns and the
mfluence of enVIronment and genetic
background, most studIes conducted to
date on mdlrect selectIOn cntena have
httle applIcatIOn m breedmg programs
(CeccarellI et ai, 1991, Blum, 1988)

In peanuts, the relatIOnshIp between
drought resistance and yIeld potential un­
der optimal condItions depends on the
drought pattern (Nagaswara Rao et ai,
1989) These results could be mterpreted
as eVIdence that the breadth ofadaptatIOn
reqUired to combme resistance With some
types ofstresses and performance m opti­
mal conditIons IS not genetically feaSIble
CeccarellI et al (1991) stated that It IS "the
variatIOn m adverse condItions that IS the
real challenge and not the adverse condi­
tIOns per se " Thus, although a smgle traIt
or genotype may be supenor at one year
or stress conditIOn, those that are conSIS­
tently supenor across all the stress condI­
tIOns are deSIrable Nagaswara Rao et al
(1989) demonstrated thIS m peanuts WIth
12 known patterns of drought and 60
genotypes In pearl ml1let, van Oosterom



et al (1996a, b) descnbed a procedure to
ImtIally charactenze the pattern of water
stress m a test SIte and use thIS mformatIOn
to Identify the optImal genotypIc response
for selectIOn ThIS process IS conSIstent
WIth the conclUSIOn ofChiSI et al (1996)

An alternatIve procedure for IdentIfy­
mg traIts for mdirect selectIOn IS to use a
retrospective hIstorIcal analySIS of
changes that have occurred through natu­
ral selectIOn and artIfiCIal selectIOn m a
crop speCIes Blum (1988) and Evans
(1993) both descnbed the phySIOlogIcal
changes that have resulted from selectIon
for yIeld Evans (1993) mcluded an exten­
SIve reVIew of thIS tOpIC for the mam
phySIologIcal processes and theIr compo­
nents He found that the predommant Im­
provements m yIeld potential have re­
sulted from changes m regulatory pro­
cesses that control patterns ofpartitIonmg
and the tImmg of development These
components are related to harvest mdex
and maturIty (Wallace et ai, 1993) No
changes have been made m the effiCIency
of the major metabolIc and aSSImIlatory
processes that result from changes m pho­
tosyntheSIS, reSpIratIOn, translocatIOn, or
growth rate Contmued selectIon for yIeld
potentIal under optImal condItIons WIll
only contmue to alter these regulatory
processes (Evans, 1993 Wallace et ai,
1993) Contmued selectIon for modIfica­
tions m regulatory processes WIthout m­
creased effiCIency m metabolIc or aSSImI­
latory processes WIll result m Improve­
ment only If mnovations m agronomy
allow greater agronomIC support of the
crop to amelIorate envIronmental stresses
(Evans, 1993) Changes m crop plants
smce domestIcatIon have resulted from
empmcal selectIOn for YIeld, but the fu­
ture may depend more on selectIon by

deSIgn (Evans, 1993) Unfortunately,
most of the research reVIewed by Blum
(1988), Evans (1993), CeccarellI et al
(1991), and Wallace et al (1993) has lIttle
applIcation m desIgmng the optImal geno­
type for stress and nonstress condItIons
Evans (1993) stated "Empmcal selectIon
IS an extremely powerful agent ofchange
but selectIOn by deSIgn may yet prove to
be even more powerful when our under­
standmg ofthe phYSIOlogy ofcrop yIeld IS
more comprehenSIve than It IS at present"
Not only do we need to broaden our un­
derstandmg ofthe phYSIOlogy ofYIeld, but
we need to apply It to mcrease effiCIency
ofselectIon for adaptatIon to a WIde range
ofenvIronmental condItIons

Use of GenetIc DiverSity and
Participatory Variety SelectIon

Bramel-Cox (1996) concluded "UltI­
mately, genetIC gam for broad adaptatIOn
WIll depend upon the more effiCIent Iden­
tIfication and utIlIzatIon of hIgh levels of
adaptatIOn to speCIfic constramts found m
exotIC germplasm The transfer ofspeCIfic
traIts or adaptatIons WIthout a concurrent
loss m yIeld potential WIll depend upon
both the phySIologIcal trade-offs reqUIred
for adaptatIOn to those stresses and the
effiCIent mtrogression of deSIred genes
mdependent of any undeSIrable traIts
ThIS IS one area m whIch the use of
marker-aSSIsted selectIOn may allow bet­
ter deSIgn and selectIOn of optimal geno­
types The defmItIOn of an optimal geno­
type wIll reqUIre a much better under­
standmg of the phySIologIcal baSIS of
adaptatIon and ItS applIcatIOn to breedmg
Although we have been very successful at
developmg new statIstIcal procedures to
quantIfy G x E mteractIons and IdentIfy
those that are most relevant, there IS a
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lImIt to the progress to be made from these
statIstIcal approaches" This conclusIOn
w1l1 be enhanced with a better under­
standmg ofthe preferences given by farm­
ers to gram yield and other traits used to
design an optImal genotype ThiS is the
objective of participatory varIety selec­
tion and participatory plant breedmg
(Wltcombe and JOShi, 1996)

The mtegratlOn of all aspects of the
plant, environment, and itS mteractlOns
may develop broadly adapted genotypes
that are still unacceptable The Identifica­
tIon and testIng of a new variety does not
always result In Improved prodUCtivity,
due either to ItS poor adoptIon because of
certaIn qualIty, nutrItIOnal, and preference
traits orto ItS preferentIal adaptatlOn to the
higher yieldIng range ofthe target reglOn
An alternative approach, particularly for
target environments In very margmal ar­
eas with resource-poor farmers, is to se­
lect or test more directly for these envI­
ronments USIng partiCipatory approaches
(CeccarellI et aI, 1996, SperlIng, 1996,
Witcombe and JOShi, 1996)

FrancIs (1986) concluded that re­
source-poor farmers, who practice ap­
proximately 60% ofthe global agrIculture
and produce 15-20% ofthe world food m
the most environmentally sensItive areas,
have not benefited from the gaIns of the
green revolutIOn Kelly et al (1996)
evaluated the basis for the lack of adop­
tIOn of newly released pearl millet varIe­
ties m Rajasthan, an Important but more
margInal portIOn of the target enViron­
ments for the pearl mlllet breedIng pro­
grams at ICRISAT and m India They
found that traditIOnal varIetIes were st1l1
of slgmficant Importance In the drIer re­
gions A slmllar result has been reported
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by Frus-Hansen (1996), Rohrbach et al
(1995), and Franzen et al (1996) In all
these studies, a prImary baSiS for non­
adoptIOn was the relatively heavy weight
given by farmers to gram and straw yield
m the more stressful years

Future Research OptIOns

If a target regIOn had the configuration
deSCrIbed by Falconer (1990), where the
cross-over between antagomstic and syn­
ergIstIc selectiOn occurred toward the
lower-yieldmg enVironments, It would be
difficult to breed for both (CeccarellI et
al, 1996) In general, there is a need to
allocate more resources to breed speCifi­
cally for these conditions OptimiZIng
yields under given environmental condi­
tIOns IS a radical departure from the con­
ventional aim of plant breedmg to Opti­
mize yields (Frus-Hansen, 1996) Three
optlOns for future research programs are
I) to develop participatory plant breedmg
programs to better understand the con­
straInts and their ImplIcations to the farm­
ers m those speCific reglOns, 2) to Opti­
mize the performance of varieties under
low or no-mput conditions, and 3) to m­
crease the number ofvaneties developed

Sperhng (1996) deSCrIbed the need for
a new conceptual model for a diVISion of
labor for future plant breedmg programs
Plant breeders would generate new ge­
netic varIabilIty, msure access to diverse
germplasm, and screen for the mlmmum
reqUired CrItena and resistance to ablOtIc
and bIOtiC stresses prevalent m the reglOn
The farmers would take the breeder-de­
veloped matenal as a base to select varie­
ties which would target the agronomic
conditions and SOCIOeconomic circum­
stances m the speCific commumty or re-



giOn Vanous procedures could be used m
a breedmg program to hnk with selectiOn
by farmers for specIfic adaptatiOn or traits
(Witcombe and Joshi, 1996) The better of
these procedures for self-polhnated crops
mvolve cooperatIve selectIon from the
early generatIOns to the final release, or
farmer selectIOn m the early generatIOns
and breeder mput m the final testmg and
release For cross-polhnated crops, the
improved composItes could be gIven by
the breeders to the farmer for mass selec­
tiOn to develop Improved locally adapted
varIetIes A 1995 workshop was held on
the general use of a partIcIpatory plant
breedmg program approach m cornman
bean (Kornegay et aI, 1996) and nce
(SthapIt et aI, 1996) ThIs group con­
cluded there was a need m the future to
hnk formal sector breedmg wIth farmers
for the breedmg, varIety selectIOn, and
conservatiOn of plant genetic resources
There was an need to combme the best of
SCIentIst and farmer knowledge m re­
search and development to maXimIze both
agro-bIodIversIty and productIvIty for the
future, especIally for breedmg for rehable
varietIes m the more margmal or umque
target envIronments
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Sorghum Improvement Usmg
Plant Tissue Culture

Roberta H Smlth*, S Bhaskaran, Paul M Hasegawa,
Ray A Bressan, Keertl S Rathore, and Ronny R Duncan

Abstract

Thls paper reVlews the tools ofplant tlssue culture andplantgenetlc engmeermg that
have been usedfor crop lmprovement These plant cell culture tools mc/ude cell culture
regeneratlOn systems whlch are afoundatlOn to the otherplant tlssue culture techmques
anther culture for haplOId and homozygous dlplOld productlOn, embryo rescue for
obtammg umque hybrzds somac/onal varzatlOn and cell selectIOn to obtam cells
tolerant to varlOUS stresses, andplant genetlc engmeermg to msert tralts such as msect
and herblclde reslstance Specific examples ofthe use ofthese technologles m sorghum
andpearl mlllet lmprovement programs are descrzbed and dlscussed Vlews m regard
to whlch of these technologles wlll have the hlghest potentlal for lmpact on sorghum
lmprovement programs are dlscussed

Techmques In plant cell culture and
plant genetIc engIneenng offer new ap­
proaches to the plant breeder to develop a
wIder range of useful cultIvars Indeed,
crops are now In the fanner's field WIth
delayed npenIng genes, such as Flavr­
Savr® tomatoes, Bollgard® cotton WIth
Insect reSIstance, BXN® cotton WIth her­
bICIde reSIstance, cucurbits WIth VIruS re­
SIstance, and Insect-resIstant com The
use of plant bIOtechnology has moved
from the laboratory to commercIal prac­
tIce Many more crop plants are due to be
released III the next few years The age of
plant bIOtechnology IS a realIty Unfortu­
nately, the technology has not Impacted
Improvement programs of all the crop

Roberta H SmIth and S Bhaskaran Department of SOIl & Crop SCIence
Texas A&M UmvefSlly College Stal100 TX 77843 Paul M Hasegawa and
Ray A Bressan Center for Plant EnVironmental Stress PhYSiology Purdue
Umverslly WestLafayette IN 47907 Keerl1 S Rathore CropBlotecbnology
Center Texas A&M UmversJty College Statton TX and Ronny R Duncan
Department of Crop & SOIl SCiences GeorgIa Agncultural Expenment
StatIon GeorgIa StatIon Gnffin Georgta 30223 1797 Correspoodmg
author

plants, In partIcular, sorghum and pearl
mIllet breedIng programs have not yet
benefited the way cotton, tomatoes, com,
and CUCurbitS have The development of
the technology In these other crops, how­
ever, WIll have an Impact on acceleratIng
the applIcatIOns to sorghum and pearl mIl­
let breedIng Improvement programs

Cell Culture Regeneration

Fundamental to most plant cell culture
applIcatIOns to a partIcular crop speCIes IS
the methodology to regenerate plants
from cell cultures Although It has be­
come routIne to regenerate plants from
cultured tIssue, the fact remaInS that only
menstematIc tIssues respond to In VltrO
mampulatIOns Plant honnones and plant
growth regulators have played a key role
In the successful regeneratIOn from cul­
tured cells Sorghum, once conSIdered re­
calcItrant, IS now amenable to manIpula­
tIon m VltrO Immature embryos, young
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leafbases, shoot apex and immature mflo­
rescences have been used m sorghum as
explants for successful regeneratiOn of
plants (Bhaskaran and Smith, 1990) The
chOice of plant growth regulators m the
culture mediUm, particularly the ratlO of
auxms and cytokmms, has played a major
role m obtammg plants from cultured tiS­
sue It also has been possible to obtam
roots, shoots, or embryogemc callus from
the same explant by varymg the ratio of
auxm to cytokmm m the culture mediUm
Moreover, the ratio of auxm to cytokmm
reqUIred to obtam plant regeneration can
vary wIth dIfferent cultivars ThiS sug­
gests that genotypIC differences m the re­
generatiOn potential ofimmature explants
probably reflect differences m endo­
genous levels or activities of hormones
withm the explants Despite repeated ef­
forts, plant regeneration from smgle cells
or protoplasts has not been realized m
sorghum, although protoplasts could have
been obtamed from immature tissues (un­
published observatiOns)

Pearl millet [Penmsetum amerzcanum
(L) K Schum] regeneration also has
been reported (Vasd and Vasil, 1982)
Embryogemc cultures from pearl mdlet
immature mflorescense segments gave
nse to plants

Fundamental Studies Usmg Tissue
Culture

In VItro techmques With sorghum ex­
plants have been useful m understandmg
plant-pathogen mteractlOns One of the
major diseases ofsorghum, sorghum head
smut, caused by the fungus Sporzsorzum
rellwnum, results m the formation of the
sorus, the fungal frmtmg body, m place of
the normal mflorescence In less severe
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mfectlOns, the mflorescence develops
mto a leafY structure, m a phenomenon
known as phyllody Phyllody could be
mduced from floral pnmordia, eXCised
from the plant and cultured on a mediUm
that contallled gibberelltc aCid
(Bhaskaran et al , 1990) The ability ofthe
fungus to produce gibberellic aCid, or an
altered metabohsm of glbberellins, m
smut-mfected plants can be mferred from
these results

In wtro techmques also have helped m
eItcitmg filamentous myceltal growth
from spondla ofS relhanum, a dImorphIC
fungus The fungus exhibits two dlstmct
phases ofgrowth m ItS life cycle One is a
umcellular yeast-like growth, which IS
commonly observed under laboratory
condItions A multicellular filamentous
type of growth, whIch is the paraSitiC
phase, has been beheved to occur exclu­
SIvely withm the host plant The trIgger
for the converSlOn remamed elUSIve until
recently When an extract from the sor­
ghum floral pnmordiUm (the pnme target
for the pathogen) was proVIded as the sole
carbon source m the culture mediUm for
fungal spondlal growth, differentIatlOn
mto multIcellular filamentous mycelia re­
sulted (Bhaskaran et aI, 1991) ThiS was
the first report of filamentous growth oc­
cumng outside the sorghum plant Simple
carbohydrates such as glucose, sucrose, or
fructose prevented host extract-mduced
mycelial growth, but lactose dId not The
spondlal form of the fungus was capable
ofhydrolyzmg sucrose mto itS component
hexoses, whde lactose was neither hydro­
lyzed nor utilized from the culture me­
diUm (Bhaskaran and Smith, 1993) The
complex mteractlOn of Simple and com­
plex carbohydrates m fungal morpho­
genesIs is eVident from these results The



abIlIty to culture fIlamentous fungal
growth In Vitro opens up the possIbIlIty to
Isolate and charactenze the mducer from
the host plant and to study the phenome­
non of fungal dImorphIsm and how It IS
regulated by carbohydrate substrates
avaIlable to the fungus Perhaps through
these baSIC studIes a strategy to prevent
the pathogemc filamentous fungal growth
m the host plant could elImmate head
smut

Anther Culture

Plant breeders have many techmques
avaIlable to develop new lInes, In Vitro
anther culture for haplOId plant produc­
tion can proVIde a rapId method for cereal
crop Improvement The Immature pollen
withm the anther can undergo an abnor­
mal developmental pathway, formmg an
embryo, or callus, whIch can then develop
mto a haplOId plant The resultmg plant
may spontaneously dIplOIdize (the chro­
mosomes double) upon treatment WIth
colchicme An ImmedIate advantage of
sorghum haplOIds would be expedItIouS
mtroductIon ofnew genes mto the domes­
tIC gene pool for use as homozygous par­
ents for the productIOn of hybnds An­
other approach would be to culture the
anthers of a cross between two desnable
parents and select the homozygous dIP­
10ld combmatIOns that contam the deSIr­
able genes of both parents As SImIlar
approaches With nce have shown, usmg
thIS approach could cut years from sor­
ghum breedmg programs

Followmg the many successes m nce
anther culture, many laboratones have at­
tempted SimIlar work m sorghum Without
success However, two publIshed reports
descnbe successful anther culture m sor-

ghum Rose et al (1986) reported cultur­
mg anthers from 'Advance' sorghum [8
ble%r (L) Moench], obtammg callus
and subsequently four albmo plants More
recently, KumaravadIvel and Rangasamy
(1994) reported anther-denved plants
from SIX cultIvars of sorghum, obtammg
248 doubled haplOIds and 12 haplOId
plants ThIS report opens the pOSSIbIlIty of
anther culture m sorghum for the rapId
production of homozygous Imes that can
be used as recombmant mbreds A genetic
mvestIgatIOn of the selfed progeny from
the regenerated plants was undertaken to
confirm the pollen ongm of the plants as
well as analyze then use m crop breedmg
programs

Somaclonal Variation and Cell
Selection

The entIre In Vitro process, begmmng
WIth genotype and explant selectIOn and
extendmg through callus mductIOn, em­
bryogenesIs, and plantlet regeneratIOn,
can be extremely productive m creatmg
genetic VarIatIon However, only about 50
agronomically useful culttvars or
germplasm sources have been released for
utilIzation m productIOn programs (Dun­
can, 1996), WIth horticulture crops lead­
mg the way Smce many variants are
mostly unstable or mIsunderstood chro­
mosomal aberratIOns, breeders often
questIon the effectIveness and effiCIency
of usmg m Vitro methods m their pro­
grams when conventIOnal methods are
avaIlable

Perhaps those concerns WIll be alleVI­
ated WIth expenence and when the phIlo­
sophical approach of usmg In Vltro tech­
nology as a breedmg tool to create addi­
tional dIverSIty IS accepted by conven-
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tlOnal breeders This phtlosophlcal
change should occur parallel with
changes m selectIOn strategies Success­
ful selectIOn ofdesirable regenerants with
Improved traits depends on I) expression
of a WIde dIversIty for specIfic traIts, 2)
trait stabilIty over generatIOns, 3) ade­
quate populatIOn size m the field to have
a reasonable chance of VIsually selectmg
deSIrable variants, and 4) a proper field
enVIronment that fosters traIt expressIOn

In sorghum, hIgh plant populatIOns
(20,000 plants per genotype culture) WIll
be needed m field trIals for selectIon of
useful regenerants (Duncan, 1996, Dun­
can et aI, 1995, Smith et ai, 1993) If m
Vitro selective agents are used to target
speCific traits, the uncontrolled variation
mduced by the process Will reqUire even
higher regenerant populatIOns for proper
field selection Often m Vitro stressmg
agents cause negative selection pressure
by reducmg regeneratIOn frequency or by
producmg weaker or less vIgorous seed­
lIngs when regenerated Ifblotlc orabIotiC
stresses are used m the field selection
program, populatIOn numbers should be
higher m these trials than they would be If
no stress were Imposed, because selectIOn
Will be based on good agronomIc traits
plus biotiC or abIOtiC stress tolerance
Breedmg programs must adjust to multi­
ple m Vitro process .3 genotype .3 environ­
mental mteractlOns to successfully select
and eventually transfer the useful so­
maclonal variants to productIOn systems

Five sorghum somaclonal vanants
have been released (Duncan, 1996) Two
vanants were stressed m Vitro With NaCI,
but the releases had Improved fall army­
worm resistance (Duncan et aI, 1991a,
Isenhour and Wiseman, 1991, Isenhour et
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aI, 1991, Wiseman et aI, 1996) Three
variants emerged from no m Vitro stress
and had Improved tolerance to aCId SOil
stress when the donor parent was hIghly
sensItIve (Duncan et aI, 1991b, 1992,
1995, Foyetal, 1993, Milleretal, 1992)

PopulatIOn SIze and proper field envI­
ronments are the same CriterIa used m
conventIOnal or mutatIOn breedmg pro­
grams to select deSirable traits Induced
and mtroduced variatIOn durmg the m VI­

tro process can be auseful source ofvan­
ablhty If breedmg programs properly ad­
Just to the technology

Embryo Rescue

The culture of eXCised embryos at an
early stage of development can be useful
to plant Improvement programs by mak­
mg It pOSSible to obtam Viable hybrids
from normally unsuccessful crosses or to
overcome seed dormancy problems (Ran­
gan, 1982) De Wet et al (1976) reported
on Saccharum officmarum and S blc%r
hybrIds to generate sorghum With shoot
fly reSIstance These crosses were made
by conventIOnal crossmg methods, how­
ever, It IS pOSSible to make Wide crosses
usmg embryo rescue m cell culture The
method mvolves makmg the cross and
rescumg the embryo prior to the develop­
mental stage where It aborts on the plant
and placmg It m sterile culture to develop
a Viable plant from the embryo To date,
there appear to be no reports m the htera­
ture on the applIcatIOn ofthis technique to
sorghum or pearl mIllet Improvement
The methodology, however, IS generally
straightforward and relatively Simple A
drawback to thiS approach IS that one
would have to go through a selection proc­
ess to Identify plants WIth deSIrable traIts



and ehmmate unwanted charactenstIcs
from such hybnds

Today a greater emphasIs IS bemg
placed on plant genetic engmeermg to
mtroduce one or two specIfic agronomIc
traIts WIthOut changmg the genetIc back­
ground of the cultIvar

Plant TransformatIOn

Currently, three popular methods are
used to mtroduce foreIgn genes mto
plants 1) Agrobacterzum-medIated trans­
formatIOn, 2) protoplast-medIated trans­
formatIOn, and 3) microproJectIle bom­
bardment-medIated transformation Each
of these methods mvolves the use of cul­
tured protoplasts, cells, tissue, or organ
explants

Agrobacterzum-Medlated
TransformatIOn

Agrobacterzum tumefacwns IS a patho­
gemc bactenum that causes crown gall
dIsease m many diCOtS It mfects plants by
transferrmg a portIon of ItS Tl-plasmld
DNA (T-DNA) mto host cells, whIch then
becomes mtegrated mto the plant genome
ThIS ablhty ofAgrobacterzum to transfer
the T-DNA mto the host cell genome has
been harnessed for plant transformatIOn
by deletmg genes on the T-DNA (disarm­
mg) and replacmg these WIth genes of
mterest The transfer system is opera­
tIOnal even when the T-DNA contammg
the foreIgn genes IS present on a separate
plasmId (bmary vector), as long as the vIr
genes are still present on the Tl-plasmld
WIth A tumefaclens harbonng the dIS­
armed (non-oncogemc) Tl-plasmld and
bmary vector, genes of mterest are now
bemg transferred to many dICot genomes

m a controlled, effiCIent, and reprodUCIble
manner As a result, a number of diCOt
plants engmeered for Improved quahty,
VIral reSIstance, msect reSIstance, and her­
bICIde tolerance eIther have been released
mto the market or WIll be mtroduced
shortly

In contrast, the progress m the genetic
engmeenng of monocotyledonous plants
has been slow because A tumefaclens ap­
parently does not easdy mfect most
monocots Alternative methods to trans­
form cereals have been developed, and
most cereals transformed to date have
been obtamed usmg eIther the micropro­
JectIle bombardment (gene gun) method
or dIrect DNA uptake Via protoplasts fol­
lowed by regeneratIOn These methods are
descnbed below Both, however, are mef­
fiCIent and reqUIre an enormous amount
of tIme and resources to produce a few
transformants Another drawback IS that
they often generate transformants WIth a
hIgh number of gene copIes that are rear­
ranged Such transgene mtegratIOns result
m gene expreSSIon problems

For these reasons, efforts have contm­
ued to Improve the effiCIency ofAgrobac­
terzum-medIated transformatIOn ofmono­
cots These mclude the development of
Agrobacterzum strams of hIgh VIrulence,
use ofAgrobacterlUm WIth dIfferent com­
bmatIons of chromosomal backgrounds
and varIOUS combmatIons of vIr genes,
use ofcertam factors m the mduction me­
dmm to mcrease mfectIOn, etc In some
mstances, where Agrobacterzum-medI­
ated transformatIOn of cereals was re­
ported, the effiCIenCIes were very low, and
the eVIdence prOVIded for stable transfor­
matIOn was eqUIvocal
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Some recent reports, however, have
shown very high effiCiency transforma­
tIOn of nce and maize USIng A tumefa­
Clens harborIng a modified "super-bi­
nary" vector (Hlel et ai, 1994, Ishida et
ai, 1996) A cOmbInatIOn of factors con­
tnbuted to the Increased transformatton
effiCienCIes In these studies conditIOns of
co-culttvatIOn, chOice oftissue as startIng
matenal, and most Important, the use ofa
"super-bInary" vector (carryIng extra VIr

genes) These reports provide, by far, the
strongest eVidence for stable transforma­
tIon of any cereal by A tumefaclens Sta­
ble transformatIOn was demonstrated by
Southern analySIS on a large number of
transformants, sequence analySIS of T­
DNA JunctIons, as well as genetic analy­
SIS ofthe progeny Several other labs now
have confirmed thiS findIng (Aldemlta
and Hodges, mpress, Dong et al ,mpress,
Park et aI, 1996) These extremely en­
couragIng results With nce and maize
raise the posslblhty that other Important
cereals, such as sorghum, can be trans­
formed USIng thiS system

Protoplast -Mediated TransformatIOn

ImtIaI attempts to transform cereals
With Agrobacterzum were unsuccessful,
leadIng to attempts to use protoplast trans­
formatIOn as a means of obtaInIng trans­
formed plants It IS pOSSible to Isolate
protoplasts from SUItable ttssues of many
species by enzymatically digestIng the
cell wall DNA can be Introduced Into
these protoplasts by phySical (electropo­
ratton) or chemIcal (PEG treatment)
means, which can result In stable gene
IntegratIOn FollOWIng transformatIOn,
protoplasts ofmany speCIes can be regen­
erated Into whole plants One advantage
of thIS method IS that plants regenerated
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from transformed protoplasts are non­
chlmenc, Ie, each cell In the plant Will
contaIn the foreIgn gene Rice and maIZe
were the first and only cereals to be trans­
formed via the protoplast method (Ton­
yama et aI, 1988, Rhodes et aI, 1988)
SInce these mltml reports, transformatIon
of certaIn Japomca culttvars of nce USIng
protoplasts has become routme In several
laboratOrIes (Shlmamoto et aI, 1989,
Rathore et aI, 1993) However, transfor­
matIOn of maize and Indica cultlvars of
nce stIli remaInS difficult because plant
regeneratIOn from protoplasts IS hIghly
genotype-dependent and unrelIable

MlcroproJectlle Bomhardment­
Mediated TransformatIOn

ThIS IS a phySIcal method to dehver
DNA dIrectly mto cells WIthout the need
for a bIOlogICal vector The method m­
volves coatmg small gold or tungsten par­
ttcles With the foreign DNA, these are
then shot mto hvmg plant ttssue, USIng an
explOSive force The particles penetrate
the cell wall and the plasma membrane
and DNA IS delIvered mto the plant cell
As m the case ofprotoplasts, the mtent IS
to transform Important monocots that are
not amenable to Agrobacterzum-mediated
transformatIOn ThiS method IS not spe­
Cific to certam tissues or cell types and can
delIver DNA to cells deeper than the sur­
face layer

ThiS method has two major advantages
over the protoplast method I) the trans­
formed cells can be more readily regener­
ated, and 2) because of shorter culture
perIods, the regenerated transformed
plants are more lIkely to be fertIle Indeed,
fertIle transgemc plants of several Impor­
tant dlcots and all of the major cereals



mcludmg sorghum have now been ob­
tamed usmg the gene gun - or micropro­
JectIle bombardment - method (Gordan­
Kamm et ai, 1990, Chnstou et ai, 1991,
VasIl et ai, 1992, Somers et ai, 1992,
Casas et ai, 1993, Wan and Lemaux,
1994, Castillo et ai, 1994)

PartIcle bombardment has been used to
obtam transgemc sorghum plants usmg
both Immature embryos from explants of
P898012 (Casas et al , 1993, KononowIcz
et al , 1995) and mflorescence explants of
SRN39 (A M Casas et al , 1996, personal
commumcatIOn) DNA delIvery was me­
diated wIth the PDS 1000/He BIOlIstlc
DelIvery System (BIO-Rad), and parame­
ters were optimIzed based on transIent
expressIOn of GUS and RIC1 maIze an­
thocyamn regulatory elements Trans­
formed cells/tIssues were selected utIllz­
mg the bar gene, encodmg for phosphI­
nothncm acetyltransferase (PAT) as the
selectable marker and bialophos selectIOn
pressure Over 60 IgnIte resIstant plants
have been regenerated The presence of
transgenes (bar, UldA or luc) has been
detected m pnmary regenerants by South­
ern blot analyses RestnctIon fragment
patterns mdlcate the lIkelIhood that the
transgemc plants ongmated from seven
mdependent transformatIOn events Func­
tional expression m progeny of herbicIde
resIstance and PAT or luclferase enzyme
genes has been determmed to be mhented
through the five generatIOns analyzed to
date Analyses of genetic data mdicate
that co-transformatIOn can result m effec­
tive segregation of the selectable marker
from the other transgenes These results
mdicate the potentIal for applIcatIOn of
transformatIOn technology m sorghum
Improvement

One ofthe biggest disadvantages ofthe
partIcle bombardment method appears to
be extremely low effiCiency of obtammg
stable transformatIOn events The mam
reason for thIS poor effiCiency appears to
be death of cells followmg partIcle pene­
tratIOn (Hunold et al , 1994) A number of
Improvements have been made to m­
crease the effiCIency ofstable transforma­
tion over the years, but the method still
remams extremely labor- and resource­
mtenslve and far from routme for most of
the Important crop plants

Summary

A number ofplant cell culture tools can
be applIed to enhance conventional sor­
ghum and pearl millet breedmg programs
Somaclonal vanatIOn has had some suc­
cess m provIdmg usable germplasm
From a practIcal viewpomt, however,
many breeders feel there IS already SIg­
mficant genetIc VariatIOn that needs to be
evaluated Without generatmg more
through cell culture

There appear to be useful applIcatIOns
ofanther culture to enhance sorghum con­
verSIOn and breedmg programs Certamly
transformation technology wIll be useful,
particularly Ifcare IS taken m the selectIOn
of genes and proper agronomic practices
prevent the spread of these genes mto
weedy species which readtly cross With
sorghum Research m nce, maize, and
wheat plant bIOtechnology has receIved a
lot of fundmg and IS a major source of
technology that can be applIed to sorghum
and pearl millet RealIstically, until fund­
mg IS avaIlable for the development of
these technologies m sorghum, therr ap­
plIcatIOn wIll be delayed
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DIscussion

SeSSIOn IV - Breedmg TechnIques
SessIOn ChaIr Ken KofOld

Rapporteurs - Gary Toenmessen and Aboubacar Toure

Bhola Nath Verma - The applIcatIOn
of populatIon Improvement m self-pollI­
nated crops dates back to over 30 years
The selectIon gams for complex traIts lIke
yIeld and for multIple traIts reported are
generally reported for 2-3 cycles for a
number of logIcal reasons These results
In the absence ofestImates ofgenetIc van­
atIon over cycles, are not very conclusIve
eVIdence ofthe success of the populatIOn
Improvement concept In self pollmated
crops I am wonderIng If somebody has
results over 8-10 selectIOn cycles wIthout
mfusmg added vanabilIty from outsIde
Into populatIOns to demonstrate the suc­
cess of the concept?

H F W Rattunde - I am not aware of
any recurrent selectIOn ofmore than eIght
cycles In sorghum closed populatIOns
However, for both self-pollInated and
cross pollInated crops, genetIc vanance
would be a functIOn of the IOltial number
of genes segregatIng, the selectIon pres­
sure changmg gene frequenCIes, and the
effectIve populatIOn SIzes as It affects m­
breedIng and genetIC dnft

Steve A Eberhart - When the com­
merCial product WIll be a hybnd, reCIpro­
cal recurrent selectIOn has many advan­
tages for populatIOn Improvement Het­
erotIc groups are very Important, and the
establIshment of a world-WIde female
group and a male group IS needed WIth
the avaIlabIlIty of genetIC stenles (ms3,
mS7, etc) and A, and A2 male-stenle cy­
toplasm III sorghum, the RRS Inbred test­
ers procedure can be very effectIve (note
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that pedIgree breedIng as practIced III

com and sorghum IS a speCial vanatIOn of
thIS procedure) For pearl mIllet, reCIpro­
cal full SIb selectIOn (FR) IS suggested
MultIstage selectIOn rather than Index se­
lectIOn for multIple traIts and multIple
testers (early, medIUm, late matunty) are
deSIrable Two nursery seasons per year
are essentIal Reference S A Eberhart,
W Salhuona, R SevIlla, and S Taba
1995 PrInCIples of tropIcal maIze breed­
Ing MaydIca 40 339-355

B S Rana - I handled apomIctIc R473
lIne as a plant breeder and crossed It WIth
almost 50 lInes WIthout any maternal
plant appearmg In F I except a couple of
plants In two crosses These crosses seg­
regated perfectly WIthout any maternal
type appearIng m F2 generatIon How can
Inhentance or expreSSIOn of apomIXIS be
explamed? R473 was used as a female
parent)

K F Schertz - Your expenence IS
SImIlar that we observed I can't explaIn
the result Some pOSSIbIlItIes are that III

R473 apomIXIS IS vanable or that
apomIXIS IS very complexly Inhented and
not all necessary alleles were present In
progeny

B S Rana - When restorers (ofAI) are
stenlIzed In A2 cytoplasm the resultmg
cms lInes dIffer In restoratIOn pattern
when crossed WIth a smgle restorer How
can thIS dIfferential behaVIOr be ex­
plaIned?



K F Schertz - The dIfferentml behav­
Ior m thIS example IS probably related to
the dIfferent nuclear gene combmatIon
that result from the crosses

B S Rana - The seasonal mteractlOns
are observed more frequently m A2 based
cms hnes rather than m Al based cms
hnes What may be the possIble reason?

K F Schertz - The seasonal mterac­
tIOns observed wIth A2 are hke those ob­
served wIth Al m ItS early years of use
Breeders have learned how to manage thIS
WIth Al and are mostly successful Learn­
mg WIll be needed WIth A2

B S Rana - Certam post-ramy hnes
when crossed WIth Al cms show perfect
stenhty m F I and BC I but m further back­
crosses partIal seed set mcreases How
can thIS mechamsm be explamed?

K F Schertz - The problem descnbed
IS one ofthe most dIfficult m breedmg cms
male-stenle parents Apparently WIth
contmued back crossmg nuclear alleles
that mcrease fertIhty are bemg mtroduced
from the recurrent parent We need mo­
lecular markers that can be used to select
agamst these alleles

Joseph Ochleng - Smce hentabIhty
estImates are a functIon ofnot only geno­
types (famlly dIfferences) but also of en­
VIronment (SIte and season), what magm­
tude of selectIon response and selectIon
lImIts would you expect for breedmg un­
der stress versus selectIon under non­
stress? What genetIC explanatIon would
be advanced for whatever the answer?

Paula Bramel-Cox - The answer to
thIS questIon depends upon the genetIC
correlatIOn between the selectIOn or test­
mg enVIronment and the target enVIron­
ments It also depends upon the hentabIl-

Ity m both types of enVIronments The
baSIS of the response to selectIon IS the
Impact of mdIrect selectIon at the selec­
tIOn or testmg sIte for the target enVIron­
ment The effectIveness of thIS mdlrect
selectIOn would need to beJudged m rela­
tIOn to that of dIrect selectIOn m the varI­
ous enVIronments m the target range The
actual hmIts to the response for eIther type
of enVIronment would ultImately depend
on the genetIc varIance of the reference
(breedmg) populatIOn for adaptatIon to
the entIre range ofthe target enVIronment
Falconer (1990) descnbed thIS very well
m hIS paper and m hIS book on quantIta­
tIve genetICS m 1989 I do not generally
favor the use ofhentablhty Itself to quan­
tIfy the value of a speCIfic selectIon enVI­
ronment It IS an unpredIctable estImate
that has been shown to have a WIde confi­
dence mterval when estImated repeatedly
The explanatIOn for thIS IS GE mteractlOn
and the large mherent error assocIated
WIth the estImate of the genetIC varIance

John Wttcombe - I was pleased to see
you mentIOned partICIpatory breedmg
technIques Would you hke to expand on
why sorghum IS partIcularly SUIted to the
use ofpartICIpatory approaches?

Paula Bramel-Cox - You can hkely
gIve the reasons better than I

John Wltcombe - Sorghum IS partICU­
larly SUited to these approaches because
there was an expressed need - The fall­
ure ofclaSSIcal approaches to proVIde so­
lutIOns for all farmers as eVIdenced by the
hIgh proportIon of farmers stIll growmg
landraces Sorghum was predommantly
self-polhnatmg WIth a hIgh mherent rate
of seed mcrease that favored the success­
ful use ofpartICIpatory approaches, and It
was grown m the margmal agrIcultural
enVIronments for whIch the effectIveness
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of such approaches had been demon­
strated

David Andrews - We need to put PPB
m perspective It IS not a umversal solu­
tIOn and should not become a "band­
wagon" It has imphcatIOns that breeders,
who dId make successful varIeties, did not
really know what they were domg Two
aspects ofPPB are useful for all breeders,
especIally In developIng countnes I)
early generatiOn breedIng materIal does
need to be exposed and evaluated m farm­
ers conditions, 2) breeders must be famIl­
Iar With farmers problems and prefer­
ences However, whIle farmers may be
effective evaluators of germplasm, they
are not aware of the full imphcatIons of
that chOice Only the breeders know the
Wider pOSSibIlities (mcludmg those not
eVident to farmers), and how these may be
mtegrated mto the generatiOn of success­
ful cultivars There are additiOnal adverse
consequences ofPPB when the mtroduc­
tIon ofhybnds is conSidered ThiS relates
to the benefits ofmobihzmg pnvate enter­
pnse that follow the development of a
market for hybnds

John WItcombe - Perhaps breeders
did not know what they were domg when
they selected almost exclUSively for yIeld
m muItdocatiOnal tnals Farmers had
more diverse needs such as fodder yield
as well as gram Yield Breeders had fmled
to replace very old varieties such as the
rabi sorghum "Maldandi" and new ap­
proaches needed to be tried Participatmg
varIetal selectIon could be used to aId
hybnd breedmg Fmally, the word partiCi­
patory meant collaboratiOn between
breeders and farmers An example was a
recently released variety of nce "Mach­
hapuchre-3" m Nepal, a result ofpartIci­
patory plant breedmg The release pro­
posal had the names of two farmers and
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three breeders showmgthat the real mean­
mg of the approach is that It IS partICIpa­
tIve

Belum Reddy - Sorghum improve­
ment now IS a team effort mvolvmg breed­
ers, phYSiOlogISt, entomologIst, patholo­
gIStS and economIsts All are mvolved m
constramts assessment through mterac­
tIon WIth farmers To say that breeders do
not know what they are domg, despite the
team effort, IS a self-defeatmg comment
Secondly, as defined by Allard and Brad­
shaw (1964), breeders attempt/aIm at
broad adaptabIlIty or speCIfic adaptatiOn
or a vanatiOn ofboth In the case offarmer
partICIpatory breedmg, what we are at­
temptmg to aIm at IS speCIfic adaptatIon
Farmers, withm a VIllage dIffer m their
perceptiOn of what they need and if so,
how far can we extend our efforts
ThIrdly, regardmg Improvement for post
ramy season m IndIa beatmg M35- I, I am
not sure Ifwe can solve It mvolvmg farm­
ers, because we know clearly what farm­
ers need, but we do not get that deSirable
segregatiOn

Eduardo Teyssandier - 1) WhIch cul­
ture medIUm do use for Immature embryo
rescue? 2) For obtammg somaclonal van­
ants, do you use undIfferentiated tIssue or
cell cultures as a source?

Roberta Smith - I) ThiS has been
pubhshed 2) It is necessary to go through
callus

Henry Nguyen - What is the effiCIency
ofthe Agrobactenum - medIated and par­
tIcle bombardment sorghum transforma­
tiOn approaches?

Roberta Smith - The effiCIency for
sorghum IS low Agrobactenum looks bet­
ter for nce
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Breedmg for Resistance to Panicle Pests
of Sorghum and Pearl Millet

R G Henzell*, G C Peterson, G L Teetes, B A Franzmann,
H C Sharma, 0 Youm, A Ratnadass, A Toure, J Raab, and 0 A]aYl

Abstract

Host plant reslstance (HPR), as a component of mtegrated pest management, has
been employedfor few ofthe many msects recorded as pests ofthe pamcles ofsorghum
[Sorghum bicolor (L) Moench} and even fewer for pearl mlllet fPenmsetum glaucum
(L) R B} ThlS paper reVlews global HPR breedmg programs for sorghum mldge
[StenodiploSIS sorghicoia (Coquzllett)} earhead bug (Calocons angustatus Lethlerry)
Afrlcan sorghum head bug [Eurystylus oidl (POpplUS)}, corn earworm fHehcoverpa
armigera (Hubner) and Hehcoverpa zea (Boddle)} and mlllet headmmer fHehocheIlus
aibipunctella (de Joanm~)} Major progress has been made m comblmng enhanced
levels ofHPR to sorghum mldge wlth local adaptatlOn m the breedmg programs at
ICRISATASia Center and Texas A&M Umverslty and m Australza On-Jarm adoptlOn
of thls developed technology has occurred rapldly and at a hlgh level m Australza
Breedmgfor HPR to other msects has attracted less effort HPR researchfor earhead
bugs m Indla andAfrlcan sorghum head bugs m West Afrlca hasprogressed to the pomt
that cultlvars wlth reslstance to these pests soon wlll be avazlable to farmers The open
pamcle type lS routmely selected m breedmgprograms m reglOns where corn earworm
lS a pest Breedmg programs for HPR to mlllet head mmer needfurther development

WhIle tremendous progress has been
made through breedmg to Improve sor­
ghum and pearl mIllet for adaptatIOn and
utIhzatIOn, It has been at a cost of m­
creased susceptIbIhty to some bIOtIC and
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ICRISAT AsIa Center Patancheru 502 324 Andhra Pradesh IndIa 0
Youm 1CRlSAT Sahehan Center BP 12404 NIamey NIger A Rataadass
Centre de Cooperation Intemabonale en Recherche Agronomlque pour Ie
Developpement Department des Cultures Annuelles (CIRAD/CA) ICRI
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abIotIc stresses EmphaSIS on yIeld has
narrowed the genetIc base and reduced
natural plant defense mechamsms
Changes m phenotype and matunty, as
well as productIOn m vast monocultures,
have exacerbated the problem

The close aSSOCiatIon of msects WIth
theIr host plants prOVIdes a umque oppor­
tumty to dISrupt thIS relatIOnshIp by mcor­
poratmg reSIstance genes Even shght
changes m the compatIbIhty of the host
plant and the msect can sIgmficantly re­
duce damage and mcrease the comple­
mentary effects of other IPM tactIcs
However, host-plant reSIstance (HPR), as
a component of mtegrated pest manage­
ment, has been employed for only a few

255



of the many msects recorded as panIcle
pests of sorghum [Sorghum blcolor (L)
Moench] and for even fewer msect pests
of pearl mIllet [Penmsetum glaucum (L)
R B] (Hams, 1995)

These factors have led to mcreased
effort to develop msect-reslstant sorghum
and pearl mIllet Much progress has been
made and gams are expected to be dura­
ble New sources of reSIStance wIll be
found m sorghum and pearl mIllet, some
now relatIvely mSIgmficant msects may
mcrease In Importance, and techmques to
mtroduce alIen genes for reSIstance WIll
be developed These factors demand that
current efforts to develop msect-resIstant
sorghum and pearl mIllet contmue and
even mcrease In mtensity

ThIS reVIew descrIbes the global HPR
breedmg programs for sorghum mIdge
[Stenodlplosls sorghlcola (CoqUIllett)],
the sorghum panIcle feedmg bugs, ear­
head bug (Calocorls angustatus Leth­
Ierry) and Afncan sorghum head bug [Eu­
rystylus oldl (Poppms)], com earworm
[Hebcoverpa armlgera (Hubner) and
Hellcoverpa zea (BoddIe)], and mIllet
head mmer [HellOchezlus alblpunctella
(de JoannIs)]

Progress m developmg HPR to pamcle
feedmg msects m sorghum and pearl mIl­
let was revIewed m the InternatIonal Con­
sultatIve Workshop on PanIcle Insect
Pests of Sorghum and Pearl MIllet
(Nwanze and Youm, 1995), breedmg for
reSIstance to sorghum mIdge was re­
vIewed by Henzell et al (1994) m Austra­
lIa, Peterson et al (1994) m the US, and
Sharma et al (l994a) m ASIa and AfrIca
LIterature smce then and personal com­
mumcatIOns have been used to bnng thIS
reVIew up to date
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Sorghum MIdge

MIdge IS the most UbIqUItouS and dam­
agmg msect specIes attackmg sorghum It
IS found almost everywhere the crop IS
grown and has been the subject of much
research smce ItS first dIscovery m 1894
m Queensland (Tryon, 1895) EstImates
of annual costs to productIon (m US
dollars) are $28 mIllIon m Texas (Peter­
son et al , 1994), $294 mIllIon m the semI­
and trOpICS (ICRISAT, 1992), and $7 9
mIllIon III AustralIa AddItIOnal costs are
assocIated WIth restrIcted plantIng WIn­
dow opportumtIes and the effect of Insec­
tICIdes on the blosystem and cleanlIness
ofthe end-product

A breedmg program for reSIstance to
sorghum mIdge began at Texas A&M
UmversIty soon after usable reSIstance
was found (Johnson et aI, 1973) SImIlar
programs began at the Queensland De­
partment ofPnmary IndustrIes, AustralIa,
m 1975 (Henzell et aI, 1980) and at the
ICRISAT ASIa Center m IndIa m 1980
(Sharma et aI, 1994a) In addItIOn, the
prIvate sectors m AustralIa and the U S
breed for reSIstance to sorghum mIdge
ThIS reVIew IS mamly of the publIc sector
programs m Texas, AustralIa, and ICRI­
SAT

Sources ofReSIStance to
Sorghum MIdge

Sources from S blcolor

Many sorghum genotypes have been
reported to be sources of reSIstance to
sorghum mIdge Peterson et al (1994)
lIsted 31 reSIstant lInes (Table 1) These
products ofthe Sorghum ConverSIOn Pro­
gram (Stephens et al , 1967) form the ba­
SIS of the sorghum mIdge reSIstance
breedmg programs In Texas and Austra-



ha The Sorghum ConverSIOn Program
converts tall late maturmg sorghum hnes
to short, early-matunng hnes that can be
used m temperate regIOns In Texas, each
converted Ime has been evaluated for re­
sistance to midge Without the Sorghum
ConverSIOn Program, the Texas and Aus­
trahan midge resistance breedmg pro­
grams would not eXist

At ICRISAT, 15,000 acceSSIOns from
the world sorghum collectIOn have been
evaluated for resistance to midge
(Sharma, 1985, Sharma et ai, 1992a,

Sharma et ai, 1993a) Some shown to be
resistant have proved to be denved hnes,
leavmg 19 hnes which are shown m Table
2 There are now 49 known sources of
resistance (Tables I and 2) The key hnes
used In the Austrahan program are
TAM2566 (IS 12666C), SCI65-14E,
SCI73-14E(IS 12664C), SCI08-14E(IS
12608~SC414-14E (IS 2508C),
SC574-14E (IS 8337C) and AF28 (Hen­
zell et ai, 1994)

TAM2566 (Johnson et ai, 1982a) has
been the major source of resistance used

Table 1 Sources of midge resistance Identified m the Sorghum Conversion Program m Texas

IS Numberl SC Numbe2 Groups3 Year Identdied4

IS 12666C SC1759 Zerazera 1973
IS 2579C SC42314E Zerazera 1973
IS 2508C SC414 14E Caudatum Kafir 1973
IS 12608C SC108 14E Zerazera 1973
IS 2549C SC228 14E Zerazera 197679
IS 2862C SC655 14E Caffrorum Budproof 197679
IS 3071C SC237 14E Dobbs 1976 79
IS 6392C SC490 14E Nandyal 1976 79
IS 7064C SC420 14E Caudatum Kafu 197679
IS 7142C SC564 14E Caudatum 1976 79
IS 8231C SC645 14E Caffrorum Darso 197679
IS 8233C SC643 14E Caffrorum Darso 197679
IS 8263C SC328 14E Dobbs 197679
IS 8337C SC574 14E Caudatum Nlgncans 197679
IS 12593C SC84 14E Durra Nlgncans 1976 79
IS 8232C SC642 14E Caffrorum Darso 1983 85
IS 8237C SC644 14E Caffrorum Darso 1983 85
IS 8112C SC725 14E Caudatum 1983 85
IS 2740C SC708 14E Caudatum 1983 85
IS 3390C SC572 14E Caudatum Kafu 1983 85
IS 7132C SC693 14E Dobbs 1983 85
IS 2685C SC692 14E Dobbs 1983 85
IS 957C SC810 14E Caudatum Durra 1983 85
IS 7193C SC694 14E Dobbs 1983 85
IS 2144C SC741 14E Caudatum Kaura 1983 85
IS 12572C SC62 14E Caudatum NIgncans 1983 85
IS 8179C SC75214E Caudatum Kafir 199192
IS 69I9C SC846 14E Durra 1991 92
IS 2655C SC113 14E Caudatum NIgrtcans 1991 92
IS 3693C SC632 14E Caffrorum 1991 92
IS 172llC SC107214E Caffrorum 199192

Reaction to
Al Cytoplasms

R
R
R
R
R
R
R
R
R
R
R
B
R
R

partial
R
B
R
R
R
R
R
R
R
R
R
?

B
R
B

R&B
1IS Number = IutematlOnai sorghum number The C followmg the number mdlcates the converted hne
2SC = Sorghum ConversIOn number The uuderhned number IS the stage of conversIOn E = hne m exotic cytoplasm
3Based on Murty et al 1967
4Lmes were evaluated m at least one of the years mdlcated
sR=restorer B=mamtamer Schuenng and MIller 1978
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m the sorghum mIdge resIstance breedmg
program at Texas A&M Umversity (Pe­
terson et ai, 1994) SC62-14E has a dI­
verse plant phenotype wIth loose pamcles
and glumes that do not tIghtly clasp the
kernel SC846-14E IS a B hne WIth whIte
kernels and tan plant color AF28
(Rossetto et al, 1975) has a very hIgh
level of resIstance (Peterson et ai, 1994)
and was used to produce Tx2782 (Peter­
son et al , 1984) and several hnes from the
USDA GeorgIa sorghum breedmg pro­
gram (Halma et ai, 1989, Hanna et al ,
1993) It IS mterestmg to note that the
converted BC4 verSIOn ofAF28 (SC 1203­
14E) IS not resIstant to sorghum mIdge
(Peterson et ai, 1994), therefore AF28
has been re-entered m the converSIOn pro­
gram

At ICRISAT, the major source ofreSIS­
tance used IS DJ 6514, an IndIan landrace
(Sharma et ai, 1994a) SC423-14E (IS

2579C), TAM2566, AF28, DJ 6514, IS
10712, IS 7005, and IS 8891 have the
hIghest levels of reSIstance when tested
across seasons, locatIOns, and no-choIce
(cage tested) condItions These hnes are
dIverse, at least taxonomIcally However,
IS 7005 was converted and released m
1986 as SC679-14E WhICh, when tested m
Texas, showed a very low level of reSIS­
tance Interestmgly, DJ 6514 loses some
of ItS reSIstance m Kenya and Yemen, but
AF28 and IS 8891 are as reSIstant there as
at other locatIons (Sharma et al , 1994a)
The possIbIlIty of a dIverSIty of blotypes
IS bemg mvesttgated (Sharma et ai,
1996a)

An mItIatIve at ICRISAT led to devel­
opment of a populatIOn contammg the
male stenlIty genes mS3 and mS7 The
populatIon mcludes a sIgmficant portIOn
of the known reSIstant sources and WIll
serve as a source ofreSIstance genes Two

Table 2 Sources of midge resistance IdentIfied ID the World collectIOn at ICRISAT

IS Number
IS 3461
IS 7005
IS 8671
IS 8751
IS 8884
IS 8887
IS 8891
IS 8918
IS 9807
IS 10712
IS 15107
IS 18563
IS 18695
IS 18698
IS 19474
IS 19476
IS 22806
IS 26789

SCNumber

SC679 14E

SC1546-i

SC504C

SC15493
SC1550 ~

DeSignatIOn
Ban
Katatllansa

ExGaloa Selusa
E 549
E 552
E556
E583
Kigo
0317
2262
V 71 1 1 1

AF28
Var Lope
Var Godo

NIgncanlGumeense
NIgncanlGumeense
Caudatum/Nlgricans
Caudatum
Nlgrlcans
Nlgricans
Nlgrlcans
Caudatum/NIgncans
Caudatwn/Consplcuum
Caudaturn
Caudatum
Caudatum
Caudatum
Caudatum
Caudatum
Caudatum
Caudatum
Durra

ReactIOn to
Al cytoplasm2

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

1Based on Murty et al 1967
2R = restorer
Source Shanna 1985 Shanna et al

258

I992a, Shanna et al 1993a



random matmg populatlOns, TP8 and
TP23, were developed at Texas A&M
UmversIty

W,ld Sorghum as a Source ofResIstance

Many vanetles ofwIld sorghum m Af­
nca, IndIa, and AustralIa are possIble re­
sIstance sources Franzmann and Hardy
(1996) have shown that 16 of the 17
known mdIgenous (one not yet tested)
AustralIan sorghum vanetIes were eIther
non-hosts or had very few eggs laId m
them when mfested WIth mIdge m cage
tests These are from four subgenera other
than Sorghum, the subgenus contammg S
blcolor However, at thIS tIme, attempts to
cross any of these sorghum varIetIes WIth
S blcolor have faIled (Huelgas et ai,
1996) No other WIld sorghum has yet
been tested

Alzen Genes for ReSIstance

The mtroductlon of allen genes for re­
sIstance to all pests VIa transformatIOn IS
closer now that transformatIon has been
achIeved m the U S (Casas et ai, 1993)
and AustralIa (Rathus et ai, 1996) The
lIst of pOSSIble allen reSIstance genes IS
mcreasmg (I Godwm, 1996, personal
commumcatlOn) For example, two
known groups of Bacdlus thurmgzensls
(Bt) toxms, Cry II and Cry IV, have msec­
tIcIdal propertIes agamst DIpterans In ad­
dItIOn, a number of protease mhIbItors,
mostly of plant ongm, also may have
some efficacy agamst mIdge Plant lect­
ms, amylases, and polyphenoloxIdases
are other candIdates for testmg

DIverSIty of reSIstance, partIcularly of
genes for reSIstance and ofmechanIsms of
reSIstance, IS cntIcal not only for develop-

mg denved lInes WIth hIgher levels of
reSIstance by gene pyramIdmg, but also
for developmg lInes WIth mcreased dura­
bIlIty (greater longeVIty) of reSIstance
Not enough IS known about the dIverSIty
of genes for mIdge reSIstance and of
mechanIsms of reSIstance ThIS IS hIgh
pnonty

MechanISms ofReSIStance
to Sorghum MIdge

AntlxenoSIS (non-preference)

AntIxenosIS (non-preference), espe­
CIally OVIpOSItIon antlxenosIS, IS the most
Important mechamsm of reSIstance
(Franzmann, 1993, Rosetto et ai, 1984,
Sharma, 1985, Sharma et ai, 1990ab,
Waqml et al , 1986a) Fewer eggs are laId
m reSIstant sorghum because fewer at­
tempts at OVIposItlOn are successful
(Waqml et ai, 1986b), and females dIe
before all theIr eggs are laId (Henzell et
ai, 1993) The reason for thIS dIfficulty m
egg-Iaymg IS unknown, but the most fre­
quently suggested cause IS glume charac­
ters, espeCIally short and tough glumes
held tIghtly together (Ball and Hastmgs,
1912,Geermg, 1953,Rosettoetal, 1984,
Sharma et ai, 1990b)

ReSIstance to sorghum mIdge may be
caused, m part, by asynchrony between
the tIme of spIkelet flowenng and the
presence or abundance of msects (JIme­
nez, 1992, DIarIsso et ai, 1995) MIdge­
reSIstant sorghum flowers dunng the early
mornmg hours, thus avoIdmg much
mIdge OVIpOSItIon

AntIxenosIs to panIcle vIsItmg by fe­
males has been recorded m many geno­
types (Franzmann, 1988, Sharma and
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Vidyasagar, 1994, Teetes and Johnson,
1978, WaqUl1 et aI, 1986a) VarIatIOns m
reflectIve hght spectrum and chemIcal
emISSIons from pamcles apparently mflu­
ence host selectIOn by females Yellow
and whIte colors are attractIve (Sharma et
ai, 1990a, WIseman et ai, 1972), as IS
ethanohc extract of flowermg sorghum
pamcles (H C Sharma, 1996, personal
commumcatIOn)

AntIbIOSIS

ReSIstant genotypes adversely affect
the development of mIdge larvae, reduc­
mg theIr SIze and survIVal (WaqUlI et al ,
1986b) and slowmg development and re­
ducmg fecundIty of emergmg females
(Sharma et al , 1993b) The reason for thIS
antIbIOSIS IS not clear, but It may be struc­
tural For example, some reSIstant sor­
ghum genotypes have larger ovarIes than
susceptIble ones A dIsruptIOn ofthe rela­
tIOnshIp between newly hatched larvae
and the condItIon ofthe ovary may affect
survIval and development

Tolerance

Increased kernel SIze has been pro­
posed as a form of reSIstance that allows
some genotypes to compensate for mIdge
damage (Sharma et aI, 1994a) However,
data showmg such genotypIC dIfferences
are mconclusive For example, Franz­
mann and Butler (1993) and WaqUll and
Teetes (1990) found that susceptIble and
reSIstant genotypes responded m the same
way to mIdge damage Sharma et al
(l994a), however, showed that the reSIS­
tant genotypes tested compensated more
than dId the susceptIble genotypes It IS
doubtful that thIS form of reSIstance IS
Important
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SC423-14E exhIbIts an mterestmg re­
SIstance mechanIsm MIdge larvae mfest­
mg thIS sorghum hne sometImes are
pushed from between the glumes and ex­
posed It IS common for pupae to be VIS­
Ible between the glumes ofmost sorghum
Just before adult emergence The process
by whICh larval exposure occurs on
SC423-14E IS not known

The Genetics ofReSistance
to Sorghum Midge

The genetIcs of reSIstance to sorghum
mIdge were reVIewed by Sharma et al
(1994a), Peterson et al (1994), and Hen­
zeU et al (1994) ReSIstance was found to
be controlled by receSSIve to partIally
dommant genes, the number of whIch IS
unknown (WIdstrom et ai, 1972, Berg­
qUlSt et ai, 1974, Teetes and Johnson,
1978, Rossetto and Igue, 1983, Boozaya­
Angoon et aI, 1984, Widstrom et aI,
1984, Agrawal et al , 1988) Both general
and specIfic combmmg abIhty effects are
sIgmficant (Page, 1979, Patd and Thom­
bre, 1985, Agrawal et al , 1988), but reSIS­
tance IS controlled largely by addItIve
gene actIon (Sharma et aI, 1996b)

In summary, the mherItance of mIdge
reSIstance seems to be complex It IS a
polygemc traIt that varIes from receSSIve
to partIally dommant It follows that reSIS­
tant hybnds can be produced only by
crossmg reSIstant parents havmg common
reSIstance genes SIgmficant measured
and observed speCIfic combmmg abIhty
effects suggest some dIverSIty of reSIS­
tance genes Prehmmary supportmg eVI­
dence IS commg from the molecular
marker work ofY Z Tao (1996, personal
commullicatIOn) m Austraha Results
suggest that some of the chromosome re-



giOns putatIvely hnked wIth mIdge reSIS­
tance dIffer m QL39 and QL4l, the par­
ents of a set of recombmant mbred hnes
used m Tao's study Also, by pyramldmg
the dIverse genes, dIversIty of resIstance
should result m progeny ofcrosses havmg
a hIgher level of resIstance than that of
theIr parents ThIS has been observed For
example, QL29 has a hIgher level of re­
SIstance than eIther of ItS parents, QL23
and SC165-14E (Henzell et ai, 1986)
The eVIdence IS strong for dIverSIty of
resIstance genes, but more mfomlatIOn IS
needed about the genetIcs ofresIstance m
the vanous resIstance sources Molecular
marker technology IS a vehIcle by whIch
thIS can be achIeved

Breedmg Methods For
ResIstance to Sorghum MIdge

The major aims of mIdge resIstance
breedmg programs vary In the pnvate
sector and at ICRISAT, the aIm IS devel­
opment of mIdge-resIstant cultIvars In
the pubhc programs m the U Sand Aus­
traha, however, the aIm IS to Identify and
develop gern1plasm for use m other pro­
grams The dIfference m these aims IS not
dIscreet, there IS some germplasm devel­
opment m the pnvate sector, and pubhc
breeders m Austraha, US, and India are
developmg mIdge-resIstant gennplasm m
a relatively adapted genetic background
so that some of their products have been
used dIrectly to produce cultlvars

In each program, a number of mul­
tigemc characters are undergomg Simul­
taneous selectiOn Therefore, the breedmg
method should mvo1ve cycles ofcrossmg
parents, selectiOn of supenor segregates,
and recombmatIon of at least a sample of
selectiOns to commence a new cycle, WIth

an mfuslon of new matenal when avaIl­
able Most programs use the pedIgree and
hmlted backcross methods rather than a
population approach The ICRISAT and
Texas populatIOns are not bemg selected
under mIdge pressure at thiS tune

Sharma et al (l992a) descnbed the
breedmg method used at ICRISAT For
developmg R-Imes, DJ 6514 was crossed
WIth locally adapted suscepttble
germplasm (IS 3443) to produce ICSV
197, a hne WIth the same level of resIs­
tance as DJ 6514, but With better agro­
nomIC type (except for small gram sIze)
ICSV 197 then was crossed WIth A 6250
(a Zerazera hne) to produce hIgh-YIeld­
mg, large kernel hybnds WIth a sIgmficant
but reduced level of mIdge reSIstance
ICSV 745 and ICSV 735 are examples A
SImIlar procedure was used to develop the
B hnes, a number of whIch are now Ull­

dergomg male stenhzatiOn m AI cyto­
plasm, these havmg two doses of locally
adapted, susceptible germplasm and one
ofDJ 6514

An aIm of the Texas program has been
the development of germplasm that com­
bmes reSIstance from several dIfferent
sources The method used (Peterson et al ,
1994) IS SImIlar to that ofother programs,
but relIes less than ICRISAT's program
on backcrossmg to locally adapted but
susceptIble matenals, probably because
converted lInes (locally adapted at least
for heIght and matunty) are used as
sources of reSIstance

A method of crossmg, evaluation, se­
lectIOn, and subsequent recombmation to
start a new cycle With an occaSIonal mfu­
Sion ofnew matenaliS used m the Austra­
han B-Ime breedmg program (FIgure 1)
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(Henzell et ai, 1994) ThIs method has
been used to combme a hIgh level of
mIdge resIstance and stay green m the
23000 senes hnes Sources of mIdge re­
sIstance were SCI08C-14E, SCI65C­
14E, SCI73C-14E, Tx2754, and Tx2761
The stay green source was B35 Interme­
dIate hnes or derIvatIves from these
sources combmed to form the 23000 se­
nes were QL38, QL39 and QL41

Molecular marker studIes show a frag­
ment of chromosome on hnkage group B
(Y Z Tao, 1996, personal commUnIca­
tIOn) from SC165-14E that has been re­
tamed through at least four generatIOns of
crossmg and phenotypIc selectIOn (Jordan

1981

1983

1985

:
,; 1988

~
'0
" 1990•
~

1992

1996

et ai, 1996, D Jordan, 1996, personal
communIcatIOn) ConservatIon ofthIs re­
gIon also has been observed m a number
of mdependent crosses m the B-lme pro­
gram Data (Y Z Tao, 1996, personal
communIcatIOn) suggest thIS regIOn IS
hnked wIth resIstance to sorghum mIdge
m the QL39 x QL41 recombmant mbred
hnes ThIS regIOn IS found m the 23000
senes hnes, as well as 72389, one oftheIr
parents The 72389 hne has only a mod­
erate level of resIstance, whereas the
23000 senes hnes have a hIgh level So
there are other UnIdentIfied mIdge reSIS­
tance genes m the senes hnes, most hkely
from QL38 or QL39, whIch have not yet
been hnked wIth markers

SCI13C' T.618 KS4Kr

The pedtgrees ofthe key crosses mthe QDPI B [me breeding MIdge
resIStant sources shaded

Figure 1 Pedigree chart of the key crosses used to develop the 23000 series B-hnes Shaded boxes
are midge-reSistant sources, drawn hnes mdlcate parentage and Illustrate conservation of
chromosome regIOns from SC165, B35 and Tx2754 x Tx2761
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Screemng and SelectIOn Methodology
For ResIStance to Sorghum Midge

ConventIOnal

In conventIOnal programs, mlttal selec­
tion IS carned out by comparmg seed sets
m field evaluattons (Peterson et aI, 1994,
Henzell et ai, 1994, and Sharma et ai,
1994a) Also, tests are planted m locahtles
and tImes so flowenng occurs when
midge are most abundant At ICRISAT
Austraha, and some areas ofTexas, mfes~
tor rows are used to mcrease midge abun­
dance However, there IS no need for m­
festor rows at Corpus Chnstt, Texas, be­
cause of the high (80-100mldge/
panicle/day) midge populatIOn

At ICRISAT, final selectIOn IS based on
a head cage test (Sharma et ai, 1988),
which overcomes any chance that differ­
ences m seed set are due to vlsltmg an­
tlxenOSlS This IS not the practice m Aus­
traha or Texas because there IS a strong
correlatIOn (r = 0 89) between field and
cage test data (D Butler and B A Franz­
mann, 1996, personal commumcatlon)

In each program, temporal and spatial
variatIon m midge abundance m field tests
IS accounted for by recordmg flowenng
dates and by placmg check genotypes at
regular mtervals m the test SIte An alter­
natIve no-chOIce test developed by Franz­
mann (1996) assumes that oViposItIon an­
tlxenOSlS IS the major mechamsm ofresIs­
tance Differences m the number of eggs
laid m a cage under laboratory conditIons
by five oVlposltmg females on SO flower­
mg spikelets of different sorghum geno­
types over the course of SIX hours at 2SoC
are highly correlated With damage data
collected m the field ThiS IS a rapid test

that can be used to evaluate advanced
breedmg hnes

Marker-ASSIsted SelectIOn

ReSistance to sorghum midge IS a good
example of a trait for which marker-as­
Sisted selectIOn would be useful The hen­
tablhty of resistance IS variable, largely
because of temporal and spatial vanatton
m midge abundance, which can affect the
genetic, environmental, and genetic x en­
vironment vanance components ofhenta­
blhty Techmques to address the problem
of vanatton m midge abundance can be
expensive and ttme-consummg

The only project to find molecular
markers hnked WIth resistance to sor­
ghum midge IS m Austraha (Tao et al ,
1996) One problem encountered m thIS
project has been the dIfficulty m collect­
mg good phenotypIC data for reSIstance
(the same reason that led to the need for
molecular markers) Nevertheless, a
number of chromosome regIOns, mclud­
mg that from SCI6S-14E mentIOned
above, have been putatIvely lInked WIth
resistance (Y Z.Tao, 1996, personal com­
mumcatlOn) These regIOns are found
mamly on the B and G hnkage groups
The putatIve lInkages Will be tested before
marker-assIsted selectIOn IS used Testmg
wIll begm m 1996-97

Data from retrospecttve analySIS of
pedigrees m the AustralIan B-lIne pro­
gram (D Jordan, 1996, personal commu­
mcatIon) have prOVided eVIdence sup­
portmg the lInkages determmed by Y Z
Tao For example, the chromosome re­
gIOn from SC16S-14E, shown by Jordan
to be retamed through a number ofcycles
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of crossmg and selection, IS one of the
regions shown by Tao to be putatively
hnked with resistance to sorghum midge

Results ofBreedmgfor ResIstance to
Sorghum Mulge

Increased resistance to sorghum
midge, combmed with good agronomic
traits, has proven to be an achievable
breedmg objective m each of the pro­
grams, mcludmg private sector programs
mAustraha

Texas

In Texas, hybrids that combme high
levels of resistance to midge and good
agronomic type have been produced (Pe­
terson et aI, 1994) (Table 3) Recent em­
phaSIS has been placed on developmg fe­
males that, when crossed With males such
as Tx2880 and Tx2882, produce hybnds
With excellent midge resistance and yield
comparable to susceptible hybrids m the
absence ofmidge Three females (mclud­
mg two selectIOns ofMBlIO) are bemg
mcreased and tested before release 10

1997 Yield, m the absence of midge, of

the hybnds AMBlIO x RTx2880 and
AB II 0 x RTx2882 IS bemg evaluated 10

commercial plant10gs by commercial
seed companies and ExtenSiOn Service
personnel

TAM2566, the first sorghum midge-re­
sistant hne released 10 Texas, was a de­
rIvative of SC175-9 (Johnson et aI,
1982a) Tx2754 to Tx278 I were released
m 1979, With resistance denved pnmartly
from SC175-9 (Johnson et aI, 1982b)
ReSistance 10 ISRI, released 10 1979
(Johnson et ai, 1982b), and Tx2782, re­
leased m 1981 (Peterson et al , 1983), was
denved from the Brazlhan hne AF28 The
first released hnes to use resistance
sources other than SC 175-9 were Tx280 I
to Tx2815, released m 1983 (Peterson et
aI, 1985) ReSistance 10 these hnes IS
denved from SCI75-2" SC237-14E,
SC423-14E, SC414-14E, or SC644-14E
ReSistant hnes Tx2869 to Tx2890 were
released m 1989 (Peterson et aI, 1991),
WIth reSIstance denved from TAM2566,
Tx2782, or SC423-14E One random mat­
mg populatiOn, TP8R, has been released
These hnes and others from the Sorghum
Conversion Program have had a major

Table 3 Gram yield and sorghum midge damage ratmg of selected hybrids m the 1993 Texas
Sorghum Midge Hybnd Test

Yield (kg ha 1) Midge damage ratmg l

Hybnd Class2 Mean CC' CS Mean CC CS
AMBll0 x Tx2880 RxR 4260 2300 6210 30 47 13
AMBll0 x Tx2882 RxR 3720 1700 5740 37 53 20
ATx2755 x Tx2767 RxR 2990 540 5440 48 77 20
ATx399 x RTx430 SxS 1240 590 1890 83 83 83

Whole Test Mean 2960 140 4500 47 62 3 I
LSD 05 1150 840 1730 14 16 13

lRated 00 scale of 1 to 10 where I =010% blasted seed 2 = 11 20% blasted seed 9 =81+% blasted seed
2Class =Classdicatloo R =ReSistant S =Suscepnble
3CC =Corpus Chnsn
4CS =College Stanoo
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Impact on sorghum mIdge resIstance
breedmg programs throughout the world

ICRISAT

At ICRISAT, sIgnIficant progress has
been made m producmg agronomIcally
acceptable hnes wIth resIstance to sor­
ghum mIdge ICSV 197 (DJ 6514 x IS
3443), the most sIgmficant development
m breedmg for resIstance to mIdge at
ICRISAT (Sharma et ai, 1994a), has DJ
6514's level of resIstance combmed wIth
Improved agronomIc type Subsequent
crosses WIth ICSV 197 have resulted m
lInes such as ICSV 745, ICSV 735, ICSV
758, ICSV 804, ICSV 88032 ICSV 745
has been released m Kamataka, IndIa, and
IS bemg tested on farms m Andhra
Pradesh, India, and m Sudan ICSV 735,
ICSV 758, and ICSV 804 are m on-farm
tnals m Mayanmar ICSV 735 IS bemg
tested In Sudan and IndIa SIgmficant pro­
gress has been made m producmg females
WIth moderate levels of reSIstance and
good agronomIc type (Reddy and Sharma,
1992) They are undergomg fmal testmg
before release

Australza

In Austraha, progress has been made In
both pnvate and pubhc programs m devel­
opmg hnes and hybrIds that combme re­
SIstance WIth good agronomIC type Farm­
ers now have access to reSIstant hybnds
that yield at least as much as susceptible
hybnds m the absence ofmIdge, and have
a level of reSIstance high enough to SIg­
mficantly affect the mtegrated manage­
ment of the pest

QL23 and QL25 through QL41 have
been offiCIally released from the QDPI
breedmg program (Henzell et ai, 1994)
An addItIOnal 76 hnes have been sold to

the prIvate sector mAustraha and the U S
under a plan whereby companIes pay an
upfront fee [currently $500 (Austrahan)
per hne] and then a royalty on any lme or
denved hne Germplasm from the QDPI
sorghum breedmg program IS avaIlable
free to pubhc mstItutIOns Nearly all hy­
bnds developed and sold by the pnvate
sector m Austraha now have a level of
mIdge reSIstance The level of reSIstance
vanes from low (WIth an economIC
threshold twIce that of a susceptIble hy­
bnd) to moderate (WIth an economIC
threshold seven tImes that ofa susceptIble
hybnd)

Progress In mcreasmg levels of reSIS­
tance m the QDPI program IS Illustrated
m FIgure 2 QL39's level of reSIstance
probably represents "field Immumty" to
mIdge m AustralIa QL38 has a SImIlar
level of resIstance One season's data m­
dicate some of the 23000 senes female
lInes also have hIgh reSIstance, combIned
WIth the stay green traIt Less progress has
been made m developmg R-lmes, and
therefore hybnds, WIth hIgh levels ofstay
green and reSIstance to mIdge However,
one year's (1995-96) data mdicate some
hybnds WIth 23000 senes females and
some advanced males have reSIstance lev­
els SignIfIcantly greater than that of
AQL39 x QL36, whIch has a moderate
level of resistance

On-Farm AdoptIon ofCultlvars WIth
ReSIStance to Sorghum MIdge

In IndIa, progress has been made In
transferrmg mIdge-reSIstant sorghum to
farmers ICSV 745 was released as DSV
3 m Kanataka Also, on-farm tests m And­
hra Pradesh and TamIl Nadu are provmg
that gram yield ofICSV 745 IS compara­
ble to that of commerCIal cultlVars ICSV
735 IS planted on a hmited scale In Andhra
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Figure 2 Midge damage ratmgs of five genotypes followmg field mfestatlOn

Pradesh ICSV 804 IS cultIvated over a
large area m Myanmar

In the US, DK60 IS the only mIdge-re­
sIstant hybrId marketed It IS a full season
hybrId and has gamed acceptance m the
delta regIon ofLOUlSIana and MISSISSIPPI
(J Raab, 1996, personal commUnICatIOn)
The area planted to resIstant hybrIds m the
U S IS expected to mcrease If hybnds
such as AMB 110 x RTx2880 prove equal
m yIeld to susceptIble hybrIds m the ab­
sence of mIdge

In Argentma, DA49 was tntroduced m
1992 It IS a medIUm-matunty hybnd and
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IS gammg wIdespread acceptance DA50
was mtroduced m 1994 It IS a medIUm­
full season hybnd and IS gammg m popu­
lanty m the eastern sorghum growmg re­
gIOn (J Raab, 1996, personal commUnI­
catIon)

In AustralIa, the first mIdge-resIstant
hybnd was marketed m 1985 (N Muller,
1996, personal communIcatIon) Smce
then, AustralIan farmers have readIly ac­
cepted hybnds wIth mIdge resIstance, and
m 1994-95 more than 80% ofthe sorghum
productIon area was planted wIth hybnds
wIth some level ofresIstance Reasons for
thIS ImmedIate adoptIon vary



• Damage by mIdge and the cost of
chemIcal control were major eco­
nomIC constramts, even though
mIdge abundance m fields IS rela­
tively lower m Austraha than, for
example, m the coastal bend of
Texas Therefore, relatively low
levels of resIstance were needed to
greatly reduce the Impact ofmIdge

• Farmers understand that resIstance
does not Imply Immumty and there
IS a threshold for a particular reSIS­
tance level above whIch chemIcal
control should be added to theIr pest
management strategIes

• AJomt seed mdustry/QDPI plan to
standardIze the measurement and
descnptIOn of mIdge resIstance
(Franzmann et al ,1996) has been
coupled wIth economIC mJury level
research Consequently, farmers re­
ceIve consIstent mformatIon from
the vanous seed companIes on the
level of resIstance m partIcular hy­
bnds and on theIr mIdge control
management strategIes

• ResIstance to sorghum mIdge IS a
major breedmg objectIve m both
pnvate and pubhc sectors, because
Austraha IS currently free ofgreen­
bugs, sorghum downy mildew,
shoot fly, and panIcle feedmg bugs,
whIch otherwIse would reqUire dI­
VISIon of resources

Durability ofReSistance to
Sorghum Midge

One questIOn relatmg to HPR IS the
madvertent selectIOn ofreSIstant biotypes
m the pest populatIon m response to the
host plant reSIstance However, It IS
thought that reSIstance to sorghum mIdge

wIll be long-hved for the followmg rea­
sons

• SelectIOn pressure on the pest IS
relatively low because the reSIS­
tance level ofthe host plant does not
approach Immumty and, m many
SItuations, selectIon wIll apply to
only one or two mIdge generations
per year

• Abundant forage and wIld sorghum
serve as alternate hosts for the m­
sect, thus mamtammg aVIrulent
genes m the pest populatIon

• MIdge reSIstance IS a muitigemc
traIt, although thIS does not neces­
sanly confer durabIhty

• The fitness ofthe pest IS not (Franz­
mann, 1990) or only shghtly af­
fected (Sharma et ai, 1993) by
HPR

• The major bIologIcal effect ofresIS­
tance on sorghum mIdge IS that
fewer eggs are laId m spikelets of
reSIstant sorghum, most hkely due
to spIkelet structure ThIS factor can
be overcome by modIficatIOns to
the OVIpOSItors offemales, mcrease
m theIr OVIpOSItion rate, earher ac­
tiVIty, or mcreased longeVIty It IS
unhkely (although not known) that
there IS sIgmficant genetIc vanatIon
m the mIdge populatIOn for these
traIts

Prospects and Research Needs for
Breedmgfor HPR to Sorghum Midge

Globally, prospects are that HPR wIll
playa major role m the mtegrated pest
management of sorghum mIdge, and
breeders WIll consIder mIdge reSIstance
no more than an addItional trait necessary
for local adaptatIOn Prospects vary
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among the countrIes m whIch sorghum
mIdge IS a sIgmficant constramt to pro­
duction

In Austraha, It IS hkely mIdge reSIS­
tance levels WIll be reached and combmed
wIth good agronomIc type, so HPR wdl
be the only component fanners WIll use m
the mtegrated management of sorghum
mIdge Future work on durabIhty ofreSIS­
tance may neceSSItate re-evaluatIOn of
thIS prospect

In the US, sorghum hybrIds resIstant
to midge Will be accepted when they per­
fonn comparably to susceptible hybnds 10

the absence of midge Expenmental hy­
brIds are close to, If not already at, thIS
yIeld level Producers are mcreasmgly
concerned about mput costs, and mnova­
tive producers wIll adopt the technology
when avaIlable Soon afterward, other
producers wdl adopt the technology as
they see the economIC and ecologIcal
benefits Smce at least one seed company
IS currently marketmg a sorghum midge­
resIstant hybrId, other companIes WIll fol­
low SUIt Most hkely, seed compames WIll
develop mIdge-resIstant hybrIds wIth at
least one reSIstant parent derIved from
gennplasm developed through a pubhc
breedmg program A SImIlar prospect ap­
phes to Argentma

In IndIa, mIdge mfestatlOns are com­
mon, partIcularly m the states of Kar­
nataka, TamIl Nadu, and Maharashtra,
whde 10-20% mIdge damage IS common
m most of the sorghum growmg areas
Sorghum mIdge IS a serIOUS pest m Myan­
mar Because ofa strong prIvate and pub­
hc sector seed mdustry m India, reSIstance
to sorghum mIdge WIll largely be utiltzed
m hybnds ProductlOn of mIdge-resIstant
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cultivars WIll not only stabiltze produc­
tIOn, but also wdl mmimize the use of
msecticides Dual purpose mIdge-reSIS­
tant cultivars WIll be useful m northern
India, where mIdge cause much damage

In AfrIca, mIdge outbreaks are com­
mon m NIgerIa, NIger, Burkma Faso, Be­
nm, EthIOpIa, Sudan, Kenya, Yemen, and
Tanzania MIdge reSIstance m these coun­
trIes can be prOVIded by VarIetIes because
ofa ltmlted or non-eXIstent seed mdustry

In order to achIeve the prospectIve out­
comes descnbed above, the followmg re­
search needs must be met

I FmanCIal support for breedmg and
entomology must contmue, at least at the
current level Developmg sorghum reSIS­
tant to mIdge combmed WIth hIgh yIeld
potential IS an obtamable breedmg obJec­
tIve WIth predIcted lastmg benefits Bene­
fits mclude greater effiCIency of produc­
tion and a chemIcally cleaner product and
enVIronment

2 The world collectIOn needs to be
contmually searched for addItIonal
sources of reSIstance The Texas/USDA
Sorghum ConverSIon Program has pro­
VIded mvaluable sources of reSIstance to
mIdge and It IS essentIal that the program
contmue

3 Genes and mechamsms ofreSIstance
m the varIOUS sources need to be IdentIfied
and combmed to produce hIgher reSIS­
tance levels and more durable reSIstance
IdentIfication of a genetIcally dommant
source of reSIstance would be a major
benefit to breedmg and deployment by the
seed mdustry



4 The cause of resIstance and how It
affects the msect needs to be detenmned
to enable breeders to more efficIently se­
lect among progeny and Improve the effi­
cIency of theIr programs

5 Genetic transformatlOn promIses ac­
cess to a new source of resIstance genes
There are a number of possIble useful
ahen genes Before thIS technology can be
rehably accessed, however, much work
needs to done m these areas

• development of an efficIent trans­
formatlOn system

• IdentIfication and testmg of the ef­
ficacy of potential toxms coded by
ahen genes

• development of sUltable constructs
• development of a strategy for de­

ployment ofahen genes For exam­
ple, should largely smgle, ahen
genes be used alone, alternatively
pyramIded on constructs, or pyra­
mIded wIth eXlstmg host resIstance
genes?

6 The posslblhty of selectmg HPR­
breakmg blOtypes ofthe pest (as has been
mdlcated for DJ 6514's resIstance m
Kenya and Yemen) needs to be addressed
The questlOn ofblOtype development also
anses when vlewmg confllctmg data from
dIfferent countrIes on levels ofreSIstance,
although these dIfferences are more hkely
due to dIfferences m methodology The
ImphcatlOns of reslstance-breakmg blO­
types ofmIdge are senous enough that thIS
question needs to be resolved Lmkmg
DNA analysIs of sorghum mIdge popula­
tions WIth eVIdence of mIdge populatIOn
x sorghum genotype dIfferentIal mterac­
tIOn would be useful

7 Molecular markers for reSIstance to
sorghum mIdge w111 playa major role m
future breedmg programs Research m
thIS area needs to be strengthened because
thIS technology w111 greatly enhance
breedmg effiCIency For example, mark­
ers can be used for marker-assIsted selec­
tlOn as well as proVIde mformatIOn on
numbers, locatIOns, and gene actlOn for
reSIstance ThIS mformatIon could be used
to duect pyramldmg of genes, predIct the
reSIstance of mbred hnes and hybnds, fa­
clhtate backcrossmg of reSIstance genes
mto dIfferent genetIC backgrounds, etc

8 More research IS needed on the rela­
tIOnshIp between sorghum mIdge abun­
dance and damage to reSIstant hybnds
ThIS mformatlOn IS essential for manag­
mg and adoptmg sorghum cultlvars WIth
mIdge reSIstance MIdge reSIstance w111
be part ofan IPM approach Producer trust
m thIS technology w111 depend on eco­
nomIC thresholds that prOVIde protectlOn
fromnsk

9 The seemmgly negatIve correlatlOn
between mIdge reSIstance and kernel SIze
needs to be further mvestIgated ReSIS­
tance evaluatlOn should mclude selectlOn
for larger seed and glumes that do not
adhere to the CaryOPSIS

Sorghum Pamcle Feedmg Bugs

Pamcle feedmg bugs are mcreasmg m
Importance m West Afnca and IndIa In
West Afnca, Eurystylus oldl causes quan­
titative and quahtatlve losses by feedmg
and laymg eggs m matunng sorghum pan­
Icles (Ratnadass and AJayl, 1995) In In­
dia, Calocorls angu<;tatus causes damage
by feedmg on developmg gram (Hlremath
and Thontadarya, 1984) Sharma and
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Lopez (1989) recorded yIeld losses as
hIgh as 54-89% m IndIa For both msects,
molds growmg on damaged grams can
sIgmficantly affect gram quahty The Im­
portance of the pamcle feedmg bugs has
mcreased wIth the mtroductton of Im­
proved culttvars (Ratnadass et al ,
1995) YIeld losses caused by these pests
m the semI-and tropIcs have been estt­
mated to cost $198 mtlhon (ICRlSAT,
1992)

The dIscovery of host-plant resIstance
to C angustatus (Sharma and Lopez,
1992) and E oldl (Sharma et aI, 1992a,
1994a, Ratnadass et al , 1994a, 1995) has
led to breedmg programs m IndIa (ICR!­
SAT ASIa Center) and West AfrIca
(Mah), the key features of which are de­
scnbed below

Sources ofResistance to Sorghum Pan­
Icle Feedmg Bugs

It IS important to recogmze the shght,
but sigmficant, dIfferences m the bIOlogy
and behaVIor ofE oldl and C angustatus
(Ratnadass et aI, 1994b) The former
causes damage by feedmg and laymg eggs
m the developmg CaryOpSIS, whIle the lat­
ter causes damage by feedmg on the gram
(eggs are laId m the spikelets at anthesIS)
ThIs dIfference leads to shght dIfferences
m sources and mechamsms of reSistance
to the two pests (Ratnadass et al , 1994b)

Gumea sorghum, the dommant race m
West Afnca, is reSIstant to both head bug
specIes (Sharma et aI, 1994b) This is a
relatively low-yieldmg sorghum, With
long glumes and vitreous gram In gen­
eral, if Gumea sorghum IS crossed WIth
other taxonomIC groups, the offsprmg are
low-yieldmg and lose most of the deslf-
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able gram charactistics (A Toure, 1996,
personal commumcahon) However, at
ICRlSAT ASia Center, a number ofhnes
have been developed from crosses With
elite Zerazera matenal that combme the
Zerazera plant type With the gram and
glume type of Gumea sorghum (J W
Stenhouse, 1996, personal commumca­
hon) More advanced matenal has been
developed by backcrossmg these denva­
tives WIth other gumea sorghum HybrIds
based on thIS materIal m AI cytoplasm
WIll be tested m West AfrIca EVIdence
suggests thIS matenal Will be useful m
developmg head bug and gram mold re­
Sistant cultivars for West AfrIca (J W
Stenhouse, 1996, personal commumca­
tion)

Malisor 84-7, a hne denved from a
random matmg population m Mah, is re­
SIstant to E oldl and C angustatus under
both natural and artifiCial mfestattons
(Sharma et ai, 1994b, Ratnadass et al
1994a) It has moderate yield potentIal,
medIUm height, and good gram quahty,
and has proven to be a useful source of
reSistance m breedmg programs for both
msects

Sharma and Lopez (1992) and Sharma
et al (l992a, b) reported that IS 17610, IS
17645, IS 21443, and IS 17618 have mod­
erate levels ofreSistance to C angustatus,
and that CSM 388, S 29, IS 14322, Mal­
Isor 84-7, and 'SakOIka' are good sources
of reSistance to E oldl Ratnadass et al
(1995) reported that loose-panicled types
IS 17645, IS 20740, and IS 20638 sup­
ported fewer head bugs (E oldl) than
other C angustatus-resistant genotypes,
pOSSIbly reflectmg the difference m biol­
ogy ofthe two msects WIth the exceptiOn
of Mahsor 84-7, all the above hnes are
Gumea sorghum



Mechanisms ofResistance to Sorghum
Panicle Feedmg Bugs

AntlxenoSIS

OVIposItIon antIxenosiS IS an Important
component of resIstance to pamcle feed­
mg bugs m sorghum (Sharma and Lopez,
1990) For example, m cage tests, C an­
gustatus laId fewer eggs on lInes IS 2761,
IS 17610, IS 17618, and IS 17645
(Sharma and Lopez, 1990), and E oldl
laId fewer eggs on CSM 388 ( Sharma et
ai, 1994b) Ratnadass et al (1995) re­
ported that under head-cage condItions,
fewer E oldl bugs developed on IS 20740,
IS 20638, IS 17645, and IS 23748

For C angustatus, whIch lays itS eggs
between the glumes at anthesis, factors
associated WIth OVIposition antixenosiS
mclude long, hard, and less hairy glumes
Long glumes that cover the gram for 20
days after anthesis and (possibly) faster
hardenmg of gram are associated WIth
reSistance to E oldl (Sharma et al ,
1994b) However, Mahsor 84-7, whIch IS
resistantto bothE oldl and C angustatus,
does not have these glume traIts Its reSiS­
tance IS assocIated WIth faster gram hard­
enmg (Fhedel et ai, 1993), free phenolIc
compounds and tannms are not mvolved

V iSItmg antIxenosiS has been reported
to be a mechanIsm of reSIstance to these
msects (Sharma and Lopez, 1990, Sharma
et ai, 1994b, Ratnadass et ai, 1995) m
some hnes (e g, IS 2761 and IS 6984)
These hnes have proved to be susceptIble
(or less reSIstant) under no-chOIce head­
cage condItions, and theIr usefulness m
farmers' fields IS not clear

AntIbIOSIS

There IS eVIdence of antibIOsIS operat­
mg agamst C angustatus Post-embry­
omc development ofC angustatus IS pro­
longed by 1-2 days on IS 17610,IS 17618,
and IS 17645 SurvIval and estabhshment
of first mstar nymphs is relatively lower
on IS 17645 compared WIth the suscepti­
ble checks CSH 1and CSH 5 (Sharma and
Lopez, 1990) Growth rate and effiCiency
of converSIOn of mgested food mto body
mass are lower on IS 6984 and IS 2761,
compared With CSH 5

Tolerance

There IS eVIdence of genotype dIffer­
ences ill extent of damage caused by C
angustatus For example, IS 9692, CSH 1,
IS 17645,andIS 17610 suffered less dam­
age per msect than did IS 2761, IS 6984,
and CSH9 (Sharma and Lopez, 1993)
The same response was observed WIth
87W810 (Ratnadass etal ,1995) Therea­
son for thIS apparent tolerance is not
known The usefulness ofthIS mechanIsm
of reSistance may be lImited to low bug
denSIty SItuations

Genetics ofReSistance to Sorghum
Panicle Feedmg Bugs

Relatively httle IS known about the m­
hentance of reSIstance m sorghum to
these panIcle feedmg bugs The mecha­
msms of reSIstance suggest a multigemc
character Mahsor 84-7's reSIstance to E
oldl under artIfiCial mfestatton IS reces­
SIve m nature, WIth no maternal effects
(Ratnadass et al , 1995) In a recent study,
reSIstance to E oldl under natural mfesta­
tion was shown to be controlled by addI-
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tIve gene actIOn (A Ratnadass 1996, per­
sonal commumca-tIon)

ResIstance to C angustatus IS control­
led by addItIve gene actIon General com­
bInIng abIhty effects of PM 7061A for
susceptIbIhty are negatIve whIle the gen­
eral combInIng abIhty effects of296A are
posItIve for susceptIbIhty (H C Sharma,
1996, personal commumcatIOn)

Breedmg Methods for ResIstance to
Sorghum Pamcle Feedmg Bugs

RapId progress has been made USIng
pedIgree and hmited backcross methods
However, greater long-term progress IS
more hkely USIng populatIOn breedIng be­
cause of the muitigemc nature of reSIS­
tance and other traits contrIbutIng to local
adaptatIon InformatIOn on the genetIcs of
resIstance and dIfferent mechanIsms of
resIstance WIll come, not only from con­
ventIOnal studIes, but also from molecular
marker research

Screemng and SelectIOn Methodology
for ResIstance to Sorghum Pamcle
FeedmgBugs

A rehable artIfiCIal InfestatIOn head­
cage techmque has been developed In
West AfrIca and India to screen sorghum
hnes for reSIstance to E oldl (Sharma et
ai, 1992b) and C angustatus (Sharma
and Lopez, 1992) These tests have been
essential In IdentIfyIng sources of reSIS­
tance to pamcle feedIng bugs and selec­
tIOn of reSIstant segregates

The cage test IS used for final testIng of
materIals that have been selected In field
trIals (Ratnadass et ai, 1994a, 1995,
Sharma and Lopez, 1992) The field tests
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are planted In localItIes where InfestatIOn
levels are lIkely to be hIgh Infestor rows
of susceptIble genotypes are planted ear­
her to Increase bug abundance Number
ofInsects VISItIng each hne IS assessed and
the damage caused IS rated vIsually

A SImple method to assess damage and
screen for E oldl reSIstance proposed by
Doumbia et al (1995) Involves compar­
mg gram damage ofunprotected and pro­
tected (by bags, cages or chemIcal treat­
ment) pamcles under natural InfestatIOn
condItIons

Marker-assIsted selectIOn IS not beIng
used In head bug reSIstance breedIng pro­
grams However, research aimed at Iden­
tlfyIng RFLP markers hnked WIth Mahsor
84-7 reSIstance genes IS underway USIng
F2 and F3 progeny from the MalIsor 84-7
x S34 cross (A Ratnadass, 1996, personal
commumca-tIOn, and A Toure, 1996,
personal commumcatIOn)

Results ofBreedmgfor ReSIstance to
Sorghum Pamcle Feedmg Bugs

Results from ICRISAT's West Afncan
and ASia Center breedIng programs sug­
gest that combInIng reSIstance to sorghum
panIcle feedIng bugs WIth local adaptatIOn
IS readIly achIevable PromISIng materIal
WIth a useful level of reSIstance and ac­
ceptable agronomIC charactenstics has
been selected from crosses ofMahsor 84­
7 and hIgh-yIeldIng West AfrIcan lInes
(Ratnadass et al , 1995)

The GUInea-derIved materIal descnbed
earher (J W Stenhouse, 1996, personal
commumcatIOn) represents sIgmficant
progress toward developIng pamcle feed­
mg bug-reSIstant cuitivars that also are



adapted to West Afncan condItIOns The
reSIstance of some of thIS matenal to C
angustatus has been confirmed (H C
Sharma, 1996, personal commumcatIOn)

Future Prospects and Research Needs
for Breedmgfor ResIStance to Sor­
ghum Pamcle Feedmg Bugs

Prospects are good that deployment of
HPR wIll playa major role m the mte­
grated management of sorghum pamcle
feedmg bugs m West Afnca and IndIa,
consIdenng the Importance of these pests
and of the crop

Research needs to achIeve thIS out­
come mclude

1 Contmued breedmg and assocIated
entomology research at the current level
m West AfrIca and at an mcreased level
m IndIa Results mdIcate that combmmg
host-plant reSIstance WIth local adaptatIOn
IS achIevable and long-standmg

2 IdentIficatIOn of new sources of re­
SIstance

3 Determmatlon of the genes and
mechanIsms of reSIstance to pyramId dI­
verse reSIstance genes and combme dI­
verse reSIstance mechanIsms, leadmg to
hIgher levels ofmore durable reSIstance

4 ExpanSIOn of molecular marker re­
search to mcrease breedmg effiCIency
through marker-assIsted selectIon, and to
mcrease knowledge of the genetIcs ofre­
sIstance

5 Enhancement ofeconomIC threshold
mformatIOn as It IS essentIal for proper
management and adoptIOn on farms of

cultIvars WIth reSIstance to panIcle feed­
mgbugs

Sorghum Head CaterpIllars

WorldWIde, a number ofhead caterpIl­
lars damage developmg gram (Sharma
and Teetes, 1995) Of these, H armlgera
m AustralIa, AfrIca, and IndIa and H zea
m the U S are most sIgmficant To com­
plIcate matters, H armlgera prefers to
OVIpOSIt on mIdge-reSIstant hybrIds
(Scholz and Webster, 1993)

DespIte the Importance of head cater­
pIllars, there IS no current breedmg actIV­
Ity except for some breeders who rou­
tmely select for open-pamcles because of
reported hIgher larval numbers on com­
pact panIcles than on loose pamcles The
causes of thIS observed dIfference have
not been fully studIed (Franzmann, 1986,
Teetes et ai, 1992)

Reports of relIable HPR are mconclu­
SIve An alternate hope IS that alIen genes
mtroduced VIa transformatIOn WIll pro­
VIde suffiCIent reSIstance so HPR can be
mcorporated mto the mtegrated manage­
ment of these pests

MIllet Head Mmer

Pearl mIllet IS an Important food crop
m the harsh enVIronment of West Afnca,
espeCIally m Saheltan countnes where
soIl IS sandy and aCIdIC and ramfall IS
scarce, poorly dIstnbuted, and erratIC
(Nwanze and Hams, 1992) Pearl mIllet
pamcles are attacked by a vanety ofmsect
pests (Nwanze and Hams, 1992), mclud­
mg mIllet head mmer, H alblpunctella,
whIch has become a senous pest m sub­
Saharan West and Central Afnca regIOns
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smce the first outbreaks m the mId 1970s
Damage to pearl mIllet by H albzpunc­
tella IS caused by larvae feedmg on floral
glumes and pedlCles YIeld loss caused by
thIS pest IS varIable but can be as hIgh as
100% (Krall et ai, 1995) The develop­
ment of rehabIe technIques for managmg
thIS pest must receIve hIgh PrIOrIty

Sources ofResistance to
Millet Head Mmer

ReSIstance to msect pests ofpearl mIl­
let, m general, has been dIscussed by 10t­
wam (1978), Gahukar (1984), Nwanze
(1985), Sharma (1987), Sharma and
DaVIes (1988), and Nwanze and HarrIs
(1992) A number of reports of genotype
dIfferences m HPR to mIllet head mmer
are summarIzed m Table 4 (Youm and
Kumar, 1995) Added to thIS lIst are
DGPl, 410 x DGPl, and MBH-II0
(Youm and Kumar, 1995) However, It IS
not clear that each of these hnes IS reSIS­
tant, smce some have escaped damage due
to theIr phenology (Youm and Kumar,
1995)

MechanISms ofResistance
to Millet Head Mmer

Few studIes have been conducted to
IdentIfy mechamsms of resIstance to mIl­
let head mmer (Youm and Kumar, 1995)
OVIposItIon antIxenosIs has been sug­
gested as a mechanIsm Fewer eggs are
laId on pearl mIllet WIth short mvolurral
brIstles and long floral pedIcels, because
eggs nonnally are laId at the base of flo­
rets or stuck to rachIS and pedIcels
(Guevremont, 1982, 1983) However, Bal
(1992) and Youm and Kumar (1995)
showed that thIS mechamsm does not al­
ways explam dIfferences Compactness
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of pamcle, tolerance, and antIbIosIs have
been suggested as mechanIsms of reSIS­
tance (Table 4) Youm and Kumar (1995)
concluded that the mechamsm of reSIS­
tance to the mIllet head mmer IS not
known

Screenmg and SelectIOn Methodogy
for Resistance to Millet Head Mmer

The most sIgmficant progress m re­
search mto HPR to mIllet head mmer has
been made m the area of screemng

Fzeld Evaluatwn Usmg
Natural Infestatwns

ReSIstance evaluatIOn under artIfiCIal
mfestatIOn by mIllet head mmer IS more
relIable than evaluatIon under natural m­
festatIOn (youm and Kumar, 1995), due
to the varIatIon m msect abundance wIthm
and between seasons VarIatIOn wIthm a
season results III temporal escapes
(pseudo-resIstance), and VarIatIOn be­
tween seasons results m dIfferent levels of
damage, whIch complIcate the assess­
ment of genotype VarIatIon

EvaluatIOn Usmg Artificzal Infestatwns

To overcome such dIfficultIes, a head
cage techmque was developed m whIch
panIcles are enclosed m a cage and artIfi­
CIally mfested WIth mIllet head mmer lar­
vae (Sharma et al , 1992b, Youm and Ku­
mar, 1995) ThIS techmque IS more relI­
able than evaluatIon under natural
condItIons and IS an Important step m
developmg a more relIable breedmg pro­
gram for HPR The plant growth stage of
113 pamcle exertIOn IS the most susceptI­
ble for artIfiCIal mfestatIOn by larvae, and
one week-old larvae are more VIrulent



Table 4 Pearl mIllet reported resIstant to mIllet head mmer, and probable mechamsm

Vaflety
ICMS 7703
ICMS 7838
ICH 165
Souna
CIVTII

Mechamsm
Temporal escape
(pseudo resistance)

ObservatIons/
comments Source
Results based on a 3 year Gahukar (1987)
sIDdy HIgh varmblhty
m percentage of attack
Other factors not
mvestIgated

OViposItIOn Mechamsms not known Gahu1.ar (1984) (m
nonpreference further re evaluatIOn Gahukar et al 1986)

needed IBMV 8001 N Doye and Gahukar
reported susceptIble (1987) Gahukar et al
(8alI992) (1986) (m 8al1992)

Tolerance True mechanIsm Gahukar et al (1986)
probably unknown (m 8al 1992) N Doye

And Gahukar (1987)

AntIbIOSIS Tolerance and
nonpreference
mechanIsms attnbuted to
ICMS 7819

Nonprefeence bnstles to HKP susceptIble [Gahukar (1981 1984
lower mfestatIon (ICRISAT 1987) 1986) ICRISAT

(1984) Guevremont
(1982
1983) Malga (1984)

Compactness posItion and MechanIsms not sIDdled CILSS (1985) m
length of bnstles further evaluatIon may N Doye and Gahukar

be necessary 1987]

Nlgenan
ComposIte
HK8 Tlf
CIVT
HKP
Zongo
Nleluva
80udouma
IBMV 8302
INMGl
INMG52
SRM Don
P3Kolo
IBMV 8001
Kassa blaga
Youmee Nlm
Tass Yombo

IBMV 8001
Souna
ICMS 7838
H2438
ICMS 7819

IBMV 8001
3/4HK 78

H9127
ICMS 7819

Source Youm & Kumar 1995

than one day-old larvae However, first
mstar larvae (1-2 days old) should be used
when mfestmg so reSistance to early m­
stars can be identified InfestatiOn by 25­
45 larvae per pamcle is suffiCient to cause
51-60% damage to susceptible pearl mtl­
let plants and is suffiCient to screen pearl
millet varieties for damage response to the
millet head mmer

A laboratory rearmg techmque has
been developed to supply suffiCient larvae
for artifiCial screenmg An artifiCial diet
(BlOserv Inc #9782, New Jersey, US)
can be used to successfully mass rear the
msects through seven generations Without
their gomg mto diapause Reanng takes
place under these environmental condi­
tlOns 12 12 day mght photopenod, 60­
70% relative humidity, and 28 C Further
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research is needed to develop a less ex­
penSive dIet that can be developed locally

Future Prospects and Research Needs
for Resistance to Head Mmer

Prospects for HPR to the head mIner
are not clear due to hmIted research mthIs
area Research needs Include

1 HIgh pnonty gIven to breedIng for
HPR to the mIllet head mIner and aSSOCi­
ated entomology

2 Search for addItIOnal sources of re­
SIstance

3 DetermInatIOn ofthe mechamsms of
reSistance

4 DetermmatlOn of the genetics of re­
Sistance

5 Further refinement of screenmg and
selectIOn techmques for reSIstance, par­
tIcularly rearmg of the Insect In the labo­
ratory
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Breeding for Resistance to Fohar- and Stem-Feeding
Insects of Sorghum and Pearl MIllet

G C Peterson*, B V S Reddy,O Youm,
G L Teetes, and L Lambnght

Abstract

Gram sorghum andpearl milletyieldandyieldstabllzty are constramed by a diverse
array ofmsectpests Przmary msect species vary accordmg to the locale, with nofolzar
or stem pest of either crop classified as a cosmopolztan pest Folzage pests ofgram
sorghum m the Umted States are greenbug (Schlzaphls grammum), yellow sugarcane
aphid (Slpha flava), chmch bug (Blzssus leucopterus), fall armyworm (Spodoptera
jruglperda), corn leafaphid (Rhopaloslphum mazdls), andBanks' grass mite (Olzgony­
chus pratensls) BIOtype development has been a problem only with greenbug, the key
folzage pest ofsorghum m the US Folzage pests ofgram sorghum outside the US are
shoot fly (Atherzgona soccata), spotted stem borer (Chzlo partellus), and sugarcane
aphid (Melanaphls saccharz) Przmary pests ofpearl millet are locusts/grasshoppers
and stem borers In the US, przmary emphaSIS m developmg sorghum resistant to
msects has mvolved greenbug Hybrzds res1stant to blOtypes C and E were avazlable to
producers wlthm afew years after the blOtypes appeared One bIOtype I-reSistant hybrid
has been available to growers, andadditIOnalhybrzds are becommgavazlable The other
msect pests ofsorghum m the US are occaslOnal or restricted to a small geograph1c
area anda lzmltedamount ofresearch has been done to develop msect-reslstanthybrzds
ReSistance to shoot fly has been mcorporated mto resistant varlet,es Stem borer
resistance also has been mcorporated mto Improved varieties although the resistance
1S less than deSired Sources of resistance to sugarcane aphid have been Identified
Sugarcane aphid resistance 1S mostly quant1tat1ve and can eas1ly be mcorporated mto
adapted varzetles Programs at Texas A&MUmverslty and ICRISATare usmg molecu­
lar genet1cs to Improve understandmg of the fundamental nature of the plant/msect
mteractlOn to mcrease the durab1lzty 0/res1stance, andto make genesjrom otherspeC1es
avazlable to sorghum breeders and entomolog1sts The natural genetic varlabllzty
present m the species w1ll become mcreasmgly 1mportant as genotypes are developed
to address msectpests m the future

Sorghum [Sorghum bleolor (L)
Moench] and pearl mIllet [Penmsetum
glaucum (L) R Brown] yield and yield

*G C Peterson Texas A&M UOIvelS.ty Agncultural Research and Exten
Slon Center Route 3 Box 219 Lubbock. TX 79401 9757 USA B V S
Reddy 1CRISAT AsIa Center 0 Youm ICRISAT Sabeltan Center G L
Teetes Department of Entomology Texas A&M UmvelSlty L Lambnght,
DeKalb Genetics Corporatton *Correspondmg author

stabihty are constrallled by several msect
speCies The diverse array of fohar- and
stem-feedlllg msects that mfest the crops
are mostly region-specific, few are cos­
mopohtan, and only a few are clasSified
as key pests Mo~t fohar- and stem-bormg
lllsects of sorghum and pearl mIllet are
claSSified as occaSiOnal pests Sigmficant
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research effort has been expended to
evaluate thousands of lInes from the
world collectIOn of sorghum for reSIS­
tance to folIar- and stem-InfestIng Insects
Much less Insect resIstance evaluatIOn has
been done for pearl mIllet The success of
evaluatIOn and the subsequent breedmg
effort to transfer resIstance mto elIte
genotypes depends on the bIOlogy and
ecology of the msect and Its mode of
mfestatIOn, mhentance of the reSIstance,
evaluatIOn techmque, and economIC Im­
portance of the msect

Types of Fohage-Infestmg Insects

Fohage-mfestmg msects ofsorghum m
the U S are greenbug [Schlzaphls
grammum (Rondam)], yellow sugarcane
aphId [Slphajlava (Forbes)], chmch bug
[Blzssus leucopterus leucopterus (Say)],
fall armyworm [Spodoptera jruglperda
(J E SmIth)], corn leaf aphId [Rhopalsl­
phum mazdls (FItch)], and Banks' grass
mIte [Olzgonychus pratensls (Banks)]
BIOtype development IS a problem only
WIth greenbug, the key fohage msect pest
of sorghum m the U S Pnmary fohage
pests of sorghum outSIde the U S are
shoot fly [Atherlgona soccata (RondanI)],
sugarcane aphId [Melanaphls saccharl}
(Zehntner)], and spotted stem borer
[Chllo partellus (Swmhoe)] C partellus
IS the most Important stem borer of sor­
ghum, but other borer speCIes mclude
Conzesta 19neJusalzs (Hampson),
Busseola fusca (Fuller), Sesamla cretlca
(Lederer), and Eldana saccharma
(Walker) Common fohage- and stem-m­
festmg msect pests of pearl mIllet are
grasshoppersllocusts and stem borers

WhIle reSIstance to several occaSIOnal
sorghum msect pests m the U S has been
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found, these Insects do not consistently
cause enough damage to sorghum to JUs­
tIfy large research expendItures to de­
velop reSIstant genotypes In the US,
however, sIgmficant pubhc and pnvate
research expendItures have been made to
develop and deploy genetIc reSIstance to
manage greenbug m sorghum These re­
search efforts have been largely success­
ful, but the dynamIC nature of greenbug
has resulted m new bIOtypes WIth whIch
research programs have been forced to
deal Sorghum varIetIes WIth genetIC re­
SIstance to shoot fly and spotted stem
borer are grown commerCially Vanetles
WIth genetIc reSIstance to sugarcane aphId
could be easIly developed

Greenbug

Greenbug IS predommately a Western
HemIsphere msect pest The geographIC
ongm of greenbug IS unknown, but It IS
probably MedIterranean The earhest re­
cord of greenbug IS from Italy m 1847
(Rondam, 1852) In 1863, Passermi m
Italy first recorded sorghum mfested by
greenbug By 1907, the greenbug had
been reported m Europe, ASia, Afnca, and
North Amenca (Webster, 1909) The
greenbug IS present m South Amenca, but
not Austraha Greenbug damage and con­
trol costs m sorghum m the US are estI­
mated at approXImately $21 mIlhon per
year (G L Teetes, 1996, personal com­
mumcatIOn) WhIle the msect has been a
pest of small grams smce the late 19th

Century (Webster and PhIllIps, 1912), It
has been a key pest ofsorghum only smce
1968 (Harvey and Hackerott, 1969)
However, greenbug was reported to mfest
Johnsongrass [S halepense (L ) Pers ] as
early as 1909 (Webster and PhIllIps,
1912), and senous damage to sorghum m



Kansas was first reported m 1916 (Hayes,
1922)

The greenbug that first caused wIde­
spread damage to sorghum throughout the
great plams of the U S m 1968 was des­
Ignated bIotype C (Harvey and Hackerott,
1969) Currently, ten bIOtypes of green­
bug have been Identified, although only
four (C, E, I, and K) are VIrulent on sor­
ghum BIOtype development has conSIS­
tently challenged plant breeders and ento­
mologIsts to develop elIte reSIstant hy­
bnds PublIc (USDA, Kansas, Oklahoma,
and Texas) and pnvate plant breeders In­
Itiated breedIng programs to Incorporate
reSIstance mto elIte genotypes soon after
reSIstance sources were IdentIfied Much
evaluatIOn to IdentIfy germplasm reSIstant
to greenbugs (bIOtypes C, E, and I) was
done by Kansas State Umversity SCIen­
tists at Hays, Kansas (Table I) That pro­
gram evaluated approxImately 23,000 ac­
ceSSIOns for reSIstance to bIOtypes C (ten
reSIstance sources Identified) and E (SIX
reSIstance sources Identified) ApproXI­
mately 6,000 acceSSIons were evaluated
for reSIstance to bIotype I (seven reSIS­
tance sources IdentIfied)

IdentIfied and WIdely used sources of
reSIstance to bIotype C greenbug were

SA7536-1, KS30, IS809, and PI264453
(Hackerott and Harvey, 1971, Schuster
and Starks, 1973, Teetes et ai, 1974a, b)
ReSIstance was reported to be effective m
the seedlIng-stage plants (Hackerott et al ,
1969, Johnson, 1971, Starks et ai, 1971,
Starks, et aI, 1972, Teetes and Johnson,
1972, WeIbel et ai, 1972, Teetes et ai,
1974a) and adult-stage plants (Hackerott
and Harvey, 1971, Harvey and Hackerott,
1971, Johnson, 1971, Johnson and Teetes,
1972, Teetes et ai, 1974b)

Inhentance of reSIstance to bIotype C
greenbug was determIned to be dommant
or Incompletely dommant ReSIstance de­
nved from Sorghum vzrgatum (Hack)
Stapf was reported to be conferred by
dommant genes at more than one locus
(Hackerott et ai, 1969) ReSIstance de­
nved from IS809, SA7536-1, PI220248,
P302236, and PI264453 was reported as
mcompletely dommant and SImply Inher­
Ited (Johnson, 1971, Johnson and Teetes,
1972, WeIbel et aI, 1972) Ongmal reSIS­
tance sources were not SUitable for com­
merCIal use, and conSIderable breedmg
effort was expended to produce commer­
Cially acceptable parentallmes for reSIS­
tant hybnds Many publIc breedmg lInes
WIth reSIstance to bIotype C were devel­
oped and released from publIc breedIng

Table 1 Sources of resistance to the greenbug, Schlzaphls granunum.

Number ofentrIes
Biotype screened ReSIstance Sources
C & E 23000 C PI226096 P129718I PI297213 P1302137

P1302I78 P130223I P1302233 P1302236
P1308442 P1308976 IS809 KS30 SA7536 1
PI229828 P138108

E PI220248 PI229828 PI264453 PI494893
PI514604 PI524770

(All are also resistant to C)

6000 PI266965 PI550607 PI550610 IS25246 IS27002 IS27834
IS27903
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programs, mcludmg RTx2737 and
ATx2752, whIch were extensIvely used to
produce commercial sorghum hybnds
(Johnson et ai, 1982a, 1982b, 1982c, Pe­
terson et ai, 1985) Biotype C-resistant
hybnds were available by the mld-1970s
and widely grown m the U S

BIOtype E greenbug was first Identified
m 1979 (Porter et al , 1982) Most bIOtype
C-reslstant sources were meffectlve
agamst bIOtype E ReSistance to bIOtype E
denved from Capbam, PI220248, and
PI264453 The resistance was reported to
be mhented as a dommant character
(Johnson et ai, 1981) Dixon et al (1991)
used crosses between susceptible and re­
sistant parents and among resistant
sources to study the complementanty of
reSIstance among several sources ofreSIS­
tance to bIOtype E They concluded that
reSIstance was complexly mhented and
partially dependent on the reSIstant and
susceptible parents Also, they mdicated
the possIblhty of major factors for resIs­
tance bemg present m the cytoplasms of
Capbam and PI264453 Puterka and Pe­
ters (1995), usmg Pioneer 8493 With re­
sistance denved from PI264453, con­
cluded that resistance to blOtypes E and C
was controlled by a duphcate dommant
gene-modIfier gene, and that the modifier
gene also was, when dommant, epistatic
to one of the duphcate genes BIOtype E
resistance was deployed m commerCial
hybnds The most commonly used biO­
type E resistance source m commerCial
hybnds was Capbam, mtroduced from
RUSSia m the early 1970s Capbam IS the
resistance source expressed m Tx2783, a
commonly used parental hne (Peterson et
al , 1983) AddItional released germplasm
hnes reSIstant to bIOtype E also were de-
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rIved from Capbam (Peterson et aI,
1991)

BIotype I greenbug was Identified m
1990 (Harvey et al , 1991) All bIOtype C
and E reSIstance sources were susceptible
to bIotype I greenbug Subsequent re­
search resulted m Identification ofseveral
sources of reSIstance to bIOtype I (An­
drews et aI, 1993) Two of the resistance
sources, PI550607 and PI550610, are re­
sistant to bIOtype E Prehmmary research
led to the conclUSIOn that bIOtype E reSIS­
tance m PI550607IS controlled by a smg1e
gene, while reSIstance to bIOtype I IS con­
trolled by at least two genes

Cargill 607E, a commerCial hybnd re­
SIstant to bIOtype E greenbug from an
unknown source, was used to assess m­
hentance of resistance SegregatIOn ratios
mdicated that for bIOtype E, two genes
condItioned resistance (KofOld and
Harvey, 1992) Data mdlcated that four
genes condItioned resistance to bIOtype I
Results of these expenments also mdl­
cated that the genes for reSIstance to biO­
type E were mvolved WIth reSIstance to
bIOtype I WIth the exceptIOn of Cargill
607E, sorghum hybnds resistant to bIO­
type I are only begmnmg to be deployed
commerCially

Only recently, another greenbug biO­
type, bIOtype K, was IdentIfied (Harvey et
aI, m press) BIotype K occurred Without
any selectIOn pressure from Widespread
use of resistant hybnds BIOtype K ren­
dered some bIOtype I resistance sources
meffectlve, and those that retamed resIs­
tance had low levels



Yellow Sugarcane AphId

The yellow sugarcane aphId, recog­
mzed for more than 100 years as a pest of
sorghum (Forbes, 1884), IS an occasIOnal
pest especIally devastatmg to seedlmg
plants The aphId feeds on the undersIde
of seedlmg sorghum leaves Purple dIS­
coloratIon ofleaftIssue m the feedmg area
IS the first symptom ofmJury to small (1-7
cm tall) plants (Breen and Teetes, 1986)
As feedmg contmues, the purple color
extends from the aphId-feedmg sIte to­
ward the stem Affected ttssue often be­
comes yellow or necrotIc If aphIds re­
mam, seedhng plants may dIe InsectI­
cIde, apphed at plantmg tIme, IS the
common management tactIc, although
plant resIstance could potentIally offer ef­
fectIve management at no addItIOnal cost
to farmers

Most sorghum IS susceptIble to yellow
sugarcane aphId DavIs et al (1978)
evaluated 209 hnes and IdentIfied none as
resIstant Starks and Mtrkes (1979) re­
ported sImtlar results after evaluatmg
3,600 hnes Webster (1990) evaluated
more than 5,000 EthIOpIan sorghum hnes
and IdentIfied three hnes wIth apparently
useful levels of resIstance The hnes ­
PI453951, PI457715, and PI457709 ­
are all tall and extremely photopenod­
sensItIve under temperate U S condItIons
The hnes have been entered m the Sor­
ghum ConversIOn Program (Stephens et
ai, 1967) Webster (1990) concluded that
antIbIosIS and tolerance at low level were
the components of resIstance An­
tIxenosIs (nonpreference) was not a resIS­
tancemechamsm PahanI(1993)obtamed
SImIlar results m studIes usmg PI457709
and PI4539') 1 GenetIC analySIS of F2

populatIons ofsusceptIble hnes crossed to
PI457709 mdIcated that resIstance was
probably mhented as a smgle dommant
gene The Texas A&M Umversity breed­
mg/entomology program has been work­
mg to transfer resIstance mto adapted
hnes sUItable for use mhybnd productIOn
The resIstance from PI457709 and
PI453951 has been transferred mto tem­
perately adapted hnes Research IS on-go­
mg to Improve agronomIC traits m the
resIstant hnes Progeny have been devel­
oped to combme resIstance to yellow sug­
arcane aphId and bIotype E greenbug

ChmchBug

Chmch bug IS an occasIOnal msect pest
ofcereal crops mcludmg sorghum Recent
mfestatlons have been confined pnmarIly
to central Kansas and southern Nebraska
InfestatIons of chmch bug m south Texas
occur mostly m seedhng sorghum Pnor
to the 1950s, the chmch bug was the most
Important msect pest of sorghum m the
U S After thIS penod, Its economIC Im­
portance dechned and the chmch bug now
causes economIC damage only sporadI­
cally

ReSIstance to chmch bug m sorghum
was IdentIfied many years ago Early re­
search led to the conclUSIon that MIlo
varIetIes were very susceptIble (Hayes,
1922), Fetenta varIetIes were susceptIble
or mtermedlate m reSIstance, and Kafir
varIetIes were the most reSIstant (Dahms,
1943) ComcIdentally, durmg the early
years of sorghum productton m the US,
Kafir vanetIes commonly were grown m
chmch bug-mfested areas of Oklahoma,
Kansas, and Texas, whtle mIlo varIetIes
were grown m areas where the msect was
not as severe (Snelhng et al , 1937)
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Dahms and Sleghnger (1954) evalu­
ated 37 varieties and Identified 15 with
resistance Starks and Weibel (1982)
evaluated 60 cultivars and Identified 35
WIth reSIstance Mize and WIlde (1986)
evaluated SIX hnes and IdentIfied three as
reSIstant About 4,500 sorghum hnes have
been evaluated for reSIstance to chmch
bug at Kansas State Umversity durmg the
last five to ten years (G WIlde, personal
commumcatIOn) From these evaluatIOns,
chmch bugs on "even sorghum plant m­
troductlOns, PI308223, PI308388,
PI381848, PI510915, PI511023, and
PI524746, produced half as many eggs
per female as females on susceptIble
check sorghums Apparently no chmch
bug-reSIstant hybnds are currently bemg
grown

Corn LeafAphid

Com leaf aphIds commonly and nor­
mally mfest the whorls ofsorghum plants
ClaSSIfied as an occasIOnal pest, only
rarely does thIS msect cause economIC
damage Conversely, com leaf aphIds
generally playa benefiCial role m mam­
tammg hIgh levels ofnatural enemIes that
help suppress the abundance ofother sor­
ghum msect pests On occaSIOn, com leaf
aphIds mfest the panIcles of sorghum and
the COpIOUS amounts of honey dew pro­
duced by the aphIds make the panIcles
sticky PamcIe mfestatIOns are rare, oc­
currmg most frequently m Austraha Com
leaf aphIds transmIt maIze dwarf mosaIC
VIruS, whIch IS usually managed by plant
reSIstance to the VIruS

ReSIstance sources for com leaf aphId
have been IdentIfied McColloch (1921)
evaluated 17 vanetIes and reported reSIS-
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tance In Piper sudan grass HOWitt and
Pamter (1956) evaluated 595 vanetIes,
confirmed the conclUSIOn of McColloch,
and selected a hIghly reSIstant plant (428­
1) from PIper sudan grass Sources of
reSIstance also have been found withm
converted exotIC sorghums (Teetes et ai,
1976) Several Zerazera sorghums exhIbIt
hIgh levels of reSIstance, espeCIally
TAM428, denved from SCIlO-2

No evaluatIOns ofsorghum hnes or hy­
bnds for reSIstance to com leafaphId have
been reported m the last 20 years The
Zerazera sorghums are extremely useful
m sorghum Improvement and could con­
tnbute reSIstance to hybnds

Fall Armyworm

Fall armyworm occaSIOnally mfests
sorghum and IS usually more senous If
sorghum IS planted late The msect can
damage both fohage and kernels m pan­
Icles Fohage- and panIcle-stage sorghum
has been evaluated extenSIvely for reSIS­
tance (Table 2) WIseman and Gourley
(1982) found a hne from CIMMYT,
CM1821, to be reSIstant m the seedlmg
stage WIseman and Lovell (1988) evalu­
ated sorghum hnes from EthIOpia (3,364)
and Yemen (2,000) and IdentIfied 11 hnes
WIth reSIstance m the seedlmg stage The
hnes are bemg converted to short, early
genotypes m the Sorghum ConverSIOn
Program DIawara et al (1990, 1991, and
1992) evaluated 240 converted sorghum
hnes m the whorl stage and found addI­
tIOnal sources ofreSIstance Meckenstock
et al (1991) reported that reSIstance m
AF28 was caused by antIbIOSIS They also
found several Honduran maicIllo cnollo
vanetIes had hIgher levels of antibIOSIS
thanAF28



Table 2 Mechamsms of resistance In whorl-stage sorghum to the fall armyworm
Mechamsms of resistance

Cultlvar
CMI82I
PI452571
PI45277I
PI452962
PI453 130
PI45328I
PI453299
PI453356
PI454733
PI456 II I
PI457624
AF28
San Bernardo III
Hllate 179
Lerdo 104
IS 1056C
IS 2I77C
IS 2246C
IS 4023C
IS 7273C
IS 7399C
IS 7444C
IS 7794C
IS 7947C
IS I2573C
IS I2679C
IS I2680C
GATCCPIOO
GATCCP10I

Tolerance
x

Nonpreference
x
X
X
X
X
X
X
X
X
X
X

X

X
X
X
X
X

AntibiOSIS

X
X
X
X
X
X
X
X

X

X
X
X

'Duncan et al 1991 Isenhour et al
Gourley 1982
Source Wiseman 1992

1991 Dmwara et al 1991 Dlawara et al 1992 Meckenstock et a1 1991 and WIseman and

The first regenerated sorghum hnes re­
ported resIstant to fall armyworm were
GATCCP1 00 and GATCCP1 01 (Duncan
et al 1991) Both hnes are tIssue culture
regenerates of Hegan, a sorghum hne
ongmally mtroduced mto the U S m
1908 The hnes possess a hIgher level of
leaf-feedmg reSIstance to fall armyworm
larvae than does the non-regenerated sus­
ceptIble parent, Hegan

Spuler Mites

SpIder mItes are usually conSidered
secondary pests of sorghum m the U S
and occasIOnal pests elsewhere Several

species mfest sorghum, mcludmg Banks'
grass mIte, two-spotted spIder mIte
(Tetranychus urtlcae Koch), and sugar­
cane leaf mIte [0 mdlcus (HIrst)] The
most common spIder mIte mfestmg sor­
ghum IS Banks' grass mIte SpIder mItes
are generally a problem m hot, dry enVI­
ronments when sorghum IS drought­
stressed InfestatIOns usually are more
damagmg m the reproductive stage of
plant growth (Ehler, 1974) Natural ene­
mIes play a mmor role m suppressmg
spIder mIte abundance, because mIte m­
festatlOns usually are separated tempo­
rally and spatially from natural control
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Because ofthe occasIOnal mCldence of
damagmg mfestatIons of spider mites m
sorghum, only a lImIted amount of
germplasm has been evaluated for reSIS­
tance Foster et al (1977a, b) Identified
spIder mIte-reSIstant germplasm The
most promismg source of reSistance was
SC599-§., a partially converted RiO selec­
tIOn ThIS hne has post-flowenng drought
reSIstance and is nonsenescmg (mamtams
green leaves and plant stalks for a longer
tIme than most hnes) The nonsenescmg
trait probably contrIbutes to a hIgher con­
centratIOn oftotal sugars m the leaves that
may be associated With the reSistance The
reSIstance is probably a tolerance type,
smce spider mite abundance is Similar on
reSIstant and susceptIble hnes, although
the reSistant hnes contmue to mamtam
green leaves Archer et al (1986) reported
that sorghum hnes With drought tolerance
had less mite damage than other hnes
They concluded that the dhurrm levels m
SC599-§.were sIgmficantly higher than m
other vanetIes SpIder mite numbers also
were lower on SC599-6 than on other
hnes Peterson et al (1987) evaluated 202
converted exotiC sorghum hnes and 251
ehte breedmg hnes A dIfferentIal re­
sponse to spider mites was exhibited
among the hnes Lmes With post-flower­
mg drought tolerance exhibited a hIgher
level of spider mite reSistance than dId
non-drought-tolerant hnes However,
hnes that exhIbited reSIstance to spIder
mItes but dId not have post-flowermg
drought tolerance also were Identified

Breedmg for spIder mite reSistance IS
not bemg done Any reSIstance m hybnds
would be SImply as an artIfact ofselectiOn
for other plant traits, such as drought re­
Sistance No hybnds are marketed as Spi­
der mIte-reSistant
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Sorghum Shoot Fly

Shoot fly IS an Important msect pest of
seedhng sorghum pnmanly m ASia and
Afnca It does not occur m Austraha or
the Amencas More than 14,000
germplasm hnes have been evaluated for
reSIstance to sorghum shoot fly (TaneJa
and Leuschner, 1984) Data from these
evaluatIOns mdicated that 42 hnes were
less susceptIble than susceptible checks
(Table 3) FIve germplasm hnes, ISI054,
IS1071, IS2394, IS5484, and IS18368,
were stable for reSIstance across loca­
tions

ReSIstance to shoot fly m sorghum IS
apparently a complex charactenstic Re­
Sistance has been claSSified mto four com­
ponents antibIOSiS, nonpreference for
OVipOSItion, recovery reSIstance, and
seedlmg reSIstance (Blum, 1972) ReSIS­
tance IS caused pnmanly by OVIpOSItional
non-preference and is governed by addi­
tive genes (Rana et al , 1975, BalakotaIah
et ai, 1975) Vedamurthy (1967), Lang­
ham (1968), and Bonkar and Chopde
(1980) studIed progeny from crosses of
reSIstant by susceptIble parents Results
varIed WIth msect pest abundance SUS­
ceptibility was dommant, or nearly com­
pletely dommant, under high msect abun­
dance, but reSIstance was partially domI­
nant when msect abundance was low
Agrawal and House (1982) reported reSiS­
tance to be polygemc and controlled by
genes With predommately addItive ef­
fects Sharma et al (1977) concluded that
one smgle receSSIve gene (npo) governed
non-preference to OVIpOSItiOn, whlle two
duplIcate receSSIve genes (dhldhl,
dh2dh2) governed reSIstance to "dead
heart" formatIOn Rana et al (1981) con­
cluded that under low to moderate shoot



Table 3 Sorghum germplasm hnes Identified as less susceptible to shoot fly at ICRISAT Center,
Patancheru, India

Shoot fly IncIdence (%)
Pedigree OngIn Glossyl Tnchomes2 Egg laYIng' Deadhearts4

IS 923 Sudan G + 486 439
IS 1034 India NG + 358 364
IS 1057 India NG + 424 41 1
IS 1071 India G + 547 476
IS 1082 IndIa G + 453 385

IS 1096 IndIa G + 421 403
IS 1104 IndIa G + 508 436
IS 2122 US G + 455 407
IS 2123 US G + 406 350
IS 2146 Nlgena G + 395 380

IS 2195 India G + 432 345
IS 2309 India G + 400 365
IS 2265 Sudan G + 324 375
IS 2269 US G + 420 400
IS 2291 Sudan G + 435 427

IS 2309 Sudan G + 376 404
IS 2312 Sudan G + 436 430
IS 2394 South AfrIca G + 474 418
IS 3962 India G + 395 357
IS 4224 India NG + 426 406

IS 4646 India G + 419 390
IS 4663 India G + 466 389
IS 4664 India G + 384 338
IS 5072 India NG + 427 402
IS 5210 India G + 434 423

IS 5469 India G + 439 446
IS 5470 India G + 41 1 369
IS 5480 India G + 464 353
IS 5484 India G + 434 366
IS 5511 India NG + 454 427

IS 5538 India G + 414 408
IS 5566 IndIa G + 370 364
IS 5604 India G + 390 389
IS 5613 India G + 425 376
IS 5622 India G +* 441 421
IS 5636 IndIa G + 466 445

IS 5648 India G + 419 370
IS 18366 India G + 442 409
IS 18368 India G + 454 41 1
IS 18369 India G + 363 383
IS 18371 India G + 427 368
IS 18551 Ethiopia G + 368 313

CSH 1 India NG + 664 676
IS 1054 (Maldandl) India NG + 591 499

1 G=Glossy NG Nonglossy 2+=tnchomes present on leaves +*=tnchomes present only on upper leaf surface
3 Mean of4 seasons (rephcated) 'Mean of 5 seasons (replicated)
Source TaneJa and Leuschner 1984
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Sugarcane AphId

Table 4 Germplasm hnes Identified as
sources of resistance to stem borer
(Chilo partellus) through long-term
evaluatIOn efforts by the Indian Sor­
ghum Improvement Program (Ale­
SIP)

The sugarcane aphId mfests sorghum
m AfrIca, ASIa, the Far East, and tropIcal
AmerIcas It IS not a pest of sorghum m
the U S Although It mfests sorghum dur­
mg all growth stages, economIC damage
most commonly occurs durmg late
growth stages (Van Rensburg, 1973a)
Damage IS more severe when the crop IS
drought-stressed, when aphId feedmg re­
sults m leafdrymg and further plant stress

ted stem borer has been done m IndIa The
All IndIan Coordmated Sorghum Im­
provement Project (AICSIP) evaluated
6,243 germplasm lInes between 1965 and
1977 ImtIal evaluatIOn was done m smgle
row nonrephcated trIals WIth advanced
selectIOns made m replIcated trIals based
on leaf mJury and stem tunnelmg
Twenty-four lInes were less damaged un­
der natural and artIfiCIal mfestatIOns (SrI­
vastava, 1985, Rana et ai, 1985) (Table
4) ICRISAT subsequently evaluated ap­
proXImately 16,000 germplasm lInes for
reSIstance IdentIficatIOn under natural
and artIfiCIal mfestatIOns for low percent­
age of dead heart and low stem tunnelIng
resulted m IdentificatIOn of 72 reSIstant
lInes (Table 5)

IS 5031
IS 5470
IS 5837
IS 6041
IS 3096
IS 7273
IS 8314
IS 9136

IS 4764
IS 4776
IS 4782
IS 4827
IS 4841
IS 4875
IS 4934
IS 4994
IS 5030

IS 1044
IS 1056
IS 1115
IS 1151
IS 4424
IS 4552
IS 4651
IS 4689
IS 4747

Spotted Stem Borer

Most evaluatIon of germplasm from
the world collectIOn for reSIstance to spot-

The spotted stem borer IS an economI­
cally Important pest of sorghum m East
AfrIca, IndIa, and the Far East Dependmg
on the plant stage dUrIng msect attack,
feedmg may lead to loss of leafarea, dead
hearts, or stem and peduncle tunnelIng
Although each kmd ofdamage may result
m serIOUS economIC loss, not all are SIg­
mficant m a gIven localIty CrIterIa to
select for resIstance mclude amount of
leaf feedmg, percentage of plants wIth
dead hearts, and the extent ofstem/pedun­
cle tunnelIng AbIlIty ofthe plant to toler­
ate or compensate for damage by produc­
mg tIllers, for example, would be an Im­
portant factor for reducmg yIeld loss
caused by stem bOrIng Because of the
nature of the msect/plant mteractIOn, re­
SIstance to spotted stem borer should be
based on yIelds of mfested and nonm­
fested plants, as thIS method wIll effec­
tively mtegrate the value of all reSIstance,
tolerance, and recovery factors

fly abundance, OVIpositIOnal nonprefer­
ence was caused by partIally dommant
genes, but was recessive under high abun­
dance MorphologIcal traits also mflu­
enced resIstance to shoot fly GIbson and
MaItI (1983) reported that trIchomes on
the abaxIal leafsurface were controlled by
a smgle receSSIve gene Agrawal and
Abraham (1985) determmed that glOSSI­
ness was quantItatIVely governed and
controlled by both addItive and non-addI­
tIve genes Glossmess was hIghly corre­
lated wIth shoot fly resIstance and could
perhaps be lInked wIth unknown antIbI­
otIC factors
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Table 5 Sources of resistance to sorghum stem borer Identified by ICRISAT, 1979-86
Ongm IS Nwnber
India 1044 1082 1119 2195 2205 2375 2376 4273 4546 4637 4756 4757 4776 4881

4981 5075 5253 5429 5469 5470 5480 5538 5566 5571 5585 5604 5619 5622
8320 13100 17742 17745 17747 17750 17948 17966 18333 18366 18662 18677
21969 22039 22091 22145 23411

Nlgena 7224 18573 18577 18578 18579 18580 18584 18585

US 21222123 2146 2168 2269 10711 20643

Sudan 2263 2291 2309 2312 22507

Uganda 8811 13674

E Germany 24027

Ethiopia 18551

Pakistan 9608

YAR 23962

Zimbabwe 12308
Source Tane]a and Leuschner 1985

Cultural practices and natural controls
partIally suppress sugarcane aphId abun­
dance on sorghum Generally, natural
controls are late occurnng and do not sup­
press sugarcane aphId abundance enough
to prevent damage (Van Rensburg,
1973b)

EvaluatIon of sorghum germplasm has
resulted In Identrficatlon ofmany sources
of reSIstance More than 10,000 sorghum
lInes have been evaluated for reSIstance,
IncludIng 454 lInes from the Sorghum
ConverSIOn Program ReSIstance has been
reported from Chma (Chang, 1981,
Chang and Fang, 1984), Japan (Se­
tokuchI, 1976), TaIwan (PI and HSIeh,
1982a), IndIa (Venugopol et aI, 1979,
Mote and Kadam, 1984, Mote et aI,
1985), and AfrIca (Manthe, 1992) The
reSIstance sources are lIsted In Table 6

GenetIC Inhentance of reSIstance to
sugarcane aphId has been studIed USIng

several reSIstance sources A study In
ChIna USIng PI257595 (hIghly reSIstant),
129-3A (moderately reSIstant), and
RTx430 (susceptible) showed that reSIS­
tance to sugarcane aphId was monogemc
and controlled by a domInant gene (HSIeh
& PI, 1982, PI & HSIeh, 1982b) AddI­
tIonal research showed that PI257595 and
129-3A have the same reSIstance gene,
although 129-3A has modIfier genes (PI
and HSIeh, 1982a) One study IndIcated
that domInant and addItive gene actIOn
were both present, WIth addItive gene ac­
tIon accountIng for most ofthe reSIstance
(HSIeh and PI, 1988) An addItIOnal study
USIng the cross RTx430 3 129-3A sug­
gested the presence of complementary
gene actIon (Chang and Fang, 1984)
Manthe (1992) concluded that crosses of
reSIstant (TAM428 or SCI70-14) by sus­
ceptIble lInes segregated In a ratIO conSIS­
tent WIth domInant reSIstance The reSIS­
tance seemed to be monogemc
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Table 6 Sources of resistance to the sugarcane aphId and country where Identified
Taiwan PI257595 (lS12608C/SCl08), Agr 452560 ShaBu l293A

Chma TAM428 PI257595 (lS12608C/SCl08) lS126l0C (SCllO)

Japan Senkmshlro Suzuho PE954 177 IS126l2C (SC112) IS8100C (SC424)

India IS103 IS122 IS530 IS656 IS956 IS1056 IS1063 IS1115 ISl117 ISl132 ISl172
IS1461 IS2033 IS2180 IS2189 IS2217 IS2228 IS2251 IS2414 IS2587 IS2931
IS3572 IS3582 IS3962 IS3923 IS4949 IS4645 IS4619 IS4640 IS5332 IS5668
IS5246 IS6496 IS9396 IS8893 IS6882 IS7456 IS9281 IS8160 IS8345 IS9539
IS8117 IS8348 PI4R Dagdl Harm Jogn Lakadl Kuchkuchl

Botswana Converted 1mes
ISl133C (SC202) IS1134C (SC203) IS1139C (SC205) IS 1144C (SC451) IS1366C
(SC21O) IS1598C (SC214) IS5188C (SC245) IS5887C (SC248) IS6389C (SC489)
IS6426C (SC497) IS12158C (SC984) IS 12599C (SC90) IS 12609C (SC109)
ISl2610C (SC110) ISl2637C (SC146) IS12645C (SC154) ISl2661C (SCI70)
IS 12664C (SC1?3) IS I2677C (SCI86) IS5887C (SC248) SC464

Texas hnes TX2737 Tx2783 TAM428

ZImbabwe cultlvars Brown Tswera, Hudende Red Nyom Serena Nyanlze Chlmunda, Red SWazi

SADC/ICRISATbreedmg SDS1513 SDS2293 1 SDS22936 SDS2298 SV2
1mes

South Afncan breedmg SAl221 SA1469 SA1470 SA1471
hnes

Millet Stem Borer

The mIllet stem borer IS a persIstent and
often damagmg msect pest ofpearl mIllet
The speCIes IS restncted to mamland Af­
nca south of the Sahara and has been
recorded most frequently m West AfrIca
(Senegal, Malt, GambIa, Gumea BIssau,
Benm, Burkma Faso, Chad, MauntanIa,
Ghana, NIger, and NIgena) It also has
been recorded m Sudan, EthIOpIa, and
Angola and IS probably more WIdely dIS­
tnbuted m tropIcal AfrIca than pubhshed
records mdIcate It IS not known to be
Important on other cereal crops (Youm et
ai, 1996)

Larvae cause two kmds ofdamage dur­
mg feedmg and development (Youm,
1990, YoumandGIlstrap, 1994) l)early­
sown millet IS attacked by first-generatIon
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larvae that damage young plants and
cause dead-hearts, 2) seedhngs of late­
sown mIllet are exposed to hIgher num­
bers of second- or thIrd-generatIOn larvae
that tunnel extensIvely m the stems and
may kIll the plant Stem tunnehng may
cause lodgmg and pamcle chaffiness m
older plants, because dIsruptIOn of the
vascular system prevents kernel forma­
tIon (Hams, 1962,Ndoye, 1979, Nwanze,
1989, AJayI and Labe, 1990)

Early evaluatIOns for reSIstance to the
mIllet stem borer are not WIdely docu­
mented, and breedmg efforts were mostly
unsuccessful because of a lack of a mul­
tIdISCIphnary approach In many pro­
grams, breeders worked separately from
entomologIsts, leadmg to the develop­
ment of many varIetIes WIth unknown
status WIth regard to reSIstance or suscep-



tIblhty to the mIllet stem borer Most ef­
forts toward a multldlsciplmary approach
occurred m the early to mId 1980s

Vanetal evaluatIon for resIstance to
mIllet stem borer has been conducted m
NIger, Nlgena, Senegal, and other coun­
trIes m the Sahehan regIOn, and some
plant charactenstIcs have been hnked to
resIstance For example, the mIllet varIety
Zongo reportedly produces a stIcky secre­
tIon m stem tunnels caused by feedmg and
developmg larvae, and thus offers some
resIstance by antIbIOsIS (Ndoye, 1977)
Nwanze (1985) reported that an mcreased
rate of tIllenng m certam mIllet vanetIes
IS a tolerance mechanIsm for mmlmlzmg
losses caused by the mIllet stem borer
AJayI (1985) suggested that hamness of
the leaves and leaf sheaths could explam
dIfferences m levels of stem borer mfes­
tatIon of the three mIllet types (gero,
dauro, malwa) m Nlgena Stem hardness,
SIze, and thIckness affected progeny de­
velopment (Nwanze and HarrIs, 1992)
Fewer eggs were laId on plants wIth
tnchomes than on trIchomeless plants
(ICRISAT, 1994) OVIpOSItIon nonpref­
erence and leaf sheath morphology and
attachments should be conSIdered m ef­
forts to Identify resIstance

ReVIew of research on the mIllet stem
borer shows that documented and tested
resIstant mIllet varIetIes are not avaIlable,
although a number of varIetIes are re­
ported tolerant MechanIsms ofresIstance
to mIllet stem borer are yet to be fully
assessed and documented Nwanze and
HarrIS (1992) stated that screenmg for
resIstance agamst pearl mIllet msect pests
IS hampered by lack of screenmg tech­
nIques for UnIform and optimum mfesta­
tlon ofmIllet plants Results ofmost stud-

Ies on vanetal resIstance were based on
natural mfestatlon, resultmg m much varI­
abihty and mconclUSlve results

Breedmg for resIstance to msect pests
reqUIres the avaIlabIlIty ofadequate num­
bers of msects m the damagmg stage,
eIther under natural or artIficIal condI­
tIons Past dIfficultIes m breedmg for re­
SIstance to the mIllet stem borer mcluded
unavaIlabilIty ofboth an effectIve screen­
mg technIque and a rearmg technIque for
mass productIon of the mIllet stem borer
due to a lack offaclhtles m NatIOnal Ag­
ncultural Research Programs (NARS)

Early research efforts m pearl mIllet
improvement m West Afnca, m collabo­
ratIOn wIth NARS and funded by UNDP,
consIsted InItIally ofbreeders WIth httle to
no multldlsclplmary research WIth the
estabhshment of the ICRISAT Sahehan
Center m the early 1980s, more multldls­
clphnary research has been undertaken,
wIth development of reanng and evalu­
atIon technIques as the mam focus

A technIque has been developed for
mass rearmg mIllet stem borer m the labo­
ratory Such msects can be used to assess
mIllet varIetIes for theIr reactIOn to mIllet
stem borer larvae Current research IS,
therefore, focused on determmmg dam­
age thresholds on susceptIble vanetIes so
mfestatIon levels can be used to assess
varIetIes for theIr reactIons to mIllet stem
borer

Research on evaluatmg for reSIstance
to the mIllet stem borer focuses on two
areas 1) development of evaluatIOn at
early vegetatIve plant growth, and 2) as­
sessment ofvanetIes at later stages usmg
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eXIt holes and a moth productIOn mdex as
resIstance evaluation cntena

Lukefahr (1989) has developed artrfi­
CIal mfestation techmques usmg mfested
millet stems, he also has used stem borer
eXIt holes as a measurable and repeatable
technIque for evaluatmg pearl mIllet va­
neties for reSIstance The techmque to
evaluate reSIstance to m111et stem borer
conSIsts ofplacmg vertical bundles of m­
fested stems at regular mtervals m plots
where varIetIes of millet are bemg evalu­
ated ThIS technIque has been Improved
and can be used byNARS where adequate
mass rearmg facl1Ities are not available
(Youm unpubhshed, ICRlSAT, 1991)
ThIS procedure IS slffiilar to the mfester
row technique, where Infested stems are
spread between rows of young millet
plants and left m the field durmg the entrre
penod ofpearl millet growth ThiS allows
emergmg adults to lay eggs directly on
preferred plants

The best technique for mfestmg m111et
WIth the mIllet stem borer IS to use cdged
millet plants (lCRlSAT, 1991) Research
has shown that an mltial 200 larvae per
cage, or 2,000 ha 1, resulted m at least 85%
mfestatlOn

A rapId method for evaluatmg for re­
SIstance to spotted stem borer (Nwanze
and Reddy, 1991) pOSSIbly could be re-as­
sessed for adaptation to the m111et stem
borer ThIS method uses field mlcroplots
and trays to assess resistance at the seed­
Img stage Assessment of damage after
matunty based on the number of eXIt
holes, as well as the use ofa moth produc­
tion mdex, can be conSIdered an appropn­
ate method to assess reSIstance of pearl
millet genotypes
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BreedlDg and EvaluatIOn
Methodology

Development of Improved vaneties,
hnes, and hybnds WIth reSIstance to fo­
har- or stem-mfestmg msect pests does
not dIffer from breedmg for other stress or
quahty factors Thus, any breedmg
method appropnate for sorghum may be
used to develop msect-reslstant geno­
types The most common breedmg meth­
ods would be pedIgree, backcross, or ran­
dom-matmg populatIOns If reSIstance IS
evaluated m the greenhouse, as for green­
bug, only reSIstant genotypes are taken to
the field for further selectIOn or crossmg
If resistance evaluatIOn IS done m the
field, reSIstant genotypes should be Iden­
tIfied before pollmation to expedIte devel­
opment of new plant populations The
methodology of each breedmg method
and how It may be used IS not addressed
m thIS paper The appropnate method to
use WIll be speCific to a partIcular research
program, the genetICS of reSIstance, other
research obJectIves, and needs of other
collaborators

SImilarly, methodology to evaluate re­
SIstance of sorghum or pearl m111et popu­
latIOns depends on the msect and ItS mode
of attack Plant breeders, m collaboratIOn
WIth entomologIsts, have developed tech­
mques to evaluate germplasm for reSIS­
tance to the dIfferent sorghum msect
pests The technIques range from seedhng
stage greenhouse evaluatIOn usmg artIfi­
CIal mfestations (greenbug, sugarcane
aphId, yellow sugarcane aphId, fall army­
worm), to field evaluations at dIfferent
plant growth stages, usmg natural and ar­
tifiCIal mfestatlOns (greenbug, shoot fly,
stem borers, sugarcane aphId, yellow sug­
arcane aphId, spIder mItes, fall army-



worm) To evaluate for resIstance, test
entrIes are exposed to natural or artificial
mfestatIons by the msect and compared
wIth eIther umnfested plants or standard
susceptIble or resIstant (Ifknown) checks
ReSIstance evaluatIOn techmques have
proven rehable and relatively effiCIent for
evaluatmg large numbers of test entnes
Currently, dIfferent resIstance genes can­
not be accurately dIstmgmshed for pyra­
mIdmg (stackmg) mto a smgle genotype,
It also IS not pOSSIble to determme whether
a smgle hne or varIety contams dIfferent
kmds of resIstance (seedhng resIstance
and adult plant tolerance for greenbugs, or
reSIstance to early stage mfestatIon and
recovery reSIstance for shootfly and stem
borers) AddItIonal evaluatIOn techmques
and methodology are needed to allow de­
velopment of ehte germplasm WIth dura­
ble reSIstance as the 21 st Century ap­
proaches

BIotechnology

WhIle sIgmficant research efforts have
been devoted to developmg reSIstance to
several fohar- or stem-mfestmg msect
pests of sorghum, success stones are hm­
Ited In the US, breedmg for greenbug
reistance has been successful Sorghum
mIdge-resIstant sorghum m IndIa and
AustralIa, and stem borer and shoot fly­
tolerant varIetIes m East Africa and IndIa
are good examples of the success of con­
ventIonal breedmg methodology m devel­
OpIng Insect-reSIstant germplasm
(Sharma, 1993) Many expenmental va­
neties descnbed as "hIghly promIsmg,"
"havmg good potential," or "supenor to
susceptIble checks" have not been grown
beyond experIment statIOn fIelds
Nwanze et al (1995) stated that lack of
ehte msect-resistant varIetIes and hybnds

IS due to reSIstance too low to result m
sIgmficant protectIOns from msect pests
when transferred mto agronomIcally Im­
proved sorghum, when reSIstance IS hIgh,
progemes are agronomIcally undeSIrable
In addItIon to cultIvated sorghum varIe­
tIes lackmg usable reSIstance to major fo­
hage Insects, reSIstance to some Insects IS
quantItatIvely mhented and dIfficult to
mcorporate Into ehte, hIgh-yIeldmg varIe­
tIes or hybnds

The new tools of molecular bIOlogy,
collectIvely known as bIOtechnology, of­
fer potentIal contrIbutIons m many areas
and can help to 1) IdentIfy sorghum geno­
types WIth dIfferent reSIstance genes, 2)
assess the genetIC relatIOnshIp between
reSIstant genotypes, 3) stack or pyramId
reSIstance genes mto a SIngle genotype or
hybnd, 4) reduce the time necessary to
transfer a usable level ofreSIstance Into an
Improved genotype, and 5) transfer genes
from related speCIes Into adapted sor­
ghum genotypes AddItIonal benefits wIll
accrue as the technology becomes more
refined and progress IS made m under­
standIng the nature ofreSIstance to fohar­
and stem-Infestmg Insect pests of sor­
ghum and mIllet Potentially useful kmds
ofbIOtechnology mclude molecular maps
developed usmg RFLPs or PCRs, trans­
formatIon, mterspecIfic hybrIdIzatIon,
and marker-assisted selectIon ThIS lIst
does not mclude other technologIes that
have been or are bemg developed that WIll
be of benefit

At Texas A&M UmversIty, sorghum
breeders and entomoigists collaborate
WIth molecular genetICIsts to develop mo­
lecular maps for sorghum genotypes re­
SIStant to greenbug bIOtypes Molecular
maps for the dIfferent sources of reSIS-
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tance to greenbug are bemg developed
They offer the potential to determme
more accurately than conventiOnal meth­
odology the location of the resistance
gene(s) and the mhentance of resistance
When completed, such maps wlillead to
new mSlght mto greenbug resistance, de­
velopment of new biOtypes, and the evo­
lutiOnary relatiOnships between the msect
and ItS hosts Accurate determmatiOn of
the mhentance of resistance w1l1 lead to
more accurate and directed breedmg/se­
lectiOn programs to mcorporate resistance
mto ehte genotypes Molecular markers
for resistance genes from different resIs­
tance sources w1l1 enable a genetic Im­
provement team to accurately Identify dif­
ferent resistance sources or mechanisms
and, m domg so, to eventually stack the
genes mto a smgle genotype ThiS could
Improve the durablhty of resistance and
make It more difficult for the msect to
overcome

Interspecific hybndlzatiOn Will enable
movement of resistance genes between
related species At ICRISAT, more than
340 acceSSiOns of wlld relatives of sor­
ghum belongmg to sections Chaeto, Het­
ero, Stlpo, Para, and Sorghum were
evaluated for resistance to shoot fly
(ICRISAT, 1988, 1989) Seven acces­
sions showed very high levels of resIs­
tance to shoot fly, With one close to Im­
mumty However, conSiderable difficulty
has been encountered mtrymg to cross the
accessions With cultivated sorghum At­
tempts to cross other accessions With cul­
tivated sorghum are contmumg If dIrect
hybndlzatIon IS not successful, tech­
mques such as embryo rescue and proto­
plast fuSiOn offer additional opportumtles
to recover the resistance genes
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Genetic transformatiOn, the technology
of transfernng foreign genes to sorghum,
IS advancmg rapidly (Bennetzen, 1995,
Kononowlcz et ai, 1993) Research IS
currently bemg conducted at ICRISAT to
transform a range of matenals (Nwanze,
1995), collaborative research IS underway
on at least three techniques 1) dIrect gene
transfer to protoplasts, 2) use ofa particle
gun for transformatiOn (Casas et ai,
1993), and 3) use of Agrobacterzum for
transformation (Gould et al , 1991)

The genetic relationshIp of sorghum to
other crop plants Will become 1Ocreas­
10gly Important 10 the future EVIdence
eXIsts that several Important food crops
such as sorghum, com, and nce descended
from a common ancestor approximately
65 mllhon years ago (Paterson et ai,
1995) Paterson et al (1995) concluded
that "convergent domesticatIon of sor­
ghum, nce, and maize appears to result
from mutatiOns at correspond1Og genetic
lOCI, whIch would suggest that few genes
With large effects determme the geno­
types studIed" They also concluded that
comparative maps of the three speCIes
reveal a common order of genes and
monogemc phenotypes over large chro­
mosomal tracts It IS pOSSible that genes
for speCIfic traits could be Identified and
moved between species POSSible rela­
tiOnships between wheat and sorghum
also are Important Greenbug ongmally
mfested small grams and only recently
became a pest of sorghum Yet sub­
sequent biotype changes for greenbug
VIrulence on sorghum do not necessarlly
correspond to VIrulence changes on
wheat Through comparative mappmg of
greenbug resistance genes 10 sorghum and
wheat, the chromosomal location of the
effective genes Will be determmed m each



speCIes Clonmg WIll enable sCIentIsts to
assess evolutIonary changes m gene struc­
ture brought about by mutatIOn If the
changes are consistent between crop spe­
Cies, then the questIon of why bIOtype
changes do not affect both species may be
asked and answered

As the tools of molecular genetIcs are
used to determme genetIc relatIOnships of
plant resistance to an msect, companion
studies should be conducted on the msect
Itself ThIS IS especially Important for an
msect that develops bIOtypes, as m the
case of greenbug In developmg genetic
resIstance to msect pests, breeders and
entomologists are forcmg change m the
dynamIc relatIOnship between two lIvmg
organisms Unless thIS forced evolutIOn­
ary change can be understood from both
SIdes (host and msect), SCIentists WIll have
only a partial pIcture ofthe genetIC nature
of resistance In devlSlng future control
strategIes, the genetics ofthe plant and the
msect are of equal Importance

Future Research

As the 21st Century approaches, plant
SCientIsts need to develop research pro­
grams and Improved cultlvars or hybrIds
With less dependence on expensive and
envIronmentally disruptIve mputs As
publIc concern about the environment and
enVIronmental degradatIOn contInues to
grow, agrIculture wIll be Increasmgly
challenged to produce a safe, dependable
food supply free of chemical reSIdue
WhIle the success stOrIes of msect-resls­
tant varIeties may not be as great as de­
Sired, success can be achIeved when suf­
fiCIent resources are expended to deal
WIth a problem In the Western Hemi­
sphere, the prImary example of success IS

sorghum reSIstance to greenbug Each
tIme the msect has changed, crop Im­
provement speCialIsts have responded by
mcorporatmg genetic reSIstance mto elIte
hlgh-Yleldmg parental lInes for hybrIds
WhIle not all sorghum hybrIds are green­
bug-reSistant, they could be

Durmg the last 50 years, a near green
revolutIOn has occurred m sorghum pro­
duction throughout the world Research
on systems ofsterIlIty conducted m Texas
at ChIllIcothe and Lubbock resulted m
SignIficant mcreases m sorghum yields m
the developed world HybrId sorghum IS
pOSSIble throughout the world's sorghum
productIon regions, prOVIded the proper
conditIOns are present Even now the use
ofhybrId sorghums contmues to mcrease
The Sorghum ConverSIOn Program, mItI­
ated m Texas and Puerto RICO m 1963,
made a portIOn of the genetIC varIabilIty
m the world collection of sorghum avaIl­
able to breeders worldWIde Many Im­
provements made m sorghum durmg the
last 25 years can be traced dIrectly back
to germplasm from the Sorghum Conver­
sion Program But the genetic Improve­
ments and yIeld mcreases needed for the
future wIll be more difficult to achieve,
espeCIally for defenSIve traits such as re­
sistance to msects

To make the necessary genetIc Im­
provements III sorghum and pearl millet,
breeders and other sCientIsts Will need to
mcorporate molecular biology (bIotech­
nology) mto their programs to a greater
extent The excltmg tools of bIOtechnol­
ogy WIll give SCIentists the opportunIty to
study msect resistance more thoroughly
RelatIOnshIps between resistance genes
can be accurately determmed, resistance
genes (some WIth dIfferent mechanIsms)
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can be stacked m dIfferent combmatIOns
to Improve the durabIlIty of resIstance,
and, through clonmg, evolutIOnary rela­
tIonshIps of the host-msect pest mterac­
tIon can be assessed These developments
WIll allow plant Improvement teams to
develop genotypes WIth greater environ­
mental fitness, more resIstance to stress,
better gram quahty, and Improved yIeld
potential These new genotypes wIll be
grown m enVIronments more challengmg
than current productIOn enVlfonments

Sorghum Improvement teams are for­
tunate to work wIth a crop that exhIbIts m
nature almost unlImIted varlabIhty Mo­
lecular bIOlogy, and the abIlIty to move
genes between speCIes, may make that
variabIlIty truly unhmlted' Breeders and
entomologIsts have together produced
genotypes with Improved yield and resIs­
tance to msects These genotypes have
been Widely grown and have contrIbuted
to stabIhzed and mcreased yields The
future IS constramed only by the creatIvIty
of SCIentIsts and theIr abIhty to mampu­
late genes mto the combmatlOns needed
for the 21st Century

Control of the mIllet stem borer re­
qUIres good understandmg of the msect
pest bIOecology and development of
sound mtegrated pest management strate­
gIes Pearl mIllet breedmg for reSIstance
and tolerance to the mIllet stem borer re­
qUIres a long-term approach and IS a VItal
component of mtegrated pest manage­
ment A combmatIOn ofcultural practIces,
reSIstant cultIvars, and pheromone tech­
nology would be effectIve, and the ex­
change of genetIC matenal and research
mformatlOn would contrIbute to an mter­
disciphnary approach to pest manage­
ment m mIllet
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Key pnonty areas mclude comparative
assessment of evaluation techniques for
reSIstance to the mIllet stem borer and
re-evaluatlOn ofvanetIes that possess cer­
tam traits that are thought to confer toler­
ance or reSIstance, such as stem hardmess,
stem thIckness, hIgh tIllenng, and abIhty
to produce a stIcky secretIon withm the
stem when attacked Further research IS
needed on factors hnked to OVIposItIon
nonpreference, such as length and denSIty
of tnchomes More research IS needed to
develop economIC thresholds levels
(ETLs) for mIllet stem borer A locally
made dIet for mass producmg mIllet stem
borer should be Improved to reduce costs
assocIated WIth rearmg StudIes to search
for further sources of reSIstance and the
determmatlOn of mechamsms and genet­
ICS of reSIstance are pnonty research ar­
eas
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Breedmg for DIsease ResIstance m Sorghum

R P Thakur*, R A FrederIksen, D S Murty, B V S Reddy,
R Bandyopadhyay, L M Glorda, G N Odvody and L E Claflm

Abstract

Sorghum [Sorghum bIcolor (L) Moench], a staple cereal ofthe semlarzd trOPiCS IS
host to a large number ofpathogens, mcludmgjungl, bacterza, Viruses, and nematodes
These pathogens, mdlvldually or m combmatlOn may result m slgmficant economic
losses to gram andforage productIOn Breedmgcultlvars that toleratepathogens' attack
and stillproduce adequate yield IS the most effective means ofmanagmg these diseases
Diseases of major Importance are gram mold, charcoal rot, anthracnose downy
mlldew leafbhght, smut andergot Several others are locally Important m some years
Since the last global conference on sorghum diseases m 1992, slgmficant advances have
occurred m disease resistance research, mcludmg Improvement and refinement of
screemng techmques IdentificatIOn ofnew sources ofreSistance, and a better under­
standmg of the genetic basIs of resistance ConventIOnal breedmg methods, such as
backcrossmg, pedigree selectIOn andrecurrent selectIOn, contmue to be usedto develop
disease-resistant cultlvars With major resistance genes and several new cultlvars
resistant to Important diseases have been released Use ofmolecular techmques for
sorghum genome mappmgandthe IdentificatIOn ofmarkersfor disease resistance genes
have opened up new opportumtles for rapid transfer ofreSistance, particularly those
controlled by several genes mto agronomically elzte material Future efforts should
focus on genetic characterzzatlOn of resistance sources estabhshment of effective
systemsfor momtormghost resistance andchanges mpathogen virulence, andenhance­
ment of mternatlOnal cooperatIOn m usmg emergmg InformatIOn and technologies for
better management ofdiseases, leadmg to Improved sorghum productlVlty

Breedmg for dIsease reSistance IS an
mtegral part of a crop Improvement pro­
gram aImed at sustamed productIVIty
Plant diseases cause an annual estimated
loss of 540 millIon tons of crop produc­
tIOn, valued at 50 bIllIon US dollars

R P Thakur ICRISAT AsIa Center Palanchern Andra Pradesh 502 324
Ind,a, R A Fredenksen Department of Plant Patholngy and MleroblOlogy
Texas A&M UniVersIty College Stanon TX 77843 D S Murty ICRISAT
BP 320 Bamako Mall B V S Reddy ICRISAT AsIa Center Palanehern
Andra Pradesh 502324 Ind.. R. Bandyopadhyay ICRISAT AsIa Center
Palanehern Andra Pradesh 502 324 IndIa L M Glorda, EEAINTA Man
fredl Cordoba, Argentma G N Odvody DepartmentofPlantPathology and
MIcrobIology Texas A&M UniversIty Corpu, Chn,n TX 79401 and L E
Clathn Department ofPlant Pathology Kansas State UniversIty Manhattan
KS 66506 ICRISAT Conference Paper CP J149 Correspondmg author

(James, 1981) Sorghum, the fifth major
crop of the world, IS grown on about 52
millIon ha annually m tropIcal, subtrOpI­
cal, and temperate enVIronments and
serves as host to over one hundred patho­
gens, mcludmg fungi, bactena, VlfUses,
and nematodes These pathogens, mdI­
vidually or m combmatIOn, lead to consId­
erable yIeld loss (Table 1) In most of
AfrIca and ASia, sorghum IS grown
mamly for food by resource-poor farmers
and IS often unprotected by chemicals for
both economIC and techmcal reasons
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Table 1 EstImates of YIeld loss due to varIous sorghum dIseases

Disease
Downy mildew
Acremomum wilt
Anthracnose
Rust
RhlZoctoma sheath blight
Gray leaf spot
Sooty stnpe
MlI1Ze dwarfmosaic VirUS

Charcoal rot
Head smut
Ergot

Yield loss
(%)

10 78
50

5567
2950
3542

20
5

54
1560

16
10 80

Reference
Anahosur & Laxman (1991)
Wall et al (1989)
Thomas et al (1996)
Hepperly (1990)
Pascual & Raymundo (1988)
Wall et al (1989)
Wall et al (1989)
Wall et al (1989)
Pande & Karunakar (1992)
Narro (1986)
Sangltrao (1982)

DIsease management through genetIc
manIpUlatIOn has been the most effectIve
means of reducmg losses m many crop
speCIes However, managIng all dIseases
by genetIc means IS neIther feasIble nor
possIble Breedmg for resIstance IS one of
several methods of protectmg the crop,
therefore, before a resIstance breedmg
program begInS, It must be clearly deter­
mmed that

a) the dIsease IS of suffiCIent economic
Importance,

b) suffiCIent mformatIOn IS avaIlable on
the nature of the host-pathogen system,

c) well-defined sources of reSIstance
are avaIlable, and

d) the expected economIC output WIll
occur wIthm a gIven tIme

Disease control through host genetIC
manIpUlatIOn IS dIfficult and has been
slower for charcoal rot and gram mold, m
WhICh gene effects are small, compared to
downy mIldew, anthracnose, and leaf
blIght, In WhICh gene effects are large
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BreedIng for dIsease reSIstance m sor­
ghum began about three decades ago
(Rosenow, 1992, Rosenow and FrederIk­
sen, 1982, Rao et ai, 1980, Mukuru,
1992) Durmg the past few years, several
genes conferrmg dIsease reSIstance have
been IdentIfied and transferred m cultI­
vars, pnmanly through conventIOnal
breedmg methods WIth the advent of
modern molecular techmques however,
SIgnIficant advances have occurred m mo­
lecular characterIZatIOn of reSIstance
genes and IdentIficatIon of markers for
taggIng Present day breedmg for disease
reSIstance IS a collaboratIve effort of pa­
thologIsts, molecular bIOlogIStS, and
breeders workmg across locatIOns and re­
gIOns EssentIal reqUIrements for success­
ful deployment and management of dIS­
ease reSIstance genes mclude

• access to collectIon of dIverse host
germplasm,

• effiCIent dIsease screenIng tech­
nIques,

• effectIve reSIstance factor(s),
• knowledge of herItabIlIty of reSIS­

tance,
• strategy of reSIstance deployment,

and
• approprIate method for mOnItorIng

reSIstance



PrIOrity Diseases

The 1992 Second World Review of
Sorghum and Pearl Millet Diseases Iden­
tIfied 16 Important diseases gram mold,
downy mildew, charcoal rot, leaf bhght,
rust, gray leaf spot, anthracnose, sooty
stripe, zonate leaf spot, bacterIal stripe,
ergot, head smut, long smut, covered
smut, loose smut, and nematodes

PrIOrIty diseases for different regIOns
of the world were Identified on ratmgs
from 1 (least Important) to 7 (most Impor­
tant) a) health hazard, b) farmmg sys­
tem, c) method of spread/survival, d)
pathogen vanablhty, e) lack of control
method, t) prevalence/distributIOn, and g)
effect on yleld/quahty The PrIOrIty dis­
eases for each regIOn, hsted here from
highest to lowest are

• Western AfrIca gram mold, long
smut, anthracnose, gray leaf spot,
and sooty strIpe

• Eastern AfrIca anthracnose, cov­
ered smut, leaf bhght, loose smut,
and gram mold

• Southern AfrIca gram mold, leaf
bhght, anthracnose, covered smut,
ergot, and downy mildew

• Amencas and Europe anthrac­
nose, gram mold, root and stalk
rots, head smut, VIruses, and downy
mildew

• ASIa and the Far East (Indza ThaI­
land, Phllzppmes Japan) gram
mold, stalk rots, ergot, downy mil­
dew, and leaf spots

• WorldwIde gram mold, anthrac­
nose, leafbhght, and leaf spots

PrIOrIty rankmgs must be contmuously
updated because dIseases, pathogens, host

cuitivars, and croppmg systems change
over time and space For example, before
1995, ergot had not been reported m the
AmerIcas, but now the disease has ap­
peared m Brazil, Argentma, and BohvIa
(Rels et ai, 1996) It IS feared that the
pathogen may contmue to spread through­
out the Amencas The Importance ofergot
m the AmerIcas IS now much higher than
It was m 1992

The 1992 workshop also recommended
the followmg prIOrIty research areas for
various diseases

• Gram mold standardize the evalu­
atIOn procedure, study herItablhty
of resistance and gene actIon, con­
tmue to search for new sources of
resistance

• Anthracnose evaluate known
sources of resistance through mul­
tIlocatIOn tests, momtor pathogen
varIablhty through host differen­
tials, determme mechamsm of re­
Sistance, develop more effective
screemng techmques, Identr/Y and
utlhze sources ofresistance by con­
ventIOnal breedmg and molecular
methods, determme mherItance of
resistance and gene action, estab­
lIsh an InternatIOnal WorkIng
Group on Anthracnose of the
Grammeae

• Stalk rot Improve screenmg meth­
ods, develop a multIlocatlOn coop­
erative program

• Ergot Identify the pathogen m dif­
ferent parts ofthe world, determme
the relatIOnship between flower bi­
ology and InfectIOn In different
lInes, Improve screenIng tech­
mques, assess yield loss

• Downy mlldew study varlablhty m
VIrulence, use monogemc and oh-
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gogemc R genes m resIstance
breedmg, contmue mternattonal
commumcatton through a workmg
group

• Leafdzseases detenmne economIC
Importance, develop effective
screenmg techmques, develop a
umform sconng scale, contmue
multIlocatIon evaluatIOn, study
host-pathogen mteractIOn, patho­
gen varIabIlIty, and epIdemIology

• Head smut breed dIsease resIstant
cuitivars, momtor pathogen van­
abIlIty

• Longsmut develop screenmg tech­
mques, IdentIfy new sources of re­
sIstance

Access to Diverse Germplasm

The ICRISAT gene bank at ASia Cen­
ter houses the a collectIon ofover 35,000
sorghum acceSSIOns, representmg all sor­
ghum growmg enVIronments and regIOns
m the world These acceSSIOns have been
charactenzed and catalogued for easy and
qUIck access by researchers A large
number of lInes have been screened for
reSIstance to vanous dIseases by re­
searchers at ICRISAT, INTSORMIL, and
many natIOnal programs The GenetIC Re­
source DIVISIon of ICRISAT and Texas
A&M Umvsersity both mamtam lIsts of
dIsease-resIstant acceSSIOns and con­
verted sorghum lInes for speCIfic and mul­
tiple dIsease reSIstance Fortunately sor­
ghum landraces exhIbIt a WIde range of
dIverSIty and the world collectIOn of sor­
ghum contams sources of reSIstance to
most dIseases ReSIstance to several dIS­
eases IS stable and sIgmficant progress has
been made m breedmg dIsease-resIstant
vaneties and hybnds (Mukuru, 1992,
Rosenow and Fredenksen, 1982) How-
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ever, progress has been 111mted m devel­
opmg reSIstance to other dIseases, such as
gram mold and stalk rot

Disease Screemng Techmques

EffectIve dIsease screenmg technIques
are cruCIal for IdentIfymg sources of re­
SIstance Development of a screemng
technIque reqUires an understandmg of
the bIOlogy of the pathogen and dIsease
epIdemIology EffectIve field screemng
technIques have been developed for
downy mIldew (Pande and Smgh, 1992),
stalk rot (MahalInga et ai, 1989, Pande
and Karunkar, 1992), anthracnose (Pande
et ai, 1994), leaf blIght (SIfuentes et al ,
1993), sooty strIpe (Thomas et ai, 1993),
ergot (Tegegne et al , 1994, Musabyimara
et al , 1995), and gram mold (Bandyopad­
hyay and Mughogho, 1988)

These technIques have been used by
SCIentIsts In many developIng countrIes
However, there IS always room for further
refinement and Improvement ofscreenmg
technIques One Important lImItatIOn for
success In field screenIng has been the
lack of control over weather Some
weather factors can be partly controlled,
maInly RH (through supplementallITlga­
tIon) and temperature (by adjustment of
the tImIng of plantmg) These adJust­
ments, however, vary and enVIronments
remam far from optImum at many loca­
tIOns, causIng large vanatIons m results m
multIlocatIOnl multiyear evaluatIOns
Often In multIlocatlOn expenments, dIf­
ferences m dIsease reactions resultmg
from vanable weather factors IS construed
as VariatIOn m pathogemcity or the eXIst­
ence ofdIfferent pathotypes or races ThIS
hIgh VariabIlIty underscores the need to
develop a more preCIse greenhouse



screemng technique that controls weather
vanables to provide optimal conditions
for mfectlOn and disease development
Creatmg and mamtammg such facIlIties
m developmg countries IS not easy

Obtammg Isolates of pathogens from
different locations and mamtammg and
evaluatmg them under controlled condi­
tions IS one solutIOn to the problem of
vanable results m multIlocatlOn expen­
ments Effective greenhouse techniques
are avaIlable for downy mIldew (Naray­
ana et al , 1995), anthracnose (Pande et al ,
1994), leaf blIght (Sifuentes et ai, 1993),
and gram mold (Smgh et al , 1993)

Sources ofResIstance

Lmes resistant to several sorghum diS­
eases are avaIlable (Table 2), however,
sources of stable resistance to mdlvldual
diseases, particularly In the deSirable ag­
ronomic backgrounds (especially for

gram mold) are lImited ReSistance stabIl­
Ity depends m part on the nature of the
pathogens mvolved For example, resIs­
tance sources to charcoal rot are more
stable than those for anthracnose and
downy mIldew, because the anthracnose
and downy mIldew pathogen populatIOns
are more variable than that ofthe charcoal
rot pathogen (Fredencksen et ai, 1995)
For vanable pathogens where phySIOlogiC
races are known to eXist, new sources of
resistance need to be regularly Identified
Sorghum lInes resistant to a disease at the
regional level are easier to Identify than
those at the global level For example, QL
3 IS a good source ofdowny mIldew resIs­
tance In most parts ofthe world, but It has
shown susceptibilIty m ZImbabwe (R A
Fredenksen, 1996, personal commumca­
tIon) InternatIOnal disease nursenes, such
as the Umform Head Smut Nursery and
the Anthracnose Virulence Nursery, are
deSigned as much to detect differences m
pathogen populatIOns as they are to evalu-

Table 2 Sources of resistance to some major sorghum dlseases l

Disease ReSistance source Reference

Sifuentes & Fredenksen (1988)
Cnllg & Odvody (1992) Kamnakar et aI
(1994)
Tenkouano & Miller (1993)
Pederson et aI (1995)
Duncan et aI (1988)
Thomas et aI (I993)
Bandyopadhyay (1992) Tegegne et aI (1994)
Dodman et aI (1986)
Karunakar et aI (1993)
Smgh et aI (1994)

SC 326 6 SC 599 liE
NP 20BR, NP 26
87BL2598
IS 23818 E 35 I
ETS 2454 3135 3147 etc
Knsh 13 QL lines
Q 101 102 103 54
IS 2300 3443 C-40 IS 31446
18758 etc

IS 14384 14388 (colored gram) Mukuru (1992)
IS 7173 23773 23783 34219 Smgh et aI (1993)
(white gram)
QL 3 India, SC414 12
Tx 430 IS 20450 20468 20478

Downy mildew

Leafblight
Sooty stripe
Ergot
Head smut
Charcoal rot
Rust

Anthracnose

Gram mold

MultIple disease resistance
Sooty stripe Gray LS an
thracnose zonate LS
Head smut and anthracnose
Leafbhght, mst, Zonate etc

MPC 123 22l9Ax 3274 I 2
Jmong 105
87BL2598

Bhasker et aI (1993)
Chen et aI (1991)
Duncan et aI (1988)

lin additIon a large nomber of converted hnes With resistance to smgle and multiple diseases are avadable at TAMU (Collms et aI
1996
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ate host resIstance (ISAVN Report,
1996) IdentIficatIon ofa few test sItes, or
"hot spots," where one or more diseases
are severe IS important to identIfy the best
sources of dIsease resIstance Through
these nursenes, hnes have been identIfied
wIth good levels ofresistance m particular
countrIes or regIOns Sources of multIple
dIsease reSIstance also have been IdentI­
fied, but utIlIzatIOn of such sources IS
often tlme- and resource-consummg

Stable resistance can be IdentIfIed
through multIlocatIOn tests DurabIhty of
resistance IS a function of time and area
under coverage Usually, monogemc re­
Sistance for vanable pathogens wIll be
less durable than polygemc reSIstance,
however, polygentIc reSistance usually IS
more difficult to breed for and reqUires
more tIme and re50urces ReSIstance may
be more stable and durable for a less van­
able pathogen than for a more vanable
one

Currently reSistance to several sor­
ghum dIseases IS based on major genes
from a lImIted group ofcultIvars Reports
also are aval1able on polygemc/quantIta­
tIve reSistance to gram mold and stalk
rots Honzontal or dlalatory reSIstance
also has been reported for anthracnose
Polygemc sources of reSIstance should
also be explOited by breeders ifand when
they are available Use ofmodernmolecu­
lar techmques for gene identIficatIOn and
transfer should be used where feaSIble

Inheritance and GenetIcs
of ReSIstance

Rosenow (1992) summanzed mforma­
tIon on the mhentance of resistance to
some sorghum diseases Although de-
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taIled mformatlon on the genetIcs ofreSIS­
tance to several diseases IS stIll needed, It
IS generally recogmzed that, except for
complex diseases such as stalk rot, gram
mold, etc, resistance to most dIseases is
controlled by major genes (Table 3) Al­
though slgmficant progress has been
made m the past few years, and today we
have much more mformatlOn about the
mhentance of disease reSistance, how­
ever, much more mformatlOn IS still
needed

Gram mold Pamcle and gram charac­
ters mfluence gram mold resistance Re­
SIstance has been reported to be mono­
gemc (Rao and Rana, 1989), additive
gene actIOn has been reported for Fusar­
IUm (Katana et ai, 1990), both additIve
and nonadditIve gene actIon have been
reported, With recessive genes m some
cases and dommant genes mothers (Dab­
holkar and Baghel, 1983, Murty and
House, 1984) and With greater mfluence
ofthe enVIronment (Indira et al , 1991)

Anthracnose ReSIstance to anthrac­
nose has been reported to be governed by
major genes With partIal dommance or
addItive effects m A 2267-2 and IS 8283
(Sifuentes and Mughogho, 1992), by a
smgle dommant gene WIth no cytoplasmIC
mfluence (Reddy and Smgh, 1993), and
by a smgle locus With multIple alleles
(Murty and Thomas, 1989, Tenkouano
and Miller, 1993)

Stalk rot Sigmficant General Combmg
AbilIty (GCA) effects were noted for
Macrophomma phaseolma and Fusarium
momliforme (Bramel Cox et ai, 1988)
ReSistance has been reported to be gov­
erned by receSSive complementary genes
(Venkatrao et ai, 1983), partial domI-



Table 3 Inheritance of resistance of some sorghum disease
Disease
Grain mold

Anthracnose
Downyml1dew

Charcoal rot
FusarIUm stalk rot
FusarIUm head bhght
Acremomum wilt
Head smut
Covered kernel smut
Loose kernel smut
Rust
Gray leaf spot
Leafbhght
Sooty stripe
Zonate leaf spot

Oval leaf spot
Target leaf spot
Ladder spot
Bactenal stripe
Bactenal streak
Maize dwarfmosaic ViruS

Inhentance pattern
Intermedlate/domlnant/
addltlve/duphcate
Dominant
Dominant/partially dominant

ReceSSive/intermediate/recessive
Dominant/intermediate
Dominant/intermedIate
ReceSSive/intermedIate
Dominant/intermedIate/addItIve
Dominant
Dominant
Dominant
ReceSSive
Dominant
ReceSSIve/intermedIate
ReceSSive/intermediate/
addItive/dominant
ReceSSive
ReceSSive
ReceSSIve
ReceSSIve
ReceSSIve/intermedIate
Dominant/recessive

Reference

Katarla et al (1990)
Tenkouano & Miller (1993)
Craig & Schertz (1985)
Sifuentes & Fredenksen (1988)
Reddy et al (1993)
Tenkouano et al (1993)

Cao et al (1988)

Patl1 et al (1972)
Bangarwaetal (1987)
Sifuentes et al (1993)
Gallba (1983)

Grewal (1988)
Grewal et al (1987)
Tsuklboshl et al (1990)
Rosenow and Fredenksen (1982)
Rosenow and Fredenksen (1982)
Rosenow and Fredenksen (1982)
Rosenow and Fredenksen (1982)

nance (Indira and Rana, 1983), non-addi­
tive genetic variance With a high degree
of domInance (IndIra et ai, 1983), and
domInant and recessive epistatic Interac­
tiOns between two lOCI With a third modi­
fyIng locus, nonsenescence alone does
not provide resistance (Tenkouano et ai,
1993)

Downy mzldew ReSistance has been
reported to be governed by a set of SIX
dommant genes (Bhat et ai, 1982), three
gene paIrs (Rana et ai, 1982), two genes
In QL 3 and one gene m SC 414-12 (SI­
fuentes and Fredenksen, 1988 Depend­
Ing on the sorghum lInes and pathotypes
Involved, the number of genes and gene
actiOns were variable Reddy et al (1992)
proposed a two-locus model With mde­
pendent segregatIOn and a combInatIOn of
complementary and mhlbltory mter-alle­
lIc mteractlOns Glmenes-Fernandes and

Pena (1986) reported no mfluence of cy­
toplasm on reSistance, and de MI1lIano
and In't Veld (1988) reported the Influ­
ence ofenvironment on resistance expres­
sion mQL3

Leafbhght ReSistance to leaf blIght IS
reported to be governed by a SIngle domi­
nant gene With no cytoplasmiC mfluence
m two sorghum lInes A 2267-2 and ICSB
26 (SIfuentes et a1 , 1993)

Head smut Both quahtatlve and quan­
titative mhentance have been reported
(Cao et ai, 1988, Cao and Wang, 1988,
Yang et a1 , 1992) A2 cytoplasm was re­
ported to be more susceptible than Al
(Rodnguez-Herrera et ai, 1992, 1993)

Maize dwarf mosaic potyvlrus ReSIS­
tance IS reported to be governed by three
domInant-recessive factors and four epls-
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tatIc effects, Knsh type resIstance IS de­
termmed by one dommant factor (Nk al­
lele, MIJavec, 1991)

Progress on ResIstance IncorporatIon
and ResIstance Deployment

ConventIOnal Breedmg Methods

In the tropICS, sorghum landraces are
generally tall and late-matunng Fohar
dIseases usually are hmlted to the lower
leaves untIl flowermg and rarely affect
gram yIelds However, mtroductlons can
suffer badly from these dIseases, leadmg
to poor yIelds Crop Improvement pro­
grams employ dIverse exotIc germplasms
to Improve both gram yIeld and the agro­
nomIC characters of local cultIvars Un­
less cautIOn IS exercIsed m the selectIOn
ofexotIc parents, based on theIr reSIstance
to local dIseases, the resultmg Improved
cultIvars could brmg m "second genera­
tIon" problems

ChOIce of parents IS the first crucIal
step m any hybndizatIOn and selectIOn
program Usually an agronomIcally good
hlgh-yleldmg cultlvar IS crossed to other
parents WIth dIsease reSIstance, pest reSIS­
tance, good gram quahty, local adapta­
tIon, etc Appropnate weIght should be
gIVen to the matunty penod, height, gram
qualIty, and status ofreSIstance to vanous
stress factors ofthe parents mvolved m the
cross The genetIc baSIS of reSIstance
should suggest the selectIOn procedure

At ICRISAT, pedIgree breedmg WIth
selectIOn for reSIstance based on famlhes
and agronomIC deSIrabIlIty wlthm the se­
lected famlhes of smgle crosses, and fre­
quently m three-way crosses, has resulted
m dIsease-resIstant, hlgh-yleldmg CultI-
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vars It has been found that a thIrd parent
III the cross can supplement useful
traIts/recessIve genes and mcrease their
frequency m the segregatmg populatIons
WIthout senously affectmg agronomIC
elIteness SpecIfic Improvement for reSIS­
tance to a SImple dIsease (e g , rust) can
be obtamed by straightforward backcross
breedmg Recurrent selectIOn procedures
to accumulate favorable alleles for multI­
ple dIsease reSIstance factors also can be
used m long-term selectIOn programs De­
velopment of random matmg gene pools
to preserve, recombme, and Improve dIS­
ease and pest reSIstance of sorghum has
been found to be useful at ICRISAT

ConSIderable progress has been made
at ICRISAT m transfernng reSIstance to
mdlvldual dIseases mto several B and R
hnes Some of the promlsmg reSIstant B
lInes are anthracnose-resIstant SPAN
94037B, 94008B and 94033B, downy
mIldew-reSIstant SPDM 94006B, ­
94008B, and 94051B, rust-reSIstant
SPRY 94003B and 94010B, leaf bhght­
ressltant SPLB 94001B, 94007B, and
94017B, and gram mold-reSIstant SPGM
94009B, 94033B (whIte grams), SPGM
94066B, 94052B, 94017B (colored
grams) Some dIsease-resIstant R hnes
and varIetIes have also been developed
gram mold-reSIstant ICSV 95011, ICSV
95017 (whIte grams), ICSV 95029, ICSV
95039 (colored grams), rust- and anthrac­
nose-resIstant ICSV 745, -93073, and ­
93080

Molecular Techmques

A recent reVIew by Bennetzen (1995)
prOVIdes background on the roles and uses
of modern molecular technIques for ge­
netIc Improvement of sorghum Several



DNA marker technologies have been used
to generate the first detalled genetic maps
of sorghum Weerasunya (1995) has
mapped varIOUS traits m a recombmant
mbred populatIOn of sorghum, mcludmg
resistances to anthracnose and rust

Neutral markers would assist m the m­
trogressmg of resIstance genes mto agro­
nomically ehte hnes A number of useful
DNA markers for disease resIstance genes
have been Identified [for both smgle genes
and multiple locI (QTL)] for head smut,
anthracnose, downy mtldew, Acro­
momum WIlt, and ViruS dIsease (Oh et ai,
1993) U smg marker-assIsted selectIOn
(MAS) breedmg, It should be possIble to
precIsely and effectively transfer these re­
sIstance genes mto agronomically accept­
able cultlvars ThIs techmque has major
advantages IfresIstance IS governed poly­
gemcally, the pathogen IS highly variable,
and multiple resIstance genes need to be
transferred For example, there are three
known pathotypes of sorghum downy
mIldew present m Texas Sorghum cultI­
vars must be resistant to all three m areas
where the disease IS present To effec­
tively reduce the shIft from one pathotype
to another, It IS Important to mtroduce
more than one gene at a time to control the
dIsease Genetic markers are reqmred for
taggmg the dIfferent genes for resIstance
ThIS represents a practical method of
pyramIdmg resistance genes

TransformatIOn

Transformation of sorghum has been
demonstrated usmg both mechamcal and
bIOlogIcal methods (for detaIls refer to R
Smith et al , elsewhere m these Proceed­
mgs) However, very httle has been done
With sorghum transformation at thiS tIme

Integrated Disease Management

The pnnciple of mtegrated crop man­
agement IS to conserve, protect, and en­
hance good sorghum germplasm as well
as that of other crops In many respects,
disease management has stressed mtegra­
tIon, but It was based on management of
host resistance genes rather than pesti­
CIdes With the advent of the microchip
and advances m satelhte technologieS, de­
velopment of precise crop management
systems IS even more feasIble than before
The ratIOnal reasons for crop management
must be tempered to ensure both a reason­
able quantity of productIOn and steward­
ship of resources

Sorghum IS rarely grown m IsolatIOn
In developmg countnes It IS frequently
grown as a mIxture of landrace cultIvars
mtercropped With other commodIties In
western agriculture, large umform fields
ofhybnds may be remarkably productive,
but even under these conditIOns other ag­
ncultural commodities may be grown
Management of dIseases and other pests
of sorghum reqmres an mtimate knowl­
edge of the agro-ecosytem m which the
host IS grown Consequently, agrIcultural
programs and pohcles must be directed
toward the most responsible practIces that
support or protect the environment and
bIodIversIty Currently, programs to de­
velop mtegrated crop management proto­
cols are bemg developed m many agricul­
tural settmgs (Teng and Pennmg de Fnes,
1992)

The general pnncipies of samtatlon,
reSIdue management, sOll fertIlity man­
agement, crop rotation, mlxed-croppmg,
etc should be followed to reduce the m­
ItIal moculum threshold, spread of secon-

311



dary moculum 10 a crop, and dlssemma­
tlOn of moculum either as seed borne or
seed contammants These applications
are, however, location and productIOn
system-specific and need to be developed
and followed accordmgly It would be
best to mclude disease management meth­
ods as part of an mtegrated crop manage­
ment system, thus reqUlnng a hohstlc ap­
proach to longer term sustamable agricul­
ture

Focus for the Future

GenetIc CharacterizatIOn ofReSIstance

Large numbers of sorghum hnes are
reported to be resistant to one or more
diseases, but very httle mformatlon IS
avadable on the specific genes that con­
tnbute the resistance Efforts should shift
from Identrfymg more sources of resIs­
tance to charactenzmg the available
sources for proper utlhzatlOn Molecular
techniques should be used to more reh­
ably Identify markers and transfer them to
usefUl backgrounds

EffectIve Momtormg System

Every year a number of cultlvars are
released, but very few become popular
With farmers and growers A method to
momtor cultlVar performance at the farm
level for disease reactIOn must be devel­
oped The resultmg mformatlOn would
provide gUidance for the development and
deployment ofnew cultlvars Often, con­
ditions for evaluatIOn and momtonng at
research statIOns are qUite different from
the real world conditIOns 10 farmers'
fields Currently there IS no known effec­
tive method for managmg such a momtor­
109 network at the global level Such a
momtonng system, however, would pro-
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Vide mformatlon on both cultlvar per­
formance and development of new Viru­
lent pathogen populatIOns

Controlled EnVIronment FacIlitIes

To enhance gams from the resistance
breedmg process, effective and rapid
screemng methods are essential Mass
screemng ofsegregatmg breedmg maten­
als can be effectively done on pot-grown
seedhngs 10 a greenhouse ThiS method
often IS not employed m developmg coun­
tries due to the lack offinancml resources
Field screemngs augmented With artifiCial
moculatlOn and lITIgatIOn also often suffer
from madequate fUndmg Results from
natural field screens are often mconslstent
due to vanable moculum pressure and
unfavorable environmental conditions for
mfectlOn and disease development It IS
essential, therefore, that controlled envI­
ronment faclhtles be created m each coun­
try for use 10 resistance breedmg

InternatIOnal CooperatIOn

Collaborative mternatlonal nursenes
and trials have been very usefUl, m that
these have prOVided opportumtles to SCI­
entists to examme the performance ofma­
tenals at their respective locatIOns and
select the most deSirable ones for the re­
gIOn ICRISAT and INTSORMIL have
promoted mternatlOnal cooperatIOn well,
but fUrther Improvement IS always POSSI­
ble SpeCial work109 groups should be
created to tackle regIOnally or globally
Important disease problems
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Taggmg Sorghum Genes for Disease Resistance:
ExpectatIOns and RealIty

C W MagIll*,K Boora, R Sumtha Kuman, JaIro OSOrIO, B J Oh,
B Gowda, Yunxmg CUI, and Richard FrederIksen

Abstract

RAPD analysIs has proven to be effective m ldentifymg DNA polymorphlsms lmked
to specific genes that affect resistance to fungal pathogens Bulked segregant analysIs
ofresistant and susceptible F2progeny ofcrosses between selectedparents has readzly
Identifiedmarkers lmked to genes that control resistance to SIX differentfungl However
placmg the RAPD markers that segregate m crosses between resistant and susceptible
parents onto a high density RFLP map that IS already avazlable thus ldentifymg
potentially closer markers or markers that flank the resistance gene has turned out to
be more difficult than expected The mam problem has been that these same markers do
not segregate m the cross that was usedfor makmg the RFLP map (BTx623 x IS 3620C)
Fazlure to detect differences m the mappmgparents was anticipated when the orlgmal
RAPD przmer was usedfor PCR, but not when pairs oflonger przmers (SCARS) based
on the sequence ofthe cloned RAPDfragments were used or when the RAPD fragment
Itselfwas used as an RFLP probe OfvarIOus methodsfor clrcumventmg thiS problem,
the ablZzty to Identify BAC clones that mclude the tagged sequence seems mostpromls­
mg

In additIOn, heterologous probes for a number ofgenes that functIOn m host defense
agamst pathogen attack have been mapped and studies oftheir role m sorghum have
begun As more genes become tagged, we antiCipate that breeders Will be able to take
advantage of commercially avazlable automated services to Identify progeny With
deSirable combmatlOns ofresistance alleles, and thus to create varzetles With relatively
stable resistance to multiple diseases (gene stackmg) Taggmg and the avazlabllzty of
the BAC lzbrary and saturated RFLP map Will hasten the IsolatIOn and functIOnal
analySIS ofresistance genes not only makmg them available for direct use m genetic
engmeermg, but also leadmg to novel approaches for mducmg resistance

Taggmg ReSistance Genes Via RFLPs

Some years ago, soon after we mitIated
collaboratIve efforts to establIsh a sor-

C W MagIll K Boora, R Sumtha Kuman Ja"o Osono B J Oh B Gowda,
Yunxmg CUI and RIchard Frederiksen Depamnent of Plant Pathology and
MIcrobIOlogy Texas Agricultural Expenment Statton Texas A&M Umver
S1ty College Stabon TX 77843 'Correspondmg author
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ghum RFLP map, we began to search for
tags to IdentIfy genes that were known to
confer reSIstance to speCIfic pathogens of
sorghum ImtIally, we chose clones from
Imkage groups as they were bemg estab­
lIshed, and used them to test for RFLPs
that co-segregated WIth dIsease reSIS­
tance Crosses between selected susceptI­
ble and reSIstant parents were made so that



lmkage between RFLP markers and dIS­
ease response could be establIshed m the
F2 progeny ThIS entaIls a great deal of
work smce a complete set ofRFLP probes
and many restnctIOn enzymes may be re­
qUired m order to detect lmkage for each
cross A more senous problem IS that
mappmg by DNA hybndIzatIOn reqUires
large amounts of DNA for each of the F2

plants for restnctIOn and blottmg wIth a
varIety of endonucleases

WhIle these problems can be managed,
an unexpected problem also arose as soon
as we trIed to use RFLP markers IdentI­
fied from the mappmg cross wIth other
crosses The problem, whIch has been de­
scnbed by Oh et al (1996), was thIS F2

progeny of a R x S cross between SC325
(resIstant to sorghum downy mIldew
pathotypes I and 3) and RTx7078 (sus­
ceptible) segregated very nIcely mto ra­
tIOS showmg that a dommant allele of a
smgle gene controlled dIsease resIstance
(dIsease reactIOns ofthe F2 were scored on
F3 progeny) RFLP markers, detected by
random genomIc clones pSbTx552 and
pSbTx361, showed lInkage at 5 and 79
UnIts, respectIvely

Unfortunately, the former marker was
not mcluded on the Rl (recombmant m­
bred) map, smce It dId not produce readily
scored polymorphlsms WIth the standard
enzymes used The latter probe hybnd­
ized to three dIfferent EeoR! fragments,
all of whIch are polymorphIC and have
been mapped to locatIons on three dIffer­
ent chromosomes In the R x S cross, 3
sets ofpolymorphlsms also were detected,
but WIth EeoRV dIgests, and It was not
pOSSIble to deCIpher whIch of the bands
corresponded to those used m mappmg

Attempts to use markers lInked to each
of the polymorphIc SItes m the mappmg

cross also were futile, markers that
mapped close to the pSbTx361 markers
on the RFLP map were monomorphIc m
the R x S cross Only a marker that was
almost 30 map UnIts from the nearest
pSbTx361 allele m the mappmg cross
could be used, and It dId not show lInkage
to reSIstance The strong hybndIzatIOn of
probe pSbTx361 to SItes on three dIfferent
chromosomes and the apparent change m
lInkage relatIOnshIps relatIve to other
RFLP probes when tested on dIfferent
cultIvars suggest the pOSSIbIlIty that the
DNA fragment m pSbTx361 may be
cloned from a mobile element From thIS
expenence, we learned to prefer for map­
pmg clones that detect unIque sequences

Taggmg ReSIstance Genes Via RAPDs

The next approach we used has proven
to be qUite successful m locatmg tags that
segregate WIth genes for reSIstance, but
has not greatly Improved our abIlIty to
find nearby flankmg markers ThIS ap­
proach, the use of RAPD markers for
bulked segregant analySIS, has been used
for smgle genes segregatmg for reSIstance
to downy mIldew, sorghum head smut,
anthracnose, and leaf blIght, It also has
been used to tag a gene for gram mold
reSIstance Bnef accounts of some of the
more mterestmg observatIOns follow

Downy MIldew ReSIstance In SC414
(Gowda et aL, 1995)

PrevIOUS crosses between SC414 and
RTx7078, showmg that a smgle dommant
gene controls reSIstance to Peronos­
clerospora sorghl, were confirmed when
18 of 74 F2 progeny were susceptIble
DNA from the parents and bulks of five
to seven of the susceptible F2s were am­
plIfied usmg 674 dIfferent RAPD pnm­
ers, 237 of whIch revealed dIfferences m
the parents Of these, only two, PAL1360
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and OPQ8slO showed bands that were
umque to the resIstant parent but absent m
the susceptIble bulks However, when m­
dividuais m the bulks were tested smgly,
recombmants could be detected Our re­
sults usmg standard RAPD protocols
showed that If DNA from one heterozy­
gous plant IS mcluded m a five-plant bulk
(thIS corresponds to ten map umts), no
VIsIble bands or very famt bands may
result

Smce our purpose was merely to Iden­
tl:fy RAPD lOCI lInked to the target gene
to use for mappmg - and thus to Identify
other markers that may be more closely
lInked - IdentIfication ofmarkers wlthm
ten map umts was consIdered acceptable
Unfortunately, although both ofthe lInked
RAPD bands were cloned and used as
hybrIdIzatIon probes, no polymorphisms
were seen WIth any of the five enzymes
for whIch blots were aVailable for the
mappmg cross Furthermore, when longer
prImers extendmg mto the sequence ofthe
cloned fragments (Sequence Charac­
terIzed AmplIfied RegIOns, or SCARS)
were made (Maisonneuve et al , 1994), no
PCR polymorphlsms were detected be­
tween the mappmg parents, and even the
dlstmct polymorphIsm seen WIth the
RAPD prImers dIsappeared In hmdsight,
thIS should have been expected, smce the
most CrItical regIon ofthe prImer for bmd­
mg and extenSIOn durmg amplIficatIOn IS
the 3' end, and the mIsmatch gIvmg rIse
to the RAPD fragment was now m the 5'
half of the extended prImer, whIch IS less
CrItical

Anthracnose ReSistance In SC326-6

One hundred fifteen F2 progeny of a
cross between BTx623 (susceptible) and
SC326-6 (resIstant) were grown m the
field and moculated WIth approxImately
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106
comdm of Colletotrlchum gramml­

cola Only 34 were scored as reSIstant on
the baSIS offailure to produce sporulatmg
leSIons Twenty progeny from each ofthe
F2s were then tested m the greenhouse, 20
reSIstants produced only reSIstant prog­
eny, whIle the 81 susceptIbles produced
eIther all susceptible (30 plants) or a few
reSIstant progeny These data show that
reSIstance m SC326-6 IS mherIted as a
smgle gene receSSIve condItion, and thus
dIffers from any preVIOusly deSCrIbed
genes for anthracnose reSIstance

Altogether, 1,271 dlstmct bands were
amplIfied from 300 RAPD prImers (Op­
eron®) At least one band from 166 ofthe
prImers was mlssmg or dIfferent m SIze m
compansons between BTx623 and
SC326-6 Three of the prImers that
showed dIfferences m the parents gave the
same polymorphlsms m bulks of DNA
from homozygous reSIstant (ss) or suscep­
tible (SS) F2 progeny PrImers OPF7 and
OPL4 resulted m a band present m
SC326-6 and the reSIstant bulks, but ab­
sent m susceptIbles OPK16 amplIfies a
band that segregates WIth the susceptIbles,
but whIch also was found m four ofthe 20
reSIstants when mdlvlduals were tested
The OPL4 fragment has been used as an
RFLP probe and Identifies a BamHI frag­
ment that seems to be closely Imked to the
receSSIve allele for reSIstance, whIch
therefore could be of great value m the
IdentIficatIOn of heterozygotes A survey
blot of the parents dIgested WIth the five
standard (low cost) restrIctIon enzymes
dId not reveal useful polymorphisms for
mappmg on the avaIlable recombmant m­
bred mappmg populatIOn

LeafBlight ReSIStance In SC326-6

The same cultIvar that IS reSIstant to
anthracnose IS also reSIstant to leaf blIght



caused by Exerohllum turcicum As be­
fore, the 115 F2 plants were grown m the
field and scored at three ten-day mtervals
followmg moculatIOn Plants whIch de­
veloped sporulatmg lesIOns were scored
as susceptIble, and agam the evaluatIOns
were verIfied by greenhouse moculatIOns
on 20 F3 seedlIngs from each F2 In thIs
case, 29 F2s were susceptIble, and 86 were
resIstant, only 26 of the latter seemed to
be homozygous as determmed from prog­
eny tests These data show that a smgle
dommant gene accounts for the leafblIght
resIstance m SC326-6 versus BTx623

For leaf blIght, only one of the 166
prImers that gave dIfferent amplIficatIon
products m the parents also showed the
same dIfference m the bulks (2 /lg ofDNA
from each of the 29 susceptIbles or from
the 26 homozygous resIstants were com­
bmed to make the bulks) However, thIs
prImer, OPDI2, amplIfied a 329 bp band
m the resIstant parent and bulk, and a 270
bp product m the susceptibles, so It effec­
tIvely tagged both alleles

Both umque amphmers have been
cloned and sequenced Other than se­
quences Identical to the RAPD prImer
OPD12 at each end, they share no se­
quence homology, whIch IS somewhat of
a surpnse smce It was assumed they may
represent length polymorphlsms of the
same locus Attempts to use the cloned
fragment ofOPDI2R, whIch IS lInked m
couplIng phase to the reSIstance locus, to
locate the fragments on the RFLP map
have been frustratmg The OPD12Rclone
hybrIdIzes to multiple fragments when
used as a probe It detects at least mne
bands m EcoRI dIgested DNA from each
parent, none ofwhIch are polymorphIc It
hybrIdIzes to at least mne HmdIII frag­
ments, one of whIch gIves a very dark
band WIth DNA from SC326-6 and the

reSIstant bulk, but a lIght band from
BTx623 and the susceptible bulk The
same apparent "band-denSIty" HmdIII
polymorphIsm also IS seen when BTx623
IS compared to IS3620C, the other parent
m the mappmg cross However, It was
ImpossIble to confidently or relIably score
the 137 recombmant mbreds used for
mappmg based on lIght versus dark
autoradlOgraphIc spots

An attempt also was made to develop
SCAR prImers based on the base se­
quence of OPDl2R A forward 19-mer
pnmer and a reverse 18-mer pnmer
matchmg the mternal bases of the cloned
fragment were made PCR usmg these
prImers amplIfied the expected band m
the reSIstant parent and bulk, It dId not
amplIfy a band m the susceptIble parent
BTx623, but dId produce a lIghtly vIsIble
band m the susceptIble bulk When DNA
from each plant used to make the bulk was
amplIfied WIth the SCAR pnmers, five of
the 29 produced a band Assummg that
these five plants are heterozygous, eVI­
dence for five recombmants m 58 gametes
suggests a map dIstance of eIght to nme
cM, and demonstrates why locatmg closer
markers IS Important

Smce the SCAR pnmers do not am­
plIfy DNA from BTx623, whIch IS one of
the mappmg parents, they also were tested
With the other parent, IS3620C, and the
same sIzed band was amplIfied SurprIS­
mgly, when DNA from the 137 RI prog­
eny was the target for PCR amplIficatIOn,
all but one, whIch appears to be a "drop­
out," gave the band Smce IS3620C was
the maternal parent of the ongmal map­
pmg cross, the most logIcal explanation IS
that the band IS derIved from organelle
DNA and IS maternally Inhented ThIS
explanatIOn raIsesJust as large a questIon,
however m that case, the DNA fragment
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would be located III the nucleus of one
cuitivar but III the cytoplasm of another'
Even though the ends and the SIzes ofthe
fragments amplified from SC326-6 and
IS3620C are the same, It WIll stIll be cntI­
cal to venfy that the sequences are truly
the same

A thIrd approach for locatmg the gene
tagged by the OPD12 fragments seems
more promlsmg Smce the smaller
OPDl2S fragment IS amplified only m
BTx623, It was used as a hybndlzatIOn
probe on filters contammg a bactenal ar­
tIfiCIal chromosome (BAC) library, also
constructed from BTx623 and made
avaIlable by Dr Rod Wmg, then m our
Center for Crop BIOtechnology (Woo et
ai, 1994) These BAC clones contam an
average of 157 kB, appear to be qUIte
stable, and are easy to manIpulate

Robot-prepared fIlters contammg
DNA from over 1300 clones were hybnd­
Ized to OPD12S As expected from the
multIple banded pattern seen on restnc­
tIOn dIgests, several pOSItIves were Iden­
tIfied (15 clear twm-spots on the autora­
dIOgraphs) The correspondmg BAC cul­
tures were grown and the extracted
BAC-DNA was subjected to RAPD-PCR
USIng prtmer OPD12 Only BAC
#C26H18 gave the 270 bp RAPD band
expected for the locus hnked to leafbhght
reSIstance PrelImmary tests usmg the
BAC as a hybndizatIOn probe show sev­
eral polymorphlsms that dIfferentIate the
reSIstant and susceptIble parents and
bulks, WhICh should allow accurate map­
pmg In thIS case OPD12S has been
mapped to hnkage group H m the order
umc18-1 5-DI2S-3 0-txs645 1 In addI­
tIon, our colleagues JIm Pnce and Dave
Stelly have developed a method for m sztu
hybrIdIzatIOn usmg the BACs, whIch IS
bemg used to mtegrate the phySIcal and
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genetIc maps of sorghum Once a BAC
has been mapped, nearby BACs can be
IdentIfied by hybndizatIon to prevIously
mapped RFLP markers, greatly SImplIfy­
mg the processes ofwalkmg to and clon­
mg specIfic genes for reSIstance

Head Smut ReSIstance In BTx635

Molecular tags to track reSIstance
genes for head smut, caused by SP0rlS­
ormm rezhanum, would be especIally use­
ful Because symptoms do not usually
appear untIl the tIme of headmg, extra
tIme, work, and field or greenhouse space
must be dedIcated to the breedmg pro­
gram In addItIOn, It IS not at all unusual
to have a 30% or greater rate ofescape, so
that susceptIble hnes may be madver­
tently carrIed forward BTx635 has been
determmed to have two dIfferent forms of
reSIstance One form, referred to as mer­
Istematlc reSIstance, IS effectIve even If
spores are mJected mto seedlIngs, whIle
the non-menstematlc form seems to pre­
vent ImtIal penetratIOn by the fungus, but
IS bypassed by IllJectIon Based on F3

progeny tests of 190 F2s of a cross be­
tween BTx635 and B3, a completely sus­
ceptIble vanety, menstematIc reSIstance
IS mhented as a smgle gene recessIve traIt
(At least 12 F3s were scored per F2, Ifnone
developed head smut, the F2 was conSId­
ered to be homozygous reSIstant On thIS
baSIS, 50 ofthe 190 progeny were reSIstant
and 140 were susceptIble)

RAPD analysIs usmg a bulk of ten re­
SIstant mdlvlduals revealed a band WIth
one pnmer that was hnked at approXI­
mately ten map umts In a follow up ex­
penment, a new bulk was made from
those plants that mcluded both the RAPD
and reSIstant phenotypes AFLP analysIs
(Prabhu and Gresshoff, 1994) based on
these plants has subsequently revealed



two bands whIch seem to be closely lmked
to resIstance (no recombmants m 60 prog­
eny) In addItIon, after ehmmatmg the
plants that show menstematIc resIstance,
It has been possIble to Identrfy a RAPD
marker hnked to the non-menstematIc
form of resIstance, whIch also segregates
as a smgle gene, but m thIS case resIstance
IS dommant ThIS form of resIstance pre­
sents an even greater problem of escapes
No attempts have been made as yet to
place any of the RAPD or AFLP tags on
theRFLP map

Gram Mold Resistance m Sureiio

Gram mold IS probably a more senous
problem m sorghum than m other crops
because the gram IS exposed to the enVI­
ronment dunng maturatIon and drymg
Losses are generally the result ofdeteno­
ratIon m food quahty rather than accumu­
latIon of mycotoxms Although the pres­
ence of many dIfferent fungI can make
gram mold dIfficult to control, the pn­
mary problems seen m our studIes arIse
from Fusarium momliforme and Curvu­
larla lunata

Many dIfferent host factors that can
affect losses have been IdentIfied, mclud­
mg the types and levels of tannms and
polyphenols m the seed, enzymes, such as
chltInases and j3-glucanases, nbosome­
mhibItIng protems, and protems such as
sonnatm that alter the penneablhty of
fungal membranes In addItIon, Dr Ku­
marl has IdentIfied three other fungal m­
hlbltmg protems and demonstrated that
gram hardness, whIch IS dIrectly propor­
tIonal to prolamme content, IS a major
factor m mold resIstance (Kumarl and
Chandrashekar, 1994a, b)

There are also great vanetal dIfferences
m relatIve resIstance For example, less
than 15% of surface-stenhzed grams of

the cultIvar Surefio typIcally become m­
fected wIth F momliforme, whtle wIth the
same treatment, 68% of SC-120 seeds
become mfected Taken together, these
observatIOns suggested that resIstance to
gram mold was hkely to be mhented as a
quantItatIve traIt, so a QTL approach to
IdentIfy and tag useful genes was fol­
lowed Seed from 143 selfed F2 plants
from a cross between Surefio and SC-120
were collected, 200 were used for In VItro
tests of resIstance to FusarIum, 30 were
used for hardness tests, and 30 more were
grown for DNA extractIOn One bulk m­
cluded the 2I F2S IdentIfied as bemg most
susceptIble, and the other mcluded 16 F2s
wIth low susceptIbIhty to gram mold

From more than 700 Operon and UBC
RAPD pnmers screened, 264 revealed
one or more polymorphlsms between the
parents, five of these also showed clear
dIfferences m the bulks Two ofthe pnm­
ers IdentIfied bands that clearly segre­
gated m the two categones when tested
WIth each of the mdlVlduals m the bulks
Three bands amphfied by OPN-5 were
found m all but one of the resIstant prog­
eny and m none ofthe susceptIbles, OPA­
12 amphfied a band mall ofthe resIstants
but m none of the 14 susceptlbles for
whIch common bands were amphfied

Other dIfferences seen m the bulks
seemed to show hnkage wIth factors af­
fectmg resIstance, but more recombmants
were ObVIOUS when mdIviduals were
tested The three RAPD fragments from
OPN-5 and the one amphfied by OPA-12
have been cloned and used as RFLP hy­
bndizatwo probes Though three of the
four dId not reveal polymorphlsms wIth
DNA from the mappmg parents, clone
OPN-5-1R dId, and It was mapped be­
tween ISU 94 and ume88 2 on hnkage
group B A summary of the gene taggmg
results IS presented m Table 1
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Mappmg Defense Response Genes

We are part of a team of sorghum re­
searchers headed by Gary Hart and John
Mullet that has created an RFLP map for
sorghum The current map IS based on a
populatIon of 140 recombmant mbreds,
WhICh means that seed can be dIspensed
and others can use the same mappmg
populatIon The map now has over 280
markers on the ten hnkage groups Clones
of defense response genes from other
hosts have been generously provIded by
other researchers for use m mappmg A
summary of the mappmg mformatlOn IS
shown m Table 2

Zeamatm IS a protem that perme­
abIhzes fungal membranes (Darnetty et
aI, 1993, Vigers et aI, 1991) The maIze
protem IS related to osmotms, WhICh are
expressed m hIgh levels m seeds of sev-

eral specIes It was not surpnsmg that the
maIze zeamatm clone hybndized well to
sorghum, especIally smce sorghum stores
a sImIlar protem (sormatm) 10 the seed It
was a httle surpnsmg that pathogenesIs­
related protem P-23 from tomato also hy­
bndized qUite well and detected polymor­
phisms wIth almost every enzyme tested
on the mappmg parents P-23 also IS a
thaumatm-hke protem, or an "osmotm,"
and thus IS m the same class ofprotems as
zeamatm A BLAST (Altshul et al , 1990)
search shows a small stretch of27 sImIlar
ammo aCIds (of233), but these are clearly
dIfferent genes that are detected PRlb, a
barley cDNA clone from a gene actIvated
after moculatIOn WIth downy mIldew, also
hybndized well

Although there are known PR protems
m many other plant specIes WIth sequence
homology, no speCIfic functIOn for these

Table 1 Summary ofresistance genes for which hnked markers have been Identdied
Disease Source ofreslstance Tag Reference
DownymJldew SC414 RAPD PALI360 13 5cM* Gowda et al 1995

BTx6231
RAPD OPQ8S1o 95cM*

Downy mildew RFLP txslO53 12 cM Gowda et al 1995
RFLP IxsI092(2) 14 cM (LGC)

Downy mildew SC325 RFLP txs552 5 eM Oh et al 1996
RFLP txs361 (I 3?) 8 cM

Head smut SC325 RFLP txsl294 20 cM Oh et al 1994
RFLP txs560 9 cM (LGH)
RAPD OPGS 2 6 cM

Head smut BTx635 RAPD<2cM Osono Dlss (In Prep)
(2 genes) AFLP<20 cM

Leafbhght SC3266 RAPD OPDI2S2 5 8 cM Boora et al (In Prep)
RAPD OPDl2R* 58 cM

Anthracnose SC3266 RAPD OPF7(R)*<3cM Boora et al (In Prep)
RAPD OPL4 (R)3 <3 eM
RAPD OPKI6 (S)* -6 cM

Gram mold Surefto RAPD OPAI2* <3 eM Sumtha Kumarl et al
RAPD OPN5 (R)4 <3 cM (In Prep)
RAPD OPN5 (S)* <3 cM

Acremomum wilt IS 3620C RFLP txsl225 20cM (LGA) Oh et al 1993

ReSistant to pathotype I only
* No segregation detected usmg clone as an RFLP probe on mappmg parents
2 Mapped to LG H between umc18 and txs645 I
3 Clone also serves as RFLP marker for recesSI\'e resistance allele
4 Maps between Isu94 and ume88 2 on LG B
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protems has been defmed (Muradov et al ,
1993) A clone for a protem that mhibits
translatIOn on eukaryotic nbosomes (nbo­
some mhibItmg protem, or RIP) (Walsh et
aI, 1991) , representmg one ofat least two
known types of RIPs m maIze, was
mapped, as was a maize chitmase (Huynh
et ai, 1992) Both of these map between
the same two genes on the same chromo­
some, although the RFLPs detected dIffer
and there IS no sequence homology be­
tween them

Some work has been done to IdentIfy
genes and pathways that are actIvated m
sorghum m response to fungal pathogens
For example, Dr Cm has exammed the
pathogen-mduced mductIOn of mRNA
synthesIs for chalcone synthase and
phenylalamne-ammoma lyase, two genes
m the pathway that leads to flavonOlds
wIth antIfungal propertIes m sorghum
(NIcholson et aI, 1987, Snyder and
NIcholson, 1990) He has shown that both
messages are mduced by exposure to a
maIze pathogen (Bzpolarzs maydzs), and,
m the case ofdowny mildew, exposure to
P sorghz leads to a sIgnIficantly greater
mcrease m resIstant vanetIes than m
susceptIbles While such responses may
provIde a baSIS for resIstance, they are
consIdered to be downstream events from
the recogmtIOn of the pathogen by the
host, so are not consIdered to be dIrect
candIdates for resIstance genes DIffer­
ences m the speed, level, or duratIon ofthe

responses, however, may be Important m
"field resIstance" or tolerance to dIsease,
whIch may prOVIde a more durable or
stable form of dIsease management than
IS often seen m a smgle gene resIstance
system

In an unexpected observatIOn, one of
the RAPDs that shows lInkage to gram
mold resIstance also seemed to show
mRNA mductIOn m Fusarzum-treated
leaves The clone does have a 300 base
sequence at the 5' end that IS an open
readmg frame followed by two stops, so
It could be the end of a defense response
protem Sequence compansons usmg the
open readmg frame dId not reveal any
homology to deposIted DNA or protem
sequences We should be able to take ad­
vantage of the BAC lIbrary to determme
If the RAPD IS actually part of a defense
response protem as the data seem to sug­
gest

Where Is ThiS Research Leadmg?

The most ObVIOUS use, and mdeed the
whole reason for attemptmg to tag genes
for dIsease resIstance, IS the pOSSibilIty of
marker-assIsted selectIOn to combme or
"stack" resIstance genes Just as Important
as the abIlIty to create new cultIvars that
combme genes for resIstance to multIple
pathogens IS the abIlIty to combme dIffer­
ent genes for reSIstance to the same patho­
gen If mdependent lOCI, each of whIch
condItIOns reSIstance to the same patho­
gen, can be IdentIfied (thIS IS one of the

Table 2 Map locatIOns of known defense response genes
Cloned Gene LG Between Markers
Pro RIP A umc1243 & ume83
chltmase A umc1243 & ume83
PR-Ib B umc149 2 & umc122
zeamatm B txs1164 & txs1075 2
Pal I H txs2068 & txs1379
P 23 H txsl64 & d3

Source of clone (donor)
mlllze (T Hey DowEianco)
mlllze (Q K Huynh Monsanto)
barley (K J Scott)
mlllze (C P Sdltrenmkoff)
sorghum (Y CUI)
tomato (I Rodrigo)
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side advantages of mappIng each locus,
those that map to different posItIons can't
be alleles), crosses can be made, and F2
progeny that Include at least one resIs­
tance allele for both genes can be IdentI­
fied from the DNA In a small, non-de­
structIve tIssue segment EIther allele­
specific pnmers for multiplex PCR or
allele-specific olIgonucleotIde probes can
be deSIgned for use In semI- or fully-auto­
mated eqUIpment and readers EqUIpment
and deSigns such as SSCP (SIngle strand
conformatIOnal polymorphism) and
allele-specIfic PCRpnmers already In use
to detect POInt mutatIOns In human ge­
netIC defects (such as cystIc fibroSIS and
muscular dystrophy) should be readIly
adaptable DuPont already has a robOtIC
workstatIOn for extractIng DNA from
multIple leaf samples

It IS difficult to predIct the pnce per
sample that wIll evolve, assumIng that
market competItIOn develops However,
when compared to the compleXIty and
tIme reqUIred In tryIng to combIne Just
two genes for reSIstance to the same
pathogen by claSSical breedIng methods,
which may reqUIre a backcross to two
different recessive testers after each gen­
eratIOn of backcrossmg or selfmg,
marker-aSSIsted selectIOn wIll be eco­
nomIcally feaSIble

The aVailabilIty ofthe BAC lIbrary, the
RFLP map, and the aSSOCiated probes that
IdentIfy lOCI throughout all 10 sorghum
chromosomes Will have a dramatIc Impact
on IdentIfyIng and clonIng genes of agro­
nomic Importance As mdicated pre­
VIOusly, Pnce and Stelly and theIr stu­
dents have already shown that BACs can
be IdentIfied by hybndlzatIon to a clone
used In RFLP mappIng, thIS means It wIll
be pOSSIble to bracket resistance genes
based both on mappIng mformatlOn and

324

phYSical locatIOn Once a disease resIs­
tance marker IS assocIated WIth a BAC,
the problems we have expenenced In find­
Ing the lInkage group and nearby markers
should be elImInated Further, smce the
neIghborIng RFLP markers can then be
used to IdentIfy other nearby BACs, a
tremendous head start toward pOSItIonal
clonIng WIll be realIzed Such a system IS
already provIng ItS worth m ArabldopslS,
where complete sets of overlappIng BAC
clones are now aVailable for some chro­
mosomes

Recent observatIons IndICate that gene
orders on monocot chromosomes tend to
be conserved and that there IS often suffi­
CIent base sequence conservatIon among
the 14 or so reSIstance genes that have
already been cloned to permit cross-spe­
CIes PCR pnmers or hybndizatlOn probes
to be used to IdentIfy eqUIvalent genes In
dIfferent speCIes These observatIons sug­
gest that success In developIng hIghly spe­
Cific tags for dIsease reSIstance genes
should Improve at an exponential rate

As the genes are Isolated, we can antICI­
pate that sequence InformatIOn WIll pro­
Vide clues as to functIon, and that thIS
knowledge wIll lead to new concepts m
dIsease control For example, knowledge
of the molecular InteractIOns that permIt
pathogen recogmtlOn and of the Signal
transductIOn pathway component that
tnggers the defense response may make It
pOSSible to artIfiCially Induce resistance In
genetIcally susceptIble hosts However,
we antIcipate that the most valuable prod­
uct wIll be durable resistance made pOSSI­
ble by combInatIOns ofresistance genes In
hIgh-yieldIng, stress-resistant cultIvars
The resistance genes themselves wIll pro­
Vide the tags - allele-specific PCR pnm­
ers - that wIll permIt IdentIficatIOn of
recombInant progeny from seedlIng leaf



samples produced by classical breedmg
methods
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Breedmg for Gram Mold
Resistance m Sorghum

J W Stenhouse*,R Bandyopadhyay,
S D Smgh and V SubramanIan

Abstract

This paper reviews research on gram molds and describes the mCldence and extent
ofgram moldproblems m sorghum Techmques for breedmgfor gram mold resistance
mclude development ofscreemng methodologies, IdentificatIOn ofresistant germplasm
andresistance mechamsms, andresistance breedmg Limited Improvements m selectIOn
for gram moldresistance can be made through conventIOnal breedmgmethods bIOtech­
nologicalmethods offer consIderablepromIsefor thefuture andshouldreceIve research
prlOrlty

Gram molds have been defined as
"fungI that grow m or on seeds" (WIllIams
and McDonald, 1983) They affect sor­
ghum and pearl millet grown m warm and
wet conditIons between flowermg and
harvest (WIllIams and Rao, 1981, WIl­
lIams and McDonald, 1983) They are
much more Widespread m sorghum than
m millet because of the nature of the
growmg enVlfonments of the two crops

Gram molds m sorghum have been ex­
tensively reviewed (Forbes et ai, 1992,
WillIams and Rao, 1981) Theyarecaused
by non-specialIzed fungi of several gen­
era that are Widely dlstnbuted m nature
These mclude Fusarium, Curvularla,
Phoma, Alternaria, and CladosporlUm
species (Castor and Fredenksen, 1980,
Dems and Grrard, 1980, Rao and WIl­
lIams, 1980, WIllIams and Rao, 1981,
WIllIams and McDonald, 1983) In pearl

JW Stenhouse R Bandyopadhyay and S D Stngh ICRISAT Palan.hero
Andhra Pradesh 502 324 Ind.a V SubramanIan House No 6 1 285/8/1
Padmarannagar Secunderabad Andhra Pradesh 500 025 IndIa ·ColTe
spondtng Author
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millet, there are few reports ofmajor dam­
age due to gram molds, but many fungi
have been Isolated from pearl millet gram
The most frequently reported genera are
HelmmthosporlUm and Curvularla (WIl­
lIams and McDonald, 1983)

The problem of gram molds IS encoun­
tered throughout the humid tropical and
subtropical regions It IS particularly se­
vere m areas where Improved, short- and
medIUm-duratIOn cultlvars that mature
before the end of the rams have been
adopted (Bandyopadhyay et ai, 1988,
WillIams and McDonald, 1983) Under
these conditIons, harvested gram yields
are often reduced, but more slgmficantly,
gram qualIty IS adversely affected (Rao et
ai, 1980, WillIams and Rao, 1980) The
phYSical effects ofmolds on the gram may
mclude discolored pencarp, softened and
chalky endosperm, decreased gram size
and denSity, sproutmg, presence ofmyco­
toxms, and altered composItIon ofpheno­
hc compounds (Wanlska et ai, 1992)
Gram molds are most common and severe
on whlte-gramed sorghum and have re-



portedly restricted adoption of Improved
sorghum cultlvars m Afnca (Mukuru,
1992)

Major efforts to breed for mold resIs­
tance m sorghum have resulted m slgmfi­
cant progress, but gram molds remam a
major constramt to sorghum production m
much ofIndIa, Africa, Latm Amenca, and
the U S Annual global losses to gram
molds have been estimated at $130 mil­
hon (ICRISAT, 1992) Much less work
has been carned out on gram molds of
pearl mlliet and no rehable estimates of
damage are avallable

ThiS paper summarizes the current Situ­
atiOn m breedmg for resistance to gram
molds and attempts to evaluate future
prospects ofsuch breedmg efforts It con­
centrates on resistance m whlte-gramed
sorghum, because effective mechamsms
for resistance are already avallable m
brown- and red-gramed sorghum

Screemng Methodologies

Several screemng techniques for gram
mold resistance have been developed and
tested (Wllhams and Rao, 1981, Ban­
dyopadhyay and Mughogho, 1988, Smgh
and Prasada Rao, 1993) The Simplest and
most common approach IS to evaluate test
matenals under natural mCIdence ofgram
mold m field condItions ThIS approach
remams WIdely used today, but IS unsatIS­
factory unless rams are frequent and pro­
longed throughout the flowenng and
gram-fillmg penod (Wllhams and Rao,
1981)

More strmgent techmques usmg spnn­
kler IrngatIon to mamtam high humIdIty
durmg the gram-filhng penod, With and

Without moculatiOn With comdlal-my­
cellal suspenSiOns, were developed at
Texas A&M (Castor, 1977) and ICRISAT
(Bandyopadhyay and Mughogho, 1988)
These techniques were shown to be reh­
able m dlscnmmatmg between suscepti­
ble and resistant genotypes over several
ramy seasons (Bandyopadhyay et ai,
1988) However, they were not successful
when ambient humidity and temperature
were low (Bandyopadhyay and Mug­
hogho, 1988) It was, therefore, ImpossI­
ble to test photopenod-sensltlve
germplasm that flowered later than the
first week ofSeptember at ICRISAT ASia
Center (lAC) usmg the Bandyopadhyay
and Mughogho (1988) techmque The
techniques also have been cntIclzed as too
severe, Imposmg a level of disease pres­
sure far higher than levels normally ob­
served m farmers' fields Recent work at
ICRISAT has developed a methodology
based on mlstmg technology that has been
effective m promotmg gram mold durmg
the dry season (Butler and Bandyopad­
hyay, 1991) Thlstechnlque,however,has
not been systematically apphed by ICRI­
SAT m germplasm screenmg or m breed­
mg programs for mold resistance because
ofthe high costs ofsettmg up the reqUIred
mlstmg systems A slmllar system has
been estabhshed and IS bemg used by
PiOneer HI-Bred Inc m the U S (M
Hood, 1995, personal commumcatlOn)

A baSIC reqUIrement ofany gram mold
reSIstance screenmg techmque IS that test
entries should be evaluated at the same
growth stage, and selectiOn practIced
wlthm groups of matenal WIth slmllar
matunty Bandyopadhyay and Mughogho
(1988) proposed that evaluation for resIs­
tance be carned out a constant 14 days
after phySiOlogIcal maturity Major envI-
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ronmental effects are clearly dIscernIble
m the mold ratmgs of hnes wIth dIfferent
matunty wIthm the same screemng nurs­
ery But wIthm the same matunty group,
rehable comparIsons of mold reactIons
can be made FaIlure to consIder matunty
classIficatIOn whIle screenmg leads to se­
lectIon of late-maturmg, mold-escapmg
matenal

A laboratory-based screenmg method
has been developed recently and used to
screen photopenod-sensItIve germplasm
that could not be rehably screened usmg
field screemng techmques (Smgh and
Prasada Rao, 1993) Surface-stenhzed
seed are dIp-moculated wIth spore 'iUS­
penSIon of a smgle or mIxed culture of
pathogens, and mcubated m petnplates
for approxImately five days before vIsual
ratmg for mold An advantage of thIS
method IS that resIstance to mdlVldual
pathogens can be IdentIfied separately
The same techmque has been used to test
Zerazera converSIon hnes and has IdentI­
fied 43 new sources of resIstance, among
WhIch four were hIghly resIstant (Smgh et
ai, 1995) Lmes IdentIfied as resIstant by
thIS method have been field-tested (fol­
lowmg short-day treatments to mduce
early flowermg m the photosensItIve
group) to confirm theIr reSIstance

Work on several aspects of the
epIdemIOlogy of sorghum gram molds
contmues at ICRISAT FIeld and labora­
tory studIes by pathologIsts and agroch­
matologIsts are attemptmg to define the
preCIse mOIsture and humIdIty reqUire­
ments for development of the dIfferent
gram mold fungI and the effects of mfec­
tIon at different stages of the gram devel­
opment process It IS hoped that thIS mfor­
matlon Will lead to refinement ofthe field
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screenmg methodologies to allow better
dlscnmmatlon between hnes WIth moder­
ate levels of resistance than IS currently
pOSSIble, and also to select more rehably
between mdlvldual plants m segregatmg
progemes

Sources of ReSistance

The problem of gram molds and the
search for reSIstance are relatively recent
phenomena, becommg Important only
from about 1970 (WIllIams and Rao,
1981) The first sources of reSIstance
IdentIfied were hnes showmg reduced
mold symptoms under natural field con­
ditIons (Grayet ai, 1971, Koteswara Rao
and Poornachandrudu, 1971) Sub­
sequently, many reports have IdentIfied
sources of reSIstance from dIfferent SItu­
atIOns and usmg different screenmg tech­
mques (Zummo, 1976, Glueck and
Rooney, 1976, Rao and WIlhams, 1977,
Rana et al , 1978, Castor and Fredenksen,
1980, Dems and GIrard, 1980, Glueck and
Rooney, 1980, Bandyopadhyay and Mug­
hogho, 1988, Prasada Rao et ai, 1995,
Smgh et al , 1995)

Later, systematIC screenmg of
germplasm Identified a large number of
accessions WIth hIgh levels of reSIstance
to gram molds (Bandyopadhyay et ai,
1988) In the same screenmg exerCise,
hnes that had been IdentIfied as reSIstant
under natural mfectIOn were found sus­
ceptIble to gram molds The maJonty of
the resistant germplasm hnes had a testa
and hIgh tannm levels A number of
Gumea hnes, however, lacked testa and
tannms, but remamed hIghly reSIstant
These hnes subsequently were used to
demonstrate that white-gramed sorghum
WIth hIgh levels of reSIstance to gram



molds could be developed (Mukuru,
1992) The same hnes have been used m
Improvement ofGumea sorghum atICRI­
SAT

Recently, new whIte-gramed sources
of reSIstance have been IdentIfied among
photopenod-sensItIve Gumea sorghum
germplasm m a hmIted screenmg exerCIse
(Prasada Rao et al , 1995) Further, Zeraz­
era hnes With reSIstance also have been
IdentIfied among conversIOn hnes from
ICRISAT (Smgh et ai, 1995) Both these
sets of new reSIstance sources have been
IdentIfied usmg m VItro screemng tech­

mques TheIr reSIstance has, however,
subsequently been confirmed m the field

ReSIstance Mechamsms

After reSIstant germplasm was IdentI­
fied, work on mechanIsms of resistance
rapIdly followed The hnk between high
tannm content and gram mold resistance
was qUIckly Identified (HarrIS and Burns,
1973) Work at the Texas AgrIcultural
Expenment StatIon IdentIfied endosperm
texture as contnbutmg to reSIstance to
moldmg, corneous endosperm types were
more reSIstant than those With floury en­
dosperm (Glueck et al , 1977, Glueck and
Rooney, 1980) Gram hardness was Iden­
tIfied as a mechamsm of reSIstance to
gram molds (Rana et ai, 1978, Jambu­
nathan et aI, 1992) Mold-reSIstant cultI­
vars have sIgmficantly harder gram than
mold-susceptIble cultlVars Other struc­
tural charactenstlcs of sorghum gram
contnbutmg to gram mold reSIstance m­
clude thm pencarp, thIck and contmuous
surface wax layer, and gram mtegrlty
(Glueck and Rooney, 1980)

The level of flavan-4-0Is was found to
be much higher m mature gram of mold­
reSIstant cultIvars than m mold-susceptI­
ble cultIvars (Jambunathan et ai, 1986)
and was shown to be at least twIce as hIgh
tlIroughout the gram development penod
(Jambunathanetal, 1990) Totalphenohc
content m gram also has been shown to be
conSIstently hIgher m reSIstant cultIvars
than susceptIble ones (Hahn and Rooney,
1986, Mansuetus et ai, 1988) A search
for polyphenols m gram that showed ma­
Jor dIfferences m concentratIons m reSIS­
tant and susceptible whIte-gramed cultI­
vars has faIled to IdentIfY any that could
form the baSIS for selectIOn for reSIstance

In studIes of multIple gram traIts that
contribute to gram mold reSistance, the
presence of a testa has been shown to be
the smgle most Important traIt conferrmg
gram mold reSIstance (Esele et al , 1993)
Red pIgmentatIOn of the pencarp also
confers reSIstance, but to a lesser extent
Both these mechanIsms of reSIstance are
found only m pIgmented sorghum, how­
ever, and are unSUItable for use m breed­
mg food quahty sorghum for gram mold
reSIstance

Pamcle and glume traIts have been
shown to affect gram mold These mclude
open pamcle and long glumes, both of
WhICh are reported to reduce gram mold
mCIdence (Glueck et aI, 1977) Gram
mold also has been shown to be negatIvely
correlated WIth glume cover, length, and
area (Mansuetus et ai, 1990) Phenohc
compounds m the glumes have been
shown to afford some protectIOn from
gram molds (Mansuetus et ai, 1988) Re­
SIstant cultlvars also respond more
qUIckly than susceptIble ones to fungal
mvaslOn when levels of phenohc com-
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pounds m theIr glumes are mcreased
(Wamska et ai, 1992)

Recently, antI-fungal protems have
been Identtfied m sorghum grams and ap­
pear to playa role m protectmg the gram
from fungal attack RapId gram filhng
also seems to result m resIstance to gram
molds (Smgh et al , 1995)

ResIstance Breedmg

The first whlte-gramed sorghums Iden­
ttfied WIth resIstance to gram molds under
natural field mfectIOn mcluded a number
of derIvattves of Zerazera germplasm
from Sudan and EthIOpIa These were
used extensIvely m breedmg for gram
mold resIstance m India and at ICRlSAT
and have produced many agronomIcally
desIrable hIgh-yleldmg progemes The
fact that derIvattves of thIS materIal are
clearly superIor m reslstmg gram molds to
earher whlte-gramed VarIetIes and hy­
brtds (e g, CSH 1 m IndIa) testtfies to
theIr mherent tolerance However, varle­
ttes and hybrIds based on thIS materIal
also are the ones that contmue to be af­
fected by gram molds, mdlcatmg that theIr
levels of resIstance can be overcome by
severe mold pressure

The Zerazera germplasm acceSSIOns
and theIr converSIon hnes have been used
from the mld-1970s onward In partIcular,
E 35-1, CS 3541, SC 108-3, SC 108-4-8,
and SC 120 were wIdely used m the ICRl­
SAT program (Murty et al , 1980) and the
IndIan program SImIlarly, SC 170 and
SC 110 have been extensIvely used m the
U S (Duncan et al , 1991) ThIS Zenuera
materIal combmed several other deSIrable
traIts m addltton to tolerance to gram
molds It has been so successful and so
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wIdely used m the breedmg programs of
the US, IndIa, and ICRlSAT that It has
come to dommate the ehte Improved
germplasm SerIous concerns have been
expressed about the extent to whIch thIS IS
true and the narrowness of the genetIC
base (Duncan et al , 1991)

The Zerazera materIal was largely
used, and contmues to be used, m con­
JunctIon With field screemng under natu­
ral mfectIOn More severe screenmg
methods faIl to diSCrImmate effectIvely
between the mtermedlate levels of reSIS­
tance found among thIS materIal Multtlo­
catlonal testmg under natural mfestatton,
backed up by screenmg under sprtnkler
lITIgatIon at a few selected locattons, as IS
practIced by the All India Coordmated
Sorghum Improvement Project (AICSIP),
make It pOSSIble to evaluate fimshed cul­
tlvars qUIte effectIvely However, the de­
fiCIencIes of screenmg under natural m­
fectlon make It dIfficult to select system­
atIcally m segregatmg generatIOns for
gram mold reSIstance and render the
breedmg process rather hIt-or-mISS

ICRlSAT began usmg other reSIstant
sources m the mId 1980s m conJunctton
WIth field screemng WIth sprmkler lITIga­
tion In partIcular, reSIstant Gumea
germplasm hnes were used, and by the
late 1980s a number ofwhlte-gramed de­
rIvattves of thIS materIal WIth hIgh levels
of gram mold reSIstance had been pro­
duced (Mukuru, 1992) The sprInkler lITI­
gatIOn technIque has thus been helpful m
screemng segregatmg materIals and se­
lectmg mold-reSIstant hnes However, It
has been able to do thIS only WIth colored
gram sorghum and Gumea derIVatIves
WIth hIgh levels of reSIstance Whlte­
gramed sorghum of races other than



Gumea have shown only moderate levels
of resIstance, and It has been dIfficult to
dIfferentIate between mdlvldual plants m
early generatIon segregatmg progemes

Improvement of Gumea Sorghum

The avallablhty ofgram mold-resIstant
Gumea sorghum has tnggered an effort at
ICRISAT to Improve matenals of thIS
type Both pedIgree and populatIon breed­
mg approaches have been used to develop
denvatIves that combme whIte gram color
wIth the plant type and yIeld levels of
Improved sorghum, yet retam the Gumea
gram and glume traits Some success IS
now bemg achIeved and a number of
dwarf early hnes wIth semI-compact
heads and Gumea gram and glumes have
been produced through pedIgree breed­
mg These hnes appear competItIve for
YIeld, even wIth ehte vanetles from dIf­
ferent genetIc backgrounds PopulatIOn
breedmg methods have produced sImIlar
hnes, but these have poorer yIeld poten­
tial NeIther pedIgree nor populatIOn
breedmg products have been screened or
selected for gram mold resIstance

SImIlar breedmg efforts WIth Gumea
sorghum are underway m several pro­
grams m West AfrIca, notably those m
Malt and Burkma Faso The focus ofthese
programs IS not pnmarIly gram mold re­
sIstance, but productIon of hlgh-yleldmg
varIetIes WIth acceptable gram quahty for
local food preparatIons However, the
hard corneous gram of many tradItIonal
Gumea cultlVars that IS ofmterest to local
consumers IS also a contrlbutmg factor for
gram mold reSIstance In thIS respect, the
quahty reqUIrements for food and for

gram mold reSIstance comclde There­
fore, achlevmg one IS hkely, at least m
part, to contnbute to achlevmg the second

Future Prospects

Currently, gram molds are a problem
only m areas where Improved whlte­
gramed cultlvars have been adopted ThIS
mcludes most ofIndia and parts ofChma,
the U S and Latm Amenca For most of
AfrICa, tradItIOnal cultIvars contmue to
predommate and gram molds are not a
problem

In those parts of West AfrIca where
Gumea sorghum IS preferred, the answer
to the gram mold problem would appear
to be to remam WIth that type of cultlvar
Gumea sorghum has natural re,5Istance to
gram molds because of ItS combmatlon of
very hard corneous gram, open panIcles,
and extenSIve glume coverage (both m
terms ofthe extent of gram coverage and
ItS duratIon durmg gram development)
TradItIOnal cultlvars also escape gram
mold pressure by maturmg after the end
of the ramy season IntroductIOn of
shorter duratIon cultlvars of other races
wIll probably result m gram mold becom­
mg a severe constramt to productIon, as m
IndIa It remams to be seen whether the
prodUCtIVIty of Gumea sorghum m West
AfrIca can be mcreased through shorter
duratIon to aVOId termmal drought stress,
as happened m IndIa, WIthOUt creatmg a
gram mold problem, as also happened m
IndIa

For other areas of AfrIca, where sor­
ghum WIth a pIgmented pencarp or testa
IS extenSIvely grown, the SItuatIOn IS
hkely to be the same mtroductIOn ofearly
whlte-gramed cultlvars could lead to a
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dramatIc mcrease m the gram mold prob­
lem The sWItch to Improved whIte CUltI­
vars WIthout colored pencarp or testa WIll
only be worthwhIle If the yIeld advantage
they offer over tradItIonal cultlvars IS sub­
stantIal ThIS IS only lIkely to be the case
wIth hybnd cultlvars WhIle varIetIes re­
mam predommant, It seems adVisable to
retam the tradItIOnal gram qualItIes In
developmg whlte-gramed hybnds for
these areas, as should certamly be done,
great care should be taken to learn from
the Indian expenence The breedmg pro­
grams should mcIude only matenal
known to have reasonable levels of gram
mold tolerance, and gram mold should be
constantly mOnItored

ConventIOnal Breedmg Approaches

SubstantIal improvements III gram
mold resIstance already have been
achIeved The SItuatIon m IndIa, where the
gram mold problem IS most acute, Illus­
trates the pomt The first released hybnd,
CSH 1, is hIghly susceptIble to gram
molds Subsequently released hybnds
have demonstrated progressIvely better
mold resIstance CSH 9, currently the
most WIdely grown hybnd, shows good
field tolerance to gram molds, although It
also succumbs when condItIons are se­
vere The most recently released hybnd,
CSH 16, has shown Improved gram mold
resIstance over CSH 9 m several years of
trIals, although ItS performance m farm­
ers' fields remams to be seen

These Improvements m Indian com­
merCIal hybnds have largely come from
the use ofZerazera germplasm In partICU­
lar, breedmg restorer hnes WIth the hard
corneous gram charactenstIc of Zerazera
germplasm, rather than the softer gram
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charactenstlc of early Durra-based re­
storer lInes used for early hybnds, has
Improved gram mold reSIstance The con­
tnbutlon ofCS 3541 has been noteworthy
m thIS regard Further Improvements m
gram mold reSIstance can probably be
achIeved through the same approaches In
partIcular, breedmg male-stenle lInes
WIth harder, more corneous gram IS lIkely
to be a frUItful hne ofwork for developmg
gram mold-resIstant hybnds However,
the extent to whIch gram hardness can be
mampulated to achieve thIS is hmited,
smce gram qualIty IS lIkely to be compro­
mIsed ThiS is espeCIally true m India
where the accepted quahty standard IS the
relatIvely soft Maidandl gram and, be­
cause of the strong preference of farmers
and plant breeders ahke for large gram
SIze, a traIt usually negatIvely related to
gram hardness and mold reSIstance

In the US, the use of Zerazera
germplasm has mcreased as both pnvate
and publIc sector breedmg programs
place greater emphaSIS on whIte gram and
tan plant charactenstlcs Whlte-gramed
sorghum IS, and IS lIkely to remam, a
mmor sector ofU S sorghum productIOn
But mcreased mterest m use of sorghum
m food preparatIOns m the home market
and opportunItIes for export to sorghum­
consummg countrIes IS dnvmg a renewed
mterest m thIS germplasm TIe ups be­
tween U S seed companIes and seed com­
panIes mother countnes also are leadmg
many U S companIes to retam m theIr
programs whlte-gramed sorghum hnes
they mIght earher have dIscarded, the best
hnes are lIkely to find a place m the sor­
ghum programs oftheIr overseas partners
A hkely spIllover from thIS Will be gram
mold-reSIstant whlte-gramed sorghum
hybnds that can compete m the U S mar­
ket



As for IndIa, the effects ofthIS work are
lIkely to be felt first among restorer Imes,
and only later m male-stenle lInes, be­
cause of the generally longer tIme penod
mvolved m breedmg the latter The extent
to WhICh gram hardness can be used to
achIeve gram mold resIstance m sorghum
for the U S market IS also lImIted by
qualIty consIderatIons The major end use
of sorghum there IS ammal feed and the
qualIty parameters for feed are probably
more flexIble than for human food How­
ever, harder, more corneous gram IS lIkely
to result m reduced dIgestIbIlIty or m­
creased costs for processmg to achIeve the
same dIgestIbIlIty, eIther of whIch mIght
adversely affect the pOSItIOn of sorghum
relatIve to maIze, ItS mam competitor m
the feed market

Expanded systematIc screenmg and se­
lectIOn of breedmg matenals for gram
mold reSIstance under spnnklIng and
mIstmg condItIOns IS lIkely to help Iden­
tify supenor matenals The first products
of such screemng and selectIOn are now
becommg avaIlable m the publIc sector
breedmg programs m IndIa and m the
pnvate sector m the U S These are lIkely
to lead to Improved levels of gram mold
reSIstance m commercIal hybnds The
balance of work on restorer hnes and
male-stenle hnes, however, remams m
favor of the former, whIle Improvement
ofmale-stenle hnes may well prove more
cntIcal

MampulatlOn ofspeCIfic traIts also can
be used to mcrease gram mold reSIstance
For example, glume pIgmentatIon mIght
protect agamst mold attack There IS am­
ple eVIdence that gram molds are InhIb­
Ited by polyphenols m the gram and
glumes, although there IS lImIted under-

standmg of whIch partIcular compounds
are active (Wamska et al , 1989) CautIon
must be used, however, because efforts to
Improve mold reSIstance through glume
pIgmentatIOn may lead to greater levels of
gram dIscoloratIon We must attempt to
Identify forms ofglume pIgmentation that
afford gram mold protectIOn but do not
leach mto the gram SImIlarly, mampula­
tIon ofthe extent ofglume cover also may
prove benefiCIal for gram mold reSIstance
Generally, the greater the extent ofglume
cover and the longer the gram remams
covered dunng gram development, the
greater the protectIOn from gram molds
As for glume pIgmentatIOn, however,
there IS a down SIde to thIS traIt mcreased
glume cover can lead to threshmg prob­
lems, IImItmg the usefulness of the traIt
Another potentIal new traIt for mampula­
tIon IS rate of gram fillIng

BIotechnologIcalApproaches

Because gram mold reSIstance IS ex­
pressed late m the lIfe cycle of the crop,
dIfficult to measure, and complex m ItS
Inhentance and subject to large enVIron­
mental effects, It IS a textbook example of
the type of traIt SUItable for marker-as­
SIsted selectIOn Attempts to IdentIfy mo­
lecular markers for genes mvolved m
gram mold reSIstance are already under
way at Texas A&M UmversIty and Pur­
due UmversIty, and progress IS reported
elsewhere m these proceedmgs These ef­
forts represent a good begmnmg, but
study of more populatIOns WIll be re­
qUIred to clanfy our understandmg of the
processes at play m determmmg gram
mold reSIstance and to IdentIfy reSIstance
genes that WIll be useful, partIcularly for
whIte-gramed cultIvars ThIS work should
be accorded hIgh pnonty as the most
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promIsmg avenue for sIgmficant ad­
vances m our understandmg ofand abIhty
to mampulate gram mold reSIstance

Antifungal protems have emerged m
recentyears as potentially potentweapons
m fightmg dIsease ThIS IS true for gram
molds, as for other fungal pathogens
However, reahzmg theIr full potential
probably reqUITes rather revolutiOnary ap­
proaches Antifungal protems have
evolved along WIth the fungal pathogens
agamst WhICh they act and must have es­
tabhshed a balance WIth them It IS there­
fore unhkely that the antifungal protems
ofa particular plant speCIes WIll gIve com­
plete protectiOn agamst that speCIes' fun­
gal pathogens The true potential of anti­
fungal protems IS hkely to be achIeved
only when they are deployed agamst fun­
gal pathogens WIth whIch they have not
evolved ThIS Imphes transfer of antIfun­
gal protems between speCIes and all the
dIfficultIes thIS mvolves

AntIfungal protems first must be Iden­
tified m one speCIes and shown to act
effectIvely agamst pathogens of another
speCIes The gene for that protem then
must be Identified or constructed and m­
troduced mto the target speCIes, complete
WIth the regulatory genes to tum It on
None of these steps IS easy Much baSIC
mformatiOn on how and where antifungal
protems act and how to mtroduce them
mto new speCIes m functiOnal forms re­
mams to be gathered

ConclUSIOns

Further gams m gram mold reSIstance
can be achIeved through conventional
breedmg However, the gams pOSSIble
through the known reSIstance mecha-
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msms m whIte sorghum are mostly self­
hmItmg Hard gram can be used only to
the pomt where It affects gram quahty
Glume pIgmentatiOn and cover can be
used only to the extent that they do not
lead to gram dIscoloratiOn or threshmg
problems Therefore, our expectatiOns of
what can be achIeved should remam real­
IStIC Even WIth Improved and expanded
screemng and selectiOn, we can at best
antICIpate only margInal Increases In the
levels of resIstance avaIlable m Improved
white-gramed cultivars

BIOtechnologIcal approaches hold
promIse, but are far from reahzatiOn
Marker-assIsted selectIon should begm to
help m the short-term future, but It IS
hkely to take many years before all the
potentially useful genes that could be
pyramIded are marked Antifungal pro­
tems as agents to enhance gram mold re­
SIstance he even further m the future be­
cause we still lack much ofthe knowledge
reqUired to deploy them The potentIal for
eIther of these approaches to take us be­
yond currently avaIlable reSIstance levels
also remams unclear These areas ofwork,
however, are the most hkely to yIeld SIg­
mficant results and deserve greater atten­
tion m the future

The gram mold problem m sorghum
mIght be assuaged but WIll not be solved
m the foreseeable future by reSIstance
breedmg Therefore, we must look for
such complementary methods as gram
processmg for managmg the problem We
must antICIpate an mcrease m gram mold
problems m pearl mIllet as whIte gram
cuitivars become more Important Gram
molds WIll contmue to occupyus for many
years to come
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Breedmg for Pearl
MIllet Disease Resistance

C T Hash*, J R WItcombe, R P Thakur,
S K Bhatnagar, S D Smgh, and J P WIlson

Abstract

Breedmgfor dIsease resIstance contributes to the mamtenance andstablbty ofgram,
stover andforage yIelds ofpearl mlllet fPenmsetum glaucum (L) R BrJ In breedmg
Improved pearl mlllet, moderate levels of resIstance to many pathogens of mmor
Importance must be mamtamed so they do not lead to major productIOn constramts
Although 111 dIseases caused by different bIOtIC factors have been reported m pearl
millet m Indza and AfrIca Just five are sufficIently Important to warrant mternatlOnal
crop Improvement efforts These five and their causal orgamsms are downy mIldew
[Sclerospora gramlmcola (Sacc) J SchrotJ smut {MoeszlOmyces pemcl1lanae (Bref)
K Vanky], ergot (ClavlCeps fuslformls Loveless), rust (pucclma substnata ElliS &
Barth var mdlca Ramachar & Cummm == P penmsetl Zlmm), and Pyrzcularza leaf
spot fPynculana gnsea (Cooke) Sacc J Screenmg techmques, sources ofresistance
mherltance ofresIstance and conventIOnal breedmg methods ale revlewedfor each

Ofthe two majorpearl milletpamcle dIseases, smut IS the most Widespread GenetIc
solutIOns are easier to obtam for smut than for ergot and resistant open-pollmated
cultlvars and hybrzd parentallmes are avazlable Because smut resistance often IS at
least additIve or partzally dommant, breedmg ofsmut-resistant hybrzds IS relatively
simple Breedmgfor ergot resistance IS more complex, because resIstance appears to
be governed by multiple recessIve loCi Whlle ergot-resIstant mbred seedparents are
now avazlable, breedmg ergot-reMstant hybrzds WIll requIre conSIderable resources A
more cost-effectIve solutIOn IS to breed ergot-resIstant open-pollmatedpearl mIlletfor
ergot-endemic areas where alternatIve cereal crops cannot be grown

The causal orgamsms ofdowny mlldew rust and Pyrzcularza leafspot can rapIdly
evolve new VIrulent host-dIrectedpathotypes whlle those ofsmut and ergot are not yet
able to do so In the case of the d,seases caused by pathogens capable of rapId
host-dIrectedevolutIOn resIstance ofgenetIcally heterogeneous cultlvars appears to be
more durable than that ofgenetIcally uniform smgle-cross hybrzd cultlvars

Lackofa rebable systemfor regeneratmg large numbers ofplantsfrom tIssue culture
IS a serIOus constramt to the development andappbcatlOn ofseveral emergmg technolo-

C T Hash R P Thakur and S D Smgh ICRISAT AsIa Center Patancheru Andhra Pradesh 502 324 Ind.. J R Wltcnmbe Centre for And Zone StudIes
UOlverslly ofWales Bangor UK S K Bhatnagar All Ind..Coordmated Pearl Millet ImprovementProJect, Mandor Rajasthan india J P WIlson USDA ARS
Coastal Plam Expenment Stanon TIfton GA, U S ICRISAT Conference Paper CP 1151 ·Correspondmg author
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gles for enhancmg pearl mlilet d,sease reslstance A molecular-marker-based genetlc
map ofpearl mlilet has permItted IdentificatIOn of at least 16 quantltatlve trmt locl
(QTLs) for downy mlldew reslstance DetectIOn of QTLs for reslstance to rust and
Pynculana IS expected m the nearfuture Each ofthe QTLs thus far detectedfor downy
mlldew reslstance appears to be effective agamst only afew ofthe pathogen populatIOns
agamst which they have been tested Marker-asslsted selectIOn Will permlt breedmg of
modified three-way hybnd cultlvars that are uniform for agronomlc characters but
heterogeneous for their reslstances Such hybnds are expected to be less vulnerable to
epldemlCS ofnew pathogen strams that have evolved when genetlcally uniform smgle~

cross hybnds reslstant to downy mlldew (m Indw) or rust (m the US) have been wldely
or repeatedly cultzvated

Breedmg for dIsease reSIstance con­
tnbutes to the mamtenance and stabIlIty
ofgram, stover, and forage yIelds ofpearl
mIllet [Penmsetum glaucum (L) R Br]
DIsease reSIstance IS a major concern m
pearl mIllet Improvement programs glob­
ally, and breedmg for dIsease reSIstance
has been the subject of several reVIews
(Louvel, 1982, WIllIams and Andrews,
1983, WIllIams, 1984a, Andrews et ai,
1985a, WIlson et ai, 1993a, Talukdar et
ai, 1994, Ral and Anand Kumar, 1994)

In breedmg Improved pearl mIllet, It IS
necessary to mamtam moderate levels of
reSIstance to many pathogens of mmor
Importance (Madan Mohan et ai, 1978,
Smgh et ai, 1993b) to keep potentially
senous productIOn constramts from be­
commg major problems For dIseases of
major Importance m most parts of AfrIca
and southern ASia (such as downy mIl~

dew, caused by Sclerospora gramlmcola
[Sacc] J Schrot), genetIcally heteroge­
neous open-pollInated cultIvars must
have moderately hIgh levels of durable
reSIstance because of the slow rate of re­
placement of open-pollInated cuitivars
once they are adopted by farmers Be­
cause of theIr genetIC umformity, smgle~

cross hybnds reqUIre still hIgher levels of
reSIstance agamst major dIseases ResIs-
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tance durabIlIty IS not as cntIcal m hybnds
because oftheir hIgher replacement rates
However, genetically umform smgle­
cross hybnds have the potentIal for spec­
tacular epIdemICS

Hybnds WIth durable reSIstance are
stIll deSIrable smce conSIderable learnmg
costs - to producers and consumers of
seed, gram and fodder - often are asso­
Ciated WIth cuitivar changes ReSIstance
ofhybnd parents to Sclerospora gramml­
cola m seed productIOn areas IS essentIal,
although thIS can be backstopped by treat­
mg theIr foundatIon seed With metalaxyl
RelIance on metalaxyl alone to protect
hybnd parents IS a less satIsfactory alter­
natIve Further, hybnd seed parents reSIS­
tant to smut (caused by Moeszwmyces
pemclllarwe [Bref] Vanky), rust (caused
by Puccmw substrwta EllIs & Barth var
mdlca Ramachar & Cummm = P pen­
msetl ZImm ) and ergot (caused by
Clavlceps fusiformls Loveless), should
mcrease optIOns m SItes and seasons SUIt­
able for seed multiplIcatIOn and thus help
reduce seed costs Topcross hybnds and
three-way hybnds are heterogeneous cul­
tIvar types, and thus have some of the
dIsease reSIstance reqUIrements and at­
tnbutes of both smgle-cross hybnds and
open-pollmated cuitivars In future, these



heterogeneous hybrIds should provIde m­
terestmg alternatIves to the major cultIvar
types (open-pollmated VarIetIes and sm­
gle-cross hybrIds) currently avaIlable to
breeders, seed productIOn agenCIes, and
pearl mIllet farmers

ThIS paper brIefly dIscusses screenmg
methods, sources of resIstance, modes of
mhentance, and breedmg procedures for
Improvmg host-plant reSIstance to major
pearl mIllet dIseases m ASIa, Afhca, and
the Amencas Both well-known conven­
tIOnal procedures and emergmg bIOtech­
nology-assIsted breedmg strategIes are
descnbed OpportumtIes for more effec­
tIve reSIstance gene deployment strate­
gIes, WhIch become pOSSIble once
marker-assIsted selectIOn schemes can be
Implemented, are dIscussed m some
depth The very lImIted lIterature on reSIS­
tance to mmor pathogens ofpearl mIllet IS
not reVIewed To begm, major dIseases of
pearl mIllet and regIons where they are
currently of greatest Importance are
bnefly hIghlIghted

Major DIseases Importance
and DIstrIbutIon

Although III dIseases caused by dIf­
ferent bIOtIC factors have been reported on
pearl mIllet m IndIa and AfrIca, four ­
downy mIldew, smut, ergot, and rust ­
are most Important (WIllIams, 1976,
Smgh et aI, 1993b) These dIseases dI­
rectly reduce gram yIeld by affectmg
gram formatIOn In addItIOn, ergot can
reduce gram qualIty (Thakur and WIl­
hams, 1980, Mantle, 1992) Downy mIl­
dew and smut are present m all major
pearl mIllet productIOn areas of ASIa and
AfrIca, whIle ergot IS less WIdespread Of
these four, only smut and rust have found

theIr way to the Amencas Although
Sclerospora grammlcola mfects wIld and
weedy Setarza spp m the Amencas, popu­
latIons ofthIS fungus causmg downy mIl­
dew on pearl mIllet m the western hemI­
sphere have not yet been descnbed

In the southeastern Umted States, rust
and a leaf spot complex are Important
reducers ofpearl mIllet forage qualIty In
years of hIgh rust seventy, losses m dry
matter yIeld and qualIty are substantIal
(Monson et aI, 1986), and reductIOns m
dIgestIble dry matter yIelds can reach
50% (WIlson et aI, 1991b) These and
other folIar dIseases (Smgh et aI, 1990d)
also occur m ASIa and AfrIca, but losses
there are usually conSIdered neglIgIble
because symptoms typIcally appear late m
the season and pnmanly on older leaves

Gram yIeld losses to downy mIldew
probably do not exceed 20% per year
worldWIde However, thIS dIsease can
reach alarmmgly hIgh levels when a sm­
gle genetIcally umform pearl mIllet CUltI­
var IS repeatedly and extensIvely grown m
a regIOn where downy mIldew IS present
(Andrews, 1987, Smghetal, 1987b) As
the pathogenpopulatIon adapts to thIS unI­
form host, moculum levels buIld up and It
IS only a matter of tIme before the thrrd
component of the dIsease tnangle - fa­
vorable envIronmental condItIOns - co­
mCIdes WIth the avaIlable moculum and
now-susceptIble host An epIdemIC then
occurs Losses wIthm the regIOn can reach
30-40%, and the susceptIble host geno­
type must be WIthdrawn from cultIvatIon
Such yIeld losses have been reported m
IndIa from regIons where one smgle-cross
hybnd (e g, HB 3, BJ 104, MBH 110, or
MLBH 104) was WIdely cultIvated for
several years ThIS repeated, WIdespread
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use of a smgle cuitivar wIth genetIcally
umform host-plant resIstance exerts hIgh
selectIon pressure on pathogen popula­
tions

However, hIgh gram yIeld losses due to
thIS dIsease seldom occurwhere heteroge­
neous landraces and Improved open-pol­
lmated cuitivars are grown Thus, hetero­
geneous cuitivars can be retamed m culti­
vatIOn longer before they must be
replaced The first official release of a
heterogeneous topcross hybnd pearl mIl­
let cultivar, Jawahar BaJra Hybnd-l
(JBH-l), recently occurred m Madhya
Pradesh m IndIa (G S Chauhan, 1996,
personal commUnICatIOn) JBH-l IS pro­
duced by crossmg a pollmator population
onto a conventIonal cytoplasmIc male­
stenle mbred seed parent It wIll be mter­
estmg to see If thIS heterogeneous hybnd
becomes popular, and then whether ItS
downy mIldew reSIstance proves as dura­
ble as that ofpopular open-pollInated cul­
tivars

Both smut and ergot are potentially Im­
portant pearl mIllet dIseases (Thakur and
Kmg, 1988a, 1988b) However, suscepti­
ble stages of host development seldom
comcide WIth weather condItIOns favor­
mg these dIseases m most pearl mIllet
growmg areas ThIS IS especially true for
ergot m areas that depend on pearl mIllet
as the staple food crop (Kmg, 1976) Thus
losses are often not economIcally sIgmfi­
cant Indeed, current mformatIon suggests
that ergot and smut may not be of much
practical Importance, because the damage
they cause IS largely cosmetIc However,
these dIseases are Important m breedmg
nursenes, forage productIOn plots (ergot
only), more humId gram productIOn re­
gIOns where maIze or sorghum are often
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VIable alternatIve crops, and ramy season
hybnd seed productIOn plots where they
adversely affect yIeld and qualIty of seed
produced on male-stenle lInes

Downy MIldew (Sclerospora
grammlcola)

Smce shortly after the onset of the hy­
bnd era for pearl mIllet m IndIa, downy
mIldew has been a major research focus
by both ICRISAT and the Indian natIOnal
program (Smgh et al , 1993a) ConsIder­
able progress appears to have been made
over the past 30 years, smce early 1966
when P R Mehta stated dUrIng hIS mtro­
ductory remarks at a sympOSIUm held m
Chandigarh, India, on dIseases of mIllet
and theIr control "Our knowledge of
'downy mIldew' ofJowar and baJra, m so
far as related to the control ofthe dIseases,
IS no more advanced today than what It
was 40 years back It IS well known that
all attempts have shown that the enor­
mous number of' sporangia' produced are
apparently functIOnless Today we do
not know of any techmque to produce
hIgh degree of mfectIOn of these dIseases
WIth certamty "ThIs could not truth­
fully be said today (Smgh and WIllIams,
1980) Research to Improve screenmg
systems and to IdentIfy and use host-plant
reSIstance has been successful, allowmg
thIS senous threat to pearl mIllet cultIva­
tion m IndIa to be largely controlled - at
least for the moment

Screenmg Techmques

Over the past two decades, ICRISAT
has developed hIghly effectIve field and
greenhouse screemng technIques for pearl
mIllet downy mIldew



Field Screenmg Techmque

A large-scale field screenmg tech­
mque, usmg sporangIa as the mam mocu­
lum source, was developed at ICRISAT
ASIa Center (WIlhams et al , 1981) How­
ever, the same field should be used each
year to encourage a bUIldup of oosponc
moculum m the soIl because oospores also
playa sIgmficant role m producmg pn­
mary mfectiOn Genes conferrmg host re­
SIstance to sporangIaI moculum cannot be
assumed to be the same as those confer­
rmg resIstance to oosponc moculum The
field screenmg techmque has five major
components

• Infector rows mIxtures of two or
more susceptIble host genotypes,
sown before the test matenal on
every fifth or mnth row (or any
other arrangement that permIts easy
sowmg and cultIvatIOn of the rows
of test matenal) through the entIre
length ofthe field From emergence
to the 1-2 leaf stage, these mfector
rows are spray-moculated wIth a
sporangIaI suspensIOn m the early
evenmg (1800-1900 h) Furrow Ir­
ngatiOn IS provIded eIght to ten
hours before moculatiOn to ensure
hIgh humIdIty necessary for suc­
cessful mfectiOn

• Test rows the matenals bemg
screened, sown m the mtervenmg
rows after the mfector rows have
developed 50-60% downy mIldew
mCIdence, generally three to four
weeks after the mfector rows are
sown

• IndicatOls and controls matenals
ofknown dIsease reactIon (suscep­
tIble and resIstant) sown WIth the
test matenals at regular mtervals,
generally after every 10 to 15 rows

HIghly susceptIble mdicators are
sown alternately wIth the controls
It IS adVIsable to use a number of
dIfferent mdicator and control
genotypes known to dIffer mdegree
of susceptibIlIty A set of such ma­
tenals for pearl mIllet downy mIl­
dew m IndIa currently mIght m­
elude HB 3 or Tift 23DB (ex­
tremely susceptIble) and 7042(S)
(hIghly susceptible) as mdIcators,
and 843B (moderately susceptIble),
81 B (moderately resIstant),
ICMP 423 and/or ICMB 89111 (re­
SIstant), and ICMB 88004 and/or
IPC 715 (hIghly resIstant) as con­
trols Such a range ofmdicators and
controls enables useful mterpreta­
tiOn ofscreenmg data when dIsease
pressure IS unusually hIgh or low

• Scormg system Because downy
mIldew IS a systemIC dIsease, a
plant IS normally scored as suscep­
tible even If dIsease symptoms ap­
pear on only one tIller or panIcle, or
even a smgle nodal tIller There­
fore, dIsease mCIdence (%) IS the
most appropnate measurement
Data should be collected twIce dur­
mg the growmg season The first
count of dIseased plants (DP1) and
total plants (TP) should be taken
20-25 days after sowmg the test
matenal All dIseased plants should
be uprooted to account for mfected
plants that dIe or dIsappear pnor to
the second count due to cultural
practIces or heavy ramfall, partICU­
larly durmg the ramy season A sec­
ond count of addItIOnal dIseased
plants (DP2) should be taken at
soft-dough stage when downy mIl­
dew may appear also as green ears
on plants that previOusly appeared
dIsease-free (latent mfectIOn), on
nodal tdlers, or qUIte frequently on
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basal shoots DIsease mCldence for
each entry IS then calculated as
100% x [(DPI +DP2)/TP] DIsease
mCldence on mdlcators Tift 23 and
HB 3 should exceed 80% If field
screemng of test matenals IS to be
rehable

• Water management Hlghhumldlty
IS necessary for spore productIOn
and the mfectIOn process For field
screemng thiS can be proVided by
spnnklers, spray from perforated
pipes, or furrow IrngatIOn, but mis­
ters are Ideal At ICRISAT ASia
Center, we use frequent furrow lITI­
gation durmg the first two weeks
after sowmg test matenals, fol­
lowed by routme weekly or bi­
weekly lITIgatIon as reqUIred for
crop growth HIgh humIdity for the
first two weeks after sowmg IS suf­
ficient for development ofan effec­
tive downy ml1dew nursery, as
pearl millet IS highly susceptible to
mfectIOn dunng thiS penod There­
after, regular lITIgatIOn mamtams
humidity reqUIred for later devel­
opment and/or expreSSIOn of latent
mfectIOn Without adversely affect­
mg crop growth

This field screenmg technique IS now
used at most sites where effective field
research on pearl millet downy mIldew IS
conducted (Smgh et ai, 1993a)

Greenhouse Screemng Techmque

Several greenhouse and laboratory
screenmg techmques have been devel­
oped (Smgh and Gopmath, 1985) and re­
fmed (Smgh et ai, 1993a, Jones, 1994,
Weltzlen and Kmg, 1995) that use mocu­
lum ofumfonn concentratIOn to moculate
seedhngs of umfonn age, m controlled
enVironments, m order to Improve disease
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mCldence hentablhty Potted seedlmgs at
the coleoptl1e-to-one-leaf-stage of devel­
opment are moculated by placm? a drop
of sporanglal suspenSIOn (1 x 10 sporan-

\gla mL ) at the tip of each seedhng or by
spray moculatIOn With a hand sprayer
InoculatIOn at about 20°C With freshly
prepared, chilled (0-4°C) moculum IS fol­
lowed by overnight mcubatIOn m a cham­
ber mamtamed at about 20°C and >95%
relative humidity Pots are kept on green­
house benches at 25-30°C Seedhngs are
evaluated two weeks after moculatIOn
when mfected plants show clear symp­
toms of chlorOSIS With downy growth
This pennItS easy screenmg oflarge num­
bers ofplants ofmany different test mate­
rIals m a small space and a short time Of
course, use of approprIate mdlcator and
control entnes randomized wlthm the test
matenal faclhtates data mterpretatIOn
Spray moculatIon of potted seedhngs IS
now used extenSively at ICRISAT ASia
Center (Smgh and Gopmath, 1985, Smgh
et ai, 1993a, Weltzlen Rand Kmg,
1995), conSiderably reducmg the size of
field disease nursenes smce many suscep­
tible plants/entries are discarded m thiS
ImtIal stage ofscreemng However, resIs­
tance ofadvanced breedmg products must
still be confinned m the field

Sources ofReSIStance

Over the past two decades, ICRISAT
has evaluated about 3500 gennplasm ac­
ceSSIOns, from almost all pearl mIllet
growmg countries, for their reaction to
downy mildew Many highly resistant
sources have been IdentIfied (Smgh,
1990) To date, prehmmary IdentificatIOn
ofresistance IS done m the downy mildew
nursery at ICRISAT ASia Center, but
could be made more rehable by screenmg
a small number (15-25) of S\ or full-Sib
progemes from each accession m the



greenhouse Identified accessIOns and
breedmg matenal are tested at known
downy mIldew hot-spots worldwIde In the
InternatIOnal Pearl MIllet Downy MIldew
Nursery (IPMDMN), whIch has operated
annually SInce 1976 Many sources of re­
SIstance have been IdentIfied that can be
grouped mto four broad categones

Stable Sources ofConventIOnal
ResIstance

More than two years of testmg m
IPMDMN have been completed for
sources of stable resIstance (mcludIng
both gene bank acceSSIons and elIte breed­
mg products), wIth dIsease mCIdence
markedly lower than m suscepttble con­
trols at all SIte x year combInations DIS­
ease mCIdence IS typIcally >0% under
field screemng condItIOns, and markedly
hIgher under severe laboratory screemng
condItions

• Gene bank acceSSIOns These
downy mIldew resIstance sources
have shown a very hIgh degree of
stabIlIty across SItes and years
However, theIr reSIstance can be
overcome under greenhouse condI­
ttons by usmg very hIgh moculum
levels and/or very early (e g ,
coleoptIle stage) moculatIon They
mclude P7 (ICML 12), SDN 503
(lCML 13), 700251 (lCML 14),
700516 (ICML 15), and 700651
(lCML 16) regIstered by Smgh et
al (l990a) In addItIOn, several
other sources, IncludIng IP 16438,
IP 16762, P310-17, and PI449-3,
have been Identified Many are
breedIng lInes from western Afnca
Several, mcludmg P7, 700651,
700516 and P31 0-17, have been
utilIzed m breedmg programs
Mappmg populations are avaIlable,

or under development, to tag reSIS­
tance genes ofP31 0-1 7 and P1449­
2

• BreedIng lInes Several elIte Inbred
hnes and compOSItes developed by
breeders at ICRISAT ASIa Center
express downy mIldew reSIstance
that holds across SItes and years In
IPMDMN

• Dwarf mbred pollmator ICMP
85410 (Hash and Wltcombe, 1994,
Talukdar et al , 1997), whIch hkely
derIves ItS reSIstance from
SC14(M)-I, was reSIstant across
SItes In one year of testIng, but thIS
reSIstance was overcome at some
SItes In western AfrIca m later years
(S D Smgh, unpublIshed) Mo­
lecular markers for quantItatIve
traIt lOCI controlhng reSIstance of
ICMP 85410 agamst downy mIl­
dew Isolates from IndIa and west­
ern Afnca have been IdentIfied
(Jones, 1994, Jones et aI, 1994,
Jones et aI, 1995) PedIgree selec­
tIOn for reSIstance In progemes de­
rIved from crosses WIth
ICMP 85410 IS effectIve (B S
Talukdar, unpublIshed)

• Tall Inbred pollInator ICMP 423
(Rat et aI, 1994) IS the male parent
of an unsuccessful hybnd released
In IndIa It also has been converted
mto a male-stenle lIne (lCMA
90111) based on the EGP 261 cyto­
plasm (Ral and Hash, 1993) ReSIS­
tance In ICMP 423, ICMB 90111
and ICMA 90111 has proven effec­
tIve across years and SItes m
IPMDMN (S D Smgh, unpub­
hshed) However, thIS reSIstance
has been dIfficult to mampulate
WIth pedIgree selectIon, suggestIng
ItS mhentance IS complex

• ICMR 312 (Wltcombe et aI, 1996)
IS a topcross polhnator based on the
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Bold Seeded Early Composite It IS
genetically heterogeneous for
genes controlhng downy mIldew
resistance (Talukdar and Smgh,
1993) and has shown exceptIonally
stable resIstance across years and
sites m IPMDMN (S 0 Smgh, un­
publIshed) Hybnds based on thIs
topcross pollInator are marketed m
IndIa (B S Talukdar, unpublIshed)

Reselected Sources ofReSistance

These sources have been developed
through pure Ime selectlOn of vanablltty
wlthm susceptible parents at ICRlSAT
ASia Center The claSSIC example IS
ICML 22 (7042 OMR), a downy mtldew­
resistant verSlOn of 7042 (IP 2696), a
landrace from Chad (Smgh et ai, 1992)
Other Important features OfthiS Ime are ItS
earlmess, photopenod msensltIvlty, and
fertlhty restoratIon abIltty (Smgh et al ,
1994) Because of these Important traits,
ICML 22 IS bemg used m breedmg pOllI­
nators at ICRlSAT ASia Center Whtle
highly resIstant across IndIa, thiS hne IS
susceptIble m western Africa (S 0 Smgh,
unpubhshed) SegregatlOn patterns m
backcross progemes suggest ICML 22
carnes at least three mdependently mher­
Ited resIstance genes (C T Hash, unpub­
hshed) Downy mIldew resistance also
has been selected for successfully from
wlthm seed lots ofthe susceptIble parental
hnes of eltte hybnd BJ 104 (Smgh et al ,
1992) ResIstance ofthese sources IS typI­
cally not effectIve m western AfrIca

Sources ofRecovery ReSistance

Recovery resistance IS a phenomenon
m whIch systemIcally mfected plants out­
grow the dIsease to produce healthy pan­
Icles (Smgh and Kmg, 1988) Host geno­
types WIth thiS tratt do not prevent spore
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germmatlOn and penetratIOn, disease
symptom development, or sporulatIOn,
thus allowmg the pathogen to complete ItS
ltfe cycle The pathogen and host coeXist,
apparently WIthout adversely affectmg
yIeld ThIS trait IS hentable, but plants
must first be mfected - susceptIble to
some degree - before phenotypIC scor­
mg for thIS type of reSIstance IS pOSSIble
Plants WIth thIS type ofreSIstance qUIckly
recover from the dIsease, If mfected, and
subsequently behave lIke conventIonal re­
sistant genotypes Marker-assisted selec­
tIon would allow thIS type of resistance to
be pyramided WIth more conventIonal re­
sistances

Recovery resistance has been diSCOV­
ered m many pearl mIllet accessIOns and
breedmg ltnes, but only a few have a high
level Through pedigree breedmg, the
level ofrecovery reSIstance was mcreased
to more than 95% m a selectIon from
ICMB I-mamtamerofICMA 1 (81A),
WIdely used m commerCial hybnd seed
productIon m IndIa (Smgh and Talukdar,
1996) Other sources ofthIS type of reSIS­
tance mclude SON 503, P1449, and
ICMB 841

Sources of Complete ReSistance '

These are highly mbred genetIc stocks
developed from gene bank acceSSIons at
ICRlSAT ASIa Center Without selectIon
for agronomic ehteness (S Appa Rao,
1996, personal commumcatlOn) Five ac­
cessIOns (IP 18292, IP 18293, IP 18294,
IP 18295, and IP 18298) ImtIally showed
zero dIsease mCldence, regardless of m­
oculum level or seedltng age at the tIme
of moculatlon, when tested across sites m
India and at Bengou (NIger) and Cmzana
(Malt) (Smgh, 1992) However, m sub­
sequent years, none contmued to be dls-



ease-free at all test sites and under all
screenmg conditions Hence these
sources appear to provide nothmg more
than qualItative resistance that IS other­
wise simIlar to more conventional quanti­
tative resistance from sources descnbed
above They do not prOVide a magic bullet
that can be used to protect otherwise sus­
ceptible hybnd parents" Mappmg popu­
latIOns are available, or under develop­
ment, to tag resistance genes ofIP 18292
and IP 18293

InheTltance ofResistance

There are several publIshed reports on
the mhentance of downy mildew resIs­
tance However, all such studies have
been hampered because both the pathogen
and host are allogamous and highly van­
able (Thakur et aI, 1992b), and segrega­
tIOn for host plant resistance generally
shows contmuous variatIOn (Smgh et al ,
1980, BasavaraJu et al , 1981a, Dass et al ,
1984, Shmde et aI, 1984) In additIOn,
regIOnal vanabllIty m the pathogen popu­
latIOns used and difficulties mamtammg
high and umform disease pressure have
led to confhctmg conclUSIOns from earlIer
studies (Jones et aI, 1995) However, a
meanmgful summary IS stilI pOSSible

First, there IS clear eVidence that the Al
cytoplasm IS not associated With suscep­
tlblhty or resistance to downy mIldew
(Anand Kumar et ai, 1983, Yadav et aI,
1993, Yadav, 1994, Yadav, 1996) How­
ever, there IS ample eVidence that genes m
the nucleus control host plant reaction to
thiS disease Except m one case where
resistance was reported to be recessive
(Smgh et al , 1978), resistance IS generally
dommant and vanatIon m segregatmg
populatIOns is contmuous (Smgh et al ,

1993a) In the few cases where clear Men­
delIan segregations have been observed,
one, two (Deswal and GovIla, 1994), or
even three (C T Hash, unpublIshed)
dommant genes have governed resistance
However, all publIshed studies on the m­
hentance ofresistance to thiS disease also
suggest the presence of mmor genes

Overall the picture of the mode of m­
hentance remams unclear and mcom­
plete, due m part to the vanable pathogen
populatIOns used m all these studies
Evaluation of segregatmg host popula­
tIOns With smgle-spore cultures of the
pathogen could help, but would be less
useful m applIed breedmg for resistance
agamst vanable field populatIOns of the
pathogen

Quantitative mhentance studies of
downy mIldew resistance m pearl mIllet
have been more successful, IdentIfymg
parental matenals with the abilIty to trans­
mit high levels of resistance Many
authors (e g, Tyagl and Iqbal Smgh,
1989, Deswal and GovIla, 1994, Katana
et al , 1994) have generally concluded that
nonadditive gene action IS responsible for
much ofthe hentable vanabllIty, agreemg
With Simpler studies that show resistance
to be dommant or partially dommant
Such nonadditIve gene actIOn can contrib­
ute substantIally to general combmmg
ablhty (GCA), smce parents havmg domi­
nant resistance can be expected to have
high GCA for thiS trait when compared
With more susceptIble parents However,
high GCA for dIsease resistance (e g ,
ICMP 423 = IPC 0094 m Talukdar et al ,
1994) does not mean that such resistance
Will be easy to manIpulate m a pedigree or
backcrossmg program
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Recent mherItance studIes based on
molecular marker genetic lInkage maps
are Yleldmg mterestmg results (Jones et
ai, 1994, 1995,Hashetal, 1995) that wIll
faCIlItate genetIc mampulatIOn of dIsease
resIstance These are descnbed m greater
detaIl m the sectIOn on marker-assIsted
selectIon and emergmg technologIes

ConventIOnal Breedmg Methods

ConventIOnal breedmg procedures use
greenhouse or field screemng method~ to
mcorporate adequate levels ofdowny mIl­
dew resIstance mto breedmg populations,
parental lInes, and expenmental open­
pollInated VarIetIes that have superIor ag­
ronomIC performance and product qual­
Ity Pure hne selectIOn (selection wlthm
partIally mbred hnes), pedigree selection,
backcrossmg, mduced mutation, and re­
current selection procedures have all been
used m breedmg for resistance to downy
mIldew, WIth varymg degrees of success
Marker-assIsted selection (MAS), a new
tool for pearl mIllet breeders, wIll permIt
more effective pedIgree and backcross
Improvement ofdowny mIldew reSIstance
m future

PedIgree and recurrent selectIon (An­
drews et aI, 1985a, Rattunde and Wlt­
combe, 1993, Smgh et al ,1988a, Weltz­
len Rand Kmg, 1995) are the most
WIdely and successfully used methods for
Improvmg pearl mIllet downy mIldew re­
SIstance Procedures used are SImIlar to
those deSCrIbed elsewhere for thIS and
many other crops so they are not covered
m detaIl here Inbred seed parents bred at
ICRISAT ASIa Center smce the mId­
1980s and most mbred restorer lInes m the
rCRISAT Pollmator CollectIOn have been
developed usmg pedIgree or pedlgree-
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bulk selection for downy mIldew reSIS­
tance PedIgree-bulk methods use selfed
seed bulked from selected plants of mdI­
VIdual selected progemes m order to re­
duce row reqUIrements and retam mtra­
progeny varIabIlIty However, If green­
house screenmg faCIlItIes are suffiCIent
for effectIve panlcle-to-row screemng of
all smgle-plant selectIons, the number of
nursery rows reqUIred by a pedIgree selec­
tion procedure WIll not be unduly large

Backcrossmg

ConventIonal backcrossmg procedures
have seldom been used m breedmg for
reSIstance to pearl mIllet downy mIldew
However, mitial dIfficulties WIth unrelI­
able screenmg procedures have largely
been overcome, and thiS method IS ex­
pected to be used more often m the future
The only reported success usmg back­
crossmg thus far has been breedmg of
downy mIldew-resIstant seed parents
MS 5054 and MS 5141 m the ehte genetIC
background ofTIft 23 by the IndIan Agfl­
cultural Research InstItute (Pokhnyal et
aI, 1976, Murty et ai, 1983) In thIS case
the number of backcrosses was not suffi­
CIent to fully recover plant type ofthe elIte
recurrent parent, although morphologIcal
and molecular marker genotypes of
TIft 23DB1 and MS 5141 are SImIlar (Lm
et ai, 1992) Backcrossmg IS a SImple
procedure for transferrmg a smgle reSIS­
tance gene Sedcole (1977) mdlcates plant
numbers to be crossed for 95% probabIlIty
of transferrmg the gene each generatIon
WhIle a smgle reSIstance gene seems un­
lIkely to remam effective very long m
cultIvatIOn, parallel backcrossmg pro­
grams for several mdlvldual reSIstance
genes WIth a common recurrent parent,
followed by pyramldmg (or other deploy-



ment strategies) at a later stage, wIll re­
qUIre fewer plants and resources per gen­
eratIOn than would simultaneous transfer
of the same resistances In a sIngle senes
ofbackcrosses

In each generatIOn, segregatIOn for re­
sistance should be confined to the female
parent to reduce chances of lOSIng the
resistance gene due to segregatIOn distor­
tIOn among male gametes (Busso et al ,
1995) and to permit use of stored pollen
of the elIte recurrent parent (Hanna,
1995)

As In the pedigree method, plant pairs
ofthe susceptible and resistant parents are
selfed and crossed Selfs of each parental
plant and the IndiVidual FI progemes are
screened (preferably m the greenhouse) to
confirm their expected disease reactIOns
A resistant FI progeny, with parents hav­
Ing selfed progemes of expected disease
reactions, IS advanced ThiS assumes the
donor's resistance IS not recessive A SIn­
gle typical plant of thiS FI progeny IS
crossed, as female, With pollen collected
from typICal plants of the susceptIble re­
current parent SeedlIngs of the BCIF,
generatIOn are screened m the greenhouse
under hIgh Inoculum pressure, WIth the
ongmal susceptible and resistant parental
lInes servmg as controls DIsease-free
BC,F) seedlIngs are transplanted to the
field FIve dIsease-free BCIF) plants are
crossed as females WIth pollen of the re­
current parent Seedlmgs of each of the
resultIng BC2FI progemes are screened
agaInst downy mIldew, and dIsease-free
seedlIngs of one progeny haVIng the ex­
pected 1 1 segregatIon of dIseased dIS­
ease-free seedlIngs are transplanted to the
field ThIS procedure IS repeated each gen­
eratIOn untIl BC6FI seed IS produced

SeedlIngs of the BC6FI progemes also
are screened agamst downy mIldew, and
dlsease-free seedlIngs from one BC6FI
progeny are transplanted to the field FIve
dIsease-free plants are selfed to produce
the BC6F2 After screemng, dIsease-free
seedlIngs are transplanted to the field
from one BC6F2 progeny that yields the
expected 1 3 segregation of diseased dIS­
ease-free plants Twelve BC6F2 plants are
selfed and harvested Twelve BC6F3

progemes are screened, USIng large num­
bers of seedlIngs Remnant seeds of um­
formly reSIstant BC6F3 progemes are
bulked as the new reSIstant versIOn ofthe
recurrent parent

ThiS descnptIon assumes the recurrent
parent genotype IS largely recovered by
the backcrossIng procedure alone, WIth­
out any explICIt selectIOn for parental
charactenstics By the BC6FI generatIOn,
99% recovery of the recurrent parent
genome IS expected, so except In cases of
tIght lInkage between alleles conferrIng
susceptibIlIty and those controllIng other
agronomIcally Important traIts, thiS as­
sumption IS reasonable Increasmg the
number ofplants In any earlIer generation
wIll Increase the opportumty for selectIng
recurrent parent traIts, potentially reduc­
mg the number ofbackcrosses reqUIred to
recover the recurrent parent phenotype for
traIts otherthan downy mIldew reSIstance
FaIlure to recover reSIstance m the recur­
rent parent plant type m the BC6FI sug­
gests eIther that there IS tight lInkage be­
tween the donor's reSIstance gene and
genes controllIng Important recurrent par­
ent traits, or that some backcrosses were
In fact selfs In pearl mIllet, the latter
pOSSIbIlIty should be strongly conSidered,
and several addItional backcrossIng gen­
eratIons attempted, before claimIng unfa-
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vorable lInkage Of course, once broken,
such an unfavorable lInkage becomes a
favorable one, so It IS well worthwhIle to
try further backcrosses to break any unde­
sIrable lInkages detected

Because a complete populatIon back­
crossmg program reqUires at least 20 par­
allel backcrossmg programs m order to
aVOid mbreedmg depreSSIOn m the result­
mg BC6 resIstant populatIon, such a pro­
gram cannot generally be JustIfied gIven
Its large resource reqUirement

Induced MutatlOn

Three groups of reports have mdicated
success usmg mutagens to mduce downy
mIldew resIstance m agronomIcally supe­
nor but susceptible pearl mIllet hybnd
parental hnes I) Raut et ai, 1973, Murty,
1973, 1974, 1977, Murty et ai, 1983,
Pokhnyal and Jam, 1974, 2) GIll et ai,
1979, 1981, and 3) Andrews and Anand
Kumar, 1982, Anand Kumar et ai, 1984
However, there IS eVIdence for doubt m
two ofthese cases, and m no case IS there
eVIdence that If reSIstance resulted from
mutatIon, the ongmal parental hne and
denved reSIstant mutant hne dIffer for
only a few lOCI

The first group ofreports descnbe how
MS 5071B was denved by mutatIOn from
Tift 23B and then backcrossed to TIft 23A
to produce MS 5071A However, even
before NHB 3 (MS 5071A x J 104) was
released as a replacement for susceptible
HB 3 (TIft 23A x J 104), whatever m­
duced reSIstance It had was overcome by
the pathogen GIll et al (1979, 1981) de­
scnbe Pb 204, WhICh was bred by means
SImIlar to those used for MS 5071 How­
ever, no hybnds were everreleased on thIS
seed parent In the final case, dunng the
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breedmg of 81A and 81B, the parental
hnes Tift 23DA and Tift 23DB were so
susceptIble to downy mIldew, It was not
possIble to select for the TIft 23D plant
type SelectIOn was InItially for downy
mIldew reSIstance, VIgorous dwarfplants,
and stable mamtenance of cytoplasmIc
male-stenhty Seed set and results from
prelImmary combmmg abIlIty testmg
were later used to IdentIfy the AlB parr
that IS WIdely used m IndIa as 81A and
8IB (Anand Kumar et al , 1984) There IS
no doubt that thIS breedmg program was
successful m producmg a seed parent that
made a substantial pOSItive contnbutIon
to IndIan agnculture over the past decade
However, both morphologIcal data and
molecular marker data suggest that 81 B IS
the product of an outcross mvolvmg Tift
23DB, and not SImply an mduced mutant
of TIft 23DB (Rat and Hanna, 1990, Lm
et ai, 1992)

Smce most mduced mutatIOns are ex­
pected to be recessIvely mhented, It
seems unhkely they WIll produce parental
hnes WIth Improved reSIstance expressed
m theIr hybnds Dommant reSIstance m
products of mutatIOn breedmg programs
IS more hkely the result of outcrossmg
WIth an unknown reSIstance donor than
the product ofmutatIon per se Therefore,
It seems preferable to use planned crosses
WIth well-charactenzed reSIstance donors
m an appropriate pedIgree, backcross, or
recurrent selection breedmg scheme, m­
stead of relymg on uncharactenzed reSIS­
tances that random pollen mIght bnng
mto a mutatIon breedmg program

SelectlOnfor Wzthm-Lme Varzabzlzty

In thIS varIatIOn of pure hne breedmg,
selectIOn for downy mIldew reSIstance IS



done withm a susceptIble lme usmg pedI­
gree procedures A large populatIOn of a
susceptIble hne IS grown m the dIsease
nursery or moculated m the greenhouse
Disease-free plants are selfed and the
selfed progemes of these are screened
panicle-to-row agamst the dIsease The
process of selectIOn and selfing IS re­
peated for several generatIOns unttl sev­
eral progemes wIth deSIred levels ofreSIS­
tance and the morphologIcal characters of
theIr susceptIble progemtor have been
IdentIfied A notable success wIth thIS
method was the development of ICMA
841 and ICMB 841 from the susceptIble
514lA and 5141B (Smgh et ai, 1990c)
Molecular fingerprmtmg suggests that the
source seedlot of MS 514lB used m
breedmg ICMB 841 mcluded denvatIves
ofoutcrosses to an umdentIfied source of
downy mtldew resIstance, and that m fact
these outcross denvatIves were selected
(Lm et ai, 1992) ICMA 841, the male­
stenle counterpart of mamtamer lme
ICMB 841, has been explOIted commer­
Cially m IndIa as a female parent ofseveral
F1hybnds, mcludmg ICMH 423, Pusa23,
and Pusa 322 Pusa 23 IS presently the
most WIdely grown pubhc-bred hybnd m
IndIa

ThIS method proVIdes an opportumtyto
reVIve once-popular cuitivars that have
become susceptIble to downy mtldew, It
has been recommended as a routme opera­
tIon to mamtam pUrIty and dIsease reSIS­
tance of parents of good hybnd cultivars
(Smgh et ai, 1992) However, Ifpunty IS
mamtamed for an mbred parental lme,
withm-lme genetIC varIabIlIty for reSIS­
tance may be lImIted and selectIon to
mamtam reSIstance to an evolvmg patho­
gen populatIon wtll not lIkely be effectIve
ThIS procedure IS expected to be more
effectIve WIth heterogeneous genotypes

such as open-pollmated cultIvars and top­
cross pollmators

Recurrent Selectzon

ThIS procedure has proven effective for
breedmg downy mIldew reSIstance that IS
durable for a long penod followmg re­
lease and WIdespread adoption of Im­
proved open-polhnated cuitivars Many
dIfferent recurrent selectIon schemes are
pOSSIble m pearl mIllet, rangmg from SIm­
ple mass selectIOn (unhkely to be very
effectIve for downy mIldew resIstance) to
complex progeny-based selectIOn For
any recurrent selection scheme based on
SI or full-SIb progemes, selectIon for re­
SIstance between progemes WIll be much
more effectIve than selection withm them

Smgh et al (l988a) descnbe recurrent
selectIOn for downy mIldew reSIstance
based on S) progeny screenmg m the
downy mIldew nursery at ICRISAT ASia
Center Refined screenmg procedures
now allow screenmg of about 600 SI
progemes per populatIOn m the green­
house each selectIon cycle, usmg two 50­
seedhng pots for each S) progeny, ar­
ranged m a completely randomIzed de­
SIgn WIth appropnate mdicators and
controls ApproXImately 50% of these
progemes havmg hIgher downy mIldew
mCldence are rejected The remammg
50% are evaluated for agronomIC trmts m
smgle-rephcatlOn augmented deSIgn tn­
als, at several locatIOns In the field, any
progeny WIth even one downy mIldew-m­
fected plant IS rejected About 50 agro­
nomIcally supenor downy mtldew-free S)
progemes selected from these field trIals
are then recombmed the followmg season
- eIther by manual full-SIb crossmg or by
random matmg m IsolatIon - to produce
the cycle bulk populatIon for the next
round of recurrent selectIOn If full-SIbs
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are made, these are screened m the green­
house, and remnant seed ofthe most reC;IS­
tant ones sown m the target enVIronment
to IdentIfy agronomIcally supenor proge­
mes These procedures have been effec­
tIve m mamtammg or Improvmg levels of
downy mIldew resIstance m ICRISAT's
pearl mIllet composIte populatIOns (Rat­
tunde and Wltcombe, 1993)

Marker-Assisted SelectIOn

Marker-assIsted selectIOn (MAS) uses
as selectIOn cntena hIghly hentable 'tags'
that are genetIcally hnked to portIOns of
the genome controllmg characters of m­
terest These markers can be morphologI­
cal traIts, protems, mcludmg Isozymes, or
DNA markers such as restrIctIOn frag­
ment length polymorphisms (RFLPs),
random amphfied polymorphIc DNAs
(RAPDs), and others MAS IS an excellent
alternatIve to tIme-consummg test crosses
otherWIse reqUIred to pyramId genes
(such as downy mIldew reSIstance genes)
exhibItmg epIstaSIS (Gale and Witcombe,
1992, MIklas et al , 1992, Paterson et al ,
1991) MAS and graphIcal maps based on
markers (Fahretal , 1993) can help breed­
ers more rapIdly recover recurrent parent
genotypes m backcrossmg programs
(Lande and Thompson, 1990, HospItal et
ai, 1992) and more effiCIently IdentIfy
deSIred recombmants m pedIgree pro­
grams

In order to use MAS m Improvement of
pearl mIllet downy mIldew reSIstance, It
IS necessary to have

• a donor parent WIth IdentIfIed
lmked markers for some ofIts reSIS­
tance genes,
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• an ehte parent WIth madequate re­
sIstance, whIch has dIfferent
marker alleles than the donor parent
and lacks these reSIstance genes (at
least the specIfic alleles hnked to
markers m the donor genome), and

• a system for effiCIently determmmg
genotype (or at least phenotype) at
the marker lOCI m mdlVldual segre­
gatmg plants denved from crosses
between the reSIstance source and
ehte parent

To date, markers have been IdentIfied
for at least 16 dIfferent putatIve downy
mIldew reSIstance quantItatIve trait lOCI
(QTLs) m pearl mIllet The effectIveness
of MAS IS now bemg evaluated at ICRI­
SAT ASia Center m collaboratIOn WIth the
Centre for And Zone StudIes, and It ap­
pears promIsmg mdeed MAS has ad­
vanced as far as the BC2F4 and BC4FI, and
mterestmg recombmants have been Iden­
tIfied (FIgure 1) The first products ofthIS
MAS program are expected to reach pearl
mIllet breeders and pathologIsts m late
1997 as verSIOns of elIte mamtamer lIne
843B havmg dIfferent combmatIOns of
reSIstances from ICMP 85410

Smce MAS for downy mIldew reSIS­
tance IS currently bemg tested, one can
now contemplate deploymg downy mIl­
dew reSIstance genes m ways that were
not prevIOusly practIcal (Hash and WIt­
combe, 1996) PossIbIhties mclude 1)
pyramIded reSIstance genes m hybnds
based on a smgle seed parent, 2) hybnds
based on male-stenle synthetIcs (whose
parents are near-Isogemc denvatives of a
smgle seed parent, mto whIch dIfferent
reSIstance genes have been backcrossed
usmg MAS), and 3) three-way hybnds
based on a male-stenle F I (whose parents
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are a mamtamer lme, mto whIch one set
of reSIstance genes have been back­
crossed, and a male-stenle hne that IS
near-Isogemc to the mamtamer except It
has the male-stenle cytoplasm and a sec­
ond set ofreSIstance genes) Ofthese three
new types of hybnds, the last appears to
offer several advantages

• all the reSIstances m the seed parent
of the three-way hybnd are pyra­
mIded, and thIS pyramId can be pro­
tected usmg systemIC fungICIdes
(e g, metalaxyl) m hybnd seed
multIphcatIOn plots to reduce selec­
tion pressure m the pathogen for
VIrulence effectIve agamst the full
pyramId,

• there are fewer reSIstances to be
pyramIded m any hne to achIeve a
gIven total number of reSIstance
genes m the hybnd seed parent
(e g , two pyramIds of three genes
each m parents ofthe FI seed parent
WIth a SIx-gene pyramId),

• frequency ofpyramIded reSIstances
m the hybnd IS reasonably hIgh,

• breeder seed of the mamtamer hne
and ItS near-Isogemc male-stenle
lme (WhIch are SImIlar except for
pollen productIOn abIlIty and reSIS­
tance gene complement) can be
supphed to producers offoundation
seed of the FI seed parent WIthout
complIcatmg the seed multiplIca­
tion cham (FIgure 2), and

• the hybnd cultIvated over poten­
tially large areas IS genetIcally het­
erogeneous for downy mIldew re­
SIstance - mimIckmg to a certam
degree the varIabIhty (and hope­
fully durabIlIty) of open-pollmated
cultivars for thIS character - but
phenotypIcally umform for other
agronomIC characters
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Marker-assIsted selectIon offers pearl
mIllet breeders a key for reconcIhng con­
flIctmg deSIres for umformity for agro­
nomIC characters and vanabilIty for reSIS­
tance factors If It can contrIbute to stable,
hIgher yIelds of pearl mIllet gram and
fodder, then MAS 1S a tool breeders
should become famihar WIth so as to ex­
plOit It more fully when costs of usmg 1t
comedown

Smut

MoeszlOmyces pemczllarzae (Bref)
Vanky (syn Tolyposporzum pemczllarzae
Bref) causes smut m pearl mIllet De­
scnptIOns of the pathogen (Ramaknsh­
nan, 1963, Subba Rao and Thakur, 1983,
Chahal et ai, 1986) and screenmg tech­
mques (Thakur et ai, 1983a, Thakur and
Kmg, 1988b) are avaIlable, and a sum­
mary ofwork at ICRISAT ASia Center on
IdentificatIOn and utIlIzatIOn ofhost plant
reSIstance to thIS dIsease has recently been
publIshed (Thakur et aI, 1992a) Smut 1S
normally most severe on the upwmd bor­
ders of 1solated fields, espec1ally on the
earlIest flowermg panIcles ofumform sm­
gle-cross hybnds, where pollen avaIlabIl­
Ity 1S lIm1ted It also can be senous on
hybnd cultivars w1th long protogyny
and/or poor fertIlIty restoration, espe­
Cially when ramfall durmg flowermg re­
sults m poor anther dehIscence

Screemng Techmques

An effective screemng technIque for
smut reSIstance m pearl mIllet (Thakur et
aI, 1983a) mvolves

• moculatIOn ofpanIcles by mJectmg
aqueous suspenSIon of spondia of



Three-way Hybnd for Disease Resistance
Seed Production

Seed Production plot

Am X 8123

Nucleus (3 plots)

Breeder (3 plots)

Foundation (2 plots) A X 8
123 456

Certified (1 plot) IA123I456I-x-[!]

~
3-way F1 hybrid
segregating for

R genes1-6

Figure 2 Seed multiplicatIOn scheme for moddied three-way hybnd cultlvars that are heteroge­
neous for their disease resistance gene complement, but umform for other agronomic
characters
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M pemclllarzae (1 x 106 me1
) mto

the 'boot',
• covermg the moculated pamcles

wIth parchment paper selfmg bags
(polythene bags [Wells et al , 1987]
can mhibit seed set by causmg hIgh
mOIsture and hIgh temperature con­
dItIons),

• provIdmg hIgh humIdIty (80% RH)
by usmg an overhead sprmkler
twIce a day for 30 mmutes each at
lOam and 5 pm on ram free days,
and

• removmg bags 15-20 days after m­
oculatIOns and scormg panIcles for
smut seventy usmg a standard smut
seventy assessment key (Thakur
and Kmg, 1988b)

Sources ofResIstance

Sources of smut reSIstance have been
IdentIfied m gene bank acceSSIOns from
Cameroon, India, Lebanon, Mah, NIger,
Nigena, and Togo, representmg dIverse
agroecoiogical zones (Thakur et al , 1986,
1992a, Thakur and Kmg, 1988b) Follow­
mg pedIgree breedmg and artifICial
screenmg of progemes of crosses mvolv­
mg smut-reSIstant hnes, a large number of
agronomically dIverse smut-reSIstant
Imes were IdentIfied Recently nearly 400
smut-reSIstant hnes (aSSIgned ICMSR
numbers) have been charactenzed for
theIr agronomIc attnbutes and reactIOns to
smut and downy mIldew (Thakur et al ,
1992a) These hnes have subsequently
been depOSited WIth the Genetic Re­
sources DIVISIon at ICRISAT ASia Center
and have been assIgned acceSSIOn num­
bers (IP 19685 - IP 20081) Many ofthese
hnes were evaluated at key hot spots m
AfrIca and IndIa, and several WIth stable
reSIstance to smutwere IdentIfied (Thakur
et ai, 1986, Thakur and Kmg, 1988b,

354

1988d) Many of these hnes have Im­
proved agronomIC traIts and combmed re­
SIstance to smut and downy mIldew
(Thakur et al , 1992a)

Inherttance ofReSIstance

Reports conflIct as to whether host re­
actIOn to smut IS affected by cytoplasm
(Kharrwal et al , 1986, Yadav et al , 1992,
Thakur et al , 1992a) These are dIscussed
thoroughly by Yadav (1994)

ObservatIOns at ICRISAT ASia Center
(Thakur and Chahal, 1987) and earher
eVIdence (Yadav, 1974) mdlcate that re­
SIstance to smut IS dommant and SImply
mhented Phookan (1987) and Chavan et
al (1988) have reported both dommant
and addItive gene actIons for smut reSIS­
tance, but addItive genetic effects are
much larger than dommance effects

Breedmg Methods

Breedmg for smut-reSIstant open-pOlli­
nated vaneties through recurrent selectIon
has shown promIse Two populatIOn va­
neties denved from the Smut ReSIstant
CompOSIte (SRC) population (constItuted
m 1979 at ICRISAT ASia Center) ­
ICMV 82131 and ICMV 82132 - and
two synthetics - ICMS 8282 and
ICMS 8283 - have shown a hIgh level of
reSIstance to smut and downy mIldew and
have yIelded on par WIth the control van­
ety WC-C75 (Andrews et ai, 1985a,
Thakur and Chahal, 1987) ICMV 82132
performed well m several tests m AfrIca
and has been released as 'Kaufela' m
Zambia Dwarf verSIOns ofICMV 82132
have been produced (e g, ICMV 89074
and ICMV 93074) and are avaIlable for
testmg m regIOns where the heIght of



ICMV 82132 (often ~ 25m) would be
consIdered exceSSIve A number of par­
tially mbred hnes denved from the SRC
have been mtrogressed m other compos­
Ites at ICRISAT ASia Center to mcrease
levels of smut resIstance, and SRC was
merged wIth the Intervarletal ComposIte
(IYC) to form the Smut ResIstant Com­
posIte II (SRC II) A subset of SRC II
flowenng one week earlIer than the OrIgI­
nal was produced by a smgle cycle of
mass selectIOn for early flowermg, and
named the Early Smut ResIstant Compos­
Ite II (ESRC II) Open-pollInated varIe­
ties selected from ESRC II, mcludmg
ICMV 91773 and ICMV 93771, have
performed well m trIals m IndIa and
Kenya ThIS composIte IS an chcellent
source ofmedIUm-early breedmg materIal
wIth compact cyhndncal panIcles, hIgh
gram yIeld potentIal, and excellent downy
mIldew resIstance, at least for ASia, m
addItion to ItS smut resIstance

SIgmficant progress has been made m
mcorporatmg smut resIstance from un­
adapted source materIals mto commer­
cIally useful male-sterIle hnes usmg pedI­
gree-bulk procedures m crosses between
the source matenal and adapted elIte
mamtamer lInes ICMA 88006 IS the first
smut-resIstant male-stenle lme developed
usmg these methods It also IS resistant to
downy mIldew, has high seed yield and
supenor agronomic attnbutes, compared
to currently aVailable male-stenle hnes
(Thakur et al , 1992a) Several addItiOnal
smut reslstantmale-stenle hnes have been
bred at ICRISAT ASIa Center m recent
years Breedmg and evaluation of smut­
resIstant hybnds that can be produced on
these new male-stenle lInes are m pro­
gress at publIc and pnvate research cen­
ters m India

PhenotypIC MAS for smut resIstance IS
also possIble The tr allele confers
trlchomeless plant structures, and IS easIly
IdentIfiable m homozygous plants Smut
reSIstance IS a pleIotropIC effect of the tr
allele, or tr IS closely lInked to reSIstance
gene(s) (WIlson, 1995)

Ergot

ClaVlcepsjusljormls Loveless [syn C
mlcrocephala (Wallr) Tul], the causal
fungus of ergot of pearl mIllet, was first
descrIbed by Loveless (1967) and later by
SIddIqUI and Khan (1973), Kumar and
Arya (1983), Thakur et al (1984) and
Chahal et al (1985) Screenmg tech­
mques (Thakur et aI, 1982, Thakur and
Kmg, 1988a) are avaIlable, and a sum­
mary ofwork at ICRISAT ASia Center on
IdentificatIOn and utIlIzatIOn ofhost plant
reSIstance to ergot has recently been pub­
hshed (Thakur et aI, 1993) Longer pro­
togyny perIods usually result m hIgher
dIsease mCIdence InfectIon ofan mdlvld­
ual floret may take place through stigma,
style, or ovary wall (WIllmgale and Man­
tle, 1985) InfectIon most commonly oc­
curs through fresh stigmas, 36 hours after
mfectiOn a constnctlon develops m the
fused stylodla concurrently WIth hyphal
mvaslOn of the upper ovary wall (WIllm­
gale and Mantle, 1987) SimIlarly, a con­
stnctlOn develops as a result ofpolhnatIOn
(Thakur and WIllIams, 1980, WIlhngale
et al, 1986) and stIgma wlthermg occurs
wlthm three hours followmg pollInatIon
(Thakur and WIlhams, 1980) StIgmatIC
constrIctIOn and wlthenng IS much faster
after pollmatiOn than after moculatIOn
WIth comdla of the pathogen Abundance
of pollen reduces ergot mfectIOn (Thakur
and WIlhams, 1980)
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Screemng Techmque

Screenmg for ergot resIstance was m­
ItIated m IndIa under the All-India Coor­
dmated Pearl Mdlet Improvement Project
(AICPMIP) dunng the late sIxtIes, but
success was hmIted due to lack of a reh­
able technIque SystematIc research at
ICRISAT Center smce 1976 has resulted
m the development of an effectIve field
screemng techmque (Thakur and Wd­
hams, 1980) that mvolves

• baggmg pamcles at the boot-leaf
stage wIth parchment selfing bags
to allow stIgma emergence m a pol­
len-protected enVIronment,

• moculatmg pamcles 3-4 days later
by bnefly openmg the bags and
spraymg pamcles at the full pro­
togyny stage (>75% fresh stIgmas)
WIth an aqueous comdIal suspen­
SIOn (1 x 106 comdIa mL-1

) pro­
duced from honey dew of mfected
pamcles,

• provIdmg hIgh humIdIty (>80%
RH) WIth overhead spnnklers twIce
a day for 30 mmutes each at 10 am
and 5 pm on ram-free days,

• removmg bags two weeks later and
sconng ergot seventy usmg a stand­
ard ergot seventy key

Rehance on natural screenmg condI­
tIons can gIve mIsleadmg results, espe­
CIally when early-flowermg or late-flow­
enng test entrIes escape mfectIOn (Jam et
ai, 1988)

Sources ofReSIStance

Screemng of a large number of pearl
mIllet mbred hnes m AICPMIP trIals m
IndIa, at dIfferent locatIOns m AfrIca, and
at ICRISAT ASIa Center faded to reveal
hnes WIth a satIsfactory level of ergot
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reSIstance ReSIstant hnes were developed
by mtermatmg less susceptIble plants and
selectmg reSistant progemes under hIgh
dIsease pressure for several generatIons
followmg pedigree and recurrent selec­
tIOn procedures (GIll et ai, 1980, Chahal
et ai, 1981, Thakur et ai, 1982) A
number ofhnes have shown hIgh levels of
reSIstance across dIfferent locatIOns m In­
dIa and western AfrIca over several years
(Thakur et ai, 1985, Thakur and Kmg,
1988a) Lmes WIth hIgh levels of reSIS­
tance combmed WIth good agronomiC
traIts also have been IdentIfied that can be
used as donors for developmg ergot-resIs­
tant vanetIes (Thakur and Kmg, 1988c)
About 300 ergot-resIstant mbred hnes and
populatIOns (ICMER numbers) have been
evaluated for theIr agronomIC attnbutes
and reactIOns to dIseases (Thakur et al ,
1993) Many of these hnes and popula­
tIOns possess improved agronomiC traits
and combmed reSistance to ergot, smut,
downy mildew, and rust (Thakur et ai,
1988)

Attempts were made to select ergot-re­
Sistant hnes usmg tIssue culture tech­
mques, With sclerotIaI extract and culture
filtrate of C fusiformls as the selectIve
agents (BaJaJ et ai, 1980, Sharma and
Chahal, 1990) Regenerants have been
isolated from the survIvmg callus masses
of susceptIble hnes repeatedly exposed to
the culture filtrate Regenerated plants re­
portedly showed Improved reSIstance lev­
els of 15-92% hIgher than the ongmal
susceptIble hnes (Chahal and Sharma,
1988)

Inhentance ofReSIstance

Inhentance of ergot reSIstance IS rela­
tIvely complex, and can mvolve cytoplas-



mlc x nuclear mteractIOns (Thakur et al ,
1993, Yadav, 1994) ResIstance IS reces­
SIve and polygemcally controlled (Thakur
et ai, 1983b) Ergot-resIstant hybnds,
therefore, cannot be bred unless both par­
ents possess the same resIstant genes
(Vtrk et ai, 1987, Ral and Thakur, 1995)
Of course, thIS can be expected to reduce
heterosIS for gram and stover yIeld More
detaIled genetIc studIes are needed to bet­
ter understand the nature and mhentance
of ergot resIstance

Breedmg Methods

Attempts were made to mcorporate re­
SIstance m both the seed parent and pOllI­
nator, usmg backcross breedmg proce­
dures (Andrews et ai, 1985a) BeSIdes
ergot-resIstant compOSItes, efforts are be­
mg made to develop ergot-resIstant male­
stenle hnes to permIt hybnd seed produc­
tIon m ergot-prone enVIronments and for
pOSSIble development of ergot-resIstant
hybnds Usmg pedIgree breedmg meth­
ods, ergot resIstance has been mcorpo­
rated mto an agronomIcally ehte mbred
background, and ergot-resIstant male­
stenle hnes have been bred at ICRISAT
ASia Center Three ofthe promlsmg male­
stenle hnes (ICMA 91113, ICMA 91114,
and ICMA 91115) were evaluated for
theIr hybrId productIOn potentIal usmg er­
got-reSIstant pollmator parents In a pre­
hmmary yIeld trIal companng several hy­
bnds based on ergot-resIstant male-stenle
hnes to the commerCIal hybnd ICMH
423, the hybnds yIelded 11-17% more
gram and tIme to 50% flowenng was SImI­
lar or earher (Thakur et ai, 1993) Unfor­
tunately, most of these hybnds were both
susceptIble to ergot and male-stenle (the
reSIstance donor used m both parents was

a mamtamer of the Al cytoplasmlc-gemc
male-stenhty system)

Three synthetIc varIetIes (ICMS 8031,
ICMS 8032 and ICMS 8034), constItuted
usmg ergot-reSIstant mbred lInes, com­
pared well for gram yIeld WIth a popular
open-pollInated commercial vanety WC­
C75 and hybnd BJ 104 at ICRISAT ASIa
Center, butwere much later to flower The
synthetIC vanetles showed 12-15% ergot
seventy compared WIth 24% m WC-C75
and 54% m BJ 104 (Thakur et ai, 1993)
The ICRISAT Ergot ReSIstant CompOSIte
(ERC), constItuted m 1985 usmg 52 er­
got-reSIstant populatIOns, IS one of the
most productIve compOSItes m ItS matur­
Ity class and IS bemg used at ICRISAT
ASIa Center as a source populatIon m
crosses to form a new late compOSIte

Rust

Rust, caused by Pucczma substrzata
var mdlca or P penmsetz (some nomen­
clatue controversy eXIsts), IS among the
Important pearl mIllet dIseases It occurs
m almost all areas where pearl mIllet IS
cultIvated Where pearl mIllet IS tradItIOn­
ally grown for gram, rust has usually been
conSIdered a mmor problem because ItS
late appearance - generally after the
gram-filhng stage - causes httle or no
loss m gram yIeld However, the dIsease
has been observed as early as the seedlmg
stage and, m such cases, substantial reduc­
tion m gram and fodder yIeld and quahty
can occur (Ramaknshnan, 1963, Monson
et ai, 1986, WIlson et ai, 1991b, WIlson
et ai, 1995, S D Smgh, unpublIshed) In
India thIS dIsease has become mcreas­
mgly Important for several reasons, m­
cludmg large-scale cultIvatIOn of hlgh­
yleldmg but rust-susceptIble cultlvars,
large-scale seed productIOn dunng the
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summer season, and overlappmg crops­
partIcularly m TamIl Nadu and GUJarat
WorldWIde thIS dIsease IS probably of
greatest Importance on multtcut forage
hybnds where even low rust seventIes can
result m substanttal losses of dIgesttble
dry matter yIeld (WIlson et ai, 1991b)
Recent VIrulence changes m rust popula­
tIons m the southeastern Umted States
(WIlson, 1993, Tapsoba and Wtlson,
1996) are comphcatmg the mtroductlon
ofpearl mIllet gram hybnds ill that regIOn,
and have clearly demonstrated the poten­
tialimportance of this disease on geneti­
cally umfonn susceptible cultivars Re­
cent reViews provIde more mfonnatlOn
(Pathak and Choudhary, 1991, Smgh and
Kmg, 1991, WIlson et ai, 1993a)

Screenmg Techniques

Because rust has not been consIdered
of great economIC sIgmficance m most
pearl mIllet productIon areas, httle re­
search has been done to develop screenmg
techmques m IndIa or Africa In IndIa,
screenmg agamst rust has been based
largely on testmg matenals at 10catlOns
where rust occurs m severe fonn every
year if sowmg IS done at the appropnate
ttme However, these known field mocu­
latton procedures have been compared at
ICRISAT

• uredImospores from earher-sown
mfector rows,

• spraymg uredmIOspores on 25-40
day old crops, and

• spreadmg of uredmIa-bearmg
leaves among 25-30 day old test
plants

Spraymg uredImospores twice, at 25
and 35 days after sowmg, gave the best
results (S D Smgh, unpubhshed, Smgh
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and Kmg, 1991) Both field and green­
house screenmg procedures are used at the
Coastal Plam Expenment StatIOn m
TIfton, GeorgIa (WIlson, 1994)

ReSistance Sources

In recent years, several efforts have
been made to Identtfy reSIstance sources
for pearl mIllet rust Suresh (1969) was
the first to report hIgh levels of rust reSiS­
tance m open-polhnated cultIvars He
identified PT 826/4 and PT 829/4 as
highly reSistant and PT 82913, PT 833/2,
PT 833/4, PT 835/6, and PT 829/8 as tol­
erant

At ICRISAT ASia Center, a large
number of gene bank acceSSIOns have
been evaluated for their reactton to downy
mIldew and rust, and many With reSIS­
tance to these two dIseases have been
Identtfied (Smgh, 1990) Most of these
promismg matenals have been tested at
four to seven locatIons for SiX to seven
years ill India FIVe hnes, 700481-21-B
(ICML 17), IP 537 B (ICML 18),
IP 11776 (lCML 19), IP 2084 (lCML
20), and P 24 (lCML 21), have shown a
hIgh degree of rust reSIstance across all
hot spot locatIOns and over years (Smgh
et ai, 1990b) ICML 11, a selectIon from
7042 (lP 2696), a landrace from Chad, has
been identtfied as highly rust-resIstant
(Smghetal, 1987a) DommantresIstance
is also avaIlable m ICRISAT-bred seed
parents 852A and 852B, based on a
Malwa cross, as well as ICMA 96222 and
ICMB 96222 that are denved from a cross
mvolvmg 852B (K N Rat, 1996, personal
commumcatIOn)

Slow-rustmg genotypes have been re­
ported m pearl mIllet (Hanna et al , 1981,



Smgh and Sokhl, 1983, Hanna and Wells,
1993) Slow rustmg has been transferred
mto the genetic background ofTtft 230B
from a tall, short-day sensItive mtroduc­
tIon from Senegal, and the product re­
leased as TIft 8902 (Hanna and Wells,
1993) ICMP 451 (Anand Kumar et ai,
1995) appears to be another elIte mbred
source ofthIS character and QTL mappmg
of It IS underway (C T Hash, unpub­
lIshed) AddItional sources of partial re­
sIstance recently evaluated by WIlson
(1994) mclude a number of ehte mbred
pollInators from IndIa, suggestmg that
perhaps rust IS Important for gram and
stover yIeld even there

A wIld relatIve of pearl mIllet, P
amencanum (L) Leeke subsp monodu,
was reported Immune to rust (Hanna et al ,
1982), and thIS resIstance also has been
transferred mto an agronomIcally ehte
seed parent background by backcrossmg
(Hanna et ai, 1987) Once commercially
deployed, a smgle dommant gene that
controlled much of thIS resIstance was
rapIdly overcome (WIlson, 1993) Several
other groups also have reported resIstance
to pearl mIllet rust (Rao and Rao, 1983,
GovmdaraJan et ai, 1984) A number of
potentially new sources of resIstance to
thIS dIsease have been Identified m land­
races collected from Burkma Faso (WIl­
son et ai, 1989a, 1990, 1991a) Plants
from selected landraces were selfed SIX
times and S6 seed from rust-reSIstant
plants bulked to form TIft #3 and TIft #4
germplasm (WIlson and Burton, 1991),
whIch were released as sources of rust
resIstance genes

In summary, many more sources of
varIOUS types of rust resIstance are avaIl­
able now than even a decade ago Oeploy-

ment of sources m resIstant cultivars has
begun, and the pathogen has demon­
strated Its abIlIty to rapIdly evolve m re­
sponse to host plant resIstance Charac­
terIZatIOn ofgenes controllIng these reSIS­
tances IS now needed to permIt theIr
effective and sustamable utIhzatlOn

Inheritance ofReSIStance

In nearly all cases so far reported, pearl
mIllet rust resIstance was demonstrated to
be controlled by a smgle dommant gene,
except m one entry, 700481-23-2, m
WhICh complementary gene actIon was
reported (Sokhl et ai, 1987) The gene
Identified by Andrews et al (1985b) was
deSIgnated as RpPI, whIle that IdentIfied
by Hanna et al (1985) was deSIgnated RrI

ReSIstance conferred by Rr} was rapIdly
overcome followmg ItS deployment m
smgle-cross gram and forage hybrIds m
the southeastern Umted States (WIlson,
1993)

Breedmg Methods

ConventIOnal pedIgree (Hanna, 1993),
pedIgree-bulk, and backcross breedmg
are bemg used m segregatmg materIals
produced from crosses of agronomIcally
ehte, rust-susceptible hybrId parents and
donors WIth stable reSIstance However,
thIS does not appear to be suffiCIent to
achIeve durable reSIstance m smgle-cross
forage hybrIds For pedIgree and pedI­
gree-bulk breedmg, three-way crosses
[(susceptible parent x reSIstant donor) x
susceptible parent] appear to offer the
most effiCIent way to qUIckly recover de­
SIrable recombmants Researchers at
TIfton, GeorgIa, are developmg molecu­
lar markers for genes contrIbutmg to rust
reSIstance to provIde breeders greater op-
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tIons m resistance gene deployment (Oz­
las-Akms, 1996, personal commumca­
tIon) Once avatlable, such markers
should faclhtate breedmg of pearl millet
hybnds heterogeneous for rust resistance
(Wtlsonetal,1993b) Suchhybnds,sl1m­
lar m concept to multtlme varieties of
self-polhnated crops, might prOVide a
more effective strategy for rust resistance
gene deployment than deploymg mdlVld­
ual resistances senally or pyrmmdmg re­
sistance genes m genetically umform hy­
brids (Wtlson et ai, 1993a) ThiS IS con­
ceptually Identical to optiOns discussed
above for usmg markers m breedmg for
resistance to downy mtldew

Pyrlcu[arla Leaf Spot

Magnaporthe grlsea IS the teleomorph
of the complex group of Ascomycete
fungi composed ofmterferttle anamorphs
[Pyrzcularw grlsea (Cooke) Sacc =
Pyrlcularza oryzae] that cause Pyrzcu­
larza leafspot or blast ofnce and/or other
grammeae, mcludmg pearl mtllet Be­
cause of the Importance of nce blast, thiS
fungus and the diseases It causes are
among the best studied m the world (Zei­
gler et ai, 1994, Skmner et ai, 1993)
Pearl millet forage yield losses due to leaf
spots or bhght m the U S are caused pn­
manly by thiS pathogen (Wilson and
Gates, 1993) The pathogen IS highly van­
able, With many strams specmhzed m
therr host range to varymg degrees (e g ,
Urashlma, 1993) Some, but not all, ISO­
lates from pearl millet can mfect nce, and
vICe versa However, unhke rust and
downy mildew causal organisms, thiS
pathogen does not obhgately pass through
a sexual stage m order to survive from
season to season Therefore genetic re­
combmatlOn ofvirulences occurs less fre­
quently ThiS suggests breedmg for dura-
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ble resistance to Pyrzcularw leaf spot m
pearl mtllet might be easier than breedmg
for durable resistance to rust or downy
mtldew, but nce breeders have not found
durable blast resistance easy to achieve

Screenmg Techmques and
Sources ofReSistance

Field and greenhouse screemng tech­
mques (Wtlson and Hanna, 1992a) are
used, Similar to those outhned above for
rust Both landraces and wIld relatives of
pearl millet have served as sources of
resistance to thiS disease (Hanna et al ,
1987, Wtlson et aI, 1989a, WIlson et ai,
1991a, Wilson and Hanna, 1992b)
Tift 186 (Burton, 1977) and ItS d2 dwarf
backcross denvatlve Tift 383 (Burton,
1980) were descnbed as resistant to
Pyrzcularza at the time they were regis­
tered

Inheritance ofReSistance

Host reactIOn to leaf spot caused by
Pyrzcularza grlsea m pearl mtllet IS not
affected by cytoplasm (WIlson and
Hanna, 1992a) The wtld accessIOn ofP
amerzcanum subsp monodll that served as
the resIstance donor m breedmg
Tift 85D2B1 carned three mdependent
dommant resistance genes (Hanna and
Wells, 1989), but backcrossmg and selec­
tion for resistance successfully trans­
ferred only one Four landrace accessIOns
from Burkma Faso have been shown to
each have a smgle dommant gene for leaf
spot resistance that IS mhented mde­
pendently of that m TIft 85D2BI (Wilson
et ai, 1989b)

Breedmg Methods

Hanna et al (1987) bred Pyrzcularla­
resistant Tift 85D2BIby backcrossmg one



ofthree mdependent dommant resIstance
genes (Hanna and Wells, 1989) from a
wIld grassy acceSSIOn of P amellcanum
subsp monodll from Senegal mto the ge­
netic background of Tift 23D2B)
TIft 85D2A) was then bred by backcross­
lllg TIft 85D2B) to TIft 23D2A)
TIft 85D2A) IS the female parent of the
leaf spot and rust resIstant dwarf forage
hybrId 'TIfleaf 2' (Hanna et ai, 1988)
Pyrzcularza reSIstance ofTift 90D2E) was
then bred by pedIgree selectIOn m progeny
from a cross mvolvmg TIft 85D2B) as do­
nor (Hanna, 1993) HybrIds heterogene­
ous for theIr Pyrzcularza reSIstance genes
may be reqUIred for durable reSIstance

Potential of Emergmg Technologies

Several emergmg technologIes may
contrIbute sIgmficantly to Improvement
of host plant resistance to pearl mIllet
dIseases These mclude somaclonal varI­
ants ansmg from tissue culture, in Vitro

selectIOn, genetic transformatIOn, dI­
haplOid productIon from cultured anthers,
and use of saturated genetIC lInkage maps
for marker-assIsted selectIon (MAS) The
first two of these areas Will reqUIre relI­
able systems for plantlet regeneratIOn
from cultures of protoplasts, cells, or cal­
lus

While many publIshed reports claim
successful tissue culture ofpearl millet­
mcIudmg regeneratIOn ofplants from pro­
toplasts (VaSIl and Vasil, 1980), downy
mildew reSIstant plants from in Vitro cul­
ture of mfected tissues (Prasad et ai,
1984), and ergot-reSIstant plants follow­
mg in Vitro culture and selectIOn (Sharma
and Chahal, 1990) - these techmques are
not yet bemg applied to any great extent
m publIc-sector breedmg programs TIS-

sue culture has been used to generate
hIghly resistant somaclones of Tift 23B,
8IB, and 843B at the Downy Mildew
Research Laboratory ofthe All India Co­
ordmated Pearl Millet Improvement Pro­
Ject m Mysore ReSistance of these so­
maclones has remamed stable under epI­
phytotlC conditions through the fifth seed
generatIon (AICPMIP, 1995) Perhaps
breeders are slow to adopt thiS technology
because of the genotype speCIfiCity of re­
generatIOn systems, or the cost and com­
pleXity ofthese procedures may SImply be
too great

Genetic transformatIOn may rely upon
tissue culture systems, but other ap­
proaches also are avaIlable Once agam
there have been no applIcations of thIS
technology to pearl millet Improvement,
although here the dIfficulties assOCIated
With these procedures m cereals (Smith
and Hood, 1995) are certamly an explana­
tion Further, a few reports descnbe meth­
ods for producmg plantlets from cultured
pearl mIllet anthers or microspores (BUI­
Dang-Ha and Pemes, 1982), butthere are
no reports of practical or strategIC applI­
cation of thiS technique to problems m
pearl mIllet Improvement In each ofthese
emergmg areas It appears "It has been
much more difficult and expenSIve than
antiCIpated to extrapolate the results of
these efforts [research on 'model sys­
tems'] to other studies, particularly those
of an applIed nature" and "thIS predIca­
ment IS a failure of sCience m general
to recognIze that the eventual relevance of
any research should receive attentIon m
order for SOCIety to benefit" (HelentJarIs,
1992) For pearl mIllet to take advantage
of future transgemc applIcatIOns, further
work m these areas IS essentIal, With the
expressed objective of obtammg an ap-
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plIed result useful to farmers, otherwise,
the research resources should be applIed
elsewhere

In contrast, the considerable potential
ofMAS (Tanksley et ai, 1989, Lande and
Thompson, 1990, Paterson et ai, 1991,
Gale and Wltcombe, 1992, Lande, 1992,
Miklas et ai, 1992) as a tool for pearl
mIllet Improvement has been recogmzed
A saturated genetic Imkage map (Figure
3), based upon molecular markers, has
been developed (LlU et al , 1994a, 1994b,
Devos et al , 1995) as was done preVIOusly
(Smith et ai, 1989) for Its close relative
naplergrass (P purpureum) Markers are
bemg IdentIfied to assist breeders m se­
lectmg mdlvldual plants carrymg speCific
resistance alleles of mterest (Jones, 1994,
Jones et ai, 1994, 1995) ThiS map was
mltlally based on restnctIon fragment
length polymorphIsm (RFLP) markers,
smce these can reveal an almost unlImited
number of polymorphlsms (Botstem et
al , 1980) and can be used directly to tag
lOCI controllIng traits ofmterest for MAS
AdditIOnal markers (mcludmg Isozymes,
other protems, other types ofDNA mark­
ers, and field-scorable morphological
traits) are bemg added to the map's basIc
framework Further, a skeleton map based
on sequence tagged sites (STS - markers
based on the polymerase cham reaction
with less strmgent reqUirements for large
quantities ofgood qualIty DNA) has been
developed (Money et ai, 1994) that
should reduce the cost oftransfernng thIS
map to other breedmg populatIOns WhIle
more recent estimates (Hospital et ai,
1992) of the gams from MAS compared
to conventional methods suggestthat only
two generations can be gamed dunng
backcross transfer of a smgle dommant
gene that can be effectively selected usmg
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conventIOnal procedures, the advantages
of this breedmg tool Will be conSiderably
greater when workmg With quantitative
traits or characters whose expressIOn IS
affected by factors m the genetic, bIOtiC,
or phYSical environment

Due to the high costs ofcurrent RFLP­
based mappmg technologies, MAS can
now be used m applIed breedmg programs
only to follow segregatIOn of Important
genes contrlbutmg to expression of char­
acters ofhigh economIC value and that are
difficult or expensive to relIably measure
For more extensive future use, MAS sys­
tems Will have to be less expensive and
more effiCient than alternative methods of
selectmg for the character of mterest,
PCR-based markers (RAPDs, STS,
SCARS and SSRs) offer thiS posslblhty
OtherwIse MAS wIll not be very useful to
breeders and should not be used except m
constructmg novel genetic tools such as
contlg hnes (I e , contiguous chromosome
segment substitution lInes) and chromo­
some substItution hnes When conSidered
better than all other alternatives, markers
can be used effectively m IdentIfymg de­
Sirable segregants IndIVidual segregants
are charactenzed for thelf marker geno­
types at lOCI preVIOusly IdentifIed as
tightly lInked to genes of mterest m the
parent(s) SelectIOn IS then made among
these segregants for the best combmatlOn
of marker genotypes Ideally, selection
might be for mdlvlduals havmg marker
alleles ofa reSistance donor parent m por­
tions ofthe genome tightly lInked to resIs­
tance gene(s) of mterest, and marker al­
leles of an agronomically elIte parent m
the remamder of their genomes

In the case of pearl millet, greenhouse
Of laboratory screenmg for downy mIldew
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resistance IS relatively mexpenslve and
efficient agamst a smgle pathogen Isolate
or a few Isolates from a smgle country
However, to pyramid resistances from
different sources or select for resistance
effective m other geographical areas,
avaIlable alternatives are either costly or
mefflclent and slow ConventIOnal
screenmg m such cases reqUIres either
multIlocatIOnal evaluatIOn of progemes
agamst a range ofS grammlcola popula­
tIons, or evaluatIon agamst a multma­
tIonal range of pathogen Isolates m a re­
gIOn where S grammlcola and any poten­
tIal hosts are of no economic Importance
ConSiderable time IS reqUIred to produce
the progemes to be tested, send them to
appropnate testmg locatIOns, evaluate
them there, and summanze the evaluatIOn
results before actually selectmg among
them However, once thiS IS done, MAS
methods should be much faster and less
expenSive, and should offer higher herita­
bIlities for resistance (nearly 1 0) than
routme multllocatIOnal screenmg agamst
pathogen populatIOns

The first molecular marker to be used
extensively m breedmg for disease resIs­
tance m plants was the allozyme vanant
Apse, which was found closely lInked to
a gene for nematode resistance m tomato
(Rick and Fobes, 1974) More recent ex­
amples of applIcatIOn of thiS tool to crop
Improvement mclude detectIOn of RAPD
markers lInked to a gene for nematode
resistance III sugar beet (Uphoff and
Wncke, 1992) and use of RFLP markers
to localIze genes contnbutmg to resIs­
tance to blast m nce (Yu et aI, 1991,
McCouch et aI, 1994), phytophthora m
soybean (Diers et aI, 1992), and downy
mIldew m lettuce (Mlchelmore et aI,
1991) The latter two diseases are caused
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by fungi SimIlar to that mCltmg pearl mIl­
let downy mIldew, where RFLP markers
for resistance also have been Identified
(Jones et aI, 1994, 1995, Hash et aI,
1995) Techmques usmg the polymerase
cham reactIOn (PCR) have been used to
confirm transfer of DNA and stable diS­
ease resistance from Wild to cultivated
barley (Xu and Kasha, 1992) RFLP
markers have been used to show

• less than expected recovery of re­
current parent genome followmg
backcross transfer of disease resIs­
tance genes m maize (Ma, 1991),

• that the downy mildew-reSistant
pearl mIllet mbreds 81B (Anand
Kumaret aI, 1984) and ICMB 841
(Smgh et aI, 1990c) are probably
denved from outcrosses rather than
theIr publIshed pedigrees (Lm et al ,
1992), and

• that recombmatIOn rates are Similar
m male and female gametes ofpearl
mIllet (Busso et al , 1995), but that
segregatIOn distortIOn IS much
higher among male gametes than
among female gametes

Development of bulk segregant analy­
SIS (Mlchelmore et aI, 1991), SimIlar m
many ways to the concept of near-Iso­
gemc populatIOns (Burton and Wells,
1981), has dramatically reduced the time
and expense reqUIred to IdentIry molecu­
lar markers for new resistance genes of
large effect However, It can miss genes
of smaller effect (E S Jones, 1996, per­
sonal commumcatIOn) Molecular mark­
ers also are bemg used to charactenze
populatIOns of pearl mIllet pathogens
(Sastry et al , 1995) Overall, It looks lIke
molecular markers, and MAS, wIll be­
come Important tools for pearl mIllet
breeders m the decade ahead



ConclusIOns

ThIS reVIew has presented many detaIls
ofbreedIng for dIsease resIstance In pearl
mIllet The conclusIOns are sImIlar to
those of prevIous reVIews m thIS area
success reqUIres an effectIve screemng
method (often wIth moculatIOn and al­
ways wIth a satIsfactory assessment
scale), hentable vanatIOn, and knowledge
of the genetIc structure of the host and
pathogen populatIOns WIthout all these
factors, a dIsease resIstance breedIng pro­
gram IS not lIkely to be able to provIde
durable resIstance ImtIatIng a breedmg
program to Improve pearl mIllet dIsease
resIstance before these necessary compo­
nents are In place would sImply be a waste
of resources

Many opportumtIes are now avaIlable
to pearl mIllet breeders many resIstance
genes, lots ofgenetIc vanabIlIty, and good
screenIng systems for the most Important
dIseases Needed now are refinement of
procedures and reductIOn of the tIme and
expense of combInIng adequate levels of
dIsease resIstance WIth tolerance or reSIS­
tance to other stress factors In pearl mIllet
productIOn envIronments and hIgh yIeld
potentIal At ItS SImplest, marker-assIsted
selectIOn offers breeders a new array of
dIsease-screenIng methods wIth maXI­
mIzed hentabIlItIes Although not a UnI­

versal solutIOn to all breedmg problems,
MAS offers tremendous opportumtIes to
breed for Important characters - and
combmatIons of characters - that are
otherwise difficult and expenSIve to as­
sess Most Important, thiS new kit of
breedmg tools offers scope for new strate­
gIes (e g, In resIstance gene deployment)
that would be ImpractIcal usmg conven­
tIonal approaches
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DIscussion

SeSSIon V - Breedmg for ReSIstance to BIOtIC Stress
SeSSIOn ChaIr John Wltcombe

Rapporteurs - Larry Claflm and Nell Muller

B S Rana - There IS no adequate reSiS­
tance to earhead bug m gennplasm The
hnes reported tolerant are late With lax
panIcle whIch adds to escape mechanIsm
Do you think that biotechnology may help
m thiS dIrectIOn to evolve reSIstance for
thIS type of bug?

R G Henzell - If, m fact, there is no
useful HPR to earhead bug m sorghum,
then, yes, there are very hkely "ahen"
genes for reSistance that could be trans­
fonned mto sorghum

Swarnlata KauI - You have men­
tioned antixenOSiS and antibiOsIS mecha­
nIsms of reSistance? How do you select
for these mdIvIdual mechanIsms? Are the
genes governIng these the same or difter­
ent?

R G Henzell - The genetics of the
possible different reSistance mechanisms
are not known Currently, there is no at­
tempt to select on the basis of dIfferent
mechanIsms, largely because, by far, the
major mechamsm IS OVIpOSItIOn an­
tlxenosIS

B S Rana - The reSIstance breedmg
mvolves gennplasm screenmg, develop­
ment ofusable sources and recombmatiOn
of reSIstance m improved background
The IndIan program has achieved encour­
agmg results on these aspects and espe­
Cially for enhancmg reSistance m high
yieldmg background For example -

shootfly reSistant vaneties were earher
mtroduced and now a reSIstant and high
yIeldmg hybnd (CSHI5R) was released
last year WIth a number ofdeSIrable traits
reqUIred for post ramy season Parental
hnes of thiS and other promismg hybnds
are bred m the Indian program We have
also developed charcoal rot reSIstant hnes
With shootfly reSistance WIth round gram
better than E36-1, reSIstance source An­
other illustratiOn can be given Last year,
the International Gram Mold ReSistance
Nursery was evaluated by us along WIth
our breedmg matenal There was contmu­
ous ram for almost 15 days on a matured
crop All ofthe entries ofthe InternatiOnal
Nursery, even red gram entnes, suc­
cumbed to molds but a number of our
breedmg hnes stood the mold One of the
red gram selectIOn from our breedmg
nursery handled by S L Kaul was found
almost Immune The Program has devel­
oped hnes With cross reSIstance based on
multl1ocatlon multIyear testmg I there­
fore urgently urge the speakers of thiS
seSSiOn to make use of thIS volummous
mfonnat1On available With the IndIan pro­
gram so that both matenal and mfonna­
t10n can be shared WIth the InternatIOnal
communIty

Stan Kmg - Do you see lAC helpmg
NARS m West Africa WIth marker-as­
Sisted select10n (MAS) for downy mtldew
reSistance and if so, how?

Tom Hash - Yes The ICRISAT-Cam­
bndge Laboratory - UnIVerSity of Wales
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team has identIfied resistance QTLs ef­
fective agamst mdividual pathogen popu­
latiOns from Western and Central Afnca
These are bemg backcrossed mdividually
mto a common genetic background that
will be distnbuted as near-isogemc differ­
ential hnes to pathologists Via the Interna­
tional Pearl Millet Downy Mildew Viru­
lence Nursery These differentials Will al­
low pathologists m West Afncan NARS
to momtor Virulence m their local popula­
tions of Sclerospora grammlcola This
Will allow identification of reSistance
genes that Will be effective agamst these
pathogen populatiOns ICRISAT SCien­
tists at lAC can then aSSist m usmg MAS
to mcorporate these reSistances mto ap­
propnate pearl millets identified by
NARS SCientists

Yu LI - Genetic mappmg (gene tag­
gmg) strategies appear to be different for
quahtative and quantitative traits I was
wondermg which strategies should be
used If different maps for the same pest
or disease reSistance eXist, how do breed­
mg programs use them?

Tom Hash - Gene taggmg strategies
need not be different for quahtative and
quantitative traits-the methods based on
skeleton maps and trait evaluatiOn of
complete mappmg populatiOns are appro­
pnate for both and can tag genes control­
hng the traits of mterest, regardless of
their mode of mhentance or type of ge­
netiC effects These methods also provide
opportumties for taggmg genes for char­
acters other than the pnmary target trait m
a population Unfortunately, thiS is notthe
case for bulk-segregant analYSiS Al­
though potentially less expenSive m the
short term, bulk-segregant analYSiS does
not provide as great of opportumties to
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bUild genetic tools for future use There­
fore, I would recommend use of skeleton
map transfer to a complete mappmg popu­
latiOn based on parents that differ for sev­
eral important target traits Once genes
controlhng traits of mterest have been
tagged, the breeder need not really be
concerned With the mode ofmhentance of
the target trait Marker-assisted selectiOn
usmg these tags (which Will have henta­
bihties very close to I 0) can even be
conducted m locations or enVironments
where the target trait is not expressed
Breeders can use markers for reSistances
from different reSistance sources to rap­
idly and effiCiently identify segregants
With multiple reSistances Different maps
prOVide breeders With a Wider range of
pOSSible hnked polymerphic markers that
can be tned when trymg to transfer reSiS­
tances m crosses With parents not pre­
ViOusly mvolved m mappmg studies

Issoufou Kollo Abdourhamane ­
Downy mildew is a mmor problem and
has always been IflCRISAT would hke
to help West Afnca, more emphaSiS
should be placed on other pests or diseases
such as Stnga hermonthlca which are
more important m thiS area Downy mil­
dew is not now important but it can be­
come so m the future We need to do
thmgs that can help African breeders de­
velop reSistant matenal

Tom Hash - Downy mildew is not yet
an important yield constramt on pearl mil­
let m Afnca because of the genetically
heterogenous cultivars - both landraces
and improved OPVs - used there by
farmers However, attempts to mcrease
yield and adaptatiOn to abiOtiC stress by
explOitmg heteroSis could allow downy
mildew to become a major problem In



Africa, as occurred 10 IndIa when smgle­
cross hybrids were mtroduced ThIs IS a
clear case where genetIc umfonmty dra­
matIcally mcreases genetIc vulnerabIlIty
of the crop

When we have IdentIfied effective
sources of resIstance to Strlga and msect
pests such as head mmer, then the molecu­
lar tools currently bemg developed wIth
pearl mIllet downy mIldew resIstance as a
model system can be used to breed genetIC
components of mtegrated management
systems for these major pearl mIllet pro­
ductIon constramts 10 West Afnca ICRI­
SAT and other agenCIes are makmg sub­
stantIal research mvestments to develop
the Improved screenmg systems for host
plant resistance to Strlga and head mmer
that should eventually allow IdentIfica­
tIOn of SUitable reSIstance sources

DaVId Andrews - Though downy mil­
dew IS a 'mmor' problem m West AfrIca,
It has the potential to become a 'huge'
problem If the hlstonc eqUilIbrIUm be­
tween host resistance genes and the patho­
gen IS unwlttmgly disturbed (by breeders)
by the mtroductlOn and cultivatIOn ofnew
cultIvars With msufficlent durable resIs­
tance

DaVid Andrews - Is there any eVidence
of host plant resistance to ergot m sor­
ghum that would be effectIve m cms hy­
brids?

R P Thakur - Yes, sorghum lInes re­
sistant to ergot have been Identified, but
their effectIveness In cms hybnds needs
to be determIned

Admasu Melake Berhan - The
number of mapped RAPD markers are

low Why are only a few markers useful?
IfthIS research IS repeated, would you use
other markers?

C W MagIll - RAPD s are the easiest
and qUIckest way to IdentIfy DNA se­
quences lInked to resistance genes and I
would defimtely use them agaIn Rela­
tIvely close markers were Identified for
each "R" gene attempted The InabilIty to
place many on the map may be bad luck
With BAC's, mverse PCR, and other
methods for IdentifyIng flankIng se­
quences we expect to construct maps 10 a
routme fashIOn We are wIllIng to change
when better techmques become aVailable

Yu LI- Genes which control head smut
resistance to Race 5 have been mapped
The predomInant races m ChIna are 2 and
3 and, therefore should new markers be
generated and, 10 thiS case, would any of
the maps that have been generated be of
any use In ChIna?

C W Magill - The menstematIc resIs­
tance (recessive) IS functIOnal agamst all
races In general, It appears that there are
clusters of resistance genes and mappmg
may locate several The problem ofpatho­
gemc vanabIlIty IS one reason we try to
Identify tags from different sources of re­
sistance It Will be much easier to Identify
recombInant progeny that confer resIs­
tance to two or more races or pathogens
USIng DNA tests than testIng each gener­
ator agamst both races or pathogens

Geblsa EJeta - Your results showed
that a Simple RAPD marker for reSIstance
to a Fusarzum sp IS a Simple gene for
resistance to a Simple umform orgamsm
Is thiS plaUSible?
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C W Magill - Almost any answer is
feasible The petn plate tests were made
usmg a smgle culture of Fusarium iSO­
lated from mfected seeds, therefore, it
could be specific to thIS stram Con­
versely, the frequency of spontaneously
developmg fungI on test plates were re­
corded In general, but not 100%, the
Fusarium resIstant ones were low m mCi­
dence of other fungi

Peter Esele - Only one probe was
mapped m Surefio What is the possIble
sIgmficance ofthat simple probe 10 breed­
mg for resistance to gram mold?

CW Magill - If "theory" holds up, a
probe could identIfy thIS regIOn of DNA
many hybnd If closely related to a gene
that contrIbutes to reSistance then it may
apply "across the board" Ifcross specIfic,
the probe would be useful only 10 the
Surefio X susceptible cross We hope and
expect the former IS true

Koushlk Seetharaman - 1) Is there
any eVidence that a lme With multiple
reSIstance traits have lower yield than
hnes With fewer traIts? 2) Is thIS factored
mto the defimtiOn ofyIeld potential as we
know It now?

R P Thakur - 1) Generally yes, butthe
yield level can be Improved whtle usmg
multiple reSIstance traits 10 a reSIstance
breedmg program 2) Question not clear
to me, probably the answer is same as for
1)

Oscar Rodriguez - Have you been
aware of any new race or shift to a new
race ofleafbhght on sorghum?
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R P Thakur - No, there is no such
eVidence of a new race of the leaf bhght
pathogen, although there is an mdicatIon
of eXIstence of dIfferent ecotypes

Terry Wheeler - What IS the problem
WIth sprmkler lITIgatIOn to mduce dIsease,
smce It IS regulatable?

J W Stenhouse - Sprmkler lITIgatIOn
readtly achIeves surface wetness but is
less effectIve 10 mamtammg consIstently
hIgh air humidities, particularly when am­
bIent humidity levels are low To mamtam
adequate humidities, we must apply large
quantitIes of iITIgatIOn water, leadmg to
very hIgh gram mold pressure Mlstmg,
WIth frequent applicatIOn of small
amounts ofwater, IS much more effective
10 controlhng atr humidIty and can be
adjusted to mampulate disease pressure to
all dissemmation between hnes With 10­

termediate and low levels of reSIstance

DaVid Andrews - You should clarIfy
that some other reSIstance components are
needed to go along WIth long glumes 10

obtammg reSIstance and/or aVOIdance of
gram molds In the membranaceum sub­
group, for mstance, you would need 10

additIOn to the long glumes a moderate
level of surface (pencarp/outer en­
dosperm layer) mold reSistance, and
threshabihty

J W Stenhouse - Yes, we are thmkmg
of the gumea glume types that normally
go WIth hard gram as well Personally, I
don't thmk there is any scope for usmg the
membranaceum sorghums because ofthe
threshmg problems associated WIth them
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Seedlmg Survival of Abiotic Stress Sorghum and Pearl Millet

Cathenne J Howarth*,Eva WeltzIen Rattunde,
FrancIs R BIdmger, DavId HarrIs

Abstract

This paper reviews the responses ofsorghum and pearl millet seedlmgs to abIOtiC
stress and considers the ImpllcatlOns for crop productlOn particularly with respect to
the arid andsemi-arid tropics The growmg season m much ofthis area IS characterized
by high temperatures high evaporative demand, unrellable and Irregular ramfall, and
SOlis ofpoor structure low fertillty, and low water-holdmg capacity Poor seedbed
preparatIOn and madequate sowmg methods can mcrease the Ilkellhood of abIOtiC
stresses developmg Such condltlOns result m reducedseedlmggrowth rates mjury, and
ultimately mOl tallty durmg the germmatlOn and seedlmg emergence stages The Wide
range ofcauses ofstandfailure means there IS no smgle solutlOn For a given target
environment It IS necessary to define the reasonsfor a standestabllshmentproblem and
to understand the reqwrements of the farmer Genetic varwtlOn for seedhng stress
tolerance however has been shown to eXist m both sorghum andpearlmillet Screenmg
techmques have been developed rind used m populatIOn Improvement programs and m
IdentificatlOn ofmolecular markers lmked to the thermotolerance trait Potential thus
eXists for the genetic Improvement of these crops for survival of ablOtlc stresses to
complement solutlOns brought about by changes m agronomic practice

FaIlure of seedlIng estabhshment IS a
major factor lImltmg crop productIOn
ThiS paper discusses the mam environ­
mental causes of crop establIshment faIl­
ure m pearl millet [Penmsetum glaucum
(L) R Br] and sorghum [Sorghum bl­
color (L ) Moench] m the semi-and and
and tropiCS Ram-fed agnculture pre­
dommates m these areas of South ASia
and the Sahehan-SudanIan zone of Af­
nca, sorghum charactenstIcally IS grown
where mean annual ramfall IS 600-1000
mm and pearl millet m areas where the
mean IS from 200-600 mm per year (SI-

Cathenne J Howarth, Institute of Grassland and EnVironmental Research
Plas Gogerddan Aberystwyth Dyfed SY23 3EB UK Ev Weltzlen Rat
tunde and Francls R Bldmger ICRISAT Patancheru Andhra Pradesh
502324 India David Hams Centre for And Zone Studies UmversIty of
Wales Bangor Gwynedd LL57 2UW UK Correspondmg author

vakumar et al , 1984, Spencer and Sivaku­
mar, 1987) The mean ramfallis not only
low (and evaporatIve demand high), but
also very erratIc m ItS dlstnbutlOn through
the growmg season and variable between
years Pearl millet IS one of the most
drought- and heat-tolerant grasses to be
domestIcated Its progemtors were desert
grasses found on the southern fnnges of
the Sahara, pearl mIllet landraces have
grown m the Sahel smce 3000 Be and
probably m India for some 2500 years
(Brunken et al , 1977, de Wet et al , 1992)
It IS stIll pnmanly grown by subSistence
farmers under harsh environmental condi­
tIons where no other cereal can be grown,
It may be descnbed as a crop ofnecessity
rather than chOice (Bldmger and
Parthasarathy Rao, 1990)
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Ifpearl mIllet and sorghum are already
so well-adapted, why IS Improvement
needed? It IS not so much a questIOn of
Improvmg the adaptIve range, but of Im­
provmg yIeld and yIeld stablhty under
condItions of abIOtIc stress Improve­
ments m yield and yIeld potential are well
documented (e g, Hannarayana, 1987),
but these are expressed under favorable
condItions qUIte unhke those encountered
m many farmers' fields III margmal envI­
ronments AdaptatIOn to speCific environ­
mental stresses IS a larger determmant of
crop yield than IS yield potential m these
enVIronments (Evans, 1993) Both Im­
proved hybnds and open polhnated vane­
ties do not necessanly possess the stress
tolerance of landraces WIth low gram
yield potential and may have no yield
advantage over tradItIonal landraces m
these harsh environments (WeItzlen and
Wltcombe, 1989, Bldmger et aI, 1994,
Yadav,1994)

Although modem cuItlvars account for
more than 50% of the area sown to pearl
mIllet m India as a whole, adoptIon has
been hmlted m locations With lower and
less rehable ramfall In these areas pearl
mIllet IS the staple cereal crop and mean
yields remamed unchanged from 1956 to
1988 at 144 kg ha \ With gram yields of
50 kglha not uncommon (Gupta et ai,
1992) An mcreasmg unpredictabIlity of
yield also was found over thIS tIme penod
In sub-Saharan Africa, adoptIOn of Im­
proved pearl millet cultIvars IS hmlted for
many reasons (Bldmger and Partha­
sarathy Rao, 1990, Ouendeba et al ,
1995) Plant breeders may be unfamlhar
With the speCific productIOn conditIOns
and thus may have set mappropnate goals
(Haugerud and Colhnson, 1990) Farmers
m Rajasthan mdlcated that they have not

380

adopted Improved cultlvars ofpearl millet
pnmanly because of poor gram yield m
low ramfall years (Kelley et ai, 1996)
Poor stand estabhshment and straw yield
were other Important charactenstIcs
(Weltzlen et ai, 1996) GenetIc advances
achIeved under favorable conditIOns and
usmg ehte breedmg matenal do not nec­
essanly benefit farmers m margmal areas
(Weltzlen and Flschbeck, 1990) Re­
search With pearl millet has shown It IS
pOSSible, however, to produce landrace­
based topcross hybnds that combme the
stress adaptatIOn of mdlgenous landraces
With the Improved yield potential from
ehte male stenle hnes (Bldmger et al ,
1994, Yadav and Manga, 1995) ConSid­
erable genetIc diverSIty eXIsts for survIval
of abIOtiC stresses, no doubt due to selec­
tIOn m response to local environmental
condItIons Blum and Sulhvan (1986)
found that landraces of sorghum and mil­
let that had evolved m dry regIOns tended
to be more drought-reSIstant than races
that evolved m humId regIOns Today as
human populatIOns mcrease, tradItIonal
management practIces and landraces may
not be suffiCient

AbIotIC Causes of Crop
EstablIshment FaIlure

DespIte the level of envIronmental ad­
aptatIOn that both pearl mIllet and sor­
ghum dIsplay, failure of seedhng estab­
hshment due to abIOtIc stress IS a major
problem The environmental senSitIVity
of a plant vanes throughout ItS develop­
ment (LeVItt, 1980), but the seedlmg
phase IS particularly vulnerable The
growmg season m much of the and and
semi-and tropICS IS charactenzed by hIgh
temperatures, hIgh radiatIOn, hIgh evapo­
ratIve demand, unrehable and megular



ramfalI, and soIls of poor structure, low
fertlhty, and low water-holdmg capacIty
Farmers sow on the first sIgmficant ram­
fall of the monsoon The tlmmg of the
onset of the monsoon is vanable both 10

tIme and place (Van Oosterom et aI,
1996) A hot, dry seedbed enVIronment
dunng crop estabhshment is verY hkely,
With soll surface temperatures often
greater than 55°C (Figure I, Gupta, 1986
Hoogmoed and KlmJ, 1990, Peacock et
aI, 1993)

For a farmer 10 such environments, the
tImmg of seed sowmg is cntIcal If the
farmer chooses to sow after an early, pre-

monsoon ram, seedbed condItIons will be
extremely hot and there IS high fisk oflow
mOIsture avaIlabIlity without subsequent
substantIal ramfall Delay 10 sowmg after
ram can result m msufficient mOlsture 10

the seed zone of the sOli for germmatIOn
to take place In the sandy sOlIs of many
pearl millet growmg environments, mOis­
ture depletIOn to less than 2% often occurs
three to four days after ramfall (Peacock
et al , 1990) If sowmg IS delayed untIl a
later ram, chances of drought stress at the
end of the season are greater Van Oos­
terom et al (1996) calculated the prob­
ablhty ofan 80-day ramy season based on
sowmg date, and found if plantmg were
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delayed from early June to late June, the
probabIlIty dropped from over 80% to less
than 50% m most SItes m Rajasthan By
mId July, the probabIlIty was 20% or less
m all SItes Thus If resowmg has to take
place due to poor crop establIshment, the
nsks of crop fatlure mcrease because the
length of the growmg season IS reduced
In addItIon, sotl mtrate aVaIlabIlIty IS de­
creased due to leachmg (Greenland,
1958) Late plantmg results m lower gram
yIelds (Krause et al, 1990, MattI and
Soto, 1990), although Reddy and VIsser
(1993) found dIfferences between geno­
types m the yIeld reductIon ofboth straw
and gram as mfluenced by sowmg date
Re-sowmg also places addItIonal de­
mands on labor and seed

Poor stand establIshment results not
only m sub-optImal plant populatIOns m
farmers' fields but also m an uneven dls­
tnbutIOn of plants (Soman et aI, 1987a)
Although the tIllenng capaCIty of pearl
mIllet mIght enable It to compensate bet­
ter than sorghum for vanatIOn m plant
populatIon, controlled expenments SImu­
latmg the range of plant populatIOns and
spacmg found m farmers' fields mdlcated
that yIelds were greatly reduced by un­
even plant spacmg, the same total plant
populatIon yIelded 47% less m an uneven
spacmg compared to the control No
amount of favorable weather dunng the
growmg season can compensate for the
poor plant stands so common III the semI­
and tropICS Farmers often use hIgh seed­
mg rates, whIch could compensate for
seedhng survIval of only 50%, but often
stands of 10% or lower are found m fann­
ers' fields (Soman et aI, 1987b)

SeedlIng death can occur at one ofthree
defined stages m crop establIshment ger-
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mmatlOn, emergence, and post emer­
gence Table 1 summanzes the ma.Jor
causes We WIll conSIder the senSItIVItIes
ofthese crops to abIOtIc stresses at each of
these stages and descnbe the screenmg
techmques avatlable The prevalent clI­
matIC vanables must be charactenzed m
detatl to help explam what actually af­
fects seedhng growth and survIval Mean
maxImum au temperatures m July range
from 30 to 35°C for sorghum growmg
areas, and from 35 to 40°C m mIllet grow­
mg areas (SIvakumar et al , 1984) Sum­
mary envIronmental data can appear to
mlmmlze the problem, mean daIly au
temperature or even mean maXImal dally
aIr temperatures do not mdicate dIUrnal
vanatIOns m temperature, nor the absolute
extremes reached Moreover, the tem­
peratures actually encountered by the ger­
mmatmg and emergmg seedlIng must be

Table I Causes of crop estabhshment fatlure
at different developmental stages

A GermmatlOn
• Seed qualtty

o maturatIon conditions
o matunty
o threshmg damage
o storage condItIOns
o seed treatment
o donnancy
o ViabIlity

• MOisture aVaIlabIltty
• Temperature

B Emergence
• Sewmg depth
• Temperature
• MOisture AVailabIlity
• SOIl surface crustmg/compactlOn

C Seedhng SurVival

• Temperature
• MOisture aVaIlabllttylFloodmg
• Soil nutrIent status
• Wmd! sand blast
• RadiatIon
• HumIdity



consIdered FIgure 2 presents the dIUrnal
temperature cycle m Rajasthan five days
after sowmg Although a maXimum au
temperature of approxImately 46°e was
measured, soil temperatures at 0 5 cm
depth vaned from nearly 600 e at mid-day
to a pre-dawn mInImUm ofless than 200 e
At 5 cm depth (where seed IS sown), the
temperature ranged from 28 to 44°e dur­
mg a 24-hour penod Greater depths (10
cm depth) were more buffered, but even
so, a maXImum of 400 e was detected In
many reports, detailed temperature meas­
urements are not presented, makmg It dIf­
ficult to mterpret the reasons for seedlIng
death

The condItIOns for seedlIng estab­
hshment are hardly Ideal m the semi-and
tropiCS After the InItial plantmg ram, and
m the absence of subsequent ram, the soil
surface rapIdly dnes out and gets hotter
and hotter (FIgure 1) The drymg surface
layers mean roots have to rapIdly grO\\ to
access SOli mOIsture The shoot often has
to penetrate a SOli surface crust, and once
emerged, the shoot IS exposed to extremes
of temperature, low humIdIty, hIgh radia­
tion, and wmd The sowmg methods used
by farmers, particularly when mecha­
nIzed, are not ideal, the sowmg implement
used does not firm the soil around the
seed, and dner SOli from the surface re-
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Figure 2 DIUrnal temperature data recorded 5 days after sowmg m June 1989 at Fatehpur,
Rajasthan Each measurement IS the mean value ofthree thermocouples placed at either
10 em (0), 5 em (.), or 0 5 em (-) depth of soli, or 150 em above the soli surface (A)
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duces the average seed zone mOlsture con­
tent The loose structure of sandy soIl
compounds this Compacted SOli around
the seed would Improve mOlsture migra­
tIOn from the soIl to the seed Even If
farmers m the semi-and trOpiCS used Im­
proved SOli preparation and plantmg tech­
nologies, genetic Improvements that m­
crease adaptatIOn to the phySical con­
stramts to stand establIshment would
Improve resultant stands

Once the abIOtiC factors hmltmg stand
estabhshment m farmers' fields have been
defined, the genetic vanatIOn aVailable for
a given trait must be determmed to ascer­
tam the posslblhtIes for Improvement
Screenmg techmques are reqUired to char­
actenze thiS vanatlOn, to Identify appro­
pnate breedmg matenal, and ultimately to
select for Improved adaptatIOn The tech­
mque used for routme screenmg must be
apphcable for large numbers, economi­
cal, rapid, and straightforward to assess,
and able to detect hentable genetic differ­
ences Screenmg also needs to fit mto a
fixed calendar determmed by other as­
pects of a breedmg program Screenmg
techmques m general can be based m
either the field or the laboratory

Screenmg m the target environment
has the advantage of usmg relevant ~tress

levels However, there are many difficul­
ties With respect to field screenmg, par­
ticularly m relation to abIOtiC stress The
natural clImate IS not always relIable and
IS certamly vanable both day to day and
year to year, screemng often IS lImited to
small portIOns of the year, and the target
environment IS not always convemently
situated Laboratory screenmg IS not af­
fected by these problems and can be con­
ducted under controlled conditIOns wlth-
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out bemg subject to the vanabllIty of the
natural environment Laboratory-based
screemng often targets one aspect of re­
sponse to stress, not the mtegrated effects
of the environment on many phySIOlogi­
cal and developmental processes Dls­
sectmg a complex process such as seed­
lIng survival of stress mto component
parts that are under Simpler genetic con­
trol should permit rapid and precise Im­
provement An understandmg of the
phySIOlogy of seedlmg response to stress
IS reqUired to enable the development of
such screenmg techmques It IS Important,
however, that a laboratory-based tech­
mque have a slgmficant relatIOnship to
field performance Although the effects of
heat and drought are often exammed sepa­
rately, m the field these stresses fre­
quently occur concurrently, along With
low fertilIty, and the mteractIOns between
these stresses must be conSidered as well
For example, reduced water supplIes may
result m heat mJury due to reduced tran­
splratlOnal coolIng

GermmatlOn

Without adequate germmatlOn, no
seedlIng establIshment IS pOSSible Seeds
can faIl to germmate due to problems With
ViabilIty as well as abIOtiC stress Soman
et al (1987b) found that the germmatIOn
of seeds that emerged poorly m farmers'
fields was excellent under standard labo­
ratory conditions However, many fac­
tors, both management and environ­
mental, affect the germmablhty of seeds,
as mdlcated m Table I Harvest of Imma­
ture pearl millet seed can hmlt subsequent
germmatIOn and seedhng vigor, although
Appa Rao et al (1993) found full ger­
mmablhty by 21 days after pollInation By
28 days, maximum dry matter accumula-



hon had occurred and subsequent seed­
hng vIgor was maxImal ThIs confirmed
the results of Fussell and Pearson (1980)
who found that harvest at or after the
mIddle ofgram fillIng dId not reduce seed
VIabIlIty They suggested that thIS robust­
ness of the gram-filhng process and early
VIablhty of seeds confer ecologIcal ad­
vantage to a crop grown m semI-and ch­
mates where gram development may be
termmated by drought or hIgh tempera­
tures However, longevIty of germmabIl­
Ity was found to be maxImal If seeds were
allowed to mature for at least 35 days after
pollInatIOn (Kameswara Rao et al , 1991)
Immature sorghum seeds also reach a hIgh
germmatlon capacity by two weeks be­
fore phySIOlogIcal matunty (Maltl et al ,
1985, Mora-AgUIlar et ai, 1992) Sor­
ghum seeds developmg on plants sub­
Jected to drought stress showed a hIgh
level ofgermmatlOn earlIer m the matura­
tion penod as compared to control seeds
(Benech-Amold et ai, 1991)

Pre-harvest sproutmg also leads to loss
of seed VIablhty (Maltl et al , 1985) Ger­
mmabIllty has also long been known to be
affected by envIronmental conditions ex­
penenced by the mother plant dunng
gram fillmg (Clark et aI, 1967) The m­
fluence of envIronment durmg the devel­
opment and maturatIOn of seeds IS eVI­
denced by the dIfference m seedlIng re­
sponses of seed produced m dIfferent
seasons and/or sItes (Peacock et al
1993) ThIS must be conSIdered when as­
sessmg seedlIng charactenstlcs of dIffer­
ent genotypes of both sorghum and pearl
millet In addItIOn, Lawlor et al (1990)
showed that the productIOn enVIronment
mfluenced the mmlmum temperatures for
germmatlOn and root elongatIOn of sor­
ghum seedlIngs There are few reported

studIes on the mfluence ofhIgh tempera­
tures dunng gram fillmg on subsequent
seed germmatIOn Both Fussell and Pear­
son (1980) and Mohamed et al (1985)
exammed the effect of temperatures be­
tween 19 and 33°C on pearl millet Seeds
that had developed at 19°C had poor VI­
abIlIty, but there was no dIfference m the
VIabIlIty of seed produced m the other
enVIronments tested

Germmablhty IS affected by seed stor­
age condItIOns and seed treatment In In­
dIa, sun heatmg of sorghum gram to re­
duce msect mfestatlOn IS common (More
et al , 1992) Short-term exposure to hIgh
temperatures (12 mmutes at 70°C) dId not
affect germmablhty and was suffiCIent to
effectively reduce msect mfestatlOn as
well as fungal contammatlon HIghertem­
peratures, however, sIgmficantly reduced
germmatlOn Longer term temperature
treatments were not conSIdered Smgh et
al (1988) exammed 35 hnes ofpearl mil­
let for the retentIOn ofvlablhty m response
to accelerated agmg (80% RH, 40°C, 14
days) VanatIOn between genotypes was
found WIth a range of VIabIlIty loss be­
tween 18 and 84 percent

MOIsture levels m farmers' fields gen­
erally are suffiCIent to ensure adequate
germmatton (Soman et ai, 1987b, Pea­
cock et ai, 1993) SmIth et al (1989),
usmg polyethylene glycol to Simulate
drought stress, found pearl mIllet seed
germmatIOn more reSIstant to low water
potentials than that of sorghum, although
dIfferences between genotypes are appar­
ent (Gurmu and Naylor, 1991) In mOIst
SOlI, temperature IS the mam envIron­
mental factor govemmg the germmatlOn
of seeds However, m both pearl millet
and sorghum, the final germmatIOn per-
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centage IS maxImal over a wIde range of
temperatures (from approxImately 12 to
40°C) wIth small vanatIOn between geno­
types (Carberry and Campbell, 1989,
Dunbabm et ai, 1994, GarcIa-HUIdobro
et ai, 1982a, Hams et ai, 1987, KhalIfa
and Ong, 1990, Mohamed et aI, 1988,
Brar and Stewart, 1994, Radford and Hen­
zell, 1990, Mortlock and VanderlIp,
1989) The rate ofgermmatIOn, defined as
the recIprocal ofthe tIme taken for halfthe
populatIOn to germmate, usually m­
creases lmearly WIth temperature, at least
wlthm a defined range From controlled
temperature expenments, It IS possIble to
calculate base, maXImal, and optImal tem­
peratures for germmatIOn, the so-called
cardmal temperatures (GarcIa-HUIdobro
et aI, 1982a) These authors found an
optImum temperature of 34°e for germI­
natIon at constant temperature, WIth base
and maXImum temperatures of l20e and
47°e, respectIvely

Greater genotypIC vanatIOn IS found m
the effect of temperature on the rate of
germmatIOn (Dunbabm et aI, 1994, Mo­
hamed et aI, 1988, KhalIfa and Ong,
1990) Withm a seed populatIon, GarcIa­
HUIdobro et al (1982a) detected large
VariatIOns m germmatIOn rates and found
seeds that germmated earlIer were less
senSItIve to hIgh temperatures The rate of
germmatIOn largely detenmnes how long
a seedlIng wIll take to emerge m a partICU­
lar soIl enVIronment and, therefore, the
duratIOn of Its exposure to hIgh tempera­
ture In general, pearl mIllet germmates
more qUickly wlthm ItS optImal range
than does sorghum (Mortlock and Van­
derlIp, 1989) The hIgh optImum tempera­
ture for germmatIon and seedlIng growth
mdlcates the general adaptatIOn of pearl
mIllet and sorghum Above the optImal
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temperature, however, both the final per­
centage of germmatlon and germmatIOn
rate fall rapIdly ThIS great senSItIVIty to
supra optImal temperatures suggests that
small dIfferences m SOlI temperature at
the tIme of germmatlon may have pro­
found effects on germmatIOn and hence
establIshment of the crop

The above reports all measure germI­
natIOn at constant temperatures, whereas
m the field a dIUrnal cycle oftemperatures
IS found, even If seed zone temperatures
are not as extreme as those at the SOli
surface (FIgures I and 2) Garcia-HUIdo­
bro et al (1982b) found that germmatlon
rates at alternatmg temperatures were
greater at hIgher amplItudes of tempera­
ture vanatIon, although temperatures
above 42°e mhibited germmatIOn In thIS
case, the two temperature regImes were
for 12 hours at constant temperatures
rather than a normal dIUrnal cycle In the
field, seeds usually expenence hIgh tem­
peratures for a few hours each day rather
than 12 hours The senSItiVIty of seeds to
hIgh temperature IS lIkely to delay or pre­
vent successful germmatIOn m the field
Shorter term treatments at hIgh tempera­
ture were exammed by Garcia-HUIdobro
et al (1985) Seeds were most senSItIVe to
short-term treatments at 45°e or 500e
when they were absorbmg water The ad­
verse effects of hIgh temperature were
much less severe when seeds were al­
lowed to ImbIbe water for eIght hours at
control temps before exposure to hIgh
temperature ThIS ImplIes that germma­
tIon would be more successful when seeds
are sown m the early evenmg, after WhICh
soIl temperatures remam relatIvely low
for at least 18 hours Laboratory germma­
tIOn studIes m general overestImate field
germmatIon and emergence (Raj and



Khalrwal, 1994) Factors that affect suc­
cessful emergence m the field are dIS­
cussed m the next sectlOn

Emergence and Seedhng SurvIVal

Even If seed germmatlOn IS successful,
dlmlmshmg soli water avallablhty after
germmatlOn greatly affects seedlmg
growth and survIval Lme source Imga­
tion systems, whIch provIde a range of
mOisture regImes, have been used to un­
derstand the development and effects of
mOisture stress Sorghum cultlvars ex­
hIbIt genotypIc dIfferences m theIr ablhty
to both emerge at low sod mOisture con­
dltlOns (Soman, 1990) and subsequently
grow (O'Nedl and Diaby, 1987) Locally
adapted Mahan mIllet varIeties not only
dId not show genotypIc dIfferences but
also were capable of up to three times
greater seedlmg growth than the best sor­
ghum entry under water stress (O'Nedl
and Dlaby, 1987)

Polyethylene glycol can be used to
SImulate drought under controlled tem­
perature condItions For example, Slml­
lantles m early seedhng growth m two
contrastmg sorghum cultlvars were found
under field and SImulated drought condl­
tlOns (Gurmu and Naylor, 1991) Cell
elongatIOn IS reduced at low water poten­
tials and thus roots may not be able to
grow sufficIently fast to permIt escape
from the rapIdly drymg surface layers of
sod and penetratlOn of deeper mOisture
contammg layers Slgmficant genotypIc
VariatlOn m seedhng root growth eXIsts m
pearl mdlet (M'Ragwa et ai, 1995)
Longer term survIval on drymg sod de­
pends on the ImtiatlOn and growth of
nodal roots In both pearl mIllet and sor­
ghum, a smgle pnmary root develops on

germmatlOn of the seed, and later, when
the seedlmg has developed two to three
leaves, the first adventitlOus or nodal roots
develop at the shoot base Reduced soll
surface mOisture levels can mhlblt nodal
root formatlOn (Blum and RItchIe, 1984,
Gregory, 1983, Hams, 1996) although
thIS depends on drymg rate (Soman and
Seetharama, 1992)

One strategy for mamtammg adequate
mOisture m the seed and root zone for a
longer tIme penod IS deeper sowmg ofthe
seed, but m thIS case, growth depends
longer on seed reserves before emergence
occurs In both sorghum and pearl mIllet,
deeper sowmgs result m longer mesocotyl
length, reducmg the effect of sowmg
depth on shoot menstem depth (Soman
and Seetherama, 1992, Harns, 1996,
Howarth, Peacock, and Jayachandran, un­
pubhshed) Sowmg depth also conse­
quently does not affect nodal root number
or growth GenotypIc dIfferences m
mesocotyl growth rates have been shown
m both sorghum and pearl mlllet (Mo­
hamed et aI, 1989, Radford and Henzell,
1990, Soman et al , 1989), mdlcatmg that
thIS charactenstic IS worth consldermg If
deeper plantmgs are to be used

Seedhng VIgor measurements also
have been used to assess the Importance
of VIgor dIfferences m seedling survIval
of drought stress Early VIgor had a pOSI­
tive aSSOCiatiOn wIth both days to wIltmg
mltiatiOn and days to permanent wlltmg
under condltlOns of mOisture stress m
pearl mdlet (Manga and Yadav, 1995)
The mOisture stress m thIS expenment dId
not commence untd20 days after sowmg,
by whIch time an extensIve root system
would have been estabhshed Seed SIze,
as well, accounted for slgmficant dlffer-
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ence In vIgor and response to drought
stress, larger seeds wlthm a seed lot pro­
duced more vigorous seedlIngs Hams
(1996) also found that vigor expressed as
the rate of emergence m sorghum was
hnked to successful stand establIshment,
seed that emerged faster produced more
complete stands Fast seedlmg growth and
consequent early seedhng estabhshment
IS one strategy to escape a stressful envI­
ronment, particularly as the conditIOns for
seedlIng establIshment become mcreas­
mgly less optimal with time after sowmg
However, rapid development of a greater
leaf area might result 10 a faster depletIOn
of soIl water resources Measurements of
leaf growth 10 the field mdlcate that the
thermotolerant pearl mIllet landrace
IP3201 has a relatively slow rate of leaf
growth compared to the thermosensltlve
cultIvar ICMV155 under moderate stress
When the stress level was mcreased, how­
ever, IP3201 contmued to grow, whereas
ICMV155 showed a greatly reduced
growth rate (Howarth, Jayachandran, and
Peacock, unpublIshed) In extreme envI­
ronments, a conservative growth strategy
may ensure survival

Temperature IS the malO factor deter­
mmmg the rate ofplant growth, but devel­
opmental processes (e g, germmatlOn,
radicle elongatIOn, leaf growth) dIffer 10

their cardlOal temperatures (Ong and
Montieth, 1985) AgalO, most studies
have been conducted at constant tempera­
tures The temperatures for maXimal
mesocotyl and coleoptIle rates for both
sorghum and pearl mIllet are below maxI­
mal temperatures for germmatIon (Car­
berry and Campbell, 1989, Ong and Mon­
teith, 1985, Radford and Henzell, 1990)
ThiS mdlcates that the abilIty to germmate
at high temperature, usually defined as
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successful by radicle protruSiOn through
the seed coat, may not mean that sub­
sequent seedlmg growth can occur at that
temperature Radford and Henzell (1990)
also found slgmficant differences be­
tween genotypes 10 seedlIng growth rate
and response to temperature As for ger­
mmatlOn, seedlIngs stop growmg at tem­
peratures less than 10°C hIgher than the
optImum temperature for growth (Ong
and Monteith, 1985) SoIl temperatures
also affect root growth Long term treat­
ment at 40°C resulted 10 severe mhlbitlOn
of pnmary root growth 10 sorghum (Par­
dales et al , 1991) However, after SIX days
at 40°C, followed by treatment at 25°C,
seedlmgs were able to recover by the 10­

ItIatlOn of nodal roots Temperature cy­
clIng of 40°C day and 25°C mght did not
have a deletenous effect on root growth

SpeCific effects oftemperature need to
be determmed by controllmg temperature
mdependently ofmOisture status ThiS can
be done 10 the field by changmg the radia­
tIOn absorptIOn ofthe SOli by covermg the
surface With kaolm or charcoal (Wilson et
ai, 1982, O'Neill and Dlaby, 1987)
MaXimal dIUrnal SOli temperatures can be
altered by up to 20°C, both at the SOlI
surface and at the depth of sowmg These
expenments mdlcate that hIgh SOli surface
temperatures delay or prevent seedlIng
emergence of sorghum and pearl mIllet,
and that 10 both species genetic vanatlOn
eXists 10 the abilIty to emerge under these
conditIons

The charcoal Pit screenmg method has
conSiderable potential (O'Neill and DI­
aby, 1987) It IS easy to run and reqUIres
no sophisticated eqUIpment, but IS lImited
to use 10 the hot season and cannot dIffer­
entiate lInes With relatIvely small dlffer-



ences m field emergence Soman and Pea­
cock (1985) developed a laboratory
screenmg system for seedlmg emergence
under high temperature with no water
stress Seeds are sown m sand-filled clay
pots placed m a water bath, and the soIl
surface IS heated with a bank of mfrared
lamps placed above the pots Lynch
(1994) conducted recurrent selectIOn for
emergence m this pot test and also for
germmatlOn at a constant 45°C Improved
emergence under high temperature condi­
tIOns was obtamed usmg the former, the
germmatlOn selectIOn procedure was mef­
fectIve Kasalu et al (1993) found field
emergence correlated more closely With
the abilIty to germmate at control tem­
peratures than With germmatlOn abilIty at
high temperature

A laboratory screenmg technIque
based on embryo protem syntheSIS for the
assessment of high temperature suscepti­
bilIty dunng germmatlOn and seedlIng
growth of sorghum also has been devel­
oped (Ougham and Stoddart, 1985) A
strong correlatIOn was found between the
abilIty of Imblbmg embryos to syntheSize
protem at temperatures above 40°C and
germmatlOn at high temperatures
Ougham et al (1988) subsequently com­
pared the embryo protem syntheSIS
method WIth emergence at high tempera­
ture 10 pots us109 the techmque of Soman
and Peacock (1985) and found a hIgh de­
gree of correlation, except for two hnes
that showed anomalous behaVIOr, sug­
gestmg a greater compleXity ofthe overall
emergence process compared to germma­
tlOn

ExtenSive research has been conducted
to examme mdlvldual protems mduced by
high temperature and their potential for

use m screenmg techmques Protem syn­
theSIS IS a very thermosensltIve process,
and m two-day old sorghum and pearl
mIllet seedlIngs, temperatures above
45°C result m a very rapid shut-down m
de novo protem syntheSIS (Howarth,
1989, Howarth, 1990a, Howarth and
Ougham, 1993) However, either an acclI­
mation penod of two hours at 45°C or a
gradual temperature mcrease from 35­
50°C results m mduced tolerance of both
growth and protem syntheSIS at pre­
VIOusly lethal temperatures (Howarth,
1990c,1991, Howarth and Skot, 1994)
SyntheSIS of the heat shock protems
(HSP) occurs concomitantly With thiS ac­
clImation process The precise functIOn of
HSPs m thermotolerance IS not under­
stood (Vlerlmg, 1991, Howarth and
Ougham, 1993, Waters et al , 1996), how­
ever, the strong correlatIOn between their
syntheSIS and thermotolerance suggests
they could be used m screemng systems
(VierlIng and Nguyen, 1992) The kmet­
ICS of their syntheSIS and breakdown IS
complex (Howarth and Skot, 1994) and
must be conSidered before they can be
used m large scale screemng Induced
thermotolerance does not persist from one
day to the next, although a subsequent
heatshock, dunng which HSPs are agam
syntheSized, returns the tissue to a ther­
motolerant state The abIhty to survive
repeated heat shock IS of prtme Impor­
tance 10 parts of the world WIth high mId­
day temperatures, and genotypic differ­
ences m thiS ablhty have been shown
(Howarth, 1991)

Sustamed seedhng growth followmg
emergence depends not only on the phySI­
ological processes for germmatIon and
emergence, but also on the capacity ofthe
seedlIng to elongate, produce leaves, and
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become autotrophIC Post-emergence
seedlmg death due to abIOtic stress ullder
field condItIOns IS pnmanly caused by the
prevalent hIgh SOli surface temperatures,
at least m the first ten days foIIowmg
sowmg, and only after that does water
deficIt start to take effect (Stomph, 1990,
Peacock et ai, 1993) Peacock et al
(1990) developed a laboratory techmque
to control the temperature of a locahzed
regIOn ofseedlmgs morder to SImulate the
elevated SOlI surface temperatures that
can occur m the field The rate of leaf
growth m Grammae IS largely determmed
by the temperature of the shoot apex
(Watts, 1971, Peacock, 1975) At 29
hours of treatment of only the shoot mer­
Istem at 52°C (the rest of the plant bemg
mamtamed at 30°C), leaf growth ceased,
although plant water relations were unaf­
fected An accumulatIOn ofsoluble carbo­
hydrates m the shoots of plants treated at
hIgh shoot menstem temperatures and a
dechne m root carbohydrate concentra­
tion suggest that root starvatIOn was oc­
curnng due to heat-mduced phloem
blockage (Peacock et ai, 1990) Heat
shock protems may be Important m pro­
tectmg menstematIc tissue durmg the
dally mcrease m temperature and are
found to be assocIated WIth thIS regIOn
when seedhngs are heat gIrdled (Howarth,
1990b)

In pearl mIllet growmg areas m the
Sahel and Rajasthan, farmers' fields often
contam many trees The locahzed areas
under these trees have a hIgher SOlI nutn­
ent status as well as a less extreme mlcro­
chmate, and frequently a better stand es­
tabhshment of pearl mIllet Vandenbelt
and Wilhams (1992) exammed the effect
ofFaldherbw a/blda trees on soIl surface
temperature and pearl mIllet seedhng
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growth m NIger, and found that the can­
opy ofthe tree reduced the maXImum SOli
temperature at 2 cm depth by up to IQOC,

although atr temperatures were less af­
fected In a seedlmg growth expenment
usmg a shade gradient and adequate SOlI
mOisture, it was found that seedlmg
growth rates over SIX weeks were corre­
lated WIth the mean daytime soIl surface
temperature, With no seedhngs survlvmg
temperatures hIgher than 466°C ThIS
further suggests that SOlI surface tempera­
tures are cntIcal for seedlmg growth and
survIval

A field screenmg procedure for emer­
gence and seedhng survIval at hIgh SOlI
surface temperatures has been developed
and used to IdentIfy genetIc dIfferences
for seedhng surVIval (Peacock et ai,
1993) ThIS procedure IS used m RaJas­
than m the hot and dry pre-monsoon sea­
son and has proved effectIve at IdentIfymg
genotypes of supenor heat tolerance
(Weltzlen et ai, 1994, Howarth et al ,
1995b) Selected results are shown m Ta­
ble 2, whIch Illustrates a range ofresponse
of both emergence and seedhng survIval
The sorghum genotype used was the most
thermosensltlve entry Local landrace
populatIOns (lP3201 and IP3175) and the
hybnd HHB67 were the most thermotol­
erant A populatIOn cross between IP320 1
and ICMV155 has subsequently been
made and the 155 fullslbs produced have
been screened m the field BI-directIOnal
selectIOn for seedlmg thermotolerance
was conducted based on the consIderable
dIfferential between the hIgh and low
20% ofentnes found (Table 2) ThIS tech­
mque, however, can be used only for two
months of the year at most m an unpre­
dIctable enVIronment where early mon­
soon rams WIll prevent Its success The



Table 2 Field data obtamed from selected
pearl millet genotypes screened at
Fatehpur-Shekhavatl Agricultural
Research StatIOn, Rajasthan Agricul­
tural University

Thenno
tolerance

Entry Emergence mdex
HHB67 077 086
IP 3201 075 085
IP 3175 075 079
ICMH451 074 075
Sadore Local 073 073
WRaJ Pop 065 070
ICMH423 077 061
ICTP 8203 06, 057
ICMV 155 044 047
BSECC4 079 037

Sorghum (SPV386) o~9 030

Cycle I selectlon (hlgh)* 0 6~ 0 69
Cycle I selectIon (low)* 0 54 0 38

Thermotolerance mdex calculated as the ratIO of seedlings sur
vlvmg to the total number of seedlings that emerged

All results the mean of expenments conducted m 1989 and
1990 (from Peacock et aI 1993) except for • whIch represent
the mean values for the selected frachon (hIgh or low 20%

)

from ISS fullslbs produced from a populatIOn cross ofIP 3201
and ICMV 155 and screened m 1992 (from Weltzlen et aI
1994)

results obtaIned from field screenIng de­
pend on the actual envIronmental condI­
tions expenenced that year

To overcome these lImItatIOns, a
number of laboratory-based methods for
evaluatIng post emergence seedlIng death
have been deVIsed (Howarth et al ,
1995a) These Include the use of a sand
bed, whIch can be heated electromcally to
SImulate dIUrnal soIl temperatures In Ra­
Jasthan, and the use ofan electrolyte leak­
age test as a measure of membrane
thermostabllIty ImtIaI results screenIng
the ISS fullsIbs produced from the IP320 1
and ICMV155 cross IndIcate that both
procedures show good correlatIOns WIth
field results, but WIth hIgher hentabllItIes
and Increased fleXIbIlIty regardIng when
and where the screenIng technIques are

conducted (Weltzlen et aI, 1994,
Howarth et al , 1995b)

Although temperature and drought
have been conSIdered separately, toler­
ance to one stress often IS combIned WIth
tolerance to another (O'NeIll and Dlaby,
1987, MaltI et aI, 1994) These stresses
also often occur concurrently As IndI­
cated In Table 1, there are a number of
other envIronmental reasons for stand
faIlure For example, WInd storms carry­
Ing sand can cause conSIderable stand re­
duction (KlalJ and Hoogmoed, 1993) SoIl
fertIlIty effects on seedlIngs have been
less extenSIvely studIed, but low fertIlIty
can reduce survIval of other stresses by
affectIng seedlIng vIgor The SOIls where
pearl mIllet and sorghum grow are often
of very low fertIlIty Payne et al (1991),
examInIng the Influence of phosphorus
and water on growth ofpearl mIllet, found
that the effiCIency of dry matter produc­
tIon decreased under both control and
drought stress condItIons when the SOIl
phosphorus supply was Inadequate The
pOSSIbIlIty of ImproVIng early growth by
the use of phosphorus-contaInIng seed
coatIngs was examIned by Rebafka et al
(1993) Pearl mIllet IS very small-seeded
WIth low phosphorus reserves, thus, an
external supplement could Improve
growth However, although seed coatmg
dId Improve early growth, there were con­
SIderable deletenous effects on seedlIng
emergence, pOSSIbly due to the absence of
glumes In pearl mIllet SalInIty IS another
abIOtIc stress encountered dunng seedlmg
establIshment that can affect growth and
surVIval Azhar and McNeIlly (1988)
found conSIderable genetIc vanatlOn m
sorghum for growth under salInIty stress
and conducted a genetIc analySIS IdentIfy­
Ing conSIderable domInance effects
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SoIl surface crustmg results from the
beatmg actIon of ramfall and subsequent
drymg of the sOlI at hIgh temperature,
causmg dIfficultIes for emergmg seed­
hngs, whIch need to break through thIS
bamer Soman et al (1984) developed a
screenmg techmque for emergence under
crustmg condItIons and found that pearl
millet was much more affected than sor­
ghum, as the seedhng IS smaller and less
VIgOroUS Sorghum hnes vary mtheIr abIl­
Ity to emerge under soIl crustmg condI­
tIOns Soman et al (1992) exammed the
relatIOnshIp between sorghum coleoptlle
morphology and emergence potentIal and
found that mesocotyl growth rate corre­
lated best wIth emergence ThIs IS effec­
tIvely an aVOIdance strategy, as faster
growmg genotypes were able to emerge
before maxImal crust formatIOn had oc­
curred SIgmficant dIfferences between
pearl mlliet genotypes eXIst for coleoptlle
and mesocotyl growth rate (Soman et al ,
1989) Emergence through crusts was fur­
ther studIed by Mason et al (1994) usmg
pIston dIsplacement as an in vztro screen­
mg techmque In thIS study, coleoptIle
length showed no correlatIOn, but coleop­
tIle dIameter showed a hIgh correlatIOn
wIth the ablhty of sorghum to emerge
through the SImulated soli crust, aVOId­
ance ofa soIl crust by fast growth was not
possIble m thIS test Seedhngs emerge
through crusts, eIther due to hIgh pressure
exerted by an mdlVldual seedhng or to
cumulatIve force exerted by a group of
seedhngs (Taylor, 1962) JOShI (1987)
found that the mIxed sowmg ofpearl mIl­
let and greengram resulted m Improved
emergence because of the Jomt thrust
from legume and pearl mlliet together
The use ofpreclSlon planters ensures even
spacmg of seed, requIrIng mdlvldual
seedlmgs to emerge through a crust

392

Farmers rarely use preCISIon plantmg
eqUIpment and often sow mIxtures of ce­
reals and legumes, thus mmlmlzmg the
problem

Improvement of Stand Establishment

ThIS reVIew has shown that consIder­
able genetIc vanatIOn eXIsts for tolerance
to the envIronmental constramts on ger­
mmatIOn, emergence, and seedlmg sur­
VIval m sorghum and pearl mIllet The
deslrablhty of a plant traIt m an enVIron­
ment depends not only on the nsk ofstress
but on the attItude of farmers toward nsk
and on the specIfic reqUIrements of the
local farmmg system (Van Oosterom et
ai, 1996, Weltzlen et ai, 1996) Each
enVIronment poses a dIfferent set ofprob­
lems, and m margmal envIronments
where the chmate IS hIghly vanable, It
often IS dIfficult to precIsely define the
causes ofcrop fallure, but they must be at
least approxImated If successful crop Im­
provement IS to occur

As Boyer (1982) pomts out, there IS
often a dramatIc dIfference between
maxImal and average yIelds for any gIven
crop speCIes The actual yIeld achIeved
depends on the envIronmental condItIons
the crop encounters Stress can be defined
as a condItIon that lImIts a plant m reahz­
mg Its potentIal for growth, development,
and reproductIOn, extremes of stress re­
sult m plant death Plants rarely grow m
optImal enVIronments, so they can be con­
SIdered to be under some degree of stress
at all tImes For pearl mIllet and sorghum
growmg m margmal enVIronments thIS IS
certamly the case VanatIon eXIsts m the
ablhty to survIve and grow under stress
condItIons The task IS to exploIt thIS van­
atIOn and combme Improved tolerance to



stress wIth mcreased yIeld potential so
that not only IS the dIscrepancy between
yIeld under opttmal condItIOns and actual
yIeld reduced but also yIeld stabIhty m­
creased

New technologIes, Improved screenmg
technIques, and knowledge ofappropnate
germplasm can now explOit natural van­
atIOn to a greater effect It IS only possIble,
however, to Improve the degree of toler­
ance, there always wIll be a level beyond
whIch It IS not possIble to Improve For
seedhngs, where stress often results m
death, Improvement m stress tolerance
targets the ablhty to survIve the~e stress
condItIOns To Improve adaptatIOn to
other stresses (for example, termmal
drought), It often IS necessary to target an
enhancement m relattve performance,
often measured as YIeld, rather than sur­
vIval The tasks mvolved m Improvmg
relatIve performance have receIved much
attentton from breeders and phYSIOlogIStS
(RIchards, 1989, Evans, 1993, Ludlow
and Muchow, 1990) Seedhng survIval
and the ablhty to yIeld well are not ex­
pected to be as closely mterrelated as are
stress tolerances reflectmg relatIve per­
formance Thus combmIng seedlmg
stress tolerance and yIeldmg abIhty would
not be expected to need as much multi-lo­
catIOn testmg as IS the case for relative
yIeld Improvement Only yleldmg ablhty
m the target environment should need to
be evaluated for matenals WIth Improved
seedhng stress tolerance

Understandmg of the processes that
lead to a faIlure ofstand estabhshment has
advanced suffiCIently to permIt develop­
ment of specIfic screenIng methods The
screenmg techmques descnbed above
have dIrect apphcatIOn m the genettc Im-

provement ofthese traits However, fewer
studIes are reported m WhICh both the
genettc vanatton IdentIfied and screenmg
systems developed have been explOited m
crop Improvement To do thIS It IS neces­
sary to select for Improved adaptatIOn and
then to evaluate the response to selectIOn
for Improved estabhshment abIhty m the
field ScreenIng methods tend to be devel­
oped usmg control genotypes WIth ex­
treme dIfferences m performance, often
WIth many genettc dIfferences for other
traits The results obtamed often are spe­
CIfic to the actual cuitivars and growmg
condItions used It IS harder to dIstmgUIsh
genotypes showmg an mtermedlate re­
sponse to a gIven stress The capacIty for
Improvement of stress tolerance, how­
ever can be found withm a speCIes and IS
amenable to conventIOnal breedmg tech­
nIques

AdaptatIOn to a gIven constramt IS
complex Plant phySIOlogy can IdentIfy
not only cntical components ofadaptatIOn
but also genes or regIOns ofchromosomes
hnked to a gIven traIt ThIS IS done usmg
molecular markers, such as restnctIOn
fragment length polymorph Isms
(RFLPs), combmed WIth phYSIOlogIcal
screenmg, WhICh permIts the mappmg,
IdentIfication, mampulatIOn, and combI­
natIOn of specIfic genes mvolved m toler­
ance The challenge IS to Identify specIfic
phySIOlogIcal or bIOchemIcal processes
and to develop rapId, hIgh-throughput
screenmg technIques based on them Mo­
lecular marker maps eXIst for both sor­
ghum (Hulbert et al , 1990, ChIttenden et
aI, 1994, PereIra et ai, 1994, Xu et al ,
1994) and pearl mtllet (LlU et ai, 1994)
and have been used to Identtfy quantita­
tIve traIt lOCI (QTLs) assOCIated WIth
downy mtldew reSIstance (Jones et ai,
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1995, Hash et ai, 1995) A sImtlar ap­
proach IS bemg used to detect QTLs asso­
cIated wIth seedlmg thermotolerance
(Howarth et aI, 1994) Once IdentIfied,
marker-assIsted selectIOn can be used to
precisely Improve the reqUIred character
by followmg closely the movement of
desIred and undesIrable gene segments m
the breedmg process

The potentIal of these modern, preCI­
sion breedmg methods IS conSIderable
Mappmg potential phySIologIcal and bIO­
chemical components of adaptatIOn also
prOVides mformatIOn on theIr mvolve­
ment m adaptatIOn and IS a new way of
elucldatmg the mechamsm of plant re­
sponse to the envIronment GenetIc map­
pmg not only shows m a much clearer
fashIOn how traits are genetIcally corre­
lated, but how they are lInked on the chro­
mosomes ActIve collaboratIOn between
genetIcists, molecular bIOlogists, phySI­
ologists, breeders, germplasm collectors,
and other relevant dlsclplmes IS reqUIred
to ensure success Genetic Improvement
of stand establIshment IS thus pOSSIble by
plant breedmg, and potentIal progress IS
substantIal

Plant breedmg, however, IS not the only
way forward, and management solutIOns
also must be conSIdered, partIcularly as
the current tIllage and sowmg methods
used m farmers' fields are not very SOphIS­
ticated AgronomIC factors such as seed­
bed preparatIOn, sowmg methods, tImelI­
ness of sowmg, and sowmg depth can
exacerbate envlronmentally-mduced
stress and result m poor crop stands Com­
pactIOn of the SOlI after sowmg to ensure
good SOil-seed contact and mmlmlze
evaporatIon, for example, could assist m
stand establIshment TraditIOnal sowmg
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methods, however, can be approprIate for
the conditIOns encountered m some cases
For example, stand establIshment, sur­
Vival, and yield were better under the htll
plantmg used m the Sahel than drIllIng
seed (K1aIJ and Hoogmoed, 1993) Htll
plantmg prOVides a certam amount ofpro­
tectIOn from the extremes of temperature
and from sand-bearIng wmds It IS not
easily mechalllzed, however, and the
large number of seedlmgs growmg to­
gether can result m rapid development of
water defiCit Pre-sowmg tIllage mcreases
mltIal stands and subsequent seedlIng sur­
Vival (Joshi, 1987, KlalJ and Hoogmoed,
1993) Surface apphcatIOn of farmyard
manure can reduce the IIkehhood ofcrust­
mg mamtam mOIsture mthe surface layer
of soil (Joshi, 1987), and mmlmlze the
prevalence oftemperature extremes at the
SOli surface ThiS practice resulted m a
faster rate of emergence, mcreased total
emergence, and reduced seedlIng mortal­
Ity ofpearl millet (Joshi, 1987) but had no
slgmficant effect on stand establIshment
m sorghum (HarriS, 1996)

If plantmg technologies are refined to
more preclSlon-based methods and mixed
croppmg no longer practiced, then crust­
mg could perhaps be a bigger problem m
crop establishment Pre-sowmg seed
prImmg, either by soakmg m water or In
osmotic solutIOns, has been InvestIgated
to examme ItS potentIal to Improve emer­
gence (Bradford, 1986, Joshi, 1987, MaItI
and Moreno, 1995, Hams, 1996) PrImed
seeds germmate more rapidly and um­
formly and the rate of emergence IS m­
creased (Hams 1996), although final
stand estabhshment IS not necessarIly Im­
proved (Joshi, 1987) Pnmmg conditIons,
the temperature and tImmg of any mter­
vemng perIod before sowmg, and sotl



conditions at sowmg will all mfluence the
results obtamed and need to be optimized
Recent data from on-farm tnals with up­
land nce, maize, and chickpea m seml­
and India show that farmers value on­
farm seed pnmmg for the benefits they
gam from fast, vigorous crop estab­
lIshment

ConclusIOn

Increasmg stand establIshment through
a combmatlOn of well-adapted, Improved
cultlvars and management practices re­
mams a challenge SeedlIng traits affect­
mg establIshment warrant high pnonty
for research Genetic Improvement IS
most needed m those areas where depend­
ence on the pearl mIllet and sorghum crop
IS so great, particularly If mcreases m
population pressure result m the expan­
sion of crop productIOn mto more and
more margmal areas ClImatic change
could exacerbate thiS need Locally
adapted germplasm often IS capable of
survlvmg the environmental conditIOns
and should be Widely used m breedmg for
Improved stand establIshment An under­
standmg ofboth the prevaIlmg conditions
and the farmers' reqUirements IS cntlcal
For a farmer to adopt a change m these
high nsk enVironments, demonstratIOn of
Improvements actually on farmers' fields
IS necessary VanetIes that perform well
m natIOnal yield tnals at research statIOns
are not necessarily appropnate for these
severe environments Targetmg of crop
Improvement research speCifically for
these environments IS thus reqUired
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Breedmg for Pre- and Post-Flowermg
Drought Stress Resistance m Sorghum

D T Rosenow*, G EJeta, L E Clark, M L GIlbert,
R G Henzell, A K Borrell, and R C Muchow

Abstract

Drought stress IS a major constramt to sorghum productlOn worldwide The stage of
growth at whIch mOIsture stress occurs IS Important m determmmg the response of
sorghum to sod mOlstUle stress Two dlstmctly diffelent types of drought stress re­
sponses have been Identified One type (pre-jlowermg) IS expressed when plants are
under significant mOisture stress prlOr to flowermg durmg the pamcle development
stage The other response (Post-flowermg) occurs when plants are under severe mOiS­
ture stress durmg the gram-fillmg stage The term "stay green IS used to descnbe
post-flowermg drought resistance Plant symptoms mdicatmg either a deSirable or
undeSirable response to stress at these two stages have been descnbed and can be
Visually rated m the field The dlstmct Visual responses are rellable mdlcators of a
genotype s response to drought and are predictable and repeatable across locatIOns
and years under simzlar stress condltlOns Large genetic vanatlOn eXists among sor­
ghum lmes for response to pI e- andpost-flowermg drought, and sources ofresistance
have been Identified and utlllzed m breedmgprograms The emplncal approach usmg
conventlOnal breedmg techmques With large field screenmg nursenes m semi-and
enVlronments has proven successful m SCI eemng and breedmgfor drought resistance
However vanabillty m ramfall plus large mteractlOns between tlmmg of stress and
stage ofplant growth often make screemng difficult and slow Molecular markers have
been Identified for some pre- and post-flowermg drought resistance tralts and should
Improve the efficiency and speed ofdevelopmg drought-reSistant cultlvars

Drought stress IS the pnmary factor
reducmg sorghum productIOn worldWIde
Sorghum possesses excellent drought re­
sIstance compared to most other crops and
IS tradItIOnally grown m low ramfall areas
of the world ThIS means the crop often
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expenences severe mOIsture stress durmg
ItS growth Improvmg drought reSIstance
m sorghum would mcrease and stablhze
gram and food productIOn m low-ramfall,
harsh envIronmental regIOns ofthe world

Improvmg drought tolerance m sor­
ghum has recently receIved mcreased em­
phaSIS both m the U S and mternatIOn­
ally Only m recent years have sorghum
breedmg and screenmg nursenes been de­
voted pnmanly to selectmg for Improved
drought tolerance ThIs emphasIs on field
screemng under severe drought stress at



dIfferent stages of growth has enhanced
our understandmg ofdrought tolerance m
sorghum and how to manIpulate It m
breedmg programs

Drought or drought stress, as I wIll
dIscuss It m thIS paper, refers prImarIly to
madequate soIl mOIsture and not to dIrect
effects ofheat HIgh aIr temperature often
IS assocIated WIth sOIl mOIsture stress and
certamly compounds the stress of plants
It sometImes IS sufficIent to kIll plants,
especIally those weakened by soil mOIs­
ture stress However, thIS paper WIll deal
only with drought as a soIl mOIsture defi­
Cit or stress The terms drought resistance
and tolerance, as used m thiS paper, are
essentIally synonymous

Although field screenmg nurserIes un­
der natural ramfall have proven success­
ful, progress IS often slow due to varIabIl­
Ity m tImmg and quantIty oframfall New
molecular techmques, especially molecu­
lar markers, are powerful tools m studymg
mherItance and mcreasmg effiCIency of
selectmg for complex traits Molecular
markers Imked to quantItatIve traIt lOCI
(QTLs) should be useful m breedmg pro­
grams to evaluate breedmg progeny for
the presence of genes conditlOnmg
drought tolerance m sorghum The poten­
tial and techmques of molecular markers
m breedmg for drought reSIstance m sor­
ghum are dIscussed by Tumstra et al
(1996) and by Nguyen et al elsewhere m
these proceedmgs Even If molecular
markers prove successful and economIcal
m sorghum, field evaluatIOn stIll wIll be
needed for many traIts, and some drought
evaluatIOn under actual field condItIOns
Will be necessary to venfy lab results and
to determme performance m FI hybrIds

Drought Stress
Responses III Sorghum

Growth stage of sorghum IS Important
to understand when discussmg drought
resistance The three growth stages ofsor­
ghum are

1) SeedlIng establIshment (early vege­
tatIve stage) GS 1

2) Pre-flowerIng (panIcle dIfferentIa­
tIOn to flowerIng) GS2

3) Post-flowermg (gram/flowenng fill
to phySIOlogIcal matunty of gram) GS3

Drought reSIstance at the seedlIng es­
tablIshment or early vegetatIve stage
(GS 1) IS obVIOusly an Important trait, es­
peCIally m the harshest enVIronments
Drought and/or heat at thIS stage can result
m plant death and SIgnIficant loss ofstand
Although some screenmg technIques
have been developed m MalI and at ICRI­
SAT, and dIfferences among genotypes
eXIst, lIttle has been done speCIfically to
breed for thiS traIt m sorghum or relate It
to drought tolerance at other growth
stages SIgnIficant dIfferences among
genotypes for seedlIng survival have not
been noted m the U S

Two dIstInctly dIfferent types of
drought stress responses have been Iden­
tified and deSCrIbed III sorghum and are
related to the stage of growth at whIch
stress occurs (Rosenow and Clark, 1981,
Rosenow et ai, 1983, Rosenow, 1993a,
1993b) The pre-flowermg response oc­
curs when plants are under sIgmficant
mOIsture stress prIor to flowerIng m GS2,
speCIfically from pamcIe dIfferentIatIon
or shortly thereafter untIl flowerIng The
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post-flowenng response occurs when
plants are under severe mOIsture stress
dunng the gram-filhng stage (GS3), and
espeCIally durmg the latter portIOn of
gram fill Dlstmct visual plant symptoms
mdlcate either a desuable or undeSirable
response to these two types of stress
These traits can be subJecttvely rated m
the field

Symptoms of pre-flowermg drought
stress susceptIbIhty Include leaf rolhng,
uncharactenstic leaf erectness, leaf
bleachmg, leaf tIp and margm burn, de­
layed flowermg, "saddle effect," III

WhICh only end plants next to alleyways
produce a pamcle, poor pamcle exsertIOn,
panIcle blastmg and floret abortiOn, and
reduced panicle size Tolerance to pre­
flowermg drought stress IS mdicated by
the alternatIve condItIOn m each mstance
Smce the pamcle IS dIrectly affected, se­
vere pre-flowermg stress can result m
drastIC reductIons m gram yIeld

Symptoms of post-flowermg drought
stress susceptlbIhty mclude premature
plant (leafand stem) death or plant senes­
cence, stalk collapse and lodgmg, and
stalk rot (charcoal rot, Macrophomzna
phaseo/zna), along With a sIgmficant re-

ductton m seed SIze, particularly at the
base ofthe pamcle Tolerance IS mdlcated
when plants remam green and fill gram
normally Such green stalks also have
good reSIstance to stalk lodgmg and to
charcoal rot (Table 1) These cultIvars are
referred to as havmg good "stay green"
ThiS term IS now commonly used by sor­
ghum workers to descnbe post-flowenng
drought resistance and IS considered an
Important drought resistance trait The
post-flowenng response IS most obviOUS
and dIstmct 10 plants grown under favor­
able soil mOIsture and growth condItIOns
untIl flowermg, WIth severe water defiCIt
developmg durmg the late stage of gram
fill When water stress develops gradually
and occurs over the entIre season, these
dlstmct stress responses may not be as
ObVIOUS Sometimes there IS a blendmg of
the pre-and post-flowenng types of stress
response Whereas pre-flowermg drought
directly affects palllcle Size, gram
number, and gram YIeld, post-flowermg
mOIsture stress losses occur pnmanly
through lodged plants, but sometimes
through reduced seed size

Hlgh-YIeldmg genotypes WIth a large
gram smk size relative to the vegetative
portIOn of the plant tend to be more sus-

-------------------
Table 1 RelatIonshIp among stay green (LPD), lodgmg, and charcoal rot ofselected sorghum hnes

Lubbock F403 Lubbock F407
DeSignatIOn LPD ratmg Lodgmg%~ LPD ratmg' Charcoal rot ratmg' Lodgmg%~

BI 23 0 29 07 0
B22 21 0 28 08 0
B35 22 0 27 05 0
BTx623 37 26 47 20 40
BTx625 47 80 46 34 38
BTx378 49 53
Tx7000 46 34 13
I Leaf and plant death ratmg 1 =all green 3 ~ 50% of leaf area dead 5 ~ entire plant dead
2MOlsture stress type lodgmg
3 Stalks Inoculated With Infested toothpick rated on 1 5 scale < 1 = < one mternode mfected 3 = 3 Internodes 4 = > 3 Internodes 5=
death sclerotla
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ceptIble to post-flowermg drought stress
than are low gram-producmg genotypes
SusceptIblhty to charcoal rot IS predIs­
posed by severe water stress dunng the
latter stages of gram fill Because of thiS
strong relatiOnship, charcoal rot IS treated
pnmanly as a post-flowermg drought
stress problem Genotypes are rated for
presence or absence ofpremature leafand
plant death when they are under water
stress at or near matunty - not by mocu­
latiOn of stalks with charcoal rot mfested
toothpicks Tenkouano et al (1993) stud­
Ied the genetics of nonsenescence (stay
green) and charcoal rot m sorghum and
reported that only a few genes were m­
volved, some of which mfluenced both
traits The relatIOnship between stay
green, lodgmg reSistance, and charcoal rot

was discussed by Rosenow and Clark
(1995) and IS shown m Table I

Excellent sources of resistance to each
type of stress (pre- and post-flowenng)
have been Identified (Table 2) High lev­
els of both types of resistance are gener­
ally not found mthe same genotype How­
ever, some genotypes possess good levels
of resistance to both types In some cases
resistance IS dommant while m others It IS
receSSive, and thiS IS Important when
breedmg parental hnes for hybnds

Breedmg and Screemng Procedures

Several reviews and papers have been
pubhshed on the use of phySIOlogIcal
traits m sorghum to Improve drought re­
sistance and potential use m breedmg pro-

Table 2 Lmes With pre- and post-flowermg drought tolerance sorghum
Pre flowermg tolerant
Tx7078
TAM 422
Tx7000 (Caprock)
Tx430 (Tx2,36 x SC70 6)
BT'\623 (BT'l3197 x SC 170 6)
BT'l3197 (C Kafir 60)
Tx2536 (Y E x Fetenta)
Tx2737 (Y E denv)
Tx432 (SC599 6 x SCI10 9)
P898012 (Fetenta)*
P954035 (SC33 9der)*
SC23 14 (IS 12543C)*
SC103 14 (IS 2403C)
SC414 12E (IS 2508 der)
SC701 14 (IS 3462C)*
1790E (SC56 x SC33)*
82BDM499 (SCI73 x SC414)
P37 3 (Tx2794 x K22/35)
P40 I (T'l2794 x K22/35)
TnGbResW
RS610 (Hybnd)
Hageen Durra 1 (Hybnd)
Early Hegarl
CSM 63* (MalI)
AJabsldo (Sudan)
Koro 1<..0110 (Sudan)
Segaolane (Botswana)
E1 Mota (NIger)
(Many CommercIal Hybnds)

'Both pre and post flowenng tolerance

Post flowermg tolerant
SC23 14 (IS 12543C)*
SC33 14 (IS 12553C)
SC35 14 (IS 12555C)
B35 (SC35 6 IS 12555 der)
SC38 14 (IS 12558C)
SC56 14 (IS 12568C)
SC237 14 (IS 3071C)
SC265 14 (IS 6705C)
SC328 14 (IS 8263C)
SC599 14(IS 17459C RIo)
SC~99 6 (R9188 RIO denv)
SC701 14 (IS 3462C)*
SCIOl7 14 (IS 11549C)
P8980I2 (Fetenta)*
P954035 (SC33 9 der)*
BKS9
KS19 (Y E denv)
Tx2908 (R8503 SC 599 6 x Tx430»
1790E (SC56 x SC33)*
1778 (SC56 x SC170)
R1922 (SC,6 x SCllO)
88V1080 (T'l430 x R9188)
(p407*?)UC(SC33der)
NSA440
Karper 669
CSM 63* (MalI)
QL36 (AustralIan Ime)
BQL41 (AustralIan Ime)
(Few CommerCial Hybnds)
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grams (Downes, 1972, Jordan and Monk,
1980, Jordan and Sulhvan, 1982, Kramer,
1980, LevItt, 1972, SullIvan, 1972,
Turner, 1979, Peacock and SIvakumar,
1987, SullIvan and Ross, 1979, KrIeg,
1993, and Ludlow, 1993) These mc1ude
traIts such as heat tolerance, deSIccatIOn
tolerance, osmotIc adjustments, rootmg
depth, and eplcutIcular wax Although
technologIes eXIst for evaluatmg these
traIts, lIttle use has been made of them 10

breedmg programs Others have reported
on the use ofvanous breedmg and screen­
109 techmques for drought reSIstance m
sorghum (Blum, 1983, 1987, ChnstIansen
and LeWIS, 1982, EJeta, 1987, GarrIty et
aI, 1982, Jordan et aI, 1983, and
Seethrama et al, 1982) Some of these
combme screenmg for phySIologIcal traits
along WIth vIsual selectIOn for agronomIC
adaptatIOn LIttle If any progress usmg
specIfIC phySIOlogIcal traIts has been
documented, partly because phySIOlogI­
cal mechamsms mvolved m drought tol­
erance are stIll poorly understood (Bon­
hert et al , 1995) It appears that mdlvldual
phySIOlogIcal traIts IdentIfied to date are
not suffiCIently related to overall drought
response or field performance to ment
selectIOn based on them

A recent reVIew by Muchow et al
(1996) dIscusses recent advances and cur­
rent needs m sorghum phYSIOlogy They
cover yIeld accumulatIOn and the phySI­
ologIcal baSIS of the drought-reSIstant
traIts, mcludmg osmotIC adjustment, stay
green (leaf area mamtenance), transpIra­
tIon effiCIency, and use of stem reserves
m gram fillmg The stay green traIt has
been successfully used 10 Austraha to Im­
prove lodgmg reSIstance under termmal
stress (Henzell et ai, 1992, Henzell and
Hare, 1996), WIth a pOSItIve aSSOCIatIOn of
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stay green and gram yIeld under water­
lImIted enVIronments Although the stay
green traIt also has been successfully used
m Texas and by certam pnvate compames
to proVIde post-flowenng drought reSIS­
tance and lodgIng reSIstance (Rosenow
and Clark, 1995, also see Johnson et al
elsewhere In these proceedIngs), the
phySIOlogIcal baSIS for stay green IS not
well understood

PreVIOUS papers have descnbed certam
aspects of evaluatIOn for drought reSIS­
tance 10 the Texas program (Clark et al ,
1986,Rosenow 1984,1987,1989, 1993a,
1993b, Rosenow and Clark, 1981, 1995,
Rosenow et ai, 1983, and Rosenow and
EJeta, 1985) The pnmary approach IS to
utlhze naturally occurnng SOlI mOisture
stress under the low-raInfall condItIons of
West Texas Germplasm IS evaluated 10

nursenes under dryland, low-raInfall con­
dItIons, and under lImIted IrrIgatIOn where
yIeld potentIal IS expressed but post-flow­
ermg mOisture stress IS allowed to de­
velop In the dryland nursenes, pre-flow­
ermg stress commonly occurs Large field
screenIng nursenes are utIlIzed at several
locatIOns WIth dIfferent stress enVIron­
ments, dIfferent plantmg dates and dIffer­
ent water regImes (amounts and tIm109)

ThIS approach helps to msure stress at
dIfferent stages of growth Sandy SOli or
shallow SOli SItes are best SUIted for pre­
flowermg evaluatIOn, whIle heaVIer and
deeper soIls are best for evaluatIng post­
flowermg stress

In the post-flowerIng screenIng nurser­
Ies, IrrIgatIon IS applIed dunng the early
growth stages to produce good growth and
yIeld expreSSIOn IrrIgatIOn IS termInated
pnor to anthesls, allOWIng mOisture stress
to develop after flowerIng and mtensify



durIng graIn fill In these nursenes, plots
or entnes are subjectIvely rated for the
amount ofpremature leafand plant death
RatIngs are made on a I to 5 scale, where
1=completely green, 3 =50% ofleafarea
dead and 5 = all plants dead RatIngs are
normally made at or soon after phySI­
ologiCal matunty, but can be made any­
ttme that dIfferences appear among geno­
types VIsual ratIngs on leaf death have
been shown by Wanous et al (1991) and
Borrell et al (1996) to be an excellent
method ofevaluatIng actual percentage of
green leafarea HIgh correlatIOns between
vIsual stay green ratmgs and chlorophyll
content (as measured by a chlorophyll
meter) also support the use of vIsual rat­
mgs (see Nguyen et al , elsewhere In these
proceedmgs) Percentage ofplants lodged
due to stress also IS recorded In West
Texas, the nursery often IS left standmg
for an extended penod followmg matunty
for exposure to strong wmter wmds and to
allow stalk lodgIng to occur ThIs faCIlI­
tates the IdentIficatIOn of entrIes whose
stalks are weakened by water stress
Knowledge ofmatunty IS cnttcal because
sorghum IS most suscepttble to post-flow­
enng stress dunng a penod Just pnor to
physIOlogiCal matunty Plants a few days
earlIer or later m matunty may show lIttle
premature senescence Therefore, flower­
mg notes are taken on all plots, and com­
pansons are made only among entries of
similar matuntles

In pre-flowenng screenmg nursenes
where severe water defiCIts occur pnor to
flowenng durmg the pamcle development
stage, subJecttve ratmgs can be recorded
whenever dIstmct dIfferences m drought
response appear Ratmg is done on a 1-5
scale, where 1 = excellent and 5 = very
poor response Pnor to headmg, ratmgs

can be made on leaf stress symptoms that
mdIcate drought susceptibIlIty, such as
rollIng, exceSSive erectness, bleachmg,
and finng Ratmgs can be made on each
trait separately or combmed Into a smgle
overall drought susceptibIlIty ratmg Leaf
rollIng is normally the first VISIble symp­
tom of drought stress ExceSSive leaf
erectness usually follows Some cultivars
have erect leaves m the absence of stress,
so care must be used when evaluatmg thiS
trait The leaf angle of the lower leaves
generally mdicates whether or not a CUltI­
var has genetIcally controlled erect
leaves Leaf bleachmg refers to a loss m
green color durmg the hottest portIOn of
the day, causmg a bleached effect Care
also must be used when sconng thIS traIt
because there IS a range from dark to hght
green leaf color among dIfferent geno­
types, even m the absence of stress Leaf
margm and tip bum are usually the last
vegetative drought responses to appear
Sconng of the early vegetative response
is most effiCIent when done withm related
germplasm WIdely dIverse matenal may
gIve dIfferent appearmg responses, With a
poorer relatIOnship of vegetatIve symp­
toms to eventual performance

Some cultIvars are susceptIble to an­
other kmd of leaf necrosIs called leaf fir­
mg, where large sectIOns of the leaf dIe
rapidly, usually at about flowermg time
It IS very genotype-specific and IS lIkely
due to hIgh temperatures that exceed the
temperature tolerance of the tissue m the
portIOn of the leaf blade dIrectly exposed
to the sun ThIS type of leaf finng IS dIf­
ferent from the leaf margm and tIp bum
descnbed prevIOusly and does not appear
to correlate well WIth final yIeld Drought­
mduced leaf necrOSIS IS charactenzed by
the absence of anthocyanm pIgment and
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IS thus dlstmctlvely different from colora­
tion due to other causes, such as disease
or msect mJury

Later-appearmg symptoms caused by
mOIsture stress pnor to flowermg mclude
delay m flowermg, panicle and floret
abortion, poor panicle exsertlon, reduced
pamcle Size, and the "saddle" effect
These symptoms can be rated mdlVldually
or m combmatlOn Delay m flowermg IS

evaluated by companson With non­
stressed plantmgs These late-appearmg
symptoms are the best evaluation of pre­
flowermg drought tolerance, and ratmgs
may be made at or after matunty Evalu­
atIOn of pre-flowenng drought tolerance
m very early-maturmg genotypes IS diffi­
cult because they often escape water
stress

In field screening nursenes, standard
checks are used every five or ten plots
Altematmg every fifth plot WIth a pre­
flowermg tolerant, post-flowenng sus­
ceptIble Ime, such as Tx7078 or Tx7000,
and a post-flowermg tolerant, pre-flower­
mg susceptIble lIne, lIke B35-6 or R9188,
prOVIdes a reference for comparIson By
comparmg ratmgs WIth those of the adJa­
cent checks, we can adjust for vanabliity
wlthm the field Whenever pOSSIble, fur­
row-dIkes are placed between beds m our
dryland nursenes to encourage Uniform
water penetratIOn and SOli mOIsture We
mamtam the furrow-dIkes throughout the
entire year to mamtam a Uniform SOlI
mOIsture profile We use short (5-6 m),
smgle row plots m most screenmg nUlser­
Ies MultIple row plots are used only for
speCIal studIes

Although not IdentIcal m all aspects,
several publIc and pnvate sorghum breed­
mg programs utilIze the same prmclples
as descnbed for the Texas program In the
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publIc breedmg program m Queensland,
AustralIa, breedmg progeny are routmely
rated m regular field breedmg nursenes
for premature leafand plant senescence at
or near phYSIOlogIC matunty The stay
green trait from ISI2555(SC35) has been
successfully used m AustralIa to develop
post-flowermg drought stress reSIstance
and lodgmg reSIstance m parental lInes
and commerCIal hybnds (HenzeII et al ,
1992, Henzell and Hare, 1996) At Purdue
Umverslty, speCIfic nursenes have been
used m dry enVIronments, such as Mex­
ICO, to screen for pre- and post-flowenng
drought response In Sudan, nursenes m
the past (EJeta, 1987) have been deSIgned
to speCIfically evaluate for eIther pre- or
post-flowenng stress Nursenes m the
sandy sad, low ramfall areas conSIstently
proVIded excellent pre-flowermg stress
NurserIes m heavy, deep sods worked
well for post-flowermg evaluatIOn due to
the rapId cessatIOn oframfall at the end of
the ramy season, or through lITIgatIOn ma­
mpulatlOn

Several pnvate seed companies also
now plant nursenes speCIfically to mduce
mOIsture stress at speCIfIC stages of
growth CargIll and Crosbyton both have
nursenes for post-flowenng stress
DeKalb had a charcoal rot screening nurs­
ery for many years, where post-flowenng
mOIsture stress was Imposed From thIS
nursery several parental lInes were devel­
oped that have shown excellent stay
green, charcoal rot reSIstance, and lodgmg
reSIstance (A B Maunder, 1996, personal
communIcatIOn) In recent years, DeKalb
has used only a smgle pre-plant lITIgatIOn
on nursenes m West Texas m an attempt
to enhance both pre- and post-flowermg
stress m the same nursery PaCIfic Seeds
m AustralIa uses stay green evaluatIOns
SImIlar to those used m the publIc program
m Queensland



In additIOn to field screenmg, spnnkler
IrngatlOn gradient systems have been
used m dry environments to mampulate
tlmmg and quantity ofwater apphed The
advantage IS two-fold researchers can a)
evaluate plant response to a wide range of
stress under otherwise Identical condi­
tions, and b) mampulate onset, cessatIOn,
and degree of stress In these evaluatIOns,
It IS Important to recogmze the different
drought stress responses before mterpret­
mg results from the gradIent system DIS­
advantages ofthe system are the mfluence
ofwmd on water dlstnbutlOn and the m­
abIlIty to control preCIpItatIOn The
amount and frequency of lITIgatIOn may
be less than Ideal However, reactIon un­
der the system m West Texas correlates
well WIth our field evaluation The use of
gradIents would be of lIttle value m areas
where ramfall IS high durmg the regular
crop season Use ofgradient systems may
be of lImited value m the off-season due
to matunty changes and different yield
responses, espeCially With photosensItIve
or partially photopenod-sensltlve sor­
ghum affected by different day lengths
Lme-source lITIgatIOn systems With drop
nozzles can be very useful m field nurser­
Ies to mampulate the quantIty and tImmg
of IrngatlOn

Ramout shelters also are used to sup­
plement evaluatIons made m field nurser­
Ies UntImely rams often prevent evalu­
atIOn or restnct field evaluatIons durmg
the growmg season Ramout shelters can
be used to Improve the effiCIency ofselec­
tion by controllmg both tImmg and
amount ofwater applIed, whIle otherwise
mamtammg a near normal field enVIron­
ment Pre- and post-flowermg stress rat­
mgs under shelters m Texas have corre­
sponded well WIth known field reactIOns
Smgle-row plots of 400 breedmg selec­
tIons can be evaluated for the pre-flower-

mg drought stress m one 40 ft x 60 ft
(about 12 m x 18 m) area DIsadvantages
are the mItIal cost and labor dunng the
season The shadmg effects durmg pen­
ods of damp ramy weather can have a
detnmental effect on plant growth and
development

Another modIfied field techmque uses
large sheets of black plastic secured over
the soIl to exclude ramfall Seed IS then
sown through small cross-cuts m the plas­
tIC, and as the plants grow, a rather water­
tIght seal develops around the base ofthe
stem (Borrell and Douglas, 1996)

Summary and ConclusIOns

The stay green traIt has proven useful,
usmg the empmcal approach descnbed, m
enhancmg post-flowermg drought reSIS­
tance and lodgmg reSIstance m parental
sorghum hnes and hybnds (Henzell et al ,
1992, Henzell and Hare, 1996, Rosenow
and Clark, 1995), but progress has been
slow Most commercIal sorghum hybnds
possess good reSIstance to pre-flowermg
drought stress, but only a few have good
post-flowermg reSIstance Factors con­
tnbutmg to hmIted success m drought re­
SIstance breedmg are 1) lack of knowl­
edge of mhentance of drought resistance
traits, 2) the expense and tIme (often
years) reqUired to effectIvely screen
breedmg progeny, 3) vanable testmg en­
vironments gIvmg dIfferent drought re­
sponses from year to year due to the tIm­
mg of stress and stage of growth mterac­
tIon, 4) concerns over negative yIeld
relatIOnshIps With drought reSIstance
traIts, 5) the emphaSIS on WIdely adapted
hybnds WIth lIttle effort dIrected to the
lowest ramfall envIronments, 6) WIdely
vanable target enVIronments, 7) lack of
agronomIcally deSirable sources of
drought reSIstance, espeCIally stay green,
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8) the different pre-vs post-flowenng re­
sponse of many sorghum hnes, 9) the
complex nature of drought and resistance
and the many environmental and plant
factors mteractmg with both, 10) lack of
specific measurable traits associated with
drought resistance, and 11) lack ofknow1­
edge about most ofthe genetIc and phySI­
ologiCal mechamsms mvolved 10 resIs­
tance

The hentabllIty of most drought resIs­
tance traits IS not well understood, but
there has been considerable effort the past
few years studymg the stay green trait
Walulu et al (1994) determmed that the
stay green trait from SC35(1S12555), a
Durra from EthiOpia, was conditiOned by
a smgle (or maybe two) genes pnmaJ. ily
dommant 10 nature ThiS supports re­
search by Tenkouano et al (1993) show­
mg that nonsenescence and charcoal rot
resistance were controlled by only a few
genes A recent dIallel study at ICRISAT
by van Oosterom et ai, (1996) on mhen­
tance of stay green found that slow senes­
cence rate was dommant over fast rate,
and that mhentance ofthe onset of senes­
cence under post-flowermg stress was ad­
ditive

ObservatiOns 10 the Texas A&M sor­
ghum breedmg program have mdlcated
that resistance 10 some stay green sources
(SC35, SC33, SC56) is dommant m na­
ture, whIle 10 others (SC599, Tx435,
Tx2908, and B1, a BTx625 x B35 denva­
tlve) It IS receSSive, whIle 10 stIll others
(BQL41, QL36, and NSA440) It IS par­
tially dommant A large number of sor­
ghum parental A and R hnes were claSSI­
fied for stay green and lodgmg and for
their expressIOn of dommance 10 the stay
green trait 10 F1 hybnds (Rosenow and
Clark, 1995, Rosenow et ai, 1995) The
best combmatiOn ofresistance to pre- and
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post-flowenng stress and good gram yield
10 an F I hybnd often has been a cross
between a high stay green female and a
high pre-flowermg, hlgh-Yleldmg male
parent Pre-flowermg stress resistance IS
pnmanly a dommant trait, at least 10

breedmg hybnds Hybnd vigor Itself ap­
pears to contnbute a sigmficant degree of
tolerance to pre-flowermg stress Breed­
109 for improved gram yield 10 vanetIes
and develop109 early-matunng, short,
hlgh-Yleldmg hybnds With Improved
gram-to-stover ratiO reqUires greater dry
matter accumulatiOn durmg gram fill,
tendmg to make them relatively more sus­
ceptible to post-flowermg stress

In the World Sorghum CollectIOn,
good pre-flowermg stress resistance IS
more common than post-flowermg stress
resistance The Durra types from EthiOpia
(e g, SC35 and SC33), along With SC56,
a Caudatum-Nigncans from Sudan, ap­
pear to be excellent sources of the domi­
nant stay green ExotiC sorghum has been
very useful 10 the Texas A&M drought
breedmg program, With the best sources
ofstay green and lodgmg reSistance com­
mg from converted sorghums from the
Texas A&MlUSDA-ARS Sorghum Con­
versIOn Program Some mtroductlOns of
photopenod-msensltIve sorghum, such as
AJabsldo and Koro Kollo from Sudan,
Segaolane from Botswana, and El Mota
from Niger, possess outstandmg pre­
flowermg drought resistance and can be
used directly m breedmg programs

Concern has been expressed over the
possible negative effect of drought resIs­
tance, especially stay green, on yield po­
tentIal Recent research 10 AustralIa
should reduce these concerns Borrell and
Douglas (1996) have shown that sorghum
hybnds With the stay green trait have a
slgmficant yield advantage when water IS



hmlted dunng the gram fill penod, with
rate of leaf senescence negatively corre­
lated (r2=0 55*) with gram dry mass In
another study they assessed the relatIOn­
ship between rate of leaf senescence and
total above-ground dry mass and harvest
mdex They found that rate of leaf senes­
cence was negatively correlated wIth total
above-ground dry mass under termmal
stress (r2=0 59**) but was not correlated
with harvest mdex ThiS result IS encour­
agmg, suggestmg that the aSSOCIation be­
tween hIgh gram smk/source ratIO and
senescence under water stress as sug­
gested by some workers can be broken
They also found that rate of leaf senes­
cence was posItively correlated with
amount ofstem resources mobilIzed, pos­
SIbly explammg the aSSOCIation between
stay green and lodgmg resIstance Henzell
et al (1992) reported a sIgmficant nega­
tIve correlation between Visual senes­
cence ratmgs (higher = more senescence)
and gram yIeld m 76 hybnds grown under
water-lImIted condItIOns Unpubhshed
data m Texas mdlcate that some hybnds
WIth excellent stay green WIll yIeld as well
as non-stay green hybnds under hIgh yIeld
condItIOns (8000 plus kg ha 1), while often
bemg supenor m yIeld under severe post­
flowenng stress A summary of perform­
ance of commercIal hybnd tnals m Kan­
sas by Johnson et al (descnbed elsewhere
m these proceedmgs) showed that the
gram yield of stay green hybnds was su­
penor to that oftwo standard commercial
hybnds Tumstra et al (1996) reported
that some pre-flowermg resistance QTLs
were associated with higher gram yield
under fully lITIgated conditions and with
Improved agronomIC performance under
drought conditions Our research m Texas
(Crasta, 1996, personal commumcatlOn)
determmed that some QTLs for stay green
m the cross B35 x Tx430 were pOSItively
assocIated with gram yield under stress
and with yIeld under full lITIgation

We belIeve stay green and most other
drought resIstance traits can be mampu­
lated m breedmg matenals qUite mde­
pendently of yield potential Yield under
good mOIsture, high-Yield conditIOns
does not necessanly have to be sacnficed,
and gram yields Will be supenor under
stress condItions

Recent bIOtechnology research m sor­
ghum at Texas A&M/Texas Tech and
Purdue offers some excltmg posslblhtles
to enhance breedmg for drought resIs­
tance Molecular markers have been Iden­
tified for some resistance m some pre­
flowermg drought stress parameters
(Tumstra et aI, 1996) and for the post­
flowermg stress resistance trait stay green
(Nguyen and Rosenow, 1993, also see
Nguyen et al ,elsewhere m these proceed­
mgs) Although five QTLs condltlomng
the stay green traIt were Identified With
RFLP analySIS ofRILs from the cross B35
xTx7000, two lInked QTLs appear to be
the most Important The five QTLs are
bemg evaluated for effectiveness m Iden­
tIfymg stay green progeny m two test
populatIOns, they also are bemg used to
screen progeny m a program to backcross
stay green mto elIte parental hnes

Not only WIll molecular markers m­
crease the effiCiency of selection for
drought reSistance, but they also wIll be
powerful tools for studymg mhentance of
complex traits and Identrfymg new traits
contrlbutmg to drought tolerance, Yield,
and agronomic performance Fme map­
pmg of QTLs and development of near­
Isogemc hnes for speCifiC DNA se­
quences that conditIOn drought resistance
should proVide excellent matenals for
studymg the phYSIOlogical/bIOchemIcal
processes mvolved WIth speCific drought
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resIstance genes Molecular biOlogIsts,
crop phYSIOlogiStS and breeders workmg
collaboratIvely will greatly mcrease the
abihty to develop new cultIvars with
higher levels of drought resistance
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Part A

Use of BIOtechnology III Sorghum
Drought ReSIstance Breeding

Henry T Nguyen*, Wenwel Xu, Darrell T Rosenow,
John E Mullet, and Lynne McIntyre

Abstract

Drought IS the most prevalent ablOtlc stress hmItmg plant growth andproductIVIty
SelectlOn for drought resIS 'tance IS dif.ficult due to the tImmg and mtenSlty of water
deficIt stress and large mteractlOns between the plant (especzally at the growth stage)
and other envIronmental factors The mabIlzty to rapIdly and precIsely screen large
breedmg populatlOns for drought resIstance tralts such as stay green and osmotIc
ar.!Justment lzmIts selectlOn progress m tradltlOnal breedmg programs Molecular
marker technology provIdes a powerful tool to overcome thIS selectlOn problem and to
dzssect the genetIc baSIS ofdrought reSIstance tralts m plants ThIs paper reVIews the
current status challenges andperspectlVes m genome mappmg gene taggmg marker­
assIsted selectlOn, and genetzc engmeermgfor the Improvement ofdrought reSIstance
msorghum

Drought IS the most prevalent abIOtiC
environmental stress factor IImltmg plant
growth, survIval, and productivity
(Bohnert and Jensen, 1996, Boyer, 1982)
In response to water defiCIt, plants have
developed adaptive mechamsms to over­
come drought Drought reSistance IS the
phenotypic expressIOn of a number of
morphologIcal charactenstics and phySI­
ologIcal mechamsms, mcludmg drought
escape, dehydratIOn aVOIdance, and dehy­
dratIOn tolerance (Ludlow, 1993) Sor­
ghum ongmates In the dry areas ofAfrIca
and IS a major crop In the and and semI­
and regIOns In the U S and the world due
to ItS adaptatIOn to stressful enVIronments

Henry T Nguyen PlantMolecular GenetIcs Laboratory Department ofPlant
and SOIl SCIence Mall Stop 2122 Texas Tech Unlver<tty Lubbock TX
79409 and Texas A&M University Agncultural Research and ExtensIon
Center Route3 Box219 Lubbock TX79401 WenwelXu Plant Molecular
Genetics Laboratory Texas Tech Umverslty Darrell T Rosenow Texas
A&M UOIverslty Agncultural Research and ExtenSIon Center Juhn E
Mullet, Department of BIochemIStry and BiophySICS Texas A&M UOIver
Slty Lynne McIntyre CSIRO DIVISIon of TropIcal Crops and Pastures
Australia "'Correspondmg author
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Drought reSistance m sorghum IS a
complex trait affected by several Interact­
Ing plant and environmental factors Over
the past 15 years, Dr Darrell Rosenow
and hIS co-workers have focused conSId­
erable effort on drought reSistance as a
pnmary breedmg objective They have
found that the growth stage (GS) at WhiCh
mOisture stress occurs IS very Important m
determInIng the response or reactIOn of
sorghum to water stress Usmg field
screenmg nursenes In West Texas, they
have Identified and descnbed two dlstmct
responses to drought stress In sorghum
(Rosenow and Clark, 1995) The pre­
flowermg response IS expressed when
plants are stressed dunng panicle dIffer­
entiatIOn pnor to flowerIng (GS-2) The
other dlstmct response, post-flowermg, IS
expressed when mOIsture stress occurs
durmg the gram fillIng stage (GS-3)



Stay Green Trait and Drought
ResIstance lD Sorghum

Post-flowermg resistance IS especIally
cntIcal because the negatIve Impact of
drought on yIeld IS Important at thIS stage
of development YIeld reductIOn can re­
sult from reduced seed SIze, premature
plant death, stalk rot, and lodgmg ofpost­
flowermg drought-susceptIble cultIvars
The term stay green has been used to
descrIbe the post-flowerIng drought reSIS­
tance response (Rosenow and Clark,
1995)

Drought stress dUrIng the post-flower­
mg perIod accelerates senescence by drIv­
mg many processes In the same dIrection
as normal senescence (Nooden, 1988)
Senescence IS an orderly loss of normal
functions The processes of senescence
are mternally programmed Under abIotic
stress condItions, such as post-flowermg
drought stress, early onset of senescence
affects the assImIlatory capaCIty needed
to aVOid drastIc reductIOn In graIn fillmg
Therefore, any defense mechanIsm that
postpones senescence and keeps the
leaves green wIll benefit the crop

In sorghum, stay green genes confer
reSIstance to post-flowenng drought
stress by preventmg the premature death
of leaves and stems, plant senescence,
stalk lodgmg, and charcoal rot dIsease
when the plants are exposed to mOisture
stress durmg the late stages of gram de­
velopment In field performance tests of
B35 (stay green hne) and Tx7000 (non­
stay green hne) under post-flowermg
drought stress and fully-lITIgated condI­
tIOns (no drought stress m the entIre
growth season), B35 retaIned much more
chlorophyll and lost much less In gram
yIeld under drought stress than dId
Tx7000 (W W Xu, 1996, personal com-

mumcatIOn) Under severe post-flower­
mg drought conditions, the hybnds from
non-stay green parents showed about 20­
55% lodgmg compared to less than 10%
lodgmg m the hybrIds WIth one stay green
parent (D T Rosenow, 1996, personal
commumcatIOn)

Gram yIeld and lodgIng are cntIcally
Important to producers and are often re­
lated The stay green trait dIrectly benefits
sorghum producers by reducmg mOIsture
stress-type lodgIng assocIated WIth pre­
mature leaf and stalk death The lodged
plants cannot be harvested by combIne,
resultIng In a complete loss of graIn of
lodged plants There IS a hIgh correlatIOn
between a good stay green ratmg and re­
SIstance to lodgIng GraIn yIeld IS an Im­
portant consIderatIOn when attemptIng to
Improve drought reSIstance The stay
green hybnds (those WIth A35, the male
stenle lIne ofB35) yIeld as well or better
than standard leadIng commercial hybrIds
under stress levels, whIle at the same tIme
exhIbIting a good stay green ratIng and
lodgIng reSIstance These findIngs em­
phaSIze the stay green traIt as an Important
target for mampulatIOn aImed to stabIlIze
sorghum yIeld In drought condItIOns

The post-flowenng drought response
has been observed to be herItable and can
be transferred to progemes through con­
ventIOnal breedmg methods Genetic
studIes have mdIcated dommant actIOn of
major genes Broad-sense and narrow­
sense herItablhty estimates were 0 80 and
060, respectIvely, IndIcatIng that the stay
green traIt IS hentable and that progress
from selectIOn can be attaIned (Walulu et
ai, 1994) A recent dIallel study at the
InternatIOnal Crops Research Institute for
the SemI And TropICS (lCRISAT)
showed that InherItance of the onset of
senescence under post-flowenng drought
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stress was addItIve, but a slow senescence
rate was dommant over a fast rate (van
Oosterom et al , 1996)

Most commercIal sorghum hybrId" m
the Umted States possess good tolerance
to pre-flowerIng drought stress but lIttle
or no post-flowermg stress tolerance A
lImited number of sorghum hnes WIth the
stay green genes have been IdentIfied
Most of these have been found m con­
verted exotic lInes from the collaboratIve
Texas A & M UmversItyIUSDA-ARS
Sorghum ConverSIOn Program

Osmotic Adjustment and Drought
Resistance In Sorghum

A common response to water deficIt m
plants IS the accumulatIOn ofosmoprotec­
tants such as sugars and ammo aCIds Os­
motIc adjustment (OA), an Important
phySIOlogIcal component of drought re­
sistance that affects crop plant perform­
ance under drought stress, has received
mcreasmg attentIon m recent years As
defined by Blum et al (1996), "osmotIc
adjustment mvolves the net accumulatIOn
of solutes m a cell m response to a fall m
the water potentIal ofthe cell's environ­
ment As a consequence of thiS net accu­
mulatIOn, the osmotIc potentIal ofthe cell
IS lowered, whIch m tum attracts water
mto the cell and tends to mamtam turgor
pressure" OsmotIC adjustment IS Impor­
tant m drought resistance because It al­
lows plants to retam hIgher turgor at a
given level of plant water deficIt and to
subsequently support carbon aSSimilatIOn
and growth under stress

Sorghum has a relatIvely high capaCIty
for OA under water defiCit, compared to
maize, It also shows diverSity for OA,
espeCially for materIals evolved m differ­
ent clImates VarIatIon m OA among sor-
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ghum genotypes was found to range from
null to 1 7 Mpa (Blum and SullIvan,
1986) In a biparental progeny genetIC
study, Basnayake et al (1995) reported
that two mdependent major genes (oal
and GA2), With some mmor effects, con­
trol OA m sorghum

Blum and SullIvan (1986) found that
landraces of sorghum from dry habitats
had relatIvely greater capacity for OA
than landraces from more humid habitats
ThiS capacity was related to better plant
growth under drought stress Recently It
has been clearly demonstrated that OA
has a direct posItIve effect on yield under
drought stress for different sorghum
genotypes (Ludlow et al ,1990, San­
tamarIa et al ,1990) The effect ofOA on
sorghum productIVIty under drought
stress IS largely aSCrIbed to an mcrease III

root SIze, root length denSity, and soil
mOIsture extractIon (TangpremsrI et al ,
1991a, 1991b) Greater SOlI mOIsture ex­
tractIon IS expected to reflect better leaf
water status and hIgher rates ofphotosyn­
theSIS Ludlow (1993) stated that "OA can
have up to 30% yield advantage m water
lImited conditIons" In spite of the pOSI­
tIve mfluence of OA as a drought reSIS­
tance mechamsm, breedmg programs
have been slow to adopt thIS trait

Molecular Marker Technology
and Progress In Sorghum
Genome MappIng

SelectIon for drought reSIstance IS dif­
ficult due to the tImmg and mtensIty of
water defiCit and mteractIons between the
plant and other environmental factors (es­
peCially m the growth stage) Many past
studIes on drought tolerance have mom­
tored the phySiologIcal status of stressed
plants compared WIth unstressed controls,
but m general have not mcluded molecu-



lar and genettc analysIs ofstress tolerance
pnnclples (Bohnert et al , 1995)

Rapid and precise evaluatIOn of large
breedmg populattons for stay green and
OA IS the key to mcorporatlOn of these
traits m breedmg obJecttves However,
accurate field evaluatIOn for stay green
depends on the natural precipitation pat­
tern Drought IS unpredictable m Its occur­
rence, seventy, ttmmg, and duratIOn Its
effects are often compounded by other
ablOttc and blOttc stresses, such as ex­
tremes of temperature and pathogen and
msect damage Screemng for OA cur­
rently reqUires complex measurement
procedures and IS ttme-consummg and te­
dIOUS Consequently, progress m Improv­
mg sorghum drought resistance with con­
ventIOnal breedmg methods has been
slow Current advances m molecular map­
pmg and plant transfonnatlOn techmques
Will prOVide powerful tools to mvesttgate
cause-and-effect relatIOnships between
phYSIOlogical mechamsms and drought
resistance, and eventually to Improve
drought resistance

Smce the pioneer work m sorghum ge­
nettcs by Graham m 1916, over 50 mutant
genes have been Identtfied and used m
sorghum breedmg (Doggett, 1988) De­
spite the success of the morphological
markers and Isozymes, new types of ge­
netic markers have been developed to
greatly enhance genome analysIs and
gene mappmg Smce the first mtroductlOn
of RFLP markers m genettc mappmg
(Botstem et al , 1980), molecular markers
have opened a new era for plant genettcs
and breedmg Today, genetic markers
avaIlable for plant genettclsts and breed­
ers Include morphological markers,

Isozymes, RFLPs, RAPDs, mlcrosatel­
htes, sequence-tagged Sites, and AFLPs

Slgmficant progress has been made to­
ward the molecular mappmg of the sor­
ghum genome Several hnkage maps have
been pubhshed and some of them are al­
ready highly saturated (Hulbert et aI,
1990, Bmelh et aI, 1992, Whltkus et
al ,1992, Berhan et al , 1993, PereIra et al ,
1994, Chittenden et aI, 1994, Xu et al ,
1994, Ragab et al , 1994, Tao et aI, 1996,
W W Xu et al , 1996, personal commum­
catIOn) Most of the maps have been de­
veloped with F2 populattons and have
been constructed mamly with sorghum
and maize RFLP probes Recently, three
sorghum RFLP hnkage maps have been
constructed by Texas Tech Umverslty
(TTU) and CSIRO-DTCP usmg recombi­
nant mbred hnes (RILs) TTU has con­
structed two maps denved from the
crosses of B35 x Tx7000 and B35 x
Tx430 whIle the CSIRO map IS denved
from a cross between two mbred hnes,
QL39 and QL41 Another sorghum RFLP
map usmg RILs from the cross IS3260C
x Btx623 IS bemg constructed m the labo­
ratory of Dr Gary Hart at Texas A&M
Umverslty

Sorghum IS a diplOid cereal with a rela­
tively small genome (748-772 Mbp, Aru­
muganathan and Earle, 1991) Although It
has the same number ofchromosomes (2n
= 20) as maize, ItS genome IS about three
ttmes smaller than that ofmaize Sorghum
IS well known for ItS drought resistance
Success m mappmg genes for drought
resistance m thiS species could serve as a
cereal crop model Map-based clonmg us­
mg chromosomallandmg/walkmg would
be easier m a species With a small genome
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Moreover, sorghum could provIde a
source of genes for other crops such as
maIze m whIch Improved drought toler­
ance IS of pnme Importance Because of
many simIlantIes m the genomes of sor­
ghum and other major cereal crops, the
molecular markers tIghtly lInked to the
drought tolerance m sorghum may dI­
rectly benefit other cereal crops The ISO­
latIOn of a gene based only on the pheno­
type and map pOSItIon, referred to as map­
based gene clonmg (Tanksley et al ,
1995), has been successfully used for
clomng several genes such as the dIsease
reSIstant gene Pta m tomato (Martm et al ,
1993) HIgh-resolutIOn mappmg of the
target gene IS the baSIS ofmap-based gene
clonmg A sorghum bactenal artifiCial
chromosome (BAC) lIbrary has been con­
structed from the mbred BTx623 at Texas
A&M Umverslty (Woo et ai, 1994) for
phySIcal mappmg The molecular map­
pmg of genes controllIng stay green and
OA m sorghum wIll open the way for
future clonmg of such genes and theIr
msertIOn mto drought susceptible sor­
ghum hnes or other crops such as maIze

Usmg recombmant mbred lIne popula­
tions from B35 x Tx 7000, B35 x Tx430,
and QL39 x QL41, molecular markers
assocIated WIth stay green quantItatIve
traIt lOCI (QTLs) have been IdentIfied
Work on pre-flowermg traits IS m pro­
gress at TTU, smce field condItions have
not been conSIstent over the past three
years Molecular markers lInked to OA
genes could be IdentIfied m the TTU
populatIons SIgmficant genetic vanatIOn
for OA m the B35 x Tx430 recombmant
mbred lIne populatIOn offers a good pos­
sIbIlIty for IdentIfymg SUItable molecular
markers for thIS traIt and eventually mcor­
poratmg them as selectIOn cntena m sor­
ghum breedmg programs

4/6

Taggmg QTLs Associated wIth
Drought ReSistance m Sorghum

Excellent reVIews of QTL-taggmg
have been presented by Tanksley (1993)
and Dudley (1993) The underlymg ge­
netic baSIS of usmg molecular markers to
tag the quantitative trait lOCI IS the lInkage
diseqUIlIbnum between alleles at the
marker locus and alleles at the QTL Nor­
mally, It IS hard to determme whether the
detected effect hnked WIth a marker locus
IS due to one or more Imked genes affect­
mg the traIt, therefore, the term QTL may
descnbe a regIOn of a chromosome that
has a sIgmficant effect on a quantitative
trait

Expenments have shown a smgle "ma­
Jor" QTL can account for 10-50% ofphe­
notypIC vanatIon m segregatmg popula­
tions (Tanksley, 1993) Several statIstIcal
methods have been developed for system­
atically searchmg for QTLs (revIewed by
Dudley, 1993, Tanksley, 1993,andZeng,
1994) Two methods are now WIdely
used pomt analySIS of one-way ANOVA
(Stuber et ai, 1992) WIth SAS (SAS,
1990) and mterval mappmg WIth a com­
puter program (such as MAPMAKERI
QTL, Lander et al , 1987) All these meth­
ods have pros and cons For example, the
mterval-mappmg algonthm of MAP­
MAKERlQTL analyzes one trait at a tIme
However, many traIts are genetically cor­
related New methods have been devel­
oped to fulfill the needs ofspeCIfic expen­
ments One of them IS compOSIte mterval
mappmg, WhIch combmes mterval map­
pmg WIth multIple regreSSIOn and can
analyze several traIts at a tIme (Zeng,
1994, JIang and Zeng, 1995), and ItS ac­
companymg computer program, Cartog­
rapher, recently released by SCIentIsts at



North CarolIna Umversity (JIang and
Zeng, 1995)

At TTU, usmg two recombmant mbred
Ime (RIL) populatIOns developed from
the crosses B35 x Tx7000 and B35 x
Tx430, QTLs assocIated wIth the stay
green traIt m sorghum (post-flowenng
drought resIstance) have been mapped
(W W Xu, 1996, personal commumca­
tIon) ObvIously, accurate phenotype de­
termmatIOn and estImates of genotype :3

enVIronment mteractIOns are cruCial for
QTL mappmg The RIL populatIOns al­
low extenSIve replIcated tnals and are
Ideal genetIc materIals for mappmg
drought reSIstance The RILs were evalu­
ated m three locatIOns ofWest Texas from
1993 to 1995 Excellent data were ob­
tamed on the stay green traIt m 1993 and
1994 Major QTLs of the stay green traIt
have been located on lInkage groups C, G,
and H, all together accountmg for about
48% ofthe phenotypIc vanatIOn QTLs on
lInkage group C alone explam about 38%
of phenotypIc VariatIOn The map resolu­
tIOn at the QTL mtervals vanes from ~5

cM for QTLs on lInkage group C to over
10 cM on Imkage groups G and H QTLs
for plant heIght, matunty, and yIeld traits
are bemg analyzed, and theIr relatIOnshIp
to the stay green QTLs wIll be mvestI­
gated

Molecular markers for the stay green
traIt also have been developed m Austra­
lIa USIng an F6 RIL populatIOn denved
from a cross between two elIte sorghum
mbred lInes, QL39 and QL41 Both lInes
were developed by the Queensland De­
partment of Pnmary Industnes, and have
been used WIdely m AustralIan sorghum
breedmg programs QL39 IS a senescence
hne and QL41 IS a non-senescence (stay-

green) lIne denved from a cross between
B35 and QLD One hundred and SIXty
RILs were evaluated m two dIfferent lo­
catIOns m AustralIa In 1994/95 and
1995/96 and on locatIOn In IndIa In

1995/96 ASSOCIatIons between RFLP
markers and stay green were found m
several regIOns oflmkage groups B, D, G,
and H A graphIcal genotype of QL41
showed that at least two of these regIOns
were mhented from B35 In addItIOn, data
from pedIgree analySIS showed strong
eVIdence of selectIOn for one of these re­
gIOns An attempt has been made to match
these chromosome regIOns WIth the re­
gIOns IdentIfied by Xu et al at TTU, how­
ever, It IS dIfficult to match Imkage groups
at thIS stage due to msufficient numbers
of common markers

Recently, a project has been ImtIated at
TTU to IdentIfy molecular markers lInked
to genes conferrmg osmotIc adjustment
and ItS solute components In sorghum un­
der drought stress, usmg an Fg recombI­
nant mbred lIne populatIOn from B35 x
Tx430 OsmotIC adjustment dIffers SIg­
mficantly between B35 and Tx430 The
pdot experImental data showed that
Tx430 had a sIgmficantly hIgher OA
(0 87 MPa) than B35 (0 57 MPa), whIch
agrees WIth the findIngs ofAckerson et al
(1980) The Fg RILs WIth almost 100%
homozygosIty at all lOCI, can be mam­
tamed permanently and used m rephcated
expenments for accurate measurement of
OA and other agronomIC traits

Transgemc Strategy

GenetIC engIneenng of a foreIgn gene
mto plants IS also a new approach to Im­
prove drought reSIstance Tarczynski et
al (1993) mtroduced Into tobacco plants
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a bactenal gene that encodes manmtol
I-phosphate dehydrogenase The tobacco
plant does not normally produce and ac­
cumulate manmtol, but the transgemc to­
bacco plants synthesIze and accumulate
the sugar alcohol manmtol They showed
an mcreased ablhty to tolerate hIgh sahn­
lty due to the product1On of the osmolyte
manmtol SImIlarly, Holmstrom et al
(1996) sphced the gene encodmg the tre­
halose-6-phosphate synthase subumt
(TPS I) of yeast trehalose synthase to the
promoter of the RublSCO small subumt
gene, atsl, from ArabldopslS, and the
gene construct was transferred to tobacco
by Agrobacterlum-medlated transforma­
t10n When three-week old seedhngs were
subjected to mr-drymg, the control seed­
hngs showed SIgns of wlltmg after two
hours of drymg, but the transgemc plants
were only margmally affected After re­
hydratlOn, transgelllc plants recovered
turgor and regrew, but the controls dIed
The synthesIs of small amounts of the
osmoprotectant trehalose m tobacco
greatly mcreased the plants' ablhty to sur­
VIve drought

ForeIgn DNA can be mtroduced mto
plants through transformat1On wIth Agro­
bacterlum, mtroductlon ofDNA mto pro­
toplasts VIa polyethylene glycol or elec­
troporat1On, mlCrOmjectlOn, and mlcro­
projectIle bombardment (Potrykus,
1990) In sorghum, transformat1On ofpro­
toplasts by electroporatlOn (Battraw and
Hall, 1991) or cell suspens10ns by mlcro­
projectIle bombardment (HaglO et ai,
1991) resulted m stable express10P of
transferred genes, however, transgemc
plants were not obtamed SClentlsts led by
Dr Paul M Hasegawa at Purdue Umver­
Slty obtamed transgelllc sorghum plants
after mlcroprojectde bombardment oflm-
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mature ZygOtIC embryos (Casas et ai,
1993) More recently, sClentlsts m Austra­
ha also have reported successful transfor­
mat10n of sorghum usmg mlCroprojectde
bombardment (Rathus et ai, 1996)

ApphcatlOn of AgrobacterlUm-medl­
ated gene transfer has been hmlted untd
recently m dIcotyledonous plants HIgh
efficIency transformatlon has been estab­
hshed m wheat (Mooney et al , 1991), nce
(HIeIet al , 1994), and maIze (IshIda et al ,
1996) Transgemc sorghum plants were
produced VIa the Agrobacterlum-medl­
ated method by Dr Roberta SmIth's labo­
ratory at Texas A&M Umverslty, how­
ever, the effiCIency was relatlvely low
Several factors affect the effiCIency of
transformatlOn, mcludmg the types and
stages of tIssues mfected, the concentra­
tIon of A tumefaclens, composltlOn of
media for tissue culture, selection marker
genes, kmds of vectors, and the plant
genotype (IshIda et al , 1996)

In addItIon to phySIcal mappmg and
map-based clomng of genes, large msert
DNA clones such as YACs and BACs can
be duectly mtroduced mto the deSIred
plant Stable transformatlOns have been
obtamed after mlcroprojectde partlcle
bombardment oftomato cell cultures WIth
plasmId and YAC DNA (about 50 kb, Van
Eck et ai, 1995) Hamdton et al (1996)
recently reported a new bmary bactenal
artIfiCial chromosome (BIBAC) vector
capable of transferrmg at least 150 kb of
foreIgn DNA mto a plant nuclear genome
m conjunctlon WIth an enhanced system
for Agrobacterlum-medlated plant trans­
formatlon They have mtroduced 150 kb
human genomIc DNA mto tobacco and
obtamed stable transgelllc plants The
ablhty to mtroduce high molecular weIght



DNA mto plants may accelerate gene
IdentIficatIon and genetIc engmeenng of
plants

Marker-AssIsted SelectIOn for
Drought ResIstance ID Sorghum

ComprehensIve sorghum genome
mappmg and QTL analyses have pro­
duced sIgnIficant mformatIOn and power­
ful tools for Improvmg the drought resIs­
tance and gram yIeld m sorghum Essen­
tIally they provIde two new approaches
One IS to conduct early generatIOn selec­
tIon and/or gene mtrogressIOn (backcross­
mg) by usmg molecular markers tightly
hnked to drought resistance genes The
other IS to perform high-resolution map­
pmg of the QTLs and to clone the QTLs
Via map-based clonmg technIques, fol­
lowed by subsequent transformatIon of
these clones mto sorghum

Like most cereal mappmg proJects, sor­
ghum mappmg programs around the
world have been usmg RFLP markers ex­
tenSIvely The common RFLP markers
used m vanous mappmg populatIOns and
species serve as the backbone of the ge­
netic map and as connectmg bndges for
mtegratIOn With other mappmg mforma­
tIon ComparatIve genome mappmg has
shown that the genome of major grass
species (mcludmg wheat, maize, foxtail
mIllet, sugarcane, and sorghum) can be
alIgned by dlssectmg the mdIvIdual chro­
mosome mto segments and rearrangmg
these linkage blocks mto highly SImIlar
structures (Moore et ai, 1995) Thou­
sands of RFLP clones have been devel­
oped and mapped for vanous plant spe­
CIes, and many are available for publIc
use For example, sorghum genomic
DNA clones are now aVaIlable from the

laboratones of Dr Gary Hart and Dr
Andy Paterson at Texas A&M UnIVersity,
maize genomIc and cDNA clones are
aVailable from the Maize RFLP Lab at
UmversIty of Missoun-Columbla RIce,
oat, wheat, and barley genomic and cDNA
clones can be obtamed from the laborato­
nes of Dr Steve Tanksley, Dr Susan
McCouch, and Dr Mark Sorrell at Cor­
nell Umverslty, Dr Blkram Gill at Kansas
State Umverslty, Dr A Klemfofs at
Washmgton State Umverslty, Dr Mike
Gale at John Innes Center ofUK, and Dr
Sasaki at the Japanese Rice Genome Pro­
gram The wealth ofmformatIon available
for both sorghum and many other grass
species (especially maize and nce) serves
as a source of potential DNA markers to
conduct genetIc mappmg and molecular
breedmg m sorghum Such comprehen­
sive mformatIOn can be readily acceSSible
from the plant genome databases (Web
site http //probe nalusda gov 8300) at the
USDA-NatIOnal Agncultural LIbrary

High-throughput PCR-based DNA
markers, partIcularly AFLP, have been
employed to locate the QTLs associated
With the traits of mterest m high-denSIty
molecular hnkage maps AFLP technol­
ogy IS based on the selectIve PCR amph­
ficatIOn of restrIctIOn fragments from a
total dIgest of genomIC DNA (Vos et ai,
1995, Thomas et ai, 1995) AFLP analy­
SIS prOVides a rapid and effiCIent tech­
mque for detectmg a large number of
DNA markers Compared to RFLPs, the
AFLP technique produces more markers
m a lImIted tIme and can be automated
usmg robotIcs for high-throughput analy­
SIS Fully automated mstruments also
have been developed AFLP markers are
currently used m localized and global
mappmg of the sorghum genome m Dr
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Henry Nguyen's laboratory Progress 10

technology and genetlc mappmg offers
great opportumtles for bIOtechnology to
be mtegrated mto eXlstmg sorghum
breedmg programs 10 order to transfer and
combme genes rapidly and easily

Successful detectIOn ofQTLs with mo­
lecular markers has been reported for eco­
nomically Important traits 10 numerous
crops (Stuber et aI, 1992, Tanksley,
1993) Relative to phenotypiC recurrent
selectIon, marker-assisted selectiOn
(MAS) would produce rapid responses
early 10 the selectiOn process Lmkage
distance between markers and QTLs IS the
factor which most hmlts the response
from MAS Marker-assisted selectiOn IS
more effectlve when fewer QTLs control
the trmt (Edwards and Page, 1994) In
mmze, marker-assisted backcross109 was
used to transfer target QTLs mto ehte
mbred hnes B73 and Mol7 (Stuber,
1995) The hybnds from enhanced hnes
yielded 15% higher than the checks, dem­
onstratmg MAS can be successfully em­
ployed to mampulate complex trmts

Marker-assisted selectIOn consists of
two steps 1) Identl:fymg the aSSOCiatIOn
between marker alleles and the genes or
QTLs controllmg the traits, and 2) utdlz­
109 the aSSOCiatiOn to develop Improved
hnes or populatiOns Generally the first
step mvolves charactenzatiOn of the do­
nor parent and determmatiOn ofthe poly­
morphic molecular markers between the
donor parent and target parent Then one
needs to deCide which restnctlon enzyme­
probe combmatiOns to use for the RFLP
markers, and the appropnate restnctiOn
enzymes and selectlve pnmers to use for
the AFLP markers These markers should
be wlthm the vlclmty of the QTLs or
closely hnked to the speCific genes Once
the marker lOCI and speCific marker alleles
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(I e bands) are chosen, they can be traced
10 the selectiOn process

Figure 1 outhnes a marker-assisted
backcrossmg program currently used by
TTU to mtrogress the stay green QTLs
from B35 to Tx7000 Molecular markers
can be used to select drought-reSistant
plants without testmg the backcross
progemes m the drought-stressed condi­
tiOns In additiOn, the selfing step m tradi­
tiOnal backcross breedmg has been elimi­
nated The backcross progemes from thiS
scheme Will carry the cytoplasm from
B35 In the last backcross step, It may be
deSirable to use Tx7000 as the female
parent to make all the NILs have the same
cytoplasm as Tx7000

A bagged but un-emasculated B35
plant was polhnated with Tx7000 and the
denved seeds were used 10 the next step
True hybnd plants were Identlfied with a
co-dommant RFLP marker The selected
plants were hand-emasculated and back­
crossed to Tx7000 In the spnng of 1996,
about 120 (B35 x Tx7000) BC1F I seeds
were planted m the greenhouse At the
Six-leaf stage, leaf samples were har­
vested from each plant The DNA from
each plantwas analyzed With RFLP mark­
ers from the stay green QTL regiOns

The genomic DNAs from (B35 x
Tx7000) BC1F I plants grown 10 the green­
house were digested With HmdIII and hy­
bndlzed With clone TxS713 (Figure 2)
The plants With both bands A (from B35)
and B (from Tx7000) are heterozygous at
thiS locus and are the candidates for con­
tmued backcrossmg With the recurrent
parent Tx7000 Those With band B do not
carry stay green genes and are discarded
Those With band A are either from selfed
seeds or from recombmatlon, and there­
fore are not selected for the next step



B35 x Tx7000
~

FI X Tx7000
~

BC1FI, 100 plants x Tx7000
~

BC2F), 100 plants x Tx7000
~

BC3FI, 100 plants x Tx7000
~

BC4FI, 100 plants
~

BC4F2, 400 plants

* Conduct RFLP analysIs for each
plant

*Select plants carrymg chromosomal
segments harbormg stay green QTLs

* Backcross selected plants to Tx7000

Figure 1 Molecular marker-assisted mtrogresslOn of stay green QTLs from B35 to Tx7000 The
above figure Illustrates how molecular markers can be used to select drought-resistant
plants without testmg the backcross progemes m the drought-stressed conditIOns In
additIOn, the selfing step m traditIOnal backcross breedmg has been elimmated The
backcross progemes from this scheme wIll carry the cytoplasm from B35 In the last
backcross step, It may be desirable to use Tx7000 as the female parent to make all the
NILs have the same cytoplasm as Tx7000

WIth the results of several marker locI,
plants that carry the chromosomal seg­
ments harbOrIng the stay green QTLs are
selected and backcrossed to Tx7000

After four generations ofbackcrossmg,
the selected plants WIll be selfed to pro­
duce the BC4F2 plants (FIg 1) From the
BC4F2 plants, a serIes of near-Isogenemc
hnes (NILs) WIll be Identified These
NILs should carry a smgle defined seg­
ment of the donor parent B35 and have a
pure genetIc background of the recurrent
parent Tx7000 Such NILs are Ideal for
high-resolutIOn mappmg of the QTLs
wIth the substItutIOn mappmg strategy
(Paterson et ai, 1990), because they pre­
sent the whole donor genome dIVided mto
a hmited number of dIstmct segments,
each present m a dIfferent hne Marker­
aSSIsted selectIOn WIll mcrease the selec­
tion effiCIency and shorten the breedmg

ConclUSIOns and Perspectives

ConventIOnal breedmg methods for
crop Improvement have made a sIgmfi­
cant contrIbutIOn to sorghum Improve­
ment However, they have been slow m
Improvmg complex traIts such as drought
reSIstance, one of the major breedmg ob­
JectIves

The transfer of deSIrable traits to m­
crease sorghum prodUCtiVity reqUIres the
use of bIOtechnology methods, mcludmg
gene mappmg, QTL taggmg, MAS tech­
mque, map-based gene clonmg, and gene
transformatIon BIOtechnology WIll have
a sigmficant Impact on the future of sor­
ghum Improvement

Some of the QTLs assOCIated WIth
post-flowermg drought reSIstance have
been mapped Marker-assIsted selectIOn
offers great opportumty for Improvmg
drought reSIstance and other agronomI-
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Figure 2 Molecular marker-assisted backcrossmg The genomic DNAs from (B35 x Tx7000)
BCIFI plants grown m greenhouse were digested with HmdIII and hybridized with close
TXS713 The plants with both band A (from B35) and B (from Tx7000) are heterozygous
at this locus and are the candidates for contmued backcrossmg with the recurrent parent
Tx7000 Those with band B do not carry stay green genes and are discarded Those with
band A are eIther from selfed seeds or from recom bmatlOn, and therefore are not selected
for the next step With the results of several marker lOCI, plants that carry the chromo­
somal segments harbormg the stay green QTLs are selected and backcrossed to
Tx70000

cally Important traIts Fast DNA extrac­
tIOn, a hIgh resolutIOn genetIc map and
hIgh-throughput molecular screenmg
technIques are crucIal for future large­
scale molecular breedmg 10 sorghum
Map-based gene clomng IS amenable 10

sorghum Gene transformatIOn VIa mtrro­
prOjectile bombardment and Agrobac­
tenum has been established and needs to
be refined In the near future, transforma­
tion of selected genes has the potential to
enhance drought resistance 10 sorghum
and other crops However, relevant physI­
ological evaluatIOn and field performance
tests Will be reqUired to demonstrate the
value of target genes Both conventIOnal

422

and bIOtechnologIcal breedmg are com­
plementary approaches and can be ex­
pected to enhance the effiCIency ofbreed­
109 for drought reSIstance and yield
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PartB

AnalysIs of Drought Tolerance m Sorghum:
Mappmg of Quantitative Trait LocI and their

Evaluation m Near-Isogemc Lmes

M R TUlllstra* and G EJeta

Drought IS the pnmary lImItatIon to
crop productIOn ill the world today
(Boyer, 1982) The development and use
of crops that are tolerant to drought may
alleVIate thIS problem Progress toward
thIS goal has been slow because the ge­
netic and phYSIological mechamsms that
medIate drought tolerance are stIlI poorly
understood (Ludlow, 1990, Bonhert, et al
1995) We are mterested m IdentIfymg
mechanIsms that condItion adaptatIOn of
sorghum to drought enVIronments Sev­
eral charactenstIcs make sorghum well­
SUIted for thiS research sorghum IS one of
the most drought-tolerant gram crops, ge­
netic dIVersIty for drought tolerance has
been Identified m sorghum, and sorghum
IS an Important crop m and regIOns

The development ofmolecular genetic
markers and the use of these markers m
quantitative trait lOCI (QTL) analySIS has
become a powerful approach for studymg
the mhentance of complex traIts (Ed­
wards et ai, 1987, Paterson et ai, 1988,
WIlhams et al , 1992) Molecular markers
hnked to QTLs for drought tolerance
could be used m breedmg programs to
select mdlvlduals WIth promlsmg geno­
types pnorto field evaluation ThiS should

M R TUinstra and G EJeta Department of Agronomy Purdue UmversIty
West Lafayette IN 47907 P B Goldsbrough Department of HortIculture
Purdue Umverslty West Lafayette IN 47907 ·Correspondlng author

mcrease the effiCiency of selectIOn for
drought tolerance EvaluatIOn of QTLs
assocIated WIth yIeld or agronomIC per­
formance m drought enVIronments also
proVides a powerful and systematic ap­
proach for IdentIfymg traits that contnb­
ute to drought tolerance Understandmg
the morphological and phYSIOlogical
mechanisms that condItIOn the drought­
tolerant phenotype should prOVide new
mSIght mto the bIOlogIcal basIS of thIS
Important trait

Phenotypic and Genetic AnalySIS
of Drought Tolerance

Our objective IS to dIssect drought tol­
erance mto mdlvldual genetIC compo­
nents A populatIOn of 98 recombmant
mbred (RI) hnes was developed from a
cross between two sorghum mbreds WIth
contrastmg drought reactIons Tx7078
(pre-flowerIng drought-tolerant/post­
flowermg drought-susceptIble) and B35
(pre-flowermg drougbt-susceptIble/post­
flowermg drought-tolerant) The popula­
tIOn was evaluated for response to drought
mpre-flowermg and post-flowermg stress
environments Drought tolerance was es­
timated m several ways gram yield per se
measured under pre-flowenng or post­
flowermg drought, "stablhty" of yield,
seed set, seed weIght under drought ex­
pressed as a fractIOn of that measured III
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the fully lITIgated environment, stay­
green, rated on a scale from I to 5 III the
post-flowenng drought tnals EvaluatIOn
of the RI hnes mdlcated segregatIOn for
drought tolerance durmg both develop­
mental stages (Tumstra et aI, 1996a,
Tumstra, 1996b)

The RI populatIon was also scored for
the segregatIOn of 150 RAPD markers and
20 RFLP markers These markers were
ordered mto a genetic map by lInkage
analysIs and used to determme the contn­
butlOn of the parental genotypes to each
ofthe RI hnes Smgle factor analysIs was
used to Identify quantItative trait lOCI
(QTL) assocIated wIth yield and other
measures of agronomIC performance un­
der drought and non-drought conditions
(Tumstra et ai, 1996a)

Several regIons of the genome were
assocIated with the expressIOn of yield or
yield components under pre-flowermg
and post-flowenng drought, and under
fully lITIgated conditIons (Fig I) QTLs
on hnkage groups D, F, G, and H were
associated with yIeld and yIeld compo­
nents under full lITIgatIOn, and with meas­
ures of agronomic performance under
pre-flowenng and/or post-flowenng
drought In each case, the marker allele
assocIated wIth higher yIeld under fully
lITIgated conditIOns was also assocIated
with Improved tolerance or agronomic
performance under drought conditIons
Two regIOns on lmkage groups D and F
were strongly assocIated with agronomic
performance under pre-flowenng drought
conditIOns but not under fully lITIgated
condItIons (FIg 1) ThiS result suggests
these lOCI medIate the expressIOn of pre­
flowenng drought tolerance mdependent
of mechamsms that control yield SImI-
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larly, regIOns of the genome on hnkage
groups Band F were assocIated WIth ag­
ronomIC performance under post-flower­
mg drought but not under condItions of
full lITIgatIOn suggestmg the effects of
lOCI that medIate the expreSSIOn of post­
flowermg drought tolerance, mdependent
ofyield Several QTLs for stay green were
IdentIfied on Imkage groups B, F, G, H,
and I QTLs for stay green on hnkage
groups F, G, and H were also posItively
assocIated with gram yield under non­
drought condItIOns (Fig I) ThiS mdlcates
there may be a phySIOlogical hnk between
the expressIOn of stay green under post­
flowermg drought and gram yIeld under
non-drought conditions

Near-Isogemc Lmes that Differ for
QTLs AssocIated with Drought
Tolerance

QTL analySIS has Identified regIOns of
the genome that mfluence the expreSSIon
of drought tolerance However, thiS
analysIs proVIdes httle mformatIOn con­
cernmg the expreSSIOn of mdlvldual
QTLs Sets ofnear-Isogemc hnes (NILs)
that dIffer at speCific QTLs can be used to
carefully evaluate the phenotypIc expres­
sIOn ofmdlVldual QTLs NILs have been
developed for five QTLs associated with
yIeld m drought enVIronments Imtlal
evaluatIOns have revealed sIgmficant phe­
notypIC differences m agronomIC per­
formance between NILs contrastmg at
these QTLs

The evaluatIOn of QTLs m NIL can be
used to address several questIOns FIrst,
marker hnkage to a QTL can be confirmed
by exammmg the phenotypes ofNILs that
dIffer for mdlvldual QTLs QTL analysIs
mdlcates regIOns of the genome that may
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contam QTLs but the phenotypIc effects
of these lOCI need to be confirmed Sec­
ond, NILs can be used for fine mappmg
of QTL EvaluatiOn of a senes on NILs
that contrast at a speCIfic locus can be used
to narrow the genettc mterval known to
contam the QTL (Paterson et al 1990)
ThIrd, NILs that differ at a QTL can be
used to charactenze the expreSSiOn and
functiOn of a speCific locus NILs differ­
mg for QTL aSSOCIated WIth drought tol­
erance can be used to IdentIfy the specific
mechamsm of drought tolerance control­
led by each QTL

Future Research Objectives

NTLs have been developed for five
dIfferent QTLs aSSOCiated With yIeld m
drought enVIronments The mittal pheno­
typiC evaluatiOn of these NILs suggests
these lOCi mediate the expreSSIOn of
drought tolerance Via dIfferent bIOlogIcal
mechamsms Expenments to identify and
define the mechamsms of drought toler­
ance mediated by these lOCI are underway

428

References

Bonhert, H J D E Nelson and R G Jensen 1995
AdaptatIOns to envIronmental stresses Plant
Cell 7 1099-1111

Boyer J S 1982 Plant productIVIty and envIron­
ment SCIence 218 443 448

Edwards M D C W Stuber and J F Wendel
1987 Molecular marker facIlItated mvestIga­
tlons of quantItatIve traIt lOCI m maIze 1 Num­
bers dlstnbutlOns and types of gene actIOn
GenetIcs 116 113 125

Ludlow M M and R C Muchow 1990 A cntIcal
evaluation oftralts for improvmg crop yields m
water-lImIted enVIronments Adv Agron
43 107-152

Paterson, A H E SLander J D HeWItt, S Peter
son S E LIncoln and S D Tanksley 1988
ResolutIon ofquantItatIve tratts Into MendelIan
factors by USIng a complete hnkage map of
restnctlOn fragment length polymorphisms Na­
ture 335721 736

Paterson A H J W DeVema, B Lanml and S D
Tanksley 1990 Fme mappmg of quantItatIve
traIt lOCI usmg selected overlappIng recombI­
nant chromosomes In an mterspecies cross of
tomato GenetIcs 124735-742

TUInstra M REM Grote P B Goldsbrough and
G EJeta 1996a IdentIficatIOn of quantItatIve
tratt lOCI aSSOCiated WIth pre flowermg drought
tolerance m sorghum Crop SCience (m press)

WIIltams J G K M K Hanafey J A RafalskI and
S V Tmgey 1992 GenetIc analySIS usmg ran­
dom amphfied polymorphIC DNA markers In
R Wu (ed ) Methods In enzymology AcademIC
Press San DIego



Targetmg Sorghum Improvement m Drought-Prone
EnvIronments: Approaches and Progress

R C Muchow*, M Cooper, F R BIdmger,
G L Hammer, A K Borrell and S C Chapman

Abstract

Gram sorghum IS grown In environments ofhighly varzable water supply both wlthm
and between seasons This vanabllzty, coupled with assoczated genotype-by-envlron­
ment (GxE) interactIOns results In unclear defimtlOn ofboth target envlronment(s) and
tralts that may be used as selectIOn cntena causing slow progress In breeding for
drought resistance This paper reviews new approaches to charactenze environments
In terms ofthe mCldence ofwater defiCits and to assess the value oftralts for Improve­
ment ofdrought resistance Sorghum simulatIOn models are powerful tools to charac­
tenze tvpes ofenvironmental challenges and their frequency ofoccurrence at different
locatIOns Models also are being used to assess hypotheses about tralt actIOn and their
value, and to develop optimal combinatIOns of trOlts for different environmental chal­
lenges Further research InvolvlngphyslOloglsts, agronomists, andplant breeders uSing
mtegrated systems analysIs Will realzze the potentzal ofthese approaches and Improve
the efficiency ofselectIOn m drought-prone environments

Ramfed productIOn ofgram sorghum IS
a nsky enterpnse due to hIgh ramfall van­
abIhty, both withm and between seasons
(Muchow et al , 1991, 1994) Plant breed­
ers face consIderable challenges m Im­
provmg sorghum performance m these
regIOns for two reasons I) chmatIc van­
abIhty and the associated genotype-by­
enVIronment (GxE) mteractIOns, whIch
often result 10 unclear defimtIOn of the
target envlronment(s), and 2) lack of de­
fimtIve knowledge of WhICh plant trmts
for drought reSIstance are relevant to par­
tIcular enVIronments Consequently, pro­
gress 10 genetic Improvement m drought­
prone enVIronments has been relatively
slow (Cooper and Hammer, 1996) Im-

R C Muchow and S C Chapman CSIRO St Luc.., QLD Austral.. M
Cooper Dept Agnc UQ St Luc,a QLD Austral.. F R Bldmger JCRI
SAT Patancheru AP indIa G L Hammer QDPIIAPSRL Toowoomba
QLD Austral.. and A K Borrell QDPJ Warw,ck QLD Austral.. Corre
spondmg author

portant questIOns are what new ap­
proaches are avatlable to aSSIst the plant
breeder m targetmg selectIOn for drought­
prone environments and what recent ad­
vances m phySIological knowledge are
relevant to thIS endeavor? BIdmger et al
(1996) set out the phySIOlogIcal baSIS of
GxE mteractIOn m crop adaptatIOn and
argue that real opportumtIes he both m
understandmg the envIronmental control
of crop growth and m developmg simph­
fied approaches to modehng These ap­
proaches 10clude better analySIS ofmultI­
enVIronment tnal (MET) data sets, better
understandmg of resources and chal­
lenges m target enVIronments, and better
understandmg of the adaptive value of
plant traits m speCIfic enVIronments

Muchow et al (1996a) recently re­
Viewed the conSIderable advances m our
understandmg of the phYSIOlogy of gram
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sorghum In the past, physIOlogy was
vIewed largely as a retrospectIve diSCI­
phne m explammg plant functIOn PhYSI­
ologIcal research now tends to be more
focused on provIdmg knowledge about
plant and crop processes to underpm sus­
tamable and profitable productIOn and as­
SIst m breedmg better adapted plants
Quantttattve knowledge ofthe physIOlogy
of yIeld accumulatIOn contnbutes to the
development of crop growth simulatton
models that can be used to assess Im­
proved crop management optIOns, charac­
tenze enVIronments, aSSIst muitt-environ­
ment testmg, and evaluate potenttally use­
ful traIts (Hammer et ai, 1996a,b)
Enhanced modelhng capabIhty and better
databases, partIcularly of histoncal ch­
matic data, have been central to recent
progress m better targetmg sorghum Im­
provement m drought-prone enVIron­
ments

In revlewmg approaches and progress,
we consider three key questIOns m thiS
paper

1) How can we best define the target
environment(s)?

2) How can better charactenzatton of
environments Improve the effiCIency of
METs?

3) How can we better evaluate whIch
traits for Improvmg drought reSIstance m
gram sorghum are hkely to be benefiCial
m dIfferent environments?

Definmg the Target Envlronment(s)

Comstock (1977) discussed the con­
cept of a target populatIOn of enVIron­
ments (TPE) for breedmg programs The
TPE can be defined as the complete set of
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"types" of environments wlthm the geo­
graphical area targeted by a breedmg pro­
gram The types ofenvironmental factors
encountered wlthm the TPE playa domi­
nant role m determmmg crop perform­
ance, genettc vanatton for quantttattve
traits, and therefore the relative perform­
ance of genotypes An Important chal­
lenge m plant breedmg IS to evaluate
genotypes across vanable enVIronments
m a manner that allows assessment of
their adaptatIOn wlthm the TPE ThiS IS
traditionally done usmg METs One fac­
tor mfluencmg the effiCiency of thiS ap­
proach IS GxE mteractIOn (Cooper et ai,
1993) When GxE mteractIOns are a large
source of vanatIOn, the TPE conSIsts of a
complex mixture of dIfferent types of en­
vironments If some of these environ­
ments are repeatable and Important m the
TPE, then the TPE can be resolved mto
sub-populattons Breedmg for target envI­
ronments may therefore be conSidered as
breedmg for speCific adaptatIOn to those
types of environments that occur fre­
quently wlthm the TPE A successful ex­
ample of thIS breedmg strategy IS breed­
mg for reSIstance to sorghum midge (Con­
tanna sorghlcola) for the Austrahan TPE
(Henzell, 1992)

Water avallablhty IS a major environ­
mental factor responsible for GxE mter­
actIons for yield m gram sorghum Better
charactenzatton ofenVIronments m terms
of the seventy and frequency of occur­
rence ofwater defiCits offers the potentIal
to Improve the effiCiency of selectIOn
wlthm METs ThIS may lead to better
chOIce of environments for field trials,
thereby mcreasmg gams from selectIOn
Muchow et al (l996b) and Cooper and
Chapman (1996) outhne an approach us­
mg crop simulatIon models coupled to



historical clImatiC data to define the spec­
trum of environmental challenges m the
TPE, and then use pattern analysIs to
group environments m tenns oftypes and
frequency ofoccurrence ofwater defiCIts
ThIS mformatiOn then can be lInked wIth
spatIal databases (Chapman and Baretto,
1996) to Identify testmg locatiOns that
eIther best represent the target environ­
mentes) or present specIfic challenges to
gennplasm under test Case studIes ofthe
approach usmg SImulatiOn modellmg and
pattern analySIS to characterIze sorghum
enVIronments are gIven below

Muchow et al (1996b), usmg 96-101
years of hIstOrical clImatic data for two
ramfed sorghum-growmg sites m
Queensland, AustralIa, concluded that the
groupmg of enVIronments by a relative
transpIration mdex accounted for a hIgher
proportiOn of the yIeld variatiOn among
years than dId groupmgs based on mdlces
derived from a SImple water balance
model or dIrect clImatiC varIables Rela­
tIve transpIration (RT, 0-1 0) IS the ratIO
ofactual transpiratiOn to potential transpi­
ration, RT values less than 1 0 mdicate
that water defiCit IS restnctmg crop
growth Muchow et al (1996b) used the
gram sorghum model of Hammer and
Muchow (1994) to calculate daily RT us­
mg a defined croppmg system (1 e, soil
type, total available soil water m profile
[tsw], mitial available soil water [asw],
cultivar, denSIty, nutnent supply, and
sowmg wmdow based on ram occur­
rence) The weekly RT value was calcu­
lated as the mean of the correspondmg
daIly values to detennme the weekly pat­
terns ofwater defiCIt dunng the crop cycle
for each year at each SIte Pattern analySIS
(DeLacy, 1981) was used to Identify the
major types of water defiCIt pattern, and

the frequency WIth which these types oc­
cur was then mferred by the SIze of the
groups (Figure 1)

In the case study at Emerald, five
groups ofwater defiCit patterns were Iden­
tified (Figure 1) Groups 174, 176, and
177 were of SImilar and higher frequency
than groups 170 and 173 Groups 174 and
177 showed termmal water defiCit of
varymg mtenslty, whIle water defiCit was
least m group 176 Four groups were Iden­
tified at Dalby (FIgure 1) Group 190 had
the least water defiCit but occurred most
frequently, whereas groups ofvarymg ter­
mmal water defiCit occurred 49% of the
time Table I shows the group profiles and
Simulated gram yield at Dalby for the
years 1985 to 1989 In field trials con­
ducted at Dalby over the three years 1987
to 1989, the pattern analySIS claSSified
these seasons as group 190 (I e, lIttle
water lImitatiOn, Figure 1) An Important
questiOn to the plant breeder IS how fre­
quently does thiS environment occur Fig­
ure 1 shows that It occurs 38% ofthe time,
not 100% of the time, as was the case m
these three years (Table 1), suggestmg
that genotype perfonnance m those years
would not necessarily be predIctive of
long-tenn genotype perfonnance

Cooper and Chapman (1996) used a
SImilar approach to examme the patterns
of water defiCIt at seven SItes m Queens­
land over the hIstOrical clImatIC record
Out of the 660 seasons (totaled over the
seven locatiOns) that the sorghum crop
was SImulated, five patterns ofwater defi­
CIt were IdentIfied (Figure 2) In the four
southern SItes (Bongeen, Bowenville,
Condamme, and Dalby) 60% to 90% of
seasons had lIttle or no stress (Group 507),
whereas m central Queensland, less than
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Figure 1 Pattern of water deficit based on relative transpiratIOn (RT) over time for two ralnfed
sites m Queensland, AustralIa Source Muchow et al (1996b)

Table 1 Group profiles based on relatIve transpIratIOn and simulated gram yield from 1985 to 1989
at Dalby, Australia

Year
Group
Gram Yield (t ha 1)

Source Muchow el al (1996b)

1985
196
185

1986
1<)5
556

1987
190
637

1988
190
621

1989
190
623

30% of seasons were charactenzed as no
stress Groups showmg tenmnal stress
(Groups 509 and 512) occurred to dIffer­
mg degrees at all locatIOns, whIle mId­
season water deficIt (Groups 510 and 511)
occurred only at the central Queensland
SItes (FIgure 2)

GIven thIS mSlght, It would seem dIffi­
cult to desIgn a MET to account for the
different mIxture of season types m each
regIOn TrIals m southern Queensland
would tend to mdIcate a hIgh frequency of
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low stress SItes, so the results from these
would probably not be relevant m central
Queensland, and VICe versa Samplmg
would be even more dIfficult wlthm cen­
tral Queensland, Fernlees, for example,
tends to have more mId-season water defi­
CItS, whIle Jambm has more termmal
water deficIts Hence, the results of a
MET many smgle season would be un­
lIkely to adequately sample the total TPE
for central and southern Queensland
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Figure 2 Frequency of water deficit season types across seven sites ID Queensland's sorghum
regIOns (Cooper and Chapman, 1996)

Cooper and Chapman (1996) also ex­
ammed 17 years of METs conducted m
southern and central Queensland and
found that VarIatIOn among SItes for dIS­
CrImmatIOn among cultivars was well cor­
related wIth the sImulated frequency of
stress seasons at any locatIon Assummg
that the perIod over whIch the METs were
conducted provIded a representative sam­
ple of the possIble seasons, thIS IS strong
eVIdence that a substantial component of
the regIOnal GxE mteractIOns for yIeld m
sorghum IS related to the occurrence of
dIfferent patterns of water defiCIt among
the regIOns

Improvmg the EffiCiency of METs

MultI-enVIronment tnals (METs) are
conducted as an mtegral part of a plant
breedmg program, WIth the broad obJec­
tIve of estImatmg the relatIve perform­
ance of genotypes m the target population
of enVIronments (TPE) Much has been
dIscussed about the Impact of GxE mter­
actIOns m plant breedmg and theIr analy­
SIS (see Cooper and Hammer, 1996), but
generally less attentIon has been given to
the Issue of adequacy of the samples of
enVIronments obtamed m METs Where
the TPE IS consIdered to be heterogeneous
WIth respect to the types of environments
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encountered, most analyses of quantita­
tive traIts find slgmficant and problematiC
crossover GxE mteractIOns (Haldane,
1946)

EstimatIOn of the Importance of GxE
mteractIOns from METs IS not mde­
pendent of the samplIng strategy used m
conductmg the METs (Cooper et aI,
1996) Muchow et al (1991) conSIdered
the lImItatIOns of METs m terms of their
capaCIty to adequately sample the range
of enVIronments encountered m the TPE
Samphng vanatlon results m the compo­
SItIOn of enVIronments mcluded In any
MET deVIatIng from enVIronments m the
TPE The consequence OfthIS can be con­
SIdered In terms ofthe genetic correlatIOn
between the performance of the geno­
types m the MET and theIr expected per­
formance m the TPE (Cooper et al , 1996)
Where GxE InteractIOns are large, relative
to genotypIC vanatton for average per­
formance across envIronments, the conse­
quence of the samplIng vanatIOn IS that
the genetic correlatIOn between the MET
and TPE WIll fluctuate among succeSSIve
METs, therefore, the realIzed response to
selectIOn m the TPE WIll fluctuate among
succeSSIve METs

A pOSSIble selectIOn strategy to accom­
modate the MET samplIng vanatton ef­
fect for a TPE IS to use envIronmental
charactenzatton mformatIOn from crop
models to generate weIghts for mdIvidual
selectIOn enVIronments based on theIr
relevance to the TPE Three pIeces of
Information are reqUIred 1) defimtIOn of
the TPE (as dIscussed m the preVIOUS sec­
tion) to gIve a measure of the types of
enVIronments encountered m the TPE and
theIr frequency of occurrence, 2) charac­
tenzatton of the MET to gIve a measure
of the types of enVIronments sampled In
the MET, and 3) envIronmental weIghts
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to gIve an appropnate system for weIght­
mg the mformatton from the enVIron­
ments sampled m the MET

The enVIronments sampled m the cur­
rent MET can be charactenzed m a man­
ner SImIlar to that for the TPE by estab­
IIshmg parameters for the croppmg sys­
tem, obtammg the seasonal clImatIC data,
and runnmg the crop SImulatIOn model for
that speCIfic season The patterns ofwater
defiCIt detected from each MET enVIron­
ment can then be compared to the groups
of patterns obtaIned from charactenzIng
the TPE to determme how well the MET
sample IS matched WIth the TPE The
dIfference m the envIronmental compOSI­
tion between the two proVIdes a measure
ofthe SIze ofthe samplIng vanatIOn effect
for a gIVen MET strategy

Where there are crossover GxE mter­
actIOns among the enVIronment types
IdentIfIed by the crop model charac­
tenzation, and where the sample of envI­
ronments obtamed m the MET deViates
from that In the TPE, the response to
selectIOn m the TPE from selectIOn based
on the results ofthe MET depends on how
the selection deCISIons are made For ex­
ample, Ifthe ObjectIve IS to Improve aver­
age performance m the TPE selectIOn for
average performance across the MET en­
VIronments wIll have a sub-optimal ge­
netIC covanance WIth average perform­
ance across the TPE (Cooper et al , 1996)
WeIghtmg procedures based on a quanti­
tatIve measure of the deVIatIOn between
the enVIronments sampled In a MET and
the expectatIOn for the TPE can be used to
Improve the match between the enVIron­
mental compOSItion m the MET and the
TPE, by down-weIghtmg the enVIron­
ment types that are over sampled and up­
weIghtmg the enVIronment types that are
under sampled



There are many ways environments
could be weighted to assIst selectIOn de­
CISIons Fox and RosIelle (1982) consId­
ered weIghtmg strategIes based on the
magmtude of error, pattern analysIs, and
canomcal correlatIOn analysIs procedures
m combmatIOn wIth a reference set of
genotypes An alternatIve approach IS to
weIght envIronments based on their fre­
quency ofoccurrence m the TPE as meas­
ured by the crop model For example, If
the frequency of an envIronment m the
MET devIates from ItS frequency m the
TPE, then the expected frequency of the
enVIronment m the TPE can be used as a
weIght for the enVIronments m the MET
SelectIOn decISIons would then be based
on the weIghted mean yIeld across envI­
ronments rather than the mean yIeld based
on unweIghted data There are many fac­
ets to thIS strategy, and these are beyond
the scope of the dISCUSSIOn that can be
developed m thIS paper However, usmg
computer-based SImulated selectIOn
methodologIes, It has been found that
weIghted selectIOn strategIes perform as
well as or better than selectIOn based on
unweIghted MET data (M Cooper, per­
sonal commUnICatIOn) The relative effec­
tIveness of the weighted and unwelghted
selectIOn strategies depends on the mhen­
tance of the character, compleXity of the
GxE mteractIOns, MET strategy, and
compOSitIOn of the TPE A lot of work IS
necessary In thiS area, but prelImInary
observatIOns are promiSIng

ThiS approach reqUIres access to a)
crop modellIng software and capabIlIty
that can be used to charactenze environ­
ments m a manner relevant to the GxE
mteractIOns encountered m the TPE, b)
relIable hIstoncal clImatic records, and c)
clImatIC, soIl, and crop management data
from the enVIronments sampled m METs

Sorghum SImulatIOn models are avaIlable
that adequately SImulate the performance
of standard cultIvars m water- lImIted en­
vironments (Hammer and Muchow,
1994) These models can easIly be para­
metenzed for new cultIvars usmg stand­
ard field expenmentatlOn ThIS approach
assumes water lImItatIOn IS the major con­
stramt to productiVIty, therefore, when
another constramt (e g , dIsease) mteracts
With water availabIlIty, cautIOn should be
exerCIsed A major challenge WIth thiS
approach IS obtammg qualIty hIstoncal
clImatic data (e g, solar radiatIOn, tem­
perature, and ramfall) that encompass the
spatIal vanatIOn ofthe TPE Furthermore,
mmImum data sets of soIl characterIstics,
soIl condItIOns at sowmg, and field man­
agement operatIOns need to be collected
for each MET Chapman and Muchow
(1996) have proposed a crop-sOII-clImate­
management database system for gram
sorghum to faCIlItate the collection of
complete datasets that can easily be lInked
to SImulatIOn models

WhIle we do not recommend thIS strat­
egy as a replacement for conventIOnal se­
lectIOn strategIes at present, suffiCient
posItive SIgnals warrant ItS further evalu­
atIOn for gram sorghum Large GxE mter­
actions are observed for most quantitative
traits, crop modellIng capabIlIty eXists,
water aVailabIlity appears to be a major
envIronmental factor contrIbutIng to the
GxE InteractIOns for Yield, and Simulated
selectIOn results suggest pOSItive results
from the weighted selectIOn strategy Ex­
perImental programs are underway m the
field m AustralIa to evaluate these prom­
Ismg theoretical results

Evaluatmg Traits For Improvmg
Drought ReSistance

IdentificatIOn ofmajor phYSIOlogICal or
environmental factors IImItmg the per-
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formance of eXlstmg cultIvars, coupled
wIth background physIOlogIcal under­
standmg of plant response to those lImIt­
mg factors, has led to many suggestIOns
of physIOlogIcal charactenstlcs that may
be selected for by plant breeders (Donald,
1968, Ludlow and Muchow, 1990) In a
recent lIterature survey, Jackson et al
(1996) showed that attempts to Identify
traits for yield Improvement have been
dommant m physIOlogical research, based
on the thesIs that advances m crop Im­
provement under water-lImIted condi­
tions are more lIkely Ifdrought resistance
traits are selected m additIOn to yIeld per
se

Muchow et al (1996a) have outlIned
SIX steps necessary for the development of
germplasm contammg drought resIstance
traits

I) Identify traits that are lIkely to confer
a yIeld advantage m drought enVIron­
ments

2) Determme the extent ofgenetic van­
atlOn m such traits

3) Understand the physIOlogical baSIS
ofgenetic variatIOn for a trait Traits need
to be assessed m appropnate genetIc b$lck­
grounds, and molecular markers can assist
m developmg such populatIOns

4) Use sImulatIOn modellmg to assess
the value of the traIt m a WIde range of
target envIronments

5) InvestIgate the hentabllIty of the
trait If hentabllIty IS suffiCiently high,
conventIOnal breedmg methods could be
used to select for the trait, provldmg the
traIt IS valuable and a practical means of
screenmg can be found
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6) Seek molecular markers to Improve
the effiCIency of traIt selectIOn If herIta­
bIlIty IS low Drought reSIstance traIts are
generally not expressed m wetter years
and therefore can only be selected for m
dner years Molecular markers would en­
able such traits to be selected for m all
years

Figure 3 outlmes a framework for se­
lectIOn and evaluatIOn of traits If a par­
ticular trait IS to Improve gram yield m
drought-prone enVironments, It must m­
crease one or more ofthe followmg Iden­
titIes amount ofwater transpIred, transpI­
ratIon effiCiency (TE), or harvest mdex
(Ludlow and Muchow, 1990) Here, we
restnct our dISCUSSIOn to a bneftreatment
of the traits we feel are potentIally most
Important phenology, osmotIc adJust­
ment (OA), leafarea mamtenance or stay­
green (SG), TE, soIl water and mtrogen
extractIOn, and utilIzatIOn of stem re­
serves for gram fillIng (Figure 3) A more
detaIled coverage IS given m the recent
review by Muchow et al (l996a)

Phenology IS Important m adaptmg sor­
ghum to drought-prone enVIronments by
matchmg growth duratIOn to the avaIlable
resources (Ludlow and Muchow, 1990,
Muchow et aI, 1996a) The associatIOn
between osmotIc adjustment and gram
yIeld m drought-prone environments IS
not clear WhIle some studies found that
OA was POSItIVely correlated With yield
(Santamaria et ai, 1990, Ludlow et al ,
1990, Tangpremsn et aI, 1995), others
found no such correlatIOn (Tangpremsn et
aI, 1991a, KrIeg, 1993, Tangpremsn et
aI, 1995) or, m some cases, a negatIve
correlatIOn (Kirkham, 1988, Tangpremsn
et al , 1991 b) Further clanficatlon of the
phYSIOlogical processes controllmg OA IS
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Figure 3 Framework for evaluatmg traits m water-limited sorghum enVironments

needed before the value ofthIs traIt can be
adequately assessed It IS hoped that on­
gomg research by Snell and Cooper
(1996) WIll help to assess the value ofthIs
traIt

Sorghum hybnds contammg the stay­
green (SG) traIt have been found to yIeld
sIgmficantly more under water-hmIted
condItIons compared with hybnds not
possessmg thIS traIt (Rosenow et ai,
1983, Henzell et ai, 1992, Borrell and
Douglas, 1996) Recent research suggests
that thIS advantage IS due to mamtenance
of photosynthetIc capaCIty and reduced
mobIhzatIon of stem reserves to gram
durmg the late gram-fillIng penod, com­
bmed wIth lodgmg resIstance (Borrell and
Douglas, 1996) In thIS study, staygreen
was not associated with lower harvest m-

dex as had been reported m preVIOUS stud­
Ies (Rosenow et al, 1983) Further work
IS reqUIred to assess the extent oflInkages
of SG with other traIts m dIfferent enVI­
ronments Several studIes have exammed
the mhentance ofthe SG trait (Tenkouano
et al , 1993, Walulu et al, 1994, van Oos­
terom et aI, 1996) It IS dIfficult to select
for SG because the trait IS polygemc and
IS expressed only m dner years Molecular
markers are bemg developed for thIS traIt
(Tao et ai, 1996) usmg recombmant m­
bred hnes varymg m rate of leaf senes­
cence as a mappmg populatIon (Henzell
et aI, 1994)

Muchow et al (1991) and Hammer et
al (1 996a) have used SImulatIOn analysIs
to show that Improvement m transpiratIon
effiCiency (TE) would have large benefits
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m drought-prone enVironments Genetic
vanation m TE has been observed m gram
sorghum (Donatelli et ai, 1992, G L
Hammer, personal commumcatiOn), but
the extent of vanatiOn m TE above the
value m well-adapted hybnds is relatively
small Accordmgly, the scope for higher
TE remams uncertam Similarly, genetiC
vanatiOn m the pattern of soil water ex­
tractiOn (Robertson et ai, 1993) and mtro­
gen uptake (Kamoshita et ai, 1996) is
small Little progress has been made on
mobilizatiOn of stem reserves to gram,
beyond trait identificatiOn (Muchow et
ai, 1996a)

SimulatiOn analyses provIde a means to
quantItatively evaluate traIts m vanable
populatIOns of target enVironments
(Shorter et aI, 1991, Muchow et aI,
1991) PrOVided the phYSiOlogical basis
for genetic vanatiOn for a particular trait
is adequately encapsulated m the model,
the model can be run with histoncal cli­
matic data for a speCified croppmg system
to generate probabilistiC estimates of the
value of a trait m different productiOn
enVironments (Figure 3) Recently, Ham­
mer et al (1996a) sImulated a MET for
sorghum by mtroducmg genetic vanatiOn
for phenology, tillenng, SG, and TE mto
the sorghum model of Hammer and
Muchow (1994) They simulated ten
years of expenments at three Australian
Sites for 24 theoretIcal genotypes and
found that the degree of genetic vanatiOn
mtroduced was simIlar to that observed
among eXistmg sorghum genotypes
While the results are speCific to these en­
Vironments, the analyses showed that the
average response ofa particular trait often
was reflected m a sigmficant advantage m
a few high-Yieldmg years, rather than su­
penor performance m the maJonty of
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years The power of the simulatiOn ap­
proach is that the value ofparticular traits
can be evaluated m a resource-efficient
manner m the TPE ThiS approach can be
extended usmg optimization methodol­
ogy to seek an optimal combmatiOn of
plant traits and crop management, given
the miX of environmental challenges m
the target domam (Hammer et al , 1996a)

Usmg a simulation approach assumes
confidence m the abilIty of the model to
simulate the effect of a particular trait
There is no reason trait consequences can­
not be simulated if the crop phYSiOlogical
mode of actIOn of the trait IS understood
and quantified, and the crop model IS suf­
fiCIently detaIled to sImulate the mterac­
tIons With growth and development gen­
erated by expreSSiOn of the traIt many
particular enVironment In additiOn, as
discussed earlier, adequate long-term cli­
matIC and soil databases are reqUIred Sat­
isfymg these "ifs" reqUIres attention to
detail m focused field expenments and
exammatIon of what constitutes "suffi­
Cient detail" m modelmg On the latter,
Loomis (1993) argues that more detailed
models, capable of simulatmg processes
at a level more closely aligned to gene
action, are reqUIred Others, mcludmg
Shorter et al (1991), conSider that sImpler
crop phYSiOlogical frameworks, which
are more readily aligned With plant breed­
ers' modes of actiOn, also are reqUIred
However, the two are not mutually exclu­
Sive, and the connectiOn is descnbed by
Shorter et al (1991)

There is a paUCity ofmformatiOn on the
extent of genetic VariatiOn and the phySi­
ological mode of actiOn for many traits
Such mformatiOn is essential m model



development and can be obtamed only by
targeted expenmentatlOn Field work on
trait mode of actIOn for SG (Borrell and
Douglas, 1996, F R Bldmger and A K
Borrell, personal commUnICatIOn), OA
(Snell and Cooper, 1996), TE (G L Ham­
mer, personal commUnICatIOn), and nItro­
gen use efficiency (Kamoshlta et ai,
1996) IS underway Companson of simu­
lation of a trait with the measured Impact
of that trait m the field will demonstrate
whether eXlstmg models are adequate for
the task and whether eXlstmg assumptIOns
about trait actIOn are valId For example,
data from field expenments on sorghum
hybnds varymg m SG (Borrell and
Douglas, 1996) show far greater differ­
ences than those found m the Simulation
analySIS presented by Hammer et al
(l996a) ThiS suggests that the mecha­
nIsm assOCiated With the SG trait mvolves
somethmg beyond Simple mamtenance of
leaf area Greater differences associated
With presence of SG could be assOCiated
With greater water extractIOn or With
changes m TE (Figure 3) The mteractIon
between research and modelIng proVides
a sound baSIS to elUCidate mechanIsms
from the field expenmentatlOn and to ex­
trapolate their lIkely worth Via modellmg
over a far more diverse set of environ­
ments than pOSSible Via direct expenmen­
tatlOn

ConclUSIOns

It IS generally conSidered that the con­
tnbutlOn of crop phySIOlogy to plant
breedmg to date has been modest (Jackson
et al , 1996) However, we have entered a
new era m which enhanced knowledge of
both the phYSiology ofyield accumulatIOn
m gram sorghum and the phYSIOlogical

baSIS ofgenetic vanatlOn m drought resIs­
tance traits offers the potential for Im­
provmg breedmg effiCiency m different
target enVironments Central to thiS thrust
IS enhanced modelhng capabilIty and im­
proved databases These tools can be used
to charactenze enVironments to assist
multi-enVironment testmg and to evaluate
potentially useful traits The use of such
knowledge and tools reqUIres a systems
approach, With agronomists, phYSIOlo­
giStS, and breeders workmg together to
raise sorghum yields m drought-prone en­
vironments

A particularly excltmg advance has
been the charactenzatlOn of the target
populatIOn ofenvironments (TPE), which
offers to improve the effiCiency of selec­
tion withm multi-environment tnals
(MET) where GxE mteractlOns are large
ThiS has been used m developmg a selec­
tIOn strategy to accommodate the MET
samplIng vanatIon effect for a TPE where
water lImitation IS conSidered to be the
major vanable mtluencmg GxE mterac­
tIons for yield ofsorghum The strategy IS
based on charactenzmg the types ofwater
defiCit environments and theu frequency
ofoccurrence usmg a sorghum Simulation
model, hlstoncal clImatiC databases, para­
metenzatIon of the croppmg system, and
pattern analySIS ThiS mformatlOn IS used
to generate weights for environments that
attempt to measure the relevance to the
TPE of the environments sampled m the
MET

Research on drought resistance traits
has advanced m recent years With particu­
lar emphaSIS on phenology, osmotic ad­
Justment, transpuatlOn effiCiency and
staygreen Much more mformatIon IS re­
qUIred on the phYSIOlogical mode of ac-
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tlOn ofthese traIts and theIr lIkely value m
dIfferent envIronments SImulatIOn mod­
els are Important tools to assIst m answer­
mg questIOns about traIt actIOns and theIr
value, and about the optimal mIX oftraIts
for partIcular envIronments ConsIderable
Investment In phySIOlogIcal under­
standmg IS reqUIred to realtze the poten­
tial of these approaches Such strategIc
research on the physIOlogy of gram sor­
ghum IS essential to realIze future benefits
to the sorghum mdustry
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Breeding Pearl MIllet for Drought Tolerance

V Mahalakshrm*, E S Monyo, W Payne,
S Quattara, and F R Bldmger

Abstract

Pearl mlliet fPenmsetum glaucum (L)J IS grown as a food crop under ramfed
condltlOns m the and and seml-and regIOns ofsouth Asza and Afrlca Intra-seasonal
and mter-seasonal varzatwns m tlmmg and mtenslty oframfall re'Sult m drought stress
ofvanous mtensltles and duratIOns durmg crop growth Once the crop IS establzshed,
It IS most sensztlve to drought stress m theflowermg andearly gram-jillmgperlOds ThlS
paper dlscusses efforts to zmprove crop performance m these enVlronments by 1) early
flowermg to provzde drought e5cape 2) direct evaluatIOn ofperformance m natural or
managed drought enVlronments and 3) mcorporatwn/selectwnfor responses oJtrazts
assoclated wlth drought tolerance Trazts and responses to drought tolerance can be
effectlvely used m a breedmgprogram only when there IS genetlc varzatwnfor the tralts
and the hentabllztles oj these trazts are sufficlently hlgh to be explOlted as selectlOn
cntena Examples ofselectIOnJor gram-jillmg abllzty m stress (pamcle harvest mdex)
and ItS expresslOn and relatlOn to productlVlty are dlscussed

Pearl mIllet IS one of the major ramfed
crop ofand and semI-and regIOns m south
ASia and Afnca These envIronments are
charactenzed by low and erratIc ramfall
resultmg m drought stress durmg crop
growth Therefore, breedmg for Improved
adaptatIOn to these margmal enVIron­
ments has been an Important objective m
programs aimed at Improvmg the produc­
tiVIty of thIS crop Drought descnbes the
condItIOn m whIch the avaIlable SOlI
mOisture IS reduced to the pomt that the
plant cannot absorb water rapIdly enough
to replemsh the amount transpIred SenSI­
tiVIty to drought depends on the stage of
crop growth, m mIllet once the crop IS
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establIshed, the flowermg and early gram­
fillIng stages are most senSItIve

Breedmg for margmal enVIronments
can be approached m three ways to de­
velop adapted crop vaneties

I Develop cultIvars WIth appropnate
development patterns to match the water
avaIlabIlIty m the enVIronment (assummg
water avaIlabIlIty IS suffiCIently predIct­
able),

2 Select for Improved yIeld and ItS
stabIlIty usmg natural margmal/stress en­
VIronments and managed stress enVIron­
ments by sImulatmg naturally occurrmg
stress patterns,

3 Select for morphologICal, phySI­
ologICal, or bIOchemIcal charactenstics
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dIrectly related to performance under
drought condItIOns

Development Patterns to Match
the Resource Avadablhty

The two major mIllet-growmg zones of
the world he 10 dIfferent latItude zones,
11-17° N 10 west and central AfrIca and
15-30° N 10 northwest India In both these
zones, the length of the grow109 season
vanes from 10 to 18 weeks (Kowal and
Kassam, 1978, Vlrmam et a1 , 1982) and
IS negatIvely related to the latItude ThIS
relatIOnshIp IS more acute m west Afnca,
where length of the growmg season
changes markedly over a small range 10

latItude (FIg 1) Therefore, matchmg de­
velopment patterns to water avaIlabIlIty
has been a conSIstent theme m breedmg
programs 10 ASIa, south and eastern Af­
nca, and west and central Afnca ThIS
alternatIve IS SImple and can be explOIted

easIly 10 a breedmg program before 10­

vestmg major resources for drought toler­
ance breedmg

Early flowermg IS often CIted as an
escape mechamsm 10 locatIOns where
end-of-season stress IS a dommant feature
and the mter-year vanatIon 10 crop season
length IS mimmal WIth a WIde range 10

mOIsture availabIlIty pattern and growmg
season length both 10 ASia and west AfrIca
(FIg I), appropnate phenology of the
crop rather than early flowermg WIll en­
sure optImum resource use ThIS can be
achIeved by determmmg the reqUired sea­
son length and patterns of drought m a
locatIOn, then developmg cultIvars of ap­
propnate duratIOn and reqUired photope­
nod senSItIvIty In west Afnca, mter-year
vanatIOn 10 crop season length IS hIgh,
due mostly to the vanatIOn 10 the tIme of
onset of ramfall, as the end of the season
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IS less varIable (Kowal and Kassam,
1978) The approach for these environ­
ments has been to taIlor cultlvars through
photopenod sensItivity, provldmg oppor­
tunIties to sow whenever the rams begm,
but ensunng that flowenng and gram-fill­
mg occur when the mOisture regime IS
most favorable to overcome the end-of­
season stress

SelectIon for Yield and StabilIty

Yield has, and always wIll be, an Im­
portant selectIOn cntenon m breedmg
programs Environmental and genotype x
environment vanance components for
gram Yield, however, often exceed the
genetic component of varIance The two
phIlosophies m plant breedmg for Im­
provmg and stabllIzmg yield reflect a de­
sire to either a) Improve crop productIOn
m a specific agro-ecologlcal environment
(specific adaptatIOn), or b) Improve crop
productIOn across a Wide range of envI­
ronments (Wide adaptation) Selectmg for
yield m a Wide range of environments
ImplIes that the morphological and phySI­
ologICal plant charactenstIcs aSSOCiated
With maximum yield potential are the
same m the stressed environments InItial
successes m wheat and rIce through
breedmg for Wide adaptatIOn were lImited
to the favorable enVironments, It IS now
recogmzed that Improvements m ramfed
margmal enVIronments need to be ad­
dressed through speCIfic adaptation
(Cockerel, 1989) Margmal enVlfonments
are highly vanable both m space and time
ThiS vanabllIty IS, therefore, the real chal­
lenge to the breeders, rather than the en­
vironment per se Two approaches used to
select for speCific adaptatIOn are a) selec­
tion for yield and stabilIty m natural stress
enVironments, and b) selection for yield

and stabilIty m managed stress environ­
ments

Natural Stress EnVironments

In southern and eastern Afnca, selec­
tIOn environments have been progres­
Sively refined to differentiate between ter­
mmal drought, which occurs when rams
end prematurely (Mahenene-NamlbIa,
Maun-Botswana, and MakoholI-Zlm­
babwe), and mtermlttent transient
droughts ofvarymg duratIOn and mtenslty
durmg crop growth (Matopos-Zlmbabwe,
Sebele-Botswana, and Mashare-Na­
mlbla) SelectIOn for yield and stabilIty m
these environments Identifies genotypes
With particular adaptatIOn to the types of
droughts prevalent m these locatIOns It IS
pOSSible to make gams m selection effi­
ciency by appropnately dlfferentIatmg
between droughts occurnng at particular
stages of crop development (usually re­
lated to a particular phenology), effec­
tively descnbmg the probabIlity of a par­
ticular drought regime m target environ­
ments, and taIlormg the selectIOn
environment to match

Usmg these cntena as examples, the
followmg genotypes have been descnbed
as either resistant or tolerant to drought m
their respectIve enVIronments SDMV
89001, SDMV90016, SDMV90004,
SDMV91 018 and Okashana-l proved tol­
erant to drought m the termmal drought
stress enVlfonments of Zimbabwe and
Namibia and m the transient mtermlttent
drought enVIronment areas of Zambia
(Slmulumbe), Namibia (Mashare), and
MalaWI (Kasmthula) (Table I) SDMV
89005, though relatively high yleldmg un­
der good conditions, was not very good
under termmal drought and fared the same
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Table 1 Performance data of pearl mIllet varIetIes m multIlocatlOnal drought stress nurserIes
across SIX SADC locatIons, 1991-92 growmg season

Time 10 50% Gram yield (I ha I)
Vanety flowenng (days) Matopos Makohoh Slmulumbe Mahanene Mashare Kasmthula Mean
SDMV 89005 69 021 014 1 55 125 124 1 30 095
SDMV 89001 63 040 017 143 160 081 114 092
SDMV90016 65 040 017 143 160 081 114 092
ICMV F 86410 66 044 017 129 1 16 092 141 090
SDMV90031 70 039 013 168 081 121 108 088

SDMV90004 61 031 024 148 135 067 1 11 086
SDMV91OI8 67 032 023 145 141 064 109 086
Okashana I 61 035 017 151 159 079 068 085
Fanners local 80 002 006 1 51 044 045 090 056

SE ±O 07 ±O 04 ±O 25 ±O 21 ±O 18 ±O 27
MEAN(16) 669 034 016 142 1 21 081 099 083
CV(%) 39 56 30 24 45 55

as farmers' local vanetIes III severe tenlll­
nal drought locatIOns such as Matopos and
Makohoh dunngthe 1991/92 season The
weakness of thIS approach IS the hIgh de­
gree of annual vanabIhty III avaIlable
mOIsture, even III locatIOns generally
charactenzed by a speCIfic type ofdrought
pattern EffectIve use of data from such
natural stress enVironments reqUIres that
the actual mOIsture patterns of mdividual
tnals be quantIfied, so that dIfferentIal
genotype performance can be related to
speCIfic types of stress occurrence m the
tnal data sets, and not sImply to test loca­
tion ThIS can be done usmg a relatIvely
simple soIl water budgetmg approach to
cluster enVironments by stress pattern
(Van Oosterom et al, 1996a) QuantIfica­
tion of enVironments m thIS fashIOn also
can be a very powerful tool m the analysIs
of the mevitably large G x E mteractIOn
III such data sets (Van Oosterom et al ,
1996b)

Managed Stress EnVIronments

When the pattern and mtensity of
drought m the target enVIronment are
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regular and predIctable, selectmg for yield
and ItS stabIlIty III that enVironment
should lead to better adapted matenal
Drought, however, IS normally varIable
both m space and tIme The former ap­
proach, therefore, can be tIme-consumIllg
and the results often dIfficult to mterpret
The alternate approach has been to select
for yIeld and ItS StabIlIty m SImulated
stress enVIronments Both mtensity and
patterns of drought can be SImulated dur­
mg ram-free penods m the field to repro­
duce the natural stress condItions An al­
ternatIve approach pOSSIble m many tropI­
cal environments IS to SImulate the target
drought patterns WIth controlled lITIgatIOn
m normally ram-free penods of the year

Such "managed" stress environments
are far more repeatable than are naturally
occurrmg enVIronments, and they allow
SImulatIOn ofmore than one verSIon ofthe
target stress pattern (e g , diffenng mten­
sitIes ofstress at a partIcular stage ofcrop
growth) (Mahaiakshmi et al, 1988) As
the example below Illustrates, they also
can allow SImulatIOn ofthe mteractIOn of
mOIsture and other management factors,



3 The hentabilIty ofthe traIt should be
suffiCIently hIgh to be useful

2 There should be suffiCIent genetIC
VariatIOn for the traIt to be explOIted m the
selectIOn

1 The trait should be related to drought
tolerance or gram yIeld m stressed enVI­
ronments

For any traIt to be successfully used as
a selectIOn cntenon m a drought breedmg
program, there are three major reqUIre­
ments

SelectIOn for TraIts ASSOCIated
With Drought Tolerance

Vironments An unportant cautIOn m the
use of such enVIronments IS the pOSSIble
effects of off-season enVIronments eIther
dIrectly on crop growth or development
(e g, daylength effects), or mdirectly on
crop x stress mteractIOns (e g , tempera­
ture and PET)

In west AfrIca, season length and total
ramfall are related to the latitude (FIgs 1
and 2) Seasonal ramfall vanes not only m
total amount but also m the frequency and
amount of ramfall dunng the season (FIg
3) The vanable mOIsture IS further con­
founded by low soIl fertIlIty, especIally
low phosphate All combmatIOns of two
fertIlIty levels (no phosphate and 200kg
SSP), two plantmg densIties (40 x 40 cm
and 100 x 100 cm), and three ungatIOn
programs to sImulate long-term ramfall
patterns of 200, 300 and 600 mm, repre­
sentmg the 12 enVIronments, were used to
screen ehte breedmg matenals m NIger
StabIlIty analysIs of genotypes across all
12 enVIronments mdicated that top (varI­
ety) cross hybnds had better mean gram
yIeld and responded SImIlarly or better
than theIr pollInator parents to changmg
envIronmental condItions (FIg 4) Re­
sults from such studIes can help to Identlfy
better adapted matenal for a range of en-
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Figure 3 Ramfall dIstribution at selected locatIOns m Niger
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Though many morphological, physI­
ological, and biochemical traits have been
associated With drought tolerance, the ge­
netics ofthese traits are often complex and
not well enough understood to allow them
to be used as selectIOn cntena m a breed­
mg program (Bldmger and Wltcombe,
1989) ConSiderable research has been
conducted on the traits themselves, but
there are few cases where an mdlvldual
trait or mechamsm has been shown to be
suffiCiently associated With yield to rec­
ommend It as a selection cntenon These
traits frequently contribute to processes
related to determmmg drought tolerance
(e g, conservmg water, reducmg transpi­
ration), but pyramldmg ofthese traits may
be reqUIred to translate mdlvldual pro­
cesses mto gram yield

Conceptually, traits that are hentable
but not hnked can be mcorporated Simul­
taneously m breedmg procedures How­
ever, cost and time mvolved m selectIOn
of these traits are major constramts It IS
easy to use mtegrated traits that are di­
rectly related to drought response The
C-13 dlscnmmatIon m C3 crop, which IS
an mtegrated measure oftransplratlOn ef­
fiCiency over time, and the sIlkmg-anthe­
SIS mterval under stress m maize, which
ensures gram settmg and fillIng, are ex­
amples of such traits In pearl millet, abIl­
Ity to set and fill grams was found to be
related to drought tolerance (Bldmger et
al , 1987) Of all the responses related to
drought tolerance m pearl millet, pamcIe
harvest mdex (PHI), which mtegrates all
the components of gram Yield, was the
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best predIctor Therefore, pamcle harvest
mdex, whIch mtegrates both settmg and
filhng ofgrams, can be used as a selectIOn
cntenon

Before embarkIng on an ambItIOus pro­
gram to breed for thIS trait, genetIc van­
atIOn, hentablhty, and response to yIeld
under drought were exammed Genetic
vanatIOn for thIS traIt was hIgher under
termmal stressed condItIOns compared to
non-stressed condItIOns (Table 2) ThIS
would suggest that the expreSSIOn of thIS
trait IS m response to drought The other
concern often expressed for traIts to be
used m selectIOn IS the vanablhty assocI­
ated WIth the measurement of the traIt
Gram yIeld under stress IS vanable and,
compared to gram YIeld, pamcle harvest
mdex IS less vanable (Table 2) Hentabll­
Ity of thIS traIt (as measured by Sl x S2
regressIon) was hIgher than gram yIeld
but lower than SImply mhented traIts hke
ttme to 50% flowenng (FIg 5) Hentabtl­
Ity ofthe tratt was reported to be moderate
WIth addItIve and dommance mode of m­
hentance (Yadav, 1994)

WIth thIS background mformatIOn, we
explored the posslblhttes ofusmg pamcle
harvest mdex as a selectIOn cntenon to
breed pearl mIllet for drought tolerance
The two approaches we used were 1)
vanetal Improvement m a populatIOn
(EC87) usmg pamcle harvest mdex as the
selectIOn cntenon, and 2) dIvergent selec­
tion mrestorer hnes

Vanetal Improvement In a PopulatIOn
(EC87) USing Pamcle Harvest Index
as the SelectIOn CrzterlOn

Pamcle harvest mdex (PHI) - ratIo of
gram mass to total panIcle mass - IS an
mexpenSlve, but repeatable measure of
the ablhty to both set and fill grams under
mOIsture stress PHI has been shown to be
well correlated with esttmates oftermmal
drought tolerance, and has potenttal as a
selectIOn cntenon for Improved ablhty to
set and/or fIll grams under termmal
drought stress PHI IS bemg evaluated as
a selection cntenon m the breedmg of
termmal-drought-tolerant expenmental
vanetles from populations and m the Iden­
tificatIOn oftermmal-drought-tolerant hy­
bnd parents

Table 2 Mean time to flowermg, gram yield and pamcle harvest mdex of 42 test cross hybrids m
different environments

SD Standard DeViatIon

TIme to 500/0 Gram yIeld Pamcle harvest mdex
EnVIronments flowenng (days) gm 2 (%)

Mean CV Mean CV Mean CV SD
Summer 92 Control 54 41 364 125 755 266 201
Summer 92 Stress 53 46 214 194 618 889 416
Summer 93 Control 55 26 364 114 766 368 156
Summer 93 Stress 54 30 294 157 693 990 317
Summer 94 Control 45 26 329 112 759 517 175
Summer 94 Stress 44 23 109 214 559 10 75 459
Ramy91 Patancheru 41 21 358 110 765 307 14
Ramy 92 Patancheru 41 26 355 105 788 273 123
Ramy 93 Patancheru 43 17 466 78 803 256 14
Ramy91 HIsar 51 37 294 275 775 406 158
Ramy 92 HIsar 49 43 405 232 707 526 272
Ramy 92 Fathepur 48 44 299 322 758 528 192
Ramy 93 Fathepur 54 34 119 340 645 968 219
Ramy 94 Fathepur 49 33 265 230 730 491 167
Ramv 93 lodhnur 58 61 94 359 650 11 75 228

I
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We have compared selectiOn for PHI
(under stress) and selectIOn for gram yield
(under IrngatIOn) m both smgle stage and
two-stage (combmed With yield selectiOn)
selectiOn schemes, usmg the Early Com­
posIte 1987 (EC87) as the base compOSIte
The experImental VarIetIes based on the
dIfferent selectiOn CrIterIa were exten­
sively evaluated m both stressed and non­
stressed test environments, mcludmg the
orIgmal managed stress selection envI­
ronment One cycle of selectiOn for PHI
m a smgle stage scheme mcreased PHI m
stressed enVIronments (low PHI enVIron­
ments), m comparIson to both a randomly

selected control (l 1 hne), and a control
selected for gram yIeld (Fig 6)

The smgle stage selectiOn for PHI re­
sulted m small yield mcreases m dry sea­
son test enVIronments and a substantial
mcrease m the ramy season stress envI­
ronments m north India, compared to the
populatIOn control (varietIes made from a
random sample of populatIon progeny,
Table 3) Compared to the selectiOn con­
trol (selectIOn for gram yIeld m the ab­
sence ofstress), selectiOn for PHI resulted
m a yIeld advantage of 22% m the dry
season stress enVIronment, and m an ad-
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FIgure 6 Pamcle harvest mdex of experImental varIetIes made on the baSIS of high PHI under
stress and on the baSIS ofgram yIeld m the IrrIgated control, m relatIOn to pamcle harvest
mdex of experImental varIetIes made from random selectIons of 81 progemes (1 lIme)
Data are from the test envIronments hsted m Table 1, the drought stressed test envIron­
ments are those WIth the low pamcle harvest mdex
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Table 3 GamslIosses m gram yield ofexperimental varietIes (as a percentage ofthe mean yield [gm 2

- column 2] of the two control Varieties, made from randomly selected progemes) based on
the followmg selectIOn criteria pamcle harvest mdex mthe drought nursery termmal stress
treatment (PHIIDNS), gram yield m the drought nursery Irrigated control treatment
(YLDIDNI), pamcle harvest mdex m the drought nursery stress plus gram yield m the
ramy season (PHIIDNS + YLDIRS), and gram yield m the drought nursery Irrigated
treatment plus gram yield m the ramy season (YLDIDNI + YLDIRS) Test environments
are coded by locatIOn (DN - dry season drought nursery, NI - north India Hlsar, Gwahor,
Fathepur, and Jodhpur, SI- south India Patancheru and Anantapur)

Random PHIIDNS
selection PHIlDNS YLDIDNI + YLD/RS

Test
Envlfon (no)

DN/Stress (4)
DN/Irng (4)
NIlNonStrs (3)
NIINonStrs (5)
NIlStress (2)
SlNonStrs (4)

Gram
yield
gm 2

168
359
352
202
134
384

+23
+73
79
43

+109
06

Gramlloss (% over random selectIOn)
198 129
08 +86
16 +42
35 06
59 +356

+5 1 +5 1

YLD/DNI
+YLD/RS

145
5 1

+47
43

+24
27

vantage of 17% m the stressed ramy sea­
son environments (Table 3) ThiS oc­
curred pnmanly because the expenmen­
tal variety made from selectIOns based on
gram yield m the stress environment was
slgmficantly mfenor to that made from
the random selectIOns In ten non-stressed
ramy season enVironments, selection for
Pill reduced yield by approximately 5%,
compared to the selectIOn control (Table
3)

Pill as the first stage selectIOn cntenon
m a two-stage selectIOn scheme was less
effective than m a smgle-stage scheme,
pOSSibly because of the reduced selectIOn
Illtenslty for PHI III the two-stage scheme
Improvement over the populatIon control
was erratIc (and negatIve III the selectIOn
enVIronment), except III the ramy season
stress environment Improvement over
the selectIOn control was general, but not
large, except III the ramy season stress
environment (Table 3)

These results proVide support for the
further exploration of PHI as a selection
cntenon for termlllal drought tolerance III

the breedmg of cultivars for drought-af­
fected environments from adapted popu­
latIOns The results mdlcate that a strong
selection pressure for PHI, preferably
done III the target envlfonment, under a
severe stress challenge, IS hkely to be the
most effective applicatIOn of the ap­
proach

Dzvergent Selectzon zn Restorer Lznes

Test cross hybnds (on three male-ster­
Ile hnes) of 49 diverse restorer (R) hnes
were tested for their restoration ablhty
and performance under termlllal drought
condItions durmg 1988 Based on mean
panIcle harvest Illdex ofthe test crosses III

drought conditIons, seven dIvergent (top
and bottom) R hnes from each group were
selected These were then crossed onto
three diverse male-stenle hnes to produce
hybnds that were tested over three years
m Simulated drought conditIOns, natural
drought conditIOns, and well-Irngated
conditions (Table 2) The combmed data
were analyzed to test expreSSIOn of the
trait and genetic vanatIOn III different en-
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VIronments and the relatiOnship between
PHI and gram yield m different environ­
ments

The range m panicle harvest mdex was
higher under stressed conditiOns than
non-stressed conditiOns, and the coeffi­
cient of vanatiOn was lower than gram
yield m all enVIronments Though the two
parameters - genetic vanatlon for the
trait and accuracy With which one can
measure the trait - are Important m the
breedmg procedures, the usefulness ofthe
trait depends on its hentablhty The ex­
preSSion of the trait was assessed m the
enVironment where the selection was car­
ned out, m SimIlar enVironments where
the trait confers advantage, and mother
enVironments (Table 4) The selected PHI
values of the R lines and their observed
PHI were correlated in the summer
drought stress enVIronment where the se­
lectiOns were carned out and m the maJor­
Ity of the natural stress enVIronments
Similarly the selected PHI values and
gram yield m the stress environments m
the summer were related (Table 4) There­
fore, the results from these two studies
would suggest that PHI could be used as
a selection cntenon for drought tolerance,
and the chance of makmg bigger gams is
more likely if the selectIOns were done m
the stress enVIronment Expenments are

underway to test thiS hypotheSIS
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DIscussion

SeSSIOn VI - Breedmg for ResIstance to MOIsture Stress/Drought
SeSSIOn ChaIr Abraham Blum

Rapporteurs - MIke GIlbert and Issoufou Kapran

Ken KofOid -Your data shows that the
stay green traIt maps close to the HSP
lucus Is the stay green traIt an allele ofthe
HSP locus? Also, smce drought stress IS
usually associated with heat stress, have
you tested the stay green matenal m a
drought stressed, non-heat stress
environment?

Henry Nguyen - It IS unknown untll we
Isolate and charactenze the stay green
genes It should be noted that some heat
shock protems are mduced by drought
(water deficit) stress and may mvolve cell
protectIOn under stress

D T Rosenow - The stay green
matenal has been tested m mOisture stress
With mlld temperatures, and the genotype
differential stlll expresses well

R G Henzell - Is there any QTL for
stay green m maize to compare With
sorghum?

H Nguyen - I am not aware of any
pubhc mformatlOn on the genetic
mappmg of stay green charactensttcs m
maize

Koushlk Seetharaman - Keep m mmd
that maize IS a highly senescent crop - not
necessanly related to sorghum

B S Rana - Osmottc adjustment does
not appear a stable trait We found that

RWC (relative water content ofleat) may
be a better trait to charactenze drought
tolerant genotypes Don't you feel that
molecular charactenzatlOn of RWC wlll
be more useful m thiS context?

Henry Nguyen - Based on the research
of Merv Ludlow and hiS aSSOCiates m
Austraha, osmotic adjustment IS an
Important trait III sorghum The
"stablhty" Issue IS a techmcal matter OA
and RWC are related parameters m plant
water relatIOns and both should be useful
when proper measurements and stress
protocols are used

F R Bldmger - I heheve that we
should conSider responses to stress or
mtegrated traits senously as selection
cntena for droughttolerance These are I)
a direct measurement of genotype ablhty
to mamtam the normal growth processes
for the time at which the stress IS
occurnng, 2) are readtly related to overall
crop performance, 3) are usually
eaSily/economically measured, and 4)
have m many cases, useful hentablhttes

B S Rana - 1) I have seen sorghums
respond differently for stay green
between the ramy and dry season Can you
explam why? 2) It seems to me that
charcoal rot may be confoundmg stay
green ratmgs What IS your opmlOn? 3)
Do you feel there IS a relatIOnship between
stem sugar and stay green?
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D.T. Rosenow -1) Extreme care must
be taken when evaluatmg for stay green m
the off-season due to dIfferent matunty
and yIeld expreSSIOn due to short days
effects on photopenod sensItIve or even
on non-sensItIve types You alsomust be
sure that stay green reactIon IS due only to
mOIsture stress mduced senescence and
not mfluenced by leaf dIseases or natural
senescence 2) I feel that charcoal rot does
not comphcate stay green ratmgs
Charcoal rot mfects only plant tIssues
under severe mOIsture stress, and
therefore mOIsture stress comes first and
results m susceptIbIhty to charcoal rot 3)
I do not feel that hIgh stem sugar (at least
sucrose) per se contrIbutes to stay-green
It appears that hIgh stem sugars can result
from stay green, m that green, healthy
leaves produce photosynthate Stay green
can help mamtam the genetIc potentIal of
stem sugars You must be careful to not
make a wrong conclUSIon due to the fact
that sugars are low m a plant nearly dead
due to mOIsture stress durmg gram fill

R G Henzell - Are genotypIC
dIfferences m stay green expressed more
strongly among hybnds than among
lmes?

D T Rosenow - ExpreSSIon of stay
green m F1 hybnds IS not always the same
as m parental hnes The response IS
expressed well m hybnds,and can be more
extreme m hybnds than m hnes The stay
green traIt m some hnes IS completely
receSSIve, whtle m others It IS dommant
Therefore, when breedmg for hybnds,
breeders must evaluate the FIs, as well as
the hnes themselves For pre-flowermg
reSIstance, It appears to be dommant, and
IS expressed well m hybrIds In fact,
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heterOSIS of Fl hybnds enhances
reSIstance to pre-flowenng stress

Robert Schaffert - Is the stay green
charactenstIc m sorghum the same as the
stay green charactenstic m maIze, 1 e , the
abIhty to stay green after phySIOlogIcal
maturIty or IS It dependent on water stress
to be mamfested? Is It pOSSIble to screen
for evaluatIOn trIals WIthout mOIsture
stress?

D T Rosenow - The stay green traIt as
I use It, and I beheve most other sorghum
researchers use It, refers to premature
leaf/plant death due speCIfically to sotl
mOIsture stress I feel that any conclUSIOn
on stay green by ratmg natural leaf
senescence m the absence of mOIsture
stress IS very rIsky However, under mIld
stress, I feel that ratmgs can be useful To
my knowledge, there IS no mformatton on
the relatIOnshIp between stay green m
sorghum and maIze

Swarnlata Kaul and B S Rana ­
There IS an mterest m Gumeas to be used
for gram mold reSIstance You have
shown a dwarf gumea genotype Does It
have reSIstance to gram mold?

D T Rosenow - That hne, SC265, does
not have gram mold reSIstance, but
several converted gumeas do have good
gram mold reSIstance

Oscar Rodriguez - How do you
estImate or mathematIcally calculate the
PHI?

V Mahaiakshmi - Pamcle harvest
mdex IS calculated as the ratIo of gram
yIeld to spIke yIeld



Issoufou Kolo Abdourhamane - 1)
Do you observe a dIfference among pearl
mIllet genotypes WIth regard to harvest
mdex? 2) I saw a slIde showmg yIeld of
dIfferent pearl mIllet cultIvars, WIth a
local one as check Where was the work
done?

V Mahalakshml - 1) The varIatIOn for
pamcle harvest Index m nonstressed
condItIons IS very small The trait
expresses itself under termmal drought
condItIOns 2) ThIs data IS from
ZImbabwe 1991/92 durmg the drought
year

Brhane GebrekIdan - Is It possIble to
conceive and deSIgn the dream plant
(Ideotype) WIth specIfic morphologIcal
and phySIOlogIcal charactenstIcs, SUItable
for drought stress enVIronments?

R C Muchow - The concept of a
"dream" plant IS representatIve of
thmkmg two decades ago There IS no
mIracle plant Today we are better able to
charactenze enVIronments and target
specIfic plant charactenstIcs to partIcular
enVIronments We also have quantItative
frameworks to allow assessment ofwhy a
traIt may be useful and how we mIght
evaluate traIts I belIeve thmkmg of a
"dream" plant gave phYSiology a poor
status mt the past Now phYSIOlogy IS

helpIng very much m understandmg GXE
mteractIOns and provIdmg opportumtIes
for yIeld Improvement m drougnt prone
enVIronments

V Mahalakshml - There are no dream
IdIOtypes The plant type whIch wIll do
well to pre-flowermg stress (hIgh
tIllenng) may not be the best for post­
flowerIng (low tIllenng synchronous
flowermg) stress ThIS IS the very reason
why speCIfic adaptatIOn has become the
theme for margInal stress enVironments

QuestIOner (name unkIJown) - How
IS weIghtIng to adjust yIeld or
comparIsons of yIelds done?

R C Muchow - The TPE is
charactenzed by runnmg the model for
100 years of clImate data at a locatIOn
Then the speCific year IS run WIth the
model to charactenze the pattern ofstress
m that year at that locatIOn The frequency
of occurrence of the pattern In that
speCIfic year m the TPE IS exammed If
the pattern occurs rarely the mean yIeld IS
underweIghted and VIce versa On-gomg
research is exammmg different weIghtmg
methodologIes to realIze the potentIal of
thIS approach

Swarnlata Kaul and B S Rana -Do
you have mformatIOn on genetICS and
phySIOlogIcal charactenzatIOn of stay­
green traIt?

R C Muchow - There are references
to the genetics of stay-green m the paper
by Nguyen, et al presented at thIS
workshop There is current work on the
phySIOlogy of stay-green m AustralIa by
Borrell, some ofwhIch IS publIshed m the
proceedmgs of the recent (1996)
AustralIan Sorghum Conference
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Genetic Resistance to SoIl Chemical
ToxicIties and Deficiencies

L M Gourley*,C E Watson, R E Schaffert, and W A Payne

Abstract

Breedmg new crop cuitivars for adaptatIOn to stress-relatedphenomena due to sozl
chemIcal tOXICIty and deficIency IS a complexprocess Datafrom nutrIent culture trIals,
m whIch seedlmg plants are stressed wIth a deficIency or excess ofmmel al elements,
do not correlate well wIth those from slmzlar field stress condItIOns usmg the same
germplasm Further, evaluatmg segregatmg populatIOns m nutrIent culture can result
m lzttle or no genetIc gam due to selectIOn FIeld screemng efforts are plagued wIth
genotype x envIronmental mteractIOns caused by a multItude of bIOtIC and abIOtIc
factors Selectmg the propel level ofstress for field evaluatIOns and mamtammg thIS
level m a dynamIcally changeable medzum lzke sozl can be difficult GenetIc Improve­
ment of sorghum under field condItIOns sImzlar to those encountered by farmers,
however, has nearly always been obtamed

Few plant breedmg programs have goals ofdevelopmg cuitivars or hybrzds specifi­
cally adapted to low-mput croppmg systems SelectIOns are generally made m hIghly
fertzle weed-free, hIgh plant populatIOn envIronments, however, many reports m the
lzterature mdicate that genes neededfor achIevmg maxImum yIeld m low-mput or stress
enVIronments often differ from those reqUired m high-mput condItIOns

The demand for cereal grams m tropIcal envIronments characterzzed by sOlis that
Impose mmeral stresses has mandated addItIOnal breedmg research to adapt sorghum
andpearl mIllet to these enVIronments ThIS paper descrzbes some ofthe sOli mmeral
stress constramts pOSSIble plant mechamsms of tolerance or avOidance screenmg
methodology, and results ofplant breedmg efforts

Mmeral stresses are the nutrIent defi­
CIenCIes or toxICItIes of a soIl that con­
stram crop productIOn Vose (1987) estI­
mated that approxImately 18% of the
world's soIl (over 2 4 bIllIon ha) IS aCId,

L M Gourley Department ofPlant and SoIl SCiences Box 9555 MISSISSippi

State Umverslty MISSISSIPPi State MS 39762 C E Watson Departmentof
Expenmentat StatIStICS Box 9555 MISSISSiPPi State UmversIty MISSISSIPPl
State MS 39762 R E Schaffert, NatIonal MaIze and Sorghum Research
Center (CNPMS) EMBRAPA, Calxa Postal 151 35701 970 Sete Lagoas
BrazIl W A Payne Oregon State Umversity Pendelton OR (formerly With

ICRISAT Sahehan Center Niamey NIger) Correspondmg author

and approxImately 25% IS calcareous and
lIable to Fe deficIency problems AddI­
tIonally, salIne and SOdiC soIls cause mm­
eral stresses on approxImately 0 9 bIllIon
ha ofland Problem soIls cause more acute
crop productIOn constramts for resource­
poor tropIcal farmers m developmg coun­
trIes than for temperate zone farmers m
developed countrIes However, Improve­
ment m nutrIent use efficIency and toler­
ance to tOXICItIes would benefit all farm­
ers
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CatIon exchange sItes In soIls can be
occupIed by aCIdIC catIons, such as Ir and
Ae+, and baSIC catIOns, mamly Ca2+,

2+ + d + I dMg ,K, an Na Meta catIOns are rea -
Ily exchangeable, whIle Ir IS less ex­
changeable In the soIl The effective cat­
IOn exchange capacIty (ECEC) IS ob­
tamed by consldenng only readtly
exchangeable catIOns, mcludIng Ae+ and
the baSIC catIOns, but not undlssoclated
H+ TropIcal soIls are charactenzed by
low levels of aVailable N, P, and K, ml­
cro-nutnents such as Zn, B, Mo, and Cu,
hIgh P-fixatIOn, and low ECEC Even ap­
phcatIOns ofcalcIUm Ca and Mg m fertIl­
Izer quantItIes are reqUIred to make these
InfertIle SOlIs productIve

Sod aCIdIficatIOn IS maInly caused by
the release ofprotons dunng the OXIdatIon
ofC, S, and N compounds In SOlIs Older,
more weathered sods are generally more
aCIdIC than younger sods (Helyar and Por­
ter, 1989) Agncultural productIon also
speeds soIl aCIdIficatIOn through crop re­
moval, addItIon of aCId-formIng fertdlz­
ers, and IncorporatIOn of organIC matter
(OM), whIch promotes natural aCIdIfica­
tIOn through humificatton

TOXICIty of Ae+ - not Ii actIvlty­
IS probably the most Important plant
growth-hmltmg factor In tropIcal aCId
SOlIs The quantIty of exchangeable Ae+
In the soIl IS generally measured as a per­
centage of the ECEC and expressed as
percent Al saturatIOn Alummum tOXICIty
has been dIscussed In a number ofreVIews
(Foy, 1988, Haug, 1984, Roy et ai, 1988,
Taylor, 1988), however, the phySIOlogIcal
baSIS for Al tolerance remams uncertam
ACId SOlIs also are charactenzed by hIgh
P-fixatIOn of amended PLow P-avall­
ablhty may be more Important than Al
tOXICIty In some aCId SOlIs
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Manganese tOXICIty generally occurs In
aCId soIls, but also can occur at a pH above
5 5 In poorly draIned or compacted soIls
(Foy, 1984) Plants take up Mn from the

2+SOlI solutIOn In the form of Mn , and
tOXICIty pnmanly affects plant shoots
rather than roots A major problem for
agronomIsts IS that a cntIcal tOXICIty con­
centratIOn for Mn m plant tIssue has not
been estabhshed (Horst, 1988)

Salmlty IS a problem m many tropical
SOlIs and can be caused by mdIgenous salt
In the sod or iITlgatIon water, a hIgh water
table In coastal areas, or greater evapora­
tion than preCIpitatIOn In semi-and re­
gIOns Salt senSitIVity m some crops has
been attributed to the fallure of plants to
keep Na+ and cr Ions out ofthe transpI­
ratIon stream, and thus the cytoplasm of
the aenal parts ofthe plant Alkahne solis
WIth pH values greater than 7 5 have
umque micronutrIent avallablhty prob­
lems DefiCienCIes of Fe, Mn, B, Zn, and
Cu frequently occur m crop plants grow­
Ing on alkahne sods (Buol and Eswaran,
1994)

Definmg the Problem Plant-Sod
InteractIOns

EcologIsts have studIed the colomza­
tIOn, encroachment, and displacement of
different speCIes of plants on sods With
severe mIneral excesses or defiCienCies
Each successful speCies had a compara­
tIve advantage over those whIch were not
adapted to the partIcular stress In evolu­
tIOn, plants mutate (probably the redun­
dant genes In the genome) and adapt to
changmg envIronmental condItIons
through survIval of the fittest SOlI mICro­
organIsms also may affect adaptatIon of
the host plant to soIl stresses In a number



of ways Plant nutrIents may be eIther
mobIlIzed, ImmobIlIzed, or theIr acqUIsI­
tIon may be altered by changes m root
physIology NItrogen may be lost through
demtrIficatIOn or gamed through aSSOCia­
tIve Nz fixatIOn

ReVIews have been conducted of root
responses to soIl chemIcal factors (Foy,
1992), excess salt (Kafkafi, 1991), and
excess heavy metals (Breckle, 1991)
Roots generally respond to mmeral excess
by becommg thIcker and growmg more
slowly (KafkafI, 1991) O'Toole and
Bland (1987) have summarIzed the lItera­
ture on genotypIC VarIatIOn m crop root
systems and Zobel et al (1992) and Zobel
(1994) have dIscussed root genetICS and
some of the mherent constramts to root
Improvement

NutrIent use effiCIency, the amount of
dry matter produced per umt nutrIent, was
reported by Chapm (1988) to be low m
wIld plants adapted to aCId, mfertlle mm­
eral SOlIs - obVIously not a deSIrable
strategy of adaptatIon to mtroduce mto a
crop specIes For aCId soIls, BraZIlIan SCI­
entIsts define nutrIent use effiCIency as
response to addItIOnal nutrIents Those
genotypes WIth above-average gram pro­
ductIOn at the 50% cntical level of P are
deemed effiCIent, while those WIth above­
average yIelds at the 100% cntIcal level
of P are responsIve Dvorak et al (1991)
emphaSIzed the Importance of under­
standmg the genetic and phySIOlogIcal
mechanIsms by WhICh plants cope WIth
soIl fertIlIty stress m order to develop
effiCIent strategIes for breedmg stress-tol­
erant cultIvars

Because sorghum [Sorghum blcolor
(L) Moench] and pearl mIllet [Pen-

msetum glaucum (L ) R Br] are staple
tropIcal crops, and because fanners' lack
of resources, lImIted technology, and less
developed management skIlls are more
applIcable to tropIcal than temperate zone
productIOn constramts, thIS paper wIll fo­
cus on some of the mmeral stresses of
tropICal SOlIs

Problem Tropical Sotls

Sanchez and Logan (1992) dIscussed
the productIOn constramts of the more
than 4 5 bIllIon ha of land m five agro­
ecologIcal regIons of the tropICS The hu­
mId trOpICS are charactenzed by hIgh and
constant temperatures and a dry season of
greater than 90 days The aCId savannas m
ColombIa, Venezuela, and BrazIl are sea­
sonal trOPICS defined by a dry season of
three to SIX months and natIve savanna
vegetatIOn The semI-arId tropICS, charac­
terIzed by a protracted dry season of SIX
to mne months, are found m many of the
SahelIan countrIes The tropIcal steep­
lands are SImply defined as those regIOns
dommated by slopes steeper than 30%,
wetlands are defined as regIons WIth aqUlc
soIl mOlsture regImes

The soIl constramts are dIfferent
among the five tropIcal agroecologICal re­
gIOns (Table 1) It IS Important to note that
more than one constramt may be aSSOCI­
ated WIth a partIcular SOli m a gIven agro­
ecologIcal regIOn Thus, the percentages
m neIther rows nor columns of Table 1
add to 100% Most of our dISCUSSIOn wIll
mvolve the first five constramts lIsted m
Table 1 ApprOXImately 40% of the trop­
ICS (nearly 1 9 bIllIon ha) IS dommated by
soIls WIth low nutrIent reserves, defined
by Sanchez and Logan (1992) as less than
10% weatherable mmerals m the sand-
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and-silt fractIOn Approximately one­
thud of the sod m the trOPICS (1 5 billIon
ha) IS sufficiently aCidIC for soluble Al to
be tOXIC for most crop species This con­
stramt IS defined as greater than 60% Al
saturatIOn m the top 50 cm of sod ACId
sods WIth surface pH of less than 5 5, but
not AI-tOXIC, occupy one-fourth of the
trOpICS Clayey sods WIth Iron OXide/clay
ratios greater than 0 2 fix large quantIties
of added P ThIS constramt, conSidered
typIcal of the tropiCS, IS found m 22% (1
bdlIon ha) of the regIOn Sods WIth less
than four cmol kg I of ECEC occupy 250
millIon ha, or about 5% ofthe tropICS

Low nutrIent reserves

ApprOXImately 40% ofthe soIls of the
trOPICS are hIghly weathered With lImited
capaCIty to supply P, K, Ca, Mg, and S
Sods With thiS constramt are more exten­
SIve m the humId tropics and m the aCid
savannas, but are locally Important m the
Sahel

ACId sods WIth and WIthout At tOXICIty

The mam mmeral stress problems m
tropIcal aCId SOlIs mclude defiCIenCies of

N, P, K, Ca, Mg, Zn, and Mo, hIgh P-fixa­
tIOn, and tOXICItIes of Al and Mn (Clark,
1982, Foy, 1984, Sanchez and SalInas,
1981) Sanchez and Logan (1992) re­
ported that Al tOXICity IS most prevalent
m the humId tropICS and aCid savannas,
but also occurs m large areas ofthe trOpI­
cal steeplands ThIS constramt IS hIghly
correlated WIth low nutrIent reserves
ACidity WIthout Al tOXICIty IS Important m
all agroecologlcal zones Although cor­
rectmg SOlI aCIdIty by lImmg mIght be
lImIted to aCId-susceptIble crops, thIS con­

stramt IS generally assocIated With some­
what hIgher fertIlIzer reqUIrements for
these SOlIs than those WIth hIgher pH val­
ues

SOlis WIth hIgh P-fixatlOn

ThiS constramt IS more extensive m the
humid trOPICS and aCId savannas but IS
also Important m the steeplands Success­
ful management practIces to overcome
high P-fixatlOn m OXlsols have been de­
veloped for the aCId savannas m Brazd
ThIS constramt IS Important m the steep­
lands and humId trOpICS because of the
presence of allophane m volcamc SOils

Table 1 PrImary chemIcal soIl constramts m five agroecologlcal regIOns of the tropIcs
Agroecologlcal Zone

Sot! constramt HumId Savanna Semi and Steeplands Wetlands Total
mIllIon ha and (%)

Low nutnent reserves 929 (64) 287 (55) 166 (16) 279 (26) 193 (34) 1854 (40)
Alummum tOXICIty 808 (56) 261 (50) 132 (13) 269 (25) 23 (4) 1493 (32)
ACidIty Without AI tOXICIty 257 (18) 264 (50) 298 (29) 177 (16) 164 (29) 1160 (25)
HIgh P fixatIOn by Fe OXIdes 537 (37) 166 (32) 94 (9) 221 (20) 0 (0) 1018 (22)
LowCEC 165 (11) 19 (4) 63 (6) 2 ( ) 2 ( ) 251 (5)
Calcareous reaclJon 6 ( ) 0 (0) 80 (8) 60 (6) 6 (1) 152 (3)
HIgh SOli organIc matter 29 (2) 0 (0) 0 (0) (0) 40 (7) 69 (1)
SalIDlty 8 (1) 0 (0) 20 (2) (0) 38 (7) 66 (1)
HIgh P fixatIOn by allophane 13 (I) 2 ( ) 5 ( ) 26 (2) 0 (0) 46 (1)
AlkallDlty 5 ( ) 0 (0) 12 (1) (0) 33 (6) 50 (1)

Area of five regIOns 1444 525 1012 1086 571 4637

Source Sanchez and Logan 1992
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Sozls wIth <4 cmol kg 1 ECEC

ThIS constramt IS lImIted to the sandler
sOlIs of the trOpICS, especIally the Sahel
Low ECEC IS not as cntIcal m the trOpICS
as ongmally thought ThIS IS partIally due
to the hlgher-than-expected organIc mat­
ter (OM) content of sOlIs m the tropICS,
whIch provIdes a source of CEC The
reductIon of OM after a few cycles of
croppmg often results m a declIne m pro­
duCtIVIty CatIOn leachmg problems also
eXIst m the tropIcs as m the temperate
regIOns

SCIentIfIc advances m our under­
standmg of abIOtIc stresses caused by all
chemIcal toxIcItIes and deficIencIes m
soils are too numerous to reVIew III detail
and are beyond the scope OfthIS paper We
wIll mentIOn only m passmg the fertIlIty
problems assocIated wIth salIne, alkalIne,
and hIgh OM soils We will mstead devote
most of thIS paper to the constramts of

mfertde mmeral sods, especIally aCId
soils of the trOpICS, how plants adapt to
these stresses, and dISCUSS how plant
breeders workmg as a part of a multIdIs­
cIplInary team can assIst sorghum and
pearl millet farmers m these areas

Mechamsms ofTolerance
andAVOIdance

Twenty-four ways m whIch plant spe­
CIes may adapt to mmeral stress through
tolerance or aVOIdance mechamsms are
presented m Table 2 DefimtIve data are
lackmg on whIch of these mechamsms
apply specIfically to sorghum and pearl
millet Root functIOn under soil stresses
makes up more than the "hIdden half' of
the pIcture, although shoot growth gener­
ally reflects the overall constramts en­
countered by roots

The cytoplasm ofa plant must be mam­
tamed between pH 7 0 and 7 5 for normal

Table 2 Plant adaptatIOns to mmeral stress through tolerance or avoIdance
I AbIlity of dIfferent types of roots to change reqUIrements and response patterns to mineral stresses
2 ExtensIve root system to explOIt a larger sod volume
3 Colomzatton of the root system by mycorrhlzae and N fixing bactena
4 HIgh capacIty for root recovery and regeneratIOn
5 AbIlity to Increase root tip mucilage and other organIc carbon for binding tOXIC Ions
6 AbIlity to produce root borne phosphatases for utilization of organICally bound P
7 Ability of roots to modify rhlzosphere to overcome low levels ofnutnents
8 CapacIty of roots to Increase sod pH or release chelators to overcome tOXIC levels ofmineral elements
9 Selective exclUSIOn OftOXIC elements m the rhlzosphere
10 HIgh uptake rate ofnutnents such as P Ca, or Mg
I I High root to shoot ratIO
12 Lower mternal demand for particular nutnents resultmg In high utlltzatlOn per umt ofnutnent absorbed
13 Capacity for storage retranslocatton and reutlltzatlon of mineral nutrients during stress penods
14 Capacity for nonnal metabolIsm at reduced tissue concentration of a nutrient
15 High tissue tolerance to tOXIC elements such as Al and Mn In roots and shoots
16 Slow growth rate to accommodate minerai defiCienCies
17 Fast growth rate to dilute effect ofexcess Na
18 Alummum compartmentatton In cell vacuoles
19 Capacity to accumulate SIlicon to complex tOXIC Ions
20 Less loss of asSImilate through slower respiratIOn rate
21 High photosynthetic capacity
22 UtilizatIOn of perenmal growth habit to dIscard excess mineral elements
23 AccumulatIOn of seed reserves of Mo and P
24 Variable production ofphytohonnones cytoklnlns and absclslC aCId In response to mineral stress
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metabolIc functIon ThIS IS accomplIshed
by proton pumps and coupled Ion trans­
port In rhIzodermal cells even when the
plant IS grOWIng on a very aCId tropICal
SOli ThIS dIfference ofthree to four orders
ofmagmtude m If"-IOn concentratIOn pro­
VIdes the dnvmg force for the uptake of
catIOns and for uptake of amons VIa the
co-transport system (Marschner, 1991)

Plants tolerant to aCId mmeral soIls
utilIze a vanety of mechanIsms to cope
WIth adverse SOli factors These mecha­
msms can be regulated by dIfferent genes,
as m the case oftIssue tolerance to Al and
Mn tOXICity, or they may often appear to
be pleIotropIC, as m the case of Al toler­
ance and effiCIency of P-acqUlsItIon In
large areas of the tropICS, the P-fixmg
capaCIty ofaCId mIneral soIls is very high,
and therefore, P becomes the most impor­
tant nutritIOnal factor hmItmg plant
growth (Sanchez and Salmas, 1981,
Sanchez and Logan, 1992) AVOIdance of
P-stress can be achIeved by a large root
surface area eIther as an Inherent qualIty
of a genotype (Fohse et ai, 1988), or as
root response to P defiCIency (Anghmom
and Barber, 1980) Seed reserves of Mo
and P also are Important components of
adaptatIOn In sorghum, excess P IS stored
m the seed reserves as phytic aCId and can
support seedlmg growth for some weeks
With lIttle or no uptake of P from the soIl

Plant phYSIOlogIStS have shown that
there IS genotypIC variabilIty for root sys­
tem-based tolerance or aVOIdance of soIl
stresses and that plant roots respond to
mmeral excesses and defiCIenCies both
morphologIcally and phySIOlogIcally
Normal root systems are composed of at
least four types ofroots, and each type has
dIstmctly dIfferent response patterns and
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reqUIrements (Zobel, 1994) Further, In­
teractIOns between the dIfferent types of
roots and soIl stresses produce the overall
variabIlIty of a plant genotype

Breckle (1991) observed that heavy
metals stimulated ImtiatIOn and growth of
second- and thIrd-order lateral roots,
whIle suppressmg semmal and first-order
lateral roots Zobel et al (1992) and
Walsel and Eshel (1992) demonstrated
that mmeral uptake dIffers among root
types

In the strategy of aVOIdance of stress
factors, root-mduced changes m the rhI­
zosphere of aCId mmeral SOlIs can be of
key Importance They can be non-speCIfic
mechamsms such as changes m the cat­
IOn-amon uptake ratIO With correspondmg
pH changes or orgamc carbon release
SpeCific mechamsms m response to a de­
fiCIency mIght mclude enhanced exuda­
tIOn oforgamc solutes (Marschner, 1991)

Root cap cells are important Sites of
phytohormone syntheSIS and act as sen­
sors to mechanIcal Impedance, graVIty,
and envIronmental SIgnals (Kutschera,
1989) AbsCISIC aCId and cytokmms are
transported mto the shoots and may act as
root SIgnals when mmeral stresses are en­
countered (Foy, 1988) SCIentists at EM­
BRAPA have found an umdentified pro­
tem mduced m the root tlps ofsorghum as
a result of Al stress The release mto the
rhIzosphere of vanous forms of orgamc
carbon, such as mucIlage, free exudates,
and sloughed-off cells, IS another Impor­
tant component m the aVOIdance strategy
Sorghum roots have a hIgh concentratIOn
of sugars, whIch causes an allelopathic­
type response m subsequent crops by ty­
mg up microorgamsms



MucIlage IS contmuously bemg pro­
duced by growmg roots ofland plants, but
IS generally absent from most aquatIc spe­
CIes It IS hIghly resIstant to mIcrobial
degradatiOn, and has a hIgh bmdmg ca­
pacIty for polyvalent catIOns Root cap
mucdage IS thought to protect the gIowmg
tIp from desIccatiOn, Improve root-sod
contact, and provIde a barner to tOXIC
agents mcludmg metals m the sod (Ben­
net and Breen, 1991) It IS Important m
aCId sOlIs for bmdmg Ae+ at the rhI­
zoplane of apIcal root zones and thus for
protectIOn of the root menstem (Horst et
ai, 1982)

Diazotrophic or N2-fixmg bactena m
the rhizosphere can aid N nutntIOn of the
host plant, partIcularly m C4 specIes such
as sorghum, pearl mIllet, and corn (Zea
mays L ) growmg m soils low m available
N (Boddey and Doberemer, 1988) These
organIsms produce auxms that stImulate
root growth and mcrease root surface
area, effects that may favor P-acqmsitIOn
and are most likely responsIble for growth
stImulatiOn and yIeld mcrease m pearl
mdlet growmg maP-deficIent aCId SOlI
(Marschner, 1991) In sorghum, the ca­
paCIty of diazOtrophiC rhizosphere bacte­
na for N 2-fixatlOn may vary between
genotypes by a factor ofapproxImately 10
(Werner et ai, 1989)

Vestlcular arbuscular mycorrhlza
(VAM) grow extenSIVely withm the root
cortex and extend theIr external mycelia
mto the SOlI, mcreasmg surface area and
the effiCIency of uptake and transport for
Pm P-deficlent sods (GIamnaZZI-Pearson
and GIanmazzI, 1989) Bethlenfalvayand
Franson (1989) and Pakovsky (1988) re­
ported that mfectiOn WIth VAM also may
decrease the nsk of Mn tOXICIty m plants

growmg m aCId SOlIs, eIther by mcreasmg
the tolerance of the shoot tissue to ele-

d 2+vate Mn concentratIOns or by decreas­
2+mgMn uptake

Crop ProductIon on Problem Sods

InfertIle aCId tropIcal SOlIs, conSIdered
margmal for crop productiOn, represent
the largest reserve of potentially arable
land m the world In aCId soils of low
fertIlity, depletIon may occur for most
mmeral nutrIents, mcludmg Ca and Mg
Strong depletiOn m the rhizosphere can
enhance nutnent release from so-called
"non-available" fractIOns m the sod, e g
non-exchangeable K (Jungk and Claas­
sen, 1986), or orgamcally bound P Gram
yIelds WIll, however, be very low at thIS
level of mmeral nutntiOn

Helyar (1991) dIscussed a number of
aCId soil management optiOns and empha­
SIzed that the SImple prescnptIOn of"lime
to a soil pH at whIch yIelds are maxImum"
was poor management from both bIOlogI­
cal and economIC pomts of VIew He rec­
ommended four broad approaches to the
management of SOlI aCIdIty use of toler­
ant cultIvars ofdIfferent speCIes ofplants,
employment of means to reduce addI­
tIonal SOlI aCIdIficatIon processes, applI­
cation ofhme and fertIlIzers only m quan­
tItIes that Improve yIelds and are eco­
nomIC, and use of other low cost
amehorants or management techmques
The appropnate mIX of management m­
puts for a gIVen SItuatIOn depends on theIr
relatIve costs and returns

From the agronomIC viewpomt, crop
productIOn on problem sods can be as
recommended and practIced m developed
countnes, or appropnate technology and
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cultIvars that reqUIre minImal change to
the solI can be developed For sImplIcIty,
these two methods ofImprovmg crop pro­
ductton on problem soIls are referred to as
hlgh-mput and low-mput technologies

Ellmmatmg Stress to Meet the Needs
ofthe Plant

Modem agnculture m developed coun­
tries flounshes on some of the best soIls
where Improvements such as lime, fertil­
Izer, trace elements, and other sod ame­
horants are relatIvely easy to obtam and
technIcally and economically feasible to
use North Amenca and Europe are exam­
ples of areas of hlgh-mput agnculture
WIth high levels ofproductIon, they dem­
onstrate the technology reqUIred to pre­
serve sod fertIlIty

Considerable technology IS nowavaIl­
able for managmg aCId tropical SOlIs (He­
lyar,199l Kamprath,1984,andSanchez,
1976) Little ofthIS technology, however,
has been adopted by farmers, and few
developmg countries are makmg any con­
certed research effort to develop sustam­
able crop productIOn systems for these
SOlIs A notable exceptIOn IS the 12 mil­
lIon ha of aCId sods m the savanna "Cer­
rado" of Brazil ThiS 10% portIOn of the
Cerrado produces more than 25% of the
maIze, soybean [&lycme max (L) Merr],
and nce (Oryzasativa L ) grown m Brazd
Another 35 million ha of Improved pas­
tures m the Cerrado produce 40% ofBra­
zII's meat and 12% of ItS mIlk (Schaffert,
1994) ACid-SOlI-tolerant cultlvars and
BrazIlIan government SubSIdies on hme,
fertIhzer, and mfrastructure mvestment
were reqUIred for thiS technology adop­
tIOn m the Cerrado (Sanders and GarCia,
1994) The SOCial and economic ImplIca-
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tlOns behmd the breakdown m technology
transfer m other countrIes are beyond the
scope of thIS paper, however, faIlure to
adopt technology emphaSIzes sCIenttsts'
responSibility not only for developmg
technology, but also for demonstratmg
and promotmg to farmers the benefits and
economIC feaSIbIlity of the technology

SImple solutIOns to complex problems,
If adopted, generally end m failure Rec­
ommendatIOns to hme aCId soils to pH
65, to leach and remove phytotOXIc con­
centratIOns of salts from saline soils, to
apply hIgh rates of fertilIzer to mfertIle
SOlIs, and to lITIgate crops dunng penods
of drought are all techmcally feaSible and
practiced m developed countnes To ex­
pect thiS technology to be dIrectly apph­
cable m developmg countnes IS unrealIs­
tic The mfrastructure of roads and other
transportatIon systems, lIme and fertIlizer
plants, eqUIpment dealers, finanCial and
marketmg mstItutlOns, and other agncul­
tural supportmg factors are frequently ab­
sent or not suffiCIently developed to sup­
port the adoptIOn of hlgh-mput technol­
ogy m developmg countrIes Therefore,
problem soils cause more acute crop pro­
ductIon constramts for resource-poor
tropIcal farmers m developmg countrIes
than for temperate zone farmers m devel­
oped countrIes

Low-Input Cultural Practices

DemographiC pressure m many devel­
opmg countnes of the trOpICS IS forcmg
crop productIOn onto margmal mfertIle
and aCId sods Crop yIelds are generally
low and traditIonal agronomIC approaches
to correct fertilIty, salImty, and aCidIty
problems of these sods often are techm­
cally dIfficult and costly Farmers m these



areas are frequently forced to use ecologI­
cally unsound methods of crop produc­
tion, makmg agnculture unsustamable

Several labor-mtenslve cultural meth­
ods are used m Afnca to aVOId or ameho­
rate the tOXIC effects of Al and/or Mn for
sorghum productIOn on aCid solls These
methods substitute for purchascd mputs
of hme and fertlhzer and force the farmer
to abandon one site and move to a new one
every two to three years Ashes from trees
and bushes, orgamc residue from recently
buned grass, elevated ndges made from
topsOIl, and varymg penods of fallow up
to 20 years are used m these transient
agncultural systems Sanders and Garcia
(1994) argued that these substitute activI­
ties for fertlhzer reqUlrmg high labor or
management mputs (such as residue m­
corporation, different rotatIOns, and more
use of manure) were never cheap solu­
tions Rather, the cost calculatIOns falled
to put monetary values on farmers' time
and learnmg costs to manage sophisti­
cated productIOn practices Many ofthese
systems also promote further degradatIOn
of the enVironment, but the farmers m
many ofthese areas have not been shown
any supenor methods of food productIOn
wlthm theu economic reach

When lack of labor and other factors
reqUire the use of mechamzatlOn, new
management technology becomes feaSI­
ble Use of aCid-soil-tolerant cultlvars
combmed With JudicIOus quantities of
hme, fertlhzer, and trace elements can
lead to profitable returns Bandmg hme
and fertlhzer, plantmg on ndges m humid
zones and m furrows m semi-arid zones,
mcorporatlOn of earthworms, and pellet­
mg trace elements or starter P fertlhzer
onto seeds are other agronomic practices

bemg mvestlgated for amehoratlOn of
aCid solls

Fertllizer quantities of dolomitiC hme­
stone (1/2 t ha I) apphed to an aCid Ultlsol
m Colombia supphed Ca and Mg, reduced
Al saturatIOn from over 80% to less than
65%, and allowed tolerant sorghum geno­
types to produce good gram yields whlle
susceptible genotypes died (Gourley,
1988) A pnmary reason for hmmg aCid
SOils IS to mcrease P-avmlablhty to plants
Haynes (1982) found, however, that add­
mg P fertlhzer to a freshly hmed aCid soll
falled to mcrease P-avatlablhty If the soll
was not first subjected to drymg cycles
Lime sources m many tropical countries
are scarce, and transportatIOn costs may
be prohibitive, espeCially to small farm­
ers In Brazll, for example, hme pnces
double for every 300 km oftransportatIOn
needed

Lime apphcatlOns normally benefit the
SOil surface honzons but not the SUbSOIl,
because Ca m hme IS not very mobile m
the soll profile Ritchey et al (1980)
showed that ci+ from the more soluble
CaS04 (gypsum) moved rapidly mto Bra­
zlhan aCid subSOIls, reducmg the effect of
subsoll Ca defiCiency and Al tOXICity on
plant roots Lund (1970) found that as the
SOil pH declmed from 5 6 to 4 5, the con­
centration of Ca2

+ m the soll solutIOn re­
qUired for mamtenance ofroot elongatIOn
mcreased more than fifty fold Smce Ca2

+

IS phloem-Immoblle, the high Ca2
+ re­

qUIrement for root elongatIOn has to be
met by direct uptake by apical roots from
the external SOlI solutIOn Exchangeable
Ca2

+ becomes defiCient at levels of less
than 4 cmol kg 1 (Ritchey et ai, 1982)
The use of gypsum on SOlis has been re­
Viewed by Shamberg et al (1989) The
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actIon ofthese fluorIde and sulphate ame­
horants IS based on the complexmg ofA13+

wIth F and sol to form non-toxIC lomc
palfs and to mcrease the leachmg ofAl as
the hIghly mobIle AIF3a and AIS04+ Ions
(Cameron et al , 1986)

AddItIOn of N as anhydrous ammoma
or urea, or Via bIOlogIcal N2- fixatIOn, does
not mcrease soIl aCidity If the added N IS
used by the crop At hIgh soIl tempera­
tures, the ammomum concentratIOn IS
usually low, and mtrate IS the dommant
form ofN supphed and taken up by roots
The preferentIal uptake of N as mtrate,
together With high mtrate reductase actIv­
Ity m apIcal root zones (Klotz and Horst,
1988), are the mam factors responSible for
the mcrease m pH m the rhlzosphere of
apical root zones m aCId-tolerant plant
speCIes Removal of orgamc amons m
harvested products WIthout returnmg ma­
nure to the field mcreases aCId productIOn
m the organIC carbon cycle Cereal gram
removes fewer quantitIes of orgamc am­
ons than hay or sdage (Helyar, 1991)
Plant roots can transport bicarbonate and
orgamc amons mto topsoIl and subSOIl
layers, thus reducmg SOIl aCIdIty over
tIme

Plant breeders must make avadable to
farmers who depend on aCid sods a Wide
range of tolerant specIes and cultlvars
Farmers then can practIce crop rotatIOn to
Improve the SOli and reduce crop produc­
tIon constramts ConSIderatIon must be
given to ensure tolerance IS used conser­
vatIvely rather than for SOlI explOItatIon
(Foy, 1984) Introducmg a more tolerant
species or cultIvar can mcrease the farm­
ers' returns suffiCiently to favor higher
amendment rates
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Management ofweathered sods IS fur­
ther comphcated because plant speCIes
and cultlvars dIffer m nutntlOnal reqUIre­
ments and sensItIvItIes to tOXICItIes asso­
Ciated WIth sod aCIdIty The sum of the
mdividual mechanIsms of tolerance that
can be bred mto a cultlvar IS Important m
determmmg the reqUIrement of hme and
fertlhzer for amehoratlon of aCId SOlIs
Growmg tolerant plants on aCId SOlIs re­
duces Al tOXICity by bmdmg Al to organIC
compounds produced by roots and by or­
gamc reSIdue

Genetic DIversity of Sorghum and
Pearl Millet to Soli Stresses

GenetIc dIverSIty to both excess con­
centratIOns and defiCienCIes ofmany mm­
eral elements has been demonstrated for
sorghum, pearl mIllet, and other crops In
some cases, only a few genotypes were
exammed and no effort was made to de­
termme the range ofvarIablhty wlthm the
speCIes The breeder also must know Ifthe
variabIlIty observed for the character IS
due to envIronmental or genetIc factors
and must determme estImates of both
hentablhty and expected genetIc Im­
provement m yield for the eXlstmg condi­
tIons

Pearl millet appears to be much more
tolerant of aCid SOIl chemIcal tOXICItIes
and defiCienCIes than sorghum Usmg a
field screenmg methodology developed
for sorghum m Colombia, prelImmary tri­
als showed that pearl mIllet had excellent
adaptatIOn to aCId SOlIs even under low-P
condItIOns Several pearl mdlet cultlvars,
synthetiCS, and populatIOns showed po­
tential gram yields of 2 to 3 t ha I (Clark
et ai, 1990, Flores et aI, 1991a)



Screemng Methods

Results obtamed m nutnent culture for
Al tOXICIty or tolerance often are not sat­
Isfactonly correlated wIth field or green­
house studIes m aCId sOlIs (Horst, 1985,
Marschner, 1991, Mugwlra et aI, 1981,
Nelson, 1983) Moreover, soil aCIdIty
stress factors vary wIth locatIOn, sOlI
depth, ramfall, temperature, ECEC, natu­
ral content of essential elements, level of
tOXIC IOns, P-flxatIon capacity, and
amount and qualIty of OM Also, plants
have different avoIdance mechanIsms,
most of whIch are related to changes oc­
currIng at the root-soIl Interface
Marschner (1991) suggested that due to
the wIde range of stress factors to whIch
roots may be subjected m aCId soIls, the
results of short-term studIes m nutnent
solutIOns should be regarded WIth skeptI­
CIsm SImply measurmg Al or Mn toler­
ance or mmeral element deficiencies one
at a time as cntena for predIction ofadap­
tatIOn to aCId sOlIs under field condItIOns
IS unrealIstIc ShIfts m root growth may
be only one reason for the poor correla­
tions observed

Examples of the chemIcal components
of several aCid SOlIs m the humId and
semI-and tropICS WIll demonstrate the
complexIty of breedmg for tolerance to
soIl chemIcal tOXIcItIes and defiCIenCIes
(Table 3) The aCid soIls m these four

countnes have pH values less than 5 0 and
they are m the low nutnent reserve cate­
gory, but the SImIlarIty ends there They
all have theIr own peculIarItIes The soIls
from the humId tropICS of Colombia and
Cameroon have a hIgher quantity of Al
and a higher ECEC than the aCId soils m
the semI-and countries-ofNIger and Mall
The major dIfference IS m the percentage
ofAl saturation Water and other nutrIents
bemg equal, Al would not be a constramt
for the Mall soil and a lImited or easIly
corrected problem for the Cameroon and
NIger soIls WIthout some lIme amend­
ment to the ColombIan soil, Al tOXICIty
would kIll the most tolerant sorghum and
would probably ellmmate most of the
gram yIeld for any pearl mIllet genotype
that survIVed

A field screenIng technIque was devel­
oped usmg an aCId UltIsol on the CIAT
substation at QUllIchao, ColombIa (Gour­
ley, 1988) The SOlI pH was essentially
unchanged after addItion of500 kg ha 1 of
dolomItIC lImestone to the screenIng plot,
however, the AI-saturatIOn level was re­
duced from 80% to approxImately 65%
The ObjectIve was to establIsh an AI-tox­
ICIty level hIgh enough to kIll senSItive
sorghum genotypes, but not too high to
prevent tolerant genotypes from produc­
mg a reasonable yield of gram A SImple
VIsual ratmg scale was used to categorIze
the exotic sorghum genotypes The world

Table 3 ChemIcal characterIstIcs of aCId soIls m Colombm, Cameroon, NIger, and MalI
Soil characenstlcs Colombia
pH (H20) 45
Ca (cmol kg 1/ 07
Mg(emolky ) 02
K(cmol kg ) 02
Al (emoll..g 1) 39
ECEC (ernol kg I) 49
Al saturation (%) 80

Adapted from Gourley (1988) and Takow et al (1991)

Cameroon
39
15
04
03
29
53
55

Niger
40
02
01
01
06
09
67

Mall
49
06
01
01
01
09
II
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collectIon was systematically sampled for
acceSSIons ong1Oat1Og from aCId sod ar­
eas 10 Afnca

At 65% Al saturatlOn, susceptIble
genotypes such as Tx415 and Tx430 pro­
duced good stands and grew for apprOXI­
mately three weeks, after WhICh every
plant 10 the row dIed The soIl at QUllIchao
was umform enough that at matunty, ~us­
ceptlble and tolerant genotypes planted 10

adjacent rows at regular spacmgs across
the test field contamed rows WIth no
plants and rows WIth productive plants,
respectIvely

The fact that susceptIble genotypes
produced good plant stands 10 65% Al­
saturatIOn plots cast SuspICIOn on seedlIng
pnmary root length a!> a screemng tech­
mque It also mdicated that the seed was
10 some way protectmg the pnmary root
from the tOXIC effects ofAl, however, the
adventItIOUS root system faIled to pene­
trate the soIl and the susceptIble geno­
types soon dIed In Colombia and Braztl,
It was observed that restrIctIon of root
penetratIOn 10 the subSOil was often com­
pensated by hIgher root denSIties 10 the
topsOIl, WhICh also mcreased the possIbIl­
Ity of root-mduced changes 10 the rhI­
zosphere of the topsoIl by some sorghum
genotypes

AccumulatIOn ofAl 10 leaf tissue does
not necessanly reflect hIgh Al tolerance,
but IS most lIkely the result of root-m­
duced chelatIOn of Al 10 the rhlzosphere
and translocatIOn ofnon-tOXIC AlIOto the
leaf tissue (Matsumoto et al, 1976) In
leaves ofmature sorghum plants grown 10

the field on hIgh Al SOils 10 Colombia, Al
concentratIOns ofapproXImately 2,000 ug
g 1 were observed 10 Al-tolerant geno-
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types (Gourley et al , 1991) Some, but not
all, of these AI-tolerant genotypes also
had hIgh concentratIOns OfSI Galvez and
Clark (1991) and Galvez et al (1987)
found that SI 10 the growth medIUm en­
abled plants to overcome AI-tOXICIty
symptoms and enhanced shoot and root
growth

Tissue tolerance to hIgh Mn2
+ concen­

tratIOns was mcreased several fold by
hIgh temperatures (Rufty et al , 1979) and
hIgh concentratIons of SI (Galvez et al,
1987, Horst and Marschner, 1978) SIlI­
con accumulator species should therefore
be expected to be better adapted to hIgh
levels of exchangeable Mn2

+ 10 the soIl
and particularly 10 the subSOil where the
effects of hmmg are much less pro­
nounced (Wnght et al, 1988)

Field studies were conducted to deter­
lOme mmeral element concentratIOns 10

leaves of26 sorghum genotypes that were
tolerant to aCid-soIl conditions 10 Colom­
bia (Gourley et aI, 1991) Alummum
saturation levels 10 soIls at four sites were
60% and 68% on OXlsols and 63% and
45% on UltIsols GenetIc varIabilIty
among genotypes was found for the accu­
mulatIOn of several mmeral elements
However, only P wIll be conSidered here
The abtllty ofa genotype to accumulate P
under conditIOns of high Al saturatIOn or
otherwise low nutnent avaIlabilIty IS an
Important trait Genotype IS 9138 accu­
mulated 3 4 times more P on the OXIsols
and genotype IS 7173C accumulated 1 8
times more P on the UltIsols than geno­
types IS 8577 and 3DX5711/1/910 (Table
4) If the differences 10 mmeral element
concentratIOns observed among geno­
types are under genetic control, the effi­
ciency of some genotypes to extract P



from the sOlI under condItIons of low
avaIlabIlIty should be amenable for use In
a sorghum Improvement program

Supply of soIl nutnents, especially P,
tends to be more lImItIng to pearl mIllet
production than water supply In most of
semI-and West AfrIca Payne et al (1990)
found thIS to be partIcularly true for low­
Input fields In NIger where substantial
quantItIes of unused, plant-avaIlable
water remaIned at season's end WIthIn and
below root zones

In a senes of studIes wIth pearl mIllet,
Payne and others have shown that small
quantities of P Increased water use effi­
CIency (Payne et ai, 1992), P-use effi­
CIency, and N-use efficIency (Payne et al ,
1995) They concluded that moderate fer­
tilIzer applIcatIon (20 kg Nand 20 kg P20 5

ha I) and IncreaSIng plant densIties from
the tradItIOnal 5,000 to 10,000 hIlls ha 1

trIpled water use efficIency and substan­
tIally Increased graIn yIelds Rather than
IncreaSIng farmers' nsk, thIS system re­
duced the nsk even In the dnest years In
NIger Alagarswamy et al (1988) sug­
gested that dIfferences InN-use efficIency
among genotypes of pearl mIllet may be
due to more rapId and complete retranslo­
cation

It IS generally accepted that a dense,
finely branched root system IS conducIve
to better P-acqUlsition than a coarse, less
branched root system (Barber, 1984)
There does appear to be genotypIC vari­
atIOn In pearl millet root length denSity
and P-efficlency under simIlar environ­
ments (Payne, 1997)

Thirty-SIX sorghum hnes were evalu­
ated for P-efficlency and responsiveness
at the NatIOnal MaIze and Sorghum Re­
search Center of EMBRAPA (CNPMS)
dunng the 1995-96 growIng season at
Sete Lagoas, MG, BrazIl The screenIng
was conducted on an aCid OXlsol at 5 and
18 ug gm 1 P (Mehhch-l extractor) The
soIl was lImed to pH 5 5 to 6 0, and Nand
K were apphed based on soIl analySIS
TOXIC levels of Al did not occur In the
plow layer but were present In the SUbSOIl
The 36 hnes Included 12 traditIOnal hnes
representIng both tolerance and suscepti­
blhty to Al tOXICity and 24 hnes denved
from crosses between ehte B-IInes and a
source of tolerance to Al tOXICity, IS
7173C Twelve hnes were susceptible to
tOXIC levels of AI, and 24 hnes were tol­
erant Genotypes WIth above average
graIn productIOn at the low-P level were
claSSified as P-efficlent and genotypes

Table 4 Phosphorus concentratIOn m leaves of five sorghum hnes grown m Colombia on two AI­
tOXIC OXlsol and two UltIsol soIls

OXlsol tnals1 Ultisol tnals2

P cone Relative Pconc RelatlveJ

Genotype (mg g 1) Pconc ('Yo) (mg g 1) P cone ('Yo)

IS 7I73C 165 150 360 147
IS 9138 255 232 280 114
16968 230 209 280 114
IS 8577 075 68 200 82
3DX57/111191O 075 68 200 82

Tnal means I 10 - 245 -
I = Two OXlsol slles had Al saturatIOn levels of 60 3% and 68 0%
2 = Two Ulllsol sites had Al saturallon levels of 63 0% and 45 1%
3 = Genotype mean for 2 locallons diVIded by mean of tnals for 2 locallons limes 100
Adapted from Gourley (1992)
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with above average relative response to P
were classified as responsIve to P

In the Brazlhan study, average gram
1yIeld ranged from 1 76 to 3 52 t ha at low

P (mean =2 63 t ha ') and from 1&4 to
539 t ha 1at high P (mean =3 68 t ha 1)
The relative response to apphed P ranged
from 0 to 93%, with a mean of 41 % The
36 entrIes were classified mto four
groups efficient and responsive to P
(ER), non-efficient and responsive (NR),
efficient and not responSive (EN), and
non-efficient and not responsive (NN)
Tolerance and susceptIbIlity to Al tOXICIty
were not found to be dIrectly related to
P-efficiency and P-responsiveness IS
7173C, the standard for tolerance to Al
tOXICIty, was average for P-efficlency and
not responsIve to addItional P (12%),
whereas the male-stenle Ime BR 007B,
the standard for susceptlblilty to Al tOXIC­
Ity, was average for P-efficlency and
hIghly responsIve to addItIOnal P (93%)
The AI-tolerant lme of a P non-efficIent,
near-Isogemc paIr for Al tOXiCity was
more responsIve to P (70%), whereas the
AI-susceptIble Ime of the paIr was less
responsIve to P (33%) Two AI-tolerant
near-Isogemc recombmant Imes from the
cross between BR 007B and IS 7173C
were average for P-etficlency and hIghly
responsIve to P (60% and 90%)

Breedmg and Inherztance

Smce EMBRAPA sorghum breeders
reported genetIc vanablhty of sorghum
for tolerance to aCId sOlIs (Schaffert et al ,
1975) and the INTSORMIL sorghum
aCId-sod breedmg project was mltIated m
ColombIa m 1981, much progress has
been made Many good sources of Al
tolerance have been Identified Tolerance
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appears to be dommant and condItIOned
by a few genes HeterOSis for tolerance to
aCId mfertde sods also has been observed

Ofmore than 6,000 sorghum genotypes
from the world collection screened at
Qmhchao, Colombia, approximately 8%
were found to tolerate 65% AI saturatiOn,
and a few of these genotypes produced
greater than 2 t ha I of gram (Gourley,
1988) Many of these hIghly tolerant
genotypes from the world collectiOn
ongmated m aCid soll areas m Nlgena,
Uganda, or Kenya, and were claSSified as
Caudatum or Caudatum-hybnd races
Several of these hnes appear to be from
Dr Hugh Doggett's breedmg program at
the Serere Research StatIOn m Uganda
The open-pamcled Gumea race and the
hybnd Gumea-blcolor hnes had a higher
overall percentage of aCId soll-tolerant
sorghum entnes than those of other races
and hybnds evaluated (Gourley, 1988)

The pedIgree breedmg method was
used to identify AI-tolerant plants m seg­
regatmg populatiOns Plantmg the F2

population m the screenmg plot at 65% Al
saturatiOn permItted identificatIOn of Al
tolerance, however, photopenod senSItiv­
Ity, genetIC plant height, or matunty could
not be Immediately determmed In each F2

population of 5,000 plants, a selectIOn
mtensity of 2% or less produced large
numbers ofAI-tolerant F3 famlhes Toler­
ant hnes later were evaluated for agro­
nomIC type m both temperate and tropIcal
envIronments As more constramts are
found m the aCId sod complex and as yIeld
and other agronomIC factors are added to
the breedmg goals, a more holiStic ap­
proach to breedmg can be used m the
enVironment m which the cultivars are to
be used m commercIal production



Mean 14797 8408 268
Means followed by a common letter are not dIfferent at the 0 05
level ofprobablhty accordmg to Dllfican SMultIple Range Test
IGenotype deslgoahons CMSXS and BR mbreds developed
by EMBRAPA m BnlZll MS mbreds developed by
MISSISSIPPI INTSORMIL m Colombia, and Tx Texas mbred
Adapted from Dos Santos et aI (1993)

The performance of expenmental aCid
sOlI-tolerant sorghum cultlvars and hy­
bnds has been well documented, and re­
search contmues In newly prepared
screenmg plots m Colombia (pH 4 4,63%
Al saturatiOn), 18 AI-tolerant cultlvars
produced from 2 0 to 5 0 t ha I (400 ­
1000%) more gram than a susceptible

The EMBRAPA aCId soIl breedmg
program used a dIfferent approach than
the INTSORMIL project m Colombia In
the Braziltan plots, the topsoil was
amended wIth hme to approximately 45%
Al saturatiOn and, dunng penods of
drought, the AI-susceptIble or less toler­
ant genotypes showed an mablhty to
penetrate and extract water from the sub­
sOIl Results from some ofthe cooperative
work with EMBRAPA are shown m Ta­
ble 5 The Colombian-bred hnes, shown
as (MS), are somewhat shorter and earher
than the EMBRAPA lInes, but all the tol­
erant Imes have acceptable yields

Gram yIeld, days to 50% anthesls,
and plant heIght of ten sorghum m­
bred hnes evaluated on aCId soIl at
Sete Lagoas, BrazIl

The Colombian NatiOnal Program
(lCA), m collaboratIOn WIth INTSOR­
MIL, released four photopenod-sensltive
AI-tolerant cultivars (Table 6) The first
two vanetles released m 1991, Sorghlca
Real 60 (MN 4508) and Sorghlca Real 40
(l56-P5-Serere I), have consistently pro­
duced high gram yields on aCid soIls m
both croppmg seasons dunng the year In
1993, ICA and the EI Alcaravan Founda­
tion, With INTSORMIL'S support, re­
leased two aCid soli-tolerant sorghum cul­
tIvars,Icaravan 1 (IS 3071) and Icaravan
2 (IS 8577), whIch are adapted to growmg
condItIons III Arauca III the ColombIan
Eastern Plams (Llanos) Icaravan 1 pro­
duced greater than 2 5 t ha 1 gram under
low fertlhzatton levels when the AI-satu­
ratIon level was 60% or less It also toler­
ates partial floodmg after flowenng, an
essentIal charactenstic m poorly dramed
savannas Icaravan 2 has very good toler­
ance to Al tOXICIty and good agronomIC
characterIstIcs when grown under

Combmmg ablhty studIes m ColombIa
(Flores et aI, 1991b and 199Ic), NIger
(Adamou et aI, 1992), and Kenya (Zake
et aI, 1992) compared growth and yIeld
traIts of ColombIan-bred mbreds at vary­
mg AI-saturatIOn levels m field tnals
Many sImIlar trials usmg EMBRAPA-de­
veloped mbreds m Brazll showed that Al
tolerance was condItioned by both addI­
tIve and non-addItIve gene actIOn

check (Gourley, 1987) Flores et al
(1988) found that SIX aCid-soli-tolerant
cultIvars averaged 3066 kf ha 1 (943%)
more gram and 4700 kg ha (983%) more
stover yield than the commercial cultivar
ICA Natalma when grown on a Colom­
bian UltIsol at pH 4 I and 60% Al satura­
tIon

Gram
yIeld
(t ha 1)

46a
38ab
34be
31be
29bed
28cd
26cde
26ede
06g
03g

93a
80edef
85be
78ef
97a
80edef
79def
81bede
79def
89b

183a
159b
152be
161be
180a
136ed
149bc
162bede
93f

106ef

Plant Days to
height 50%
(em) anthesls

(days)
Genotype l

CMSXS208
MS 109
CMSXS 209
MS 188 I
CMSXS 189
MS076
MS 177
MS216
BR 007B (check)
Tx 623B (check)

Table 5
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Arauca's soli and chmatlc condltlOns Ad­
ditIOnal aCid-soli-tolerant cultIvars and
mbreds are bemg released by MISSISSiPPi
State UnIversity and EMBRAPA

A fear that plants tolerant to aCid solis
may be low-Yleldmg and poorly adapted
to fertile SOils has been expressed The
notIOn ongmated because tradltlOnal cul­
tIvars grown m aCid SOli areas were both
aCid-soli-tolerant and low-yleldmg when
compared With modern, high-Yield poten­
tial cultlvars One must remember that the
traditIOnal cultlvars had not been selected
for fertIle soIls and lacked yield stabilIty
In the INTSORMIL-ColombIa proJect,
derivative hnes were selected for the
highest level ofAI tolerance and fertilIzer
responsiveness

MultIdiSCiplInary Research The Sys­
tems Approach

ThiS paper has focused pnmanly on
research m the tropics and omitted much
ofthe temperate zone aCid soli work Un­
fortunately, many breedmg lInes devel­
oped on aCid SOlIs m the temperate zone
do not show good tolerance m the trOpiCS
Furthermore, seedhng response to AI tox­
ICity does not predict gram yield well
Breeders are reluctant to start breedmg
programs based on mformatlOn collected
onJust a few hnes usmg a comphcated and
expensive screenmg methodology Such
research gives the breeder no mformatlOn

on the range ofvarIablhty or hentabllIty,
nor Ifthe effort Will change yields m farm­
ers' fields ASSistance With these reqUIre­
ments IS needed from plant nutntlOnIsts,
bIOchemists, phySiologists, and others be­
fore plant breeders are able or motivated
to use the new technology to breed mm­
eral element stress-tolerant cuItlvars

Plant breedmg by Itself, however, can­
not solve many of the plant mmeral nutrI­
tion problems A systems approach IS re­
qUIred Help IS needed to evaluate breed­
mg germplasm under different cultural
practices m the field and to find rapid
methods of selectmg field-valIdated
breedmg hnes On-farm trials m which a
range and variety of mputs are used, m
addition to tolerant cultIvars, are reqUIred
to demonstrate feasible economic alterna­
tIves to targeted farmer clIentele The sys­
tems agronomist also must use other tIme­
tested agronomic practices lIke crop rota­
tIOn Cowpea [Vigna ungUlculata (L)
Walp], a highly aCid-soli-tolerant spe­
Cies, could complement low-mput sys­
tems m a rotatIOn With tolerant cultlvars
of sorghum and pearl mIllet

Transfer ofthe ProductIOn System

Technology transfer charactenstIcally
has a long lag phase between development
and adoptIOn by farmers Much of the
technology to reduce or ehmmate the con­
stramts of nutrient defiCienCies or tOXICI-

Table 6 Plant height and gram yield oftive sorghum cultlVars planted m aCid sods With alummum
saturatIOn levels between 40 and 60% Mean of 12 sites m the Department of Meta,
Colombl3

YIeld
Plant height

Genotype (cm)
Sorghlca Real 60 182
Sorghlca Real 40 162
lcaravan I 190
Icaravan 2 187
leA Natalma (check) 96

Adapted from Gourley and Munoz (1992)
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Semester A
kgha I

3224
3283
2839
3312

534

Semester B
kgha I

2994
2793
2421
2795

894

Mean
kgha I

3109
3038
2630
3053

714



tIes oftropIcal soIls IS stIll m the lag phase
or has been rejected by fanners for socIal
or economIC reasons Many agncultural
experts and fanners faced wIth these con­
stramts agree that current productiOn
practices are neither sustamable nor enVI­
ronmentally fnendly

Plant breeders have developed tolerant
cuitivars for whIch a productiOn system
does not eXIst In other cases, the pnmary
constramt has not been Identified and the
breedmg program does not eXIst Much of
the new soIl management technology has
not been mtegrated mto a system and
demonstrated to farmers to be cost effec­
tIve and to mimmize nsk To address most
ofthe severe tropIcal SOli crop productiOn
constramts, a combmatiOn oftolerant cul­
tivars, good agronomIc management
practIces, and modest amounts of pur­
chased mputs are reqUIred

In some developmg countnes, adaptIve
research programs and an effectIve exten­
SiOn servIce are both eIther lackmg or
meffective Research orgamzatiOns oper­
atmg m developmg countnes are not only
responsIble for developmg technology,
but also must collaborate wIth govern­
ment planners and the natIonal extensIon
servIce to demonstrate and promote the
benefits and economIC feasIbIlIty of the
technology to farmers Improvmg crop
productiOn on problem tropIcal soIls re­
qUIres a multidIsCIplInary systems ap­
proach

Summary

The trOPICS have some of the most se­
vere mmeral nutntiOn constramts to crop
productiOn of any agncultural area m the
world The mechanIsms dIfferent plant

speCIes use to tolerate or aVOId problem
soIl constramts are better understood now
than m the past, but much more research
WIll be reqUIred for a complete under­
standmg For sorghum and pearl mIllet,
however, these proposed mechamsms,
range of genetic vanabilIty ofthe mecha­
msms, and mode of mhentance generally
lack venficatiOn Tolerance to tropIcal
aCId SOlis appears to be an exceptiOn Al­
though the number and type of mecha­
msms responSIble for the Al and Mn tol­
erance found m sorghum and pearl mIllet
are still mconclusIve, It IS known that
tolerances for the two tOXICItIes are SIm­
ply and mdependently mhented, and they
are generally dommant or partially domI­
nant GenotypIc vanabilIty for P-acqUIsI­
tiOn m low-P soIls has been confirmed for
both crops ACId-SOli-tolerant cultivars
and mbreds have been released by na­
tiOnal sorghum Improvement programs m
Latm Amenca, WIth aSSIstance from INT­
SORMIL Sorghum and pearl mIllet
breeders can help overcome some ofthese
constramts by mcorporatmg tolerance
factors mto cuitivars and hybnds Sanders
and GarCia (1994) are correct m mSIstmg
that new technology research has Impor­
tant economIC elements TechnologIes
have to functiOn m the farmers' enVIron­
ment and be profitable Cultural practices
also are reqUIred to modIfy the con­
stramts Resource-poor tropIcal farmers
need these types ofeconomIC solutions to
help feed theIr countnes' mcreasmg
populatiOns
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Genetic Resistance to Lodgmg

J W Johnson*, W D Stegmeler, D J Andrews,
D T Rosenow, R G Henzell, and R L Monk

Abstract

Lodging ofsorghum and millet results In grain losses worldwide, but IS especially
costly In regIOns that harvest with machines This paperpresents a brrefoverview ofthe
roles ofbIOtiC and abIOtic stresses In lodging It discusses major causes oflodging and
gives sources ofresistance In sorghum Includmg, drought Inducedpremature leafand
plant senescence (IS 12555C IS 12568C, NSA 440 andSC599-11E [IS 17459derrved])
charcoal rot, MacrophomIna phaseolIna (IS 12555C IS 12568C KS 19, and New
MexIco 31), Fusarrumstemrot (SC326-6 [IS3758 derrved] andB35 [IS12555 derrved])
This paper will concentrate on lodging resulting from post anthesls water stress
Techmques used In breedmgfor lodging resistance Includmg use ofmolecular markers
to select for stay green (nonsenescence) are discussed IS12555C had been Identified
as resistant to three ofthe major causes ofsorghum lodging suggestmg that IS12555C
or ItS appropriate derrvatlves would be useful In most programs that Identify Improved
standablhty as a pllmary objective

What are the most Important charac­
tenstIcs ofyour sorghum crop? When thIs
questIon IS asked offarmers m the Umted
States, they rank yIeld first and standabIl­
Ity second StandabIlIty would lIkely be
number two m the rest of the Amencas
and AustralIa However, m tradItIonal
farmmg areas of AfrIca and IndIa, sor­
ghum and pearl mIllet are often hand-har­
vested, and standabIhty may be less Im­
portant than other charactenstlcs such as
food quahty

Gram losses from lodgmg are not well
documented At one tIme, stalk rot was
estImated to account for 9% of sorghum

J W Johnson Director of Sorghum Research Novartls Co 356 Hosek Rd
Vlctona, TX 77905 USA W D Stegmeler Kansas State Umverslty Agn
cultural Research Center D J Andrews Department of Agronomy Umver
Sity ofNebraska Lmcoln D T Rosenow Texas A&M Agricultural E,,<pen
ment Station R G Henzell Department of Primary Industlles Hermitage
Research Station Warwick Queensland Australia R L Monk PIoneer
HI Bred international Inc Corresponding author

yIeld losses due to dIseases m the Umted
States Of course some losses from stalk
rot are not due to lodgmg, and some lodg­
mg losses are not due to stalk rot Even
though there IS no current offiCIal estImate
of gram loss due to lodgmg, farmers and
researchers thmk It IS sIgmficant

It IS lIkely that sorghum breeders have
had standabIlIty In theIr selectIOn mdex
throughout the hIstOry of sorghum Im­
provement The need for Improved stalk
qualIty became acute WIth the use of the
combme harvester Karper and Qumby
(1946) saId that all mIlos are susceptIble
to charcoal rot, whIch causes plants to fall
down followmg matunty Qumby and
MartIn (1954) reported that vanetIes that
lodge are regularly dIscarded In favor of
stIffer-stalked vanetIes that yIeld no more
or even conSIderably less Karper (1945)
noted that KafIr, one of the stoutest
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stalked taller vanetIes, stood up well m
the field for a long tIme after matunty, but
mIlo was the most susceptIble to charcoal
rot Today, however, Kafir IS consIdered
to possess poor standabIhty relatIve to
current cultIvars, mdicatmg that much
progress m lodgmg resIstance has been
made smce 1945

Causes of Lodgmg

Sorghum and pearl millet are usually
grown m harsh, water-deficIent enVIron­
ments The crops are normally subjected
to heat and drought stress at least once
before harvest The causes of death and
lodgmg are not well understood, but three
hypotheses were proposed by Henzell et
al (1984) I) plants dIe as a dIrect result
of water defICIt, 1 e, a physiOlogICal
breakdown due to dehydratiOn, 2) patho­
gens cause death, or 3) death is due to an
mteractIOn between phySIOlogIcal stress
and pathogens

Lodgmg that occurs followmg a water
defiCIt gram-fillIng penod causes the
most gram loss world-wIde When thIS
occurs, plants senesce prematurely and
then lodge due to stem collapse or break­
age at or Just above ground level

Dodd (1980) reports that fillmg of the
gram head is mvolved WIth predIspositIon
to root and stalk rot development and sug­
gests that SIze of the gram smk needs to
be conSIdered when evaluatmg the causes
of root and stalk rot Henzell et al (1984)
also suggest that the source-sInk relatIOn­
ShIp ofgram growth IS Imphcated m lodg­
mg and stalk rots

Diseases associated WIth lodgmg m
sorghum mclude charcoal rot (Macro-
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phomma phaseolma), fusanum (Fusar­
Ium momliforme) , pythlUm (Pythlum
spp), and anthracnose (Colletotnchum
grammlcola) Adverse abIOtiC condItIOns
such as drought, wet SOlI, hIgh humidIty,
and wmd mcrease the effects of these
diseases on lodgmg

MaIm and HSI (1965) began studIes of
charcoal rot caused by M phaseolma at
New MeXICO State Umversity m 1953
TheIr work demonstrated vanabilIty
among sorghum varIetIes for susceptIbIl­
Ity to M phaseolma Plants moculated
WIth M phaseolma- mfected toothpIcks
two weeks after bloommg developed
more charcoal rot mfectIOn than dId the
same plants moculated earlIer m the
growth cycle TheIr work demonstrated
that heat and mOIsture stress durmg gram
fill aided the development ofcharcoal rot

Rosenow et al (1972) reported that
selectIOn for hnes that could stand for
extended penods followmg matunty
identIfied hnes With supenor reSIstance to
lodgmg EvaluatiOn cntena were root
lodgmg, weak-neck, after-freeze stalk
breakage, and charcoal rot Nonsenes­
cence was hIghly correlated WIth both
lodgmg and charcoal rot reSistance m tests
conducted m Texas (Tables I and 2)

StudIes m Kansas revealed a sIgmfi­
cant decrease m lodgmg m sorghum when
adequate potaSSIUm was added to potas­
SIUm-defiCIent soIls (Murphy, 1975) The
data suggested that adequate potaSSIUm
reduced the mCIdence of stalk rot by re­
ducmg plant stress

Insects can stress the plant and cause
lodgmg by eIther predisposmgthe plant to
pathogens or mterfenng WIth the appro-



Table 1 RelatIOnshIp among stay green (LPD), lodgIng, and charcoal of selected sorghum hnes
Lubbock F403 Lubbock F407

34

LPD Lod~ng LPD Charcoal rot
DestmatlOn ratmg l % ratmgl ratmg3

BI 23 0 29 07
B22 21 0 28 08
B35 22 0 27 05
BTx623 3 7 26 4 7 2 0
BT,,625 4 7 80 4 6 34
BTx378 49 53
Tx7000 46

o
o
o

40
38

13
I Leaf and plant death ratmg 1=all green 3=50% leaf area dead 5=entlre plant dead
2MOIsture stress type lodgmg
3Stalk rated on 1 5 scale <I =<one mternode mfected 3~3 mternodes 4~>3 mternodes 5~death sclerolIa (Rosenow 1977)

Table 2 Summary of agronomIc, lodgIng, and charcoal rot data from the StatewIde LodgIng Test,
1975-76

1975 1976
Lodgmg

Date of Lodgmg Charcoal LPD %
EntrIeS 50% bloom % ratmg ratmg 2/10 3/8
Res hnes (20) 8/14 93 13 28 05 138
Staodards (5) 8/13 646 33 34 681 907

Rosenow 1977

pnate accumulation of carbohydrate m
the stem Common leaf- and stem-feedIng
Insects that cause lodgmg are greenbugs
(Schlzaphls grammum) , yellow sugar­
cane aphIds (Szpha flava), and chInch
bugs (Blzssus leucopterus) Root-feedIng
Insects such as whIte grubs (Phyllophaga
crmzta) and sugarcane root stalk weevIls
(Anacentrmus deplanatus) also can cause
plant lodgmg

It has been proposed that physIologIcal
stress per se results In rapId senescence
and subsequent lodgIng Henzell et al
(1984) suggested that thIS stress can be
generated when a large "smk" for a pho­
tosynthetIc assImIlate, such as a rapidly
growmg organ (the gram), creates a high
demand In relatIOn to the assimIlate sup­
ply (photosynthetic capacIty) The
"phYSIOlogical stress" IS thought to result
In a shortage of available carbohydrate In
the stem Cell death occurs when the car-

bohydrate level IS too low to support suf­
fiCient maIntenance reSpIratIOn Pith diS­
IntegratIOn then begInS at the base of the
plant and may extend upward several m­
ternodes as condItIOns worsen

A study of 60 lInes III Nebraska
(Esechle et al , 1977) mdlcated that lodg­
Ing reSIstance In sorghum was associated
With large dIameters of basal mternodes
and peduncles, shorter peduncles, shorter
plant heIght and thIcker nnd Schertz and
Rosenow (1977) reported much vanation
In the mternode anatomy among 12 sor­
ghum hnes selected because oftheIr field
vanatIOn for lodgIng percentages and
stalk and peduncle strength The most
promment differences were m number of
cells WIth hgmfied walls and In wall
thickness

Random advanced hnes from the sor­
ghum population PP9 were used to study
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Evaluation and Selection Techmques

The pnmary approach to Improve lodg­
mg reSIstance used m Texas (Rosenow
and Clark, 1995) utIlIzes the naturally oc­
currmg low-ramfall condIttons of West
Texas for selectIOn Germplasm IS evalu­
ated m field nursenes under hmIted IITl-

Large genetic dIfferences eXIst m sor­
ghum for lodgmg caused by water defi­
CItS Unfortunately, most genotypes are
susceptIble Table 3 lIsts some hnes that
are lodgmg-resistant m AustralIa and the
US

One of the lodgmg reSIstant cultIvars,
IS 12568C (SC56-14E), was mcluded m
a program to examme the genetIc and
envIronmental control of rootmg patterns
m sorghum (Jordan and Monk, 1980)
TheIr observatIOns proVIded eVIdence that
the roots of IS 12568C grew deeper than
those of the other culttvars studIed and
that deep rootmg IS an effective means of
utIlIzmg stored water IS 12568C was ef­
fectIve m producmg a deep rooted hybnd
WIth Tx622, a shallow-rooted cultivar
Deep roots could be one explanatIOn for
lodgmg reSIstance of IS 12568C and ItS
hybnds Sorghum root lodgmg can occur
m wet soIl accompamed by wmd Lmes
WIth reSIstance to root lodgmg are pre­
sented m Table 4

Probable source
of resIstance

Short Kaura
KSI9
KS19
835
IS 12555
IS 12555
IS 12568
IS 17459

Lodgmg resistant sources

DesIgnatIOn
KSI9
QUO
QL27
QL4I
835
SC35 14£
SC5614£
SC599 lIE
NSA440

Table 3

Kafirs had supenor standabilIty over
mIlos when theIr types were popular va­
netles m the1940s In the 1950s yellow
endosperm types, such as the cultivar
Short Kaura, provIded germplasm WIth
Improved reSIstance to lodgmg caused by
charcoal rot Yellow endosperm types
were used by several breeders m the U S
KS 19, a lodgmg-resistant restorer lIne
used m breedmg programs m AustralIa
and the US, IS a selectIOn by W M Ross
from a cross made by 0 J Webster KS 19
IS one parent m several lodgmg-resistant
hnes released m AustralIa (Henzell et al
1984) Maunder (1984) also reported the
use of yellow endosperm lInes as well as
New MeXICO 31, a lme released by MaIm
and HSI (1964), m a recurrent selectIOns
program to Improve reSIstance to lodgmg
caused by M phaseolma

Sources ofResIstance

ResIstant sources and breedmg tech­
nology for breedmg for lodgmg resultmg
from post anthesis water stress w111 be the
baSIS for the remamder of thIS paper Re­
SIstant sources and breedmg methodolo­
gIes used m combatmg lodgmg caused by
dIseases and msects are dIscussed mother
papers m these proceedmgs

the hentabIhty of lodgmg resIstance
(Prest et aI, 1983) HentabIhty estImates
usmg SI progeny as the selectIon umt
ranged from 0 46 for nnd thIckness to
o85 for flowenng Rmd thIckness was
sIgmficantly correlated (-0 46) wIth post
frost stalk lodgmg, whereas mtemode dI­
ameter and flowermg were sIgmficantly
correlated (-031 and -025) wIth stalk
lodgmg estImates taken before frost
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Table 4 Sorghum hnes resIstant to root lodg­
mg

Nursenes are often left standmg for an
extended penod followmg matunty to al­
low lodgmg to occur Lodgmg notes are
taken penodlcally throughout the season
on the percentage oflodged plants and the

gatIOn where yield potential IS expressed
but post-flowermg stress commonly oc­
curs Large field screenmg nursenes are
establIshed at several locatIOns with dif­
ferent plantmg dates ThiS approach helps
to msure stress durmg and after gram fill
IrrIgatIOn IS applIed dunng the early
growth stages to produce good growth and
yield expreSSIOn lITIgatIOn IS termmated
pnor to anthesls, allowmg mOlstUle stress
to develop after flowermg and to mtenslfy
dunng gram fill In these nursenes, entries
are Visually rated for premature leaf and
plant death Ratmgs on a 1 to 5 scale (l =

completely green, 3 = 50% of leaf area
dead, 5 = death) are normally made at or
soon after phySiOlogical matunty, but can
be made any tIme that differences appear
among genotypes Visual ratmg of leaf
death IS an excellent method ofevaluatmg
actual percentage of greenleaf area
(Wanous et ai, 1991)

DesignatIon
BTx399
B35
BTx638
Tx2862
Tx2896
Tx2894
SCll77C
SC1201C
IS 126,2C
IS 2856C
IS 6920C
IS 3515C
IS 12556C
IS 12609C
IS 12658C
IS 12685C

Name pedigree
group or denvatlOn

Wheatland
IS 12555 der /SC35 der
(?*BTx624)
(Tx2783*GR2 39)
(80C2241 *Tx430)
(SC 120*Tx7000(2»
Doc Sub
Gum Caud
Nlg Dur Sub
Caffrorum
Cau Kaf
Nlgr
Durra
Zerazera
Dur BIC

Doc Leoti

type of lodgmg, whenever slgmficant
lodgmg occurs Notes on flowenng, plant
height, and head exertion are taken on all
entnes Knowledge ofmatunty IS cntlcal
because sorghum IS most susceptible to
post-flowenng stress Just pnor to phySI­
ological maturity Plants a few days ear­
lIer or later m matunty may show lIttle
premature senescence Flowermg notes
are taken on all plots, and comparisons are
made only among entnes of simIlar ma­
tuntles

In field screenmg nursenes, standard
checks with contrastmg reaction to post­
flowermg drought and different types of
lodgmg are used every five to ten plots
Smgle row plots, SIX meters m length, are
used m most screenmg nursenes

Results m AustralIa are simIlar to those
reported by Rosenow m Texas a slgmfi­
cant posItive aSSOCiatIOn eXists between
nonsenescence and lodgmg resistance
Most breedmg programs m AustralIa take
a SimIlar approach to evaluatmg lodgmg
resistance Hybnds rather than mbred
lmes are evaluated because the low gram
yields of mbreds tend to make them lodg­
mg-reslstant The genotypes under test are
grown at a number of sites at which gram
Yield, matunty, nonsenescence, and lodg­
mg are measured If differences are ex­
pressed Several sites are used to mcrease
the chances of encountermg lodgmg con­
ditions Then selection IS made for resIs­
tance to lodgmg wlthm matunty and yield
classes

Because the most prevalent type of
lodgmg m AustralIa IS expressed only m
plants that undergo water defiCits durmg
gram fillIng, some control over the envI­
ronment IS deSirable Ram-out shelters
have been used to study speCific aspects
of lodgmg and stalk rots, but they are
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obviously of lImIted use m a breedmg
program Very effective use has been
made, however, of a dry~season (wmter)
plantmg m tropical AustralIa ThIs envI­
ronment has an extremely predIctable dry
season, and lodgmg mduced by water
deficits can readIly be achIeved by ma­
mpulatmg IrngatlOn The programs m
AustralIa are currently usmg only stay
green to address the lodgmg problem
Current sources of stay green are B35,
SC35C, SC56C, QLl2, and E36

Lodgmg and Yield Potential

Henzell et al (1992) reported that hy­
bnds with at least one parent denved from
B35 had superIor lodgmg resistance and
equal gram yield to three check hybrIds
that were earher m maturIty than the lodg­
mg-reslstant hybrIds Borrell et al (1996)
studied nme hybrIds varymg m rate ofleaf
senescence m a water-hmlted environ­
ment He found that leaf senescence was
negatively associated With gram dry mass
but pOSItively assocIated With the amount
of stem reserve moblhzed

Sixteen trials were exammed whIch
contamed A35 hybrIds and had recorded
lodgmg from the Gram Sorghum Per­
formance Tests m Texas (publIshed by the
Texas AgrIcultural Expenment Station)
for the perIod of 1985-1994 (Table 5) The
tnals used had an average of 80 hybrIds
(most of them commercial hybrIds), the
A35 hybrIds were made With several male
parents The A35 hybnds lodged slgmfi­
cantly less than other hybnds, and average

yIeld of the A35 hybnds was higher than
the tnal average

In an attempt to compare SImIlar matur­
mg stay green and senescencmg hybnds
for yIeld m the absence of lodgmg, three
hybrIds - one stay green and two sene­
secmg- were selected for study from the
Kansas Performance Tests With Gram
and Forage Sorghum HybrIds (pubhshed
by the Kansas AgrIculture ExperIment
StatIOn) The time penod for the study
was chosen because 1990-1995 were the
only years that the stay green hybrId was
entered m the Kansas trials The senes­
cencmg hybrIds were selected because
they had pubhc pedigrees, were Similar m
matunty to the stay green hybrId, and
were known to be above average m yIeld
potential and lodgmg reSIstance Molecu­
lar markers mdlcate that the stay green
hybnd has three of the major genes asso­
Ciated with nonsenescence m B35

The stay green hybrId averaged more
gram yIeld and had less lodgmg than
eIther of the senescencmg hybnds (Table
6) More Importantly, when tnals m
whIch the senescencmg hybnd had no
lodgmg were averaged, the stay green hy­
bnd mamtamed a yield advantage over
each of the senescencmg hybnds These
data mdicate that competitive hybnds can
be produced that have Improved lodgmg
reSIstance as a result ofthe stay green trait

Marker-Assisted Selection

The stay green traIt m B35 has been
shown to mcrease reSIstance levels to

Table 5 YIeld rank and percent lodgmg of A35 hybrIds from 16 selected TAES Gram Sorghum
Performance TrIals m Texas 1985-1994 *

Average number of Average yIeld rank
hybnds m tnals ofA35 hybnds

Average % lodgmg
ot A35 hybnds

Average % lodgmg
of non A35 hybnds

80 33 23 166

• Average of 16 locations that had slgmficanllodgmg durmg the penod studied
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Table 6 Yield, maturity and lodgmg of stay green and senescencmg hybrids selected from the
Kansas Performance Tests with Gram and Forage Sorghum Hybnds, Kansas Agricultural
Experiment StatIOn, 1990-95

82203

7710
68404

6520

YIeld from trIalS
wIthout lodgmg

YIeld Days to Lodgmg
Hybnd* kglha bloom %
Stay green hybnds 7270' 64 8
ATx399 x Tx2737 6700 66 13
Stay green hybnds 67002 63 2
ATx399 x RTx430 6270 64 6

• Stay green hybnd RFLP markers mdlcate that the major stay green genes present m B35 are present m this hybnd
Pedigree of the hybnd IS unknown to the authors

I 27 tnals (1994 95)
2 47 tnals (1990 93)
3 11 tnals (1994 95)
4 20 tnals (1990 93)

lodgmg caused by charcoal rot, Fusanum
stalk rot, wmd, after-freeze stalk break­
age, and water defiCiency dunng gram fill,
whtle not slgmficantly reducmg gram
yield potential More mformatlOn IS
needed on the mhentance of vanous
drought and lodgmg resistance traits
Walulu et al (1994) reported that the stay
green trait m B35 was controlled by one
or two major dommant genes RFLP
markers tightly associated with the QTLs
for stay green have been Identified
(Nguyen and Rosenow, 1993, Xu et aI,
1995) These markers are bemg utihzed to
faclhtate a backcrossmg program to trans­
fer the stay green tratt to Improved agro­
nomic types Molecular markers permit
the Identification of plants contammg the
stay green trait without provldmg a water
stress environment after flowenng

Pearl Millet

Muuka (1989) found two mam types of
lodgmg due to senescence m pearl mIllet
basal and peduncle Basal lodgmg was
due to collapse of the stem Just above the
ground Root lodgmg was not a factor
Peduncle lodgmg was mvolved m col­
lapse of the peduncle, usually Just above
the last node, lettmg the head hang down
These pendant heads are often harves­
table, but wmd Will eventually break the

peduncle at the pomt of collapse Among
the 18 genotypes studied, peduncle lodg­
mg was about twice as Important as basal
stem lodgmg Genetic vanatlOn was
found for resistance to both types of lodg­
mg ReSistance to both was pos~tivelycor­
related to stem and peduncle dmmeter and
rmd thickness A thick, long flag leaf
sheath reduced peduncle lodgmg Gram
Yield, plant height, and head number all
mcreased lodgmg

The Umverslty of Nebraska pearl mil­
let breedlllg program has selected
strongly for resistance to both types of
lodgmg, developmg short parental hnes
that have thick stems and peduncles that
give relatively short hybnds (I 2 to 15m)
With erect tillers Lodgmg scores m hybnd
tests and the RegIOnal Tnals vary consid­
erably With conditIOns, but when suscep­
tible hybnds lodge 50%, lodgmg of resIS­

tant hybnds Will be 10% or less

Lodgmg of millet can be caused or
mfluenced by several factors diseases
and msects, root lodgmg m clay or hard­
pan SOlIs, reduced secondary and brace
root development, nodal abSCISSion lay­
ers, and shnvehng and dlsmtegratlon of
parenchyma tissues m the stalk peduncle
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and mternodes when the plant is drought­
stressed as it approaches physIOlogIcal
matunty Root lodgmg is observed only m
tall landrace acceSSIons whose root sys­
tems spread honzontally and penetrate
poorly mto the B-honzon of the soIl
These plants are eaSIly uprooted m severe
wmd storms Breakage at a stalk node
appears to be mhented as a Simple reces­
Sive traIt and can be ehmmated by selec­
tIOn 10 early segregatmg generatIOns
Crown lodgmg associated WIth stalk diS­
eases such as charcoal rot occurs fre­
quently m this enVIronment The post­
flowermg drought stress necessary for
charcoal rot development IS present m
varymg degrees m nearly all growmg sea­
sons ThIS provIdes an opportumty to se­
lect for reduced mCldence and seventy of
charcoal rot and Improved lodgmg reSiS­
tance m nearly every generatIOn m the
development of hnes and populatIOns

In Kansas, lodgmg resultmg from pa­
renchyma tIssue shnnkage and detach­
ment from the stalk nnd, when mIllet IS
stressed dunng the late seed-fill penod,
contmues to be a severe problem At Fort
Hays, Kansas, It IS closely assocIated With
improved seed set and gram yIeld Mate­
nals WIth seed sets of 10 to 30 percent
seldom lodge, but lodgmg percentages
rapIdly mcrease as seed set levels of80 to
100 percent are obtamed and as gram
yIeld levels mcrease

Crosses mvolvmg IP2789, an early­
maturmg, club-headed Ime from Maunta­
ma (VIa the ICRISAT germplasm repOSI­
tory) have produced early-matunng
progemes m WhICh parenchyma tIssues
remam mtact and attached to the "talk
nnd Supenor progemes have been
crossed and backcrossed to ehte mam-
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tamer and fertlhty restorer hnes Lodgmg
reSistance m F2 and F3 progemes appears
to be controlled by a receSSive factor, but
good data sets have not been obtamed
Some of the hybnd combmatIOns of sus­
ceptible X-reSIstant hnes have mtermedI­
ate levels oflodgmg, mdicatmg the factor
conditlOnmg lodgmg reSIstance may act
as a partIal dommant traIt m some genetIC
backgrounds

ConcluSIOn

Lodgmg-reslstant germplasm has been
IdentIfied usmg large multI1ocation field
screenmg nursenes, timely lITIgatIOns,
and subjective scormg The approach was
successful m IdentIfymg Improved hnes
WIth lodgmg reSistance from segregatmg
famlhes and IdentIfymg sources that
transferred reSistance to F1 hybnds The
stay green trait denved from IS 12555 can
mcrease standablhty while mamtammg
competItive gram yIeld potential The use
of molecular markers WIll hkely mcrease
and accelerate the use of stay green by
ehmmatmg the need for water-stressed
breed109 nursenes Progress has been
made m identIfymg pearl mIllet
germplasm reSIstant to several types of
lodgmg and m transferrmg reSIstance to
Improved types
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Strtga-Host Relationships and
Their Role ID Defimng Resistance

L Butler*, G E]eta, A G Bablker, and D E Hess

Abstract

The parasitic weed Stnga hermonthlca has become the greatest biOlogical constramt
on cerealproductiOn m much ofsub-Saharan Ajrica PrevazlIng drought conditiOns and
low sOlIjertIllty, coupled wIth increasedproductlOn pressUl e, have led to the mtroduc­
tiOn and mtensive monocroppmg ofnew genolVpes, most ofwhlch have proved to be
hlghly susceptlble to Stnga, caUSing infestatiOn levels far beyond those observed wlth
tradltlOnalfarmmg practlces

The problem lS so severe it reqUires conslderatiOn ofeveryposslble controlapproach
Innovative research should focus on methodologies targeting early developmental
stages which Will have an immedzate impact on the Stnga seed bank One ofthe most
practical approachesfor subSistencefarmers for whom expenSive technological Inputs
are not avazlable lS the development ofadapted crop cultivars wlth enhanced levels of
reSistance to the parasite A good begInnmg has been made USing thiS approach, wlth
the recent release and wlde distributiOn In Africa ofeight new Stnga-resistant sorghum
cultlvars developed m our research program at Purdue Unzverslty However much
more work on hostplant reslstance remainS to be done Only one well-defined mecha­
nzsm of reslstance, low stlmulant productiOn, has been explOited thus far In cereals
Experience has shown that durable reSistance reqUires multlple reslstance mechanzsms
(Parker, 1983) Thls paper summarizes what is known of the complex relatlOnship
between host andparasite With partlcular emphaSiS onfeatures that offel opportunztles
for development ofas yet unexplOlted mechanzsms ofhost reSistance

ReqUirements for
ParasitIsm by Slnga

As a hemlparaslte, Striga cannot sur­
VIve WIthout the servIces and resources
proVIded by Its host The host must satISfy
a senes ofseveral rather stnngent reqUIre­
ments 10 order for Striga to complete ItS

L Butler (Deceased) Department ofBlochemtstry Purdue UniversIty West
Lafayette IN 47907 G EJeta Deparrnent of Agronomy Purdue University
West Lafayette IN 47907 A G Bablker Agricultural Research CorpcratlOn
Gema Agricultural Research StatIon Box 126 Wad Medan! Sudan and
D E Hess Research Institute for And TropiCS Sahehan Center B P 12404
Niamey Niger *Correspondlng author
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lIfe cycle, produce VIable seeds, and per­
petuate Itself (Worsham, 1987)

RecogmtlOn ofHost vs Non-host

Striga has very speCIfic reqUIrements
for ImtIatIOn of germ1OatIOn, 1Oclud1Og a
chemIcal SIgnal produced by the roots of
hosts as well as non-hosts such as cotton
(Cook et ai, 1966) Host speCIfiCIty can­
not be explamed on the baSIS of current
mformatIOn about the nature of root
exudate compOSItIOn of hosts vs 000­

hosts (RIOpel and Timko, 1992) WIth



respect to attachment to host roots after
germmatIon, Stnga IS non-specIfic, at­
tachmg to mert matenals such as glass as
well as roots ofnon-hosts (NIckrent et al ,
1979) The mechamsms by whIch Stnga
recogmzes a host root, overcomes ItS de­
fenses, penetrates and parasItIzes It re­
mam unknown

There are reports of host-specIfIc
"strams" of Strzga (RIches and Parker,
1995, Vasudeva Rao and Musselman,
1987, Bharathalakshmi et al , 1990, FreI­
tag et al , 1996) When sorghum IS mtro­
duced mto pnmanly millet-producmg ar­
eas, or VIce versa, Stnga often does not
mfest the newly mtroduced crop m the
first few years (RIches and Parker, 1995)
AdaptatIon to the other host generally oc­
curs withm a few seasons, although It IS
not clear whether adaptatIOn mvolves m­
troductIon of the alternate "stram" of
Strzga from elsewhere or whether the
Strzga specIfic for one host somehow
adapts to the alternate host Detailed re­
search on the mechamsms by whIch
Strzga recogmzes hosts could produce
new mSIghts mto host resIstance and new
opportumtIes for controllIng the parasIte

IntegratlOn/CoordmatlOn of
Host and Parasite Life Cycles

Strzga,s complete dependence upon a
host for survIval reqUIres close coordma­
tIon of ItS hfe cycle WIth that of the host
Because Strzga seeds are mmute (200 mI­
crons) WIth hmited stored resources, a
germmatmg seed can survIve only about
three days unless It finds and attaches to a
host root (RIOpel and Baird, 1987) It IS
not surpnsmg, therefore, that germmatton

of Strzga seeds IS under close control of
the host VIa labIle chemIcal sIgnals ex­
uded by host roots, so that germmatIon
usually occurs only when a sUItable host
root IS aVailable Less expectedly, eVI­
dence IS accumulatmg that later stages m
the hfe cycle of Strzga also are under the
control or mfluence of the host, thus en­
surmg synchrony of the entIre hfe cycles
of host and parasIte, and enhancmg the
hkehhood of parasIte survIVal

The Life Cycle ofStrtga

Subsequent to germmatIon, Strzga at­
taches to and penetrates host roots and
estabhshes vascular connectIOns WIth the
host As much as halfofStrzga' s hfe cycle
IS subterranean, growmg completely at
the expense of ItS host Much ofthe dam­
age to the host crop occurs durmg the
subterranean growth stages, before the
parasIte IS accessIble for removal by hand
pullmg or for treatment WIth contact her­
bICIdes After emergence, Strzga flowers
and sets seed rather qUIckly, so ItS hfe
cycle IS generally complete by the tIme a
healthy host plant matures and senesces
A heavIly mfested host plant may faIl to
complete ItS development, even to the
pomt that the parasIte development may
be negattvely affected

GermmatlOn

Newly npened Strlga seeds are effec­
ttvely dormant A penod of "after-npen­
mg" by storage of the seeds m dry condI­
tIOns lowers the mOIsture content and
breaks dormancy (Mohamed et al , 1996)
Yet germmatton does not occur untIl the
after-npened seeds have been exposed to
warm, mOIst condItIons for several days
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to several weeks, and then to a specIfic
exogenous chemIcal SIgnal exuded fi om
host roots (RIOpel and TImko, 1992)
These reqUIrements put Strlga germma­
tlon not only under control ofthe host, but
also under the mfluence of seasonal con­
dItions The dormancy ofnewly produced
seeds prevents SUICIdal germmatIOn at the
end ofa crop season when no SUItable host
would be avaIlable for completIon of the
Strlga lIfe cycle The mOIsture ConditlOn­
mg reqUIrement delays Strlga germma­
tlon untIl early seasonal rams have re­
sulted m germmatIOn and growth of the
host to a degree that the paraSIte can be
supported

ImtlatlOn ofHaustoTlum

Strlga seeds germmated m Vitro WIth
pUrIfied germmatIOn stImulants fatl to de­
velop beyond the formatIOn of a radIcle
(RIOpel and TImko, 1995) Strlga seeds
germmatmg close to host roots develop a
speCialIzed organ ofattachment, the haus­
tOrIum, m response to another root-de­
rIved chemIcal SIgnal, deSCrIbed below
ThIS haustorIal mitIatIOn SIgnal and the
germmatIOn stImulant have no cross-reac­
tIVIty and are mdependently mherIted
(WeerasurIya, 1995) Roots ofmany non­
hosts exude chemIcals WhICh InItiate
haustOrIum formatIOn, so host-nonhost
speCIfiCIty cannot be explamed on the ba­
SIS of exudation of haustonal InItiatIOn
factors exclUSIvely by host roots (RIOpel
and TImko, 1995) Haustonal InItiatIOn m
response to the SIgnal IS the most rapId
multIcellular morphogenetic event
known In the plant kmgdom (J L RIOpel,
1996, personal commUnICatIOn) Wlthm a
few hours ofrecelvmg the InItIatIOn SIgnal
from a host root, the cell extenSIOn plane
of the Strlga radIcle ShIftS 90 degrees,
producmg a complex structure WIth char-
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acterIstlc haIrs (RIOpel and Timko, 1995)
Until thIS stage, Strlga seedlIng develop­
ment occurs pnmarIly due to cell elonga­
tIOn rather than cell dIVISIOn (Okonkwo,
1987)

Attachment

LIke ItS response to germmatIOn stimu­
lant and haustorIal mitIator, Strlga IS non­
speCIfic WIth respect to attachment In­
deed, Strlga has been reported to attach to
plastIC surfaces more readIly than to host
roots (RIOpel and Timko, 1995) Attach­
ment may mvolve surface paplIIae com­
posed ofstIcky hemlcelluloses (Baud and
RIOpel, 1985)

PenetratIOn and Establishment

DetaIls of the rapId penetratIOn of
Strlga to the host xylem, mcludmg prob­
able mvolvement of lytIC enzymes, are
prOVIded by RIopel and Timko (1995)
Accordmgto RIopel (1996, personal com­
mumcatIOn), the compleXIty of the haus­
tOrIum IS underapprecIated ThIS morpho­
logIcal brIdge undergoes further develop­
ment, from parenchyma ceIls m the cortex
to a complex organ WIth a populatIOn of
ceIls that go dIrectly to host vascular tis­
sue, to establIsh xylem-to-xylem connec­
tions, presumably gUIded by SIgnals pro­
VIded by the complex mternal chemIStry
of the host Non-hosts and some reSIstant
host genotypes manage to prevent estab­
lIshment or dImInIsh Its frequency De­
fense responses (not all have been shown
to occur m response to Strlga) mclude
localIzed necrOSIS (hypersenSItIve re­
sponse), suberIZatIOn, callose depOSItIon
and wall lIgnIficatIOn, and syntheSIS of
defenSIve protems (RIOpel and Timko,
1995)



Plumule FormatIOn

Under natural condItions, Stnga seed­
Imgs do not form a shoot untIl the radIcle
has penetrated the host root (Okonkwo,
1987), suggestmg that plumule formation,
hke other developmental stages, IS under
host control On a mmImal artIficIal me­
dIUm of mmeral salts and sucrose, Ok­
onkwo (1987) was able to get full but
relatIvely slow development of Strlga
hermonthzca, mdIcatmg that Snzga IS able
to synthesIze all reqUIred developmental
sIgnals Nevertheless, there IS good eVi­
dence that the normally rapId shoot for­
matIon and Stnga plant development on
host roots reqUIre developmental Signals
provIded by the host (Cat et aI, 1993)

Metabolzc AdaptatIOn

LIttle IS understood how Strzga, a dicot,
metabohcally adapts to growth on ItS
monocot host, but a profound adaptation
would seem to be necessary Graftmg of
a dIcot onto a monocot host would not be
expected to be successful, but estab­
hshment ofStrzga on a cereal host appears
to be functionally eqUIvalent to successful
graftmg

Growth

Strlga spends a relatIvely large propor­
tion of ItS hfe cycle growmg holoparaSitI­
cally m a subterranean mode, undetect­
able except for ItS deletenous effects on
the host The rate of the parasIte's devel­
opment IS undoubtedly mfluenced not
only by host SIgnals/metabolItes but also
by growth condItions Durmg the subter­
ranean stage, Strzga does much of itS dam­
age to the host To prevent SIgnIficant
damage to the host, It IS ImperatIve to

control the parasIte at ItS early develop­
mental stages Control is dIfficult, how­
ever, because the subterranean stage is
unavaIlable for treatment WIth contact
herbICIde or for hand pullmg or cultiva­
tion

Flowermg and Seed ProductIOn

It may be presumed that Strzga flower­
mg and seed productIOn also are under
host control, tImed to occur dunng host
seed maturatIOn However, emerged S
hermonthzca plants can complete theIr lIfe
cycle on the root system of a dead host

Host-Derived Signals Controlling
Strlga Development

GermmatlOn

Strzga seeds commIt theIr slender re­
sources to germmatlOn only when a senes
of speCIfic reqUIrements have been met
(Worsham, 1987) In order to germmate,
freshly harvested Strzga seeds must un­
dergo an after-npenmg penod, m whIch
dormancy IS broken by lowermg mOIsture
content, followed by pre-treatment m
mOIst, warm condItIons pnor to exposure
to an exogenous germmatIon stImulant In
nature, germmatlOn stImulants are chemI­
cal Signals generally exuded from host
and non-host roots Several classes of
chemIcals have been shown to be actIve
as Strzga germmatlon stimulants (Butler,
1995)

In terms ofcontrolhng Strzga germma­
tlOn m the field, the most Important ofthe
host root-derived stImulants are the
strIgolactones, a group of sesqUlterpene
analogs produced and exuded m varymg
ratIos by roots of host plants (Butler,
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1995) The stngolactones are active as
germmatiOn stimulants at concentratiOns
far too low to be detected by chemical
assays (Siame et ai, 1993) Mangnus and
Zwanenburg (1992) reported that activIty
ofstngolactones depends on an mtact lac­
tone D rIng, and proposed a molecular
mechanIsm Stame et al (1993) provIded
corroboratIng eVIdence for the role ofthe
lactone flng by demonstratmg that
esterase/lactonase enzymes readily Inac­
tivate strigolactones

The first stngolactone Identified was
stngol, found m the root exudate of cot­
ton, WhICh IS not a host for Stnga (Cook
et al , 1966) Stngol was later shown to be
the major stngolactone exuded from roots
of maIze and proso mIllet, and a mmor
component of sorghum root exudate
(Siame et ai, 1993) The major strigolac­
tone exuded by sorghum roots IS sorgolac­
tone (Hauck et al , 1992) Another stngo­
lactone, alectrol, is the major Strlga ger­
mmatiOn stimulant exuded by roots of
cowpea (Muller et al , 1992)

Another UnIque group of compounds,
the sorgoleones, also have been Identified
from sorghum root exudate and have been
shown to stImulate Strlga seed germIna­
tion (Netzly & Butler, 1986, Chang et al ,
1986) The sorgoleones dIffer m the
number ofcarbon atoms and double bonds
In theIr hydrocarbon chaIn (Netzly et ai,
1988) The sorgoleones are exuded as OIly
droplets at the tIpS of sorghum root hairs
(Netzly and Butler, 1986) They are pro­
duced m the hydroqumone form, whIch
can stImulate germInatIOn, but are readIly
oXidIzed to the qumone form, WhICh is not
only mactive (Chang et ai, 1986), but
appears to be a strong selective mhibitor
of Strlga seed germInatiOn (A M Mo-
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harned et al , 1996, personal commUnIca­
tiOn) The major sorgoleone component
has been synthesized (Sargent and Wang­
chareontrakul, 1990) CertaIn SImpler
synthetic qumones can either mhibit or
stimulate Strlga seed germmatiOn, de­
pendmg on concentratiOn and other con­
dItions (D E Hess, A M Mohamed, and
L G Butler, 1996, personal commUnIca­
tion) Host roots exude germInatIOn In­
hIbItors as well as stimulants (Weeras­
unya et al , 1993) In addItiOn to stimulat­
Ing and mhibitIng Strlga germInation, the
sorgoleones are powerful contact aller­
gens (Netzly and Butler, 1986), as mIght
be expected from theIr structural SimIlar­
Ity to urushiOl, they also are selective her­
bICIdes, mhibItmg electron transfer m mI­
tochondna and chloroplasts (Nimbal et
ai, 1996)

ProductIOn of stngolactones and sor­
goleones by sorghum roots IS mfluenced
by environmental condItions Stngolac­
tones are produced under growth condI­
tions of excess mOIsture, essentially hy­
dropOnIcally Their productiOn is regu­
lated by day length, WIth as much as a
milhon-foid more produced under short
(two-hour) days than long (16-hour) days
(Weerasunya et al , 1993) In contrast, the
sorgoleones are produced and exuded
only under dryIng condItIOns, excess
mOIsture prevents the appearance of the
OIly droplets on the tips of root haIrS
(Netzly and Butler, 1986)

IrOnIcally, the hIghly water-soluble
stngolactones exuded under hIgh mOIS­
ture condtions correlate best With sor­
ghum susceptIbIhty to Strlga (Hess et al ,
1992) The hydrophobIC sorgoleones,
WIth theIr hmited solubihty m water, are
produced under drymg condItions charac-



tenstIc of the croppmg condItIons under
whIch sorghum IS usually planted But the
amount ofsorgoleones produced does not
correlate wIth susceptIbIlIty to Strlga All
sorghum tested, mespectIve of suscepti­
bIlIty to the parasIte, produced SImIlar
amounts of sorgoleones (Hess et ai,
1992) In contrast, reSIstant and susceptI­
ble sorghum genotypes dIffer by as much
as a bIllIon-fold m the amount of stngo­
lactones they exude (Weerasunya et al ,
1993) Sorghum from Chma, where
Strlga IS not yet recogmzed as a problem,
produces extremely hIgh levels of StrIgO­
lactones and IS hIghly susceptIble to
Strlga (Weerasunya et ai, 1993) Some
Afncan sorghum produces extremely low
levels of stimulant and generally exhIbIts
useful levels of reSIstance to Strlga (Hess
et ai, 1992) Some, such as SRN 39 and
others that are hIgh stimulant producers
yet somewhat reSIstant, presumably have
addItIOnal reSIstance mechamsms

Screenmg for low germmatIOn stimu­
lant production, the only trait contributmg
to Strlga reSIstance that has been well
charactenzed, has been facIhtated by use
of a SImple agar gel assay (Hess et al ,
1992) ThIS assay, combmed WIth field
assessment, has prOVIded strong eVIdence
that low stimulant productIOn IS control­
led by a SImply mhented receSSIve gene
(Hess and EJeta, 1992, Vogler et ai,
1996) ThIS gene, along WIth others con­
trolhng vanous other traIts, IS bemg
mapped on the sorghum genome
(Weerasunya, 1995)

The first detectable response of condI­
tioned Strlga seeds to germmatIOn stimu­
lants such as strigol IS productIOn of eth­
ylene (Babiker et ai, 1993) Ethylene IS
such a potent germmatIon stimulant that

It IS used to treat mfested fields m the U S
to mduce SUICIdal germmatIOn and
thereby lower the degree of mfestatIOn
(Sand and Manley, 1990) Treatment ofS
aSiatica seeds WIth a combmatiOn of
thidlazuron, a cotton defolIant WIth cytok­
mm-lIke actIVIty, and selected auxms
such as 2,4-D has been reported to stimu­
late endogenous ethylene productiOn and
germmatIOn, warrantmg conSIderation as
an effective method for cleanmg up m­
fested fields (Babiker et ai, 1994)

HaustorlalImtlatlOn

LIke germmatiOn, mitIatiOn of the
haustonum, the speCIalIzed structure that
represents the begmmng of paraSItic ex­
preSSIOn for Strlga, IS under control of
host-denved SIgnals (NIckrent et al ,
1979) A large number of phenolIc com­
pounds and cytokmms have been shown
to mduce haustonal mitIatiOn (RiOpel and
Timko, 1995) In partIcular, the SImple
qumone, 2,6-dimethoxy-p-benzoqumone
(2,6-DMBQ), IS qUite active m thIS re­
gard, although It IS not found m sorghum
root exudate unless the roots have been
mechamcally damaged Weerasunya
(1995) reported mvolvement of a natural
SIgnal exuded by undamaged sorghum
roots The SIgnal, the structure of WhICh
has not been elUCIdated, IS less stable than
2,6-DMBQ A more complete dISCUSSIOn
ofvanous features ofhaustonal mitiatIOn
IS presented by RIOpel and TImko (1995)

A host genotype that produces normal
levels of germmatIOn stImulant but only
very low levels of haustonal ImtIatIOn
factor would be valuable It would not
only be mmimally parasItized by Strlga
but would tend to clean up mfested fields
by stimulatmg SUICIdal germmatIOn The
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agar gel assay for productIOn of germma­
tIon stimulant (Hess et al , 1992) has been
modIfied to screen for low productIOn of
haustonal mItIatlOn factor (Weerasunya,
1995) Regrettably, vanatIOn of the
amount ofthIS sIgnal produced wIthm sor­
ghum (Weerasunya, 1995) and maize
(Reda, et al , 1994) genotypes appears to
be relatively small, compared to the large
dIfferences m germmatIOn stImulant pro­
duction by sorghum genotypes (Hess et
ai, 1992) To our knowledge, no crop
genotype producmg satIsfactonly low
levels of haustorIal mItIator has been
IdentIfied

Subsequent Stages ofDevelopment

Although there IS eVIdence from m VI­

tro culture studIes that Strlga develop­
mental stages beyond haustorIal mItIatIon
are under control of SIgnals obtamed dI­
rectly from the host through vascular con­
nectIOns (Cal etal , 1993), these presumed
SIgnals have not been characterIzed or
Identified

Tlmmg ofSignal ProductIOn
and Response

Effective coordmatlon of the hfe cycle
of Strzga WIth that of the host reqUires
controlled, bnef penods of release of
short-hved SIgnals, and tImely responses
to SIgnals For sorghum, maxImum stngo­
lactone production occurs four to eIght
days after seed germmatIOn (WeerasurIya
et aI, 1993) Even If Strzga seeds are
already condItIOned when the crop IS
planted, thIS tImmg permIts estabhshment
of the crop seedhng WIthout mterference
by Strzga A SImIlar time frame apphes to
sorgoleone productIOn (Netzly et aI,
1988) The time frame for host root pro-
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ductIon of haustonal mitIatIOn factor has
not been reported, but m agar gels It ap­
pears to be a few hours slower than ger­
mmatIOn stimulant productIOn

The first detectable response of Strzga
to germmatIOn stImulant IS mcreased pro­
ductIOn of ethylene, m as httle as four
hours (Bablker et al , 1993) Germmatmg
Strzga seeds also respond rapIdly (withm
four hours) to the haustonallmttator SIg­

nal The response mcludes cessatIOn of
cell elongation, radIal expanSIon of cortI­
cal cells, ImtIatlOn ofhaustonal haIrs, and
development of densely stammg hairs at
the haustonal apex (RIOpel and Timko,
1995)

Although subsequent SIgnals ex­
changed dIrectly through vascular tissue
between host and paraSIte are not yet
known, It IS clear that all SIgnals control­
hng paraSIte and/or host development
must be short-hved m order to estabhsh
an appropnately hmlted time frame for
each developmental stage ThIS mherent
mstabIhty m the natural host-paraSIte m­
teractlOn enVIronment may account for
some of the dIfficulty m charactenzmg
and Identlfymg these SIgnal molecules
Moreover, unstable SIgnals WIth short
hfetImes m soIl are not attractive targets
for synthesIs for apphcatlOn to soIl to dIS­
rupt parasIte-host development (for ex­
ample, to mduce SUICIdal germmatIOn)

Modes ofSignal TransmissIOn

GermmatIOn and haustonal mitIatIon
SIgnals are necessanly transmItted
through the SOlI Subsequent SIgnals are
apparently transmItted through vascular
connections The mechamsm of actIOn of
these SIgnals IS essentIally unknown be-



yond the observatIOn that germmatIon
stimulants tum on ethylene productIOn
(Bablker et ai, 1993), and the haustonal
mltIator shifts the dimensIOn of cell ex­
pansIOn and ImtIates cell divIsIOn and dif­
ferentiatIon (RIOpel and Timko, 1992)

MetabolIc Inputs from the Host
and Their MetabolIc Cost

Stnga IS completely dependent upon ItS
host for water and mmerals, havmg no
roots ofItS own Strlga damage to the host
IS most severe under drought and low
fertilIty conditIOns, m which the host plant
IS under stress (Boukar et ai, 1996)
Strlga does not close ItS stomata unless
water depnvatIOn IS severe (Press and Ste­
wart, 1987)

Although Strlga IS photosynthetic, It IS
partially heterotrophic, with the propor­
tion of host-denved carbon varymg be­
tween 5% and 35% (Cechm and Press,
1993a) Strlga mfestatIOn mhlblts host
photosynthesIs up to 40% m laboratory
studies (Smith et al , 1995) and to a Similar
extent m field studies (Gurney et ai,
1995) It has been suggested that the ca­
pacity to mamtam normal rates of photo­
syntheSIS when mfected may be an Impor­
tant correlate of host tolerance to Strlga
(Cechm and Press, 1993a)

The loss m host productiVity aSSOCiated
with Strlga parasitism IS greater than can
be accounted for by loss ofhost metabolIc
resources to the parasite (Press and Ste­
wart, 1987) ThiS pathological effect may
be due to the Strlga-mduced mhlbltIon of
host photosynthesIs (Graves et ai, 1990)
and/or to disruptIOn ofhost hormonal bal­
ance Drennan and EI-HIwens (1979) re­
ported drastIC reductIOns m cytokmms

and glbberellIns and an appreciable m­
crease m absclc aCId and farnesol m the
xylem sap ofS hermonthlca-mfested sor­
ghum

Strlga-host relatIOnships are strongly
mfluenced by avaIlabilIty of mtrogen to
the host, with mcreased levels ofmtrogen
fertilIzer usually resultmg m decreased
levels of Strlga mfestatIOn (Shenf and
Parker, 1986) The chemical form of the
mtrogen transferred from the host to
Strlga has not been reported It may differ
with the level and source of mtrogen
aVailable to the host

Host Defenses Agamst Strlga

Hosts such as sorghum and mIllet that
have co-evolved with Strlga are more
lIkely to have developed effectIve de­
fenses than hosts such as maize that were
mtroduced relatIvely recently mto Strlga­
endemiC areas

AVOidance

Some sorghum genotypes mmlmlze
Strlga mfestatIOn by aVOidance, either
dlstnbutmg their roots unusually deep
away from Strlga seeds, which mamly
occur m the upper 10 cm of SOlI (Chenf­
An et ai, 1990, OlIVIer and Leroux,
1992), or by producmg such low levels of
germmatIOn stImulant that relatively few
Strlga seeds germmate

It has been suggested that low stimu­
lant productIOn IS of lImIted utilIty m pro­
tectmg host crops agamst Strlga, pOSSibly
due to WIde aVailabilIty ofstimulant from
other plant sources But If thIS were the
case, there would be no coordmatIOn of
Strlga germmatIOn WIth the presence ofa
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sUitable host Under these condItIOns,
tImely germmatIOn ofStrlga seeds appro­
prIately pOSItIoned near a host root so that
attachment could occur would be rare, and
almost all Strlga seeds germmated would
SImply dIe ThIS would result m rapId
depletIon of the Strlga seed populatIOn m
the SOlI, contrary to the observed longev­
Ity ofStrlga mfestatIOns (Doggett, 1988)
Presumably most Strlga germmatIOn IS m
response to host-produced germmatIOn
stImulant

ReSistance

We define host reSIstance to Strlga as a
crop genotype WhIch supports sIgmfi­
cantly fewer Strlga plants and has a hIgher
yIeld than susceptIble genotypes grown
under the same mfested condItIons (E]eta
et al , 1992) Among the cereals, reSIstant
genotypes have been IdentIfied mamly m
sorghum, some of these are also low
stImulant producers (Weerasunya, 1995)

Two mechanIsms of reSIstance have
been proposed Mechamcal protectIOn by
enhanced lIgmficatIOn or subenzatIOn of
host root tIssue was reported by Maltl et
al (1984) AlternatIvely, reSIstance due to
metabolIc chemIcal protectIOn (e g , antI­
bIOSIS) has been reported for cowpeas re­
SIstant to Strlga gesneroldes (Lane et al ,
1993) and m wIld sorghum (S verslcolor)
reSIstant to S hermonthlca (Lane et al ,
1994) Strlga attachment to, or sub­
sequent development on, cowpea roots
may be delayed or may result m necroSIS
and death of the attached Strlga plantlets
(Lane et aI, 1993) Slow development of
S hermonthlca tubercules on roots of a
Kenyan acceSSIOn of S arundmaceum
was reported (Lane et aI, 1994) In addI­
tIon, most paraSIte seedlIngs attached to
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the roots of Sorghum verSIcolor acces­
SIons dIed followmg penetratIOn Those
that survIved exhIbIted slowed develop­
ment (Lane et aI, 1994) The metabo­
lIc/chemICal baSIS for thIS reSIstance has
not been elUCIdated An aSSOCIatIon of
hIgh levels of phenolIc aCIds WIth host
reSIstance III sorghum has been reported
(El Hlwens, 1987), but could not be con­
firmed III our laboratory

Phytoalexms are an Important reSIS­
tance factor to Orbanche spp III both sun­
flower (reSIstance III cv 81-14 to 0 cu­
mana) and chIckpea (resIstance III cv ILC
280 to 0 crenata) (Wegmann et ai,
1991) PhytoalexIns are low molecular
weIght secondary metabolItes, synthe­
SIzed after pathogen attack, that serve In
plant self-defense However, at present no
eVIdence of theIr Involvement III host re­
SIstance to Strlga has been reported

Tolerance

Tolerant crop genotypes support as
many Strlga plants as do susceptIble
genotypes, WIthout a concomlttant reduc­
tIon In productIVIty (E]eta et al , 1992) In
contrast to reSIstant genotypes, produc­
tIon of tolerant genotypes Increases the
number of Strlga seeds In the soIl Toler­
ance IS therefore a less deSIrable traIt than
reSIstance

In maIze, several tolerant genotypes
have been reported (KIm, 1994) but reSIS­
tant maIzes have been more dIfficult to
IdentIfy At IITA, sources ofreSIstance to
Strlga were IdentIfied III some AfrIcan
landraces and the wIld relative, Zea
dlploperenms IntrogressIOn mto Im­
proved genetIc backgrounds IS underway



The physIologIcal basIs for tolerance to
Strlga IS not known It is possIble that
tolerant crop genotypes are able to seques­
ter theIr nutnents more successfully
agamst loss to Strlga than susceptible
genotypes, but thIS explanatIOn seems m­
adequate because metabolIte loss to
Strlga cannot account for the loss of pro­
ductlVlty of Strlga-mfested hosts (Press
and Stewart, 1987) It seems more lIkely
that Strlga-denved matenals such as m­
hibitors of host photosynthesis are less
tOXiC to tolerant crop genotypes than to
susceptible genotypes

Host-ParasIte Incompatlblilty

One ofthe most puzzlIng aspects ofthe
Strlga-host relatIOnship is the apparent
compatibilIty of host and paraSIte The
dicotlyedenous paraSite differs so greatly
from ItS monocotyledenous cereal host
with respect to morphology, develop­
ment, and metabolIsm that It is difficult to
accept, much less understand, how the
completely host-dependent parasItism IS
mamtamed and perpetuated In suscepti­
ble hosts, dIscnmmatIOn between selfand
non-self must be circumvented somehow
so the paraSIte IS not rejected One would
not expect graftmg between Strlga and
cereal hosts to be successful (perhaps it
would be useful to mvesttgate thIS pOSSI­
bIhty), but normal establIshment and
propagatIOn ofStrzga on host roots would
appear to be functiOnally eqUivalent to a
graft Proposed studIes on hosts vs non­
hosts may eventually lead to a sattsfactory
resolutIOn of these problems

It has been suggested (Graves et ai,
1989), that although the major flow of
14C labeled metabolItes IS from host to
Strlga (Rogers and Nelson, 1962), a

Strlga-denved "toxm" mIght account for
the major loss m productiVity ofStrlga-m­
fected hosts not accounted for by compe­
tItIOn for metabolIc resources We have
shown that matenals qUite tOXIC to Strlga
hosts can be extracted from Strlga plants
(Bell-Lelong et ai, 1994) Dependmg on
how the matenals are applIed to host seed­
lIngs, symptoms mclude wtltmg, leaf
curhng and chlorOSiS, resemblIng effects
ofStrlga mfestatIOn m the field Although
Strlga extracts are nch m phenolIc com­
pounds, the tOXIC matenal does not punfy
With any of the major phenolIcs Two
tOXIC components of Strlga extract have
been punfied but not yet identIfied It IS
not yet clear to what extent these tOXiC
matenals are umque to Strlga or other
paraSItic plants

We are not aware of any necessity or
benefit for Strlga to negatIvely affect itS
hosts beyond the shanng of host metabo­
lItes, mOisture and mmerals In fact, It
would seem to be m the best mterest of
Strlga to have a fully productive host We
can therefore only speculate on the pOSSI­
ble role of the Strlga toxm The toxm
might modify host metabohsm to stimu­
late productIOn ofmetabohtes reqUired by
Strlga, or it mIght hmit host leafdevelop­
ment to permit better access of Strlga to
sunlIght The sorgoleones are powerful
mhibitors of photosynthetIC electron
transport (Nimbal et ai, 1996), mductIon
or mtroductIOn of thiS type of compound
m photosynthetic tIssue as a consequence
ofStrzga mfestatIOn might account for the
observed Strlga-mduced reductiOn m
photosyntheSiS (Graves et ai, 1990) Al­
ternatively, the so-called toxm could be a
normal Strlga metabolIte, somehow m­
compatible WIth host metabolIsm, tOXIC
because of accessIbIlIty to the host by
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leakmg back through vascular connec­
tIOns to the host If thIS IS the case, there
may have been selectIOn for hosts wIth
dImIlllshed sensItIvIty (tolerance) to
toxm Non-hosts mIght prove to be more
vulnerable than hosts to the toxm

Other Factors That Influence the
Stngo-Host RelatIonship

Stress

Numerous studIes have documented
the benefIcIal effect of supplemental
mOisture and mtrogen on yIelds ofStrlga­
mfested crops (Ogborn, 1987) In general,
crops that are not stressed are relatIvely
unaffected by Strlga Cultural practIces
that reduce crop stress therefore tend to
hmIt crop damage by Strzga Delayed
crop plantmg decreases Strlga mfestatIOn
to varymg degrees, dependmg on locahty,
ramfall, and sod temperature (Parker and
RIches, 1993) Work on S hermonthlca
undertaken at the Gezua Research StatIOn
mdlcated that a one month delay m plant­
mg consIderably reduced Strlga mfesta­
tIon However, the observed reductIOn
was mfluenced by sorghum genotype Re­
duced mfestatlOn was maxImal (97%) on
SRN39, a resIstant varIety, and mInImal
(32%) on a susceptIble control (A G T
Bablker and M T EI Mana, 1996, per­
sonal commulllcatIOn) ReductIOn III

Strlga mfestatlon wIth delayed plantmg IS
pOSSIbly assocIated wIth mductlOn ofwet
dormancy Response of S hermonthlca
seeds to germmatlOn stImulants was re­
ported to decrease after one month ofbur­
Ial m mOIst soIl (Bablker et aI, 1987) It
also has been proposed that certam forms
of nItrogen fertlhzer mhlblt host produc­
tIon of Strlga germmatIOn stImulants
(Cechm and Press, 1993b)
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ConclusIOn

ConsideratIOn of the Strlga-host rela­
tIOnshIp generates many unresolved ques­
tIOns Why do roots of hosts (and some
non-hosts) produce and exude UnIque
chemicals that mdependently serve as sig­
nals for Strlga germinatIOn and haustonal
initIatIOn? In the absence of Strzga do
these exuded molecules benefit In any
way the hosts that produce them? What IS
the slgmficance of Strzga's hIgh content
of phenohc matenals and phenol oXidase
enzymes? How does Strlga manage to
commit only a mmonty of ItS populatIOn
of seeds m the sad to any particular ger­
mmatIOn regIme, protectmg the bulk for
germmatIOn m subsequent seasons? At
the molecular level, how does a Strzga
host dIffer from a non-host?

It IS clear that although a great deal has
been learned about the Strlga-host rela­
tionshIp, we are far from a full under­
standmg As Strzga contmues to mfest
new areas, further constrammg produc­
tIOn of crops needed to feed mcreaslng
African populatIOns, It IS urgent that the
Strzga-host relatIOnship be thoroughly Il­
lummated m order to permIt development
of effectIve and effiCIent control meas­
ures
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Breedmg for Stnga ResIstance m Sorghum

Geblsa EJeta*, L G Butler, D E Hess,
Tunde ObIlana, and B V Reddy

Abstract

Genetlc varzatlOn jor reslstance to Stnga though lzmlted IS avazlable m sorghum
germplasm makmg host plant reslstance ajeaslble control measure The conventlOnal
approach to selectlOn jor reslstance to Stnga has mvolved evaluatlOn oj sorghum
germplasm m Stnga-mjestedplots ThIs approach has not been wldely successful owmg
to the complexity ofthe bIOlogy ofthe host-parasIte relatIOnshIp and Its mteractIOn wIth
other enwronmental factors Future approaches to breedmgfor Stnga resIstance WIll
need to be based on a better understandmg of the baslc host-paraslte blOlogy and
selectlOnjor host genotypes that lack an essentlal slgnal(s) jor successfulparasltlsm A
mIx ojconventlOnal and non-conventlOnal approaches may have to be employed zn the
future m breakmg down Stnga reslstance mto slmpler components that can be explOlted
jor developmg crop genotypes wlth durable resIstance Th,s paper outlmes the state oj
the art m hostplant reslstance to Stnga, assesses some ojthe accomplzshments to date
andsuggestsjeaslble approachesjorfuture efforts m breedzng Stnga-reslstant sorghum
cultlvars

Strlga spp are oblIgate parasItIc weeds
ofslgmficant economIc Importance They
parasItIze many important food crops m
much of AfrIca and ASia but are partIcu­
larly severe on sorghum [Sorghum bl­
color (L) Moench], pearl mIllet (Pen­
nzsetum glaucum L), maize (Zea mays
L ), and cowpea [VIgna ungulculata (L )
Walp] Strlga may have become one ofthe
greatest bIOlogIcal constramts to food
productIOn m these parts of the world,
probably a more senous agncultural prob­
lem than msects, bIrds, or plant diseases
(EJeta and Butler, 1993) YIeld losses
from damage by Strlga are often very

Gebasa EJeta L G Butler and DE Hess Purdue UmverSlty Departments of
Agronomy and BIOchemIStry West Lafayette IN 47907 1150 U S Tunde
Obdana and B V Reddy ICRISAT Patancheru Andbra Pradesh 502 324
IndIa *Correspondmg author
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sigmficant, the range ofestimates varymg
from 10-70% dependmg on crop cultivar
and degree ofmfestatlOn (Doggett, 1988)
Crop losses due to Sh 19a mfestatlOn are
often hIgher m AfrIca than m India An­
nual cereal gram losses m AfrIca from
damage by Strlga have been estimated at
about 40% (Lagoke et al , 1991) In many
places m Afnca, the Strlga problem has
reached epIdemiC proportlOns, presentmg
a rather desperate situatlOn to small sub­
Sistence agnculture m these regIOns

Strlga IS a member of the Scrophu­
larIaceae famIly The genus Strlga, al­
though paraSItIc, produces nonnal green
leaves wIth bnghtly colored (pmk, red,
whIte or purple) flowers Botanically, it IS
charactenzed by opposIte leaves, megu­
lar flowers WIth a corolla diVIded mto a



tube and spreadmg lobes, herbaceous
habIt, small seeds, and parasItism
(Musselman, 1987) Stnga seeds are very
small, some °30 mm long and 015 mm
wIde Dependmg on the speCIes and the
envIronmental condItIOns for plant devel­
opment, each Stnga plant may produce
40,000 to 90,000 seeds

Strlga seeds reqUire after-npenmg,
COnditIonmg, and stimulation by chemI­
cal compounds exuded by hosts and
pseudo-hosts before they can germmate to
successfully parasItize a host plant (Dog­
gett, 1988, Patterson, 1987) The organ of
parasItIsm, the haustonum, also IS pro­
duced m response to yet another chemIcal
sIgnal produced by host roots (Edwards,
1979, Okonkwo, 1966, Lynn and Chang,
1990) The haustonum provIdes Strlga
seedlmgs WIth an attachment mechamsm
to the host roots, thereby formmg a mor­
phologIcal and physIOlogIcal bndge be­
tween them Numerous Strlga plants may
penetrate and attach to a smgle mdividual
host plant, thereby dictatmg deglee ofm­
festatIOn and extent of crop damage

Strlga IS natIve to the grasslands of the
Old World tropICS, reachmg ItS greatest
dIversIty m sub-Saharan AfrIca The ge­
nus Strlga mcludes 50-60 speCIes, all of
whIch are sard to be paraSItic (Patterson,
1987) However, three oblIgate paraSItic
speCIes are recogmzed as the most eco­
nomIcally Important because of theIr Im­
pact as yIeld reducers The speCIes affect­
mg cereal crops, Strlga hermonthlca
(Del) Benth , Strlga aszatlca (L ) Kuntze,
and Strlgaforbesl are found m both Afnca
and ASIa Strlga gesnerOldes (Wild)
Vatke IS deletenous to cowpeas and to­
bacco, also m both Afnca and ASia Strlga
hermonthlca IS an oblIgate outcrosser,
whereas the other three speCIes are hIghly

self-polhnatmg (Musselman and Hepper,
1986)

Strlga was first recogmzed as an Im­
portant weed early m the tum of the cen­
tury, first m India (Barber, 1904) and soon
after m South AfrIca (Burtt-Davy, 1905)
Expenmental work on methods to alleVI­
ate the Strlga problem have been under­
way for several decades, resultmg m sev­
eral potential control measures (Burtt­
Davy, 1905) However, many of these
methods, mcludmg the use of chemIcal
herbICIdes, mtrogen fertilIzatIOn, and SOli
fumIgatIOn, have been costly and beyond
the range of conventIOnal methods avall­
able to poor SubSIstence farmers EradIca­
tion of Strlga may not be a feasIble goal
because ofthe umque adaptatIOn ofStrlga
to ItS enVIronment, the compleXIty of the
bIOlogIcal relatIOnshIps between the para­
SIte and ItS hosts, and the mfluence of
external factors on thIS relationshIp

GIven suffiCIent resources, however,
control of Strlga speCIes IS possIble WIth
mnovatIve and mtegrated farmmg prac­
tices Combmmg several approaches may
be necessary Cultural practices that con­
serve soli mOisture and nutrIents have
been known to lessen the vulnerabIlIty of
host plants to Strlga ChemIcal mputs spe­
CIfically dIrected to weaknesses ofStrlga
may prove to be effective and feaSIble for
Afncan farmers Host plant reSIstance IS
the most practical and economIcally fea­
SIble means for reducmg crop losses to
Strlga and IS central to an mtegrated con­
trol approach

DefimtlOn of Terms

EJeta et al (1991) defined Strlga reSIS­
tance as the capaCIty of a host plant to
support fewer emerged Strlga plants and
to yIeld more gram than a susceptIble crop
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plant grown under simIlar Infestation In
contrast, susceptIble genotypes support a
large number of Strlga plants and show
proportIonal and SignIficant reductIOns In
yield and overall performance Tolerant
genotypes are those which may germInate
and support as many Strlga plants a~ do
susceptible genotypes, without shOWIng a
concomitant reductIOn In graIn produc­
tion or overall plant productlVlty A host
genotype that IS totally free ofStrlga when
grown under Infested conditions would be
termed Immune

Specificity of ReSistance

The genus Strlga is parasitIc to a wide
diverSity of plant speCies The host range
of the four economically Important spe­
Cies is also broad Among the Poaceae,
sorghum, mIllet, maize, nce (Oryza sa­
tlVa), and sugarcane (Saccharum spp ) are
often heavIly affected S gesnerOides
paraSitizes dlcot speCies, pnmanly COW­
pea, tobacco (Nlcotlana tabacum), and
sweet potato (Ipomoea batatas) Host
specificity is thought to be based on satis­
fyIng the reqUirements for germInatIOn,
attachment, penetration, and the overall
nutritional reqUirements of the parasite
Strlga also may depend on host plants for
itS supply ofessential compounds such as
hormones (kmetm, IAA), m additIon to
water and mInerals, although in VItro stud­
Ies have shown that Strlga spp may vary
In these reqUirements Exogenous com­
pounds may be essential m some parasItic
speCIes and not mothers

Gene Action ID Stnga ReSistance

An understandmg of gene actIOn asso­
cIated with both resIstance In host plants
and virulence m the parasite IS essential
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for successful development and deploy­
ment ofhost plant resIstance as a feaSible
measure of Strlga control PublIshed re­
ports on the genetics of host plant resIs­
tance to Strlga, however, have been lIm­
ited Several reasons are Cited for thIS lack
of genetic InformatIon on Strlga resIs­
tance (E]eta et aI, 1991) The lack of an
effectIve and relIable germplasm screen­
mg technIque and the overall paUCity of
germplasm wIth strong levels of ShIga
resistance are major hmdrances to estab­
hshment of a clear mode of mhentance
Because fIeld evaluatIon of crop
germplasm for Strlga resIstance In artIfi­
CIally or naturally Infested expenmental
plots tends to be cumbersome and unrelI­
able and confounds several factors, It is
IneffiCIent GenetIC dIfferences for reSIS­
tance among host genotypes, m eIther In­
Itial screenIng of raw germplasm or sepa­
ratIOn ofsegregatIng populatIOns In delIb­
erate crosses, also may be obscured by
apparent diverSity and changIng popula­
tIon of the paraSite The performance of
some host cultivars tends to vary With
geographIcal area of testmg, perhaps be­
cause of stram varIabilIty ThIS IS a par­
tIcularly Important constramt m the more
oblIgate outcrossmg species ofStrlga

Host Plant ReSistance

Results of mhentance studies based on
field evaluation of Strlga reSIstance have
been somewhat mconslstent An early re­
port by Saunders (1993) suggested that
reSIstance to Strlga aSIatIca m sorghum
was receSSive m two crosses and partially
dommant m a third Both additIve and
non-addItIve gene actlOn were found to be
responsIble for reSistance, With addItive
components bemg more predommant
Kulkarni and Shmde (1985) found field



tolerance to Strlga aszatlca to be governed
by non-addittve gene actIOn Obl1ana
(1984), definmg reSistance as "low total
number ofStrlga per sorghum plant," re­
ported gene actIOn to be non-additive With
over-dommance ofsusceptIbihty, he esti­
mated that two to five genes controlled
reSistance to Strlga hermonthlca m sor­
ghum RamaIah (1987) reported that m
three out of five sorghum parents studied,
susceptIbihty was dommant over reSiS­
tance, m one parent, reSistance was domi­
nant, and m the other parent reSistance
was partially dommant Hess and Ejeta
(1992), usmg a pot study, estabhshed that
m an ehte source of genotype (SRN39),
Strlga reSistance was mhented as a reces­
Sive trait controlled by one or two genes

A Simple genetic control for Strlga re­
Sistance m sorghum emerged as speCific
components of reSistance were mvestI­
gated One of these mechamsms is low
productIOn by host roots of compounds
that Strlga seeds reqmre for germmatIon
Methods for separatmg genotypes on thelf
level of productIOn of germmatIOn stimu­
lants have been developed (Parker et al ,
1977, Hess et ai, 1992) Usmg these
methods, quahtattve mhentance ofStrlga
reSistance m certam genotypes was
clearly demonstrated (Rammah et aI,
1990, Vogler et aI, 1996) Siml1arly, as
Simple screenmg methods that can be con­
ducted under controlled conditions are de­
veloped for other mechamsms of reSiS­
tance, it is expected that clear genetic
mformatIOn about Stnga reSistance w111
hkely emerge (EJeta et aI, 1991) The
development of new Simple aS~dYs Will
facihtate further genetic analYSiS through
both conventIOnal Mendehan genetics as
well as molecular marker studies Such
mformatIon wIll be mvaluable to breedmg

efforts m the development of host plant
reSistance to Strlga m sorghum and other
major crops

Genetics ofStnga Virulence

In additIOn to more complete genetic
mformatIOn on host genotypes, effective
explOitatIOn of host plant reSistance may
reqmre good knowledge of the nature of
genetiC vanatIon m the paraSite popula­
tion and itS mteractIOn With host geno­
types Unfortunately, however, genetic
mformatIOn on Strlga populatIOns is gen­
erally lackmg Yet m an obhgate outcross­
mg speCies such as Strlga hermonthlca,
mcreased Virulence m the paraSite can be
associated With mherent phenotypic
changes m the paraSite populatIOn Hence
a more defimtIve study on host-parasite
genetic mteractIOn would reqmre testmg
ofa host genotype agamst a speCific stram
ofStrlga Pure genetiC stocks of "strams"
of Strlga hermonthlca have not been de­
veloped by research SCientists, and they
are not hkely to eXist m nature Develop­
ment ofpure stocks ofStrlga populatIOns
would reqmre mbreedmg through selfing
or Sib matmg for several generatIOns of
Strlga populatIOns, each mamtamed on a
speCifiC and umform host genotype
Strams developed through such a proce­
dure could then be tested agamst an array
of host differentials, which can then dis­
tmgmsh the Stnga strams Host differen­
tials and pure Strlga strams, once devel­
oped, could be used to charactenze new
sources of Strlga and host vanants and
more defimtIvely claSSify genes for Strlga
reSistance Such a catalog of Virulence
genes or a defimtIOn of gene-to-gene re­
Sistance m Strlga can greatly facihtate
sequential release of mdividual genes as
well as pyramidmg ofmultiple reSistance
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genes for a more efficIent management of
host plant resIstance to Strlga m sorghum
as well as m other crops

Mechamsms ofResistance

Strlga resIstance m sorghum results
from one or a combmatlOn of several rec­
ogmzed mechamsms that mfluencc the
development of parasittsm (EJeta et al ,
1991) These can be generally classIfied
mto four categones

1 ProductIOn ofFew or No Chemical
Signals ReqUiredfor Elicltmg
Germmatwn andlor Haustonal
FormatIOn m Stnga

One ofthe better charactenzed mecha­
msms of reSIstance agamst Strlga IS the
host root's low productIon of chemIcal
compounds that Strlga seeds reqUIre as
stimulants for germmatIOn (Worsham,
1987) StImulatIOn ofStrlga seeds to ger­
mmate mittates the potenttal relationshIp
between the host and the parasIte and
hence provIdes the first opportumty for
reSIstance to Strlga mfestatIOn Host
plants that produce low amounts ofstImu­
lants will cause fewer Strlga seeds to ger­
mmate and thus will be subject to less
severe attack The productIOn ofgermma­
tlOn stImulants is relatively simple to as­
say ExtenSIve genetIc vanatlOn eXIsts
among roots of both host and non-host
plants for levels ofproductIOn ofchemIcal
exudates that are effective as germmatlOn
sttmulants There may have been consId­
erable, though not dehberate, selectIOn for
stImulant productton among landraces of
sorghum Weerasunya et al (1993) re­
ported a 10-fold dIfference m sttmulant
actIvIty produced by two dIfferent sor­
ghum cultivars that evolved under differ­
ent envIronmental condItIons ThIS van-
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atIOn was presumed to be responSIble for
the Strlga reSIstance found m some sor­
ghum cultIvars (Hess et al , 1992)

Followmg successful germmattOn,
roots ofStrlga develop the haustonum, an
organ of attachment, formmg a morpho­
logIcal and physIOlogical bndge between
the host and paraSIte The formatIOn of
haustona also is eliCIted m response to yet
another chemIcal Signal produced by the
host root (Edwards, 1979) Crop geno­
types that produce normal levels of the
germmatlOn Signal but lack the SIgnal that
encourages haustonal formatIOn should
not only be reSistant to Strzga but also
should deplete the Strlga seed populatIon
m the soil by promotmg SUICIdal germma­
tlOn ThIS hypotheSIS could not be tested,
however, smce assays for measunng
amounts of the haustonal factor have not
been developed, and genetIC varIants of
sorghum for the trait have yet to be iden­
tIfied

2 Chemical and Non-chemical
Barners Dlscouragmg Attachment
and PenetratIOn

Strlga also may depend on addItIOnal
host factors for itS further growth and
development beyond attachment and
penetratIOn Cal et al (1993) found that
Strlga aSIatIca cultured In VItro can read­
ily be regenerated mto non-parasItic type
plantlets Without haustona or develop­
ment of a prImanly plumule However,
regeneratIOn mto paraSItic type plantlets
typIcal of growth on host roots reqUIred
other umdentIfied factors produced by
host plants, suggestmg that Strlga de­
pends on additIonal factors from itS hosts
for further differentmtlOn and develop­
ment



Host and non-host crop plants also may
protect themselves agamst parasItIsm
through other chemIcal and non-chemIcal
means that dIscourage attachment and
penetratIOn by Strlga on host tIssue The
host plant may produce mechamcal barn­
ers that Impede mvaSIOn of cortIcal cells
by haustorIa It has been postulated that
lIgmfied perIcycle cells and endodermal
cells thIckened wIth SIlIca deposIts phySI­
cally obstruct attachment of haustorIa to
roots of sorghum genotypes known to
have good field reSIstance (Saunders,
1933, MaitI et aI, 1984)

3 Chemical Defense (AntibIOsIS)
Agamst Growth and Development of
the Parasite

Crop plants also may produce chemIcal
compounds that dIscourage subsequent
development ofa germmated Strlga seed­
lIng Non-host plants clearly exhIbIt such
a mechanIsm of reSIstance, and It IS plau­
SIble that host plants WIth a strong hyper­
senSItIve reSIstance mechamsm also can
be found, proVIded SUItable assays are
made avaIlable for the screenmg ofappro­
prIate germplasm ThIS remams to be a
very promIsmg area of research

4 AVOidance MechaniSms

Host plants WIth dimimshed root vol­
ume and root length denSity m the upper
SOlI profile, where much of the Strlga
moculum IS found, have been ImplIcated
as havmg an aVOIdance mechamsm of re­
SIstance (DIxon and Parker, 1984, Chenf
et al , 1990) Research m thIS area, whIle
promIsmg, could not advance because of
dIfficultIes assessmg and measunng roots
under laboratory or field condItIons

Breedmg Methods and StrategIes

Advances m the development ofselec­
tIon methods and strategIes for Improvmg
sorghum for Strlga reSIstance have been
hampered partly as a result of lImIted re­
search m elucidatmg the genetICS and/or
the speCIfic mechamsms assocIated WIth
expreSSIOn of reSIstance agamst paraSItIC
weeds As we understand host-parasIte
mteractions better, develop approprIate
assays, and characterIze our crop
germplasm properly, we should be able to
employ, WIth mmor modIficatIOn, breed­
109 methods that have been used effec­
tIVely for other traIts (EJeta and Butler,
1993) CharacterIZatIOn of source
germplasm, development of SImple and
effiCIent screenmg techmques, and a well­
planned selectIOn strategy for yIeld and
other traIts of Importance m subSIstence
agnculture are the bare essentIals for em­
barkmg on breedmg for Strlga reSIstance
We deSCrIbe below research efforts and
mvestments that have been placed on each
of these essentIal areas dUrIng the last
several decades

Source Germplasm

Smce Saunders (1933) first reported
hIS ground-break109 work on Strlga lutea
(Lour), conSIderable gams have been
made m understandmg Strlga paraSItIsm
Some ofthese efforts mcluded IdentIfica­
tIOn and charactenzatIon of source
germplasm m major crops of the semI­
and trOpICS, mcludmg sorghum There ap­
pears to be an overall paUCIty ofgenes for
Strlga reSIstance m these crops, as sug­
gested m our earlIer report (EJeta et aI,
1991) It IS mdeed astomshmg that, m
contrast to the extent and spread of the
Strlga problem and the opportumtIes for
natural and delIberate selectIOn m enVI­
ronments where the host and the parasIte
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have co-evolved, there has been a lower
level of genetIc vanablhty for Stnga re­
sIstance m these crops

It IS qUIte probable, however, conslder­
mg the apparent compleXIty of the traIt
and the strong genotype x envIronment
mteractIOn assocIated WIth mhentance of
field Strlga reSIstance, selectIOn efforts
(partIcularly natural selectIOn forces) may
have favored tolerance to reSIstance smce
Stablhty ofperfonnance often IS the cnte­
non for selectIOn m SubSIstence agncul­
ture However, though very rare, Strlga­
reSIstant genotypes have been found
among Afhcan sorghum landraces The
preponderance of tolerant genotypes
among Afncan landraces may not be no­
tIced untd one exammes sorghum
gennplasm that evolved m Strlga-free en­
VIronments Chmese kaohangs are the
only known sorghum types that evolved
m the northern hemIsphere where Stnga
has not been endemIc InvarIably,
kaohangs are hIghly susceptIble to Strlga,
presumably because they have not been
selected agamst Strlga mfestatIOn m theIr
area of adaptatIon As a breedmg obJec­
tIve, however, development of tolerant
genotypes may have hmIted value smce
the use oftolerant genotypes wIll contmue
the buIld-up of the Stnga seed moculum
m the soIl A number of sorghum geno­
types have been found to possess reC;IS­
tance or tolerance to Strlga m dIfferent
parts of the world The followmg geno­
types have been extensIvely evaluated
WIth mIxed results IS9830,
IS3167(Framlda), IS8577(Dobbs),
IS7777, SRN39, Tetron, P967083, and
555

Screemng Techmques

Successful breedmg efforts reqUIre ef­
fICIent methods for separatmg among
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genotypes HIghly hentable traIts With
easIly recogmzable phenotypes are often
easIly selected, and responses to selectIOn
for such traIts have been excellent In
contrast, evaluatIOn of host plant reSIS­
tance to Strlga under field condItIons has
been slow and mefficlent, and assessment
of mhentance for Strlga reSIstance m the
field has been mconslstent Screenmg a
large number of genotypes m Strlga-m­
fested fields also has been dIfficult due to
the complex mteractIOns among host,
paraSIte, and an array of envIronmental
factors that affect the establtshment ofthe
paraSIte as well as the response ofthe host
(EJeta and Butler, 1993) As a result, se­
lectIOn efforts m breedmg sorghum vane­
tIes With Stnga reSIstance, StrICtly based
on field evaluatIon of vanants, have not
been very successful

FIeld Strlga mfestatIon IS rarely (If
ever) umform Even when the Stnga seed
moculum m the sOIl IS hIgh, the seed age
and mOIsture level could be dIfferent, pos­
Sibly respondmg dIfferentIally to the stIm­
ult reqUired for gennmatIOn and the sub­
sequent ImtiatIOn and development of the
haustona A number of field screemng
techmques, rangmg from developmg a
Strlga SIck plot (artIfiCIally mfestmg ex­
penmental plots WIth the same batch of
Shiga seeds) to a more structured expen­
mental layout and statIstIcally powerful
deSIgns (Rao, 1985), have been suggested
to Improve the relIabIltty of field screen­
mg for Strlga reSIstance These Improve­
ments m field plottechmques have greatly
faCIlItated multIlocatIon testmg of fin­
Ished vanetles However, m evaluatmg
Strlga reSIstance m a large number of
genotypes or a breedmg nursery WIth seg­
regatmg progeny rows, It has been dIffi­
cult to detennme WIth any certamty whIch
ofthe segregatmg plants IS mfested or free
from Strlga Development of SImple, ac-



curate, and rapId laboratory procedures
that can predIct field resistance to Strlga
on a per plant basis is cruCial to a Strlga
resistance breed109 program Although
several such procedures have been at­
tempted (Rao, 1985), only two - the
double plot techmque (Parker et al , 1977)
and the agar gel assay (Hess et ai, 1992)
- have proven useful for screemng a
large number of breedmg progemes With
rehable results When mformatIve labora­
tory procedures such as these are made
available, germplasm is properly charac­
tenzed, genetic mformatiOn is clearly pre­
sented, and selectiOn for useful vanants is
easily implemented In thIs regard, a pOW­
erful screenmg procedure is an mdispen­
sable tool to a plant breedmg program

Selectwn for Yield, Adaptatwn,
and Gram Qualzty

Not unlIke many other pest and disease
reSistance genes, the factors responsible
for Strlga reSistance also have been found
10 landraces that often have several agro­
nomiC weaknesses that need to be fixed
through further breed109 Most source
germplasm for Strlga reSistance has been
poor-yIeldmg, photopenod-sensitIve, tall
10 height, late 10 matunty, hmited 10 ad­
aptatiOn range, and often lackmg 10 eVi­
dent gram qualIty As a result, a delIberate
breedmg effort to combme these essential
agronomiC attrIbutes WIth Strlga reSIS­
tance often IS reqUIred Many of these
agronomIC traits can be selected for under
field condItions 10 a conventiOnal breed­
109 program, but the process of mcorpo­
ratmg genes for Strlga reSistance WIll re­
qUIre supplemental assays

ICRISAT (1983) reported the develop­
ment of new sorghum hnes through such
an effort, providmg the first group of im­
proved Strlga-resIstant cultIvars resultmg

from a dehberate breed109 effort Al­
though these improved hnes (SARI
through SAR34) possess good eVident
gram quahty, they have hmIted yield po­
tential More sIgmficantly, selectiOn of
these lInes was undertaken for Strlga
aszatIca 10 IndIa, and the reSIstance of
many of these hnes did not hold up when
exposed to the more Virulent Strlga her­
monthlca Many of the hnes had poor
adaptation under African condItIOns

The recent release by Purdue Umver­
Sity (EJeta, 1995) ofeIght Strlga-resistant
sorghum cultIvars (P940 1through P9408)
that combme Strlga reSIstance WIth hIgh
yIeld potentIal, gram qualIty, leaf dIsease
reSIstance, and broad adaptatIOn made for
a sigmficant breakthrough 10 Strlga re­
search on sorghum The breedmg effort
resultmg 10 the improved sorghum culti­
vars combmed the use of laboratory pro­
cedure (agar gel assay) With multIlocatiOn
field testmg 10 the Umted States, as well
as 10 a number of African counties Be­
cause of theIr hIgh yield and excellent
broad adaptatiOn, these hnes could be
grown even 10 Strlga-free enVIronments
Without any comparative yIeld loss Seeds
ofthese cultIvars were multIphed and dIs­
tnbuted for commerCial cultivatiOn In

Strlga-endemIc areas often African coun­
tnes 10 1995 World ViSIOn, a Chnstlan
non-governmental orgamzatIOn, has smce
expanded the demonstration and dIffuSIon
ofthese cultIvars to more farm commum­
ties 10 these countnes

Breedmg Methods

Once a source germplasm IS Identified
and a SUItable assay is developed, mcor­
poratIOn of Strlga reSistance mto im­
proved genetic backgrounds becomes a
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routIne plant breedIng procedure Al­
though a number of alternatIve breedmg
methods could be utlhzed, the follOWIng
breedmg methods have been suggested as
the most promlsmg and hkely to yield
good results (EJeta et al , 1991)

Early generatIOn testmg Pedigree
breedmg IS the most commonly employed
plant breedmg method m most field crop
Improvement programs Complementary
traits from two or more parents are com­
bIned Into one genetic background
through genetic recombInatIOn acted
upon by artIfiCial selectIOn ThiS breedIng
method allows the breeder to use his/her
skills to estImate field performance from
smgle plant behaVIOr An effective pedi­
gree breedIng procedure m selectmg for
Stnga resistance reqUIres the avaIlabilIty
of a non-destructive assay that can serve
as a Signal for the presence of the factors
of resistance on a SIngle plant baSIS The
alternatIve IS to select early generation
breedIng progemes for agronomic and
gram qualIty traits and defer selectIon for
Strzga resistance untIl homozygous
progemes are denved after several gen­
eratIOns of selfing ThiS IS necessary be­
cause selectIng for field Strzga resistance
In unreplIcated segregatmg progemes on
a per plant baSIS IS rather umnformatlve

F] hybnds To date the use ofF1hybnds
of sorghum has been lImited to countries
where agnculture IS faIrly well developed
and there IS a functIOnal seed mdustry for
productIOn and regular dlstnbutlOn of re­
lIable good qualIty seed In many ofthese
countries, Strzga IS not endemiC As a
result, the elIte sorghum germplasm pool
shared by the mternatlonal research com­
mumty for development of parental lInes
for hybnds does not contam genes for
Strzga resistance Efforts have been un-
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derway both at ICRISAT and Purdue Um­
verslty to mcorporate genes for Strlga re­
sistance mto seed parents ofexpenmental
hybnds We belIeve gram sorghum and
maize hybnds that combme yield poten­
tial, adaptatIOn, and gram qualIty With a
good level of Stnga resistance Will make
a slgmficant contnbutlOn to sorghum ag­
nculture m the Strzga-endemlc semi-and
tropiCS (EJeta and Butler, 1993)

Recurrent selectIOn schemes A popu­
lation Improvement approach usmg a cy­
chcal selection scheme m a carefully syn­
theSized random matIng populatIOn
should be appropnate to concentrate
genes for Strlga resistance from several
sources mto one common background
Unfortunately, not much effort has been
made to use populatIon Improvement for
Strzga resistance m sorghum A random
matmg sorghum populatIOn has been de­
veloped at Purdue Umverslty (EJeta and
Butler, 1993) Unfortunately, applIed
plant breeders practicIng m Strzga-en­
demlc areas have not shown overwhelm­
mg mterest m ItS use However, If such a
populatIOn can be run through repeated
cycles of selection and random matmg at
an expenmental site With Strlga mfesta­
tIon, ehte progemes can be drawn that
may possess a more broad-based, hon­
zontal resistance to Strlga Effort IS re­
qUIred to produce empmcal eVidence for
such a hypotheSIs, however

Marker-assisted backcrossmg The ad­
vent of molecular marker technology has
mtroduced a powerful approach to learn­
mg the genetic baSIS oftrait expressIOn In
crop plants Growmg eVidence mdlcates
that molecular markers also would be use­
ful for mampulatIng complex traits that
have been rather difficult to handle
through phenotypic selectIon Strlga re-



sIstance IS one such traIt FIeld resIstance
to Strtga m some backgrounds has been
shown to be quantItatIvely mhented Use
of molecular marker technologies has
demonstrated that the phenotypIc van­
abIlity of quantItatIvely mhented com­
plex traIts can be accounted for by rela­
tIvely few quantItatIve trait lOCi (Tank­
sley, 1993, Edwards et aI, 1987,
Patterson et al , 1988) Markers are bemg
used m many agronomIC crops to elUCi­
date the genetiC baSiS of mhentance and
to enhance the effiCiency of selectiOn of
economically important traits (Tanksley
et al , 1996) Efforts also are underway m
a number of programs to develop an ex­
haustIve lmkage map of sorghum and to
IdentIfy molecular markers associated
With quantItative traIt lOCI (QTLs) m­
volved m the mhentance of complex
traits, mc1udmg reSIstance to Strtga

Research efforts at Purdue Umversity
m the Umted States and at Umversity of
HoneheIm, Germany, have been targetmg
the IdentificatiOn and eventual explOita­
tiOn ofQTLs assocIated WIth Strlga reSIS­
tance Once IdentIfied, these markers wIll
need to be tested for theIr power of detec­
tiOn across dIfferent genetiC populatIOns
and envIronmental condItiOns, before be­
mg used as markers m backcross breed­
mg AlternatIvely, advanced backcross
QTL analYSiS (AB-QTL), usmg the same
backcross populatiOns for both mappmg
and selectIOn, has been proposed as a
more effiCient approach for marker-as­
SIsted selectIon (Tanksley and Nelson,
1996) Usmg the AB-QTL approach,
markers linked to an Important QTL such
as Strlga reSIstance can be used to Identify
genotypes m the same mappmg popula­
tIons that contam the favorable mtro­
gressed chromosomal segment These
lInes can subsequently be backcrossed to
the agronomIcally elIte recurrent parent

Current and Future Approaches

In general, conventIonal approaches to
the control of Strlga have not been very
successful A miX of control strategIes
that explOit the baSIC biOlogIcal relatiOn­
ShIpS between Snlga and ItS hosts needs
to be developed Host plant reSIstance IS
central to an effective Strlga control strat­
egy However, as has been stated earlier
phenotypIC selectiOn for Strlga resIstanc~
under field condItIons has been slow and
mefficient Because ofthe complex nature
of the Strlga problem, efforts m Strlga
reSIstance breedmg need to be methodIcal
and based on a better understandmg ofthe
baSIC biOlogy ofStrlga and ItS aSSOCiatiOn
WIth ItS hosts Current efforts mItIated
along these lInes and m combmmg an
array of biOtechnologIcal approaches for
the control of Strlga (EJeta and Butler,
1996) wIll need to be further advanced
Future approaches m breedmg for Strlga
reSIstance may need to focus on the fol­
lowmg major areas

Dlssectmg Stnga ReSistance mto Sim­
pler Components

Field reSIstance to Strlga IS the even­
tual expreSSiOn of a senes of mteractIVe
relatiOnshIps between Strlga and ItS hosts
and is therefore mhented as a quantItatIve
trait As a result, selection for reSIstance
under field conditIons has been slow and
dIfficult Successful Strlga paraSItism de­
pends on a senes of mtncate mter-rela­
tlOnships mvolvmg exchange ofvital sig­
nals produced by the host Many of these
SIgnals are chemIcal compounds that,
when absent or produced m low amounts,
prevent establIshment of paraSItIsm Re­
SIstance also could be due to chemIcal
defense (antIbiosIS), morphologIcal baITl­
ers, or other mechamsms confernng toler­
ance InterruptIon ofone or more of these
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sIgnals and mter-relatIOnships between
Strlga and Its host may lead to resIstance

Strlga resIstance, therefore, can be dIS­
sected mto sImpler components through
better understandmg of the basIc host­
parasIte bIOlogy CharactenzatIOn of the
VItal SIgnals exchanged between host and
paraSIte could lead to development of an
appropnate assay that can separate reSIS­
tant and susceptIble genotypes ResIs­
tance based on presence or absence of a
specIfic sIgnal IS lIkely to be under SImple
genetIC control Such an approach has
several advantages Powerful assays that
detect the presence or absence of the"e
SIgnals could be developed The avaIlabIl­
Ity of a SImple assay allows routme
screenmg ofacrop germplasm whIch can
be readIly catalogued on the baSIS of a
speCIfic mechamsm Genetic dIfferentials
of the host can be establIshed to help
select for reSIstance and to momtor VIru­
lence ConventIOnal plant breedmg as
well as new techmques (e g molecular
markers) can be used to combme more
than one mechanIsm ofreSIstance mto one
genetIC background MethodIcal dIssec­
tion ofStnga reSIstance mto SImpler com­
ponents has been proposed by EJeta and
Butler (1993), and the baSIC ratIOnale and
assumptIOns for effective ImplementatIOn
of the approach have been descnbed

ExplOltmg EXlstmg Vanabillty

The mtncate mter-relatIOnshIps be­
tween Strlga and ItS host descnbed above
may have resulted from co-evolutIOn of
Strlga WIth host crops m the Old World
ThIS should have led to germplasm dIver­
SIty, WhICh may remam undetected to date
because oflack ofSUItable assays to sepa­
rate sorghum genotypes on the baSIS of
speCIfic, SImply mhented genetIC van­
atIOns Vntd now, the best charactenzed
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mechanIsm ofStrlga reSIstance IS the one
based on low productIOn of the chemIcal
SIgnal reqUIred for germmatIOn Appro­
pnate assays have been developed (Parker
et al, 1997, Hess et al , 1992) and land­
races of sorghum germplasm have been
suffiCIently screened (ICRISAT, 1978,
Weerasunya, 1994)

As appropnate assays are developed
for SIgnals reqUIred for mitIatIOn ofhaus­
tona or attachment and penetratIOn and
for hypert>ensitIve type reSIstance (anti­
bIOSIS), sorghum landraces need to be
thoroughly screened An Invaluable
source of genetic vanatIOn for Strlga re­
SIstance could very well be avaIlable m
wIld and related speCIes ofsorghum WIld
sorghum has not hItherto been thoroughly
evaluated for Stnga reSIstance, but needs
to be evaluated for exhaustIve explOIta­
tIOn of the sorghum germplasm

InductIOn ofNew Mutations

AvaIlabIhty of an appropnate assay
WIll allow explOItatIOn of newly denved
mutatIOns Sorghum germplasm has been
successfully Improved through artIfiCIal
mutatIOn for a number of traits It IS plau­
SIble that genetic mutatIOns for Strlga re­
SIstance can be generated through chemI­
calor energy mutatIOns based on mterrup­
tIOn of one or more of the VItal SIgnals
exchanged between Strlga and ItS host If
a senes of assays were developed, ImtIal
effort could be dIrected to screenmg popu­
lations that prevIously have been mutated
for other traIts, before embarkmg on a
delIberate mutatIOn breedmg effort

Pyramldmg ofStnga ReSIStance Genes

Once appropnate assays for speCIfic
SIgnals exchanged between Strlga and ItS
host are developed, germplasm properly



sorted out, and genettc differentIals
clearly established, genes for multiple
mechamsm of resistance can be mcorpo­
rated mto one ehte genetIc background
usmg several feaSible methods Stnga re­
sistance resultmg from a combmatiOn of
such mechamsms is expected to be more
durable and stable across ecological zones
and across Strlga strams than the smgle
gene resistance sources from which they
were denved While the pyramidmg of
these genes can be done through conven­
ttonal backcrossmg, marker-assisted se­
lectiOn would facihtate and speed up the
process of obtammg elite sorghum geno­
types with multiple resistance sources
Such an approach should result m a more
preCise assessment of sources as well as
movement of genes mto an array of ge­
netiC backgrounds
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Integrated Use of Strzga-Reslstant Sorghum
Varieties with Cultural and Chemical Control

A G T Bablker

Abstract

The complementary effect ofcultural and chemical control ofStnga was evaluated
on resistant and local varieties ofsorghum Emergence ofthe parasite was earller and
more mtense on the local than on the Stnga-reslstant varzetles SRN 39 and IS 9830
Early hand-pullmg of Stnga was meffectlve Irrespective of crop variety Late hand­
pullmg did not affect the parasite on Dabar but good control (75%) was attamed on
SRN 39 Intercroppmg reduced Stnga emergence, growth and capacity to produce
seeds on all crop varzetles Urea dlcamba or their combmatlOn effected good to
satisfactory control ofStnga on resistant varzetles butperformed mconslstently on the
local ones Chlorsulfuron and Its tank mIX with dlcamba Irrespective ofthe preceedmg
urea treatment, suppressed Stnga on all varieties Unrestricted Stnga parasitism
reduced straw and gram yield of all varzetles SRN 39 unllke Dabar, evaded early
damage by Stnga and outylelded the local varzetles although often not slgmficantly
Chlorsulfuron and ItS tank mix with dlcamba Irrespective of the precedmg urea
treatment or crop varzety mcreased yield slgmficantly Dlcamba alone did not affect
yield Dlcamba, applled subsequent to urea slgmficantly mcreasedYleld ofGadam El
Hamam (GIN) but not ofSRN39 Two Stngacontrol optIOns were Identified One, based
on resistant varieties and mvolvmg use oflow level mputs, IS sUitable for subSistence
farmers With llmlted resources The second optIOn IS based on use ofhigh level mputs
of local varieties with high yield potenttals and IS sUltable for hlgh-mput farmmg
systems

Wltchweeds, Strlga spp, present sen­
ous constramts to the productIOn ofmajor
cereal crops such as sorghum [Sorghum
blcolor (L) Moench], pearl mIllet [Pen­
msetum glaucum (L ) R Br] and maize
(Zea mays L ) m and and semI-and trOpI­
cal Afnca The two most Important Strlga
speCIes on cereals are S hermonthlca and
S asiatica About 21 mIllIon hectares of
the gram-producmg area m AfrIca are es­
tImated to be mfested, and gram produc­
tion on 44 mIllIon hectares IS potentIally

A G T Bablker Agncultural Research Corporation POBox 126 Wad
Medam Sudan

endangered (Sauerborn, 1991) Gram
losses due to Strlga damage were estI­
mated at about 40% when averaged across
the contment (Lagoke et ai, 1991) Total
crop faIlures, whIch are not uncommon
under heavy Strlga mfestatlons, have III

some cases resulted III relocation of vIl­
lages (Doggett, 1965)

Sorghum IS the most Important gram
crop m the Sudan The crop IS produced
under three farmmg systems lITIgated,
tradItional, and mechanIzed The area un­
der the crop constitutes 74% of the total
area under cereals and 45% of the total
cultivated acreage The bulk ofthe crop IS
grown mamly m the Central Clay Plams
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Over 90% of the crop IS under rams and
most of that IS mechamzed (EJeta, 1985)
Yield of sorghum IS generally very low
and IS further reduced or threatened by S
hermonthlca (Hamdoun and Bablker,
1988)

TraditIOnally Strlga was controlled m
AfrIcan farmmg systems by prolonged
crop rotatIOn with bush fallows, trap
crops, and hand-weedmg However, be­
cause of populatIOn pressure and the at­
tendant need for food, most ofthese meth­
ods have gone mto disuse AvaIlable eVI­
dence mdIcates that the Stnga problem
has grown to be epidemIc (EJeta et ai,
1993) The recent flare up and spread of
the parasIte are assocIated wIth low sotl
fertIhty, unrehable ramfall, and mtenslve
monocroppmg of susceptIble hosts (But­
ler, 1993)

The need to contam, control, and diS­
courage spread of the parasite IS urgent
Most of the modern control methods,
whIch utIhze herbicides and other chemi­
cal control measures, have been devel­
oped speCifically for hlgh-mput advanced
agncultural systems Because of eco­
nomic constramts, these control measures
seem unhkly to be of use to subSistence
farmers, for whom Strlga-resistant CUltl­
vars should prOVide the SImplest, best, and
cheapest solutIOn However, there IS al­
ways the pOSSlblhty of a good reSIstant
vanety losmg ItS resIstance or not dlsplay­
mg resistance when conSidered across
seasons and over locatIons (Parker, 1983)
Therefore the most promlsmg approach IS
an mtegrated one, compnsmg resistant
vaneties and complementary agronomIC
and cultural practices

The pnmary ObjectIve ofthIS study was
to develop an mtegrated Stnga manage-
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ment strategy SUItable for subSIstence
farmmg systems The mvestlgatlOn,
whIch was undertaken on both IrrIgated
and ramfed sorghum, focused on the m­
fluence of complementary agronomIC
practIces on relatIve performance of two
resistant varietIes, SRN 39 and IS 9830,
and some selected local cultivars under
Strlga mfestatIon

MaterIals and Methods

Irrigated Sorghum

A senes of expenments was under­
taken at the Gezlra Research StatIon dur­
mg the 1988 - 1991 seasons Sorghum was
planted m a Strlga SIck plot on ndges 80
cm apart at a wlthm-row spacmg of15 cm
The emerged seedhngs were later thmned
to two plants per hIll Plots (3x7m) were
arranged m randomized complete blocks
WIth four rephcates Treatment effects
were assessed by penodlc count ofStrlga
and by determmmg sorghum gram and/or
straw yield at harvest Yield data, col­
lected from the middle two rows, were
exammed by the analySIS ofvanance De­
tatls of mdlvldual expenments are given
below

Hand-pullmg

The sorghum vanetIes SRN 39 and
Dabar were employed Treatments were
no hand-pulhng and hand-pulhng once at
45,60, or 75 days after crop emergence

Intercroppmg

SRN 39 and Gadam EI Hamam (GIR)
were used Dohchous beans (Lablab pur­
pureus L) were planted m holes (two
seeds per hole) 15 cm apart, midway be­
tween sorghum plantmg holes, on the
same ndge as sorghum They were then



thmned to one seedlmg per hole IS days
after emergence

Fertllzzers and herbicides

SRN 39 and GIH were used Urea was
applIed at plantmg at rates of0 and 190 kg
ha I Superimposed on the urea treatments
were the herbicides chlorsulfuron (2 4 g
ha I), dlcamba (0 3kg ha I), and their tank
miX, applIed 30 days after plantmg as
sod-directed sprays

Ram Grown Sorghum

Expenments were undertaken at
Gadaref, Umsagattah, and Tozl, tradi­
tIonal farmmg areas with medlUm ramfall
(400-600mm), and at Slmslm, a mecha­
lllzed farmmg area with medlUm to high
ramfall (600-800 mm) All experiments
were conducted under natural Strlga m­
festatlOn

Traditional Farmmg

Sorghum was planted m h1l1s on rows
90 cm apart at a wlthm-row spacmg of30
cm The crop was later thmned to two
plants per h1l1 Treatments were arranged
III randomIzed complete blocks wIth four
replIcates Treatment effects on Strlga
and sorghum were assessed as prevIOusly
descrIbed

Gadarif

Four sorghum vanetIes, SRN 39 and
the local cultIvars Korakolo, Abdella
Mustafa (AIM), and Safra, were em­
ployed Urea was broadcast by hand at
plantmg at rates of 0 or 95 kg ha I Super­
Imposed on the urea treatments was a tank
mIx of chlorsulfuron (24 g ha I) and dl-

camba (0 3 kg ha \ applIed as a SOlI-dI­
rected spray four weeks after crop emer­
gence

Umsagattah

Sorghum varietIes SRN 39, IS 9830,
and Wad Akar were planted m 6x6m
plots Plots sown to Wad Akar received
urea at plantmg at rates of 0, 95, and 190
kg ha I Plots planted to the other cultIvars
did not receIve urea

TOZI

Three sorghum varietIes, SRN 39, IS
9830, and Fetenta Korakolo, were planted
m 6x6m plots Urea was applIed at plant­
mg at rates of 0 and 95 kg ha I

Mechamzed Farmmg

An expenment was conducted at Slm­
slm The crop was sown wIth a press drill
m rows 90 cm apart Urea was applIed
before seedmg at the rate of 476 kg ha I
Chlorsulfuron alone or m a tank mIx with
dlcamba was applIed 30 days after sow­
mg, as a sod-directed spray, with a trac­
tor-mounted sprayer Plots (8x50m) were
arranged m randomIzed blocks wIth four
replIcates Strlga count was undertaken m
ten quadrants (l m2 each) selected at ran­
dom III each plot Sorghum gram yIeld
was determmed at harvest

Results

Irngated Sorghum

Effects on Strlga

Strlga populatIOn denSity vaned wIth
season and crop vanety In general, emer-
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Effects on sorghum

G/H The activity ofthe herbicide mixture
and combmatlOns With urea was not dif­
ferent from that ofeach ofthe smgle prod­
ucts (Table 3)

UnrestrIcted Strlga parasitism reduced
straw yield of all varieties (Tables 1 and
4) Hand-pullIng of Strlga at 45 and 60
days after crop emergence mcreased
straw yield of Dabar by 86% and 93%,
respectively The correspond109 10­

creases 10 SRN 39 yIeld were 44% and
67% Hand-pullIng 75 days after crop
emergence was meffectlve on Dabar

Urea, dlcamba, and their combmation However, It mcreased SRN 39 yIeld by
effected satisfactory to excellent control 48% (Table I) Intercroppmg conslder-
(62-92%) ofStrlga on SRN 39 However, ably decreased time to flowermg, and lO-

on G/H, mconslstent performance was creased number of heads and straw yield
displayed Chlorsulfuron and ItS tank mix of the susceptible variety G/H However,
With dicamba effectively controlled the With SRN 39, only neglIgible effects were
parasite (77-100%) on both SRN 39 and displayed (Table 5)

gence ofthe parasite was earlIer and more
mtense on the local vanetles than on the
Strlga-reslstant vanetles SRN 39 and IS
9830 (Tables 1-4) Hand-pullIng, irre­
spective of time, did not reduce Strlga
population on Dabar Early hand-pullIng,
45 and 60 days after crop emergence, had
a neglIgIble effect on Strlga on SRN 39
However, hand-pullIng 75 days after crop
emergence resulted 10 a low Strlga count
15 days later (75% control) (Table 1)
Intercroppmg reduced Strlga shoots by 42
to 96%, Strlga dry weight by 89 to 92%,
and number of fertlle capsules by 100%
(Table 2)

Table 1 Efficacy of hand-pullmg on StTlga on sorghum as mfluenced by time and crop varIety
Hand pullmg SIr/gal Straw yield

Variety time (m days) (plants/m2
) (t ha I)

Dabar Not pulled 7 1 4
Dabar Pulled 45 DAS2 10 26
Dabar Pulled 60 DAS 6 2 7
Dabar Pulled 75 DAS 6 I 3
SRN 39 Not pulled S 2 7
SRN 39 Pulled 45 DAS 4 3 9
SRN 39 Pulled 60 DAS 4 4 S
SRN 39 Pulled 75 DAS I 40

I Slr/ga count was undertaken 90 days after crop emergen~c
2DAS = days after crop sowmg

Table 2 Influence of mtercroppmg With I Purpureus on StTlga populatIOn denSIty, dry weIght, and
seed productIOn capacIty

Treatment SODAS' 120DAS
SIr/ga dry

weight (g1m2
)

Fertile
capsules/plant

SRN39
SRN39+L2

GIH3

GIH+L

12 9
4 1

50 46
21 3

246
18

972
36

7
o

15
o

IDAS - days after sowmg
2+L = + Lahlab purpureus mtercroppmg
3GIH = Gadam EI Hamam
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Table 3

Sorghum
Treatments

Effect of urea and herbicide on Slnga emergence and sorghum yield (1991)
Strrf(a (plantslm2

) Gram Yield (t ha I)

G/H SRN 39 GIH SRN 39
60 DAS" 60 DAS

Untreated control
Urea (U)3
Dlcamba (0)4
D+U
Chlorsulfuron5

Ch+U
Ch+D
Ch+U+D
SE :l:
lOtH = Gadam E1 Hamam
2DAS = days after sowmg
3Urea 190 kg ha I

4Dlcamba 300 g ha I

sChlorsulfuron 2 4 g ha I

50 34
52 6
21 6

5 3
2 0
2 0
2 0
2 0

021
lIS
092
202
205
396
199
386
0325

040
138
086
131
173
211
145
194

Table 5 Influence of mtercroppmg with L
purpureus on number of sorghum
heads ofStnga-mfested Irngated sor­
ghum (000 ha I)

(DAS = Days after sowmg
2U = urea at 95 kg ha I

3U• = urea at 190 kg ha I

SRN39
SRN-39+U2

SRN 39+ U·3

IS 9830
IS 9830+ U
IS 9830+ U·
Dabar
Dabar+U
Dabar+U

Table 4

Treatment

Influence of crop variety and urea on
Strlga mCldence (60 DASI) and sor­
ghum growth (GRS-1988)

Strrga Straw yIelds
(plants/m2) (t ha 1)

12 49
14 8 I
8 11 6

26 33
8 11 I
7 113

26 12
35 46
42 57

Results from a detaIled expenment us­
mg G/H and SRN 39 showed that unre­
stncted Strzga parasItIsm reduced gram
yIeld ofall vanetIes (Table 3) Urea at 190
kg ha 1 effected a sIgmficant mcrease m
yIeld of G/H Chlorsulfuron, mespectIve
ofthe precedmg urea treatment, mcreased
yIeld sIgmficantly DIcamba alone had a
neglIgIble effect DIcamba preceded by
urea or applIed as a tank mIX WIth chor­
sulfuron effected a consIstent and sIgmfi­
cant mcrease m yIeld (Table 3)

Untreated and urea-treated SRN 39
outylelded the correspondmg G/H treat­
ments, albeIt not sIgmficantly DIcamba
alone, and when preceded by urea, ef­
fected non-sIgmficant mcreases Chior­
sulfuron and ItS tank mIX WIth dlCamba,
IrrespectIve of the preceedmg urea treat­
ment, effected a sIgmficant mcrease m
yIeld (Table 3)

Time after plantmg (m days)
Treatment 40 70 100
SRN 39 89 102 lOS
SRN 39 +L1 90 96 102
G/H2 2 13 27
GIH+L 43 71 71
SE:l: 63 8 63

1+ L Lab/ab purpureus mtercroppmg
20tH = Gadam EI Hamam

Ram Grown Sorghum

Effects on Strzga

Strzga mCIdence vaned WIth SIte, sea­
son, and crop variety The reSIstant varIe-
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Table 6 Effects of urea and herbIcIde on Slnga on sorghum (GadarIf, 1994)
Treatment and
crop variety

Korakolo
AM
Safra
SRN39
IU=urea (476 kg ha I)
2Ch=chlorsulfuron (24 g ha I)
'D=dlCama (300 g ha J)
4AIM=Abdella Mustafa

Vntremed VI

370 150
217 215
248 204

52 26

14
52
58
6

Ch+D+V
50
58
50
15

Table 7 Effects of herbIcIde and urea on
Slnga and sorghum gram yIeld (Slm­
slm, 1994)

ties, IS 9830 and SRN 39, sustamed be­
tween 25% and 93% less Stnga than the
local cultIvars (Tables 6-9) At Gadarlf,
urea at 476 kg ha 1 reduced Stnga emer­
gence by 20-59% on Korakolo, Safra, and
SRN 39 However, It had a neglIgible
effect on AIM The correspondmg reduc­
tIons at Slmslm were 17% on G/H and
42% on SRN 39 (Tables 6 and 7) AtToZI,
urea at 95 kg ha I suppressed Stnga emer­
gence by 56%, 50%, and 25% on IS 9830,
SRN 39, and Korakolo, respectively (Ta­
ble 8) At Umsagattah, urea at 95 kg ha I

mcreased Strlga emergence on the local
vanety, Wad Akar, by over one fold (Ta­
ble 9)

Treatment and Smga
crop variety (plants/m2) I

Gn1 300
Gn1+CH2 4 g 30
Gn1+Ch 3 57 g 30
Gn1V3 250
Gn1+V+Ch 2 4 g 60
G/H+U+Ch 3 57 g 40
SRN39 120
SRN+Ch 2 4 g 20
SRN+Ch 3 57 g 10
SRN+V 70
SRN+V+Ch 2 4 g 20
SRN+V+Ch 3 57 g 10

I Slr/ga count was made 70 days after sowmg
2Ch=chlorsulfuron
JU=urea at 47 6 kg ha 1

Gram yield
kgha I

000
095
095
063
148
194
041
080
039
073
085
079

Table 8 Effects of crop varIety and mtrogen
on Slnga mCldence and sorghum
gram yIeld (TOZI, 1988)

Effects of varIety and mtrogen on
Slnga incIdence and sorghum yIeld
(Umsagattah,1987)

Chlorsulfuron and Its tank mix with
dlcamba reduced Strlga emergence by 74­
96% on all vanetles at both Gadanf and
Slmslm Herbicide-urea combmatlOns
were as effective or slIghtly less effective
on Strlga as sole herbicide treatments (Ta­
bles 6 and 7)

Effects on gram yield

With a smgle exceptIOn, the untreated
Strlga-reslstant SRN 39 and IS 9830 out­
yielded the local vanetles (Tables 6-9) At
Slmslm and TOZI, no yield was realIzed
from the untreated local vanetIes, Korak­
010 and G/H However, the resistant va­
netles, SRN 39 and IS 9830, yielded 048
to 0 95 t ha 1 (Table 7 and 8) At Slmslm,
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Sorghum
variety
SRN39
IS 9830
Korakolo
SRN 39+V I

IS 9830+V
Korakolo+V

1U=urea at 95 kg ha 1

Table 9

Sorghum
varIety
IS 9830
SRN39
WadAkar
Wad Akar+V I

Wad Akar+V 2

1U=urea at 90 kg ha 1

2U*=urea at 190 kg ha 1

SIT/ga
(plants/m2

)

6
9

12
3
4
9

SIT/ga
(plants/m2

)

4
4

22
54
37

Gram yield
(t ha I)

600
480
o

700
550
630

Gram yield
(t ha 1)

760
290
220
400
430



urea at 47 6 kg ha I substantIally mcreased
yIeld of both SRN 39 and GIH (Table 7)
At TOZI, urea at 95 kg ha I slIghtly m­
creased yIelds of SRN 39 and IS 9830
However, a consIderable yIeld mcrease
was realIzed from the local vanety Korak­
010 (Table 8)

At Gadanf, a tank mIX ofchlorsulfuron
and dlcamba mcreased yIelds ofall vane­
tIes YIeld mcreases over the correspond­
mg urea treatment were hIghest (121% to
143%) for the local vanetles and lowest
(13%) for SRN 39 (Table 6) At SImslm,

Ichlosulfuron at 24 and 3 57 kg ha m-
creased the yIeld of GIH over that of the
untreated control The herbIcIde at the low
rate gave more yIeld than at the hIgh rate
GIH yIeld was mcreased further when the
herbIcIde was preceded by a urea treat­
ment, wIth more yIeld (31%) realIzed at
the hIgh rate (Table 7) Chlorsulfuron at
2 4 kg ha I mcreased yIeld of SRN 39 by
97% over the respectIve untreated control
Increasmg the chlorsulfuron rate to 3 75 g
ha I decreased yIeld Chlorsulfuron, Irre­
spectIve of rate, when preceded by urea,
mcreased yIeld consIderably However,
the attamed yIeld was comparable to that
of the correspondmg sole urea treatment
(Table 7)

DISCUSSion

It IS eVIdent from the results that control
of Strlga IS modulated by crop vanety,
season, and SIte ThIS IS conSIstent WIth
vanous reports assoclatmg Strlga mCI­
dence wIth envIronmental varIables
(Pleterse and Pesch, 1983) No smgle
treatment prOVIdes adequate and relIable
control Adequate, relIable, and accept­
able Strlga control reqUIres development
of a management strategy that takes mto

account both the techmcal and SOCIo-eco­
nomIC aspects of the problem

Though far from provIdmg an Ideal
solutIon to the problem, the study IdentI­
fies two control optIOns The first optIOn
mvolves use of Strlga-resistant vanetles
and low mputs and IS SUItable for SUbSIS­
tence farmers WIth lImIted resources Un­
der low mputs, SRN 39 outylelded the
local vanetIes, sustamed low Strlga mfes­
tatIon, and evaded early damage by the
paraSIte These findmgs mdlcate the po­
tentIal of SRN 39 as a component m an
mtegrated measure to combat Strlga un­
der SubSIstence farmmg condItIOns

ImplementatIOn of SUpportIve treat­
ments such as crop rotatIOn, hand-pullmg
of Strlga at flowenng, mtercroppmg, m­
trogenous fertIlIzers, and spot spraymg
WIth post-emergence herbICIdes wIll fur­
ther curtaIl seed productIOn, enhance de­
mIse of the VIable seed bank, and may
curtaIl development of more VIrulent
Strlga strams that are capable ofovercom­
mg reSIstance It has to be borne m mmd
thatS hermonthlca IS an out-crossmg spe­
CIes

The second optIOn stems from the find­
mg that chlorsulfuron or chlorsulfuron m
a tank mIX WIth dicamba effected good
control ofthe paraSIte on local Strlga sus­
ceptIble vanetIes but WIth hIgh yIeld po­
tentIals In addItIon to mcreasmg yIeld,
such treatments ensure rapId depletIOn of
Strlga seed reserves Chlorsulfuron does
not mhlblt Strlga seed germmatIon
(A G T Bablker, unpublIshed) ThIS op­
tIOn offers fewer restrIctIOns on crop va­
nety and, hence, less mterference WIth
farmers' and consumers' preferences
However, It reqUIres hIgh mputs and IS
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sUitable only for large-scale commerCial
mechamzed farmmg with adequate ram­
fall, and under lITIgatIOn where proper
crop husbandry practices could be Imple­
mented and high yields are expected The
hIgh yield attamed, together WIth long­
term benefits ansmg from enhancement
ofStrlga seed demIse, Will offset, at least
m part, the added cost of the treatment
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DIscussIOn

SeSSIOn VII - Breedmg for ResIstance to Other AbIOtIC Stresses and Strzga
SeSSIOn Chan Fran BIdmger

Rapporteurs - Medson ChlSl and Peter Esele

Brhane GebrekIdan - I) What has
been the contnbutlOn ofICRISAT's long
term hIghland sorghum breedmg program
m MexIco to the hIghland sorghum Im­
provement programs ofeastern AfrIca? 2)
What IS the explanatlOn for the predomI­
nance ofhIgh tannm and brown sorghums
m very hIgh altitudes of eastern and cen­
tral AfrIca?

S Z Mukuru-I)ICRISAT'shighland
sorghum program m MeXICO developed
cold tolerant Improved sorghum vanetles
but these are poorly adapted m eastern
Afnca Gram yIelds of these are low and
they are hIghly susceptIble to leaf blast
and anthracnose However, these are be­
mg used m crosses WIth selected adapted
germplasm to Improve theIr adaptatIOn
and leafdIsease reSIstance 2) It IS true that
hIgh tannm brown sorghums are domI­
nant at hIgh altitude In fact, m Uganda,
Rwanda and BurundI, all the hIgh altItude
sorghum cultIvated by farmers are hIgh
tanmn brown type I beheve the farmers
have selected these because they are less
damaged by bIrds

Brhane GebrekIdan - Support for
hIghland sorghum research should con­
tmue because of the Importance of these
sorghums m the reglOn IntrogressIOn of
deSIrable traits from lowland sorghums to
hIghland matenals has not been very ef­
fectIve

S Z Mukuru - I agree WIth your com­
ment that research on sorghum should be
contmued Sorghums m the hIghlands of

eastern AfrIca are extremely Important to
small-scale, poor resource farmers who
depend on these for food and drmk I also
agree, mtrogresslon of yIeld component
traits for low elevatIOn sorghum mto hIgh­
land sorghums has not been effectIve
However, I thmk It should be pOSSIble to
mtrogress other useful plant and gram
traIts from the lowland mto hIghland
types It should also be pOSSible to transfer
disease and msect pest resistances avaIl­
able m lowland germplasm mto highland
types

Jeff Dahlberg - Are the hIghland sor­
ghums showmg any seedhng cold toler­
ance?

S Z Mukuru - Yes, hIghland sor­
ghums have good levels of seedhng cold
tolerance The seedlmgs of cold tolerant
sorghums grow upnght and have greater
seedlmg VIgor than susceptIble types

Oscar Rodrtguez - Has your program
done any research on Iron defiCiency m
sorghum?

L M Gourley - NeIther MISSISSiPPI
State UmversIty nor EMBRAPA has done
so

J W Johnson - Texas A&M Umver­
Sity dId thiS about 10 years ago

Brhane GebrekIdan - Smce Strzga IS
a maSSIve problem for cereal productlOn
m Afnca, It should take a maSSIve re­
search response commensurate WIth the
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problem How much effort IS ICRISAT
puttmg mto solvmg this problem m addi­
tion to what others are domg?

Fran Bldmger - I know field resIs­
tance has been frustratmg and ICRISAT
IS mamtammg staff m West Afnca work­
mg on thiS problem and IS also collaborat­
mg With Purdue Umverslty on thiS same
problem

RanaJlt Bandyopadhyay - ICRISAT
contmues to have a major emphaSIS on
research on sorghum Strzga which has
been given the highest pnonty among the
sorghum themes m ICRISAT's MedIUm
Term Plan (1993-98) Most ofICRISAT
research on Strzga IS centered at Samanko
m Malt and IS led by Dr D E Hess Re­
search IS also bemg conducted m India,
Kenya, Nlgena and Zimbabwe Current
research mcludes I) mhentance of resIs­
tance, 2) development ofmolecular mark­
ers (m collaboratlOn With the Umverslty
of Hohenhelm), 3) bIOlogical control (m
collaboration With the Umverslty ofGles­
sen), 4) breedmg for Strlga resistance at
all 10catlOns, 5) development/refinement
of methods to screen for components of
Strlga reSistance, and, 6) soil and crop
management practices for managmg
Strlga usmg an mtegrated approach to
mclude resistant varieties, hand pulhng,
mtercroppmg, herbiCides, and fertilizers
Recently, ICRISAT formahzed a workmg
group approach to form a multilocatlOnal,
multldlsclphnary team of breeders, plant
pathologists, agronomists, molecular bi­
ologists and economists for conductmg
research on Strzga As mdiCated earher,
much of ICRISAT research on Strzga IS
conducted m collaboratIOn With NARS
and advance research mstItutes Dunng
the next few years, ICRISAT plans to
further mtenslfy Strzga research by mfus­
mg more resources A recent review of
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Strzga research m ICRISAT suggested
that pearl mlliet germplasm has not been
screened carefully for Strzga resistance
Therefore, there IS a strong need to evalu­
ate pearl millet germplasm for Strzga re­
sistance before emphatiC concluslOns are
made that no Strzga resistance eXists m
cultivated pearl mlllet

D S Murty - You have presented three
or four mechanisms ofPOSSIble resistance
to Strzga on sorghum Do you have exam­
ples other than those for low stimulant
mechalllsm? ThiS has beanng on our pro­
gress m gene pyramldmg

Geblsa E]eta - Our work so far had
focussed on low Stimulant production We
are Just gettmg mto lookmg at attachment
and penetratlOn mechanisms As soon as
we optimize our protocol, we Will begm
to screen germplasm We have a collec­
tion of sorghum hnes known to have re­
sistance - and those Will be screened
first We are hopeful

H M Saadan - Many farmers growmg
sorghum are poor resource farmers If
these farmers have to use chemicals and
fertlhzer to control Strzga IS the cost m­
volved m purchasmg these mputs covered
on the sale ofthe crop, or, m other words
does the yield obtamed off-set the cost ot
usmg agro chemicals?

A G T Bablker - Poor resource farm­
ers have to use resistant vanetIes and low
rates ofurea It may be adVisable that they
go for hand-pulhng or spot treatment Use
of resistant vanetIes should be coupled
With an additional practices, otherwise
stabilIty and durabilIty of their resistance
may be challenged

A B Obdana - In relatlOnshlp With
IPM of Strzga usmg chemical and mter-



croppmg, our SADCIICRISAT SMIP re­
search activities m southern Africa is m
close collaboratiOn With the NARS and
farmers m Tanzania (With Dr Mbwaga)
and Zimbabwe (Mr Mabasa) Use ofDi­
camba has been found to be not too suc­
cessful m the dry sorghum farmmg areas
of Zlffibabwe so it has been dropped m
favor of mtercroppmg Use ofcowpeas m
mtercroppmg With sorghum is provmg ef­
fective m controllmg Strlga m TanzanIa
However, the problem of cowpea bemg
affected by Alectra, another parasItic
weed, IS a constramt m the use of cow­
peas We can start lookmg mto genotypes
of cowpeas to see if reSistance and mor­
phology of the cowpea plants are impor­
tant m controllIng Strlga and Alectra

A G T Babiker - Intercroppmg
should be done With a vanety which cov­
ers the sod surface Moreover, It IS more
effective With tolerant and/or reSIstant
sorghum varIetIes Under Strlga mfesta­
tIon, stress susceptible vaneties WIll com­
pete less With the mtercrop To be effec­
tIve, the mtercrop must be planted on the
same row as the mam crop

Issoufou Kollo - We have found Di­
camba to be meffective on mIllet m the
control of Strlga m ramfed conditiOns
What are the tOXICIty problems With thIS
chemIcal?

A G T Bablker - Even 10 our tnal,
Dicamba alone gave moderate control of
the parasIte The product has to be applIed
four weeks after crop emergence as a soil
dIrected spray Moreover, you have to
adjust your rate I prefer Dicamba m com­
bmatiOn WIth very low rate of chlorsyl­
foran or Dicamba after a urea treatment
Please note it IS more effective on reSIstant
varIetIes

Issoufou Kollo - In one expenment, we
got a quadratic response m usmg mtrogen
as a way ofcontrol on Strlga You need to
use high levels of mtrogen to get the de­
sIred results What IS your comment?

A G T Bablker - Yes, that IS true The
effect of mtrogen depends on vanety, m­
ItIal soil fertIlIty and mtrogen rate It is
more effective on reSistant varieties

Bourema Dembele - I) As most
MalIan farmers grow Gumea type sor­
ghum cultivars, is there a progress m
Strlga research on those types of sor­
ghum? 2) What are the results adopted by
farmers m Sudan?

Geblsa EJeta - We have not done any
work on mcorporatmg Strlga reSistance
mto the local Gumeas I thmk It is better
to do that m MalI

A G T Bablker - To a lImited extent,
reSIstant vaneties have been adopted by
commercial compames We are still push­
mg herbiCides m the ramfed areas

DaVid Andrews - Smce there must be
many mstances when numerous Strlga
seeds germmate, and pOSSIbly attach to a
sorghum plant, but only few emerge, what
IS It that retards or otherwIse controls the
growth of the rema1010g seeds/attached
Strlga seedlIngs Could It be that they are
sensItlve to toxms produced by older
seedlIngs - a type ofcuckoo effect?

L G Butler - I don't know why so few
attached seeds contmue to develop to
emergence, and I doubt If anyone else
knows I would not be surpnsed If differ­
ent sorghum genotypes give dIfferent de­
grees ofdevelopment beyond attachment
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Ifso, this would be consistent with a host­
denved signal controllmg this develop­
mental step

David Andrews - No cultivated pearl
millets have been reported to have Strzga
resistance Have other Penmsetum spe­
cies been tested for their reactIOn to
Strzga, partlculmly those from which It
has been shown gene/genome transfer
might be pOSSible? (P purpureum, P
squamulatum, P orIentale - even wIld
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pearl millets P glaucum spp VlO­

laceumlJallax, syn monodu)

Geblsa EJeta - Either through hbrary
search or through personal contacts, I
have not come across a confirmed source
of reSistance m wild relatives of pearl
millet The only report I had heard about
was that of a shlbrah type at the ISC, but
upon later observations was found out to
be susceptIble
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NutrItIOnal QualIty of Sorghum

Bruce R Hamaker* and John D Axtell

Abstract

Sorghum gram generally has somewhat lower nutrltzonal quabty than other cereal
grams The lysme contentofsorghum IS lower due to a hIgher levelofthe lysme-deficient
prolammprotems and lower amounts ofnon-prolamms Protem andenergydigestIbIlzty
also IS sbghtly lower m sorghum than m other cereals for lIvestock and can be
sIgnificantly lower m humans HIgh lysme sorghum was Identified or developed m the
early 1970s and, m recent trIals rangedfrom 030 to 049% lysme on aflour basIS
Sorghum lmes wIth hIghprotem digestIbIlzty both uncookedand cooked were recently
dIscovered The hIghprotem dIgestIbIlIty resultsfrom abnormally shapedprotem bodIes
where the mam storage protem, a-kafirm IS readzly accessIble to proteases Among
these lmes a umque kernel trazt also was found that has dense floury endosperm often
wIth the presence ofa VItreous (hard) core

Sorghum and pearl mIllet grams are
consumed as human food, mostly by the
rural poor 10 semI-and developmg coun­
trIes ConsumptIOn frequently represents
such a hIgh proportIOn of total calone
mtake that quahty, amount, and avaIlabIl­
Ity ofnutrIents from the grams are Impor­
tant to the nutrItIOnal status ofthese popu­
latIOns For ammals, sorghum and (to a
lesser extent) pearl millet are Important
feed grams 10 developed countries and
may 10 the future be utIhzed more for feed
10 developmg countries In general, the
nutrItIOnal quahty of sorghum gram for
human food IS somewhat lower than that
ofother cereals, and ItS nutntlOnal quahty
IS slIghtly lower for ammal feed m ItS
unprocessed form Pearl mIllet IS compa­
rable to other cereals m nutrItional qualIty
and dIgestIbilIty, and, m some cases, IS
better 10 protem quahty and quantity

Starch content of both sorghum and
pearl mIllet IS about 70% (whole gram)

Bmce R Hamaker Department of Food SCience Purdue Umversity West
Lafayette IN 47907 John D Axtell Department of Agronomy Purdue
UmveJSlty West Lafayette IN 47907 COlTespondmg author

Crude protem content IS about II % (flour
weight baSIS, 12% mOisture), higher than
10 comparable cereals hke maize (Klop­
fenstem and Hoseney, 1995) Lysme IS the
hmiting ammo aCid 10 sorghum and pearl
mIllet for humans and non-rummant am­
mals The lysme content of normal sor­
ghum cuItIvars - about 2 0% of total
protem or about 0 25% of flour welght­
IS lower than that ofnormal maize (Axtell
and EJeta, 1990), due, 10 part, to sor­
ghum's approxImately 10 to 15% higher
prolamm content (Hamaker et aI, 1995),
and lower amounts ofthe high lysme-con­
tammg non-prolamm protems Pro­
lamms, the storage protems ofthese cere­
als, are nearly deVOId oflysme Pearl mIl­
let has better protem qualtty than
sorghum, WIth the lImltmg ammo aCId,
Iysme, at approxImately 3 0-3 5% oftotal
protem (Serna-SaldIvar and Rooney,
1995)

Energy and protem digestIblhty of un­
processed sorghum gram (tannm-free),
compared to other cereal grams, IS gener­
ally lower 10 humans, especially chIldren
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(MacLean et al , 1981) For lIvestock, en­
ergy and protem digestibilIty of sorghum
IS only shghtly less than that of maize, at
about 95% of the value (Bramel-Cox et
al , 1995) Pearl m1l1et, on the other hand,
has been reported to have very good utlh­
zatlOn m humans or lIvestock The follow­
mg diSCUSSIOn focuses on recent Improve­
ments m protem qualIty and digestIbilIty
of sorghum for humans and lIvestock

HIgh Lysme Sorghum

Two sources of hlgh-Iysme sorghum
now eXist The first IS the naturally occur­
rmg EthIOpian mutant Identified by Smgh
and Axtell (1973) from the World Sor­
ghum CollectIOn, With lysme levels of
3 1% and a total crude protem content of
15-17% (Axtell et ai, 1974) On a flour
weight baSIS, lysme content IS 0 50% The
second hlgh-lysme gene mutatIOn m sor­
ghum was mduced usmg chemical mu­
tagenesIs by Axtell and colleagues (Mo­
han, 1975, Axtell and EJeta, 1990) The
P721 opaque mutant (designated P721 Q)
resulted m a 60% mcrease m lysme con­
tent The mutant IS controlled by a smgle
gene that IS Simply mhented as a partially
dommant factor SelectIOns m the 1994
crop year from a hlgh-lysme populatIOn
developed at Purdue Umverslty ranged
from 030 to 049% Iysme, flour baSIS,
compared to normal sorghum cultlVars
that contam about 0 24 % Iysme Yield m
thiS group ranged from 6775 to 8709
Ib/acre

Protem DIgestIbIlIty of Sorghum
Gram

DigestibilIty of sorghum protem and
energy m chIldren have been reported to
be low, compared to other cereals
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MacLean et al (1981) found that young
Peruvian chIldren who consumed four
sorghum porndges made from different
cultIvars had a mean apparent mtrogen
absorptIOn (protem dlgestIblhty) of 46%
ThiS was 57% of the dlgestlblhty of a
control casem diet which was assumed to
be completely digested Also, a compara­
tively high percentage (21%) of dietary
energy mtake was recovered m the feces
Kunen et al (1960) showed that when a
nce diet was mcrementally replaced With
sorghum, apparent protem dIgestIbIlIty
dropped from 75% to 55% On the other
hand, protem and energy dlgestlbllItIes
dramatically mcreased when sorghum
foods were processed Extruded, decorti­
cated sorghum protem was 81% digest­
Ible (apparent) m chIldren (MacLean et
al , 1983) and fermented sorghum protem
was 79% digestible (apparent) (Graham et
al , 1986) LikeWise, digestIble energy m­
creased m both these processed products,
as eVidenced by the presence of only
about 8% of mgested energy m the feces

Both m VIVO and m VitrO studies show
that digestibilIty of sorghum protem, un­
lIke most food protems, oddly decreases
on Simple cookmg m water (Axtell et al ,
1981, Mertz et ai, 1984, Eggum et al ,
1983, Mltaru et ai, 1985) ReductIOn m
protem dlgestIblhty reflects a decrease m
digestibilIty of the kafinn protems, the
storage prolamms of sorghum (Eggum et
ai, 1983, ana et ai, 1995a) Because of
the low quahty of sorghum kafinns, an
mcrease m dlgestIblhty of these protems
IS aSSOCiated With a decrease m bIOlogical
value when sorghum IS eaten as the sole
source of protem (Eggum et ai, 1983)
However, sorghum IS rarely consumed
Without other sources ofprotem Increas­
mg digestibilIty ofsorghum protem IS Im-



portant for humans who consume mIxed
sorghum-based dIets WIth margmal pro­
tem levels, It also could mean reductIOns
m protem supplements for sorgum-fed
lIvestock NutntIonally supenor sorghum
gram would Ideally have hIgh lysme con­
tent and hIgh protem dIgestIbIlIty

Hamaker et al (1987) found that the
addItIOn of varIOUS reducmg agents to
cleave dIsulfide bonds mcreased m Vltro

pepsIn dIgestIbIlity of uncooked and
cooked sorghum to the level of dIgest­
IbIlIty m other cereals ThIS effectIvely
negated the decrease normally seen WIth
cookmg, suggestmg that dIsulfide bond
formatIOn or mterchange durmg cookmg
causes enzyme-resIstant complexes to be
formed

Kafirm Protems

Sorghum kafirms are syntheSIzed mthe
endosperm at the rough endoplasmIC
retICulum, where they aggregate and ac­
cumulate m membrane-bound protem
bodIes (Taylor et ai, 1985) We recently
showed, usmg a new extractIOn method,
that sorghum gram has a 10 to 15% hIgher
prolamm content than does maIze, and
that both cereals contam slIghtly hIgher
prolamm amounts than prevIously
thought (Hamaker et ai, 1995) Normal
sorghum cu1ttvars contamed apprOXI­
mately 70% kafirm m the whole gram and
80% kafinn m the endosperm

Sorghum kafinns were aSSIgned the
same nomenclature gIven to analogous
zems - a, B, and y - based on dIffer­
ences m extractabIlIty, molecular weIght,
and structure (Shull et al , 1991) Shull et
al (1992) showed that the major kafirm,
a, IS located m the central regIOn of the
protem body, and the hIgh cysteme B (5

mol%) and y(7 mol%) fractIons are found
In the dark-staInIng regIOns located
mostly at the penphery of the protem
body a-Kafinn (Air 25,000 and 23,000)
makes up about 80% of the total kafinn
and about 65% ofthe total kernel protem,
B-kafinn (Air 20,000, 18,000, and 16,000)
compnses about 5-10% of the total
kafinn, and y-kafinn (Air 28,000) com­
pnses about 10-15% ofthe total FIgure 1
shows the sodIUm dodecyl sulfate­
polyacrylamIde gel electrophoreSIS
(SDS-PAGE) profiles ofkafinn and non­
kafinn protems and a cross-sectIon of
typIcal protem bodIes of sorghum

We theonze that a hIgh concentratIOn
of dIsulfide-bonded kafirms on the outer
shell of the protem body makes sorghum
protem bodIes hard to dIgest (Ona et al ,
1995a,b) UnpublIshed studIes m our
laboratory showed that Isolated natIve
(unreduced) a-kafinn was hIghly dIgest­
Ible m both uncooked and cooked sor­
ghum when mIxed WIth a starch carner
Therefore, m terms of dIgestIbIlIty, sor­
ghum protem bodIes represent a barrIer to
dIgestIOn of a-kafirm Cookmg, we be­
lIeve, promotes sulfhydryl-dIsulfide m­
terchange among the penpheral protem
body protems, makmg the protem bodIes
even less dIgestIble

A HIghly DIgestIble Sorghum Cuitivar

In the process ofscreenmg a number of
sorghum cultlvars to establIsh the van­
ablhty m m Vltro protem digestIblhty, we
recently dIscovered two expenmental
hnes that had substantIally hIgher protem
dIgestIbIlIty than normal sorghums, both
uncooked and cooked (Table I) Protem
dIgestIbIlIty dId not decrease appreCIably
m these lInes upon cookmg The hIghly
dIgestIble hnes were found m the hIgh-Iy­
sme populatIon developed by Axtell and
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Figure 1 SDS-PAGE protem profiles of sorghum CL ,8-, and 'Y kafirms (lane 1) and non-kafirms
(lane 2) and a transmiSSion electron micrograph ofsorghum endosperm showmg protem
bodies

colleagues from the ongmal chemIcally
denved mutant, P721Q(Mohan, 1975) In
further studIes, many hnes wIthm the
hIgh-Iysme populatIOn were found to con­
tam thIS traIt Although dIgestIbIhty ofthe
hIghly dIgestIble hnes stIll vaned some­
what over three crops, It was conSIstently
hIgher than In VItro protem dIgestIbIbty of
maIze and nonnal sorghum culttvars

Usmg a three-enzyme (trypsm, chy­
motrypsm, peptIdase) m VItro dIgest­
IbIhty method (Pedersen and Eggum,
1983), whIchmomtors the number ofpep­
tIde bonds hydrolyzed by tItrated NaOH,
we found that Imttal rates of digestIon
were much higher for the hIghly dIgest­
Ible hnes compared to nonnal sorghum
(Figure 2) Higher dIgestIbIltty was ac-

Table 1 In vItro protem digestibilIty usmg
pepsm of normal and highly digest­
Ible sorghum genotypes

Uncooked Cooked

P72IN 779 580
SAFRA 658 578
Sepon 82 808 663
SC28314 753 702
Dabar 736 5:l 8
Hageen Dura 1 778 593

Highly Digestible

P851171 870 808
P850029 878 787

counted for by a more rapid dIgestIOn of
the a-kafinn protem as revealed by a tIme
course digestIOn vlsuahzed by SDS­
PAGE and quantIfied by an enzyme-
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lInked Immunosorbant assay (ELISA),
which we developed usmg a-kafinn rab­
bit antiserum

When viewed by transmission electron
microscopy (TEM), the protem bodies of
the highly digestible cultlvar appeared re­
markably different from normal (Figure
3) Protem bodies were abnormally
shaped With deep mvagmatlOns Usmg an
ImmunolocaltzatlOn technIque With y­
kafinn antiserum, we showed that y­
kafinn m the mutant was located m diS­
crete dark-stammg regIOns wlthm and at
the base of folds mstead of at the protem
body penphery ThiS mdlcated that a­
kafinn, m thiS case, was more accessible
to digestive enzymes and not encapsu­
lated by enzyme-resistant protems

We recently developed an ELISA­
based protem digestibilIty screemng as-

say for sorghum, based on reductIOn m
a-kafirm followmg a short predigestion
step In thiS method, extracted undigested
protems are measured by ELISA for re­
mammg a-kafirm Followmg digestion
the highly digestible sorghum lInes con­
tamed much less a-kafinn than did nor­
mal lInes (Figure 4) We currently are
workmg on Improvmg the precIsion and
shortenmg the time of the assay, and will
compare a large number of sorghum cul­
tlVars usmg the ELISA-based assay and
the standard pH-stat protem digestibilIty
assay

Gram QualIty of Highly
Digestible Sorghum Cuhvars

In a study of 40 sorghum lmes from
Axtell's hlgh-Iysme population, we ana­
lyzed gram for kernel hardness charac­
tenstIcs (density and Visual appearance of

•
•

P850029 ..,

P851171 •...

Mota Maradl
SAFRA
Blyel Guero

o 10 20 30 40 50 60 70

DIgestIon TIme (mm)

Figure 2 TItratIOn curve by pH-stat method for 60 mm comparmg digestIon of uncooked flours
of three normal sorghum cultlvars and two highly digestible cultIvars (P850029 and
P851171)
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Figure 3 Transmission electron micrographs of a normal sorghum cultlVar (P721N) (A) and a
highly digestible cultlvar (P851171) (B), showmg protem bodies m developmg (30 days
after half bloom) sorghum endosperm
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Figure 4 BasIs for a new ELISA-based protem digestibility screenmg assay for sorghum gram
a-Kafirm IS dIgested much faster m the highly digestible sorghum cultlvars than m the
normal cultlvar
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cross-sectIOns), lysme content, and pro~

tem dIgestibIlIty A novel endosperm type
was found wlthm thIS group whIch we
have called "dense floury" The kernel
densIty of thIS floury type gram IS Just
below that of typIcal vItreous grams Its
endosperm contams a partially translu­
cent, vltreous-appeanng central portlOn
(or central rmg) surrounded by a floury­
appearmg reglOn radlatmg outward to the
kernel penphery (FIgure 5) InspectIOn of
the vItreous portIOns of these umque
grams by scannmg electron mIcroscopy
reveals densely packed starch granules
wlthm a dlscontmuous protem matnx
Conversely, vItreous endosperm often IS
defined as havmg starch granules tIghtly
packed mto a contmuous protem matrIX
We speculate that the dense floury gram

may have applIcatIon m anImal feed as the
starch may be more aVailable than the
starch m normal VItreous sorghum grams
The traits ofhIgh protem dlgestIblhty and
hIgh lysme content were found combmed
m lInes WIth the dense floury charac­
tenstIc, however, the two traits do not
appear to be hnked,.as hnes also were
found contammg only one or the other
traIt
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Figure 5 Cross-sectIon of a kernel of a dense floury sorghum hne contammg a central vitreous
regIOn
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Breedmg Sorghum And Pearl
Millet For Forage And Fuel

J F Pedersen

Abstract

Sorghum [Sorghum bicolor (L) Moench] andpearl millet [penmsetum glaucum (L)
R Br] are umque species m their abllzty to be used m many forage/lzvestock system
roles Such jlexlbllzty has made prwrltlzmg breedmg objectives difficult and has even
contributed to contradictory opmwns on approprzate forage breedmg objectives Few
breedmg projects Identified m the USDA-ARS, USDA-CREES, or at ICRISAT had
forage sorghum orforage pearl millet as their sole research assignment In the Umted
States It can be argued that breedmg resources committed to forage sorghum Improve­
ment are probably declmmg A new forage sorghum andforage pearl millet project
recently considered by INTSORMIL did not receive high enough prIOrity to receive
fundmgfrom aVallable resources

This paper discusses new technologies, mcludmg automated harvestmg systems,
statistical methods, and forage qualzty assessment methods that allow considerable
mcreases m the scale andefficiencies offorage sorghum and millet breedmgprograms,
examples ofgenes codmgfor character~known to Impact forage qualzty the status of
the ethanol mdustry m general, the prospectfor ethanolfrom bIOmass, andproductlon
ofpaper from stover Due to lzmlted resources forage sorghum and millet breedmg
programs will have to focus on narrow high Impact objectives and utllzze the best
avazlable technology

Methods of breedmg sorghum and
pearl millet for forage and fuel are essen­
tially the same as for any other targeted
markets This paper Will focus on the
breedmg obJectives, problems, and op­
portumties facmg forage sorghum and
forage millet breeders Thorough reViews
ofthe hterature on the genetics and breed­
mg offorage sorghums and forage millets
have recently been pubhshed by Andrews

J F Pedersen USDA ARS NPA Wheat Sorghum and Forage Research
Department of Agronomy University of Nebraska Lmcoln LlOcoln NE
685830937 Jomt contnbuuon of the USDA ARS and the Nebraska Agn
cultural Expenment StatloD

and Kumar (1992) and Bramel-Cox et al
(1995)

ReView of Current Status

Importance ofForage Sorghum
and Forage MIllet

When grown pnmanly as forage crops,
these two speCies are umque They are
productive warm season annuals, are
readl1y establtshed usmg conventiOnal
eqmpment and croppmg, and have much
lower water reqmrements than maize
grown for sl1age These charactenstIcs
provide considerable flexibihty for for-
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age/lIvestock producers m managmg their
resources and respondmg to the cntIcal
forage needs of theIr lIvestock However,
such flexIbIlIty of use makes IdentIfica­
tion ofbreedmg ObjectIves difficult Even
the growth stage of the final sorghum or
mIllet product vanes

Many forage/lIvestock systems suffer
from penods of low forage productIVity
Forage sorghum and pearl mIllet are com­
monly used m the vegetative stage to fill
summer forage productIOn needs through
direct grazmg They also can be preserved
at vanous matuntIes as hay or as sIlage to
fill wmter forage productIOn vOids Graz­
mg or preservatIOn ofthe stalks and leaves
remammg after gram harvest are common
practIces with gram sorghums m the
Umted States and dual-purpose sorghums
grown elsewhere Producers also have re­
qUIred partIcular phYSical parameters (for
example, height or seed color) to meet the
defimtlOn of a "forage" m polItical pro­
grams Such dIverSity m the use of these
two species as forages has contnbuted to
diverse and sometImes contradictory
opmlOns on appropnate forage breedmg
objectives

In the Umted States, only 142,000 ha
of forage sorghum were harvested for SI­
lage m 1993 (U S Agncultural StatistIcs,
1994) Based on the 1985 ratIO ofhectares
of forage sorghum harvested for sIlage to
hectares of other forage sorghum har­
vested or grazed (these estimates were
dlscontmued after 1985), approximately
24,300 addItIonal ha of forage sorghum
were harvested or grazed m 1993 ThiS
figure, however, may be a conSIderable
underestimate A seed mdustry source m­
dlcates that hectares of forage sorghum
for hay may be three tImes greater than
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hectares of forage sorghum grown for SI­

lage (A Armburst, Sharp Brothers Seed
Co, 1996, personal commumcatlOn)
When combmed WIth the resultmg small
mdividual target markets for each speCIfic
forage product, the diverSity of breedmg
objectIves has resulted m a lImited com­
mitment of resources to any smgle obJec­
tive and a consequent lImited Impact m
the marketplace

Current Breedmg ObjectIves

A 1988 survey of26 publIc and pnvate
forage sorghum breeders (Kalton, 1988)
mdlcated that the prImary objectives of
the maJonty of the breeders were m­
creased total Yield, standabllIty, disease
reSistance, and msect resistance Few
breeders Identified Improvement of for­
age qualIty as an objective

A current search of the USDA Re­
search (CRrS) data base (1996) usmg the
search stnngs "sorghum and forage and
breedmg" and "millet and forage and
breedmg" IdentIfied a vanety of current
research objectIves Broad breedIng ob­
JectIves Include

• Evaluate mtroductlOns and wIld
species for genetic potentIal

• EffiCiently utIlIze genes from ex­
otic germplasm

• Create additIonal diverSity by hy­
bndizatlOn and tissue culture

• Develop supenor genetic stocks
and germplasms

• Breed better cultIVars

SpeCific breedmg objectives Include

• Improved yIeld
• High yield for sIlage



• Improved qualIty
• Improved dIsease resIstance
• Improved msect resIstance
• Improved drought resIstance
• Tolerance to aCId soIl
• Tolerance to alummum and manga­

nese toxICIty
• EfficIency of phosphorous utilIza­

tion
• ReductIOn ofharmful substances
• ConverSIOn of Burkma Faso pearl

mIllet landraces to short, day-neu­
tral pearl mIllet lmes

BasIc research ObjectIves mclude

• Determme the constramts to supe­
nor forage sorghums

• EstablIsh taxonomIC and cytoge­
netIc relatIOnshIps

• Develop more efficIent breedmg
methods

• Develop methods for convertmg
and transfemng genetic characters
to cultIvated matenals

• Develop mterspecific transfer
methods for gene(s) controllIng
apomIXIS

• Develop RFLP methodology to en­
hance plant breedmg effectiveness

• Clone and charactenze stem elon­
gation genes

• Determme chemIcal compOSItIOn
ofsorghums carrymg brown mIdnb
genes

• Evaluate expreSSIon of hgnm-asso­
clated genes for molecular under­
standmg

• Isolate and charactenze IIgmn-as­
soclated genes for genetIC engI­
neermg

• Understand the control and mhen­
tance of apomIXIS

• Understand development ofgenetic
dIverSIty m apomIctIC genotypes

• Understand development and mo­
lecular aspects of two pearl mIllet
mutants WIth tendenCIes towards
apomIXIS

• Map gene(s) for apomIXIS m mter­
speCIfic hybnd

Few projects had forage sorghum or
forage mIllet as theIr sole research aSSIgn­
ment Most were gram projects WIth some
commItment to forages, or forage projects
that mcluded addItIonal speCIes A SImIlar
search of the ICRISAT Global Research
PortfolIo (ICRISAT, 1996) data base
showed three pearl mIllet projects and
five sorghum projects, but none had stated
objectives of forage Improvement

Breedmg Approach/Products

Accordmg to Kalton (1988), most for­
age sorghum breeders are developmg Im­
proved hybnds Based on the above ob­
Jectives, It appears that forage sorghum
and mIllet breeders use most of the pre­
VIously dIscussed methods AntiCIpated
products from breedmg programs mclude
hybnds, parental lInes, vanetIes, popula­
tIOns, genetIC stocks, and cloned genes, as
well as a wealth of SCIentIfic knowledge

Current Resources

Total fiscal commItment or SCIentIst
year commItment to forage sorghum and
mIllet breedmg IS dIfficult to determme
smce most such efforts represent portIOns
of larger projects WIth gram or other for­
age crop ObjectIves However, m the
Umted States, It can be argued that breed­
mg resources commItted to forage sor­
ghum Improvement are probably declm­
mg Total USDA/ CREES/ ARS research
dollars commItted to gram sorghum re-
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search have dechned from $3 02 mllhon
m 1986 to $2 70 milhon m 1996 (T Lust,
NatIOnal Gram Sorghum Board, 1996,
personal commumcatIOn) At the same
time, pnvate sector sorghum breedmg
programs have been ehmmated by some
compames and reduced m Size by others
It appears that forage sorghum breedmg
programs suffered sllmlar reductIOns dur­
mg thIS penod, as well

Plot harvestmg eqUipment available to
current forage sorghum and mIllet breed­
ers vanes, but can be as crude and labor­
mtensIve as machetes and hangmg scales
WhIle many forage grass breedmg pro­
grams mclude laboratory quahty assess­
ment of breedmg matenals and actual
grazmg evaluatIOn of advanced hnes,
such data often is aVailable to forage sor­
ghum and millet breeders only on a fee
baSIS These hmItatlOns severely restrict
the numbers of breedmg hnes that can be
harvested and evaluated, they also restrIct
forage breedmg objectives to characters
that can be readily observed or measured

Define State of the Art

Measurmg Yield (Forage
Harvest Technologies)

Harvest systems that reduce labor
needs, mcrease capacIty ofprograms, and
provIde a safe workmg enVIronment for
operators are essentIal Such systems are
m use at several pubhc and pnvate re­
search locations and are based on com­
merCIally avatlable SIlage harvesters One
such harvest system recently descnbed by
Pedersen and Moore (1995) has been used
on both forage sorghum and pearl mIllet
and can harvest and weigh approXImately
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one plot/mmute Data can be collected
electromcally Forage IS finely chopped
and easily subsampled for mOIsture and
quahty analYSiS When combmed With
state of the art forage quahty technology,
quantitative yield and quahty data can be
obtamed on greatly mcreased numbers of
breedmg hnes

StausucalMethods

The abihty to mcrease the number of
breedmg hnes, and the amount of data
collected on each lme, affects deSIgn and
analYSiS of expenments Non-umfonmty
of fields becomes more important as the
abihty to IdentifY umform blocks de­
creases Unbalanced data sets become
more probable as the number of hnes
evaluated mcreases In a recent reView of
yield tnal deSign and analYSiS, Johnson et
al (1992) pomt out that recent develop­
ments m computer technology have
greatly enhanced our abilIty to utihze
complex statIstIcal models They demon­
strate that mixed Imear model methodol­
ogy (MLMM) can enhance analySIS of
combmed data and/or unbalanced data,
adjust for spatial varIatIOn, IdentifY spe­
CIfic genotypiC by envIronmental mterac­
tions, as well as estimate or predIct ge­
netIC effects In one example usmg
MLMM, standard errors between entnes
were halved when entrIes and blocks were
assumed to be random (the SituatIOn most
plaUSible bIologIcally) rather than fixed

Nearest neighbor analySiS (NNA) has
been used successfully by small gram
breeders (Besag and Kempton, 1988,
Gleeson and Culhs, 1987) to mcrease ex­
penmental preCiSIOn Although Johnson
et al (1992) reported httle or no benefit of



NNA m maIze (Zea mays L ) yIeld trials,
they concluded that NNA may be more
useful m yIeld tnals conducted m non-ir­
ngated, stress envIronments These are
precIsely the enVIronments that forage
sorghum and millet have tradItionally OC­
cupied

A umque problem facmg forage breed­
ers IS how to mterpret data from multiple
harvests of the same plot throughout a
growmg season Forage sorghum breed­
ers attemptmg to Improve sudangrass are
often faced with multiple harvest data
Pedersen et al (1991) descnbed a conCIse
and easIly mterpreted method to help
breeders mterpret such data WIth thiS
method, yIeld is regressed agamst an m­
dex associated wIth harvest dates, result­
mg 10 a smgle regressIOn coefficient de­
scnptive ofcuitivar response over all har­
vest dates The practical value of such a
technIque mcreases as the number oflmes
evaluated mcreases

Forage Quallty Technologies

The "gold standard" for determmmg
the quality ofa forage IS feedmg It to cattle
and measunng anImal response m eIther
weIght gam (for beef cattle) or milk pro­
duction (for daIry cattle) ThIS "gold
standard" has been used successfully m
the final testmg phases of several forage
programs However, such forage qualIty
assessments are far too costly and reqUIre
too much forage matenal to be practical
m early generatiOn forage breedmg
Therefore, a number of laboratory assays
that predIct cattle performance have been
developed

One ofthe most (Ifnot the most) WIdely
accepted laboratory assays for forage

qualIty IS m Vitro dry matter disappear­
ance (lVDMD), ongmally developed by
TIlley and Terry (1963) ThiS procedure
utilIzes actual rumen flUId as a dIgestIve
agent WIth results very SImilar to m VIVO

dIgestIOn However, because the proce­
dure reqUIres a surgIcally fistulated donor
ammal, many bIOlogICal, envIronmental,
and procedural vanables can mfluence the
final results Marten and Barnes (1980)
have summanzed and presented stand­
ardIzatIOn techmques for some of the
many vanatIOns that have developed from
the ongmal procedure

Shortly after the IVDMD procedure
was developed, Goermg and Van Soest
(1970) descnbed a forage fiber analySIS
system that utIlizes chemIcal rather than
bIOlogIcal degradatIOn of forages It
breaks down forages mto cell solubles,
hemIcellulose, cellulose, lignm, and ash
fractIOns ThiS system is attractive be­
cause results are not so readIly affected by
bIOlogIcal, envIronmental, and procedural
variables Results reveal mformatIOn
about the structural/chemIcal makeup of
forages, but do not imItate actual dIges­
tion by rummants Results also are used to
predIct relative feed value (RFV) of al­
falfa and are used routmely for commer­
CIal alfalfa hay analySIS, however, RFV
would be of questionable value for for­
ages such as sorghum and mIllet

Two relatively new modIficatiOns of
the In vztro dry matter dIsappearance pro­
cedure show great promise m simplIfymg
and/or expandmg the mformation denved
from the procedure The first is a commer­
CIally avaIlable system from ANKOM
Technology CorporatIOn (140 Turk HIll
Park, FaIrport, NY) that utilizes rumen
flUId, sealable sample bags, and bulk dI-
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gestlon vials, and IS currently bemg util­
Ized by our lab ImtIal results mdlcate
good agreement m rankmg of sorghum
genotypes with traditional IVDMD re­
sults, and greatly enhanced ease ofopera­
tIOn and sample handlIng The system also
IS adaptable to digestIOn kmetIcs studies

An In VItro procedure developed by
Schofield et al (1994) also utilIzes rumen
flUId, but goes one step further m provld­
mg dIgestion kmetIcs data The rumen
flUId IS placed m a sealed dIgestIOn vessel,
and pressure sensors measure gas produc­
tIOn, contmuously outputtmg data untIl
the dIgestIOn process IS stopped

Another technology of great value IS
near mfrared reflectance spectroscopy
(NIRS) It IS well descnbed m a handbook
edIted by Marten et al (1989) ThIS tech­
nology utIlIzes near mfrared spectral data
to predIct wet lab forage qualIty parame­
ters It reqUIres collectIOn of reference
laboratory data and the development of
complex predictIOn equatIOns (through
the use of relatively user-fnendly soft­
ware) Once these steps are accomplIshed,
multiple lab values can be predIcted from
a smgle NIRS scan, which can be accom­
plIshed m approXImately one mmute ThiS
technology can make measurement offor­
age qualIty data economIcally pOSSIble for
some forage breedmg projects

Forage Qualzty Genes

Although most forage qualIty parame­
ters appear to be quantitatively mhented
(Andrews and Kumar, 1992, Bramel-Cox
et ai, 1995), several Simply mhented
qualItatIve characters have slgmficant Im­
pact on forage quahty Examples mclude
brown mIdnb m sorghum (Fntz et ai,
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1981) and pearl mIllet (Cherney et ai,
1988) and the presence or absence oftfl­
comes m pearl mIllet (Hanna et al , 1977)
Other charactenstIcs, mcludmg plant
color, sweetneSS,jUICmeSS, and even seed
pencarp color may affect forage qualIty
Kalton (1988) proposes that an Ideal SI­
lage sorghum would mclude the follow­
mg traIts, presumably for quahty en­
hancement

• Red seeded
• Yellow endosperm
• No testa layer
• Brown mldnb
• Tan plant color
• JUICY stalk
• Moderate to low HCN-p
• HighIVDMD
• Good protem content
• Good leafiness and green leafreten­

tion

Genes controllmg SImply mhented
characters that affect qualIty are avaIlable,
more so than for most other forage
grasses The genetic knowledge base of
forage sorghum and mIllet IS high com­
pared to other forage grasses However,
mcorporatmg all of these, plus hIgh yIeld
and agronomIC acceptabIlIty, mto hybnds
would be an ambItIOUS effort by forage
sorghum and mdlet breeders

Explormg the Future

U S land area commItted to overall
sorghum productIOn has decreased Land
area commItted to forage sorghum pro­
duction IS relatively small and appears to
have decreased as well The number of
sorghum breeders and research projects m
both the pnvate and publIc sector are de-



clInIng It appears that either major
changes m markets avaIlable for forage
sorghum and mIllet wIll have to occur and
research resources committed to them m­
crease drastically, or the "ambitIOus ef­
fort" needed wIll have to become "nar­
row" and "efficient" to contmue breedmg
progress under the status quo New tech­
nologies that may create large new mar­
kets for sorghum and millet bIOmass
could be on the hOrIzon I wIll begm ex­
ploratIOn of the future assummg current
research and market trends

Future Resource Allocatzon

Forage sorghum and mIllet research
wIll contmue, prImarIly as a portIOn of
larger sorghum or mIllet projects or larger
forage projects In many cases, such re­
search may be "bootlegged," or accom­
plIshed without any resources officially
bemg committed to forage research An
INTSORMIL example Illustrates thiS
trend Wlthm INTSORMIL Itself, five
new projects were proposed durmg the
past several months, mcludmg one on for­
ages However after funds were allocated
to projects based on need and Impact, as
determmed by an external evaluatIOn
committee, the forage project was not
funded (D Walters, INTSORMIL, 1996,
personal communIcatIOn) Increased re­
sources for forage sorghum and millet
cannot be expected under the status quo

Narrow Breedmg ObjectIves

Given very lImited, or even borrowed
resources, emphasIs m forage breedmg
should be placed on objectives with the
highest potential Impact Widely diverse
objectives targeted at equally diverse

growth stages, morphological types, and
markets dilute meager resources even
more Based on land area committed,
maximum Impact m the U S appears to
be probable m sIlage sorghum Improve­
ment PrIOrIty should be given to enhanc­
mg sIlage yield and qualIty

An example of the need for more fo­
cused or concentrated effort might be the
mcorporatlOn of the brown midrIb trait
mto an acceptable commerCial hybrId
Brown midrIb has been known m maize
smce at least 1926 (Eyster, 1926) Brown
midrIb mutants were orIgmally mduced
and deSCrIbed m sorghuml8 years ago
(Porter et ai, 1978) and millet m 1988
(Cherney et al) The clear mcrease m
forage qualIty (FrItz et al , 1981) resultmg
m mcreased animal performance (Lusk et
ai, 1984, Grant et aI, 1995) has been
researched and deSCrIbed Yet, a commer­
Cial brown midrIb hybrId was not avaIl­
able to growers m 1996 ThiS wIll soon be
accomplIshed (J O'Rear, GarrIson &
Townsend, Inc 1996, personal commUnI­
catIOn) Why has It taken so long?

Technology Do More WIth Less

Forage sorghum and mIllet breedmg
programs wIll have to acqUIre (by some
means) and utIlIze the best state of the art
technology III order to Illcrease Impact
Few fully funded forage programs can
afford these technologies alone Because
of lImited resources avaIlable for forage
sorghum and mIllet breedmg, enhancmg
collaboratIOns among breeders IS neces­
sary Automated plot harvestmg eqUIp­
ment IS essential for yield testmg En­
hanced NIRS capabilIties, IncludIng
"global" predictIOn equatIOns, wIll be-
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come essentIal for quahty assessment
Both technologIes substantially mcrease
the number ofhnes that can be evaluated,
whIle lowenng tIme and/or funds com­
mItted Development and use of molecu­
lar markers for selectIOn WIll become Im­
portant for forage parameters as they be­
come avatlable and affordable

New TechnologleslMarkets/lndustTles

Astute readers WIll have noted that al­
though the title of thIS paper mcluded the
tOPIC ofbreedmg for "fuel," It has not yet
been addressed Because starch IS easIly
converted to sugar and then fermented, a
large ethanol mdustry has developed m
the Umted States, utIllzmg gram as itS
pnmary raw substrate MIdwestern U S
newspapers routmely report on expanSIOn
of already large mdustnal ethanol pro­
Jects On Thursday, Sept 12, the Lmcoln
Journal Star reported that "High Plams
Corp has announced a $17 mtllton con­
tract to produce mdustnal-grade ethanol
m ItS York (NE) plant" (Russo, 1996)
ConsIderable effort has been spent devel­
opmg sweet sorghum lInes for ethanol
productIOn A blbhography complIed by
Duncan (1993) shows over 100 references
related to thIS tOPIC At the present tIme, a
fuel mdustry has faIled to develop around
sweet sorghum m the Umted States

Recent research emphaSIS has begun to
shift from sugar to bIOmass Starch is
made up of D-glucose umts bound m
a(10+4) lInkages (amylose) or a(10+4)
chams WIth a(10+6) branch pomts (amy­
lopectm) Plant cell walls are made pn­
manly of cellulose, Imear polymers of
D-glucose m 6(10+4) hnkage Hemlcellu­
loses, polymers ofpentoses, are also com-
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mon cell wall components (Lehnmger,
1977) IftechnologIes could be developed
to make the glucose m cellulose avaIlable,
and to make the pentoses m hemIcellulose
avatlable and fermentable, abundant
bIOmass could become an economical raw
substrate for the ethanol mdustry

Advances m fermentatIOn technology
accomplIshed WIth molecular bIOlogy are
makmg the above scenano economIcally
possIble Research permIttmg effiCIent
breakdown ofcellulose and hemIcellulose
to Simple sugars IS underway (Vogel,
1996) Zhang et al (1995) have produced
recombmant bactena that can ferment
glucose and xylose and produce hIgh
(86% of theoretIcal) ethanol yIelds Wy­
man (1992) mdicates that the cost of pro­
ducmg ethanol from bIOmass m1992 was
$038 L ($1 35/gal) and predIcted that It
may be feasIble to produce ethanol for
$016 ($0 60/gal) by the year 2010, mak­
mg ethanol from bIOmass eqUIvalent to
$25lbarrel crude od IfthIS mdustry devel­
ops, our challenge wIll be developmg sor­
ghum and pearl millet forages that can
proVIde bIOmass that is competItIve ec­
conomically, at acceptable enViron­
mental, polItical, and cultural costs com­
pared to other potenttal bIOmass speCIes

Other developmg mdustnes also could
utIlIze sorghum stover as raw substrate
These mclude mdustnes that produce
constructIOn matenals, such as fIber­
board, and the paper mdustry A plan to
budd an $89 mdhon pulp plant m central
Nebraska was recently announced (Datb,
1996) ImtIal estImates mdicate thIS sm­
gle plant WIll need 60,000 to 73,000 ha of
com stalk stover for substrate Harvest,
transportatIOn, and storage technologIes
are currently bemg worked out An imme-



dmte challenge IS to determIne If It IS
possIble to develop sorghum or mIllet
stover that IS supenor to com If SO, nar­
row breedIng objectIves could be estab­
lIshed to develop hybrIds WIth thIS market
as a target

ConclUSion

Forage sorghum and mIllet breedIng
programs eXist In an era of lImIted re­
sources Unless markets for these prod­
ucts grow or are developed, breeders wIll
have to become more efficIent and fo­
cused to contInue servmg their current
clIentele To close on a pOSItIve note, for­
age sorghum and mIllet breeders do have
a wealth of genes and genetIC knowledge
to work WIth that IS not avaIlable to breed­
ers workIng WIth many other forage spe­
CIes We may be enVied by some of our
forage breedmg colleagues because ofthe
avaIlabIlty of such tools m producmg va­
netIes and hybrIds that meet lIvestock
producers' needs These tools also should
enable focused and rapId response to the
needs of new mdustnal markets as they
contmue to develop
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Overcommg Constramts to UtIlizatIOn
of Sorghum and MIllet

L W Rooney*, RD Wamska, and R Subramaman

Abstract

Sorghum and pearl mIllet are used In a WIde vanety of tradltlOnal foods m the
semI-and trOPICS However, thew use asfood IS declmmg In urban areas as wheat, nce,
and maIze products become more plentiful Lack ofa relzable supply ofhIgh qualzty
gram for processmg severely lzmlts the acceptance of sorghum and pearl mIllet
Shelf-stable products are m short supply because the grams avaIlable for proceSSing
are ofmferlOr qualzty Technology IS avallablefor processmg sorghum andpearl mIllet,
however major extensIOn and Improved cuitivars are needed Other constraints to the
use ofsorghum andpearl mIllet Include theIr Image as 'secondclass' crops the tannms
m sorghum low cost Imported wheat nce and maIze, and government polzcles
Breeders must work dIlzgently to develop new cultivars targetmg total umts ofuseful
food orfeed per hectare Improved end-use qualzty WIll allow value-addedprocessmg,
whIch could Improve farm mcome from IdentIty-preserved gram

Sorghum and pearl mIllet are Important
food crops m the dry tropIcal areas of the
world They have good composItIon and
can be made mto a WIde array ofproducts,
such as fermented and unfermented
breads, beverages, porndges, snacks,
nce-hke products, and couscous SIgmfi­
cant reVIews on the chemIstry, quahty,
nutntlOnal value, and technology of sor­
ghum and mIllets have been pubhshed
(Hulse et aI, 1980, Rooney et aI, 1980,
1982, 1986, Hoseney et al , 1987, Rooney
and Serna-SaldIvar, 1991, Serna-SaldIvar
et al, 1991, Dendy, 1995)

The purpose OfthIS paper IS to cntlcally
evaluate the major constramts to sorghum
and millet use and to determme what can

Lloyd W Rooney and R D Wamska Cereal Quahty Laboratory Texas
A&M Umverslty College Stallon Texas and R Subramaman ICRISAT
Hyderabad indIa ·Correspondlng author

be done to enhance and expand use of
sorghum and millet because of then rela­
tIve advantages m hot dry enVIronments
We do not mtend to review all the lItera­
ture, but we have mcluded a blbhography
of cntIcal references

Constramts on the Use of
Sorghum and Millet as Food

Use of sorghum and millet as human
food has decreased dunng the last two
decades for many reasons Lack of a con­
sistent supply of good qualIty gram for
processmg IS a tough obstacle to over­
come The Image of sorghum and millet
as "poor people's food" has led to aVOId­
ance by upper and mIddle class consum­
ers In addItIOn, governments often pro­
VIde subSIdies for wheat, nce, or malze­
based foods that are demed to sorghum
and mIllet processors Industnahzed
countries export mexpenslve wheat flour,
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maIze meal, and flce to sorghum- and
mIllet-producmg countnes, whIch means
local sorghum and mIllet products cannot
compete economIcally Urban consumers
want food products that deliver conven­
Ience, taste, texture, color, and shelf-sta­
bIlIty at an economIcal cost, but sorghum
and mIllet products usually cannot meet
these reqmrements Gram molds, weath­
ermg, and head bugs are major problems
10 many sorghum-producmg areas

In our expenence, It IS possible to pro­
duce outstandmg products from sorghum
and mIllet cultIvars that have good proc­
essmg qualIty However, dIsaster stnkes
when products must be made WIth sam­
ples from the regular gram markets It IS
not possIble to compete WIth nce when
10% ofthe "white" sorghum kernels have
a purple testa, resultmg m a dark-colored
product ThIS mixture of grams makes It
difficult (If not ImpOSSible) to produce
acceptable products Locally grown
maize also has problems, but 10 many
countnes the maize IS grown by larger
farmers and the qualIty IS more umform
for processmg The lack of a consistent
supply of good qualIty sorghum gram
often precludes pIlot plant productIOn tn­
als of new products

The alleged poor nutntlOnal quality of
sorghum, especially due to tannms and
poor protem dIgestibIlity, often IS detn­
mental to ItS acceptance Some key nutn­
tlOnISts and others belIeve that all sor­
ghum contams tannms, thereby scarmg
away potential users For example, a poul­
try nutntlOnIst from India told me that he
"would only feed sorghum IfIt was pnced
at 60 to 70% the value of maize" Upon
further diSCUSSIOn, I learned he was afraid
of the tannms 10 sorghum even though
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most, If not all, Indian sorghum does not
contam condensed tannms

The "poor-feed" Image ofsorghum diS­
courages food product development, even
though good prototype products have
been made by several multmatlOnal re­
search and development centers Usually
such projects are kIlled by the marketmg
people who do not relIsh an up-hili battle
to convmce consumers to buy the product

EnVironmental conditions durmg gram
maturatIOn greatly affect the appearance
of the gram because the sorghum head IS
exposed to msects, molds, and mOIsture
The kernels are often attacked by gram­
feedmg bugs, and the damaged areas are
Ideal for attack by fungi A hot and humid
enVIronment durmg and after maturatIOn
negatively affects gram qualIty Molds
discolor the gram, break down the en­
dosperm, and slgmficantly detenorate
processmg qualIties Mold-damaged or
weathered gram cannot be decorticated,
the flour or gnts are badly discolored and
cannot be used for food Moldy sorghums
are Impossible to malt for use m beer The
major fungi mvolved are Fusarzum, Alter­
narza and Curvularza species Sorghum
mold and weather damage are the most
Important lImitatIOns to sorghum Im­
provement worldWide

StrategIes for Overcommg Con­
stramts

The Image of sorghum and millet as
poor people's food must be overcome We
need to develop highly Improved products
from new sorghum that have attractive,
more SOCially acceptable names A new
name, along With Identity-preserved pro­
duction schemes, would lead to Improved
acceptabilIty In our lab, we have used the
term JOWAR to refer to speCial food sor-



ghums to cIrcumvent the undesirable Im­
age of sorghum or mIlo that eXIsts m the
U S The marketmg ofnew grams calls for
ImagmatlOn along with new supenor food
types ThIS IS a dIfficult task to accom­
plIsh, but If sorghum and mIllet are to be
used m value-added products, It IS neces­
sary

Development of Value-Added Products

The best strategy for developmg con­
vement, shelf-stable sorghum and millet
foods IS to use IdentIty-preserved grams
to produce hIgh-value products that can be
pnced slIghtly lower than Imported prod­
ucts The targets should be mIddle class
and wealthy people where sufficIent prof­
ItS can be gleaned to allow for developmg
the mdustry There IS no need to develop
low-cost, mfenor qualIty foods It IS nec­
essary to develop hIgh value foods that
appeal to the wealthy urban consumers
who wIll pay for convemence, acceptable
taste, and texture An array ofdecorticated
products, mstant couscous, flours, gnts,
snacks, and others could be targeted Rice
IS conSIdered a convemence food m many
areas because It IS ready for cookmg
SImIlar products, e g, gnts, flours, and
meals, could be made from sorghum and
mIllet

Development of value-added products
should follow thIS general procedure I)
Identify upscale products and mche mar­
kets (supermarkets), 2) develop sorghum
and mIllet products usmg low-mput tech­
nologIes and IdentIty-preserved gram
(speCIfy vanety and hybnds), and 3) edu­
cate farmers and producers

Identity-Preserved ProductIOn

The maize and soybean mdustnes are
rapIdly expandmg value-enhanced mar­
ketmg of grams, where vanetIes or hy-

bnds are grown speCifically for enhanced
nutntIve or processmg propertIes The
gram IS Identity-preserved and sold to the
end user HIgh 011 com, waxy maIze,
whIte com, and speCial soybean vanetIes
for processmg are some examples These
markets WIll contmue to grow because
they are cost-effective as long as all par­
ties make a reasonable profit Where wIll
sorghum be? Unless sIgmficant effort IS
made to Improve sorghum qualIty, the
crop WIll contmue to lose market share
and WIll be less valuable than other grams

We belIeve that sorghum and mIllet
must be grown under IdentIty-preserved
systems If they are to be used for value­
added food products Such systems are
dIfficult to promote m sorghum and mIllet
producmg areas because there must be
control of seed qualIty, production, har­
vestmg, storage, handlmg, processmg,
and marketmg An Identity-preserved
system can work best for relatively small­
scale processors who have access to gram
supplIes and to local markets m WhICh
lOgIStiCS and marketmg are controllable
For example, modem large-scale mIllIng
systems for sorghum and mIllet mstalled
m Nigena and the Sudan faIled due
mamly to lack ofa conSIstent qualIty gram
supply and hIgh costs oftransportmg fin­
Ished products from the central mIllIng
locatIon across the country In contrast,
the mtroductlOn of small mIlls m Bot­
swana has been successful because they
are adapted to local conditIOns

Improvement ofGram Quality

Sorghum and mIllet breedmg obJec­
tives should be aimed toward useful prod­
ucts per hectare, value-added charac­
tenstIcs, economIC gram yIelds and qual­
Ity, mold/head bugs/weatherIng
reSIstance, and avaIlable screenmg meth­
ods Plant breeders should conSIder yIeld
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m tenns of useful quantities of food pro­
duced per umt of land Breedmg for yield
without regard for quahty IS a mistake
Fanners m the semi-and trOpiCS have not
planted Improved sorghum vanetles be­
cause they are susceptible to weathenng
and head bugs and have unacceptable
processmg and food properties We re­
ported years ago that a thm pencarp sor­
ghum IS unacceptable because the work
reqUIred to dehullit by hand-poundmg m
a mortar and pestle is mcreased by 50% or
greater Therefore, sorghum breeders
must recogmze that food quahty m many
areas IS cntlcally Important and IS an es­
sential part ofgram yield ThIS has proven
true m Honduras where Sureno, an Im­
proved sorghum, has been readIly adopted
by fanners because It has good tortilla­
makmg qualIties and a sweet JUICY stalk
that Improves Its forage quahty

In West Africa, a major prIonty should
be to develop Improved local vanetles
that are resistant to molds, weathenng,
and head bugs and have photosensitivity
and good food qualIty (tan plant, straw
color glumes) Such varieties could be
utilIzed for Identity-preserved sorghum
productIOn for value-added products Un­
ttl we obtam supenor quahty grams con­
sistently (bnght white or red color, no
pIgmented testa), sorghum and millet
food use 10 urban areas IS doomed There
are white and yellow seeded mIllets that
have outstandmg mlIlmg properties
(hardness, sphencal shape, white en­
dospenn) and produce hght color prod­
ucts These might be preferred over purple
or slate grey for use 10 speCific value­
added products

Overcommg the Effects
ofTanmns m Sorghum

Sorghum and maize grams contam
equal amounts of total phenols Often
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laboratories apply general phenol assays
to measure tanmns, resultmg 10 errone­
ously hIgh values, even for sorghum that
does not contam tannms Tannm sorghum
(brown sorghum) has a defimtlve pIg­
mented testa caused by the combmation
of dommant B1-B2-S-genes Such sor­
ghum has sIgmficant levels of condensed
tannms and some reSIstance to bIrds and
gram moldmg Sorghum tannms are cate­
chms that cause reduced feed effiCIency
rangmg from 10 to 30%, dependmg upon
feedmg systems, hvestock speCIes, and
processmg of the gram

General phenol analysIs methods often
are used to determme tanmns All sor­
ghum and other cereals contam many phe­
nohc compounds that gIve a reactIOn for
general phenols Thus, Southeast ASIan
buyers often complam that U S sorghum
contams hIgh levels of tannms In every
mstance, the analySIS used IS a general
phenol assay whIch gIves erroneous mfor­
mation

The Vantlhn-HCL method IS the best
test for tannm analysIs 10 sorghum be­
cause It measures only condensed tannms,
not total phenols It uses catechm as a
standard Blanks should be subtracted
from the readlOgs smce some mdigenous
compounds mterfere WIth the assay The
catechm values arrIved at by thIS method
are only relatIve values smce the stand­
ards are not sorghum tannms SometImes,
tanmc aCId values are reported for sor­
ghum, espeCially m the early lIterature
We now understand that sorghum does
not contam any tanmc aCid Thus, studIes
WIth tanmc aCId 10 ammal feedmg trials
are Irrelevant

The effects oftannms can be overcome
by addmg fonnaldehyde m trace levels,
maltmg, alkalme processmg, and SImply



addmg extra protem to the ratIOn Ammals
fed ratiOns contamlOg high-tanmn sor­
ghum will usually consume more of the
ration to produce SImilar weIght gam
However, the concern that ammals will
not consume brown sorghum IS un­
founded

Feed UtilizatIOn ofSorghum and Millet

Sorghum IS a good feed gram as long
as It IS supplemented properly for the par­
ticular speCIes bemg fed The nutntIve
value of sorghum for food and feed IS
mIsunderstood by potential users who
thmk that all sorghum contams tannms
and that high-tanmn sorghum cannot be
used as livestock feeds Sorghum WIthout
a pIgmented testa has 95% or greater the
feedmg value ofyellow dent maIze for all
speCIes of livestock Pearl mIllet has out­
standlOg feed value for poultry and swme
because of Its hIgher fat and Improved
ammo aCId content The dIgestibIlity of
sorghum IS Improved sIgmficantly by
proper process109 of the gram pnor to
feedlOg Sorghum and mIllet are ground
finely for use m swme and poultry ratIOns,
while a WIde array ofmethods are used for
rummant feeds, mcludlOg poppmg, steam
flaklOg, rolling, reconstItutmg, and gnnd­
mg Steam flakmg IS a preferred way of
processmg gram for the feedlots

TraditIOnal Food Use of
Sorghum and Millet

The proper sorghum and mIllet Cultl­
vars can be processed mto a WIde vanety
of acceptable commercIal food products
These grams can be extruded to produce
a great array of snacks, ready-to-eat
breakfast foods, mstant pOrridges, and
other products The flakes of a waxy sor-

ghum obtamed by dry heat processlOg can
be used to produce granola products WIth
excellent texture and taste TortIllas and
tortIlla ChIpS have been produced from
pearl mIllet and sorghum alone or WIth
maIze blends The sorghum products have
a bland flavor while pearl millet products
have a umque flavor and color The cntI­
cal limItatIOn IS the lack of cost-efficIent,
relIable supplies of gram

Three classes of sorghum based on en­
dosperm texture have been proposed I)
hard - SUItable for thIck pOrridges and
couscous, 2) mtermedlate - SUItable for
unfermented breads, boIled nce-like
products, maltmg and brewlOg, and 3) soft
- SUItable for fermented breads Thus,
plant breeders selectmg for food quality
withm a speCIfic food category can VISU­
ally select for certam kernel charac­
tenstIcs and texture In general, withm
each hardness group, the preferred sor­
ghum should have a whIte pencarp and
tan plant color WIthout a pIgmented sub­
coat, however, there are exceptIOns For
example, the preferred pencarp color of
sorghum for beer IS red, a dommant mten­
sifier gene gives a very bnght, clear red
kernel With an mtermedlate to soft texture
Without a pIgmented testa

Plant breeders can use gram hardness,
denSity, and ease of pencarp removal for
early generation selectIOn for sorghum
and mIllet qualIty Then laboratory mIll­
109 and cooklOg tests can be conducted m
advanced generatIOns followed by large­
scale processmg and cookmg tnals for
advanced breedmg matenals The assays
that should be applied for each food cate­
gory have been summanzed by Rooney et
al (1986) and Murty and Kumar (1995)
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SpecIal processes are used to convert
brown or hlgh-tannm sorghum mto foods
In some areas, brown sorghum IS steeped
10 wood ashes, germmated, and used to
produce thIck pOrrIdges Brown sorghum
IS preferred for tradItIonal opaque beer
productIOn SometImes specIal pOrrIdges
made from brown sorghum are gIven to
new mothers or are consumed by farmers
domg strenuous work Brown sorghum
pOrrIdge IS saId to "stay WIth" the farmer
longer, pOSSIbly because the condensed
tannms affect dlgestlblhty In some areas,
brown sorghum products are preferred
over whIte products In East Afnca,
brown sorghum IS added to opaque beer
made from maize to Improve the color and
acceptabIlIty In some areas, brown sor­
ghum pOrrIdges are preferred Maltmg
and fermentatIOn tend to Improve the dI­
gestIbIlity/nutrItIOnal value ofbrown sor­
ghum

NeIther sorghum nor mIllet has gluten
protems To produce yeast-leavened
breads, sorghum or mlllet flour IS usually
substItuted for part of the wheat flour m
the formula The level ofSubstItutIon var­
Ies dependmg upon the qualIty of the
wheat flour, the bakmg procedure, the
qualIty ofthe sorghum or mIllet flour and
the type ofproduct deSIred In bISCUItS, up
to 100% of the flour can be sorghum or
mIllet flour The non-wheat flour tends to
gIVe a dner more sandy texture, so modI­
ficatIOns to the formula must be made
The use ofsorghum and mIllet 10 compos­
Ite flours depends upon the cost and avaIl­
abIlIty of acceptable qualIty flour Sor­
ghum has a defimte advantage over maIze
10 compOSIte flours because of ItS bland
flavor and whIte color Unfortunately,
hIgh qualIty sorghum flour IS usually un-
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aval1able because acceptable quahty gram
IS lackmg

Dry MIllmg Quality

The ml1lIng qualIty of sorghum and
mIllet IS determmed mamly by kernel
SIze, shape, denSIty, hardness, structure,
presence of a pIgmented testa, pencarp
thiCkness, and color Kernels WIth out­
standmg dehullIng propertIes have a hIgh
proportIOn of hard endosperm, a thIck
whIte pencarp, and no pIgmented testa
Soft floury kernels dIsmtegrate dunng de­
hullIng and cannot be mIlled effiCIently
For hand dehullmg, a thIck starchy meso­
carp (zz) reduces labor 50% or more
Long, slender pearl mIllet kernels have
very poor dehulhng propertIes, whIle
whIte kernels have the hIghest yIelds of
the preferred lIght color flour

In general, abraSIve mIllIng techmques
are effectIve The barley pearler, Kett
MIll, TADD, and Satake RIce Pearler
have been used to determme mIllIng prop­
ertIes of sorghum and mIllet (ReIchert et
aI, 1988, Munck, 1995) 10 the breedmg
program In effect, these techmques are
SImIlar WIth varymg degrees of force ap­
plIed to the gram to abraSIvely remove the
pencarp Good mlllIng cultIvars retam
theIr mtegnty and allow the pencarp to be
removed to produce hIgh yIelds of whIte
decortIcated kernels Hardness and den­
SIty are strongly pOSItIvely related to good
ml1lmg propertIes Adequate techmques
to select for food qualIty are currently
avaIlable for use 10 breedmg programs

Improvmg Sorghum Digestibility

In our research program, we have tned
for thIrty years to Improve the dIgest-



Ibillty of sorghum through breedmg In­
varIably, types that have hIgh dIgestIbIlIty
accordmg to In vztro tests also have soft,
floury endosperm characterIstIcs At­
tempts to develop whIte or red sorghum
wIth hIgh dIgestIbIlIty have resulted m
hybrIds WIth poor yIelds and greater sus­
ceptIbIlIty to attack by molds and weath­
erIng It IS dIfficult to Improve dIgest­
IbIlIty WIthout enhancmg the susceptIbIl­
Ity of the gram to deterIOratIOn, because
sorghum kernels are exposed to ambIent
condItIons dUrIng maturatIon and are
prone to attack by molds and msects

DIgestIbIlIty for rummants and POSSI­
bly swme IS Improved WIth waxy sor­
ghum, but that Improvement IS accompa­
med by poor seed emergence and VIabIl­
Ity Current waxy sorghum hybrIds have
lower yIelds of gram, although yIelds
could be Improved by greater breedmg
and selectIOn efforts A heterowaxy hy­
brId, where one parent IS waxy and one
nonwaxy, may proVIde a hlgh-yIeldmg
sorghum WIth some Improvement m dI­
gestIbIlIty Some ofthe yellow endosperm
hybrIds thought to be more dIgestIble
have seed VIgor and emergence problems
Therefore, we must be careful m the quest
to develop hIghly dIgestIble sorghums
The most effiCIent way may be to develop
Improved, more effiCIent processmg tech­
mques for sorghum grams bred to reSIst
the molds and post-harvest weatherIng
that occurs durmg sorghum productIOn m
most areas

Reducmg Effects ofMolds, Insects,
and Weathermg on Gram Qualzty

Problems WIth gram molds, weather­
mg, and head bugs m many sorghum pro­
ducmg areas can be overcome most
qUIckly by the productIOn of whIte, tan

plant sorghum WIth straw-colored
glumes ThIS IS CrItIcally Important m
West AfrIca, where the new Improved
types have been sIgmficantly devastated
by head bugs and mold For example,
N'TemmIssa has been recently released m
Mall as the first tan plant local sorghum
It has some agronomIC problems, but It
defimtely has Improved gram charac­
terIstICS for processmg mto food products
In the meantIme, It IS hoped that head bug
and mold reSIstance can be obtamed m
adapted sorghum WIth hIgher YIelds

Sorghum WIth open panIcles, thm pen­
carp, condensed tannms, corneous en­
dosperm, and large, tIght glumes IS gener­
ally conSIdered more reSIstant to molds
and weathermg (Wamska et ai, 1992)
AntImIcrobIal protems found m sorghum
may lead to the productIon of whIte sor­
ghum WIth more tolerance to molds
Weathenng and moldmg of pearl mIllet
does occur, but It IS not usually a sIgmfi­
cant problem

Sorghum does not develop aflatoxms
pnor to harvest lIke maIze does Sorghum
contams A flavus and other speCIes, but,
apparently the exposure ofthe gram to the
atmosphere prevents sIgmficant levels of
aflatoxm formatIOn Sorghum contammg
aflatoxm was present m 1996 m some
areas of South Texas, however, the afla­
toxm developed after harvest dunng stor­
age of hIgh mOIsture grams In addItion,
sorghum does not produce sIgmficant
amounts of fumomsm ThIS must be con­
firmed, but the relatIve reSIstance of sor­
ghum to field contammatIOn by these my­
cotoxms IS a ma.Jor advantage for sorghum
over maIze As maIze IS grown under
more margmal condItIons, the nsk of m­
creased levels ofmycotoxms must be con­
SIdered
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Future of Sorghum and Millet

It IS possIble for consumptIOn of sor­
ghum and pearl mIIIet to Increase, as IS the
case In NIgena where a change In govern­
ment polIcy has greatly expanded the use
of sorghum for breWIng and m a wIde
array of malt beverages, malt extracts,
biSCUIts, and other confectlonary prod­
ucts The use of sorghum would not have
occurred without the change m govern­
ment pohcy Still, acqumng sufficient
quantities of sorghum of good quahty for
processmg is a major problem m NIgena
In some cases maIze is used mstead of
sorghum because more umfonn supphes
of conSIstent quahty are avaIlable Indus­
try IS slowly mcreasmg specIal sorghum
vanetles WIth Improved maltmg proper­
tIes Developmg IdentIty-preserved
grams IS Important If sorghum and millet
are to be accepted m urban foods

Greater utIhzatIon of sorghum and
pearl mIllet can occur through use of im­
proved vanetIes, Improved technologIes,
and government pohcy changes that pro­
mote mdIgenous cereals The economICS
that are true today may qUickly become
obsolete when one of the above compo­
nents changes In 1996, the pnce ofwheat
mcreased rapIdly, and mterest m potentIal
use of sorghum flours rose sIgmficantly
ThIS mterest has decreased rapIdly, how­
ever, as the pnce of wheat flour has de­
creased Thus, the major goal ofsorghum
and pearl mtllet research actIVIties should
be to develop the best quahty, hIghest
yleldmg cultIvars pOSSIble to take advan­
tage of whatever markets are economI­
cally VIable For example, sorghum m
compOSIte flour for bread IS sIgmficantly
better than maIze flour, but unfortunately
msufficlent sorghum flour IS avaIlable, so
maIze is often used The bland flavor and
whIte color of sorghum flour is a dIstmct
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advantage of sorghum over maIze Yet
today m Mah, yellow corn flour IS pro­
posed for mcorporatIon mto compOSIte
breads It IS CrItIcally Important that re­
search contmue to develop supenor sor­
ghum and pearl mtllet cultlvars WhICh wIIl
prOVide the gram reqUIred when new
processes or old technologIes become
economIcally Important Sorghum and
mIllet utihzatIOn as food WIll contmue to
decrease m urban areas untIl new conven­
ient shelf-stable products are developed

Sorghum and millet play important
roles where maIze productiOn is margmal
or hkely to be contammated With afla­
toxm and fumomsms The challenge to
improve sorghum and millet utIhzatIon IS
great Progress can be made but we must
carefully evaluate our strategy Clearly
Improved quahty for food, feed, and m­
dustnal use must be a part of it
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Status and Breedmg ReqUirements for
Sorghum UtIlizatIOn m Beverages m Nigeria

D S Murty*, S A Bello, and C C NwaSlke

Abstract

Sorghum [Sorghum blcolor (L) MOerlch} gram has tradltlOnally been usedm Nlgena
for maltmg and brewmg opaque beers such as pltO and burukutu on a domestIc scale
whzle the beverage mdustrles depended completely on Imported barley malt Smce the
ImposltlOn ofa ban on Imported barley and other cereals m 1988 beverage mdustrles
have successfully substltutedbarley malt wlth sorghum gram as malt and adjunct mthe
productIOn of lager beer and non-alcoholzc malt drmks Industrzal use ofsorghum as
adjunct reqUlres cultlvars wIth uniform gram sIze and shape (round or ova!), hard
endosperm hIgher extract and soluble protems lower polyphenol or tanmn and fat
contents, and low gelatlmzatlOn temperatures Grams reqUlred by the maltmg mdustry
shouldpossessfast water uptake andhIgh germmablhty hIgher malt extract andenzyme
(f3-amylase) actIvItIes soft endosperm low polyphenol/tanmn content and less mold
and rootlet actIvIty durmg germmatlOn ChOIce ofappropnate cultlvars, 10catlOns and
growmg condltlOns could Improve the quahty of mdustrzal raw matenal Increased
collaboratlOn between research and mdustry IS requIred

NIgena IS the foremost country m Af­
nca m both total area cultIvated WIth sor­
ghum and sorghum productIOn (4 mllhon
t, FAO, 1994) Commonly called dawa,
sorghum IS the staple cereal m northern
NIgena and IS consumed m tradItIOnal
foods such as tuwo (thIck porndge), Ogl
(thm fermented porndge), kunu tsamza
and massa TradItIOnally, sorghum IS also
used m some parts of NIgena m the pro­
duction ofopaque beers such as burukutu,
pltO and Otlka by the small cottage mdus­
try Untll the 1970s, however, the food
and beverage mdustnes m Nlgena totally
depended on Imported barley malt, wheat,
maize, and other cereal products as raw
matenals (ICRISAT, 1990)

D S Murty ICRISAT B P 320 Bamako Mah S A Bello Gumness (Nlg)
PLC PMB 21071 Ike)a Lagos Nlgena and C C Nwaslke Department of
Plant SCIence InstItute for Agncultural Research PMB 1044 Zana Nlgena
*Correspondmg author
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Dunng the 1980s, the government of
Nlgena mtroduced a Structural AdJust­
ment Program (SAP) WIth emphaSIS on
the local sourcmg ofraw matenals to save
foreIgn exchange and mcrease self-reh­
ance Earher research and development
efforts m NIgena on the prospective use
of local cereals such as sorghum came to
hght, and the NIgenan beverage mdus­
tnes made a strong and successful effort
to substItute Imported barley malt WIth
local sorghum It has been estimated
through specIfic surveys m NIgena that
about 120,000 metrIC tons of sorghum
were used per year by the mdustnes (For­
son and AJayI, 1995) The ObjectIve ofthIS
paper IS to summanze the current use of
sorghum by the varIOUS NIgenan food and
beverage mdustnes, reVIew the gram
quahty reqUIrements for such end uses,
and dISCUSS theIr Imphcatlon m breedmg



Current Status ofUtlhzatlon

Lager Beer

The potential use of sorghum as gram
and/or malt m lager beer productiOn was
under mvestlgatlon by researchers m NI­
gena dunng the 1970s and early 1980s
(AlSlen, 1982, FIIRO, 1976, Okafor and
Amche, 1980, Okon and UWaIfo, 1985,
OlanlyI, 1984, Skmner, 1976) Encourag­
mg results led to pIlot productiOn trIals m
1984 (Koleoso and OlatunJI, 1992) How­
ever, the brewlllg llldustry was not
oblIged to use sorghum gram and malt m
lager beer productiOn untIl January, 1988,
when the ban on barley Imports becatne
effecttve The brewenes have sub­
sequently modIfied their brewmg proc­
esses and eqUIpment to a conSiderable
extent to SUIt sorghum processmg and
brewmg

Currently several brands of lager beer
and stout, such as Star GuIder Satzen­
brau Harp 33 Export Trophy Rock and
Kronenbwg are bemg produced and mar­
keted with a major proportIon of theIr
cereal extract denved from sorghum Sev­
eral of these are produced by usmg 50­
80% sorghum and 50-20% maIze as the
cereal source Preferences for the fonn of
sorghum used m lager beer productlOn
vary wIth brewers It IS used eIther as raw
gram (broken pIeces or fine grIts) or malt
Different brewers use different propor­
tIons ofsorghum malt, sorghum gnts, and
maIze gnts For exatnple some brewers
use 40% sorghum malt, 40% sorghum
gnts, and 20% maIze gnts However, all
the brewenes are usmg sIgmficant quan­
tIties ofexternal enzymes such as a-amy­
lase, neutral protease, p-glucanase, cellu­
lase, and amyloglucosldase to obtam

complete sacchanficatlOn and wort clan­
ficatIOn dUrIng the brewlllg process
(Alslen, 1990) BogunJoko (1992) estI­
mated that one ton ofsorghum gram could
produce 70 hL oflager that would reqUIre
4 kg of exogenous enzymes Hallgren
(1995) descnbed the clear beer brewmg
procedures reqUIred for sorghum SubstItu­
tion mIxtures and their associated prob­
lems

Dunng the early 1980s, the sorghum
cultIvar SK5912, developed at the InstI­
tute for Agncultural Research (JAR), was
IdentIfied as sUItable for brewmg and
maltmg (Andrews, 1970, CurtIS, 1967,
Koleoso and OlatunJI, 1992, Obilana,
1985) Due to msufficlent supply of thIS
gram, however, brewers have been usmg
local Kaura and Farafara grams procured
from the markets The grams of SK5912
and Kaura have yellow endosperm whIle
Farafara has normal whIte endosperm
The brewers are not satIsfied WIth the
gram lots avaIlable m the local market
because they frequently represent a mIX­
ture of dIfferent cultIvars WIth SimIlar
gram color, and impUrItIes are high Some
brewenes have mvested m large agrIcul­
tural farms, where they could grow sor­
ghum and maIze cultlvars of their chOice
and obtam umform and dependable raw
materIal Gumness (Nig ) PLC has under­
taken a contract grower scheme for gram
procurement of another recently bred
early maturmg whIte gram sorghum cul­
tIvar, ICSV400

The qualItIes of sorghum malt avaIl­
able to brewers m the NigerIan market
vary from lot to lot, and non-umform
gram lots and malt affect their mI11mg and
brew house performance (ICRISAT,
1990) The sorghum maltmg technology
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In Nigena IS In ItS Infancy and undergoIng
constant Improvement Only a few com­
panIes can supply sorghum malt m com­
mercIal quantItIes, some brewenes have
acqUIred theIr own maltIng facIlItIes
Floor maltmg IS stIll wIdely used, whIle
box maltIng and vanous other locally
modIfied methods are upcomIng Prob­
lems encountered dunng mdustnal
maltIng In Nigena mclude molds, cyano­
genesIs, hIgh maltIng losses (up to 20%),
InsufficIent modIficatIOn, and non-um­
form germInatIOn (IkedIObI, 1990) There
also IS a shortage ofgood qualIty brewers'
gnts In the market, and some brewers use
a coarse meal of whole sorghum graIn
obtamed by hammer ml1lIng The mIllIng
qualIty ofthe gram avaIlable mthe market
and the mIllIng process are not satIsfac­
tory, as a result, mIllers are able to achIeve
only a maXImum of 50% extractIOn of
gnts after dehullIng (Hallgren, 1995)

Non-Alcoholtc Malt Drmks

The productIOn of lager beer by the
brewmg Industry In Nigena has declIned
consIderably over the years (ICRISAT,
1990) In 1995, most brewenes operated
at 50% of theIr Installed capacIty and un­
offiCIal estImates of total beer produced
that year are around only 4 mIllIon hL,
compared to the ongmal mstalled produc­
tIon capacIty of 18 mIllIon hL m 1988
(BogunJoko, 1992) However, the produc­
tIon of non-alcoholIc malt drInks by the
same brewenes IS apparently IncreasIng
A vanety ofmalt drmks WIth brand names
such as Malta, Maltma, AmstelMalta and
Evamalt are beIng mcreasIngly and suc­
cessfully marketed

The productIOn process for malt drmks
IS SImIlar to that for lager beer untIl the
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wort separatIOn stage, alcoholIc fermen­
tatIon IS aVOIded The wort IS further
bOIled, flavor and colorIng agents are
added before bottlIng Smce the ban on
Imported barley came Into effect, the
brewenes have successfully substItuted
sorghum graIn and malt for barley malt
and other adjuncts used m malt drInks
The use of sorghum malt for productIon
of non-alcoholIc malt dnnks and other
food drmks appears to be much more
WIdespread than for productIon of lager
beer There seem to be no major problems
m consumer acceptance and marketmg of
these malt dnnks, whIch are hIghly popu­
lar and lIked across vanous relIgIOUS com­
mumtIes However, problems related to
the acqUiSItIon of good quahty sorghum
malt and adjunct by the brewenes are the
same as those mentIoned for lager beer
productIOn

Weamng Food Drmks

Malt cocoa-based weamng food dnnks
are hIghly popular m NIgena The mdus­
tnes In thIS sector tradItIonally used bar­
ley malt extract as the base matenal How­
ever, SInce 1988, these Industnes also
have successfully substItuted sorghum
malt or gram extract for barley The pro­
ductIon process mvolves the preparatIon
of a clear wort, concentratIon of the wort
to a syrup, addItIOn of cocoa, whey, and
other nutrItIve mgredients, and prepara­
tIon of a dry cake followed by packagIng
m a granulated form Several malt cocoa
drmks, such as MIlo and Bournvlta are
bemg marketed WIth conSIderable sor­
ghum extract contents The qualIty ofsor­
ghum malt extract IS, m general, SImIlar to
that of barley malt extract, therefore, lo­
cally sourced sorghum malt extract can
SubstItute for Imported barley malt m a



range ofweamng foods at a cheaper pnce,
and some Nlgenan companIes are sellIng
sorghum malt extract (SolabI, 1990) Re­
cently baby food formulatIOns also have
been supplemented WIth sorghum malt
extract

Sorghum for Maltmg

Sorghum has tradItIOnally been malted
for centunes m Afnca to make alcohohc
and non-alcohohc beverages Industrial
maltmg of sorghum based on SCIentIfic
prmclples and modern technology has
been well establIshed m South AfrICa, but
IS only a recent enterpnse m NIgena
(Dmber and 1 aylor, 1995, IkedIObI, 1990,
NovellIe, 1968) Sorghum can be malted
by soakmg clean gram m water at 25-30°C
for 24-48 hours, then drammg the excess
water, and allowmg germmatIOn and
growth for about 5 to 6 days at 25-30°C
(Palmer, 1992) The mOIsture level of the
gram IS kept hIgh (>40%) by frequent
sprmklmg of water The germmatmg
grams are frequently turned and aerated,
and a hIgh level of humIdIty IS mam­
tamed MIcrobIal mfectIOn can be reduced
by usmg 0 1% formaldehyde durmg the
steepmg process The malted gram IS
dned rapIdly at 50°C for about 24 hours
to a mOIsture level ofabout 10% In NIge­
na, the dned malt IS agItated and derooted
by screenmg Unhke barley, the apphca­
tIon of gibberIlhc aCId dUrIng steepmg of
sorghum doesn't trIgger enzyme synthe­
SIS (Palmer, 1989) Sorghum gram used
for maltmg must meet more stnngent and
specIfic reqUIrements than that used for
food, feed, or adjunct However, no offi­
CIal standards of sorghum malt quahty
have been estabhshed m Nigena, but the
followmg gram and malt characters are
deSIred by the maltsters and brewers

Clean and Mold-Free Grams

Sorghum grams for maltmg should be
generally clean and free from molds and
bactena Gram molds are the major prob­
lem m sorghum maltmg, and, m spIte of
treatment WIth formaldehyde, fungI lo­
cated m the endosperm could create mold
problems on the maltmg floor under hIgh
humIdIty and warm temperatures Sor­
ghum grams produced under hot and hu­
mId condItIOns are Ideal for development
of fungI such as AspergIllus flavus and
FusarlUm spp on the gram surface and can
pose mycotoxm problems m the malt
(Dufour and Melotte, 1992) Although
gram mold-reSIstant cultlvars are deSIr­
able, molded gram can be aVOIded by
choosmg productIOn enVIronments less
prone to mold attack

HIgh Germmahlilty (95%)

The Importance of good germmablhty
of grams used for maltmg should not be
overemphaSIzed Germmablhty must be
assured by harvestmg gram at complete
matunty and appropnate mOIsture content
(<12%) and stonng It under clean and dry
condItIons to protect the gram from msect
and mICrobial attack

Uniform Gram SIze and
Fast Water Uptake

Umform gram SIze IS deSIred m malts
for lager brewmg because the underSIzed
grams potentIally yIeld lower extract, al­
beIt relatIvely more protem due to the
Improved embryo to endosperm ratIO
Fast water uptake by the gram IS also
deSIred for rapId mobIhzatIOn of enzyme
actIVIty, mcreased soluble protem, and
endosperm modIfICatIOn (Dufour and
Melotte, 1992, IkedIObi 1990)
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Low Maltmg Loss

One disadvantage of sorghum as a
source of malt IS the relatively higher
maltmg loss compared to barley Maltmg
losses of about 18 to 28% were reported
by different researchers after 96 hours of
germmatlOn, and there were slgmficant
differences between cultlvars (IlIon et al ,
1990, Jayatlssa et ai, 1980, Subramaman
et ai, 1995) Average maltmg losses of
20% may have to be tolerated m sorghum
whtle selectiOn for relatively lower
maltmg loss CO)1tmues

HIgh Malt Extract (80%)

Percentage of total malt extract IS the
most Important trait conSidered by lager
brewers smce It IS the net result ofenzyme
activity, endosperm modificatiOn, and
solublhzatlOn In opaque beer productlOn,
complete solublhzatlOn IS not reqUired, so
percentage oftotal extract IS ofsecondary
Importance to dlastatIc enzyme activity
Palmer (1989) and Dufour and Melotte
(1992) suggested Improved three-step
mashmg procedures to obtam higher per­
centage of malt extracts m sorghum
Swanston et al (1992 and 1993) observed
Wide differences between sorghum cult1­

vars for percentage oftotal extract Large
gram size IS Important for obtammg a
higher percentage of total malt extract

HIgh Dlastatlc Power

DlastatIc power IS the mherent ablhty
of the malt to enzymatically hydrolyze
carbohydrates DlastatIc power of sor­
ghum malt IS due to the Jomt actlVlty of
a-amylase and l3-amylase, both ofwhich
are synthesized de novo dunng germma­
tlOn m the embryo and scutellum (Dalber
and Taylor 1995, Novelhe, 1984) The
dlastatIc power of sorghum malt IS much
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lower than that of barley malt Also m
contrast to barley, m sorghum malt a­
amylase IS the major component (60­
80%) and l3-amylase IS the mmor The
methods employed to measure and ex­
press dlastatIc power by vanous workers
have vaned The Jomt activity of the two
enzymes has frequently been measured
and expressed m Sorghum Diastase Umts
(SDU/g dry malt), one SDU IS roughly
eqUivalent to 0 5° Lmtner

The dlastatlc power of sorghum IS
WIdely recogmzed to vary between cultI­
vars (Novelhe, 1984, Dalber, 1988, Jaya­
tlssa et ai, 1980, Subramaman et ai,
1995) The activity of one amylase could
be determmed by the mactIvatlOn of the
other Munck and Mundy (1984) Identi­
fied two a-amylase Isozymes and a homo­
geneous a-amylase The sacchanficatIon
power of malted sorghum IS restricted
mamly because of hmlted l3-amylase
(Nout and DaVies, 1982) However, some
cultIvars can develop slgmficantly higher
levels of l3-amylase dunng germmatlon
(Palmer, 1989) Munck and Mundy
(1984), Swanston et al (1992), and
Dufour and Melotte (1992) analysed sor­
ghum grams from a large number of cul­
tlvars and found highly slgmficant differ­
ences for [3-amylase activity The a-amy­
lase activity levels were found to be
generally acceptable for brewmg and
sometimes even higher than those found
m barley It IS therefore Importantto select
sorghum cultlvars With relatively higher
levels of [3-amylase or a higher ratio of
l3-amylase to a-amylase

HIgh Free Alpha-Ammo
NItrogen (Fan) Content

Durmg maltmg, the gram protems are
hydrolysed by the proteolytiC enzymes to
yield soluble peptIdes and free a-ammo



mtrogen (FAN) The ratIO ofFAN to total
mtrogen ofthe malt naturally mdicates the
proteolytic activIty In germmatmg
grams, FAN supports the growmg seed­
hng, whIle m brewmg, FAN IS cntlcal for
rapId multIplIcatIOn ofthe yeast followed
by nonnal fennentatIon ofthe wort (PIck­
erell, 1986, Taylor, 1983, Taylor and
Boyd, 1986) Nonnally an optImal level
of 130-150 mgIL of FAN IS reqUired for
satIsfactory growth of yeast (Hallgren,
1995) VanatlOn due to cultivars and en­
VIronments has been recogmzed to be
equally Important for FAN of malted sor­
ghum (Darber, 1988 , Darber and Taylor,
1995, Chitsika and Mudlmbu 1992,
Subramamanetal, 1995) Goodmomtor­
mg and selectIon of sorghum cultIvars
WIth a favorable FAN ratIO and optImal
fertIlIzatIon of productIOn fields IS re­
qUIred

Low Polyphenol or Tannm Content

In clear or lager beer productlOn, only
whIte or cream colored grams free from
tanmns or polyphenols are used for malt
and adjunct Grams of local whIte gram
cultivars procured from NIgenan markets
exhIbIt ImpuntIes WIth brown grams con­
tammg testa WhIte grams WIth red or
purple spots on the pencarp could leach
pIgment Into the endosperm The
polyphenohc compounds not only mhIbit
enzyme actIVIty, but also lead to color
problems III the wort WhIte grams from
tan plant types cause the least color prob­
lems ofthe wort

MedIum to Soft Endosperm Texture

Sorghum malt IS relatIvely hard and
less friable than barley malt, therefore
endospenn cell wall breakdown IS rela­
tIvely poor and slow durmg the maltmg

process, WhICh leads to wort clarIficatIOn
and separatIon problems m lager brewmg
(Palmer, 1992) Dunng the maltmg of
barley, endogenous l3-glucanases degrade
the cell walls rapIdly, whIle m the maltmg
of sorghum, endosperm cell walls do not
break down, but develop portals through
whIch starch and protem-degradmg en­
zymes pass to access the cell reserves
(Palmer, 199 I) It has been suggested that
sorghum endospenn cell walls mIght re­
qUire applIcatIOn ofl3-glucanases and cel­
lulases to obtam Improved modIficatIon
and wort separatIOn (Etok Akpan, 1993)

Smce the perIpheral corneous en­
dospenn reSIsts complete modIficatIOn,
Ikediobi (1990) Identified loosely packed
starch granules and easIly acceSSIble pro­
tem bodIes as deSIred propertIes for Im­
proved maltmg Swanston et al (1992)
found a close relatIOnshIp between malt
mIllmg energy and percentage of total
extract Rooney et al (1986) suggested
that sorghum grams WIth mtennedlate
texture could be SUitable for beer prod­
ucts Palmer (1989) felt that grams WIth
mealy endosperm may be reqUired by
maltsters Smce soft and floury en­
dospenn types are generally known to be
vulnerable to molds and storage msects,
medIUm endosperm texture types WIth a
lImIted penpheral corneous layer and a
relatively large central floury area mIght
be SUitable for maltmg

Sorghum as Adjunct

Sorghum IS used by the lager beer m­
dustry, as well as the non-alcoholIc bev­
erage and baby food mdustrles m NIgena,
as an adjunct or a source ofcereal extract
It IS used eIther as a coarse meal or um­
fonn gnts, dependmg upon avaIlabIlIty
and prIce Because of eIther the lack of
well-establIshed mdustnal sorghum mIll-
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mg technologIes or msufficient supply of
gram of umform and consistent qualIty,
there IS a shortage of sorghum brewers'
gnts m the market Hallgren (1995) diS­
cussed the problems associated With
brewmg a sorghum meal of non-umform
particles, particularly when the flour con­
tent IS high Therefore, for sorghum gram
to be used as an adjunct, the dehullIng and
mIllmg qualIties are most Important
Vanous gram qualIty characters that af­
fect mlllmg qualIty and brewers' gnts are
conSIdered below

Uniform Size and Shape

It IS now well estabhshed that umform
size and symmetncal (oval or round)
shape of the sorghum gram are Important
for mechamcal dehulhng and processmg
to gnts WIth mmimum mlllmg losses
(Murty, 1992)

Low Phenols and Tannm Content

Polyphenols and tanmns m the adjunct
Impart an off color and astrmgency prob­
lems to the extract, m addItion to causmg
enzyme mhIbItlOn In general, grams WIth
testa exhIbit poor mIlhng qualIties There­
fore grams With whIte or yellow pencarp
(and endosperm) free from colored spots
are preferred for mIllmg

Hard Endosperm Texture

Grams WIth hard endosperm textUle are
SUItable for dehullIng and grlttmg Hard­
ness of the gram could be evaluated
through vanous tests reSIstance to abra­
SIve dehullmg or pearhng, flotatIOn, mlll­
mg energy determmatlOn, partICle SIze m­
dex (pSI) of mIlled products, mIlhng
tlme/Stenvert hardness measurement, etc
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(Hallgren and Murty, 1983, Pomeranz,
1986) All these methods are useful to
breeders, although flotation m sodIUm m­
trate and Stenvert hardness tests reqUIre
small sample size and Simple eqUIpment
A combmatIon of the Stenvert hardness
test With pSI determmatIon of the mIlled
product might yield complete mformatton
to select for gram hardness Hallgren
(1995) suggested particle SIze mdex de­
termmatIon to evaluate the qualIty of
gnts

Higher Extract (90%) and
Soluble Nitrogen

High starch content m the sorghum
gnts IS Important for yIeldmg the deSired
extract (90% on dry basIs) The protem
content of the gnts should be around 8­
9%, but more Importantly, the gnts should
possess a favorable ratIO of soluble to
msoluble mtrogen

Low Fat Content

The oIl content of sorghum gnts used
as adjunct III lager beer should be less than
1%, because 011 reduces the shelf lIfe of
the gnts and leads to poor foam stabIlIty
of the beer (Hallgren, 1995) Normally
011, ash, and fiber contents ofthe gnts and
other flour products are routmely evalu­
ated EffiCient degermmatIon and mIllIng
techmques applIed to hard gram sorghum
should yIeld gnts WIth acceptable low fat
content

Low GelatinizatIOn Temperature

The gelatmIzatlOn temperature (GT) of
sorghum starch can be observed by the
loss of birefnngence m the hot stage mi­
croscope Normally the GTs m sorghum



vary between 68-76°C and are hIgher than
those ofbarley (Hallgren, 1995) Brewers
need to follow modIfied mashmg proce­
dures for sorghum and thus mcur extra
energy costs Therefore, sorghum grams
wIth lower GTs and better cookmg prop­
ertIes are desIred by brewers, although the
problems are not msurmountable

Breedmg ImplicatIOns

For mIllers to produce a good adjunct
and for maltsters to produce malt reqUIred
by the vanous mdustrIes, sorghum gram
qualIty consIderatIOns are generally the
same except for the relatIvely soft en­
dosperm texture and hIgher dIastatIc
power needs of maltsters Laboratory
methods to evaluate the varIOUS phySIcal
and chemIcal parameters desIred by the
mdustrIes are straIghtforward and SImple
except for the enzyme assays Sorghum
cultIvars SUItable for producmg adjunct
must have whIte or yellow grams (no testa
or phenols) of an optImum SIze
(30g/1000) and shape (round or oval) and
a hIghly corneous texture to perm't hIgher
extractIon ofpearled and gntted products
These traIts can be achIeved by selectmg
for mcreased denSIty and hardness of the
gram and hIgh recovery from pearlIng

In VIew of the pOSItIve correlatIOn of
endosperm hardness and mold reSIstance
among whIte gram types (Jambunathan et
al , 1992), SImultaneous progress could be
made for Improved mold reSIstance How­
ever, maltsters' reqUIrements suggest se­
lectIOn of medIUm or soft endosperm
types, whIch are unfortunately known to
be vulnerable to gram molds m wet and
humId enVIronments In general, the gram
protem content of sorghum IS fairly ade-

quate and not a senous lImItatIOn for m­
dustrIal use, provIded the productIOn en­
VIronments are properly managed It
mIght therefore be practIcal to choose
SUItable cultIvars and enVIronments less
prone to molds for producmg gram for
maltmg

Except for gram colO! and shape, most
ofthe quahty traIts deSIred for maltmg and
brewmg are affected by genotype x enVI­
ronment mteractIOns On the other hand,
there IS a consIderable hmItatIon of en­
zyme actIvIty levels m sorghum reqUIred
for satIsfactory converSIOn and solubIlIza­
tIon durmg the maltmg and brewmg of
lager beer In VIew of reports on sIgmfi­
cant genetIc vanatIOn for (X.- and (3-amy­
lase actIvItIes m sorghum, breeders
should pursue selectIOn for a hIgher 13­
amylase component m germplasm and
breedmg collectIOns The need for sor­
ghum grams WIth low gelatImzatIOn tem­
peratures and lack ofendosperm cell wall­
degradmg enzymes has been mentIOned
It IS suggested that mutatIOn breedmg
techmques could possIbly be applIed to
search for such deSIred sorghum mutants

Future

Sorghum utIlIzatIon by the mdustrIes m
NIgena IS currently less than 5% of total
sorghum productIon, but IS WIdespread m
varIOUS beverage, food dnnk, and baby
food mdustries Observed market pnces
m the last decade have generally shown
sorghum to be margmally cheaper than
maIze If thIS trend contmues mto the fu­
ture, It IS expected that sorghum utIhza­
tIon by mdustries m NIgena WIll mcrease
The problems ofprocunng sorghum gram
ofconSIstent quahty would be resolved by
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interventIOn ofthe agrobased industrIes In

seed multIplIcation of sorghum and con­
tract farming In SUItable agroecologIcal
productIOn zones The NIgerIan experI­
ence during the last decade In the indus­
trIal applIcatIOn of locally produced cere­
als IS remarkable and could set the trend
In other countrIes of the continent

Sorghum IS probably the only tropIcal
cereal WIth Increased potentIal for use In

malt-based products In the future There­
fore research should focus on Improved
knowledge of sorghum maltIng, assess­
ment and use, and methods to reduce local
productIOn costs It would be profitable to
fully explore the sorghum germplasm for
malting traIts Further advances In tech­
nology for maltIng and breWing of sor­
ghum, coupled WIth genetIC enhance­
ment, could bnghten the prospects for
industrIal use ofsorghum More IntenSIve
collaboratIOn between research and In­
dustry IS called for
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Sorghum and MIllet for Food: Current SituatIOn
and Future Needs In Southern Africa

N F Nlcholson* and J R N Taylor

Abstract

In Southern African Development Commumty (SADC) countrzes there IS Increasmg
poverty and malnUtrltzon Sorghum andpearl millet which once were the traditIOnal
crops have lost ground to mazze and are now margmahzed as subsistence crops A
hmlted number ofsorghum products are marketed but growth IS stagnant ThiS paper
presents some Ideas on methods ofre-establlshmg sorghum andpearl millet as Impor­
tant cereal crops

If one looks at the SOCIOeconomic data
for sub-Saharan AfrIca (Table I) It IS dif­
ficult to be optImIstic about the future
The three percent annual populatIon
growth rate continues to be the highest in
the world, in sharp contrast to the growth
rate of 1 8% in ASia and Latin AmerIca
The populatIOn of sub-Saharan AfrIca IS
forecast to increase from 540 to 862 mIl­
lIon in the year 2010, and may grow to 1 3
bIllIon people by 2025 ConsIdering that
per capIta food productIOn In AfrIca
dropped by 12% between 1961 and 1995,
there would appear to be lIttle chance of
meetIng the future demand for food

Sub-Saharan Afnca is rapIdly grOWIng
poorer DurIng the 1980s, the area's per
capIta Gross NatIOnal Product declIned by
more than one percent a year as the popu­
latIOn soared, except in Botswana, where
growth rates have consIstently been above
five percent Still, It is estimated that 55%
of the populatIOn In Botswana lIve below
the Poverty Datum Line (POL) In the

N F NIcholson Managmg D.rector Foods Botswana (Ply) Lbl Serowe
Botswana J R N raylor Head Department of Food SCIence UmverSltyof
Pretona South Afnea ·Correspondmg author
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rural areas, 66% hve below the PDL,
whIle 30% of the urban populatIOn hves
in poverty Compared to most of Africa,
Botswana IS a wealthy country, but the
wealth is not dIstributed evenly If the
Botswana percentage (55%) for popula­
tIOn lIVIng below the POL IS applIed to the
rest of sub-Saharan Afnca's 540 mIllIon
people, close to 300 mIllIon would be
lIVIng In extreme poverty In realIty, how­
ever, far more than 300 mIllIon people are
extremely poor Because poverty leads to
malnutrItIOn, and because two-fifths ofall
Afncans are under age 15, the conse­
quences are frIghtenIng How can thIS de­
tenoratiOn be arrested? Improvements In
sorghum and mIllet may provide the an­
swer

Sorghum UtilizatIOn ID

Southern Africa

Sorghum is grown ill all countnes of
southern Africa, and, except In South Af­
nca, IS cultIvated almost exclUSIvely by
small-scale peasant farmers AccordIng to
FAO figures for 1994 (Tables 2, 3, and 4),
total production was 1 34 millIon tons
Tanzama was the largest producer WIth
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Table 1 Some socioeconomic data for sub-Saharan Africa ...
Land (1993) PopulatIOn GOP 1993

Regton Agncultural Urban as 2010 % Agncu1tural GOP Foreign
or Area land as 1993 % of total forecast under 15 GOP Output perhd debt 1993

Country SQkm
2 % oftotal mllhons ID 1993 mJlhons 1992 $bn as % of total $ $m

SADC' 6911980 55 1285 34 1949 1474 150 1147 54299

Angola 1246700 20 99 27 171 453 60 61 548 9655
Botswana 600370 24 13 27 22 446 36 50 2590 674
Lesotho 30355 105 18 61 27 410 13 140 660 512
MalaWI 118480 253 103 12 147 468 20 350 220 1821
MozambIque 801590 40 151 30 274 437 14 331 80 5263
Nanllbla 824290 10 15 29 24 440 26 120 1660 300
South Afnca 1184825 110 407 50 569 378 1181 140 2900 17300
Swaztland 17360 93 08 28 12 478 09 131 1080 226
Tanzama 945090 60 279 22 428 470 25 614 100 7522
Zambia 752610 70 86 42 130 576 32 286 370 6788
Zimbabwe 390310 70 106 30 145 446 58 144 540 4168

E & Central Afuca4 10696715 59 2163 22 3523 585 313 270 61743
Sudan 2505810 50 267 22 427 444 43 287 160 16560
Etluopla 1221900 130 531 13 925 477 60 478 100 4729
Chad 1284000 20 59 34 97 429 12 436 200 757

W Afucas 5310172 124 1952 35 3147 724 353 371 76480
Nlgena 923850 340 1049 37 1641 469 330 350 315 32531
B Faso 274200 130 95 17 163 463 29 430 300 1144
Mall 1240000 17 98 25 159 478 27 450 300 2650

Sub Saharan Afucad 22918867 73 5400 30 8619 2783 237 515 192522

I Data from Umted Naltons and World Bank Publtcaltons
2 Sub Saharan Afuca consists of 48 out of 54 countnes m Afuca
3 SADC Southern Mncan Development Commumty 12 countnes FIgures for Maunltus not \Dcluded
4 20 Countnes FIgures for Equatonal Gumea, Sao Tome & Pnnclpe Seychelles Comoros Madagascar not IDcluded
5 16 Countnes FIgures for Cape Verde not meluded
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'fable 2 ProductIon of sorghum, mIllet and maize (OOOt) In sub-Saharan Africa 1 I

Sorghum MIllet MlUze
% % %

1979816 1994 Increase/ 1979 1981 1994 Increase/ 1979 1981 1994 Increase/
(Decrease) (Decrease) (Decrease)

Southern Africa (SADCr 1452 1344 (75) 647 540 (165) 18038 19352 73

Angola na na na 49 53 286 201
Botswana 21 38 2 3 12 8
Lesotho 59 60 na na 1I2 17::>
MalawI 20 17 7 10 1275 1040
Mozambique 161 184 5 29 383 528
Namibia 6 10 34 59 31 45
South Africa 540 432 15 10 11322 1181I
Swaziland I na na na 85 64
Tanzania 543 478 360 218 1762 2159
Zambia 16 35 22 63 941 1021
Zimbabwe 85 90 153 95 1829 2300

East Central Africa4 5144 6416 247 1523 2166 422 4772 7837 642

West Afrlca5 5100 7359 443 5495 8043 464 2l3l 521I 1440

Sub Saharan Afnca2 1I696 15119 292 7665 10749 402 24941 32400 299

I Data from FAO (1994)
2 Sub-Saharan Afnca consists of 48 out of 54 countries m Afnca
3 SADC Southern Afncan Development Commumty 12 countries Figures for MauntlUs not mcluded
4 20 Countries Figures for Equatonal Gumea Sao Tome & PrInCIpe Seychel1es Comoros Madagascar not mcluded
5 16 Countries Figures for Cape Verde not mcluded
6 Average for the three years

na = not avaJiable
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'fable 3 Harvested areas of sorghum, mIllet and maIZe (000 hal m sUb-Saharan AfrIca I!

Sorghum MIllet MlIIze
% % %

1979816 1994 Increase/ 1979 1981 1994 Increase/ 1979 1981 1994 Increase/
(Decrease) (Decrease) (Decrease)

Southern Africa (SADC)' b70 1660 57 1059 1332 258 9867 10340 48

Angola na na 80 399 600 702
Botswana 98 100 12 6 42 20
Lesotho 58 50 na na 116 103
MalawI 30 54 11 24 1077 1128
Mozambique 268 383 20 74 673 940
Namibia 15 14 77 80 25 33
South Africa 215 161 22 22 4298 3901
SwazIland 2 na na na 66 80
Tanzania 713 684 450 340 1350 1629
Zambia 31 39 34 72 523 496
Zimbabwe 140 174 353 315 1097 1308

East Central Africa4 5986 9394 570 2257 4431 963 4079 5334 308

West Afnca5 5758 9730 690 8237 12446 510 2293 4634 1020

Sub Saharan AfrlCa2 13248 20784 570 11553 18209 576 16239 20308 250

I Data from FAO (1994)
2 Sub-Saharan AfrIca consIsts of 48 out of54 countrIes In AfrIca
3 SADC Southern Mncan Development Commumty 12 countnes FIgures for MauntlUs not Included
4 20 CountrIes FIgures for Equatonal Gumea, Sao Tome & PrInCIpe Seychelles Comoros Madagascar not Included
5 16 CountrIes FIgures for Cape Verde not mcluded
6 Average for the three years

na = not avaJlable
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Table 4 YIeld of sorghum, mIllet and maize (k.g-hlf') ID sUb-SllharanAfffcif''''
Sorghum MJl1et Maize

% % %
1979816 1994 Increase/ 1979 1981 1994 Increase/ 1979 1981 1994 Increase/

(Decrease) (Decrease) (Decrease)
Southern Africa (SADCr 925 810 (125) 611 405 (337) 1828 1872 24

Angola na na 612 133 477 286
Botswana 214 380 167 500 286 400
Lesotho 1017 1200 na na 966 1699
MalawI 667 318 636 417 1184 921
MozambIque 601 480 250 392 569 561
NamIbIa 400 714 442 737 1240 1363
South Africa 2511 2683 682 455 2634 3027
SwazJland 500 na na na 1287 800
TanzanIa 762 698 800 641 1305 1325
Zambia 516 897 647 875 1799 2058
Zimbabwe 607 517 433 302 1667 1758

East Central AfrIca4 859 682 (206) 675 489 (27 :» 1169 1469 257

West Afnca5 886 756 (147) 667 646 (3 1) 929 1125 21 1

Sub Saharan Afrlca2 883 727 (17 7) 663 590 (J 10) 1536 1595 38

I Data from FAO (1994)
2 Sub-Saharan AfrIca consists of48 out of 54 countries m AfrIca
3 SADC Southern Mncan Development Commumty 12 countries Figures for Mauntlus not mcluded
~ 20 Countries FIgures for Equatonal Gumea Sao Tome & Pnnclpe Seychelles Comoros Madagascar not mcluded
s 16 Countries Figures for Cape Verde not mcluded
6 Average for the three years

na = not availahle



478,000 tons and an average yield of698
kg/ha, followed by South Africa with
432,000 tons and an average yield of2683
kg ha I In South Afnca, large-scale com­
mercial farmers grow most of the sor­
ghum, mamly red hybnds supplIed by
four seed companIes Not more than
20,000 tons per year are produced by
peasant farmers It IS temptmg to conJec­
ture about the effect on food secunty m
the regIOn If sorghum farmers outSide
South Africa could achieve South African
yields

Sorghum has two major food uses m
the regIOn - as a meal (flour) to make
porndge and a malt to brew opaque beer
Less than 30% of the regIOn's total sor­
ghum production IS processed by mdustry
for food use, the maJonty of which IS m
South Africa Table 5 detaIls mdustry us­
age of sorghum m South Africa

Sorghum/or Meal

Porndge made from the meal ofmaize,
sorghum, or pearl millet IS the major sta­
ple food of southern Afnca Mechamzed
processmg of sorghum for meal takes
place m South Africa, Botswana and, to a
lImited extent, Zimbabwe In South Af­
nca and Botswana approximately 60,000
tons of sorghum are processed each year
by some 70 mIlls (mostly cottage mdustry
type) mto sorghum meal for sale m whole­
sale/retall outlets The meal IS consumed
largely m rural areas m the form of soft
porndge (fermented or unfermented) Be­
cause there are no standard speCIficatIOns
for productIOn of sorghum meal, meal
qualIty IS extremely vanable OutSIde
South Afnca and Botswana, meal IS stIll
produced m the tradItIonal way by hand­
poundmg WIth a pestle and mortar

Most stIff (thick) porndge IS made
from white maize rather than sorghum
Maize IS the giant of southern Afnca ce­
reals, representmg 77% ofall cereals pro­
duced dunng the 95/96 crop season (Table
6) Sorghum and millet combmed repre­
sented 10% of the total There are large
maize mIllmg plants m all countries ofthe
regIOn and malze meal IS avaIlable every­
where In South Afnca alone, some 1 6
mIllIon tons of maize meal are produced
yearly by mIllIng compames, compared to
30,000 tons of sorghum meal

Sorghum/or Brewmg

A large proportIOn ofthe sorghum pro­
duced m South Africa IS used for maltmg
to brew traditIOnal Afncan beer To those
familIar only With conventIonal European
lager-type beer, their first encounter With
Afncan beer, otherwise known as sor­
ghum beer or opaque beer, can be rather
dlsconcertmg Opaque beer IS so-named
because It contams semi-suspended solIds
of starch, cereal, and yeast It IS generally
pmklsh-brown m color UnlIke conven­
tIOnal beer, opaque beer IS consumed man
actIve state of fermentatIOn But, perhaps
most surpnsmg IS the taste Opaque beer
IS not blttered With hops, but IS sour lIke
yogurt, due to lactiC aCId fermentatIOn
The alcohol content ofopaque beer IS low
compared to many lager beers, up to 3%
(w/w)

Opaque beer IS produced m the home
and m mdustnal brewenes throughout
southern and eastern Afnca Total re­
gIOnal commerCial productIOn IS difficult
to quantIfy, but IS probably between 20
and 30 mIllIon hectohtres per year ThiS
contrasts With 24 millIon hectohtres per
year of lager type beer produced m South
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Table 5 Industry usage of sorghum III South AfrIca (metrIc tons ot raw sorghum per product)
Malt Malt RIce/GrIts RIce/GrIts Total Ammal

Year mdoor floor Meal brewmg human Other human feed Total
1987 40217 78068 13069 986 1645 7622 141607 254264 395871
1988 48914 90839 20879 5985 931 5170 172718 174139 346857
1989 49995 97049 17830 7184 64 2275 174397 167379 341776
1990 56541 102307 27050 6520 124 1115 193657 121696 315353
1991 5:>104 10)776 29437 4140 236 522 195215 50060 245275
1992 53385 103623 38485 2222 946 235 198896 43945 242841
1993 56736 98489 42177 1647 582 66 199697 87114 286811
1994 53444 88931 37817 3594 234 54 184074 226098 410172
1995 39957 94615 43304 3894 506 293 182569 120426 302995

Average 50477 95522 30005 4019 585 1928 182536 138346 320882

Data from Sorghum Board of South AfrIca

Table 6 ProductIOn of cereals (uuut) III SADC countrIes tor 1995-96 crop season 12

MaIZe Wheat RIce Mlllet/Sorg1mm All cereals
Angola 398 0 0 102 500
Botswana 22 0 0 59 81
Lesotho III 18 0 16 145
MalaWI 1946 2 34 63 2045
Mozambique 947 0 91 288 1326
NamIbia 16 4 0 64 84
South Afhca 10038 2400 0 465 12903
SwazIland 107 0 1 0 108
TarIZanla 2638 61 373 1391 4463
Zambia 1409 50 9 90 1558
ZImbabwe 2609 325 0 218 3152

SADC total 20241 2860 508 2756 26365

% ofall cereals 768 108 19 105 1000

Domestic Surplus/ 1496 (735) (252) 401 910
(Shortfall)

I Data from Food Secunty Quarterly Bulletm June/July 96 SADC RegIOnal Early WarOlng DOlt
2 Figures for MauntIus not IDcluded



Afnca alone Home-brewed opaque beer
productIOn IS even more dIfficult to estI­
mate, but IS probably at least twice as great
as mdustnal productIOn Total productIOn
of sorghum malt m southern Afnca IS
around 200,000 tons Today, sorghum
maltmg IS almost exclUSIvely a large­
scale commercIal operatIon The gram IS
either malted outdoors on concrete (floor
maltmg) or m modem mdoor (pneumatIc)
maltmgs, sImIlar to those used for barley

The partIcular characterIstIcs ofthe tra­
ditIOnal southern Afncan sorghum varie­
tIes have given opaque beer ItS UnIque
character, and hence dictate the quahty
attrIbutes sought m the selectIOn of mod­
em sorghum cultlvars for opaque beer
brewmg Table 7 summanzes the proper­
tIes ofsorghum malt and pearl mIllet malt,
compared to barley malt

Sorghum malt has low amylase actIVity
(dIastatIc power) More stnctly speakmg,
the level ofbeta-amylase IS low (Novelhe,
1960), approxImately 20-25% ofthe level
In barley malt (Taylor and RobbInS,
1994) The level ofalpha-amylase IS SImI­
lar to the level m barley Because amy­
lases are reqUIred to hydrolyze starch mto
sugars dunng brewmg, the most Impor­
tant qualIty cntenon m the selectIOn of
sorghum cultlvars for maltmg IS their dl­
astatIC power (DP) DP IS a measure ofthe
Jomt alpha- and beta-amylase actIVity of

sorghum malt The assay for sorghum
malt DP was developed by the late Dr
Lawrence Novelhe ofthe CouncIl for SCI­
entIfic and IndustrIal Research (CSIR) m
South Africa (NovellIe, 1959), and for
many years has been a recognIzed stand­
ard method (South AfrIcan Bureau of
Standards, 1970) Recently, the CSIR
pubhshed a slIghtly reVised and Improved
verSIOn of the assay, which has been ap­
proved by sorghum maltsters and brewers
throughout southern AfrIca (Dewar, Tay­
lor, and Joustra, 1995) A level of around
30 Sorghum DlastatIc UnIts (SOU/gram)
IS generally conSidered adequate for
opaque beer brewmg As thiS speCIfica­
tIon cannot be consistently achieved by
mdustrlal maltsters, new cultlvars With
high DP potentIal are constantly sought

A quahty cntenon ofsecondary Impor­
tance IS the free ammo nItrogen (FAN)
content of sorghum malt FAN compnses
ammo aCids and small peptIdes In brew­
mg, these are needed by the yeast as a
source of nItrogen for growth dunng fer­
mentatIOn FAN IS of partIcular Impor­
tance m opaque beer brewmg, as a large
proportIOn of unmalted cereal adjunct IS
used m the gnst Smce thiS adjunct con­
tams httle FAN, mdustrlal opaque beer
brewers generally set a mInimum specIfic
for FAN m sorghum malt The assay for
FAN m sorghum malt (Dewar, Taylor,
and Joustra, 1995) IS a modIficatIOn ofthe

Table 7 Some gram and malt propertIes of sorghum and pearl millet compared to barley (from
Dalber and Taylor, 1995)

Property
Starch gel Temp Range (0C)
Opt Malthlg temp (0C)

Maltmg loss (%)
Dlastatlc power (SDU/g)

IX amylase (% ofDP)
Extract at 60°C
Extract at 45 70°C

Sorghum
6878
7428
1020
2060
6080

MedIUm
High

Pearl MlIlet
6278

(2530)"
High

(2060)"
(60 80)"

No mformatlOn
No mformatlOn

Barley
51 60
1418

7
1~0 200
1850
High
High

575



European Brewery ConventIOn nmhydnn
method (Lie, 1973) A level of 110mg
FAN/1 00 gram sorghum malt IS consid­
ered adequate The ammo aCids and small
peptldes compnsmg FAN are products of
proteolysIs dunng maltmg Hence gram
that germmates well (High GermmatIve
Energy) will generally produce malt con­
tammg good levels of FAN

The color of opaque beer IS related to
the pencarp color of the gram For thiS
reason, reddish-brown sorghum cultlvars
are selected On occaSIOn, such colored
sorghum has not been avaIlable and brew­
ers have had to resort to addmg red color­
mg to the beer It need hardly be stated that
thiS IS not a desirable strategy

Some mdustnal sorghum maltsters and
opaque beer brewers (m Botswana and
Zimbabwe, for example) prefer malt
made from hlgh-tannm sorghum cultl­
vars Hlgh-tannm sorghum generally pro­
duces malt of slIghtly hIgher DP and
FAN, but more Importantly, the gram IS
more resistant to mold mfectIOn durmg
maltmg The mOIst (approachmg 100%
rh) warm conditIOns (25-30°C) of sor­
ghum maltmg are highly condUCive to
mold growth Further, a number ofmolds
associated With sorghum malt produce
mycotoxInS, In particular aflatoxIns
(Rabie and ThIel, 1985) Aflatoxm con­
tammatlon of sorghum malt IS an ever­
present threat agamst which sorghum
maltsters and brewers must be Vigilant

The drawback of producmg malt from
hlgh-tannm sorghum IS that unless the
gram IS treated, the tannms Will mactlvate
the malt amylase enzymes when the
milled malt IS mixed With water durmg
brewmg Industnally, thIS problem IS
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solved by steepmg the hlgh-tannm gram
m a highly dIlute solutIOn (approx 0 04%
v/v) offormaldehyde The process, which
was mvented by Dr Klaus Dalber of the
CSIR (Dalber, 1975), IS used Widely by
mdustrlal sorghum maltsters It IS, how­
ever, unSUItable for use by home malt­
sters Thus, the selection of low-tanmn
(condensed tanmn-free), mold-reSistant
sorghum cultIvars for maltmg should be a
major pnonty For mold reSistance, hard
endosperm types seem to be advanta­
geous (Kuman and Chandrashekar,
1994)

In Afnca m recent years, there has been
conSiderable mterest m brewmg conven­
tIonallager-type beer usmg sorghum malt
(Palmer, Etokakpan, and Igyor, 1989)
Much of thiS mterest stems from a ban
Imposed by Nlgena m the late 1980s on
the Importation ofbarley ThiS ban forced
brewers m that country to make use of
locally grown gram (sorghum and maIze)
and mdustrlal enzymes to produce beer
Interest m brewmg WIth sorghum malt IS
strong because, lIke barley malt, It IS a
source ofenzymes, but unlIke barley, sor­
ghum grows well m tropIcal Afnca In
NIgena raw sorghum meal milled by
hammer-millis used by one of the major
brewenes as the sole cereal mgredlent of
the gnst at a level m excess of 70% In­
dustrIal enzymes are used m place ofmalt
White or yellow sorghum IS preferred to
red Sorghum IS preferred over maIze, be­
cause the lIpid content IS lower and less
convertible to extract, more of the lIpids
are removed With the spent gram durmg
filtration Most of the lIterature on usmg
sorghum m conventional beer brewmg
presents results of laboratory-scale brew­
mg tests A successful pilot-scale brew
was carrIed out m Japan usmg a 66 34



blend of sorghum and barley malts (De­
muyaker and Ohta, 1994)

In conventIOnal beer brewIng, the most
Important parameter of malt qualIty IS
extract In essence, extract IS a measure of
the proportIOn ofmalt (essentIally starch)
that wIll go Into solutIOn durIng the brew­
Ing process, the higher the extract, the
better the malt As Table 7 shows, the
quantIty of extract obtaIned from sor­
ghum malt at 60°C (a normal breWIng
temperature) IS low In comparIson With
barley In contrast, the quantIty of extract
obtaIned when breWIng temperature IS
raIsed to 70°C IS comparable to that ob­
taIned from barley malt ThIS dIfference
between sorghum malt and barley malt IS
explaIned by the fact that the gelatlmza­
tIon temperature ofsorghum starch IS con­
SIderably hIgher than that of barley ­
68-78°C compared to 51-60°C (Table 7)
The starch must be gelatImzed before It
can be hydrolyzed Into soluble dextrIns
and sugars by the malt enzymes The
problem WIth the high gelatImzatlOn tem­
perature ofsorghum starch IS that the malt
amylase enzymes, partIcularly beta-amy­
lase, are rapIdly InactIvated at thIS tem­
perature The result IS Incomplete starch
solubIlIzatIOn durIng breWIng (Taylor,
1992) In opaque beer thIS IS not a major
problem In fact, It may be somewhat de­
Sirable SInce a charactenstlc of opaque
beer IS semI-suspended starch However,
such starch IS, ofcourse, most undeSIrable
In conventIOnal beer Extract, therefore, IS
not a major parameter of sorghum quahty
for opaque beer breWIng, but IS extremely
Important for lager breWIng Thus, If sor­
ghum malt IS to become a Viable alterna­
tIve to barley malt for conventIonal beer
breWIng, the breedIng of sorghum cultI­
vars WIth lower starch gelatImzatIOn tem­
perature would be of conSIderable value

Although tradItIOnal AfrIcan beer IS re­
ferred to as sorghum beer, at least 70% of
the gnst In IndustrIal breWIng IS prOVIded
by maIze gnts or maIze meal Very lIm­
Ited quantIties of sorghum gnts (an aver­
age of 4,000 mt/pa) are used In South
Afnca More sorghum could be used If
sorghum gnts of low fat content (1 %)
were aVaIlable commerCIally at a com­
petItIve pnce WIth maIze

Pearl Millet UtilizatIOn III

Southern Africa

Pearl mIllet IS grown In most countrIes
of southern Afnca It IS known by a
number of names (for example, mahungu
In NamIbIa and mhunga In ZImbabwe) It
IS cultIvated almost exclUSively by small­
scale peasant farmers AccordIng to FAO
figures (Table 2), 540,000 mt of mIllet
were produced In 1994 In the SADC re­
gIOn The types ofmIllet are not IndIcated,
but It IS realIstIC to assume that at least
70% of the total would be pearl mIllet
Tanzania IS the largest producer of mIllet
In the regIOn

Pearl mIllet has two major food uses m
the southern AfrIcan regIOn for maltIng
to brew opaque beer, and to make meal for
pOrrIdge Accordmg to Dendy (1995),
Keyler (1993, 1994) found that consum­
ers III northern NamibIa greatly prefer
pOrrIdge made from pearl mIllet to por­
ndge made from maIze But they often
have to eat the latter because It IS all that
IS available, espeCIally In tImes of short­
age durIng extreme droughts, because
maIze can be Imported but pearl mIllet
cannot The effects of these droughts are
Illustrated by the WIld fluctuatIons In pearl
mIllet productIOn In 1991, productIOn m

577



NamIbia was 65,000 tons, whereas m
1992 It was only 20,000 tons

Pearl Millet for Meal

Meal from pearl mIllet IS stIll produced
m the tradItIOnal way by hand poundmg
wIth a pestle and mortar ThIS is a two­
stage process, first the outer layers of the
gram, the pencarp and genn, are removed
(dehulhng), then the endospenn is ie­
duced to a meal Increasmgly, the mIllmg
process is bemg mechamzed The gram IS
dehulled usmg locally produced and
adapted verSIons of the Prame Research
Laboratory (PRL) dehuller The machme
works on the prmcIpal ofabraSIOn It con­
SIStS of a number of abraSIve discs
mounted on a shaft The discs rotate at a
hIgh speed (approx 2800 rpm) withm a
cyhndncal box (Dendy, 1995) The bran
produced by abraSIOn is drawn off by a
cyclone fan, also operatmg at high speed
The abraded gram IS then mIlled to meal
of the deSired particle Size, usmg a ham­
mer mill (Dendy, 1995)

The mIllIng proportIOns of dIfferent
pearl mIllet vanetIes vary greatly (Dendy,
1993, Gomez, Monyo, Lechner, and Bid­
mger, 1993) The data summanzed m Ta­
ble 8 mdIcate a sigmficant vanatIOn

(p:> 0 001) between vanetIes for all the
parameters measured kernel Size, 100
gram weIght, percentage "floaters," ViS­
ual hardness, water absorptIOn, and de­
hulhng loss Pearl mIllet With a large, hard
endospenn kernel IS generally selected for
meal productIOn, as these charactenstIcs
will maxImIze the yIeld of clean (free of
germ and pencarp) endospenn However,
there IS some eVIdence that gram that is
too large may reqUIre exceSSIve effort to
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reduce It to a meal by hand poundmg
(Dendy, 1993), makmg It less popular
With those who have to perform thIS
phYSically demandmg task

An Important quahty cntenon that may
be neglected m the selectIOn of vanetIes,
IS porndge-makmg quahty of the meal
The consumer Judges porndge conSIS­
tency, color, and flavor As porndges are
tradItIOnally eaten WIth the hand, porndge
stIffness IS an Important quahty cntenon
There IS eVIdence, m the case ofsorghum,
that porndge firmness IS related to the
amylose content of the starch (Fhedel,
1994) Creamy-whIte pearl millet por­
ndge IS preferred m northern NamIbIa
over greyIsh colored porndge (Dendy,
1993) Porndge color IS related to both
mtrmsiC endospenn color and the effects
of weathenng Durmg weathenng (or
condItIonmg of the gram for dehulhng),
pIgments may migrate from the testa mto
the endosperm (Dendy, 1993)

In regard to flavor, there IS some eVI­
dence that pIgments m the testa layer of
certam pearl millet varietIes can mIgrate
mto the endospenn durmg gram-condI­
tIOmng, makmg the resultmg porndge
slIghtly bItter and less acceptable (Dendy,
1993) ThiS would suggest that pearl mil­
let vanetIes WIthout pIgmented testa lay­
ers should be selected for meal produc­
tIOn

Pearl Millet for Brewmg

In contrast to sorghum maltmg, pearl
mIllet maltmg IS generally a home mdus­
try, although mdustnal maltmg is some­
tImes done m Zimbabwe As is the case
With sorghum malt, the DP (amylase ac­
tlVlty) ofpearl millet malt IS low Over 22



cultIvars, a range of 22-57 SDU/g has
been found (Gomez, Monyo, Lechner,
and BIdmger, 1993) (Table 8), much the
same as for sorghum malt (Table 7) Thus,
pearl mIllet vanetIes should be selected
for opaque beer brewmg pnmanly on the
basIs ofDP As wIth sorghum malt, opti­
mum germmatIOn temperatures are high,
25-30°C (Table 7) Thus, mold mfectlOn
and mycotoxm productIon dunng maltmg
are potential problems SelectlOn ofmold­
resistant pearl mIllet vanetles for maltmg
should be a pnonty In this context, hard
endosperm and polyphenol-nch vanetIes
could be of value

Some research has been carned out mto
brewmg conventlOnal beer usmg pearl
millet malt (Nzehbe and Mwasike, 1995)
However, the high proportIOn of germ
and, therefore, hIgh fat content m pearl
millet mitigates agamst economIc levels
of starch extract and good beer flavor
stabihty Thus, it is unhkely that conven­
tIOnal beer brewmg usmg pearl millet
malt will ever be a commercial propOSi­
tIOn

The Future of Sorghum and MIllet
as a Food 10 Southern Africa

Lookmg atthe data m Tables 2 to 6, one
could conclude that sorghum and mIllet
have no future m southern Afnca, other

than as subsistence crops The figures
show that the productIOn of sorghum and
millet is dechnmg Mmze productIOn IS
mcreasmg Although the accuracy of the
statistics IS hmIted, partiCularly WIth re­
gard to millet, they do provIde a rough
mdicatlOn of what is happemng It is ob­
VlOUS that sorghum and millet are far less
important cereal crops m southern AfrIca
than m east/central Afnca and west Af­
nca Also, mdustnal usage of sorghum m
SADC countnes IS stagnant, there has
been no growth m the last ten years In
South AfrIca and Botswana, cottage m­
dustnes mvolved m mechanIzed process­
mg of sorghum mto meal have prohfer­
ated, but there has been no overall m­
crease m market volume In South Africa
the large mdustrIal sorghum beer mdustry
IS m dIsarray, and it IS apparent that small
entrepreneurs are opemng brewenes WIth
resultmg declIne m quahty of beer Sor­
ghum brewmg could well become a cot­
tage mdustry m the future Sorghum and
mIllet are becommg margmahzed m the
reglOn's agroeconomles Industry profits
from sorghum are dechmng Wheat and
maIze are more profitable to process
What httle mdustnalIzatlOn of sorghum
has taken place m the last thIrty years m
southern AfrIca may well dIsappear

Can the dechne of sorghum and mIllet
be halted? We belIeve It can, but only If

Table 8 Quality evaluatIon of 22 pearl mIllet genotypes (from Gomez, Monyo, Lechner and
Bldmger, 1993)

Quahty attnbute
i 00 gram mass (g)
SpeCIfic gravIty <1 3 (%)
VISUal hardness
1=soft, 5=hard
Water absorptIon (%)
Dehulhng loss (%)
Malt dlastatlc power (SDU/g)

Mean
i 03

46
30

186
112
363

Mmnmum
156

81
38

231
145
565

MinImum
082

20
20

133
99

215
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there IS constructive collaboration be­
tween all parties concerned, particularly
seed breeders, seed companIes, food proc­
essmg compames, farmers, and govern­
ment In southern AfrIca thIs may be
WIshful thmkmg, but the need IS obvIOUS
Increasmg mstabllIty m weather patterns
IS producmg more drought We have had
two m the last five years, mcludmg the
worst m lIvmg memory m 1991-1992
StatIstIcal eVIdence m ZImbabwe shows
that the country IS lIkely to expenence two
severe droughts m every ten years and that
four seasons m every ten would experI­
ence below normal ramfall (Unganal,
1996) In most of the last ten years, the
regIOn has been m a cereal defiCIt SItu­
atIOn Except for Botswana, most coun­
trIes have serIOUS shortages offorelgn ex­
change and lImIted abIlIty to pay for large
Imports of cereals

PolItICS holds the key to whether sor­
ghum and mIllet can be re-establIshed on
a large scale m the regIOn Unfortunately,
maIze bemg the dommant cereal mflu­
ences most government deCISIOns For ex­
ample, m tImes ofdrought, ImportatIOn of
maIze of any qualIty and color has been
permItted Large ImportatIOn could be
aVOIded If governments mItIated polICIes
to force mIllIng companIes to use a per­
centage of sorghum m maIze meal or
bread flour It also would help If UnIted
NatIOns bodIes such as UNICEF and the
World Food Program would change theIr
anti-sorghum stance, partICularly WIth re­
gard to ItS use m extruded mfant food
Governments must demonstrate that they
have the polItIcal wIll to promote sor­
ghum as a substItute to maIze ThIS IS
partIcularly VItal m the case ofseed breed­
mg, multIplIcatIOn, and marketmg Much
of the seed mdustry m the regIOn IS gov-
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ernment-controlled It should be prIvat­
Ized Sorghum and mIllet breedmg stock
should be made avaIlable as soon as pos­
SIble to prIvate companIes The multIplI­
catIon of hybrId seed and subsequent dls­
tnbutIOn to small-scale peasant farmers IS
urgent After all, If hybrId maize IS used
by the majorIty of peasant farmers why
not hybrId sorghum?

Any attempts by governments to pro­
mote sorghum and millet WIll encounter
strong resistance from the maize lobby
The mfluence of thiS lobby IS mSldlouS
For example, we understand that m Bot­
swana CIMMYT has mstltuted a pro­
gram, WIth cooperatIOn from the Bot­
swana government, to promote a new
drought-reSistant maize SUItable for grow­
mg III regIOns WIth 300 mm ramfall per
year Without fertIlIzers Is thIS pOSSIble?
Table 9 shows that over a recent five-year
perIod m Botswana, the area planted to
maize has averaged m excess of 20% of
total area planted GIVen the clImatIc con­
ditIons, the government should surely not
encourage the dIstributIOn of any maize
seed

ThIS year Foods Botswana purchased a
small amount of whIte hybrId sorghum
BSHI from a farmer m Botswana The
yield of thIS sorghum was around 1500
kg/ha, compared to the average yield of
196 kg/ha (Table 9) ThIS particular seed
was released by ICRISAT to Botswana m
1991 Tests by our laboratory mdICated
good processmg characterIstIcs Five
years later, there IS stIll no gram The
hybrId seed has not been successfully
multIplIed

Industry (food processmg companIes)
has a major role to play Sorghum breed-
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Table 9 ProducfiOnof maize and sorghum in South Africa and Botswana
South Africa Botswana

Maize Sorghum MaIZe Sorghum
Area Area Area Area

planted ProductIOn Yield planted Production Yield planted ProductIOn Yield planted Production Yield
Year (000 hal (Ooot) (kgha 1) (000 hal (0000 (kg ha I) {OOO hal (0000 (kg ha 1) {OOO hal (0000 (kg ha 1)

1987 4129 7068 1712 317 477 1504 44 4 91 161 16 100
1988 3729 6731 1805 313 474 1514 46 3 65 210 18 86
1989 3806 11552 3035 182 472 2593 54 7 130 279 94 337
1990 3502 8342 2382 138 288 2086 88 7 80 266 53 199
1991 3322 7826 2356 118 241 2042 80 12 150 206 38 184
1992 3487 2955 847 135 100 740 na na na na na na
1993 3663 9077 2478 168 428 2547 na na na na na na
1994 3904 12026 3080 161 441 2739 na na na na na na

Average 3692 8197 2220 192 365 1901 62 7 112 224 44 196

Data from governments of South AfrIca and Botswana agncultural stallsllcs
na = not aV3llabie



ers must hsten to our reqUIrements In
southern AfrIca, except for maltmg, we
need whIte food grade sorghum, not a
selectiOn of red, yellow, brown, or grey
sorghum The latter are not sUItable for
processmg mto products that can compete
wIth maIze meal or maIze grIts In addI­
tIon we need hybnd sorghum that offers
the same return to farmers as maIze hy­
brIds

At present there IS no standard defim­
tiOn of a whIte food-grade sorghum hy­
brId It should be a tan plant sorghum wIth
a thm whIte pencarp, hard whIte en­
dosperm, whose parents are both genetI­
cally whIte Our company has already
demonstrated that thIS type can produce
excellent whIte sorghum flour, as eIther a
replacement or an extender for maIze We
also have produced whole meal flour for
use as soft porndge, whIch can compete
favorably wIth eXIstmg commercIal sor­
ghum meals made from dehulled red sor­
ghum Unfortunately, lImIted supplIes of
whIte sorghum, mcludmg some Imported
from Texas, have prevented us from mar­
ketmg these products We believe con­
tract growmg wIth farmers IS necessary to
secure our needs Several farmers m the
regiOn have expressed conSIderable mter­
est Last year we contracted 9000 hectares
m northern Botswana for growmg
Kuyuma, a whIte ZambIan varIety devel­
oped by Dr Verma ExcessIve ramfall
(300% above normal) WIped out 8000 ha,
leavmg 1000 ha that produced 2000 tons
of excellent whIte food grade sorghum

ConclUSIOn

In southern AfrIca the odds are stacked
agamst the successful revItalIzatIon of
sorghum and pearl mIllet It WIll be a long
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haul TIme IS not on the SIde of the mIl­
hons of people hvmg m poverty m rural
and urban areas We hope that biOtechnol­
ogy WIll prOVIde one ofthe keys to unlock
the door to a desperately needed green
revolutiOn for sorghum and mIllet
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DIscussion

SeSSIOn VIII - Breedmg for Improved Quahty and UtIlIzatIOn
SeSSIOn ChaIr Tim Lust

Rapporteurs -Senmt Yetneberk and Aissata Bengaly Berthe

Robert Schaffert - Has any work been
done on sorghum to see if a higher per­
centage of gamma-kafirm protem m­
creases quahty for composIte flours for
bread makmg?

Bruce Hamaker - We have not done
any work m thIs area However, we have
observed dIfferences m gamma-kafirm
content among sorghum cultlvars, so It
would be useful to look at thIs At EM­
BRAPA-Brazll, It was shown that Quahty
Protem Maize, whIch contams a higher
level of gamma-zem, could be added at a
higher level to wheat than normal maIze,
and stIll get a good quahty bread loaf

Fred MIller - In descnbmg the popu­
lation for hIgher protem quahty and the
evaluation of dense floury endosperm
types - what is the mlllmg loss of these
potentially hIgh use sorghums, when
compared to normal endosperm denSI­
ties?

Bruce Hamaker - We have not yet
looked at mlllmg charactenstics of the
dense floury sorghums

B S Rana - Comment on J F Pederson
presentatIon There is a lot ofoptimism m
your talk towards ethanol productiOn
from stover ofsorghum through digestiOn
of cellulose I would hke to further add
more to the potential value of sorghum
We have released a variety (SSV89) With
sweet stalk (19% Bnx) and high JUice
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yIeld We have recently developed an­
other sweet stalk vanety With hIgh
bIOmass and gram yIeld These are more
useful for ethanol productIOn than non­
JUiCY and nonsweet sorghums We have
also developed the technIques for the pro­
duction of ethanol from stalk as well as
from gram to maxImIze the whole plant
use

Robert Schaffert - Research at EM­
BRAPA has mdicated that sIlage quahty
IS mfenor for sIlages made from sweet
sorghums as opposed to dry stalk sor­
ghums

P Esele - Are there any SIgnIficant
dIfferences m nutntIOnal quahties be­
tween brown/red sorghums and whIte sor­
ghums, save for the presence oftannms m
the brown sorghums? ThIS IS m vIew of
the resIstance of the brown sorghums to
gram mold If there are no SIgnIficant
nutntiOnal quahty dIfferences, then I
would advocate productIon ofbrown sor­
ghums The tannms could be removed
eIther by dehulhng or hydrolYSiS

L W Rooney - In certam envIron­
ments, brown (hIgh tannm) sorghums
must be grown to escape bIrds/molds
Methods have been developed to process
the brown gram mto varIOUS foods which
are very acceptable and nutntlous when
supplemented With other foods m the dIet
I have drank dehghtful beer made from
brown (red) sorghums It IS clear that



brown sorghum does contam condensed
tannms that do adversely affect nutntlonal
value However, brown sorghum IS con­
sumed by ammals readIly m feed ratIOns
With weight gams eqUIvalent to no tannm
sorghum, but the feed efficiency IS re­
duced slgmficantly

ABEl Ahmadi - I would lIke Dr
Rooney to elaborate a lIttle bit on the
sUItabilIty of usmg waxy endosperm sor­
ghums m makmg food products, espe­
Cially Sudanese "Klsra"

L W Rooney - I cannot recall any data
on the use ofwaxy endosperm m Klsra or
InJera Waxy sorghum, when cooked, IS
extremely sticky and difficult to handle so
It IS not useful m many products

J N Mushonga - What IS your expen­
ence With white sorghum vs brown m
terms of dlastatIc activity? I found some
white sorghums which had very high dl­
astatic activity

D S Murty - There are white sor­
ghums as good as brown sorghums With
respect to dlastatIc activity Further,
screenmg of germplasm and breedmg
stocks IS recommended PublIshed lItera­
ture mdlcates good vanabllIty even m
white sorghums for dIastatIc power

David Andrews - WhIle bIOtechnol­
ogy may well help to Improve end uses m
many ways, the realIty of the SituatIOn m
Southern Afnca IS that vanetles/hybnds
have been bred and released that meet end
processmg reqUIrements The problem IS
(as Mr Nlcholsen Said) IS that there IS no
consistent productIOn of these The prob­
lems are currently 'downstream' from
breedmg research, m on-farm productIOn,
consistency of product and marketmg
These bottlenecks must be addressed by
SADC governments

N Nlcholsen - The problem IS pnmar­
Ily polItICal Despite the desperate need
for white food grade vanetles/hybnds,
government agncultural research organi­
zatIOns have no motivation to address thiS
need - thiS must come from the polIti­
Cians

J N Mushonga - I thmk you have not
given a completely correct account ofthe
SituatIOn m the Southern Africa regIOn
You appear to speak about Botswana and
South AfrIca There are white sorghum
grown m Southern Africa, but compames
don't bulk enough gram Zimbabwe has a
very large opaque beer mdustry
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Germplasm and the BIOdiversity Treaty

Stephen Smlth* and H L Shands

Abstract

More effectIve use ofplant genetIc resources IS cruczalfor the sustamableproductIOn
offood m a healthy enVIronment US sorghum breeders have made extensIve use of
adapted exotIc germplasm, and much enhanced elzte germplasm has subsequently been
transferred from the US to developmg countrIes Greater efforts are reqUlred to
conserve and utllzze genetIc dIversIty m sorghum The ConventIOn on BIOlogIcal
DIversIty (CBD) heralds a change m the hItherto mformal mternatIOnal exchanges of
germplasm The FA0 InternatIOnal Undertalang on germplasm access and the sharmg
ofbenefits between germplasm users and donors IS bemg revIsed m accordance with
the CBD In the current mternatIOnal environment many developmg countries aspire
to receIve significant addItIOnalfundmg andtechnologIes m returnfor provldmg access
to genetIc resources However sIgnificant newfunds may not be forthcommg Detazls
ofnew arrangements to better conserve and utllzze plant genetIc resources as agreed
upon m the framework Global Plan of ActIOn are yet to be worked out The most
ImmedIate and controverszallssues are financmg and benefit sharmg A greater sense
ofrealzty ofthe worth ofexotic unadapted germplasm and greater publzc mvestment m
the conservatIOn andevaluatIOn ofthese resources Will be needed to forestall a possIble
breakdown m negotzatIOns and consequent barriers to germplasm exchange that may
then arIse

It IS a very great honor and pnvilege to
be among you, to VISIt WIth you, and to
learn from you Your work, by ItS practi­
cal results, presents new possIbIlIties for
the future health of humankInd by Im­
prOVIng agncultural prodUCtiVIty and cre­
atIng a cleaner, more dIverse, and more
sustamable enVIronment through the
more effectIve deployment of genetIC re­
sources By workmg together, In a true
SpIrIt of sharmg and collaboratIOn across
national, economIC, and polItIcal bounda­
nes, you carry forward the essential, md-

Stephen Smith PIoneer HI Bred InternatIOnal Inc Johnston Iowa HL
Shands USDA ARS Beltsville Maryland Correspondmg author

lenma-old multInatIOnal dependenCIes of
agnculture upon the transfer, recombIna­
tion, and evaluation ofgermplasm Into the
next century and beyond

Most genetic resources have not been
evaluated, and many new genetic combI­
natIOns remam to be made and tested In
many enVIronments New pOSSIbIlIties
eXIst to help Improve prodUCtiVIty for
farmers of every nationalIty, geographIC
locatIOn, husbandry type, economIC level,
or farm SIze The character and qualIty of
the world WIll be determIned by the effec­
tIveness of plant breeders to better pro­
VIde for growIng populatIOns and protect
the enVIronment by bnngIng forth new,
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better adapted, and more productive va­
netIes

As plant breeders, you are mtultlvely
aware of the Impact of enVIronment and
Its confoundmg effects upon the agro­
nomIC performance of vanetles and
achIevement of genetIc gam

It IS my responsIbIlIty here today to
brmg to your attentIon another kmd of
envIronment, one that must concern you
- the polItical and economIC enVIron­
ment that affects your capabIlIties to con­
tmue effectively as plant breeders ThIs
envIronment IS undergomg fundamental
change PublIc fundmg IS declInmg for
applIed plant breedmg The prIvate sector
IS becommg more mvolved m plant breed­
mg and applIed research PublIc fundmg
IS declmmg for mternatIOnal programs,
for example, the U S IS cuttmg ItS fundmg
of the ConsultatIve Group for Interna­
tIOnal Agncultural Research (CGIAR)
system that mcludes centers as IRRI,
CIMMYT, and ICRISAT Intellectual
Property ProtectIOn IS becommg the norm
wIth dIfferent rules on transfer and use of
technologIes and germplasm In the de­
veloped world 98% ofthe populatIOn lIves
remote from the land, both geographIcally
and mtellectually ProvIded wIth a dIverse
abundance of readIly avaIlable, cheap,
convement and nutrItIOus food, many m
the U S and Europe, for example, have
forgotten theIr former and ultimate de­
pendence upon agnculture

Consequently, publIc mvestments m
the future ofagnculture wIll be extremely
dIfficult to obtam m thIS envIronment
Genetic resources are m Immment danger
of becommg hostages as many develop­
mg countrIes perceIve that these resources
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can be used as bargammg ChIpS to obtam
ImmedIate and sIgmficant funds from de­
veloped countrIes But unevaluated ge­
netIc resources cannot result m benefits m
terms of Improved agrIcultural produCtIV­
Ity Exotic genetIc resources have lIttle
ImmedIate tangIble economIC worth In

theIr current unevaluated and unenhanced
state

The stage IS set for a stormy enVIron­
ment resultmg m reduced fundmg cou­
pled wIth addItIOnal barrIers to exchange
and utIlIzatIOn of germplasm Further
confoundmg these dIfficultIes IS the lack
ofunderstandmg and appreCiatIOn ofyour
work by many governmental and other
delegates at mternatIOnal tora (e g, the
CBD) that WIll mold natIOnal and mterna­
tionaI polICIes and fundmg A sIgmficant
body of dIverse non-governmental or­
gamzatIOns are openly hostIle to IPP,
plant breedmg, hIgh yIeld agnculture, the
Green RevolutIOn, and "western" SCIence
These groups, many of WhICh do not un­
derstand agrIculture and use the Issues to
play polItics, WIll, by theIr effectIve lob­
bymg of government delegates, further
damage the enVIronment m whIch you
operate as breeders It IS therefore Impera­
tive that your actIvIties and contrIbutIOns
be more vocally and VISIbly brought to the
attentIOn of the publIc and government

The publIc must be reacquamted wIth
ItS dependence upon agnculture and ItS
responsIbIlIties to proVIde for the future
mfrastructure ofagnculture Dependence
upon genetic resources, theIr conserva­
tion, enhancement, and breedmg are key
subjects now on the mternatlonal agenda

Your cntlcs must be challenged to
show how they would obtam greater real



publIc support for the conservatIOn of ge­
netic resources and how they would feed
a world where the populatlOn may double
its present size m 50 years while also
protectmg the environment

Agncultural RevolutiOns

The illventlOn of agnculture thousands
of years ago did not lead to a magical
panacea "Until the last two centunes m
every part of the world nearly everyone
lIved on the edge of starvation" (Pontmg,
1991) The 18th Century ill France was
the second worst for fammes m the coun­
try's recorded history, With Sixteen out­
breaks In Fourteenth Century Europe,
"the poor were dymg m large numbers or
turned to robbery m attempts to get food,
and huge bands of starvmg peasants
swarmed across the countryside Bread
would be mixed With pigeon and pig drop­
pmgs, and animals that had died ofdisease
were eaten In Ireland bodies were dug
up from graves to proVide food and m
SilesIa executed cnmmals were eaten"
(Pontmg, 1991)

A second agncultural revolutiOn began
after 1800 based upon improved crop nu­
tntlOn and husbandry (England, the Neth­
erlands), With an expansIOn of land under
cultivatlOn (the US, Canada, AustralIa)
and mcreasmg capitahzatlOn A thud
revolutiOn began m the 1930s m northern
Europe, the U S, Canada, and Austraha
There were productiVity gams due to plant
breedmg, improved disease, pest, and
weed control from chemical apphcations,
mechanizatlOn (one quarter of U S agn­
cultural output had preViOusly gone to
feedmg horses), and further capitahza­
tion ApproXimately half of yield im­
provement for major crops grown m these

countnes came from genetiC change
alone Durmg the 1960s, genetiC, chemi­
cal, and husbandry changes brought about
the Green Revolution m ASia, the second
half of the 20th Century often known as
the SCientific RevolutiOn

It was only dunng thiS third revolutiOn
that the processes of crop domesticatiOn
and locatiOns of crop genetic diverSity
imtiated by Nicolai Vavilov began to be
appreCiated However, dynamiCS affect­
mg genetic diverSity were not of mterest
before the 1960s Concern about the ero­
SiOn of genetiC resources m landraces led
to the constructiOn of several gene banks
(e g, the InternatiOnal Agncultural Re­
search Centers [IARCS] such as IRRI,
CIMMYT, CIAT, CIP) and other natlOnal
genebanks (e g, Fort CollIns) However,
Duncan et al (1995) notes that "genetic
eroSiOn m areas of germplasm diverSity
contmues to plague the world sorghum
mdustry "

Some lessons from thiS history are

1) Genetic resources are of cntical and
mcreasmg importance to the future of
world food and environmental secunty

2) Useful genetic diverSity, not genetic
resource diverSity alone, is the cntical
issue

3) Useful genetic diverSity reqmres
identificatiOn of sources of a range of
diverSity, coupled With the abihty to re­
combme that diverSity mto new vaneties
that are better adapted to the needs of the
farmer

4) GenetiC resource diverSity must be
mcreasmgly conserved ex SItu as pres-
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sures mcrease for farmers to gro~ the
most productive VarIetIes There IS eVI­
dence that landrace use is persIstmg m
many regIOns, however, this usage will
mcreasmgly become fragile, and backup
conservatIOn ex SItu must be provided

5) Plant breedmg reqUIres an ever m­
creasmg source of mtellect, Improved
knowledge about the relatIOnshIps be­
tween genes and traits of agronomic Im­
portances, and Improved abilIties to Iden­
tify, mampulate, and more effectIvely re­
combme new genetic vanetles

6) The rapid apphcatIOn ofnew knowl­
edge and technological capabilIties can
help improve conservatIOn, evaluatIOn,
enhancement, and breedmg

7) The pnvate sector cannot operate
Without strong Intellectual Property Pro­
tection (lPP), nor can It serve farmers m
regIOns Without a base level of market
mfrastructure and a sound busmess envI­
ronment

8) There IS a cruCial dependence upon
baSIC actIVities su"h as research, conser­
vatIOn, and prebreedmg, which are too
long term and too nsky for pnvate sector
mvestment Given the broad publIc good
of these actIVities, publIc fundmg IS the
only means of meetmg these financial
needs

9) Improved productlVlty has bought
and paid for the funds necessary to secure
and further explore baSiC genetic re­
sources A productive agnculture gener­
ates an annual food diVidend that IS re­
flected m the low percentage of personal
consumptIOn directed toward food
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10) More than adequate funds are avail­
able to prOVIde for baSIC research and the
conservation and prebreedmg of exotIC
germplasm It reqUIres polItIcal Will to
make the necessary mvestments from mo­
mes already earned from mvestments by
pnor generations

The EnVironment Prior to the Con­
ventIOn on BIOlogical DiverSity (CBD)

Prelude to the "Gene Wars"

Resources needed to sustam advances
m agncultural productiVity are not evenly
dIstnbuted around the globe Most SItes of
crop genetic diverSity are found m so­
called "southern" countnes that are still
developmg mdustnally More financial
and technological resources are located m
"northern" mdustnahzed SOCieties Here
farmers concentrate on market-OrIented
productIOn agnculture Genetic diverSity
IS arrayed differently m thiS enVironment,
and most diverSity IS seen not In or among
farmers' fields, but wlthm and among
breedmg programs Germplasm IS ar­
rayed geographically and In time, rather
than m place, as is the case With heteroge­
neous landrace vanetles Plant breedmg
programs represent tertiary centers of di­
versity complementmg the pnmary and
secondary VavilovIan centers Tertiary
centers contam well-charactenzed and
productive diverSity Programs m these
centers depend for the long term on baSIC
research and mfuslOns of exotic
germplasm from other centers of diver­
Sity, Includmg collections stored III ex SItu
genebanks However, until exotic collec­
tions have been adapted, enhanced, and
well evaluated, they cannot represent tan­
gible assets for slgmficant Investments of
effort by the prIvate sector Consequently,
contnbutIOns from governments and
foundatIOns have supported conservatIOn



Most stored collectIOns were freely avaIl­
able as the "common herItage of human­
kmd" ExceptIons were late generatIOn
materIals m prIvate breedmg programs
and parental mbred hnes of hybrIds

Then a new perspective appeared Ag­
rIculture orIgmated m the developmg
world, WhICh has a vast store of rIch di­
verSIty Farmers m the south have been
Improvmg and conservmg thIS diversIty
for 10,000 years and for centurIes have
given it away free to the north The north
has gotten rIch off the genetIc resources
of the south and has given nothmg back
ThIS dIversity IS m demand by the mdus­
trIalIzed north, WhICh Simply sells back to
the south pIrated germplasm at hIgh
prIces Thus, the north mamtams control
over germplasm m the genebanks and
locks up germplasm for further breedmg
byIPP

The "Gene Wars"

ThIS perspective led to confrontatIOns
known as the "north-south gene wars" and
resulted m the FAO InternatIOnal Under­
takmg on Plant GenetIC Resources m
1983 Key artIcles of the IU are

Artlcle 1 acknowledges plant genetIC
resources as a herItage of mankmd and
consequently should be avaIlable WIthout
restrictIOn (the term "common herItage"
was not used untIl Annex ResolutIOn
4/89), to ensure that plant genetic re­
sources particularly for agnculture,
Will be explored, preserved, evaluated,
and made avaIlable for plant breedmg and
sCientific purposes

Artlcle 2 mcludes landraces, wIld and
weed speCIes, and relatives of cultIvated

varIetIes, newly developed and other cul­
tIvars, obsolete cultIvars, and speCial ge­
netIC stocks (breeders' lInes and mutants)

The IU was "a product of sometimes
aCrImOnIOUS debate" largely as a reactIon
to the unbalanced terms of access whIch
eXIsted to "raw germplasm" on the one
hand (which was freely aVailable) and to
"improved germplasm" on the other
(whIch was subject to proprIetary restnc­
tIons) (Cooper, 1993) The level of pas­
sIOn and aCrImony can be gauged from the
followmg statement by Tewolde Berhan
G Egzlabher "If the South contmues to
be outsmarted, it WIll contmue to smart
from the mIllennIum-old hurt Those who
are hurt wIll bash about m pam Who
knows whIch bash wIll produce a magnI­
fIed BOSnIa, unwittmgly flmgmg ItS
weIght ofchaos at the North? Ifthe North
wants stablhty to enJoy ItS ill-gamed
wealth, It had better keep ItS greed wlthm
set hmlts"

The IU could not be adopted by consen­
sus, as prIvate mdustry could not attract
prIvate fundmg If proprIetary germplasm
were freely avatlable Therefore, a second
resolution (c 4/89) was adopted that "rec­
ognIzed that Plant Breeders' RIghts were
not necessarily mconslstent With the Un­
dertakmg" while simultaneously recog­
nIzmg a concept known as Farmers'
RIghts The concept ofFarmers' RIghts IS
stated as "rIghts arlsmg from the past,
present, and future contrIbutIOns offarm­
ers m conservmg, improvmg, and makmg
avaIlable plant genetIC resources"

Accordmg to Annex II ofthe IU "these
rIghts are vested m the InternatIonal Com­
mUnIty m order to
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a) ensure that the need for conservatIon
IS globally recogmzed and that sufficIent
funds for these purposes WIll be avaIlable,

b) assIst fanners and farmmg commu­
mtles, m all regiOns of the world, but
espeCially m the areas of ongm/diversity
of plant genetIC resources, m the protec­
tIon and conservatIon of theIr plant ge­
netIC resources, and of the natural biO­
sphere,

c) allow farmers, theIr commumtIes,
and countnes m all regiOns, to partICIpate
fully m the benefits denved, at present and
m the future, from the Improved use of
plant genetIC resources, through plant
breedmg and other SCIentific methods"

ResolutIOn 5/89 noted that "the maJor­
Ity of plant genetic resources come from
the developmg countnes,"and "the con­
tnbutIOn of farmers has not been suffi­
CIently recogmzed or rewarded" A thIrd
resolutiOn (c 5/91) "reaffinned the sover­
eIgn nghts of natIOns over theIr genetic
resources and agreed m prmclple that (the
concept of) Fanners' RIghts should be
Implemented through an mternatIOnal
fund that wIll support plant genetic con­
servatiOn and utilIzatIon programs, par­
ticularly, but not exclUSIvely, m the devel­
opmg countrIes"

However, the concept of Farmers'
RIghts has smce become exceedmgly
nebulous, WIth a range of mterpretatiOns
Some say It means

• a moral pnnclple acknowledgmg
the hlstoncal contnbutIOn of farm­
ers,
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• a polItIcal strategy to balance the
growth of mtellectual property
nghts,

• a nght or mechanIsm for compen­
sation for what fanners have done
m the past,

• a fight or mechamsm for compen­
sation for what fanners do now and
WIll do m the future

• an extenSiOn of the nght to save
seed,

• an extenSiOn of the nght to sell
seed,

• a new fonn of mtellectual property
protectiOn,

• a mechamsm for fundmg and pro­
motmg the conservatiOn ofagncul­
tural bIodIverSIty,

• the proVISIOn of land fights for m­
digenous people,

• the nghts to self detennmatiOn for
mdigenous people,

• prOVISiOn of SubSIdIes to mamtam
current lIfestyles,

• prOVISIon ofSubSIdIes to conduct In

Situ conservatiOn,
• provlSlon of resources for greater

farmer partICIpatory breedmg,
• prOVISiOn of resources to capaCIty

build breedmg programs and mar­
ket mfrastructure,

• prOVISIon for ex Situ conservatiOn,
and

• prOVISiOn ofresources to fund more
plant breedmg

NeIther NGOs, mdustnalIzed coun­
tnes, nor the pnvate sector have yet pro­
VIded a clear set ofgoals or programs that
could be enacted supportmg conservatIon
or utilIzation of plant genetic resources
and, therefore, be seen as progress m ful­
fillIng the concept of Farmers' RIghts
ThIS mactiOn has left a VOId that has been
fIlled WIth a growmg multIplICIty of



vague, sometImes contradIctory, and
often controversial, concepts The dIver­
SIty of fOCI and the evolvmg broad socIal
and polItIcal goals now make the concept
of Farmers' RIghts a stIckmg pomt m
achlevmg consensus on genetlc resource
Issues

Real SIgns of Progress - at Last?

Durmg the past two years, the FAa has
surveyed the State of the World's (SOW)
genetIc resources Reports were receIved
from 154 countrIes Eleven regIOnal and
sub-regIOnal meetmgs were held The
SOW report represents a hIstorIcal land­
mark, provldmg the first comprehensIve
global evaluatIOn of In Situ and ex Situ
conservatIOn and plant breedmg A
Global Plan of ActIOn (GPA) was pre­
pared by the FAa from the SOW The
GPA IS a framework wIth 20 prIOrIty ac­
tIOn areas (see AppendIX I) In June, 1996,
over 100 natlons agreed to the GPA Most
of the actIOn areas (ex Situ conservatIOn,
genetIC enhancement, capaCIty bUIldmg)
WIll Improve the effectlve utIlIzatIOn of
germplasm and should be funded How­
ever, none of the detaIls regardmg Imple­
mentatlon or fundmg ofthe GPA has been
agreed upon

BIodiverSIty and the ConventIOn on
BIOdiverSity (CBD)

Broader concerns about reductIOns of
global bIOdIversIty well beyond the realm
of agrIculture the FAa focuses on, Imtl­
ated the ConventIOn on BIOdIVerSIty
(CBD) EconomIC and technologIcal IS­
sues of concern prImarIly to developmg
countrIes, also became mtegral The CBD
entered mto force on December 29, 1993,
as a legally bmdmg treaty It preSCrIbes

natIOnal goals and mternatlonal responsI­
bIlItles for the conservatIOn and sustam­
able use of bIodIverSIty, mcludmg plant
genetlc resources for food and agnculture

The three mam obJectlves of the Con­
ventIOn are the conservatIOn of bIOdIver­
SIty at the genetIC, speCIes and ecosystems
levels, the sustamable use of ItS compo­
nents, and the falr and eqUItable sharIng
ofbenefits derIved from the use ofgenetIC
resources

Key prOVlSlons ofthe CBD

Article 15 IS a key element heraldmg a
landmark change m ownershIp of genetlc
resources, resources that pnor to the Con­
ventIOn were conSIdered as the "common
herItage of humankmd"

Article 15-1 recognIzes "the sovereIgn
nghts of States over theIr natural re­
sources, the authorIty to determme access
to genetlc resources rests WIth the natIOnal
governments and IS subject to natIOnal
legIslatIOn" ArtIcle 15-4 and 15-5 pre­
SCrIbe that access to genetlc resources
should be granted on "mutually agreed
terms" and "shall be subject to pnor m­
formed consent" ArtIcle 15-7 states that
"Each Contractmg Party shall take legls­
latlve, admimstratlve, or polIcy meas­
ures through fmancial mechamsms
WIth the aIm of sharmg 10 a fair and eqUI­
table way the results of research and de­
velopment and the benefits ansmg from
the commerCIal and other utIlIzatIOn of
genetlc resources WIth the Contractmg
Party provldmg such resources Such
sharmg shall be upon mutually agreed
terms"

Other Important ArtIcles relevant to
plant breedmg and agnculture mclude
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ArtIcle 16 "to provIde and facIlItate
access for and transfer of technology (m­
cludmg bIOtechnology) Access shall
be provIded under faIr and most favor­
able terms, mcludmg on concessIOnal and
preferential terms In the case of tech­
nology subject to mtellectual property
rIghts, such access and transfer shall be
proVIded on terms whIch recogmze and
are conSIstent WIth the adequate and ef­
fectIve protectIon of mtellectual property
rIghts"

Article 16-5 "The Contractmg PartIes,
recogmzmg that patents and other mtel­
lectual property rIghts may have an mflu­
ence on the ImplementatIon of thIS Con­
ventIOn, shall cooperate m thIS regard sub­
ject to natIOnal legislation and
mternatIonal law m order to ensure that
such rIghts are SupportIve of and do not
run counter to ItS objectives"

ArtIcle 19 "Each Contractmg Party
shall take all practIcable measures to ad­
vance prIOrIty access on a fair and eqUIta­
ble baSIS, espeCially (to) developmg coun­
trIes, to the results and benefits arIsmg
from bIOtechnologIes based upon genetic
resources "

ArtIcle 20 "The developed country
PartIes shall prOVide new and addItional
finanCIal resources to enable developmg
country PartIes to meet the agreed full
mcremental costs to them of Implement­
mg measures whIch fulfill the oblIgatIons
of thIS ConventIOn The extent to whIch
developmg country PartIes WIll effec­
tively Implement theu commIt­
ments WIll depend on the effective Im­
plementation by developed country Par­
tIes of theIr commItments under thIS
ConventIon related to finanCIal resources
and transfer of technology "
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The ConventIon began to examme ag­
rIcultural bIOdIversIty m 1996 Mean­
whIle, the FAD's IV IS bemg reVIsed m
accord WIth the CBD Agreements made
withm the IV are among natIOns These
agreements only affect prIvate mdustry If
a natIOn chooses to enact speCIfic proVI­
SIon mto natIOnal law However, the IV
may eventually become an annex or a
protocol to the CBD Agreements made
withm the sphere of the CBD WIll have
legally bmdmg authOrIty upon the publIc
and prIvate sectors for natIOns that ratify
the ConventIOn and whIch are SIgnatOrIes
to those prOVISIOns However, even
though the U S has not ratified the CBD,
ItS publIc and prIvate sectors cannot be
immune from agreements made by other
natIOns, for those agreements WIll condI­
tIOn the envIronment m WhICh the U S
must source germplasm, conduct research
and product development, and sell agrI­
cultural products throughout the world

CharacteTlstlcs ofthe CBD

The agenda has exhIbIted a marked
propenSIty to broaden ItS focus to encom­
pass a great compleXIty ofbIOlogIcal, eco­
logIcal, SOCIOlogIcal, economiC and pOlItI­
cal Issues For example, dISCUSSIOns on
bIOsafety have encompassed lIabIlIty for
bIOlogIcal Impacts and also for economIC
dIsplacement attrIbuted to new technolo­
gIes through to the fundamental utIlIty of
bIOtechnology Itself Agendas ofother IS­
sues, such as access to genetIC resources,
agrIcultural bIOdIversIty, mtellectual
property rIghts and technology could
sIml1arIy broaden The SCIentIfic adVISOry
body (SBTTA) also has had dIfficultIes m
preparIng SCIentifically sound and bal­
anced papers for dISCUSSIon by delegates
For example, the paper on bIOdIversIty m
agrIculture was heaVIly CrItICIzed by
many delegations



L,ah,llt,es ofNon-ParticipatIOn
m the CBD process

The U S has not ratIfied the CBO, and
so has lImIted "observer" status Many
developmg countrIes have posItIOns that
dIffer from mdustrlalIzed countrIes due to
respectIve economIC, socIOlogIcal and
technologIcal capaCItIes Consequently,
the CBO could produce bmdmg protocols
that would affect many technologIcal,
economIC, socIOlogIcal, IPP and lIabIlIty
elements that relate to agrIculture Non­
Governmental Orgamzatlons (NGOs),
that are often hIghly CrItIcal of prIvate
mdustry, have a hIgh profile at meetmgs
and mfluence many country delegatIOns
Industry had been slow to attend or to
provIde mput to the CBO, but thIS SItu­
atIon was rapIdly reversed when the Issue
of bIOsafety arose

The U S could ratIfy the CBO and so
be a full partICIpant, but thIS IS hIghly
unlIkely to happen m the near future The
US could threaten a cessatIon offundmg
to the UN untIl the CBO supports polIcy
based on sCIentIfic prIncIples that IS m
accord WIth "good" SCIence and free trade
(MIller, pers com) ThIrd, the U S could
faIl to ratIfy the ConventIOn and be faced
WIth events shaped more by other natIOns
and NGOs The optIOn, after ratIficatIOn,
to engage m Improvmg the sCIentIfic baSIS
of polIcy makmg, IS, arguably, the most
effectIve course to follow

Convergence o/the FAO InternatIOnal
Undertakmg and the ConventIOn on
BIOdiversity

The FAO InternatIOnal Undertakmg
and the CBO converge or overlap for at
least three reasons First, both mvolve re-

sponses not only to sCientIfic Issues, but
also to economIC, socIOlogIcal and polItI­
cal pressures For example, RaustIala and
Victor (1996) note "For mdustrIalIzed
countrIes, the goal was to promote conser­
vatIOn For developmg countrIes, the
goal was broader the sustamable use of
bIOlogIcal resources, financial and tech­
nologIcal transfers to aSSIst m bIOdIverSIty
protectIon, and the eqUItable dIstrIbutIOn
of the economIC benefits of bIOlogIcal re­
sources a central aIm of the developmg
countrIes has been to channel Northern
mterest m natural resources toward the
creatIOn of mechamsms for wealth and
technology redIstrIbutIOn" Second, both
focus upon agrIculture, the Impact of ag­
rIculture upon the enVIronment mevltably
attracts the attentIOn of the CBO ThIrd,
the CBO represents a forum for countrIes
to make agreements that may not have
been reached m the reVISIOn ofthe IU, but
are legally bmdmg by VIrtue ofthe author­
Ity of the ConventIOn

The CBO has Just turned ItS attentIOn
to bIOdIverSIty m agrIculture The Con­
ventIOn draft on agrIcultural dIversIty
sparked great controversy Most devel­
oped countrIes saw It as an unSCIentIfic,
unbalanced attack on modern agrIculture
that faIled to comprehend the lImItatIons
oftradlttonal agrIcultural practtces to pro­
Vide levels of productIVity that would be
necessary to sustamably feed mcreasmg
populatIons and to protect fragIle lands
from mefficlent cultIvatIon Most coun­
trIes recommended that the FAO deal
WIth agrIculture and the CBO focus on
outstandmg Issues (e g SOlI mIcrobIal dI­
verSIty, dIverSIty of pollInator organ­
Isms) If the FAO does not soon reach
resolutIOns on access to germplasm, bene­
fit sharmg and financmg that are accept-
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able to many developmg countnes, these
Issues wIll all return to the agenda of the
CBD

Future Prospects

Problems of definmg and reahzmg the
concept ofFarmers' RIghts and mSlstence
that northern mdustnahzed countnes
commIt sIgmficant new funds, (up to $300
mtlhon annually) to put the GPA mto
effect, and for whIch no specIfic projects
have been outhned or costed, remam ma­
Jor stlckmg pomts m agreemg to terms on
conservatIOn, access and more effectIve
utlhzatlon of plant genetic resources for
food and agnculture

The CBD's ImmedIate role m agncul­
ture remams unclear, but It WIll exert great
mfluence upon dIScUSSIons at the FAO
Countries WIll tum to the legal authonty
of CBD If theIr expectations are not met
by the FAO The next round of debate at
FAO (December, 1996) will center
around access and exchange of
germplasm and the CBD sets the context
Consequently, a new system wIll seek to
promote access to genetic resources from
collectIOns by provldmg a standard set of
condItiOns regulatmg access and benefit
sharmg from users to the donors of
germplasm Fundmg could come from
eIther an access fee and/or the sharmg of
royalty streams followmg commerclah­
zatlon The CBD reqUirement for pnor
mformed consent and eqUitable benefit
sharmg could be accommodated m an ap­
propnate agreement

Royalty flows from the use of exotic
genetIC resources generally WIll be small
due to low profit margms m the seed m­
dustry and the relatIvely small, yet often
slgmfIcant, contnbutIOn that exotIC
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germplasm makes to an Improved vanety
Unadapted and poorly evaluated plant ge­
netIC resources for food and agnculture
are best SUited to a multIlateral system of
access that IS mternatIonally funded by
governments The only alternative to a
multilateral system for these collectiOns
would be a multIphclty ofbtlateraI agree­
ments Btlateral agreements can be effec­
tIve for crops such as rubber or spIces that
have hIgh value and hmlted dIstrIbutiOn,
and they can be mstrumental m promotmg
mvestments m evaluation, prebreedmg
and enhancement of other staple crops
However, bIlateral agreements are un­
hkely to occur for germplasm that IS not
well known by plant breeders, whIch IS
the case of the maJonty of ex Situ collec­
tions and In Situ landraces of the major
crop speCIes IfnegotIatIons on a multIlat­
eral system are protracted or get bogged
down m comphcated formulae for benefit
sharmg based on detailed pedIgrees or
from eVidence prOVIded by molecular
data, then bilateral arrangements Will be
the mevltable alternative However, to re­
Iterate, bilateral agreements WIll be un­
hkely to help conserve the vast bulk of
unadapted and uncharactenzed
germplasm collectIons ofmajor crop spe­
cies The ImmedIate goals of a reVised
multtlateral system should be to prOVide a
foundatIon for conservatIOn WIth greater
access to enable addItIonal opportumtles
for germplasm enhancement to occur BI­
lateral arrangements could prOVide addi­
tiOnal means to attract resources mto
global access and germplasm enhance­
ment Access, evaluatIOn and prebreedmg
are prereqUisItes before any potentIal, but
hidden, benefits can be revealed

The CBD notes that It "recogmzes the
speCIal nature ofagncultural bIOdIversity,
Its dlstmctlve features, and problems re­
qumng dlstmctlve solutIons" However,



many arguments over access to genetic
resources and the role that Intellectual
property and the pnvate sector can play In
genetIc resource conservatIOn have oc­
curred precIsely because realitIes of utIl­
IZIng exotIc genetIc dIVersIty for food and
agnculture were not understood ExotIC
germplasm represents a long term and
hIgh nsk component of a breedIng pro­
gram It reqUIres long penods ofprebreed­
Ing and enhancement before It can use­
fully enter a breedIng program that IS
geared to product development

ConservatIon and much ofprebreedIng
do not fit Into the scope ofbUSIness that a
pnvately funded organIZatIOn can sup­
port, nor do they frequently generate
products that have an Intellectual property
component The conservatIOn ot genetIC
resources IS very largely a publIc good
Consequently, battles that are fought over
Intellectual property protection and ac­
cess and benefIt sharmg from exotIc
germplasm are mIsdIrected IPP proVIdes
a framework for benefit shanng and can
thus encourage Investment, but It cannot
lead to conservatIOn or encourage pre­
IImmary evaluatIOn of exotIc germplasm
unless opportunIties for commerCializa­
tIon can be IdentIfied ConservatIon and
much ofprebreedIng, therefore, must cur­
rently be funded In the publIc domam

Fledglmg prebreedmg and enhance­
ment programs (such as the GenetIc En­
hancement of MaIze [GEM] proJect) are
CrItIcally Important to foster New useful
genetIC resources WIll emanate from these
programs and eventually WIll be mcorpo­
rated m propnetary and public breedIng
programs The genetIC IntroductIons WIll
show, by example, the worth of further
prIvate mvestments m sourCIng exotIc
germplasm New technologIes should

also enable more effectIve sourcIng of a
broader, more exotIC germplasm base and
thus the future framework of IPP wIll
encourage more prIvate Investment Into
prebreedIng and germplasm enhancement
programs DevelopIng countnes mIS­
Judge the strength of theIr pOSItIOn when
they threaten to prevent access to exotIc
germplasm As a result, genetIc resources
become hostages between partIes that
cannot agree on theIr value All suffer
when programs to evaluate and enhance a
broader base of germplasm are reduced
because tertIary centers of dIverSIty
(breedIng programs) geared to produce
new varIetIes are reduced In theIr capa­
bIlitIes

The GPA prOVIdes frameworks for
pOSItIve actIOns on genetIc resource con­
servatIOn and utIlIzatIOn By fOCUSIng on
technIcal needs and solutIOns, the GPA
opens up pOSSIbIlitIes for pOSItIve pro­
gress However, detaIls stIll need to be
worked out FundIng WIll be reqUIred to
support the pnonty actIOn areas In budg­
etary terms, the funds are small (total of
$300 mIllion per year) but they WIll re­
qUIre strong public support

U S agrIculture, backed by prevIOUS
generatIOns of plant breedIng and baSIC
research, has effectIvely generated funds
to prOVIde thIS natIon's share of conserv­
mg plant genetIC resources For example,
an 87 bIlhon bushel com crop sellmg at
$3 per bushel generates $26 bIllIon at the
farm gate ConservatIvely, $10 4 bIllion
(40%) of thIS annual farm gate value
comes from genetIc changes made dunng
the past 60 years As a result of earher
public and pnvate Investments, U S agn­
culture generates a food dIVIdend that IS
realized m a low percentage of personal
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outlay for food It will reqUIre pubhc un­
derstandIng and polItical will to remvest
some of these dlVldends for the future of
agrIculture Those mvestments should In­
clude capacity bmldIng m plant breedmg,
conservatlOn, and genetic enhancement
on an mtematlOnal scale PrIvate mdustry
can brmg additional mtellectual and tech­
nological capabllitIes to bear through mu­
tually agreed bllateral programs that can
further help evaluate and enhance genetic
resources on a global scale
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Appendix I.

PrIOrity Activities and Long Term Objectives of the GPA
(disagreed text as of June 10th ID parentheses).

Note Prelzmmary per annum cost es­
timates are gIven, lowest amount IS for
basIc or rudImentary actIOn, mtermedlate
IS moderate, highest IS more Ideal and
comprehensive

A) In Situ ConservatIOn and Develop­
ment

J) Surveymg and Inventorymg Plant Ge­
netic Resources for Food and Agncul­
ture

To IdentIfy, locate, Inventory, and as­
sess any threats to those speCIes, ecotypes,
cultIvars, and populatIOns of plants rele­
vantto food and agnculture $2 1m $3 Om
$73m

2) Supportmg On-Jarm, Management
and Improvement ofPlant Genetic Re­
sources

To better understand and Improve the
effectIveness of eXIstIng on-farm conser­
vatIon , management, Improvement, and
use ofplant genetIc resources for food and
agnculture To achIeve a better balance
between m Situ and ex Situ conservatlOn
To encourage concrete recogmtlon of(the
concept of) Farmers' RIghts To promote
the eqUItable sharmg of benefits from
plant genetIC resources as called for In the
CBD To foster the future emergence of
pubhc or pnvate seed compames and en­
courage cooperatIve enterpnses as an out­
growth of successful on-farm selectIon
and breedmg To encourage tradItIonal

seed exchange and supply systems $6 3m
$10 5m $16 7m

3) Asslstmg Farmers m DIsaster Situ­
atIOns to Restore Agricultural Systems

To support farmers' and rural peoples'
hvehhoods and sustaInable agncultural
optlOns through the rehabIlItatlOn ofagrI­
cultural systems based on locally adapted
plant genetIC resources, IncludIng the res­
toratIon of pre-exlstmg germplasm m
cases ofdlsaster-mduced loss ofplant ge­
netIc resources $4 7m $5 1m $5 3m

4) Promotmg In Situ ConservatIOn of
Wild Crop RelatIves and Wlid Plants
for Food ProductIOn

To promote conservatIOn ofgenetIc re­
sources of WIld crop relatIves and wIld
plants for food productlOn m protected
areas and on other lands not explICItly
lIsted as protected areas $3 9m $5 6m
$99m

B) Ex Situ ConservatIOn

5) Sustammg EXlstmg Ex Situ Collec­
tIOns

To gIve hIgh pnorIty to safeguardIng as
much eXIstIng umque and valuable dIver­
SIty as pOSSIble In ex Situ collectlOns (To
ensure the observance of the sovereIgn
nghts of the countrIes of ongm ) $25 2m
$38 6m $55 Om
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6) Regeneratmg Threatened Ex Situ Ac­
cessIOns

To complete the first safe world-wide
regeneratIOn of accessions 10 ex-situ con­
ditIons, under conditIons designed to pre­
serve the genetIc mtegnty of the maten­
als To create m the process the mstltu­
tIonal lmkages and expenences to
regenerate matenals as It becomes neces­
sary 10 the future $4 4m $6 Om $9 2m

7) Supportmg Planned and Targeted
Collectmg ofPlant Genetic Resources
for Food and Agriculture

To collect those speCies, ecotypes,
farmers vanetles, or other cultlvars, and
assOCiated mformatlOn, that are under
threat or are of anticipated use $1 1m
$2 1m $3 Om

8) Expandmg Ex Sltu ConservatlOn
through Botamc Gardens and Use of
New Technologles

To conserve and make avaIlable for
Improvement and use the full range of
plant genetic resources for food and agn­
culture $3 Om $5 Om $12 3m

C) UtIlIzatIon ofPlant
GenetIc Resources

9) Expandmg EvaluatIOn and Increas­
mg the Number ofCore CollectIOns to
Facllztate Use

To mcrease and Improve the ease ofuse
of conserved plant genetic resources To
FaCIlItate mnovatIve progress 10 plant
breedmg through promotmg the IdentIfi-
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catIOn of useful accessions or their com­
ponent genes for mtroductlOn mto genetic
enhancement and plant breedmg pro­
grams To promote plant breed109 that
results 10 higher levels ofgenetic diverSity
m crops and agncultural systems To
IdentIfy germplasm of potentIal value for
direct use by farmers m on-farm pro­
grams $9 Om $14 4m $25 Om

10) Increasmg Genetlc 2nhancement
and Base-Broadenmg Efforts

To mcrease food secunty and Improve
farmers lIvelIhoods through the develop­
ment of better plant varIeties To reduce
genetIc umformlty 10 crop varIeties To
mcrease sustamablhty and the capacity
for adaptatIOn to unexpected environ­
mental changes $25 7m $26 3m $42 3m

11) Promotmg Hlgher Levels ofDlver­
Slty m Crops to Reduce Genetlc Vulner­
abllzty

To reduce genetic erosIOn and pOSSible
genetic vulnerabilIty and promote sus­
tamable productIVity by faclhtatmg use of
genetic diverSity 10 crops $3 7m $7 9m
$167m

12) Promotmg Under- Utllzzed Crops
and Specles

To contnbute to agrIcultural diverSifi­
cation, mcreased food securIty and Im­
proved farmers' hvehhoods To promote
the conservatIOn and sustamable manage­
ment of under-utlhzed species and theIr
genetic resources $1 710 $4 1m $8 2m



13) Supportmg Seed ProductIOn and
DistributlOn

To mcrease the avaIlablhty of good
quahty seed of a wider range of plant
vanetIes $3 2m $5 Sm $10 3m

14) Developmg New Markets for Local
Vaneties and Diversity-Rich Products

To estabhsh stronger demand and more
robust market mechamsms for farmer-va­
netles and related agrIcultural prod­
ucts $1 8m $2 Sm $6 Om

D) Institutions and Capacity Bmldmg

15) BUildmg Sh ong NatlOnal Programs

To Identify and meet national needs
through mstltutmg ratIOnal, sustamable,
effective and eqUItable approaches to the
conservatIOn and use of plant genetic re­
sources for the benefit of present and fu­
ture generations $3 6m $5 3m $10 Sm

16) Promotmg Networksfor Plant Ge­
netic Resources

To ensure that all countnes are served
by an active regIOnal network and an ap­
propnate complement ofcrop-based, the­
matic, and m Situ orIented networks
$6 7m $10 4m $12 9m

17) Constructmg Comprehensive Infor­
matlOn Systemsfor Plant Genetic Re­
sources

To faclhtate mcreased access to and
better management and utIltzatlOn of
plant genetIc resources through the as­
sembly, exchange and proVISIOn ofuseful
mformatIon $9 1m $12 6m $17 3m

18) Developmg Momtormg and Early
Warmng Systems for Loss ofPlant Ge­
netic Resources

To mmlmlze genetic erosion and ItS
Impact on sustamable agrIculture by
momtormg key elements of genetic re­
source conservatIOn and the various fac­
tors causmg genetic erOSIOn, and assem­
bhng mformatlOn to enable remedial or
preventIve actIOn to be taken $1 Sm
$2 4m $4 3m

19) Expandmgand Improvmg Educa­
tIOn and Trammg

To make avaIlable to every country
accordmg to their needs and pnontles,
trammg m all the relevant functIOns of
conservatIOn and utlhzatlOn as well as
management and pohcy $9 8m $14 Om
$22 Om

20) Promotmg Public Awareness ofthe
Value ofPlant GenetiC Resource Con­
servatIOn and Use

To commUnIcate the Impact of genetic
resource activIties to key target audiences
m order to generate and sustam pohtIcal
actIOn $4 1m $6 9m $9 Sm

Total Fundmg per Year over 10 Years

$1306m, $1882m or $303 8m, de­
pendmg on whether the mmlmal, moder­
ate, or optimal plans are pursued

AdditIOnal Priority Areas Raised at
the preparatory Rome meetmg
(April, 1996)

• benefits denved from the use of
plant genetic resources and mecha-
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nIsms for benefit shanng for the
reahzatlon of farmers' nghts

• technology transfer
• bIOtechnologIes and assocIated

benefits and nsks
• natIonal, regIOnal and global agn­

cultural polIcIes
• the state of dIverSity m the major

centres of dIverSity
• research for on-farm plant genetIc

resources management, mcludmg
definItIons of appropnate method­
ologIes

• studies on new approaches to plant
breedmg

• local and under-utIhzed crops
• mternatIOnal crop-related networks
• current expendItures on plant ge­

netIc resource conservatIon and
utIlIzatIOn actIVItIes

EXlstmg Sources of Fmancmg

• bIlateral offiCial development as­
sistance (mcludmg the ED and a
portIon of the CGIAR)

• World Bank
• Global Envlfonmental FaCIlIty (m­

cludmg funds admmlstered m con­
JunctIon WIth the CBD)
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• FAO
• UNDP
• UNEP
• other speCIalIzed UN funds
• InternatIOnal Fund for Agncultural

Development
• regIOnal development banks
• non-governmental organIZatIOns

(e g, World WildlIfe Fund)
• foundatIons
• UnIVersitIes and research mstItutes
• mvestments or loans from prIvate

sector, from governments, etc
• mternal natIOnal fundmg to support

natIOnal plant genetIc resources for
food and agrIculture programs

POSSible New Sources of Fundmg

• realIzatIOn ofthe concept of Farm­
ers'Rlghts

• new fund managed by GEF, gov­
ernments would make speCIal allo­
catIOns

• special trust fund, voluntary or
mandatory, conSideratIon mIght be
given to openIng such a fund to
contrIbutIOns by the prIvate sector



Role of Private Sector

A Bruce Maunder

Abstract

The hybridIzatiOn of pearl mIllet and sorghum led to more than the benefits of
heteroSIS WIth an opportumty to sell seed annually as well as mamtaIn a reasonable
degree ofprotectiOn ofthe germplasm, the private sector entered thIS element of the
seed mdustry as early as 1949 some seven years before the first hybrid seed was sold
Whereas commerciallyproducedsorghum hybrids spreadrather qUickly throughout the
Western HemIsphere much ofthe Ajhcan andASian market IS only now gIVing serIOUS
consIderatIOn to thIS form of the crop, WIth India reporting 50% of the mIllet and
sorghum areaplantedto hybrids An obvIOUS needofagrIculture In developing countrIes
IS technology transfer from natiOnal or internatIOnal research Improvement programs
to the producer both the SubsIstence farmer as well as the large operator For mIllet
andsorghum, dependable markets, relatIvely large areas ofcultIvatiOn, andthefarmers'
deSIre to mcrease yIelds through cultural and varietal changes (e g mOVing to hybrids)
suggestsfarmers wIll benefitfrom the presence ofprivate seedfirms LIkely reasonsfor
success would be dependable supply WIth acceptable qualIty/pUrity, and hopefully, but
not necessarily, an Improved level ofproductIOn

PublIc plant breeding research IS an asset to private seedfirms Small mdigenous
seed firms In partIcular depend on publIc plant research instItutiOns for advanced
breeding materials even new VarietIes or hybrids According to a recent survey,
currently m India 71% ofhybridsorghum and32% ofhybridmIllet being soldmay very
well be ofpublIc OrIgm or non-proprietary A strongpublIc plant breedingprogram IS
essentialfor long-range success ofthe private seed mdustry, whether It be In developed
or developmg countrIes

Generally the outlookfor the private sector In developing countrIes IS bright In the
Western HemIsphere the MeXICO sorghum pIcture IS most optImIstIC WIth favorable
cost ofproductIOn andstrongperformance resultmg m a return per hectare comparable
or superIOr to the returnfor maIze The US andArgentma WIth reduced areasplanted
to sorghum have seen research budgets curtazled, causmg a needfor re-prIOrItizatIOn
ofresearch efforts

For thefuture beSIdesprivate sector research dollars, SCIentIsts needandmust share
a free flow ofgenetIC resources from all geographIC areas andpolztIcal phIlosophIes
SubSIdIes ofpublzc seedproducts must be abolzshed to level the playmgfield A thriVing

A Bruce Maunder Renred Semor VIce PreSIdent, DEKALB Genettes Corporanon 4S 11 Nmth St, Lubbock IX 79416
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private sector wllilead to more mve3tment m developmg countrIes Ofgreatest sIgnifi­
cance however WIll be the unified approach of both publzc and private SCIentIsts
workmg toward an essentzal goal ofImproved mIllet and sorghum hybrIds

The hybrIdIzatIon of pearl mIllet and
sorghum led to more than the benefits of
heterosIs WIth an opportumtyto sell seed
annually, as well as mamtam a reasonable
degree ofprotectIOn ofthe germplasm, the
prIvate sector entered thIS element of the
seed busmess (a small part of the 50 bIl­
lIon dollar seed mdustry) m the early stage
of hybrIds In fact, Qumby (1974) notes
that the DEKALB Agncultural ASSOCia­
tIOn located a sorghum breedmg program
near Spade, Texas (northwest of Lub­
bock) m 1949, and was able to sell pro­
pnetary hybrId seed m 1956, a year ahead
ofthe rest ofthe mdustry ThIS actIVIty, he
concludes, "hastened the release of par­
ents of hybnds by the Expenment Sta­
tIons and caused other seed companIes to
start hybnd sorghum breedmg programs"
AddItIOnally, the hybndizatIon of sor­
ghum often led the way for mternatIOnal
expanSIOn ofmultmatIOnals mto countrIes
such as MexIco, Argentma, and IndIa, to
name but a few

For clarIficatIOn, the prIvate sector cur­
rently plays a major role m breedmg sor­
ghum and mIllet, but IS by no means ex­
clUSIve m thIS functIOn Certamly produc­
ers and consumers depend on the publIc
sector to develop cultivars where there IS
msufficient market potentIal for prIvate
sector mvestment m breedmg For exam­
ple, prIvate sector breedmg ofsorghum or
mIllet VarIetIes doesn't have the same
market potentIal as development of hy­
brIds Also, market SIze mfluences the
degree of effort expended by the prIvate
sector Fmally, the farmer or producer
benefits more than anyone from strong
competItIOn m the seed mdustry
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Private Sector m Developmg
Countries

The prIvate sector IS CrItIcal to produc­
tIve agrIculture worldWIde because It
meets speCIal needs and prOVIdes CrItIcal
Impact m developmg countrIes A survey
of the sorghum and mIllet mdustry m In­
dIa led Pray et al (1991) to suggest that
prIvate compames can profitably conduct
research on "poor peoples' crops" m com­
petItIOn WIth publIc research mstItutIOns
They further encouraged the conSIdera­
tIon of polICIes aimed at fostermg prIvate
breedmg research Seventeen firms had
Research and Development (R & D) pro­
grams, spent an average four percent of
seed sales revenue on research (SImIlar to
the percentage spent on research m the
US), and employed 31 Ph D and 45 M S
degree graduates Table I mdicates prI­
vate sector mvolvement m crops WIth
greatest emphaSIS on mIllet, sorghum, and
sunflower WIth current reductIOns m prI­
vate sector actIVItIes m the US, these
numbers may very well exceed or at least
equal U S prIvate research mvestment
and number ofprograms The avaIlabIlIty
of prIvately labeled hybrIds to many U S
companIes that do not conduct research
themselves tends to confuse the actual
research effort, WIth perhaps 50 compa­
mes marketmg sorghum hybrIds WIth pa­
rental hnes obtamed from the publIc sec­
tor

The results ofa survey ofseveral coun­
trIes, deSIgned to calculate areas planted
m sorghum and mIllet and the percentage
of each area planted m hybrIds, may be



Table 1 R&D programs ID India and Table 2 Area (ha) ofsorghum/millet and per-
expenditures by crop cent hybrid seed for specific coun-

Number of R&D tries
companies With expenditure by Area planted

R&D crop Country 1000 ha
(Rs ml1hon) Sor hum Millet

Pearl ml1let 12 37 India 12800 10200
Sorghum 10 34 Australia 1000 10
Sunflower 10 35 NIgeria 4000 5050
Cotton 9 2 1 NIger 1000 3038
Corn 6 21
Source Pray et al (1991) Sudan 6234 1250 6 0

MeXICO 1650 100
Argentma 674 100
US 4940 100

seen m Table 2 Ifseveral responses were
receIved from one country (such as IndIa),
averages are mcluded Currently m IndIa,
nearly 50% ofthe mIllet and sorg1mm area
IS planted m hybrids K R Chopra (1996,
personal commUnICatIOn) suggests that
value-wIse, the private sector has cap­
tured 60% of the formal seed market To
the contrary, D S Murty (1996, personal
commUnICatIOn) mdicates that of the 17
sorghum growmg countries m West and
Central AfrIca, only Nigena and NIger
have formally released sorghum hybrids,
however, the area currently planted m hy­
brids does not exceed 1000 hectares
Egypt, Sudan, ZImbabwe, and South Af­
rica are exceptIOns, WIth hybrid sorghum
usage rangmg up to 95% m South Africa
Throughout Africa pearl mIllet produc­
tIOn IS generally lImIted to varieties The
GeZIra IrngatIOn project m Sudan IS now
stnvmg for 100% hybnd sorghum by
1996 Hageen Dura-I, released m 1983,
has sttmulated the movement away from
local varieties At a conference announc­
mg hybrids for Sudan, MUftI (1983) stated
that there IS no seed mdustry m the coun­
try to meet the growmg need for good
qualIty seed, whIch WIll effectively m­
crease productIOn of the most Important
food crop of the nahon

An ObVIOUS need m agriculture m de­
velopmg countrIes IS technology transfer
from natIOnal or mternatIOnal research
Improvement programs to producers,
both subSIstence farmers as well as large
operators For mIllet and sorghum, the
eXIstence of dependable markets, rela­
tIvely large areas ofcultivatIOn, and farm­
ers' deSIre to mcrease yIelds through cul­
tural and vanetal changes (lIkely movmg
to hybrids) mdicate that farmers WIll
benefit from the presence of private seed
firms Norman Borlaug belIeves, how­
ever, that m some cultures, yIeld mcreases
of as much as 50% may be reqUIred to
achIeve movement away from tradItIonal
landrace cultivars Certamly, profit to
farmers should be great enough that they
can afford to pay a hIgher price for qualIty
seed FIrst hand reports from Sudan, how­
ever, suggest a WIllingness to pay more
for seed from a multmatIonal company
rather than a local vendor, Just on the baSIS
of punty and qualIty

Lack of substantIve knowledge of a
VIable seed busmess or mdustry WIll
lIkely reqUIre mput from those experi­
enced m seed enterprises, such mput
should be readIly aVailable from pro­
grams lIke the ASSIST program at Iowa
State UnIVerSIty There are three prInCIpal
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advantages and hkely reasons for success
(DUVICk, personal commumcatIon) 1)
dependable supply, 2) acceptable qual­
Ity/pUrIty, and 3) hopefully, but not nec­
essanly, an Improved level of perform­
ance Anyone ofthese advantages would
lead to mcreases m profit to farmers In
brIef, commercIal seeds are best SUIted to
profitable crops m favorable farmmg re­
gIOns

To attract the development of seed
firms, a natIOn's government should be
polItIcally stable and Its mfrastructure,
partIcularly transportatIon, adequate for
the delIvery of goods and servIces to the
farmmg commumty To attract seed
firms, an opportumty for a reasonable re­
turn on mvestment WIthout government
restrIctIOn IS essentIal, smce capItal rIsk
WIll be reqUIred PrIvate but mdlgenous
seed enterprIses may be a logIcal first
step, but theIr mabilIty to cope WIth fluc­
tuatmg exchange rates and lack of suffi­
CIent funds for research often has put them
at a serIOUS dIsadvantage m competItIOn
WIth multmatIOnals - Argentma bemg a
good example These entrepreneUrIal m­
dlgenous compames hkely will reqUITe
outSIde traInIng and perhaps some sub­
SIdy early on, but tnere are m every coun­
try mdlVIduals capable ofsuch actIVIty A
supply of traIned mdlgenous agrIcultur­
IStS WIll be mdispensable m operatmg the
seed firms There also should be eVIdence
that markets for both seed and crop are
relatIvely stable, WIthout undue mterfer­
ence from government regulatIOns or prI­
vate-market mampulators

The presence of publIc plant breedmg
research IS an asset to prIvate seed firms
Small, mdlgenous seed firms, m partICU­
lar, depend on publIc plant research mstI­
tutIOns for advanced breedmg materIals or
even new varIetIes, as well as for knowl-
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edge of new agronomIC techmques ap­
plIed to the new varIetIes or hybrIds Cur­
rently m IndIa, the survey suggests 71%
of the hybrId sorghum and 32% of the
hybnd mIllet bemg sold may very well be
of publIc ongm or non-propnetary,
whereas In the US, MeXICO, and Argen­
tIna, the great majorIty of sorghum pedI­
grees are, m fact, proprIetary A strong
publIc plant breedIng program IS essentIal
for long-range success of the prIvate seed
mdustry, whether It be m developed or
developIng countrIes By the same rea­
sonmg, publIc plant breedmg researchers
must accept the need for, and presence of,
the prIvate sector, smce m most thIrd
world scenarIOS thIS WIll be the only way
theIr efforts WIll affect the agrIcultural
economy and, subsequently, the natIOnal
economy The pnvate sector accom­
plIshes, beyond research, what the exten­
SIon and publIc foundatIOn seed orgamza­
hons are not currently domg US/AID, m
recogmtIOn ofthIS approach and opportu­
mty, has been encouragmg more commer­
CIal mvolvement m developmg countrIes

Intellectual property laws are not the
first reqUIrement for bUIldmg a commer­
CIal seed mdustry m a country In fact seed
firms often start out by handlIng hybrId
crops such as millet and sorghum WIth
bUIlt-m property protectIOn because the
seeds must be purchased for each sub­
sequent plantmg Seed firms also may
prOVIde better seed qualIty or PUrIty,
WhICh agam lessens the need for mtellec­
tual property laws early on

OpportumtIes for the PrIvate Sector

Developmg CountTles

In Sub-Saharan AfrIca, Sanders et al
(1996) suggest that "sustamable" means
reversIng crop yIeld declInes m some of
the low mput systems and mcreasmg yIeld



gams m moderate mput systems ObvI­
ously, with only 34% ofthe world's acres
usmg high technology or modem seed,
brmgmg m a pnvate sector component to
step up research makes sense As compe­
tition mcreases, the share ofpnvate sector
activity lIkewise mcreases Bnngmg m
pnvate sector activIty, however, IS some­
what evolutIOnary and not an ImmedIate
tranSitIon The government of IndIa, for
example, has recogmzed the capabilIties
ofthe pnvate sector to breed, produce, and
market propnetary and publIcly bred ma­
tenals more effiCIently With control of
60% ofthe market now, the pnvate sector
unammously suggests thmgs Will be bet­
ter busmeSS-WIse and the future seems
bnght Much open pollInated area means
potential hybnd busmess The combma­
tIOn of all three components - research,
production, and marketmg - promotes
greater effiCIency m the pnvate sector
PublIc sector R&D WIll be most effectIve
If pnvate research IS not regarded as com­
petItion to be met WIth SuspiCIOn, but as a
partnership worthy of recogmtIOn and
support

ICRISAT's mvestment and success m
Improvement of pearl millet IS a claSSIC
example of multIdIscIplmary teamwork
and research partnershIp The Impact IS
felt m farmmg commumtIes m real pro­
duction environments An ultimate op­
portumty WIll center around the export of
seed or surplus gram In West Central
Africa, the pnvate seed mdustry IS very
weak, WIth Niger, for example, badly m
need of support to produce and distrIbute
AND-I, ItS first sorghum hybnd Markets
can be developed when natIOnal govern­
ments have polICies that encourage the
pnvate sector and prOVide adequate legal
protectIOn ofpropnetary germplasm Not
to be overlooked IS the cntlcal abIlIty of

the pnvate sector to more effectively pro­
VIde adequate stocks ofhigh qualIty seed,
a problem often encountered by the publIc
sector m less developed countries

EnVironmental and economIC condI­
tions (e g , water supply and cost of m­
puts) also wIll give nse to greater demand
for sorghum Some see thIS as a lIkely
scenano m ChIna, whIch could stImulate
a pnvate sector seed Industry for both
crops

Developed Countnes

Where the pnvate sector has been well
establIshed (as It has m Europe, AustralIa,
and the Western HemIsphere), the hIgh
percentage of propnetary hybnds sug­
gests that the level of Improvement de­
pends pnmanly on avaIlable budget Un­
less subSidIzed from other crops, fundmg
avaIlable for hybnd research must come
from seed volume of hybnd sorghum
With a sIgmficant downward trend m area
planted m sorghum m both the U S and
Argentma (which preVIOusly planted 72
and 3 0 mIllIon hectares, respectIvely, but
are now down to perhaps 4 9 and 67
millIon hectares), some breedmg pro­
grams have been dropped and others have
been reduced slgmficantly The multma­
tIonal seed compames affected have, m
tum had an adverse effect on smaller
pro~ams worldWide As m any bUSIness
venture WithOUt outSIde fundmg, market
SIze related to number of partICIpants IS
cntIcal Currently, MeXICO appears to be
an exceptIOn, WIth favorable cost of pro­
ductIon and performance of sorghum re­
suitIng m a return per hectare comparable
or supenor to the return for maize Unfor­
tunately, breedmg programs cannot be
stopped and started as can programs m an
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10dustnal factory, whIch means there wIll
be a sIgnIficant tIme lag when adJustmg to
market size Fortunately, this deficIency
can be modIfied or reduced by 10put from
the pubhc sector

The pnvate sector companIes must
concentrate on actIvities they do best,
consIder1Og fund10g lImIts TheIr mfra­
structures support applIed breedmg of
lInes and hybnds, followed by extensive
testmg over Wide geographiC areas They
can best accomplIsh these actIvItIes by

• bemg more effiCient and
flexIble

• better understandmg market
reqUIrements

• mteractmg With new
agronomic practices

• concentratmg on a hohstic
approach for Improvement

• work1Og larger numbers m
selectIon and testmg

• bemg concerned about seed cost 10
evaluatmg mbreds

• placmg greater emphaSIS on short
or medIUm term
breedmg programs

• ensunng less crop
vulnerabIlIty

Currently, commercIal breeders work
closely WIth entItIes wlthm the publIc sec­
tor, whether they be state or federal, and
WIth the IARCs The U S Sorghum
Germplasm Committee, WhICh adVises
the NatIOnal Plant Germplasm System m
the US, IS made up of half pnvate and
half publIc sorghum sCientIsts LikeWIse,
the pnvate sector actIvely lobbIes through
vanous orgamzatIOns to establIsh or
mamtam publIc sorghum research POSI­
tIons Members partICIpate m the Sor­
ghum Improvement Conference ofNorth
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Amenca and have the opportUnIty to be
chosen for the Gram Sorghum Producers
Award The U S pnvate sector handles
large wmter or off-season programs WIth
frequent support for the publIc sector,
WhICh proVIdes nursery rows and some
pollInatmg The pnvate sector m past
years has volunteered to mcrease plant
mtroductIOns where short-day SItes and
non-U S locatIOns were reqUIred Over
the next several years, those commercial
programs of suffiCIent SIze to support
bIOtechnology research on maIze are
lIkely to see spm-offs affectmg sorghum
and mIllet

LlmItatlOns or RestnctlODs

Developmg Countrtes

Hybnds and a well-developed pnvate
seed sector would be farther along were It
not for government restrIctIons 10 many
develop1Og countries Hybnd regIstration
reqUIrements as well as phytosanitary re­
stnctIOns may delay or prevent release of
otherwIse Improved hybnds, as well as
the movement of same or baSIC
germplasm essential for research In
countnes where government agencies
keep a part of all breedmg or parent hnes
that come mto the country, the pnvate
sector has lImited legal protectIOn for pro­
pnetary germplasm The same concerns
eXIst where plant varIety protectIOn does
not eXIst Hopefully UPOV rules WIll be
accepted m more of these SituatIOns

EconomIcally, the pnvate sector can be
restrIcted not Just by market SIze but by
percent of the market 10 hybnds Both
world pnce and withm-country pnce, m
relatIOn to maIze, can be cntIcal to market
Size, as m MeXICO, where maize has re­
ceIved speCIfic mcentIves With pnce sup­
port



SimIlar effects are seen m wuntnes
where pubhc hybnds are subsidized by
the government, glvmg unfair pnce com~

petition Production costs for both seed
and the commercial crop also Will affect
customer acceptance ofthe crop or, more
specifically, hybnds of the crop Fmally,
a frequent problem with many developmg
countnes has been low demand or pnce
mstablhty m years of above average crop
productIOn, which results m loss of pro­
ducer mcentIve Limited or no access to
an export market further exacerbates thiS
weakness, greatly mhlbltmg development
of an "after the farm gate" market

Research m the pnvate sector depends
on sales, however, hmitatlOns on the sale
ofseed other than that certIfied by govern­
ment agencIes severely restrict the sale of
propnetary hybnds IndIa, for example,
has a multIphcIty ofcentral and state gov~

ernment acts, whIch sometimes constram
the productIon and marketmg ofsorghum
and pearl millet seeds The government
needs to regulate the seed trade through a
smgle central seed act

Developed Counfnes

Plamly stated, m areas where pnvate
sector compames have a long hIStOry,
hnlltattons WIll be pretty much self-m­
fllcted Generally, exceptional human re­
sources and adequate finanCial resources,
as well as effectIve research, should over­
come any lImItatIOns We however, can­
not dIsregard the probabIhty of closer
government control of new transgemc
traIts, such as plant-produced pestiCides,
when they become part of the sor­
ghum/mIllet mdustry Certamly to mam­
tam the finanCial mput needed for ade­
quate research actIVIty, It IS cntIcal that
the mdustry, both pnvate and pubhc, do a
better Job ofpromotmg a crop sometimes

conSidered "a poor man's food," but of
proven worth, to msure productIOn under
abIOtIC stress, generate sIgmficant farm
mcome, hmit erOSIOn, enhance crop rota­
tion, have essentially equal feed value to
maIze, prOVIde a second prmcipal feed
gram, and be backed by a tremendously
valuable world collection to handle future
opportumtIes Not to be forgotten, thiS IS
a crop known to be readIly adaptable to
genetic engmeenng

Future Needs

A free flow of genetic resources to be
shared and utIhzed by SCientIsts from all
geographIc areas and pohtical phIloso­
phIes also reqUires a umted effort to faCIlI­
tate long-term collectIOn and mamte­
nance DIstance mvolved, the lack of
tramed curators, the cost ofoperatIOns, the
need for user-frIendly descnptors, and the
neceSSIty for denved benefits from
gennplasm, all emphaSIze the need for
mternatlOnal cooperatIOn on plant genetIC
resources as part of our global hentage to
sustam and Improve agrIculture Future
Improvement m germplasm cooperatIOn
WIll most hkely result from more SCIen­
tIst-to-scientIst relationshIps (Maunder,
1995) For conserved germplasm to be
user-fnendly, essential descnptive and
screenmg work must be conducted, and,
where feaSIble, hmIted to prebreedmg of
crops Fmally, the pnvate sector must m­
crease ItS wIlltngness to depOSit
gennplasm resources m publIcly avaIl­
able banks and to proVIde valuable de­
scnptors of thIS matenal Control must
eXIst, however, If matenals gomg mto a
country are to be shared WIth unknown
thIrd parties or If the germplasm mvolves
enhancement or breedmg expense WIth no
control under UPOV The pnvate sector
has developed m IndIa, not from support
by natIOnal programs, but rather because
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offree dIstnbutIOn of germplasm and en­
couragement from the InternatIOnal Cen­
ter, ICRISAT

SubSIdIes ofpubhc seed products must
be abolIshed to level the playmg field
Apparently there are no restnctIOns on
pnces 10 India, but, under mflatIonary
controls mArgentma, fixed prIcmg nearly
ehmmated the pnvate sector when faced
with mandated wage mcreases Market
development IS a major reqUIrement
whether for a new or eXistIng pnvate sec­
tor company Smce research IS dnven by
seed sales, the sorghum and mIllet Indus­
try 10 general must be umted 10 promotmg
these crops as essential to feedmg a world
populatIOn that will pOSSIbly double by
2040 Those mvolved must talk to cus­
tomers, they beIng producers, hvestock
feeders, and, ultimately, consumers Cer­
tamly situations eXist where government
and other donors should help develop a
seed Industry and ItS related mfrastruc­
ture

The pnvate sector 10 the U S always
has a long hst of early generatIOn genetic
resources or fimshed hnes of known and
proven value, dependIng on the magm­
tude of theIr research Current concerns
relate to the potential Impact of ergot
throughout the Western Hemisphere The
poultry mdustry would lIke more areas
planted to SimIlar hght-colored gram of
the food sorghum category, but would
accept non-tan matenal If enough white,
cream, or yellow could not be assembled
under some sort of contract As 10 most
sorghum areas, more tolerance to abIOtiC
stress Will be of real value MexIco's
surge 10 sorghum area and productiVity
pomts out the value of both high yields
and yield stabilIty compared to com, not
to mentIOn rotational advantages The
lIkelIhood of contmued higher sorghum
pnces 10 North Amenca and a new farm
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program 10 the U S wIll lead to mcreased
area planted to sorghum ThiS 10 tum Will
be reflected by greater fundmg for pnvate
sector research

A thnvmg pnvate sector wIll lead to
more mvestment 10 developmg countnes
Additional funds Will allow for research
on nutrItiOnal characterIstIcs, agronomIc
management studies, and longer term
breedmg approaches The pnvate sector
has the capablhty to fund graduate pro­
grams, prOVide grants, and give time In
support of worthwhIle publIc programs
Ofgreatest slgmficance, however, wIll be
the umfied approach of both pubhc and
pnvate sCientists workIng toward the
common goal of developIng Improved
millet and sorghum hybnds
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InternatIOnal Research PerspectIve

S B Kmg and K F Nwanze

Abstract

Slnce the Rockefeller FoundatIOn embarked on a wheat Improvement program m
MexIco m the early 1940s mternatIOnal agrIculture research has grown consIderably
and contrIbuted slgmficantly toward brmgmg hope to the task offeedmg the ever
mcreasmg worldpopulatIOn Many countrIes and donor agencIes have supported thIS
expanSIOn effort whIch has among other thmgs wItnessedthe development ofa network
ofmternatIOnal centers ofagrIculture research under auspIces ofthe CGIAR Today,
mternatIOnalresemchfinds ltselffacmg reducedjundmg m real terms ThIS has resulted
m a number ofchanges m emphases mcludmg a more carejulldentificatIOn ofresearch
prIOrItIes, mcreased collaboratIOn among an array ofpartners (NARS, IARCs, ARIs,
extenSIOn servIces farmers and agrlbusmess), andgreater emphaSIS on more targeted
trammg expanded mformatIOn exchange and management, and more effectIve commu­
nICatIOns

Historical Background

Past dIfficulties m transferrmg tech­
nologIes, especIally those ImmedIately
relevant to agricultural productIOn, from
developed to developmg countries have
concerned researchers and developers
from as early as colomal periods These
technologIes dId not fit mto the agro-eco­
logIcal and SOCIo-economiC enVIronments
of the countrIes for whIch they were des­
tmed Essentially, expenence has shown
that only technologIes eIther mdigenous
or sUIted to local enVlfonments can foster
agrIcultural development ThIS occurs m
two ways 1) through the ImportatIOn of
expatrIate staff, Ie, the transfer of mtel­
lectual expertIse m order to bnng together
a cntical mass ofagncultural SCIentIsts (as
a short-tenn measure), and 2) through the

S B Kmg Formerly ICRISAT 1448 Hampton Clfele Goshen IN 46526
and K F Nwanze WARDA 01 B P 2551 Bouake Cote d IVOIre ·Corre
spondmg author ICRISAT Conference Paper No CP 1306

enhancement of the mdigenous research
capaCIty, Ie, human capItal or resource
development (as a long-tenn measure)
These measures enable such countrIes to
access the advances m knowledge avaIl­
able m the global SCIentific communIty
and embody that knowledge m technol­
ogy SUIted to theIr own resources and cul­
tural endowments

The process of broader and systematic
mternatlOnal mvolvement III a developmg
country's agnculture, WIth dIrect rele­
vance to food crops as opposed to cash
crops (the latter often bemg a feature ofa
past colomal era), was Imtiated by the
Rockefeller FoundatIOn m collaboratIOn
WIth MeXICO m the early 1940s Focus
was mamly on wheat productIOn, al­
though maIze also benefited from thIS col­
laboratIOn SCIentIsts posted m MeXICO at
the request of that country's government
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developed Improved cultlvars usmg the
avaIlable world collectIOn of wheat
germplasm, catapultmg yIelds under lITI­
gated and fertIlIzed condItIOns AddItIon­
ally, MexIcan sCIentIsts and techmctans
were tramed wlthm and outsIde the coun­
try By the 1960s, wheat productIOn had
Improved to the extent that MexIco, WhICh
had been a wheat-Importmg country, be­
gan to export wheat

The Rockefeller FoundatIOn sub­
sequently extended ItS mternatIOnal col­
laboratIve actIVItIes on maIze and wheat
to other countrIes of Latm Amenca and
ASIa The Ford FoundatIOn also was ac­
tIve m helpmg developmg countnes m­
crease theIr agrIcultural productIOn
through research and strengthenmg ofhu­
man resources These two foundatIons
Jomtly establIshed the InternatIonal RIce
Research InstItute (IRR!) m 1960, WhICh
became the first mternatIOnal mstItute
mandated wIth food crop and global re­
sponSIbIlItIes The success of IRRI gave
nse to three other mternational centers
the InternatIOnal Center for Improvement
ofWheat and MaIze (CIMMYT) m Mex­
ICO m 1966, the InternatIOnal Center of
TropIcal Agnculture (CIAT) m ColombIa
m 1967, and the InternatIonal InstItute of
TropIcal Agncu1ture (UTA) m Nigena m
1967

Apart from the Rockefeller and Ford
FoundatIOns, several other organIzatIOns
became actIve (and contmue to be actIve)
m fostermg mternatlonal partnershIps
WIth researchers, extenSIOn agents, and
admmistrators m developmg countrIes
Although several donor agenCIes (govern­
ments of developed countnes, founda­
tIons, and aId agencIes) had prevIously
prOVIded bIlateral support for agrIcultural
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research and development, the Impact of
the first group of mternational research
centers dedIcated to long neglected food
crops had withm a few years gamed con­
sIderable credIbIlIty ThIS success gener­
ated a world-WIde demand for sImtlar re­
search centers on other commodItIes and
m other geographIc regIOns The mterna­
tIOnalIzatIon of research begun by the
Rockefeller and Ford FoundatIOns re­
ceIved a major boost WIth the develop­
ment of the mIracle nce varIety, IR-8,
released by IRRI m 1966 By 1968, It had
covered mllhons ofhectares offarm land
mASIa Improved nce vanetles and wheat
vanetIes, WhICh responded to hIgh mputs
of fertIhzer and water, formed the back­
bone of the green revolutIOn of the 1960s
and 1970s A donor consortmm known as
the ConsultatIve Group on InternatIOnal
Agncultural Research (CGIAR) was
formed m 1971 under the sponsorshIp of
the World Bank, the FAO, and the UNDP,
and WIth support from several govern­
ments and other bankmg mstItutIOns The
CGIAR expanded the development of m­
ternattonal research centers, the network
now conSIsts of 16 autonomous centers
headquartered m 15 countnes WIth man­
dates rangmg from food crops to hve­
stock, fishenes, agro-forestry, and mstttu­
tIOnal development RegIOnal and na­
tIOnal sub-statIOns of these centers are
today dIstrIbuted worldWIde

ShIft III Research EnVironment

Most of the first two decades of the
CGIAR was a penod of growth WIth the
addItIon ofmore centers and expanSIOn of
eXlstmg centers and theIr research agen­
das One of these, ICRISAT, was estab­
lIshed m 1972 Funds were ample and
VIrtually always certam to support most or



all the research planned by centers Other
mechamsms to promote addItIonal mter­
natIOnal agncultural research were devel­
oped outsIde the CGIAR For example,
the Collaborative Research Support Pro­
gram (CRSP) concept was created by
USAID and the Board for International
Food and Agnculture Development (BI­
FAD), under the auspIces of TItle XII of
the ForeIgn AssIstance Act of the US
Government The Sorghum and MIllet
ColIaborative Research Program (INT­
SORMIL) IS one of several CRSPs estab­
hshed m the late 1970s and early 1980s to
mobIhze the land grant umversItle<;; ofthe
U S mto the mternatIOnal food and agn­
cultural research mandate of the U S
Government Governments of other de­
veloped countnes prOVIded addItIonal
mechanIsms to support agncultural re­
search to fight the antICIpated due conse­
quences of msufficient food supphes for
rapidly growmg populatIOns m ASia, Af­
nca, and Latm Amenca

Dunng the past decade, however, the
enVironment for mternatIOnal research
has been shIftmg from one of expandmg
effort and fundmg to one of dechmng
fundmg m real terms, often accompamed
by diminIshmg research agendas and m­
creasmg uncertamty Many centers and
organizatiOns/mstItutes are seekmg mno­
vatIve ways to deal with the problem
Largely as a result of fundmg uncertamty
and m the mterests of developmg a more
fleXible way to deal with the current re­
search environment, ICRISAT ha~ reor­
gamzed itS research portfoho mto a senes
of multidisciplmary, largely global pro­
Jects based on the 92 core research themes
developed through a year-long process of
developmg the 1994-98 MedIUm Term
Plan (MTP) These research themes were
operatIOnahzed mto 22 projects relatmg
to the 29 productIOn systems toward

which ICRISAT's work is targeted ICRI­
SAT has recently reduced the number of
projects from 22 to 12, and now It is
workmg on itS MTP for the years 1998­
2002 Throughout thiS process oforganIz­
mg and reorganIzmg, ICRISAT has made
a concerted effort to mvolve the NARS
and other partners

There have been a number of other
shifts m the mternattonal agncultural re­
search enVironment m recent years One
of these is today's greater emphaSIS on
actIVities assocIated with the transfer of
technologIes generated by research to
farmers and the farmmg commumty In
fact, half the budget of the SADC/ICRI­
SAT Sorghum and Millet Improvement
Project (SMIP) IS now allocated to tech­
nology transfer actIVItIes Many technolo­
gIes generated by research on crop Im­
provement stIli Sit on the shelf, never hav­
mg been tested or promoted at the farmer
level

The mtegratIon of crop research WIth
research on hvestock IS gammg mcreas­
mg attentIon, because many farmmg sys­
tems, partIcularly m developmg coun­
tnes, mtegrate both aspects Certamly sor­
ghum and pearl mtllet productIon areas
are charactenzed by mtegrated crop/hve­
stock systems Recent ImtIatIOn of the
Systems-WIde Livestock ImttatIve of the
CGIAR sIgmfies the mcreased emphaSIS
on thiS area Government polICies that
affect agnculture also are gammg greater
recognItIon by mternatIonal research
These polICIes have a sigmficant effect on
agncultural productIOn, but unfortu­
nately, a negative one m many developmg
countnes
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Partnerships ID Research Collabora­
tIon

Effectively meetmg the challenges of
mternatlOnal agncultural research re­
qmres makmg the most of hmited re­
sources and opportumties Formmg part­
nerships m which the comparative advan­
tages of the vanous players are explOited
is almost always an essential mgredient of
success

A good example of a successful re­
search partnership is the project on breed­
mg for resistance to downy mtldew m
pearl mtllet, a dIsease that has posed a
senous productiOn constramt dunng most
of the 30 years smce pearl mtllet hybnds
were mtroduced mto commercial cultiva­
tion m India In 1990, ICRISAT, the India
NatIOnal Program on Pearl MIllet Im­
provement, the Umversity ofWales (Ban­
gor), the John Innes Centre (Norwich),
and the Overseas Development Admim­
stration (UK) formed a partnership to de­
velop marker-assisted selection for im­
provmg downy mtldew reSIstance m pearl
mtllet hybnds m India By 1993, QTLs for
downy mtldew reSistance had been Iden­
tIfied, and it is anticipated that by the end
of 1996 reSistance Will be transferred to
elite, seed parent backgrounds usmg
marker-assisted selection ThiS success m
research would not have been possible m
such a short time Without effective col­
laboratiOn among the national research
program of a less developed country, ad­
vanced research mstitutes and fundmg of
a developed country, and an mtemational
center The project succeeded m part be­
cause it was bmlt on the comparative ad­
vantages of each partner

NARS as Partners

The natiOnal agricultural research sys­
tems (NARS) have the major responsibd-
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ity for research m developmg countries
SigOlficant differences eXist among
NARS m their strength and capaCity to do
research Also, natiOnal research pro­
grams often are charactenzed by heavy
rehance on donor fundmg to support re­
search

A number of efforts by donors and
NARS themselves to strengthen NARS
natiOnally, have faded, and the NARS
remam weak Sometimes NARS have im­
proved research facihties and more and
better tramed SCientists, but their operat­
mg budgets remam dIsmally low for ef­
fective research Innovative means ofras­
mg money for research are reqUired, and
those who make pohcy, espeCially Mmis­
tnes of Plannmg and Fmance, should be
sensitized to the needs of research so as
not to lose the advantage ofgood research
faCilities and highly tramed SCientists
Sometimes efforts of variOUS programs
withm a country are not coordmated well
enough to solve problems related to agn­
cultural research Agncultural research
lOstltutes, uOlversities, appropnate
NGOs, pnvate agnbusmesses, and farmer
organizatiOns can all make Vital contribu­
tions as partners CollaboratiOn among
NARS of different countnes to solve
common problems wtthm a regIOn also
could be an effective and less expenSive
approach to problem solvmg

NARS are the major partners ofiARCs
and other advanced research mstitutes
(ARIs) to aSSist With agncultural research
m developmg countries Greater mterac­
tiOn between NARS and the CGIAR is
needed, and steps are bemg taken to en­
hance thiS partnership The major area of
prlOnty settmg lmks closely With the
Techmcal AdViSOry Committee (TAC) of



the CGIAR As a first step, the NARS are
workmg to agree on their regIOnal pnon­
ties through their regIOnal fora Hopefully
thIS area ofJomt or ahgned pnonty settmg
WIll expand m the near future There has
been a history of partnershIps between
NARS and IARCs, some have been excel­
lent and others have left much to be de­
sired Developmg good partnerships re­
qUIres a convIctIOn oftheir value, the will
and determmatIOn to make them work,
and the necessary tIme and attentIon to
nurture them

ExtenSIon ServIces as Partners

ExtenSiOn serVIces are the logIcal
agents to transfer research-developed
technologies to the farmmg commumty
However, m many less developed coun­
tnes, extensIOn servIces are poorly man­
aged and funded, havmg low levels of
motivatIOn, trammg, and understandmg
of farmer needs By themselves, they are
often meffective m the transfer of re­
search-generated technology However,
they can be useful partners m some cases,
and it is essentIal that efforts to transfer
technologIes to farmers recogmze the
mandated role of extensIOn services m
thiS area

NGOs as Partners

In much ofAfrIca, and perhaps m many
developmg countrIes on other contments,
a tranSItion m thmkmg IS occurnng, from
the Idea that government should do every­
thmg to the Idea that thmgs should be done
by others, mcludmg pnvate enterpnse
N on- governmental orgalllzatlOns
(NGOs) are rapIdly steppmg m to fill the
VOId

The Importance ofNGOs as players m
the development process ofless advanced
countnes has grown conSIderably m re­
cent years NGOs are espeCIally actIve
today m fields of agriculture, natural re­
sources, and the envIronment, and many
are mvolved m technology generatIOn and
transfer NGOs work cIDsely with rural
commumties and with farmers They
often are closely tuned to farmers VIews,
aspIratIons, and problems, and NGO em­
ployees often are recruIted from commu­
mtIes m WhICh they work NGOs tend to
work m a concentrated way m speCific
areas They often have the confidence of
farmers and can therefore be mfluentIal
with them Researchers are not m thIS
positIOn, nor are extensIOn services m
many cases NGOs can be an mtermediate
avenue for researchers to meet farmers,
and a good avenue for exposmg farmers
to new technologIes They also can be
mvolved as mtermedianes m gettmg
farmers mvolved m partiCIpatory aspects
of research They can be of great aSSIS­
tance m the ImplementatIon of on-farm
tnals

Donors have perceived the important
role NGOs play m development and con­
sequently are directmg more support to­
ward NGOs To best use the dwmdhng
finanCIal resources now avaIlable to agn­
culture research, it is paramount that col­
laboratiOn Increase between NGOs,
NARS, and IARCs By late 1994, 12 of
the 16 IARCs had already established col­
laboratIve actIVities WIth over 300 NGOs,
rangmg from local to mternatIonal FIve
years earlier, thIS number probably did not
exceed 30

ICRISAT IS workmg With a number of
NGOs and IS seekmg more avenues to
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allow collaboratIOn with NGOs to result
III clear comparative advantage and com­
plementanty One area we belIeve IS es­
pecially well-SUited IS small-scale seed
productIOn, particularly for sorghum, mIl­
lets, and groundnut Although generally
there IS lIttle mcentIve for commerCial
productIOn of seeds of open-pollInated
vanetIes, m India, at least With pearl mil­
let, past commerCial activity m this area
has been considerable NGOs can be stim­
ulI for gettmg thmgs done at the local
level, preferably 10 collaboratIOn With
NARS

Farmers as Partners

Systems generally used m developed
countnes to generate and transfer tech­
nologies to farmers may not be appropn­
ate for use m less developed countnes For
example, whIle It IS about nght to take SIX
to ten years to breed a vanety and another
four to SIX years to test It on-farm m de­
veloped countries, we belIeve It IS not
practical (m fact, wrong) to take thiS long
III developmg countnes In contrast to
farmers m developed countnes, farmers m
developmg countnes have very few op­
tIOns aVailable to them regardmg the crop
vanetIes they grow They do not know, as
do those of us m research, about the vast
range of genetic vanabillty among the
thousands of accessIOns of these crops
avaIlable m genebanks Farmers m devel­
opmg countries often are not aware of
traits such as earlIness, shorter plant stat­
ure, gram color, ease of threshmg, etc,
which may not be avaIlable mthe landrace
vanetIes they currently grow We re­
searchers often hold the view that we
know what plant type IS best for the
farmer, developmg these views With lIttle,
If any, mteractIon With the farmers who
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grow the crop m the targeted area This IS
certamly one reason, though not the only
one, why new releases have not always
been adopted by farmers

Perhaps we are now seemg a shift away
from this type of thmkmg But have we
gone far enough to mvolve farmers m our
research, or should we go even farther?
Are we wlllmg to mvolve farmers m the
actual selectIOn ofprogemes m our breed­
mg nursenes? Are we wlllmg to accept the
fact that for farmers yield may not be the
most Important trait, but may rank second,
third, or even fifth m pnonty? Are we
wIllmg to allow farmers to become genu­
me partners m decIdmg what our breedmg
programs produce? We do not belIeve
farmers should determme the methodol­
ogy of breedmg to be used because they
do not have the necessary trammg, but
they certamly must have the opportumty
to educate crop Improvement sCientists on
what they belIeve IS best for them In some
mstances, thiS may mvolve, at least for the
short term, allowmg farmers to select ma­
tenals we have m our breedmg program
or makmg It possible for them to see and
test matenals that come directly from
other breedmg programs We must not
lose Sight of the fact that farmers should
be treated as extremely Important partners
m our breedmg programs

Agrlbusmess as a Research Partner

The pnvate sector IS an Important re­
search partner m agncultural productIOn
m developed countries, but It IS seldom
acknowledged as such However, If agn­
culture IS to go beyond the subSistence
level m developmg countries, It IS essen­
tial that researchers be aware ofthe mter­
ests and potential mterests the pnvate sec-



tor may have m production and use ofthe
crop For starters, mcreased productiOn IS
gomg to reqUire markets that m tum may
reqUire new uses for farm products

Makmg Collaboration Work

If mtematlonal research partnerships
are to be effective, they will reqUire ef­
forts m trammg, mformatlOn exchange,
and commumcatlOn

Trammg

Research of necessity depends on
tramed staff, therefore, trammg has been
an Important component of mtematlOnal
research efforts Both the INTSORMIL
and ICRISAT trammg programs for sor­
ghum and pearl mIllet researchers and
support staff have contnbuted enor­
mously to the capacity of NARS to con­
duct research on these crops It IS doubtful
that the natIOnal programs ofmany coun­
trIes would be of suffiCIent strength to
conduct research on these crops today
were It not for the emphaSIS these two
organIzatiOns have placed on trammg

INTSORMIL and ICRISAT have
taken somewhat dIfferent approaches m
the past to trammg, but theIr programs
have complemented each other well The
INTSORMIL program has emphaSized

advanced degree trammg (over 80% ofthe
818 partICipants have gamed MSc or PhD
degrees, see Table I), and the ICRISAT
program has emphaSIzed m-service tram­
mg of technICIan-level support staff
(about two-thIrds ofthe over 1600 particI­
pants m sorghum and pearl mIllet re­
search, see Table 2) In 1984, ICRISAT
contracted WIth INTSORMIL to develop
and manage the advanced degree program
for the SADC/ICRISAT Sorghum and
MIllet Improvement Project (SMIP)
Nmety-slx participants from mne SADC
countnes receIved advanced degrees
through thIS program

Both programs have rIghtfully stressed
trammg of partICIpants from AfrIca, WIth
INTSORMIL's second regiOnal emphaSIS
(aSIde from the US) on Latm Amenca
and ICRISAT's on ASia About 30% of
INTSORMIL tramees have come from
the U S and 2% from other developed
countrIes, whereas only about 5% ofthose
m the ICRISAT program have come from
developed countnes Trammg people
from developed countrIes IS an Important
contnbutiOn, however, because It pro­
VIdes a way of sensltIzmg people m these
countnes to mternatlOnal agnculture
Many ofthe partICIpants of these trammg
programs have gone on to careers that
mclude mternatIonal research EmphaSIS
of both programs has been m breedmg

Table 1 Numbers of participants tramed 10 lNTSORMIL's trammg program by type oftrammg
and regIOn of ongm, 1980-1996 (July)

Type of
trammg
PhD
MSc
BSc
Post Doctorate
Vlsltmg SCientist
Short Term
Total

Africa
1I5
134

13
5

1I
25

304

ASia
50
30

I
10
3

10
106

RegIOn of orlgm
LatmAmerlca

62
48
9
4
3

15
141

US
1I0
113

15
11
o
2

251

Other
10
4
o
o
2
2

18

Total
347
329
38
30
19
55

818
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Table 2 Numbers ofparticipants tramed m sorghum and pearl millet Improvement and productIOn
techmques at ICRISAT ASia Center by trammg category and regIOn ofongm, 1974 to 1996
(July 1) I

Type of RegIOn ofongm
trammg Africa ASia LatmAmenca Other Total
Research Scholars 20 53 4 14 91
Research Fellows 6 6 I 29 42
Vlsltmg Scholars 64 108 6 0 178
In Service Participants 700 135 24 I 860
Short Term PartIcipants 58 54 I 3 116
Apprentices 0 10 I 32 43
Total 848 366 37 79 1330

IFlgures do not mclude several hundred participants who receIved trammg at ICRISAT locatIOns other than ICRlSAT ASia Center

followed by agronomy, plant pathology,
and entomology, With food quality and
utIlization rankmg second m the INT­
SORMIL program There IS mcreasmg
emphaSIS on trammg of women, to date
about one m four participants m INTSOR­
MIL's program and about one m eight m
ICRISAT's program have been women

In the future, we belIeve responsibilIty
for trammg should shift from developed
countries and IARCs to developmg coun­
trIes usmg local mstItutlOns For sustamed
development, It IS essential that thiS tran­
sItion occur Certamly the capacity to sup­
port m-country trammg IS aVailable m a
number of developmg countnes and a
greater relIance on these mstltutlOns for
trammg should qUIckly Identify the good
ones and strengthen their capabilIties as
trammg centers We belIeve donors would
lIke to assist trammg mstltuttons that are
domg a good Job m developmg countries

In/ormatIOn Exchange
and Management

An enortnous array ofgenetic matenals
and evaluatIOn data have been generated
by sorghum and pearl millet Improvement
programs worldWIde However, thiS m­
fortnatlOn cannot be fully utilized unless
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It IS effiCiently managed and acceSSible
Several of the IARCs are workmg to­
gether to address thiS need, explOltmg ma­
Jor advances m database software capa­
bilIties, to develop an InternatIOnal Crop
Infortnatton System (ICIS)

The speCific objectives of ICIS are to
enable umque IdentIfication ofall genetic
matenals, document the nature and chro­
nology ofgenetic resource use and devel­
opment, and manage and prOVide access
to perfortnance mformatlOn and evalu­
atIOn environment data ThiS system
would prOVide a powerful new research
tool, enablmg assessment of genetic di­
versity or slmllanty, answermg quenes on
the perfortnance ofspeCific genetic mate­
nal, Identlfymg matenal With target per­
fOrtnance, and assessmg patterns ofgeno­
type x environment mteractlOn

ICIS IS expected to proVide a general­
Ized scheme by which speCific systems
for sorghum and pearl millet can be devel­
oped Thus With the eventual develop­
ment of an InternatIOnal Sorghum Infor­
matIOn System and an InternatIOnal Pearl
Millet InformatIOn System, sorghum and
pearl millet researchers worldWide would
have a tool not only to document and
manage their own pedigree, genotypic
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performance, and evaluatIOn enVIronment
data, but also to gam access to thIS mfor­
matIOn globally

CommUnicatIOns

Good commumcatIOns are essential for
effective collaboration, espectally m de­
velopmg collaboration among NARS and
between IARCs and NARS Efforts are
bemg made on a number of fronts to es­
tabhsh electromc networkmg among part­
ners ThIs IS already happenmg wlthm
mdlvldual consortialtmttatIves such as the
ConsorcIO para el Desarrollo Sostemble
de la Ecoreglon Andma (CONDESAN) m
Latm Amenca and the Afncan HIghlands
ImtIatIve of East and Central Afnca
Hopefully It can rapIdly develop further

ConclusIOn

It IS safe to conclude that mstItutIOns,
orgamzatIOns, and people mvolved m m­
ternatIOnal agncultural research have
come a long way smce the early days of
thIS busmess There have been a number
of success stones for whIch we as a re-

search commumty can be proud There
have also been some fallures, mcludmg
some bIg ones And a number of research
outcomes have been neIther successes nor
faIlures ThIS category mcludes research
results whIch may prove VItal to the suc­
cess of some future venture m mterna­
tIOnal research, whIch may make a dIffer­
ence m the hves of CItIzens of the less
developed countnes

Certamly mternatIonal research, hke
most any research, reqUires resources, m­
novatIve thmkmg, fresh Ideas, and col­
laboration It also reqUires much good
WIll, teamwork, and a conVIctIon that suc­
cess can be achIeved m a reasonable tIme
frame WIth good cooperatIOn It reqUires
a deSIre to share credIt

International agncultural research IS a
noble cause that has already pOSItively
affected the hves of many of the most
dIsadvantaged people of the world If
gIven opportumtles to contmue m thIS en­
deavor, we beheve mternatIOnal research
WIll playa key role m the hves ofmllhons
of the world's CItIzens m future
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AgrIcultural Research and ExtensIOn·
The Only Way to Feed the World and

Save Its WIldlIfe for All TIme

DennIS T Avery

Dennis T Avery IS Dzrector of Global Food Issues for the Hudson Institute of
IndlOnapobs He was formerly the senior agncultural analyst for the US Department
ofState He grew up on a M-tchlgan dazry farm and studied agricultural economiCS at
Michigan State and the UniVersIty of Wlsconsm Hudson has recently publlshed hIS
book, Savmg the Planet WIth PestIcIdes and PlastIC The EnVIronmental TrIumph of
Hlgh-YIeld Farmmg, which IS avatlablefor $19 95 postpazd For reVlelt copies or book
purchases call the Center for Global Food Issues at 800/876-8011

ThiS speech was adaptedfrom a presentatIOn to the annual meetmg ofthe Amencan
AssoclOtlOnfor the Advancement ofSCience mVitedby the AAASPanel on EnVironment
andSustamablbty,for ItS sessIOn on The Limits to Agricultural ProductiVity Baltimore
MD, Feb 10 1996

What If a far-sIghted Umted NatIOns
EnVIronmental CommIssIOn m 1947 had
asked a panel ofworld farmmg experts to
develop an environmentally-sustamable
modelfor worldagriculture? What would
that envIronmentally-Ideal agnculture
look lIke today? How would It go about
preservmg the natural resources, wIldlIfe
speCIes, ecosystems, and the quahty of
planetary hfe?

The answel IS that the best pOSSIble
agnculture for the envIronment would
look amazmgly hke modern, hIgh-YIeld,
technologIcally-supported farmmg ­
only more so (AfrIca, for example, needs
to use much more fertIlIzer and hIgh-yIeld
seeds to protect ItS umque WIld specIes
from habItat loss)

HIgh-yIeld agnculture IS the best avaIl­
able model - and the only proven e'1VI­
ronmental success - for a world that
must trIple ItS farm output over the next
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45 years, and whose largest demonstrated
envIronmental threat IS loss of wIldlIfe
habItat

The first and foremost Issue of agTl­
cultural sustamablltty IS preventmg the
plow-down of the world's remazmng
Wildlands for lOW-yieldfood productIOn

Our environmentallY-ideal agrIculture
must use monocultures, potent new seed
varIeties, lITIgatIOn, fertIhzers, and pestI­
Cides to get high yields It must do thIS
because high yIelds are the most CrItIcal
factor m preservmg mIlhons of square
mlles of wlldhfe habItat from bemg
plowed down for low-yleldmg crops
These technologies are already protectmg
at least ten mllhon square mIles of wIld­
lands from the plow Orgamc farmmg as
a global model mIght cost us 20-30 mIl­
hon square mIles ofwIldhfe habitat by the
tIme world populatIOn peaks m 2040



Our envIronmentally-bemgn agrIcul­
ture must use modem medicmes to keep
lIvestock and poultry healthy and produc­
tive It also must develop the best lIve­
stock and poultry genetICS Both mcrease
feed converSIOn efficIency so people can
get the vItal ammo aCIds they cannot syn­
thesIze themselves from meat, mIlk, and
eggs - wIthout losmg mIllIons more
square mIles ofWIldlIfe habItat to pastures
and feed crops

EnvIronmentalIsts should be honormg
veterInary medicmes on two counts FIrst,
they are able to reheve or elImmate need­
less sufferIng among domestic al1lmals
and poultry Very few human parents brag
that they raise theIr chIldren wIthout vac­
cmes or medIcatIOns to deal wIth hfe's
mevitable pests and dIseases Second,
they lower poultry and lIvestock death
rates OtherwIse, farmers would have to
start wIth at least fifty percent more bIrds
and anImals to produce today's meat,
mIlk, and eggs That would mean far
hIgher feed tonnages, requmng far more
land, m addItIOn to more suffermg by
dumb creatures

The envIronmental Impact of modem
hvestock and poultry productIOn can be
seen, m fact, from these two small exam­
ples

Researchers at Cornell Ul1lVersity have
calculated that If New York State pro­
duced mIlk today the way It dId m 1960,
the state would need an addItIOnal I 9
mIllIon acres to produce the current mIlk
supply That IS about l1lne times the land
area ofNew York CIty (D Bauman, Dairy
SCIence Department, Cornell UmversIty,
1995, personal commUl1lcation HIS cal­
culatIOn dId not take the potential ofBST

mto account) Europe's dairy mdustnes
have developed a SImIlar pattern of pro­
ducmg more mIlk per acre of land over
recent decades

If OntarIO, Canada, produced ItS chIck­
ens on free range, It would need another
I 2 mIllIon acres, or ten times the land
area of the CIty of Toronto taken from
Wildlife (G Surgeoner, Department ofEn­
vIronmental BIOlogy, Umversity of
Guelph, OntarIo, 1995, personal commu­
l1lcatIon) Free-range hogs would be even
more land-extensIve and cause SIgnIfi­
cantly more soIl eroSIOn

Research IS the largest component of
agricultural sustamablltty under human
control The more we mvest m know­
ledge ofhow to ralse crop and livestock
productiVity, the more ofIt we get - and
the more Wildlands we can protect

Our envIronmentally-Ideal agrIculture
would be pursumg agrIcultural research
more aggreSSIvely than we are domg to­
day, because the world IS begmmng ItS
bIggest-ever surge m food demand It
often takes decades to develop and extend
key new technologIes ThIS IS publIc m­
vestment m SCIence to save wIldlands
from the plow

BIOtechnology research must be hIgh
among research pnonties, for ItS potentIal
envIronmental benefits Nothmg else on
our shelf of eXIstmg knowledge promIses
so much for future crop and lIvestock
yIelds mcreased, wIldhfe habItat saved,
and pollutIOn aVOIded

Smce no plant or lIvestock genetIcs are
Immune from pest evolutIOn, our enVIron­
mentallY-Ideal agnculture must use ge-
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netics and chemistry to keep crop and
hvestock varieties evolvmg faster than the
pests can adapt Sustamabihty hes m the
research process, not the mdividual ge­
netic strams As an example, an mterna­
tlOnal research consortiUm has recently
created a genetic block agamst a new
stram of barley striped rust which has
been movmg northward from Colombia
Researchers used both standard plant
breedmg and biOtechnology to create a
resistance m three to four years, a feat that
would have taken 20-30 years with tradi­
tIonal plant breedmg, and perhaps hun­
dreds ofyears with farmer-saved seeds

The second most seTlOUS threat to
farmmg sustamabl1lty IS the anCient en­
emy, sOil eroszon High-Yieldfarmmg IS
the sOil-safest agTlculture mankmd has
ever developed, far surpassmg organic
farmmg m ItS broad-gauge abllzty to pre­
vent eroszon, Improve SOli tilth and qual­
lly and prevent both runoffand eroszon
fromfields

When we tnpled the yields on the
world's best and safest cropland over the
past 35 years, we cut erosiOn per ton ofthe
food produced by at least two-thirds We
also aVOided extendmg farmmg to more
highly-erodible land, cuttmg eroSIOn per
ton stIll further

Today, conservatiOn tIllage systems
are cuttmg those already-lowered erOSion
rates by another 65-95 percent, WIth
chemIcals We are controllmg weeds With
herbiCides rather than With "bare-earth"
farmmg systems hke plowmg and fallow
These new conservatIOn farmmg systems
also dehver more soll tdth, more earth­
worms, and more sod bactena
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ConservatIOn tdlage is already bemg
used on hundreds of mdhons of acres of
land m the US, Canada, Western Europe,
BraZil, Argentma, Austraha, and even
Afnca It is probably a key to sustamable
farmmg for most of the world

Hlgh-Yleldfarmmg outshmes both or­
ganic andtradltzonalfarmmg m terms of
monocroppmg, waterloggmg, saliniza­
tIOn, and most other aspects ofsustam­
ability

Monocroppmg and itS high yields do
far more to protect the wddlands than
orgamc farmmg, so long as it is ade­
quately backed With genetIc diverSity m
breedmg hnes and gene banks Waterlog­
gmg and sahmzatlOn can be forestalled
With better water pncmg, better dramage,
and high-effiCiency iITigatIon systems
Soll compactIOn can be forestalled With
low-pressure tires, tracked eqmpment,
and other preventIOn techmques

Modem agnculture has very httle de­
pletmg impact on resources Orgamc
farmmg would rapidly deplete the world's
wlldlands and topSOil resources mstead of
slowly depletmg petroleum or phosphate
resources that extend for centunes Only
agnculture's use of petroleum as chemi­
cals can be charged agamst itS enViron­
mental account, not itS use of diesel fuel

There IS no valid excuse for dlvertmg
good cropland from productzon, or for
lettmg the sunlzght and ramfall whIch
descendon It m ayear dIsappear WIthout
benefit to people or Wildlife

Mother Nature is grateful that the trav­
esty ofcropland set-aSide has been almost
completely ehmmated from U S farm



polIcy There has been no European or
U S farm surplus, Just an excess of farm
trade barrIers Gradually, our "conserva­
tion reserve" now can be reduced and
targeted at wIldlIfe conservatIOn, mstead
of mythIcal efforts to raIse the pnces of
farm crops The cropland dIverted by gov­
ernments has produced neIther food nor
real wIldlIfe habItat, the remammg dI­
verted land should be turned back mto
permanent wIldlIfe habItat, or released for
Its hIghest use m forestry, forage, or crop­
pmg

The world needs to use Its best and
safest farmland to feed the larger, more
affluent populatIOn It Will have m the
21st century ThiS urgently requires the
ellmmatlOn of farm trade barriers, to
ellmmate the powtless emphaSIS on
"food self-sufficiency"featuredfor rea­
sons of rural polltlcs m so many coun­
tries

The world's good farmland IS meqUIta­
bly dlstnbuted to supply the food needs of
many countnes m the 21st century Free
trade WIll not put good farmers or farm­
land out of busmess, but rather gUIde our
mvestments for expanded food produc­
tion The poorest qualIty land supports the
most wlIdhfe speCIes, all over the world
We must protect the poor land from the
plow

The Impacts ofpesticides on both hu­
mans and Wildlife are almost entirely
benefiCial

Our panel of envIronmental farmmg
"WIse men" would be hononng pesticIdes
for theIr contrIbutIOn to cuttmg human
cancer rates PestIcIdes suppress natural
toxms m our crops and enable us to pro-

duce ample supplIes oflow-cost fruItS and
vegetables, WhICh can cut our total cancer
nsks m half The Impact ofmodem pestI­
CIdes IS confined almost entIrely to the
crop fields, where bIodIversIty IS neIther
envIronmentally Important nor economI­
cally deSIrable

Stili Short of EnVironmental
Perfection

Of course there are stIll envIronmental
shortcommgs m modem hIgh-yIeld agn­
culture For example, we need stIli more
effective pesticIdes that are even safer for
apphcators We need more attentIOn to
soli compactIOn and preservmg water
quahty However, It says a lot about our
progress that hog odors are one of our
major farm polIcy problems

The panel of experts mIght even have
aVOided some of hIgh-Yield farmmg's
real-world envIronmental mIstakes They
would not have set hIgh pnce supports to
tempt hIgh-tech farmers mto maXImum
yields that aggravated pollutIOn and ero­
SIOn They would have encouraged more
crop rotatIOn and a WIder range of crops
than the subSIdy structures have done
They would have pnced lITIgatIOn water
at ItS real cost, permlttmg the lITIgatIOn of
much larger acreages WIth far less water­
loggmg and sahmzatIOn

Tripling the Crop Yields Agam

The naturahsts and ecologIsts are tell­
mg us the bIg envIronmental threat IS neI­
ther populatIOn nor pestICIdes, but the loss
of wlldlands WIth theIr umque speCIes,
food webs, and contrIbutIOns to clImate
patterns
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Agriculture dommates the world's land
use CItIes take only 1 4 percent of the
earth's land area, and wIll occupy less
than four percent m 2030 (Crosson and
Anderson, 1992) Agriculture (wIth pas­
tures) takes about one-thIrd of the land
area, and Its hIgh yIelds have kept another
thIrd for forests - on the land left over
after we have "enough" food

The world's populatIOn IS hkely to
restablhze at roughly mne btlhon people,
about the year 2040 Most ofthese people
WIll be affluent, demandmg much more
meat and mIlk, along wIth more fruIts,
vegetables, and cotton Thus the world's
agrIcultural output must mcrease by at
least 250 percent, and may need to triple
(McCalla, 1994)

Moral concerns aSIde, famme IS not an
optIOn for savmg the enVIronment Poor
people m the newly-emergmg countrIes
are clearly WIllIng to chop down forests
and kIll wtldhfe to get adequate calones
- or even to get hlgh-quahty protem
IndIa IS trymg to produce ItS own mIlk,
even though It has to steal one-thIrd of ItS
dauy fodder from the forests and much of
the rest from Its crop reSIdues IndoneSia
IS clearmg tropIcal forest to grow low­
yleldmg soybeans for chlckenfeed And It
plans to dram one of the world's largest
freshwater wetlands to grow nce It could
buy at less cost from Thatland

Forest reqUIrements WIll nse even
more sharply than food needs Industnal
wood demand IS hkely to nse ten-fold,
unless we ShIft toward more environmen­
tally-damagmg wood substitutes such as
steel and concrete (Sutton, 1995)
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Land Is the Scarcest Natural
Resource

The world's populatIOn today IS 80 per­
cent bIgger than It was m 1960 The enVI­
ronmental wonder of the 20th Century IS
that today's farmers are feedmg better
dIets to almost twIce as many people from
VIrtually the same cropland base We
used 1,394 mIllIon hectares of land for
crops m 1961 - and only 1,441 mIllIon
hectares m 1992 to get twIce the gram and
otlseeds (FAG Yearbook, 1974) Most of
the expanSIon was on productive and sus­
tamable lands m places hke Canada, Aus­
tralIa, Paraguay, eastern BolIVia, and Bra­
ztl ThIS IS not, however, to excuse the
unnecessary expanSIOn of cropland m
some ram forests (Ecuador, IndoneSIa,
Braztl) or other fragtle enVIronments

In addItIOn, the average ThIrd World
CItizen IS gettmg 28 percent more calones,
mcludmg 59 percent more vegetable 011
(twIce the resource cost ofcereal calones)
and 50 percent more ammal calones
(three tImes the resource cost of cereals)
(FAG Yearbook, 1992)

Producmg today's world food supply
WIth 1960 crop yIelds would probably
reqUIre an addItIOnal 10 9 mtlhon square
mtles of land, or more than the total land
area of Europe and the U S combmed'
ThIS IS no preCIse estimate - but It under­
scores the enormous envIronmental Im­
portance of contmumg to raise crop and
forest yIelds If we are to have WIldlands
m the future

In torestry, Roger SedJo of Resources
for the Future (1992 and 1996, personal
commumcatIon) says the world should be
able to proVIde the mdustnal wood needs



for mne bIllIon people from less than SIX
percent of the current wIld forest area,
planted to hIgh-yIeld tree plantatIOns But
eco-actlvlsts oppose "unnatural"
monocultured forests, and we aren't
plantmg enough tree plantatIOns for the
wood we wIll need when today's tree
seedlIngs are ready for harvest m 20 years

The Best Land Has the Fewest Species

For bIOdIversIty, It IS even more Impor­
tant to save poor-qualIty land than pnme
cropland EcologIst MIchael Huston
(1994) pomts out m hIS book Bwloglcal
DIverSIty that the poorest lands harbor the
greatest vanety of wIldlIfe speCIes, all
over the world Good qualIty land typI­
cally has thnvmg populatIOns of a few
WIld speCIes In ram forests and swamps,
the tough condItions force wIldlIfe mto
narrow mches - producmg lots of spe­
CIes

Huston notes that Amenca cleared
about 100,000 square mIles ofwIld forest
m OhIO and IndIana durmg the 19th cen­
tury, and apparently lost no WIldlIfe spe­
CIes NeIther OhIO nor Indiana today har­
bor any umque native plant species In
contrast, Flonda has 385, Texas 389 and
CalIfornia 1517 - because those states
have lots of poor-qualIty land

The world's bIg reservOir ofbIOdiver­
Slty IS the trOpICS, where tropIcal forests
harbor 60-80 percent of the world's van­
ous wIld speCIes (EstImates of tropIcal
speCIes keep nsmg ) ThIS IS hugely Impor­
tant for agncultural polIcy, because the
world's bIg food gap IS m the fast-grow­
mg, densely-populated trOPIC countnes
ASia WIll have eIght to nme times as many
people per acre of cropland m 2030 as

North Amenca (FAO yearbook, 1992,
Urban and NIghtengale, 1992) Moreover,
ASIa currently averages only about 15
grams of ammal protem per person per
day, compared to 71 m the US and 55 m
Japan (FAO yearbook, 1992) By 2030,
ASIa WIll almost certamly demand Ja­
pan's current 55 grams of anImal protem
per day, for four bIllIon people mstead of
28 bIllIon

What About Orgamc and AlternatIve
Agriculture?

Data from eIght countnes endorse the
expenence ofa BntIsh farm manager who
told me hIS 50,000-acre farm IS "lucky to
get half as much yIeld" from Its orgamc
fields as from ItS chemIcally-supported
crops Worse, the world lacks the orgamc
mtrogen to support current crop output
orgamcally, let alone tnplIng It for the
future The U S apparently has less than
one-thIrd of the organIC mtrogen WhIch
would be needed today Targetmg all of
Amenca's sewage sludge for farm use
would make up for only two percent ofthe
current chemIcal mtrogen bemg used The
rest ofthe world has less organIC mtrogen
per capIta than Amenca

The only realIstIC way to get huge m­
creases m organIC mtrogen IS to clear
more forests to grow lots more clover,
tradmg wIldhfe for legumes Low-mput
farmmg IS eIther orgamc farmmg gone
wrong, or hIgh-tech farmmg wIthout
enough confidence to conserve wIldlIfe

SustamabIlIty from Technology

Agncultural research IS the most Im­
portant sustamablhty component under
humamty's dIrect control - and we are
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fallmg to make the appropnate mvest­
ments Remember, we don't have to keep
tnplIng farm output every 50 years mto
the future We only have to do It once
more

Can we realIstically expect to tnple
farm productIVIty agam? The accepted
expert on the theoretIcal crop yIeld limit
IS C T deWIt ofWagemngen Umversity
m the Netherlands He estImated the lImIt
at about 15-22 metnc tons per hectare of
cropland The top U S corn yields are
already over 20 tons per hectare How­
ever, the current world average crop
yIelds are far lower - only about 2 6 tons
per hectare of wheat, 3 5 tons per hectare
of nce, and 3 7 tons per hectare ofmaIze
Crop yIelds mthe ThIrd World have lately
been nsmg by about 3 5 percent annually
and m the U S by more than four percent
per year

We can expect that bIotechnology and
other technologIes wIll contmue to raIse
the yield potentIal of more of the world's
lands toward theIr full potentIal More­
over, as more countries become more af­
fluent, we can expect more of the land to
be supported WIth the capItal, fertIlIzer
menus, and mtensIve management WhICh
have already produced hIgh yIelds m the
US, Europe, and Chma

DeWIt saw agnculture not as a matter
of dimmishmg returns but as the senal
elImmatIon of constramts When we can
plant early m the season, usmg seeds With
hIgh potential, provide the complete ros­
ter of nutrients, elImmate weed competi­
tIon, control msects and diseases, and take
fuller advantage ofthe sunlIght and mOiS­
ture, then a hIgh proportIOn ofthe world's
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cropland should come far closer to
deWit's maximums

To show how thIS plays out m the real
world, new U Scorn hybnds can tolerate
bemg crowded at 50,000 plants per acre,
five tImes as densely as we used to plant
ThiS raIses yield potential to 19 tons per
hectare (300 bushels per acre) It also
helps shade out weeds and reduce soIl
erOSIOn The new vaneties have shorter
stalks that put more of theIr energy mto
gram They also "flex"-mdry years they
produce smaller ears mstead of barren
stalks At such high yields, researchers are
findmg they must add more chlonne, the
chlorme that normally comes With the
phosphate IS not enough (Gogerty, 1996)

When we can feed the resultmg ample
supplIes of gram and forage to lIvestock
and poultry that have added growth hor­
mone, comfortable surroundmgs, and
protectIOn from dIseases, the resultmg
feed effiCiency WIll have the effect of
raIsmg crop yIelds stIll further Bovme
growth hormone Will safely mcrease the
world's dairy feed effiCIency, makmg it
possIble to provIde more mIlk for IndIa
Without plowmg down WildlIfe Pork
growth hormone wIll cut feed gram re­
qUirements per pound of lean pork by
more than 25 percent ThiS IS exactly what
a more crowded and affluent planet WIll
need'

For those worned about providmg
gram imports for Chma's meat consump­
tion (now nsmg at four mIllIon tons per
year) be reassured that we could produce
another 250 ml1lIon tons ofgram per year
at current yzelds Just from the underused
cropland m the U Sand Argentma



For those truly worned about produc­
109 enough meat, mIlk, and eggs for nme
bIllIon affluent people 10 the world of
2040, bIOtechnology IS the strongest rea­
son to hope we can save the wIldhfe habI­
tat HybrId seeds and fertlhzer are stIll
powerful tools, but by themselves they
would probably not be enough to trIple
crop yIelds agam BIotechnology IS our
best reason to beheve that we can not only
brIng more ofthe world's croplands up to
deWIt's theoretIcal maxImum - but m­
deed to raIse the theoretIcal maXImum

Pesticides and Sustamablhty

PestIcIde use IS one of the most hotly­
debated farm sustamabIhty Issues How­
ever, the assertIOn that farm chemIcals
damage the enVIronment and reduce long­
term sustamabIhty IS refuted by the ever
mcreasmg yIelds on our fields Pest dam­
age worldWIde has mcreased dramatIcally
despIte pestIcIde use - but that IS mamly
a factor of redoubled production How
hIgh would crop and hvestock losses have
mounted without the pestIcIdes? Pest re­
SIstance IS a sustamabIhty Issue, but we
can develop new pest resIstance m crops
and hvestock, pestIcIdes wIth new modes
of actIOn, and prudent ways to slow the
development of reSIstance

I am hugely pleased by the new bIOtech
seeds, but not because they WIll enable us
to produce hIgh yIelds WIth fewer chemI­
cal sprays I do not see reductIOn m the
current use ofsafe, closely-regulated farm
chemIcals as any partIcular benefit to peo­
ple or the enVIronment I do see the new
bred-m pestIcIdes as a way to reduce the
perenmal problems WIth pest tolerance,
because they should offer far fewer oppor­
tumtles for pests to develop pesticIde tol-

erance I also see the new bIOtech-pro­
duced vanetIes of herbICIde-tolerant
seeds as a way to let us use more of our
safest weed kIllers WIth an absolute mIm­
mum of rIsk to the enVIronment

The positive Impacts ofpestiCides on
human health are huge Their potential
Tlsks are tmy

I recently debated a Greenpeace staffer,
who declared angrIly that "Captan causes
cancer" I noted that Captan IS about one
ten-mIllIonth as carcmogemc as safe
drmkmg water - and asked how much
wIldhfe Greenpeace IS wIlhng to plow
down for cancer rIsks so small The reahty
IS that the natural chemIcals m our foods
- such as hmonene m orange JUIce and
caffeIC aCId m most green vegetables ­
carry 10,000 tImes as much cancer rIsk as
the pestIcIde reSIdues Yet eatmg five
fruItS and vegetables per day cuts a fam­
Ily's cancer rIsk m half, no matter how
they were grown We can't produce
enough low-cost, attractIve frUIts and
vegetables WIthOut pestIcIdes

Our cancers today are the result ofhv­
mg longer, smokmg, fat m our dIets, alco­
hol, AIDS, and sun-tanmng (Better de­
tectIOn has created the appearance of m­
crease m breast and prostate cancers) One
person m four dIes of cancer m the FIrst
World because we have elImmated most
other causes of death

The Impacts of bIOtechnology on hu­
man health also WIll be strongly pOSItIve
One of ItS first Impacts will be to produce
pork (WIth porcme growth hormone),
whIch WIll have half the carcass fat of
current hogs, makmg It eaSIer for people
to mamtam approprIate weIghts WIthout
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fad dIets Over ttme, we can expect
bIotechnology to produce a myrIad of ag­
rIcultural advances whIch WIll enable us
to protect human health more effecttvely
than we can today

The Impacts of farm chemIcals on
wl1dlife are almost entlTely benefiCial

Today's hIgh-specIfic, low-volume
and short-lIved pestIcIdes do not "wreak
havoc" on the wtldlIfe The newest com­
pounds are no more tOXIC than aspmn or
table salt, a couple of ounces treats a
whole hectare, and the compound has
bIOdegraded wlthm weeks The safety of
modern pestIcIdes IS so great that eco-ac­
tiVIsts today have been reduced to lump­
mg pestiCIdes WIth PCBs (never used as
pesticIdes), DDT (banned for decades),
and such tOXIC heavy metals as lead and
mercury - to achIeve gUilt by aSSOCia­
tion ThIS IS no more vahd than lumpmg
garter snakes WIth cobras

In AmerIca, the Wallace Institute for
Alternattve AgrIculture recently de­
nounced the "myth" that hIgh-yIeld farm­
mg WIll be able to feed so many people
and still preserve wIldlands and wIldhfe
bIOdIversity (Actually, we cannot guar­
antee hIgh-yIeld farmmg wzllbe able to do
It, however, It IS clear that lOW-YIeld farm­
mg won't) The Wallace Instttute CIted
two pIeces of eVIdence on the "dangers"
ofhIgh-yIeld farmmg for wtldhfe (HeWItt
and SmIth, 1995)

Chesapeake Bay oyster populatIOns
have fallen 96 percent m 100 years, and
the Bay receIves an overabundance of nI­

trogen and phosphate But the Wallace
Institute falls to mentIOn the MSX VIruS,
whIch has ravaged the Bay's oysters m
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recent decades Nor does It pomt out that
the CIties and suburbs are the most serIOUS
(and growmg) sources of nutrIent pollu­
tion

Researchers found SIX percent of the
bald eagles m VIrgmIa'S James RIver area
were bemg kIlled by secondary pestICIde
pOIsonmg m 1991 The Wallace Institute
dIdn't know, or dIdn't mentIOn, that the
eagle pOisomngs ended WIth elImmatIon
of one granular SOlI msectIcide m 1992

Can these tmy and poorly-founded
CrItICIsms offset mllhons of square mIles
of WIldlands saved WIth safety-tested
chemIcals?

Other Sustamablhty Questions

Monocroppmg has been labeled "un­
sustamable" because bIg fields of Identi­
cal plants are more susceptible to dIsease
However, the bIg monocropped fields are
also much more productIve Turnmg the
whole world's agrIculture mto a gene mu­
seum would be a dIsaster for the enVIron­
ment We save the most genes, the most
wIldhfe, and the most envIronmental
quahty by gettmg hIgh yIelds m monocrop
fields - and defendmg agamst dIseases
by keepmg a broad genetic base m our
gene banks, m our breedmg, and m our
breedmg technologIes

Land-race seed VaTletles are mIstak­
enly seen as an Important sustamablhty
Issue by some eco-actIvists However,
CanadIan researchers recently tested
newer corn hybrIds agamst 30-year-older
varIetIes, they found 80 percent hIgher
yIelds m the new ones, and the bzggest
yzeld differences came under stressed
condztzons such as hIgh plant denSIty,



drought, and low mtrogen levels' There
are no "magIc" old vanetIes, we Just need
to keep breedmg new ones that are even
tougher and more productive We also
need more comprehensive seed and gene
bankmg efforts

Biotechnology, m fact, IS one of the
best ways to guarantee the salvatIOn and
use of the world's natural genes Without
biotechnology, only a few ofthe genes m
the ram forest (or any other wild environ­
ment) are useful to humans That's be­
cause only close cousms can be mamed
with our traditional cross-breedmg tech­
mques With bIOtechnology, almost any
gene m the world IS potentially useful, and
we are already seemg a global pattern of
FIrst World researchers helpmg to fund
Third World conservatIOn efforts to en­
sure that the world's genes wIll be avail­
able The research thrust IS, m tum, mak­
mg It easier for the world to save the WIld
genes with hlgher-yleldmg crops, hlgher­
productiVity poultry and lIvestock, and
faster-growmg plantatIOn trees, to supply
human needs from fewer acres

Soil quallty cannot pOSSibly be mam­
tamed m today's world Without high-tech
methods FertilIzers - plant nutrlents­
are essentIal to mamtammg SOlI fertIlIty,
structure, and orgamc content High
yields mean more crop reSidues, which
are cntlcal m bUIldmg structure and or­
ganIc content Long-term studies show
that soIl carbon and mtrogen levels are
highest when we combme conservatIOn
tIllage, crop rotation, and adequate fertIl­
Izer InCidentally, plants absorb all their
mtrogen fertilIzer m mmeralIzed (mor­
gamc) form, so the orgamc farmers' mSls­
tence on orgamc mtrogen apparently
sprang from the hlstonc expenence that

manure was Important for retammg SOIl
tIlth Today, however, we can produce
better SOlI tIlth by combmmg effective
manure usage With conservatIOn tIlIage­
and makmg up nutrient shortfalls With
chemical fertIlIzer

SOli degradatIOn IS another of the
charges agamst high-Yield farmmg How­
ever, the eVidence from long-term field
studies says the productiVity of the fields
contmues to mcrease as long as the soIl
structure and qualIty remam high These
factors are Impacted most heavIly by till­
age and nutnent management, not pesti­
CIde use (Zaborskl and Stmner, 1995)
(Earthworms and soIl bactena hate bemg
plowed more than anythmg )

The threat to waterquallty IS one ofthe
most valId charges agamst high-Yield
farmmg Runofffrom our fields and feed­
lots has carned mtrogen, phosphate, and
pestiCide traces mto our water Even here,
however, the story IS far better than the
envIronmental movement has pamted It
- and better than our regulators seem to
understand Regulators on both Sides of
the AtlantiC have set ten parts per mIllIon
as the lImit for mtrogen/mtrates m dnnk­
mg water But the only health threat asso­
Ciated with mtrogen IS the famous "blue­
baby" syndrome, and It takes over 150
ppm of N to trIgger "blue-baby" (The
mcreasmgly rare cases are almost always
traced back to leakmg septic tanks and
cracked well casmgs )

The pestiCide traces m our groundwater
are rarely found m parts per thousand,
whIch was all we could detect when our
regulatory frameworks were establIshed
We now routmely detect pestiCide traces
at parts per billIon - a mIllIon times more
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ddute l Our new US standard for pestI­
cide safety IS one additIonal death per
millIon lIfetImes, but a person IS five
times more lIkely than that to be killed by
a crashIng plane - while standIng on the
ground'

There IS no real reason why runofffrom
our farms has to represent a long-term
problem for the environment Conserva­
tIon tIllage systems reduce runoff from
the fields by up to 90 percent Farmers are
also begInnIng to broadly Implement pre­
CISIon apphcatiOn ofthe chemIcals (usmg
naVigatiOn satellites and mIcrocomput­
ers), managmg theIr fields square meter
by square meter accordmg to sod type,
slope, plant populatIOn, hydrology, and
nearness to waterways Livestock and
poultry operatIOns can be suffiCiently diS­
persed so their manure IS an asset, and It
can be effectIvely managed WIthOut pos­
Ing serIOUS threats to the enVIronment (To
the degree that actIvists tighten effluent
lImIts unrealIstIcally, they wIll saCrIfice
wl1dlIfe habitat, and they Will stIll not
brmg back the old peasant VIllages)

Resource depletIOn IS another charge
leveled at high-Yield agrIculture, but It IS
another false one In phosphate, the world
has a good 250 years of high-grade ore
remaInIng, and after that we'll have to
find more economic ways to mIne the
world's big depOSIts of low-grade ores
(The answer may be bIOlogical recovery
USIng genetIcally-engIneered bacterIa)

In petroleum, farmmg uses only a tIny
proportion ofhuman consumptIon (In the
US, It IS two percent) Moreover, agrI­
culture tends to use the same energy sys­
tems as the rest of SOCIety When our
economy was horse-powered, so was ag-
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rIculture When our SOCIety moves to hy­
drogen, hydro-power, and/or nuclear
power, so Will agrIculture AgrIculture
could be self-powered agaIn, but some­
where In the world we would have to
convert mIllIons of square mIles of wIld­
lands to prOVide the fodder for draft ani­
mals or biofueis Our overall sustaInabIl­
Ity would suffer needlessly (If global
warmIng IS demonstrated to represent a
serIOUS problem, we Will have to spend
trIllIons of dollars to shift our entIre en­
ergy system from fossIl fuels, there IS no
good reason to start early on agnculture )

The "smallfamIly farm" has been the
holy graIl of Western farm polIcy for 60
years But WIth technology, one farmer
can produce more now than m 1933 That
releases another to produce the TV sets,
computers, and other thIngs we want that
dIdn't eXist m 1933 Moreover, m a world
that needs to trIple ItS farm output, there
wIll be plenty ofJobs for farmers In fact,
If our farmers have to trIple food output
and save ourWildlands from bemg plowed
down for lOW-YIeld crops, we may need to
put the IIvmg museum for the 15th century
peasant VIllage somewhere else

Hormone Flsks have been hIgh on the
EU's lIst of polItIcal Issues for decades
The EU has taken the lofty pOSItIon that It
WIll not permit hormone rIsks to ItS con­
sumers, and has banned them all But a
woman would have had to eat one mIllIon
pounds of beef lIver - In one sittIng ­
to get as much estrogen exposure as IS
contaIned In one mornIng-after bIrth con­
trol pill (Whalen and Stare, 1975) Now a
huge proportIOn of the EU's meat supply
IS produced With black-market hormones
not testedfor safety nor approvedfor hu­
man consumptIOn The World Trade Or-



ganlZatIon and the sCIentific commumty
agree the EU honnone ban IS an unwar­
ranted trade barrIer WhICh wIll have to
change

The EnVironmental Impacts of West­
ern Farm Subsidies

It IS tIme now to recogmze that the fann
pnce supports of the OECD countrIes are
1) financIally regressIve for the countrIes
WhIch offer them, 2) socially counterpro­
ductIve because they encourage larger
farms more than smaller ones, and 3) en­
vIronmentally perverse because they dIS­
courage the world from usmg ItS safest
and most productIve land for meetmg the
21 st century food challenge Most of
Europe's envIronmental complamts
about hIgh-yIeld fannmg are due dIrectly
to the Common AgrIcultural Pohcy, not
to technology

HIgh yIelds are good, but maxImum
yIelds cannot be achIeved WIthout hIgh
levels ofnutrIent runoffand temble prob­
lems WIth surface and coastal waters The
Aegean Sea turns green m the summer
because of SubsIdIes, not technologIes
The EU has huge concentratIOns of hogs,
poultry - and manure - around Its CIt­
Ies because of ItS gram prIce supports, not
technology Gram pnces were set too
hIgh, so the meat producers located near
the ports where they could Import cheap
non-gram feeds

The EU's fanners tore out theIr anCIent
stone fences and hedgerows because the
prIces for crops were so hIgh If the EU
had been makmg dIrect payments to small
producers, most of the fences and hedge­
rows would still be there, surroundmg
hIgh-yIeld crops The EU's farm technol-

ogy should have contrIbuted to the econ­
omy and created addItional Jobs Instead,
because of trade bamers and SubSIdIes,
the EU's farm productIVIty started a trade
war and raIsed ItS tax burden

The time has come for the U S and the
EU to end the trade war defendmg farm
pohcles that no longer make sense for
eIther When hIgh-tech farmers can drown
any government prIce support With sur­
plus, It IS time to start offerIng the fann
SubSIdIes as direct mcome payments, and
hberallZmg farm trade for ItS enVIron­
mental benefits

AmerIca IS remmg m the growth of ItS
government spendmg, and thIS IS movmg
the country toward a more trade-OrIented
fann pohcy Western Europe also finds
Itselfat a farm pohcy turnmg pomt Its old
pohcy of fann export SubSIdIes IS now
untenable due to mternatIOnal negotIa­
tIOns and budget pressures In the years
Just ahead, the Eastern expansIOn of the
EU IS hkely to trIple the number of EU
farmers Poland, Hungary and Czech Re­
pubhc have more than four mIlhon fann­
ers Turkey has nearly 12 mIlhon, along
WIth 27 mIlhon acres of cropland and a
huge new ImgatIOn project m the Upper
Euphrates Valley Poland, Hungary, Tur­
key, France, Holland, and Denmark wIll
need farm markets outSIde Europe The
world should want theIr farm products

Savmg WIldlife With Free Farm
Trade

The world needs to use ItS best and
safest cropland to meet the 21 st Century
food challenge That WIll take the fewest
acres, dIsplace the fewest wIld specIes and
cause the least erOSIOn North AmerIca
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and Europe both have more than theIr
share ofthe world's best and safest farm­
land for the decades ahead

But Iftoday' s pervasIve farm trade bar­
ners persIst, densely-populated ASIan
countnes WIll try to ma1Ota1O natIOnal
food self-sufficIency to placate bIg farm
populatIOns made restless by urban 10­
come gams Chma IS the most VIVId case
10 pomt Its populatIOn IS nearly stabi­
lIzed, but Its meat consumptIon IS ns10g
by four mIllIon tons per year Chmese
farmers are already usmg hIgh-yIeld
seeds, and double or tnple-cropp1Og theIr
land Chma needs to pursue stIll-hIgher
yIelds - but It also needs to conSIder the
eConomIC and envIronmental benefits of
Import1Og part of ItS dIet Improvement
from hIgh-yIeld farmers WIth export po­
tentIal, such as the US, Argentma,
France, BrazIl, Poland, and Turkey

IndIa'S consumers are gett10g more m­
come, and would hke to have two ml1hon
addItIOnal tons of mIlk per year But In­
dIa's farmers are produc1Og only one mII­
hon addItIon tons ofmIlk despite stealmg
one-thIrd of theIr daIry feed from theIr
forests (thus endangenng WIld species)
and another thud from the crop reSIdues
that should protect theIr SOlI Ml1k pnces
are two and three tImes the world market
level Should IndIa Import mIlk? Should
It use BST? Or should It endanger the
Bengal tIger by convertmg ItS habItat to
subSIstence agrIculture?

The Real Threat to the EnVironment

SustamabIlIty IS a major, legItImate
Concern for a world WIth a nsmg human
populatIon and the ablhty to modIfy ItS
long-term behaVIOr through research and

634

mvestment Our analysls clearly md,­
cates however that the environmental
movement has never really exammed
farmmg sustamabllrty The actIVIsts ap­
parently started WIth an oppOSItIon to pes­
tICIdes, and added whatever charges
agamst hIgh-yIeld farmmg that seemed to
resonate WIth a publIc largely Ignorant
about farmmg They added the charge that
hIgh-YIeld farmmg was "unsustamable"
when they found the word was almost as
powerful as "cancer" m a press release

The alternatIve agnculture movement
seems to have done lIttle objectIve re­
search on the sustamabl1Ity and sustammg
capabIlItIes ofvanous farmmg systems It
CItes no research or long-term field stud­
Ies offenng prodUCtIVIty for the future It
offers no eVIdence ofnsmg orgamc yIelds
or progress m ralsmg mtrogen use effi­
CIency CntIcs ofhIgh-yIeld farmmg have
SImply leveled unsubstantIated charges at
the farmmg system whIch has already pre­
vented the greatest loss of wl1dlIfe m the
modern hIStOry of the planet, as If by
domg so they could prevent more people
from bemg born

The real danger to the enVIronment to­
day - espeCIally to ItS WIldlands and
wIldlIfe - IS the myth that lOW-yIeld
farmmg IS envIronmentally sustammg
The agncultural polIcy of the enVIron­
mental actIVIsts IS not sustamabIlIty It IS
rather a retreat mto fantasy

The actIVIsts present the fantasy that
the world's populatIOn can be magIcally
and pamlessly returned to two or three
bl1lIon lucky persons They offer an alter­
natIve fantasy that the world WIll become
vegetarIan, even though the world has
never m hIstOry had a voluntanly vegetar-



ian country or culture, even as Thud
World countries ravage wlldlands to get
meat and dairy products

They attach the fantasy label "sustam­
able" to farmmg systems which cannot
feed people adequately, cannot protect
them from cancer, cannot protect topsOil,
cannot preserve soli quahty, and cannot
prevent the plow-down of 20 mllhon
square mlles of Wildlands and wlld spe­
Cies

They fantaSize that organiC and alterna­
tive farmmg can somehow achieve sub­
stantially higher yields per acre, to meet
already expandmg global needs, Without
chemicals, petroleum, or chemical fertll­
izers ThiS defies recent expenence and
10,000 years of farmmg history Fantasy
cannot serve humamty or the enVironment
if it leads us to ignore reahties that must
be headed offWith research and develop­
ment programs that take years or decades

The danger to wildhfe now mcludes the
entire leadership of Greenpeace, which
seems more mterested m terronzmg the
pubhc With tnvial chemical flsks than
With savmg either wildhfe or human hves
Comcidentally, such chemical terror cam­
paigns have been the envIronmental or­
gamzatIons' most effectIve fund-raIsmg
techmque for decades EnVIronmental
groups may now raise nearly as much
money from vilIfymg pestIcIdes as chemI­
cal companies net from makmg them
(And the envIronmental groups' return on
mvestment is far higher)

The danger to wlldhfe mcludes Lester
Brown, the famous famme forecaster who
for 25 years has dIscouraged pubhc m­
vestments m agncultural research and

pubhc acceptance of itS successes He has
told us to put our faith m "population
management" But populatiOn manage­
ment has nothmg to offer a Chma which
has Virtually restabihzed itS population
but wants mllhons of tons more meat
How much of the future plow-down of
forests for food should be credited to the
commUllicatlOns gelllus and flawed
analYSiS of Lester Brown?

The memory ofRachel Carson and her
bnlhantly-flawed masterpiece Sllent
Sprmg are unfortunately now a danger to
the enVironment Ms Carson was tembly
wrong about the cancer nsks ofpesticides
to both people and wlldhfe, so her elo­
quence and smcenty contmue to push us
m the wrong directiOn for environmental
sustamabihty She did not understand m
1965 that the world would have to choose
between high crop yields and lost wlldhfe
habitat

The wIldhfe dangers even mclude
some SCientists at reputable agricultural
research mstitutiOns who have either not
understood the global environmentalim­
portance of high farm prodUCtiVIty or
were wlllmg to overlook it m purSUit of
research grants Because of smcere but
wrong-headed efforts by these and other
eco-actIvists, the world IS not makmg the
mvestments m agncultural research to en­
sure that we can protect the world's WIld­
lands WIth still higher farm yields m the
next century We are not actively extend­
mg high-YIeld agnculture to Africa on
behalfof itS umque wealth of speCies and
genes We are not plantmg the tree plan­
tatiOns that should be harvested 20 years
from now to protect 95 percent of the
world's Wild forests from mtensive log­
gmg We are not ehmmatmg the farm
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trade barriers whIch could prevent
densely-populated tropical countries
from destroyIng hundreds ofthousands of
tropIcal specIes In a destructIve quest for
natIOnal food self-sufficIency

HIgh-yIeld farmIng IS our only proven
path to saVIng most ofthe world's natural
enVIronment In a world that wIll IneVIta­
bly have more people and more food de­
mand Unfortunately, the environmental
movement has convInced much of the
publIc that high-Yield farmmg IS the dan­
ger, not the solutIOn Can the "green"
movement now truly begIn to ''thInk glob­
ally and act locally" Instead of thInkIng
locally and sayIng "not In my back yard?"
Can environmental activIsts afford to em­
brace high yIeld farmIng and farm chemI­
cals - even If those are the only ways to
save the planet's wIldlands and wIldlIfe?
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DISCUSSIOn

SeSSIOn IX - Plenary SeSSIOn
SeSSIon Chan John Yohe

Rapporteurs - Robert Schaffert and A S Kasakova

Lee House - SCientIsts are generally
modest people, hIghly tramed, enthusIas­
tIC about our research, and evaluated by
accomplIshments m our projects We not
only faIl to expose our work to the publIc,
we don't know how You tell us what we
should do, do you have any comments
about how we can do It?

Denms Avery - Our research has and
IS leadmg to a productIve agrIculture Be­
cause of mcreasmg productiOn, area re­
qUIred for agrIculture IS less than If the
same amount of food would be produced
at lower productIvIty levels The realIza­
tIon that hIghly productIve agrIculture IS
Important to preservatiOn of forests and
habItats for flora and fauna is real and
Important and m the current clImate enVI­
ronmental protectIOn/preservatIOn IS
valuable to mclude m ourJustIficatiOn for
and m sellIng ofour research accomplIsh­
ments

John Wltcombe - What do you thmk
about envIronmentalIsts and bIOtechnol­
ogy?

DenniS Avery - EnVIronmentalIsts
take the hIgh moral ground ofsavmg WIld-

lIfe We must play the environmental
card We are savmg land and wIldlIfe
EnVironmentalIsts cannot argue agamst
that and may finally admIt that the real
concern IS populatIon BiOtechnology IS
the biggest pIece of unexplOlted SCience
m the world

B S Rana - Comment on Denms
Avery's presentatIon The stronger
thought may carry the audience and they
may forget where they are SaIlIng I un­
derstand from your talk that if m Chma,
people become nonvegetarIan they wIll
reqUIre more anImals for food and also
creatmg a greater reqUIrement for feed If
deforestatiOn IS bemg done m IndIa to
promote mIlk productIon, we must pro­
duce more nutrItIve forages to support the
daIry mdustry, Ifpetrol!gasolIne Will be m
short supply, we must produce suffiCient
sorghum for ethanol productIon to nm the
cars m the future We also understand that
bIOtechnology IS a powerful tool m the
future and that it may become a strong
technology for genetIC Improvement m
the future Sorghum hybnds may be the
answer for qUIck impact I apprecIate your
thoughts and belIeve that it wIll become a
realIty m the future
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GenetIc VarIabIlIty ID Sorghum for P EfficIency and ResponsIveness

V M CAlves R E Schaffert*
A F C BahIa FO , G V E PItta,

EMBRAPAlCNPMS CP 151 35701-970
Sete Lagoas, MG, BrazIl,

F G Santos and C A de OlIveIra,
Fellowshlp/CNPq/CNPMS

ThIrty SIX sorghum lInes were evaluated for P
effiCiency and responsIveness at the NatlOnal
Maize and Sorghum Research Center of EM
BRAPA1CNPMS dUrIng the 1995/96 growmg sea
son at Sete Lagoas MG Brazil The experIment
was conducted on a Dark Red Latosol under sa
vanna vegetatlOn soIl at 5 and 18 ppm P (MehlIch 1
extractor) The soIl was hmed to rrose the pH to a
range between 5 5 and 6 0 TrIple superphosphate
was broadcast and mcorporated to reach the deSired
P levels as determmed by an mcubatlOn curve N
and K were apphed based on the soIl analysIs The
36 hnes mcluded 12 tradltlOnal hnes representmg
both tolerance and susceptibIlity to Al tOXICity and
24 hnes derIved from crosses between ehte B lInes
and a source of tolerance to Al tOXICIty SC 283-14
E (IS7173C) Twelve hnes were susceptible to
tOXIC levels ofAl and 24 hnes were tolerant TOXIC
levels ofAl dId not occur m the plow layer but were
present m the subs011 Genotypes with above aver­
age gram productlOn at the low P level were clas­
sified as P-efficlent and genotypes with above av­
erage relatIve response to P were claSSIfied as re­
sponSlVe to P Average grron yield ranged from
1 76 to 3 52 t/ha at low P With a mean of 2 63 t/ha

and from 1 84 to 5 39 t/ha at high P WIth a mean of
3 68 t/ha The relative response to apphed P ranged
from less than zero to 93% wIth an average of41%
The 36 entrIes were classIfied mto four groups,
effiCIent and responsIve to P (ER) nonefficlent and
responsIve to P (NR), effiCIent and not responsIve
to P (EN) and nonefficlent and not responsive to P
(NN) Tolerance and susceptibilIty to Al tOXICity
was not directly related to P effiCiency and P re­
sponsiveness The standard for tolerance to Al tox­
IClty, SC 283 .!i E, was near average for P effi
clency (2 70 t/ha at low P) and not responsive to
addltlOnal P (12%) whereas the standard for sus­
ceptiblhty to Al tOXICity the commerCIal male ster­
Ile Ime BR 007B, was near average for P effiCiency
(2 60 t/ha at low P) and highly responsive to addl
tlonal P (93%) The AI-tolerant Ime of a P-non
effiCient near Isogemc pror for Al tOXICity was
more responsive to P (70%) whereas the Al sus­
ceptible Ime of the pair was less responsive to P
(33%) Two Al tolerant near-Isogemc recombmant
hnes from the cross between BR 007 and SC 283­
.!iE were near average for P effiCiency and highly
responsive to P (60 and 90%)

IdentIficatIon and CharacterIzatIOn of the MaS and Ma6 MatUrIty LOCIID Sorghum

S Aydm* W L Rooney and F R Miller
Department of Soil and Crop SCiences

Texas A&M Umverslty College Station Texas

The genetics of maturIty m sorghum have been
well documented for many years and It has become
a model for research concernmg the factors that
affect maturIty or photoperIodic response m trOPi­
cal cereals Smce Qumby! (1974) first Identified
and characterIzed the Mal, Ma2 Ma3 and Ma410ci
m sorghum, maturIty m sorghum has been defined
by the alleles at those lOCI and theIr mteractlOn
Recently, an extremely photoperIod senSitive hy-

brId was discovered from the cross of 90T190 and
RTx430 Whenplantedmearly AprIl hybrIds from
thiS cross are extremely photoperIod-sensitive and
they will not flower until mid October (up to 180
days m Central Texas) ThIS "ultralate phenotype
IS not caused by known combmatlOn of alleles at
the four Ma lOCI currently characterIzed The ob
Jective ofthls research was to determme the genetIc
mherItance ofthls ultralate (photoperIod-sensitive)
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phenotype obtamed from the cross of two photop
erlod msensltlve genotypes

Table 1 Expected segregatIon ratIOs for different
genetIc mhentance schemes

References

Phenotype

Normal
Normal
Ultralate
1 Ultralate
1 Normal

Inbred lme gennplasm or Putallve
generallon genotype
Opllon I Smgle gene mhentance ofultralate
Tx2858 VGI53 Tx2785 MasMa5
90Tl90 ma5ma5
F1 Ma5ma5
F2 I MasMa5

2Ma5ma5
I ma5ma5

Opllon 2 Two gene model Duplicate dommant EPiStasiS
Tx2858 VGl53 Tx2785 MalMalml\;ma6 Normal
90Tl90 malmalMl\;Ma6 Normal

F1 MalmalMl\;ml\; Ultralate
F2 9 Mas.-Ml\; 9 Ultralate

3 Mal - ml\;ml\; 7 Normal
3 malmal Ma6 -

1 malmal ma6ml\;

Number ofF2 plant X
2

Cross Flowenn Non Total 97 II
g flowenng

RTx28S8 90T190 66 114 180 3664 128

VGlS3 90T190 62 72 134 06438 07462
Tx278S·90T190 S3 94 147 3 S4 11 44

Total 181 280 461 382 213
.

2

Qumby J R 1974 Sorghum Improvement and the
Genetics of Growth Texas A&M University
Press College Station TX 108 pp

eratlon IS needed to confirm these Initial observa
tlOns and the genetic mhentance of the ultralate
phenotypes Weare also workmg to determme the
allelic composition of U S germplasm at Ma5 and
Ma6 and to Identify molecular markers linked to
these lOCI Efforts to develop U S adapted breedmg
matenal to utilize these lOCI are underway

··P(X 1<fi'6 64) <0 0I

Table 2 F2SegregatIon wlthm four populatIOns pu
tatlvely segregatIons for Mas-Ma6

AccessIOn 90T190 was hybridized to three dlf
ferent U S adapted mbred lines or germplasm
(RTx2858 VG153, and Tx2785) 90T190 IS a
breedmg Ime of Argentma descent that flowers m
approximately 70-75 days m Central Texas The
U S adapted germplasms or Imes had flowering
dates between 65 85 days F I hybrids from these
crosses were grown III Puerto RICO to produce the
F2 generatIOn All three F2 populations, Fl's and
the parents were planted m College Station TX on
April 15, 1996 The flowermg dates of mdlVldual
F2 plants were recorded until July 27 Afterthls date
no vegetative plants exhibited any floral Initiation
and were declared ultralate" Based on Initial re
suits two phenotypic classes were created those
that flowered (photoperiod msensltlve) and those
that did not (photoperiod sensitive or ultralate)
Chi-Square tests were completed to test to good­
ness-to fit to segregatIOn ratios expected for pOSSI­
ble modes ofmherltance

Several modes of mherltance for thiS trait may
be hypothesized (I) A smgle gene mherltance m
which the heterozygote IS ultralate and either ho
mozygous genotype IS of normal maturity (2) A
two-gene system m which the ultralate phenotype
IS caused by duplicate dommant epistasis In optIOn
I, an F2 populatIOn should segregate I I ul­
tralate normal In optIOn 2, an F2 populatIOn should
segregate 9 7 ultralate normal For each popula­
tion segregation fit a 9 7 ratio and only one popu­
latIOn fit a I I ratIO (Table 2) Combmed data
across all three populatIOns also fit a 9 7 ratIO

Based on these prelimmary results we proposed
that thiS phenotype IS controlled genetically by two
preVIOusly uncharacterlzed maturity lOCI herem
deSignated Ma5 and MlI(; We assume that these are
different genes from MarMa4 because (I) such an
ultralate phenotype has not been preVIOusly docu
mented m sorghum, and (2) the ultralate phenotype
was derived from a cross oftwo photoperlod-msen
slUve types AdditIOnal evaluatIOn of the F2 3 gen
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The Couscous Quahty of Different Grams Used m Mah

A B Berthe* LaboratOlre de Tehnologle Ahmentalre lnstltut D Economle Rurale Mah C M
McDonough L W Rooney R D Wamska Texas A&M Umverslty College Statlon TX

Couscous was produced from sorghum (Sor­
ghum bleo[or), com (Zea mays) and fomo (Dlgl­
tana eXllls) usmg a laboratory procedure Protem
and starch contents were qUIte SImilar However
fomo starch had 41% amylose m the starch com­
pared to 28% for com and sorghum The waxy
sorghum had less than 2% amylose The grams
were decortIcated usmg an abrasIve mlllmg proce
dure followed by gnndmg the decortIcated gram
mto flour WIth a Udy grmder The decortIcatIOn
yIelds were 78 7 77 7 66 7 and 50 I% for nonnal
sorghum waxy sorghum com and fomo respec
tIVely The fomo kernels were soft and tended to
break dunng- decortIcatIOn The sorghums were

whIte tan plant food types WIth an mtennedlate to
hard texture

The hIghest yIelds of couscous were obtamed
from fOnlo flour (218%) Sorghum and com had
couscous yIelds of156 and 164% respectIvely The
color of the sorghum couscous was hghter than
couscous from com or fomo Sorghum couscous
had a bland flavor while that from com had a tyPICal
malze flavor Both products were acceptable The
waxy sorghum processed sIgnificantly dIfferent
from the other grams and would be dIfficult to use
m couscous preparatIOn because of Its StICky char­
actenstlcs dunng steammg

The Effect of DecorticatIOn Time on Pearl Millet Degue (Fermented Couscous) Quahty

A B Berthe* D Drame, S Malga, K Tangara and A Konate
LaboratOlre de Technologle Ahmentalre Instltut D Economle Rurale (Mah)

The relatIOnshIp between pearl millet degue and
decortIcatIOn tIme was mvestlgated Cookmg, and
physIco-chemIcal parameters were strongly corre
lated to degue qualIty DecortIcatIOn yIeld affected

degue color, texture and flavor as well as protem
and ash content Degues prepared from non de­
hulled pearl millet were chewIer than those pre­
pared from decortIcated pearl millet

IdentificatIOn of RAPD Markers Tightly Lmked to a Gene for
ReSistance to Anthracnose m Sorghum

Khazan Smgh Boora* RIchard A FredrIcksen and Chnt W MagIll Dept of Plant Pathology and
MICrobIOlogy Texas A&M UniversIty College StatIOn TX

ReSIstance to anthracnose m the sorghum cultl
var SC 326 6 has been shown to be mhented as a
smgle gene recessIve tralt m a cross to the suscep­
tIble cu1tlvar BTx623 Progeny tests made for lIS
selfed F2 plants IdentIfied 20 homozygous reces­
sIve (resIstant) plants 65 that were segregatmg for
resIstance and 30 that were homozygoll~ susceptI­
ble Bulked segregant analysIs was conducted us
mg RAPD pnmers that had revealed dIfferences m

the PCR amphficatlOn products ofthe parents Two
pnmers OPF7 and OPL 4 have been IdentIfied that
amphfy bands that appear to be closely Imked to
the recessIve resIstance allele, and pnmer OPK 16
amphfies a fragment that IS less closely Imked to
the domInant susceptIble allele These RAPD
markers when used as RFLP probes hybndlzed at
several fragments WIth parents and bulks restncted
WIth Eco RI, Eco RV Hmd III and Bam HI en-
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zymes RAPD probe OPL 4 showed a smgle RFLP
m the resIstant parent and resIstant bulk wIth Bam
HI These markers wIll be cloned and sequenced to
generate codommant sequence tagged sItes Smce

resIstance m thIS case IS recessIve the RAPD bands
could be very helpful m Identlfymg heterozygotes
makmg the task of mcorporatmg thIS gene m to
breedmg or commercIal accessIOns much easIer

Effect oflnoculatlOn on AntIfungal Protems m Sorghum Caryopses

F Bueso* K Seetharaman R D Wanlska and L W Rooney
Cereal QualIty Lab Texas A&M UllIverslty College StatIOn TX 77843 2474

Gram mold IS a condItion resultmg from the
field detenoratlOn of sorghum grams as a result of
fungal mfectlOn occurrmg at or near anthesls The
sorghum plant esponds to fungal attack by a com
plex of defense mechanIsms mcludmg the synthe­
SIS ofan assortment ofprotems commonly referred
to as antIfungal protems (AFP) Chltmase sormatm
and glucanase are detectable m naturally mfected
sorghum caryopses at 10 days after anthesls
(DAA), theIr level of synthesIs peaked around
phySIOlogICal matunty (30 DAA) and then de
creased at harvest (50 DAA)

The objectIve ofthIs study was to determme the
changes m AFP levels followmg moculatlOn by
gram moldmg pathogens

Two sorghum cuItlvars, a moderately resIstant
(MalIsor 84-7) and a susceptIble (RTx430), were
grown m a greenhouse and moculated at anthesls
and 15 DAA WIth a mIXture ofCOllidIal suspensIOns
of Fusarzum momliforme Sheldon (5x 105

spores/m~ and Curvularla lunata (Wakker) Boed­
Jm (5xlO spores/ml) m a complete random des gn
WIth two replIcatIOns The moculated plants were

covered WIth a plastIC bag for 24 hours to promote
mold growth Control plants were sprayed WIth
water and also covered WIth a plastIc bag for 24
hours Plants moculated at anthesls were sampled
at 5, 10, 15 23 30 and 50 DAA, while plants
moculated 15 DAA were sampled 18 DAA Pro­
tems were extracted and Immunologically assayed
(western blots) for chltmase sormatm and gluea­
nase

AFP levels were not dIfferent between control
and treated sorghum caryopses sprayed at anthesls
AFPs were detected 30 DAA and decreased 50
DAA In both cultIvars AFP levels In control plants
sprayed 15 DAA were detectable 18 DAA and
peaked 30 DAA However AFPs were not detect­
able In treated caryopses untIl 30 DAA and their
levels Increased up to 50 DAA

These data suggest that caryopses AFP levels
are mfluenced by the date ofmoculatlOn and there­
fore may have ImplIcatIOns m understandmg the
role of AFPs m defendmg caryopses agamst gram
mold mfectlOn

RelatIOnship Between Sorghum SpIkelet Morphology and ReSIstance to Sorghum MIdge

Nlamoye Yaro Dlarlsso Bonllle B Pendleton, and George L Teetes,
Department of Entomology Texas A&M UllIverslty College StatIOn TX 77843-2475

Sorghum mIdge StenodiploS1S sorghlcola (Co
qUlllett) IS an msect pest that WIthout appropnate
management measures, can severely lImIt gram
yIeld of sorghum Sorghum IS vulnerable to attack
by sorghum mIdge only when sorghum spikelets
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are flowermg Adult sorghum mIdge lay eggs be­
tween the glumes of flowenng splkelets of sor­
ghum Larval feedmg on the sorghum ovary pre­
vents the kernel from developmg



Field experiments to mvestlgate the relationship
between the time of day splkelets of resistant sor­
ghum flower and resistance to sorghum midge were
conducted dUring 1993 1994 and 1995 at the
Texas A&M Umverslty Research Farm m College
StatIOn Spikelet morphology was studied m the
laboratory to detennme differences between resls
tant and susceptible sorghums Sorghums studied
were resistant hnes ATx2755 and RTx2767 resls
tant hybrid ATx2755 x RT2767 susceptible hnes
ATx2752 and RT430, susceptIble hybnd ATx2752
x RTx430 and resistant by susceptible hybnd
ATx2755 x RTx430 The spikelet flowermg proc
ess was diVided mto SIX stages and the proportion
of splkelets m each stage on selected rachiS
branches was assessed hourly from spikelet open
mg (approximately 0100 hours) to closmg (ap
proximately 1100 hours) durmg every other mght
of the flowenng penod Adult sorghum midge
abundance also was assessed hourly by countmg
the number of sorghum midges on the sorghum
pamcles from which flowermg data were collected
and on additIonal panicles Temperature and rela­
tive humidity measurements were collected hourly
and used to detect the effect of weather on time of
sorghum flowenng and presence of sorghum
midges Samples of splkelets were collected from
tagged panicles and exammed by usmg a micro

scope to see how splkelets of resistant sorghums
differed morphologically from susceptible sor­
ghums The number of kernels that failed to de­
velop because of sorghum midges was counted
when the kernels were m the hard dough stage

Most splkelets of resistant sorghums flowered
m the middle of the nIght and reached peak flow­
enng at 0500 or 0600 hours when few sorghum
midges were present By flowermg early resistant
sorghum escaped sorghum midge OVipOSitIOn and
thus damage Splkelets of susceptible sorghums
flowered after dayhght when sorghum midges
were more abundant than when the resistant sor­
ghums flowered Also glumes of splkelets ofsome
resistant sorghums were open for a shorter time
than were those of more susceptible sorghums
Stigmas ofsusceptible sorghums were either hamer
or longer than those ofresistant sorghums and were
not stuck to the lemma of the spikelet Stigmas
styles and anthers of susceptible sorghums were
slgmficantly longer (I 5 I 5 and I 7 mm respec
tlvely) and ovaries smaller (I 3 mm) than those of
resistant sorghums (1 4 mm) Mean damage durmg
the three years ranged from 168-23 5% to the
resistant sorghums and 49 9-56 2% to the suscep­
tible hnes and hybrid

Influence of Nitrogen Sources on InductIon

and Growth of Embryogemc Callus of Sorghum

1 A Elkomn and N V Pakhomova, Volga-RegIOn
Institute of BIOtechnology, 410020 Saratov RUSSIa

In order to optimize the composition of the
medIUm for growtlt of embryogemc sorghum cells
we studied the mfluence of different sources of
Ultrogen on mductlon and prolIferatIOn of embryo
genIC callus (EC) of several cultlvars of gram sor
ghum

Fragments of young panicles were cultured on
MS medIUm and ItS 8 modificatIOns With different
levels and ratIOs ofNH4 + (370 1130 2250 mgll)
and N03 (2500 4500 8200) Ions With or Without
organic nItrogen (l-asparagme 1 gil and I-prohne 2
gil) The differences m NH4+ and N03 concentra
tions were obtamed by changmg the concentratIOns
of KN03 and NH4N03 m the basal MS medIUm

All the media contamed 3% ofsucrose and 1 0 mgll
of24-D

It was revealed that addition of ammo aCids to
basal MS medIUm IS slgmficantly more effective
than mcrease of concentration of morganlc mtro­
gen The medium With redoubled concentration of
N03 (m comparison With MS) trebled concentra­
tion of NH4+ and additIOn of organic mtrogen
(M2AP medIUm) was the most effective m stimu­
latIOn of EC growth, exceedmg both the MS and
the MS With ammo aCids The stlmulatmg effect of
Inorganic mtrogen compOSition of M2AP medium
was eVident only after additIOn ofboth ammo aCids
- asparagme and prohne Further Increase of Inor-
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gamc mtrogen was less effectIve The Increase of
+concentratIon of N03 only or NH4 only In the

medIa supplemented wIth orgamc mtrogen was
also less effectIve In stImulation ofEC growth ThIS
fact demonstrates that both sources of Inorgamc
mtrogen (NH4+ and N03 ) and optImal NH4+/N03
ratIo are Important for EC growth In sorghum

The medIUm M2AP WIth mcreased Inorgamc
mtrogen and addItIOn of amInO aCIds was favour
able for mductlOn of EC m dIfferent sorghum cui
tlvars It should be noted that proportIOn of EC m
total callus was e'Ctremely hIgh In cultures grown
on all medra wIth mcreased NH4 + level and addl-

tlon of ammo aCIds However, for subculturIng of
Induced EC MS medIUm wIth 2,4 D and 6 BAP or
N6 medIUm WIth 24-D asparagIne and prolIne
were supenor than M2AP

EC developed on all the medIa tested m these
expenments was compact EVidently changes In
the level of morgamc mtrogen and the NH4+/N03
ratIO m the MS medIUm as well as the addItIOn of
asparagIne and prolme cannot result In formatIOn
of fnable embryogemc callus that can be obtaIned
m sorghum on the N6 medIUm supplemented WIth
the same ammo aCIds

InductIOn of Male Stenllty MutatIOns and FertIlity ReverSIons of

Sorghum 10 TIssue Culture CondItIOns and In VIVO

LA Elkomn, TN MIlovanova and M I Tsvetova, Volga RegIOn
InstItute of BIOtechnology 410020 Saratov Russra

The objectIve of thIS research was to elaborate
on the approaches to reconstructIon of genetIc sys
terns that control male fertIlIty of sorghum plants
USIng tIssue culture methods and mutagenesIs

The male-stenle mutants were regenerated from
callus cultures obtaIned from leaves and panIcles
of haplOId and dIplOId lInes of MIlo 145 The mu
tants were obtaIned In two mdependent expen
ments and appeared WIth a hIgh frequency (66-90%
ofregenerants) The mutants were charactenzed by
partral or complete male stenlIty m self-pollInated
semI stenle mutants and a non-MendelIan segre­
gatIon of stenle seml-stenle and fertile plants was
observed SimIlar segregatIOn was observed In te~t­

crosses WIth parental lInes Progemes of dIfferent
tIllers ofthe same ~eml stenle mutants differed by
the ratIo of stenle and fertIle plants ThiS IndIcated
somatIc segregatIon ofgenetic factors condltlOnmg
male stenlIty In the testcrosses of stenle mutants
WIth dIfferent fertIlIty restorers of Al cytoplasm
mduced mutatIOn was expressed eIther as nuclear
recessIve or nuclear domInant After pollInatIon of
stenle plants WIth stenlIty-maIntaIners of AI cyto­
plasm a partral restoratIOn offertllIty was observed
It was concluded that mduced stenlIty was the
result of cytoplasmIC mutatIOn the dIfferences m
the results oftestcrosses were due to mteractlOns of
the mutant cytoplasm WIth dIfferent restorer genes
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We have also shown the pOSSIbIlIty for regen
eratlOn ofmale stenle mutants after callus treatment
WIth streptomycIn an effiCIent cytopla~mlc mu
tagen The frequency of regeneratIOn ofmale ~ter­

Ile mutants was 50-100% and exceeded 20 30 tImes
the frequency ofmductlon ofstenle and semlstenle
plants In the M1 after seed treatment With the same
streptomycm concentratIOn Maternal mhentance
of male stenlIty observed m one of the mutants
confinned the eMS mutatIon However In ad
vanced backcross generatIons a partIal or complete
reversIOn to fertilIty was observed

We have also studIed the POSSIbllIty ofobtammg
revertants to male fertIlIty from callus cultures ob­
tamed from sorghum plants With CMS A partral
restoratIon of male fertIlIty has been revealed In
three of 20 regenerants from a callus lIne obtaIned
from the pamcle fragments of male stenles plant
that were chosen In the F2 of the hybnd AI Sara­
tovskoye 3 x S 752 From one ofthese regenerants
the AS-lime was obtaIned The AS-lime IS char­
actenzed by varrable expressIOn of male fertIlIty
varyIng m different plants In each generation DIf­
ferent panIcles ofthe same plant often had dIfferent
pollen fertIlIty levels and seed set Con~lderable

varratlon was observed between the samples from
dIfferent parts of the same panIcle FertIlIty level
also varIed In the same famIly grown In dIfferent



years, mdICatmg the possibilIty that environmental
factors mfluence the expression of male fertility
Male fertilIty of the AS-lime was transmitted
through the pollen m crosses with progellitor CMS
lme A Saratovskoye-3 mdICatmg a nuclear loca­
tIOn for the genetic factor which caused fertilIty

A Similar Ime With variable expressIOn of male
fertilIty was obtamed from another plant with CMS
WithOut applIcatIOn oftissue culture methods This
plant chosen was m the F2 of the hybnd Al Sara­
tovskoye 3 x KVV 124 It was transferred to the
greenhouse After 5 6 months fertile tillers devel­
oped on this plant and their formatIOn was ob

served m greenhouse conditIOns and outdoors The
fertility was mhented for four generatIOns under
self-pollmatlon and was transmitted through the
pollen m crosses With progellitor CMS line Al
Saratovskoye-3 ThiS confirmed the nuclear loca­
tIOn of the genetic factor that conditIOned male
fertilIty Lme AS-2 was charactenzed by highly
speCific expressIOn of male fertilIty the mam tiller
was stenle or rarely semlstenle and the nexttillers
were semlfertile or fertile Similar expressIOn of
male fertilIty IS peculIar for environmentally sensI­
tive male stenle mutants of nce Thus we have
apparently Isolated a male-stenle sorghum mutant
With environmentally regulated male fertilIty

Nuclear-cytoplasmic InteractIOns 10 Fertility RestoratIOn

on Different CMS-mducmg Cytoplasms of Sorghum

LA I::lkonm V V Kozhemyakm and A G Ishm Volga RegIOn
Institute of Biotechnology 410020 Saratov RUSSia

RestoratIOn of male fertilIty on different CMS
mducmg cytoplasms m sorghum was establIshed to
be controlled by one or a few dommart nuclear
genes that mteract speCifically With cytoplasmiC
genes However m some nuclear cytoplasmiC
combmatlOns we have observed several phenom
ena that cannot be explamed by thiS scheme

Usmg successive backcrosses the nuclear
genomes of several early matunng Al restorer
lInes ofgram sorghum were transferred mto the A2
A3 A4 and 9E CMS-mducmg cytoplasms the
donors of these cytoplasms were Isonuclear lInes
With the nuclear genome ofTx398 (the seeds were
kmdly supplied by Dr K F Schertz)

In some hybnd combmatlOns a restoration of
male fertility conditIOned by 1 2 dommant genes
was observed m the FIS In many cases the FI was
recorded as male stenle In some combmatlons It
was stably mhented through backcross generatIOns
up to BC3-BC7 However dunng backcrossmg of
anumberoflmes(Milo-IO S 723 KVV-28 KVV
181) to the different cytoplasms conSiderable ge
netic mstabllIty was observed all the hybnds m the
F1 exhibited male stenlIty m the BC1 a few fertile
and partially fertile plants appeared whereas m
BC2-BC3 fertile plants made up to 50% ofpopu1a

tIon ThIS phenomenon was observed frequently on
the A2 and A4 cytoplasms Such a reversIOn to
fertility IS thought to be the result of recessive
nuclear restorer genes or frequent cytoplasmiC mu­
tatIOns under certam nuclear genomes Indeed fer
tile plants appeared m the BC2 of Milo 10 on A2
cytoplasm were homozygous and dldn t segregate
male stenle plants Fertile revertants appeared m
the BC2 of S-723 on A4 cytoplasm that had an
unusual mode of mhentance their self pollmated
progeny was predommantly semlstenle and stenle
FertIlity was not transmitted through the pollen m
testcrosses With stenle Siblings

Another mterestmg phenomenon was revealed
on the 9E cytoplasm two Isocytoplasmlc eMS
hnes on thiS cytoplasm expressed a different reac­
tIOn on the same tester lme The lme KVV 114 IS
a restorer for [ 9E ] Tx 398 and a mamtamer for
another Ime [9E] Milo-lO that was obtamed by
consecutive backcrosses from the first one The
genetic mechanisms underlymg thiS phenomenon
are under mvestlgatIon

Thus the same CMS-mducmg cytoplasm may
express different systems of fertility restoratIOn
dependmg on the nuclear genotype of the CMS
line
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SelectIOn for a High Frequency of Aposporous Structures m the

Ovules m Sorghum Lme AS-! DerIved from Tissue Culture

N Kh Enaleeva, E V Belayeva, L A Elkonm, Volga-RegIOn,
Institute of BIOtechnology 410020 Saratov RUSSIa

A sorghum Ime, AS-I with elements of
apomixIs was obtamed after self polhnatlOn of a
partIally fertile regenerant from the tissue culture
ofplants With CMS (Enaleeva et al 1994 Elkomn
et al 1995) A donor plant was chosen m the F2 of
the Al hybnd Saratovskoye 3 X Fetenta (S-752)
A I Saratovskoye 3 IS charactenzed by tendency to
form additIOnal (aposporous) structure:- m the
ovules With a low frequency (2 5%) These struc­
tures are the large cells With smgle nucleus or
multmuclear formatIOns that developed alongside
the common meIOtiC embryo sacs (ESs) Fetenta
(S-752) had no deVIatIOns III female generative
structures In AS I the frequency of aposporous
structures (APS) III the ovules Illcreased slgmfi­
cantly up to 21 2% m one family ofthe R4 genera­
tIOn varymg m different plants from 4%-31 % In
thiS lille APS sometimes resembled ES With nor
mal or abnormal differentiatIOn Rarely cases of
parthenogenesIs were observed III such aposporous
or meIOtiC ESs

In order to mcrease and stablhze the expression
of apomictic potentIals III AS-I we have begun
direct selectIOn of plants that show a high APS
frequency For four generatIOns seed progemes of
such plants were selected and used for reproduc
tlon The progemtor plant (8% of APS) was taken
from the R4 generatIOn In the progeny ofthls plant
a twill was revealed one ofItS seedhngs was grown
through anthesls The APS frequency III thiS plant
was II 5% The next cycle of selectIOn redoubled

the APS frequency In the R6 generatIOn the mean
number was 24 5% and any number of plants the
frequency ofmultilluclear APS reached 16% The
maximum value observed III a gIVen plant was
45 5% From the seeds of thiS plant the R7 genera­
tion was grown The mean frequency ofAPS III Its
progeny was Illcreased up to 35 7% With a maxI­
mum value III some plants of 66% In an AS-I
denvatlve that was not selected for APS the mean
frequency of additIOnal structures III the ovules of
plants grown III the same year was 7%

In the last generatIOn along With additIOnal
structures apomICtiC embryos were observed m the
ESs III 2 out of 12 Illvestlgated plants The fre­
quency ofsuch ESs III these plants was 2% and 6%
The embryos have the appearance ofglobular mul­
ticellular formatIOns however traces ofpollen tube
penetratIOn were absent The polar nuclei were
either Illtact or degenerated It was not pOSSible to
determme whether these ESs were meIOtiC or apo­
sporous No apomIctiC embryos was revealed m the
progemtor plant and m plants from prevIous gen­
erations of selectIOn

Thus direct selectIOn for APS frequency re­
sulted III a 4 8 time mcrease of quantified expres­
sIon of thiS trait Moreover selection mcreased
apomictiC potentIals of the AS lime that resulted
m autonomous development ofembryos from mei­
OtIC or aposporous ESs

Genetic Improvement of Sorghum III Uganda

J Peter Esele Plant PathologIst and Director Serere Agncultural
and Ammal ProductIOn Research Institute P 0 Sorotl - Uganda

Gram yIelds III sorghum have remained low and
static m Uganda, averagmg 1200 kg/ha for the last
10 years Low yieldlllg varieties III additIOn to
some biotic and abIOtIC constraillts contnbute slg­
mficantly to thIS low yield output Progress IS bemg
made towards development of hybnds to Improve
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on yIeld per umt area A and B hnes were Illtro­
duced from the Texas A&M program Crosses were
made With ehte Ugandan cultlvars and evaluated
The Fls have outylelded Uganda developed hy­
bnds such as Hlmldl Hlbred and HIJack ATx632
IS a promlsmg male-stenle for hybnd development



m Uganda The gram mold complex IS one of the
major bIotIc constraInts to sorghum productIOn m
Uganda Development ofresIstant varietIes IS bemg
pursued based on the utlhzatlOn of gene~ for resls
tance Inbred hnes SClO3 12E and Surefio from the
Texas A&M program are bemg utlhzed SClO3­
12E contrIbutes genesB)B2 and R-Y-for testa and
gram color, respectIvely whtle Surefio contributes

mtenslfier genes These genes have Important at­
tributes for gram mold resIstance Drought stress IS
an Important abIOtIC constramt to sorghum produc­
tion m Uganda Much of the country where sor­
ghum IS produced receIves low ramfall Efforts are
bemg made to develop early maturmg sorghum
cultlvars

Occurrence of Sorghum Ergot Disease m Argentma and BolIVia

L M GlOrda, EEA INTA ManfredI 5988 ManfredI-Cordoba, Argentma
M J Martmez Lab de Fltopatologla, Fac de C1enclas AgropecuarIas UNC

S PalacIOS and M Nasetta, CEPROCOR 5000 Cordoba-Argentma

In the Americas ergot dIsease was reported first
In BrazIl m 1995 and later was observed m Uru­
guay Paraguay and BohVIa In Argentma, It was
first observed durIng March/April 1996 m com
mercIaI fields of gram and forage sorghum F I hy
brld seed productIOn It was also observed on
Johnsongrass type plants and m sorghum produc
tlon fields where weather conditIOns affected an
ther dehIscence and pollen actlVlty, predlsposmg to
sterlhty In addItIOn volunteer plants ofdiplOId and

tetraplOId maIze varIetIes, growmg near an ergot
dIseased sorghum nursery were affected by the
sugary dIsease COPIOUS exudatIon of honeydew
contaInIng macro- and mlcrocomda typICal of
Sphacelza sorghz McRae was observed from the
splkelets ofsorghum plants ThIS honeydew did not
ooze from maIze ovarIes contamIng fungal stro­
mata and comdla, but from the panIcles

Pseudo sclerotIa and honeydew eX..ldmg pro­
fusely from mfected splkelets of sorghum male
stenle hnes were collected from Bohvla and Argen­
tma and mantamed under 10 and -15°C for analySIS
and Koch s postulate studies ArtIficIal mocula
tlons were done under field condItIOns on offspring
offemale hnes and on sorghum AlB hnes growmg
m the greenhouse PanIcles were moculated at an­
theSIS by spraymg honeydew contammg the com­
dla,and those from the field experiment bagged for

10 days Plants In the greenhouse were mamtaIned
at 19-22°c and a relatIve humIdIty about 85% from
15 days prior to moculatlOn until 15 days after
moculatlOn(DAI) Wlthm 5-8 DAI dependmg on
the cultlvar and envIronmental condItIOns symp­
toms and sIgns of S sorghz resembhng those de­
SCrIbed by ReISS et al were observed Under field
condItIOns the honeydew exudates could only be
observed early m the mornmg when humIdIty was
high Subsequent warm and dry condItions dried
the honeydew formmg a hard crust on the splkelets
commonly covered by fungal contammatlOns
mainly Cerebella spp Fusarzum spp and
F monzlzjorme

Pseudo sclerotIa and honeydew extracts from
ArgentIna and Bohvla were used to perform thm
layer chromatography on slhca-gel developed WIth
methanol/chloroform (l 4) After spraymg WIth p­
dlmethylamme benzaldehldem sulfunc aCid/etha­
nol spots exhlbltmg the typical blUIsh color from
ergohne type alkalOId derivatIves were observed
The presence of thiS type of alkalOIds IS charac­
teristic of Clavlceps ajrzcana according to
Frederickson et al (2)
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New Sources of Yellow Endosperm and 8-Carotene m Pearl MIllet

C T Hash A G Bhaskar Raj, ICRISAT ASia Center, Patancheru 502 324, AP, India,
S Appa Rao Lao-IRRI Project POBox 419' VIentIane, Laos and

Umald Smgh, ICRISAT ASia Center Patancheru 502 324

MIllions of people m the semI and trOpiCS
(SAT) depend on pearl mIllet [Penmsetum glau
cum (L ) R Br] for their staple food Many suffer
from vltamm A defiCiency ConsumptIOn of pearl
mIllet gram havmg yellow endoperm that contams
B-carotene could partially address this problem
Yellow endosperm gram contammg carotenes was
reported previously from the late matunng pho
topenod senSitIve dauro landrace from central NI­
gena However seed ofthese prevIously descnbed
matenals IS no longer aVailable

At ICRISAT ASia Center the yellow en
dosperm trait was recently detected segregatmg m
several accessIOns from the World CollectIOn of
pearl mIllet germplasm This trait was stablhzed m
selectIOns from two hnes IP 15533 and IP 15536

both ongmatmg m Burkma Faso These selectIOns
were evaluated for their B-carotene content With
vellow maize and three pearl mIllets havmg more
common non-veilow endosperm colors as controls
High performance hqmd chromatography (HPLC)
with standard B-carotene was used for thiS Nutn
tlOnally slgmficant levels of B-carotene were de­
tected m the yellow gram pearl mIllet selectIons
from IP 15533 (137 JlgllOO g) and IP 15536 (61
Jlgll 00 g) as well as the yellow maize (480 Jlg/IOO
g) but no B carotene was detected m gram samples
of white (SADC White Gram ComposIte) light
grey (Lubasl late vanety) and dark grey (ICMV
221) pearl millets tested The levels of B-carotene
observed m the yellow gram pearl mIllet and maIze
m thiS study were very SImIlar to those prevIously
reported

Mappmg of QuantItatIve Trait LOCI for Seedlmg

Thermotolerance and Other TraIts m Pearl MIllet

Cathenne Howarth Graeme Cavan KIrsten Skot, Rattan Yadav InstItute of Grassland
and EnVironmental Research Aberystwyth SY233EB UK Eva Weltzlen R Tom Hash

InternatIOnal Crops Research Institute for the SemI-And TropICS Andhra Pradesh 502 324 India

HIgh temperatures and drought stress cause a
failure ofseedhng estabhshment altered crop qual
Ity and reduced seed set m many parts ofthe world
A WIde genetIc range m the response to these
condItIons IS found both wlthm and between spe­
cIes Pearl mIllet [Penmsetum glaucum (L ) R Br]
IS an Important cereal gram and fodder crop m
many parts ofthe semI-and tropIcs grown partlCU
larly by subSIstence farmers m margmal area~ Re
search IS bemg conducted to IdentIfy selectIOn en
term and molecular markers for tolerance to these
stresses to understand the underlymg mechamsms
and to develop Improved varIetIes and ehte parents
ThiS project mvolves an mtegrated approach of
breedmg and phySIOlogy at ICRISAT field tnals m
Rajasthan IndIa, and phySIOlogy, bIOchemiStry and
molecular bIOlogy m the UK funded by the UK
Overseas Development AdminIstratIOn
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Molecular methods such as restnctlOn fragment
length polvmorphlsm (RFLP) analysIs can be used
to Identify and map the quantitatIve traIt lOCI (QTL)
mvolved m stress tolerance Mappmg potential
phYSIOlogical and bIOchemical components of a
traIt prOVIdes mformatlOn on theIr mvolvement m
that trait and IS a new way to elUCIdate the mecha­
nIsms of plant response to the environment Ge­
netic mappmg not only shows m a much clearer
fashIOn how traits are genetIcally correlated but
how they are linked on the chromosome ThIS
prOVIdes precIse mformatlOn on the effectIveness
of multi trait selectIOn and the potentIal to aVOId
undeSIrable correlated responses to selectIon

The first molecular marker map of pearl millet
has recently been constructed makmg available
RFLP probes to faclhtate the mappmg of new



crosses where stress tolerance can be subjected to
QTL analysIs In this poster we descnbe the ap
proach bemg used m this project the selectIOn of
matenal for mappmg the screenmg systems devel
oped and the results so far obtamed In each cross
the RFLP genotype of 150 random F2 plants has
been determmed and F4 seed denved from these
F2s used to assess all traits These traits mclude
1000 seed weight germmatlOn emergence seed
lIng vigor panicle charactenstlcs time to flowermg
and downy mildew resistance m additIOn to stress
tolerance and ItS components 32 probes were used
to map cross 1 and 23 for cross 2 these covered all
7 lInkage groups With a spacmg of approximately
16 cM The skeleton map obtamed was sUItable for
IdentIfymg QTLs for all target traits Cross I ICMP
451 X H 77/833 2 Both parents are pollmators of
agronomically elIte hybnds currently cultivated m
Rajasthan, India ICMP 451 IS the male parent of a
long duration dual purpose gram dnd fod­
der/stover hybnd ICMH451 that IS Widely grown
m higher ramfall areas (>400 mm mean annual
preCipitatIOn) H 77/833 2 IS the male parent ofthe
extra early thermotolerant gram hybnd HHB 67
The parent H 77/833 2 shows a much higher aver

age combmmg ability for thermotolerance m hy­
bnds while ICMP 451 exhibits the poorest average
combmmg ability for thiS character among the SIX
elIte mbreds tested Cross 2 H 77/833 2 X
PRLT2/89-33 The PRLT2/89-33 parent IS an m­
bred denved from the ICRISAT Bold Seeded Early
Composite which IS based largely on landrace
matenal from Togo and Ghana whose seedlmgs
show very poor heat tolerance It differs from H
77/833 2 m many growth characters (reduced
nodal and basal tillermg larger seeds thicker pan­
Icles broader leaves) and IS supenor to h77/833-2
for grain fillmg under termmal drought stress
Cross 2 segregates for tolerance to termmal drought
stress and thiS IS now bemg mapped Both Yield
characters and putative component phYSIOlogical
traits (e g rate ofsenescence osmotic adjustment
tlllenng and fate oftIllers flowenng time) are bemg
measured m the drought nursery at ICRISAT Fme
mappmg of the seedlIng thermotolerance QTLs (m
collaboratIOn With the John Innes Centre Nor
wlch) of genes showmg differential gene expres
slOn dunng stress and marker-assisted selectIOn IS
also underway With thiS matenal

Development and Assessment of Methods for
Evaluatmg Seedlmg Thermotolerance In Pearl Millet

Catherme Howarth Kirsten Skot Institute of Grassland and EnVironmental Research Aberystwyth
SY233EB UK Eva Weltzlen R and Fran Bldmger ICRISAT Andhra Pradesh 502324, India

High temperatures result m seedlIng estab­
lIshment failure m many species and consequent
catastrophic crop failure In thiS study a number of
potential methods for screenmg thermotolerance
have been developed and assessed m a selectIOn
expenment With seedlings of pearl millet [Pen
msetum glaucum L (R Br)] In India pearl millet
IS the pnnclpal grain and fodder crop In arid and
semi-arid areas bordenng on the Thar desert m the
states of Rajasthan Haryana and GUJarat AI
though pearl mIllet shows conSiderable environ
mental adaptatIOn to these margmal areas ItS yield
there IS not only low but also highly vanable Seed
and bIOmass yields are severely constrained by
extremes oftemperature prevalent at the start ofthe
growmg season and by unrelIable and lITegular
ramfall

Genetic variabilIty for seedlmg thermotolerance
was detected usmg a field screemng techmque, and
the environmental parameters of the field environ­
ment were extensively charactenzed (Peacock et al
1993) Two populatIOns were chosen for further
study based both on these field results and also on
detailed laboratory analyses IP 3201 a landrace
accessIOn from Rajasthan With good seedlmg ther
motolerance and ICMV 155 a high yleldmg re­
leased open-pollInated variety but With low seed­
lIng thermotolerance Over 200 fullslb progemes
were produced from a random mated populatIOn
cross combmmg these two Screemng for thermo­
tolerance has now been conducted by three differ­
ent methods over two cycles ofbl directIOnal selec
tlOn to assess the applIcabilIty of the different
screenmg techniques The methods used were (a)
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field screemng In Rajasthan (b) sand bed screenmg
tank, (c) electrolyte leakage

The aim of the sand bed screenIng tank was to
simulate the field conditIOns 10 Rajasthan 10 a con
trolled manner Temperature cyclIng commenced
three days after sowmg when full emergence had
occurred and contInued for a subsequent eight days
when the run was fimshed The air temperature was
maIntamed at a constant 30°C and the maximum
temperature of the soIl surface each day was 58°C
Electrolyte leakage prOVides an mdlrect measure of
membrane thermostablhty the more damage
caused by the stress the more solutes Will leak mto
the bathmg medIUm In thl~ research mtact two
day old seedlmgs were used and prelImmary ex
perIments were conducted USIng a thermal gradIent
bar to determme the crItIcal temperatures to use for
screemng The greatest dIfference between entrIes
(and highest correlatIOn WIth field performance)
was found WIth seedlIngs that had been accltmated
for 2h at 43°C ImmedIately prIor to treatment at
48°C for 2h

Cycle I screenIng was conducted on an IdentIcal
set of fullslbs for all three methods and so the
screenmg results could be compared dIrectly All
three screemng methods were able to successfully
Identify tolerance/susceptIbilIty to seedlIng heat
stress among the progenIes WIth the sand bed
screenmg tank havmg the broadest range m prog
eny response The sand bed screenmg tank also had
the hIghest genetIc varIance and the hIghest genetIc
coeffiCIent of varIatIon The field evaluatIOn had
the hIghest experImental error and the electrolyte
leakage test was the most preCIse, as Judged by the
magnttude of error varIances and coeffiCIents of
error varIatIOn HerItablltty was also hIghest With
the electrolyte leakage test The correlatIOns among

the three tests, based on mean progeny ratmg 10

each test were all slgntficant Nearly half of the
progenIes selected as tolerant or susceptIble to heat
stress by the mdlVldual tests were common The
good relationshIp between the field and the sand
bed screenmg tank IS very encouragmg, as It mdl­
cates that 10 both environments seedltng death or
survIval IS caused by the same or slmtlar factors
The relatIOnshIps between these two tests and the
test for electrolyte leakage are rather dIfferent sug­
gestmg that membrane stabIlIty may be only a
component of seedlmg tolerance to heat stress
SelectIOns for hIgh and low thermotolerance were
made from each ofthe three sets ofscreenmg results
m cycle I These were recombIned to produce SIX
sets offullslb progentes and were then screened by
all three methods for cycle 2 selectIon Agam bl dI­
rectIOnal selectIOn was conducted 12 populatIOn
bulks have been produced ofthls selected materIal,
along WIth the mlttal CO bulk theIr testcrosses
parental populatIOns and other controls These have
undergone preltmmary evaluatIOn by all three se­
lectIOn techntques to assess the results of selectIOn
and the results obtamed Will be reported here
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VarIatIon m PhySIcal Seed Characters Slgmficant

m Gram Mold ReSIstance of Sorghum

S IndIra and B S Rana NatIOnal Research Centre for Sorghum Hyderabad 500 030, IndIa

In sorghum gram mold susceptIbIlIty durmg the
ramy season causes economIc losses that make It
monetarIly less competItive compared to other
crops The resIstance to gram mold has preVIOusly

652

been reported to be correlated With gram hardness
water absorptIOn rate and plant type In the present
study addItIOnal characters e g test weIght vol­
ume and denSIty floater and germmatlOn have been



studIed m 10 parents and 45 crosses among them
m dlallel deSIgn wIthout recIprocals (Table I)

Gram hardness was determmed as breakmg
strength m kg and the gram denSIty as a ratIo of
weIght/volume The volume of 100 grams was
calculated by puttmg the 100 grams mto a known
volume of water the dIfference bemg the gram
volume The floater seeds % was calculated by
puttmg gram m the solutIOn of SodIUm mtrlte
(NaN03) of sp gr 1 3

Gram mold ~core m the field (l=Res 5=Susc)
ranged from 1 6 to 4 1 m parents and 1 42 to 2 75
m hybrIds After threshmg the gram mold score
was reduced to 098 -3 55 m parents and 0 88 to
2 75 m hybrIds The gram mold mCldence was low
(098 125)mK241 SPV475 SPV351andSPV
603 and crosses based on these lInes

The 100 gram weIght ranged from 1 58 to 3 28
g m hybrIds and I 9 to 3 13 g m parents Gram
hardness was more m parents rangmg from 4 65 to
II 42 kg than m hybrIds (3 75 to 961 kg) SImI
larly denSIty of gram was more m parents rangmg
from 0 61 to 216 glcm 3 than m hybrIds The vol­
ume of 100 grams was 5 5 to 9 0 ml m parents and
53 to 10 3 mlm hybrIds Only two parents IS 3922
and SPY 232 showed a hIgher volume ofgrams (9 0
and 9 43 m!) The range of floaters % was 19 1 to
31 5% m parents and 1 75 to 40 5% m hvbrIds As
a lower percentage of floaters IS deSIrable some
hybrIds may have hIgh denSIty grams but other
hybrIds may have lIghter gram than all the parents
The floater % was lowest m three crosses VIZ SPY
351 x SPY 232 SPY 475 x SPY 456 and SPY 603
x 296 B rangmg from I 75 to 4 75

The gerImnatlon was hIgher m hybrIds (13 ­
74%) than m parents (8 to 64%) The parents K
24-1 SPV351 SPV603 SPV232andIS3443 and
some oftheIr crosses, K 24 1 x SPY 475 SPY 475
x SPY 603 SPY 603 x SPY 232 and SPY 351 x IS
3443 were found to be hIgher m germmatton per
cent I e up to 74%

The hybrIds were superIor to theIr parents for
resIstance to gram molds as well as 100 gram
weIght, volume and germmatton % The gram hard­
ness and water absorptIon of hybrIds was less than
the parental mean (Table I) The average heteroSIs
was negatIve for gram mold resIstance mdlcatmg
that hybrIds had 17% better resIstance than parents
On average, 100 gram weIght and germmatlon %
had margmal superIorIty of 8-10% over parents
For the remammg traIts mdlvldual heterOSIs was
Important

The weIght of 100 grams was posItIvely and
slgmficantiy correlated WIth volume of grams (r =
090**) and gram hardness (r = 0 138) and nega­
tIvely correlated WIth percent floaters The volume
and denSIty of gram was not correlated WIth mold
mCldence and other characters However hardness
ofgram was found to be negatIvely correlated WIth
percent floaters (r = 0 156) and gram mold mCI­
dence (r = 030*) Therefore, gram mold mCldence
would be low m those varIetIes whIch had hard
grams (X4) and low floaters (X5) The multIple
regressIOn of gram mold susceptIbIlIty (YI) for
these traIts was YI = 2332 01186** X4 +
00189** X5 Thus less floater % and more hard­
ness contrIbute to gram mold resIstance and pro
VIde a selectIon CrIterIa for resIstance breedmg

Table 1 Mean gram mold grade (1 Res 5 Sus) and phySIcal characterIstIcs of gram
Gram molds 100 gram WI

(I 5) (g)
Parents 2 27 2 29
Hybnds 1 90 2 49
SE± 042 027
Av heterossls % 1683 846
r 078 0 10

r =CorrelatIOn WIth gram mold resistance
• = Slgmficant at 5% •• Slgmficant at 1%

Gram
hardness (kg)

709
682
055
341
030'

Gram
votume(ml)

7019
736
044
236
001

Densl~
(g1cm )

082
069
029
066
003

Floaters
(%)

2441
2379
428
311
045"

Percent
Germmatlon

4078
4504

857
1045
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GenetIcs of Stem Sweetness and Seed Yield

m Pearl MIllet (Penmsetum glaucum [L JR Br)

N Jayaraman S R Sree Rangasamy and S Juliet Hepzlba Department of MIllets,
School of Genetics RamI! Nadu Agncultural Umverslty COlmbatore 641 003 India

High gram yield and qualIty straw are two fea
tures deSired m pearl millet To IdentifY supenor
cross combmatlOns and evolvmg breedmg strate­
gies for the Improvement of stem sweetness and
gram yield m pearl mIllet a 7 X 7 dIallei cross
mcludmg reciprocals was generated A compara
tlve study of F1 hybnds and their parents perform
ance was made over three seasons Genetic and
graphical analyses estimatIOn of GCA and SCA
and studies ofphenotypic stabdlty were carned out
to assess varIOus genetic parameters Combmmg
abilIty analysIs mdlCated the Importance of both

additive and non additive gene actIOn m the expres­
sIOn ofyield and yield components while the stem
bnx value at different growth stages was chiefly
additive m nature However genetic and graphical
analyses suggested the mfluence of dommance and
non allelIc mteractlOn Stem sweetness was low m
the vegetative phase reached maximum durmg
flowenng and was reduced slIghtly at gram matur­
Ity The stem sweetness at matunty plus yield of
gram and straw were at maximum m summer as
compared to khan!and rabl seasons

Smk-Source RelatIOnshIp m the Gram Sorghum Plant
Its Role In Gram YIeld and the PossIble Ways to Improve It

A S Kasakova All RUSSIa Research Institute for Sorghum
Zernograd Rostov-on Don RegIOn RUSSIa

Gram sorghum genotypes were studied durmg
ten years of field expenments to estimate the mflu
ence of envIronment on yield and the smk-source
relatIOnship Dry mass accumulatIOn and dlstnbu­
tlOn durmg vegetative and generative growth stages
were more stable under water stress conditIOns With
short- and mid-season varieties With the method

of partIal (50% of upper or lower leaves) or total
defohatlOn It was shown I) genotypes differ m the
role ofupper or lower leaves m gram filhng and 2)
the more ecologically stable genotypes have more
mtenslve reutlhzatlOn of storage and structure ele­
ments durmg stress

Molecular AnalysIs of ResIstance to Greenbug m Sorghum

C S Katsar, Dept Entomology Texas A&M Ulllversity College Station TX A H Paterson Dept Sad
& Crop SCiences Texas A&M Ulllverslty, College StatIOn TX G C Peterson Dept Sod & Crop SCI

ences Texas A&M Ulllversity Agncultural Research and ExtenSion Center Lubbock TX and G L
Teetes, Dept Entomology Texas A&M Umverslty College Station TX

The greenbug Schlzaphls grammum (Ron­
danl) IS a major msect pest of sorghum, Sorghum
blcolor (L ) Moench In Texas alone, losses due to
greenbug damage are estimated to be $21 3 mIlhon
Sorghum populations segregatmg for resistance to
blOtypes C E and I were developed at the Texas
A&M Ulllversity Agncultural Research and Exten
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slOn Center at Lubbock TX for the purpose of
IdentIfYmg molecular markers dIagnostic of sor­
ghum resistance to greenbug blOtypes

A segregatmg sorghum populatIOn conslstmg of
195 F3 famlhes from a cross of sorghum hnes
RTx430*PI550607 was phenotyped under green-



house conditIOns for their reactIOn to greenbug
blOtypes E and I The number ofgenes st"gregatmg
for resistance was determmed by Chi-squared
analysIs A smgle dommant gene appeared to be
segregatmg for bIOtype E resistance while three
resistance genes appeared to be segregatmg for
biotype I A recently pubhshed RFLP map of sor­
ghum was used to Identify DNA markers hnked to
greenbug resistance m thiS and other sorghum
populatIOns A molecular marker from thiS map
was found which accounted for 16% ofthe bIOtype
E resistance (a= to 5) and a marker mappmg to a
different lmkage group also cosegregates With blO
type I resistance (a=O 02) When analyzed concur
rently, these two markers account for approxi
mately 14% of the £henotyplc variation m biotype
I resistance (a=to )

Selective genotypmg IS a strategy used to ex­
pedlate mappmg monogemcally mhented traits

whereby the most susceptible and resistant pheno­
types are genotyped pnor to genotypmg an entire
segregatmg population Phenotypic analysIs of re­
sistance to bIOtype E greenbug m 220 F3 falmhes
of the cross Tx2783*SC283 14E suggested thiS
resistance IS simply mhented Selective genotypmg
was used to determme the locatIOn of a bIOtype E
resistance gene m thiS cross A DNA marker ac­
countmg for approxlmat~ 46% of the total phe­
notypic variation (a=to ), was Identified ThiS
marker maps to an altogether different locus than
either of the two molecular markers preVIOusly
Identified

Currently, efforts are bemg made to Identify
other DNA markers diagnostic of greenbug blO
types C, E and I m these and other sorghum popu­
latIOns

Components of Plant Height and Internodal Patterns
Determmmg Dwarfing Systems 10 Sorghum

Swarnlata Kaul NatIOnal Research Centre for Sorghum Hyderabad India V P Smgh and B S Rana,
NatIOnal Research Centre for Sorghum Hyderabad India *Reader Dept of Plant SCience Rohilkhand

Umverslty Bareilly India

Sorghum has vast varlablhty for plant height
which effects the plant canopy harvest mdex and
yield potential Dwarf genotypes are SUItable for
combme harvest while dual purpose types are re
qmred m the tropiCS A nonhnear relatIOnship eXists
between gram yield and plant height However
early flowermg and leafnumber the charactenstlcs
of dwarf plants are advantageous for gram yield
(Rana et at 1984)

MATERIAL An expenment was conducted to
study the mternodal patterns of 25 sorghum geno
types Among dwarfs IS 24373 was extremely
dwarf Five temperate genotypes from USA
SGIRL-MR-I CK 60B IS 84 SC 108 and BTx
623 and denvatlve lmes 168 CS3541 296B 2077
B weredwarfgenotypes E 12 1 E 35 1 SRN 4841
were Afncan tall genotypes while Alspun M 35-1
and Improved Ratnkel were Indian tall genotypes
Three high yleldmg hybnds CSH 5 CSH 6 CSH
9 and four varieties CSV 9 CSV 10 SPY 462 CSV
13 and E 36-1 denved from temperate x tropical

crosses formed the mtermedlate group between
temperate dwarfs and trOPiCal talls

All genotypes were grown m the rainy season m
a randomized block deSign replIcated three times
over two years Data were recorded on length of
mdlVldual mtemodes (IL) total number of mter­
nodes (NI) stem thickness (ST) and plant height of
five plants per genotype

RESULTS Plant height was sub dlVlded mto
three components stalk length (SL) peduncle
length (PDL) and panicle length (PL) The SL was
55 8 - 111 5 cm m temperate and denved dwarfs,
1436 - 1648 cm m medIUm tall genotypes and
211 0 -247 0 cm mAfncan and Indian tall cultlvars

The number ofmternodes was 11 - 14 m dwarfs,
11 - 15 m medIUm tall to - 16 m tall culttvars 14
m extreme dwarf and thus comparable m different
height groups However IL varied from 4 4 5 9
cm m temperate dwarfs 4 9 6 25 cm m denved
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Rana, B S B C Barah H P Blllswanger and
N G P Rao 1984 Breedmg optImum plant type
m sorghum Indian J Genet 44 14-27

296 B (125 cm)
CSH 9 (175 cm)

P-4 Parbohc (negaltve skewed)
a) Short mternodes
b) MedIUm mternodes

P5 Parbohc (poslove skewed)
a) No re elongation of

last mternodes
b) Re elongatIon of

last mternodes

BTx 623 E 36 I
(119162 cm)
I) CSV 9 SPY 462
(211 225 cm)
11) E 35 I E 12 I
SRN4841
(211 236 cm)

111) Alspun Imp
Ramkel
M 35 I (252 291 cm)

CONCLUSION The plant heIght was deter­
milled by the mternodallength rather than mter­
node number Shortemng of the III and VII mter­
nodes was an effective mdlcator of dwarfing Four
different patterns of Illternode elongatIOn coupled
With short length represented the dwarfing system
msorghum

The dwarf groups showed a slow Illcrease and
condensation III the middle mternodes followed by
a slow Illcrease In tall genotypes, the elongatIOn of
basal mternodes had been very fast The followlllg
patterns (PI-P5) of mternode elongatIOn deter­
mmed the plant height m sorghum

P I Double parabohc (Two peaks) IS24373
(condensed mternodes) (84 cm)

P 2 Accelerated retarded 168 CS 3541
Accelerated (Short mternodes) SC 108 2077B

(l19145cm)
P3 Accelerated Staltc accelerated SGIRL MR I CK

60B
a) Short mternodes IS 84 (115 133cm)
b) MedIUm mternodes CSH5 CSH6 CSVI3

(175 180 cm)
c) Long mternodes CSVIO Y75 (201 275

cm)Plant height tpHT) was posItIvely correlated (r
= 0 94**) With IL but not slgmficantly With PDL
PL NI and ST The length of each mdlVldual
Illternode was positIvely correlated (r = 0 73** to
094**) With plant height The multiple regressIOn
equation to determllle plant height (Y) was

The III and VII mternodes were slgmficantly
and positively correlated WIth plant height while V
mternode had a negative Illfluence on plant height
Hence condensatIOn of III and VII Illternodes III

particular effectively mduced dwarfing m sorghum
though reduction III all the nodes would make the
plant extremely dwarf as III IS 24373 PDL and PL
were direct components of PHT and any Illcrease
m them would add to plant height, though It was
not necessary that long stalk would bear long PDL
orlongPL

Y=75 44+ 148** XI +2 79** X2+ 552** X3+
684** X4 307** X5 + 4 63** X6 (R2 = 0 98)

Where XI = PDL, X2 = PL, X3 = NI, X4 = III
mternode length, X5 = V mternode length, and X6
= VII Illternode length

dwarfs, 80 124m medIUm tall and 105 210
cm m tails whJie m the extreme dwarf genotype It
was 2 4 cm Thus, lL was dlstmctly short m dwarfs
The PDL was 11 1 cm m extreme dwarfs 195­
40 0 cm III dwarfs, 29 1 - 50 3 cm III medIUm and
12 3 - 35 9 cm III tall cultlVars Thus short pedltncle
length mduced dwarfness III IS 24373 whJie Its
elongation added to the height m the dwarf and
medIUm genotypes Plant dry weIght (DW) was
24 9 III 9 g III dwarfs 77 0 - 163 3 g m medIUm
and 90 9 - 282 0 g m tails The CV for SL NI and
PDL was 39 4 29 2 and 34 8% respectively butwas
high for DW (55%) thickness of stalk (67%) and
average Illternode length (100%)

Downy Mildew ReSistant and High Yleldmg Pearl
Millet HybrId JKBH 26 for the Low Ramfall Zones of India

C Rama Krishna, Semor Manager Research, J K Agn Genetics
A DIVISIOn of J K Industries Ltd Secunderabad, A P India

Pearl millet (Penmsetum glaucum [L] R Br)
locally known as bajra, IS an Important cereal crop
10 India With an estimated area of 11 mJihon ha m
the arid and semiarid regIOns of the country ThIS

represents 30% of the world pearl mtllet area
Nearly 75% of thIs IS grown m the states of RaJas­
than GUJarat Maharashtra and Uttar Pradesh The
states of northwestern India, Ie, Rajasthan, Gu
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Jarat, Haryana, Uttar Pradesh Deihl Punjab and
MadJya Pradesh, are grouped under Zone A by the
All IndIa Pearl MIllet Improvement Project (AICP­
MIP) JKBH IS well sUIted for thIS zone

JKBH 26 a smgle cross hybrId was developed
by crossmg an early male-sterIle Ime wIth a me­
dIUm maturIng medIUm tall restorer Ime JKBH 26
was tested as MH 595 m the Zone A trIals of
AICPMIP durmg 1993 to 1995 In the~t: years It
exhIbIted stable gram yIeld performance Its mean
yIeld for three years was 2 30 t ha 1 compared to
I 98 t ha 1, I 97 t ha 1 and 2 14 t ha 1 for the
natIOnal checks MH 338 (HHB 67) MH 169
(Pusa 23) and MH 179 (ICMH 451) respectIvely
Fodder IS equally Important m thIS zone Because
of ItS tall heIght (160-200 cm) JKBH 26 gave hIgh
mean fodder yIelds of:> 3 t ha 1 meetmg the farm
ers reqUIrements JKBH 26 IS a medlUm-maturmg
hybrId takmg 50 53 days for 50% flowermg and
maturmg 10 78-83 days The plants have well ex
erted compact, non brIstled panIcles ThIS hybrId
has grey colored bold gram (128 gper 1000 grams)
and recorded 9 62% protem compared to 7 87% for

natIOnal check MH 169 It IS hIghly resIstant to
lodgmg as was eVIdent from demonstratIOn plots 10

farmers fields 10 northern IndIa (Zone A) dUrIng
the 1994 ramy season The hybrId IS hIghly resIs­
tant to downy mddew (Sclerospora gramlmcola),
the most WIdespread and destructIve dIsease of
pearl mdlet It was the only hybrId to record 0 0%
mCldence 60 days after sowmg 10 the 1994 AICP­
MIP trIals under SIck plot condItIOns where suscep
tlble check HB 3 had recorded 87 6% Further no
mCldence was recorded under natural condItIOns
dUrIng 1993 JKBH 26 responds well to mtroge­
nous fertlhzers havmg shown an mcrease of34 9%
10 gram Ylel~ when mtro~en level was mcreased
from 0 kg ha to 30 kg ha The hybrId IS SUItable
for cultIvatIon as a dryland crop durmg the ramy
season 10 low ramfall zones ofnorthwestern IndIa
Havmg completed three years oftestmg 10 AICP­
MIP trIalS successfully a proposal for ItS Identifi­
catIOn has already been submItted to the project

Durmg the ramy season of 1996 JKBH 26
occupIed an area ofabout 76 000 ha and IS expected
to be grown on 150,000 thousand ha 10 1997

High Yleldmg Gram Sorghum HybrId JKSH 22 for Pemnsular IndIa

C Rama KrIshna, Semor Manager - Research J K Agrl-Genetlcs
DIVISIon of J K IndustrIes Ltd Secunderabad A P IndIa

Sorghum (Sorghum blcolor [L] Moench) 10
cally known aSJowar IS cultIvated 10 Indld 10 both
ramy and post ramy seasons for food and fodder
In the ramy season It IS grown 10 an area of about
65 mllhon ha, mostly 10 the states ofMaharashtra,
Madhya Pradesh Andhra Pradesh Karnataka and
TamIl Nadu m penmsular India About 80% of
sorghum seed produced for the ramy season IS sold
m Maharashtra and Karnataka

GenetIc Improvement for produCtIVity and qual
Ity ofproduce are the major objectIves ofbreed109

for ramy season sorghum The spread ofhIgh yIeld
mg hybrIds has slgmficantly Improved productIVIty
of ramy season sorghums espeCIally 10 the states
ofMaharashtra and Karnataka JKSH 22 [tested as
JKSH 161 10 the All IndIa Coordmated Sorghum
Improvement Project (AICSIP) trIals] has both
hIgh yIeld potentIal and Improved gram qualtty and

has been successfully cultIvated 10 penmsular In­
dIa It was developed by crossmg a bold seeded
short male-sterIle Ime WIth a medIUm tall restorer
Ime JKSH 161 was tested 10 the AICSIP trIals
durmg 1993 to 1995 Results mdlcated that ItS mean
gram yield was 4 0 t ha I compared to 3 7 t ha I for
the natIOnal check In 1993 JKSH 161 ranked first
m both ramfed and lITigated trials With a mean gram
yIeld of 4 8 t ha I and 7 5 t ha I respectively
showmg ItS nomnteractlve nature It IS a medIum
maturIng hybrId takmg 65-72 days to 50% flower­
109 and maturmg 10 103 III days It has a very
large open panIcle an Ideal feature for ramy season
sorghums Grams are bold (35 8 g per 1000 grams)
With pearly whIte color for which farmers receIve
better prIces The flour of JKSH 161 gIves soft,
cream colored rotl (bread) that puffs well and has
fair keepmg qualtty (AICSIP report ramy season
1994) When the monsoon IS delayed shoot fly
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(Athengona soccata) pressure mcreases and can
cause substantIal economIc damage JKSH 161 IS
tolerant to shoot fly wIth an average of48 4% dead
hearts compared to 62 9% for the natIOnal check
JKSH 161 responds well to fertIlIzers and was
supenor at the natIOnal level for both gram and
fodder yIelds at varIous levels of mtrogen and
phosphorus (Agronomy Tnall (K) AICSIP 1995)
Havmg completed the reqUIred three years testmg
mAlCSIP tnals a proposal for ItS IdentificatIon has
been submItted to the project

For most present day sorghum hybnds parental
hnes should be staggered at sowmg to synchrolllze

flowenng However WIth JKSH 22 there are no
seed productIOn problems smce the parents mck
perfectly and can be sown sImultaneously m hybnd
seed productIOn plots ThIS faCIlItates attammg
hIgh seed yIelds whIch attracts seed producers to
take up ItS productIOn on a large scale

JKSH 22 has been well accepted by farmers due
to ItS umque phenotypIc and agronomIc features
Dunng the ramy season of 1996 JKSH 22 occupIed
about 120 000 ha m the sorghum growmg areas of
penmsular IndIa and IS expected to be grown on
about 400,000 ha ill 1997

Pearl MIllet (Okashana No 1) Farmer-Based Seed ProductIOn m NamIbIa

W R Lechner Mmlstry of Agnculture, Water and Rural Development
Omahenene Research StatIOn Box 144 Oshakatl NamIbIa

Pearl mIllet (Okashana No 1) seed
productIOn (tons)

seed to farmers IS N$ 3 DO/kg the gram pnce IS
about N$ 1 20/kg

The cleaned seed IS treated WIth ThmlIn slurry
and sealed m 2kg labeled plastIC bags the seed rate
for one hectare

Farmer educatIOn has been cntlcal to the success
of thIS multIplIcatIOn scheme both m how to pro­
duce seed, and theIr wl!lIngness to buy qualIty seed
ofa good varIety at a pnce that generates suffiCIent
mcome to operate the process

199596
17

214
231

199495
46
74

120

199394
38
35
73

199293
37
21
58

Year
Gm productIOn
Fanners produclIon
Total producllon

WIth a total productIOn of 231 metrIc tons a
seed rate of2 kg ha 1and assummg a replantmg rate
of 25% approxImately 86 000 ha wl!1 be planted
WIth new Okashana No I seed m the 1996/97
season ThIS IS about 25% ofNamIbIa s pearl ml!let
crop WhICh, accordmg to FAO s Early Warnmg
System IS about 350,000 ha

The table below shows how small scale farmer
mvolvement has grown rapIdly as theIr 1.111der
standmg of seed productIOn requIrements grew
and the finanCIal advantages ofbemg seed produc
ers were realIzed ThIS has led to the formatIOn m
1996 oftheNorthern NamIbIa Farmers Seed Grow
ers Co-operatIve (NNFSGC) Small-scale seed
producers must regIster and use GRN foundatIOn
seed Only seed whIch has passed the reqUIsIte field
mspectlOns conducted by Agncultural ExtensIOn
seed mspectlon officers of the DIrectorate of Ex
tensIOn and Engmeermg ServIces IS accepted Each
year all seed processed has been sold out

The 1995 96 mtake pnce for clean seed IS N$
2 00 per kg and the retal! pnce of treated bagged

After the 1991-92 severe drought the Govern
ment of the RepublIc of NamIbIa (GRN) realIzed
that seed of Important food crop varIetIes for small
scale farmers must be produced 'm country "

In 1992 a small-scale farmer seed project for
pearl mIllet, the major food cereal of northern
NamIbIa was launched by GRN WIth fundmg assls
tance by FAO and the European Dmon (ED) Pearl
ml!let open pollInated varIety (OPV) OKASHANA
No 1 was released ill 1990 and the first 50 kg of
seed obtamed from the SADC ICRISAT program
at Matopos ZImbabwe
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Phenotypic Diversity of Sorghum Landraces m Chma

Yu LI and CUlzhen LI Institute of Crop Germplasm Resources
Chmese Academy of Agncultural SCiences Beljmg 100081 PR Chma

Sorghum [Sorghum blcolor (L) Moench] was
one ofthe most Important crops m Chma m the past
and IS still an Important crop m northern Chma
today Dunng long term domestication thiS cereal
has accumulated a great deal of genetic variatIOn
and many landraces have formed m varIous local
environments For the total number of sorghum
accessIOns preserved m the Chmese Genebank
(16874) landraces (10386) account for about
6 I 5% Based on the analySIS ofsome morphologl
cal characters mcludmg seedhng sheath color mid
nb color panicle compactness panicle shape ker
nel covenng glume color kernel color and tillenng
ablhty a high degree of phenotypic diversity for

Chmese ongm sorghum landraces could be found
Shandong Lmomng and Nelmenggu the regIOns
most sUItable for sorghum cultivation m Chma
have highest diversity These regIOns also have
long history of sorghum production

Great vanablhty eXists m Chmese sorghum
landraces for some quantitative characters such as
plant height dmmeter ofstalk base panicle length
peduncle length gram weight per pamcle 1000
gram weight and days to matunty Disease and pest
resistance stress tolerance and quahty traits were
evaluated m the past decade and ehte germplasm
With speCific characters have been Identified

Germplasm Evaluation m Forage Sorghum

G P Lodhl Department of Plant Breedmg, CCS Haryana
Agricultural Umverslty Hlsar 125004 India

Evaluation and charactenzatlOn of germplasm
of any crop species must precede crop Improve­
ment program Smce useful genes may be aVailable
m a multitude of hnes or populatIOns mformatlon
on parameters of genetic varmblhty IS of Immense
value m recombmatlOn breedmg

CCS Haryana Agncultural Umversltj Hlsar
Department of Plant Breedmg shares at the na­
tional level major responslblhtles for collectmg
mamtammg evaluatmg and catalogmg the forage
sorghum germplasm A total of 11000 germplasm
hnes were evaluated for varIOus attributes and a
data base developed

Conslderabk genetic varmblhty has been ob
served for morphological or phYSIOlogical traits
related to performance adaptatIOn nutritive value
dlgestlblhty tOXIC constituents and resistance to
pests and diseases ThiS IS exemphfied by the range
ofvarmtlon observed for days to flowermg (38-93
days) plant height (39-328 cm) leaf number (3
20) leaf length (49 85 cm) leafbreadth (3 6 to 8 6
cm), stem girth (36 64 cm) leafweight per plant

(83 - 90 0 g) stem weight per plant (61 430 g),
leaf stem ratio (0 I - 0 7) green fodder yield per
plant (120 - 1510 0 g) and dry matter yield per
plant (5 7 417 Og) Becauseofmtrmslccomplexl­
ties m recombmatlon breedmg and handlmg of
multlparent crosses It IS worthwhile to Identify
genetic stocks that contam more than one trait
related to per se performance and end use quahty
In that context the followmg hnes were found to be
good for fodder yield and should be extensively
explOIted m the breedmg of Ideal forage sorghum
varIetIes IS 1044 IS 18580 IS 18578 PS 14413
PI7R He 136 S 285 S 308 and HFS 566 Due to
the farmer s preference and need for multlcut va­
netles progress has been made to IdentIfY genetic
stocks possessmg mherent genetic potentml for
regeneratIon and tJ1lermg WIthout an exogenous
supply of growth promotmg hormones MuItlcut
types that can be mvolved m crosses to transfer
genetIc potentml for regeneratIOn and faster growth
mc1ude SSG 59-3 HFS 566 J 69 M P Chari IS
3214 3240 3274 3374 GIG 46 and G 48
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Production potential of forage sorghum Imes IS
ofless value If they do not possess good nutntlve
value dlgestlblhty and low content ofantlmetabo
htes/constltuents hke HCN and tannm A large
range ofVariatIOn has been found for HCN (70-600
ppm) tanmn (0 5 to 6 3%) protem (3 01 875%)
IVDMD (40 to 66%) NDF (57 to 70%) ADF (31
to 43%) cellulose (21-33%) and hgnm (47%)
From the Imes analyzed 12 and 91mes appeared to
possess low HCN and tannm content respectIvely
The promlsmg Imes are IS 1059, IS 3247 IS 29/1
IS 4776 and NS 256 Low HCN and tannm content
are assumed to be dommant Sorghum genotypes
ImpI Iowar and S 520 had hIgh protem (more than
7%) whIle IS 4770 IS 8312 and IS 6880 have
hIgher dlgestlblhty (more than 55%) HC 136 and
HC 171 possess high protem content high In vitro
dry matter digestibIlIty and very low content of
tOXIC constituents Lmes G 40, IS 8087 IS 3380,

Spy 98 S 171 S 260 and S 435 showed resIstance
to most fohar dIseases Lmes IS 5469 and IS 2123
show resistance to stem borer and shotfly and are
also good m other fodder traIts

Breedmg value of elIte gennplasm Imes IS best
mdlcated by general combmmg ablhty and stablhty
over environments Lmes found to be good com
bmers mclude IS 1049 IS 6090 PI 7R C 406-8
T30 and PC6 for plant height and leaf characters
GlO, HC 136 PSV 102 SPY 98 and IS 263 for
fodder yIeld S roxburghll for IVDMD and tannm
IS 4776 for protem and HCN and IS 1049 for
protem and IVDMD Use ofthese Imes m breedmg
programs to accumulate a constellation of favor­
able alleles m a dynamiC population and to develop
genetIC maps usmg molecular markers would be
worthwhIle

Sorghum Crop Improvement Research In Zimbabwe

GenetIC Improvement IS currently focussmg on
developmg varIeties WIth the followmg qualItIes
dIsease resistance drought tolerance, pest and m­
sect reSIstance good gram quahty and Strlga toler­
ance Low gram yields and quahty are bemg Im­
proved through crosses mvolvmg NL 330 NL 499,
SV-1 and SV 2 WhICh are higher yleldmg varIetIes

The yield gap between Improved open polli­
nated varieties (271 t/ha) and small holder farmers
yIelds (032 t/ha) IS high However, for large scale
commercial farmers yields of2 72 t/ha are close to

N Mangombe, Sorghum and MJilet Umt Matopos Research StatIOn P Bag K513 7
Bulawayo, Zimbabwe, S Mabasa, Weed Research Team, Henderson Research Station,

P Bag 2004, Mazoe, Zimbabwe, and L T Gono, Sorghum and Millet Umt,
Matopos Research StatIon, P Bag K5l37, Bulawayo, Zimbabwe

Small holder farmers m ZImbabwe s margmal the potential of the hybnd DC75 (361 t ha \
ramfall (450 - 650 mm) regIOns III IV and V grow because of use of the Improved hybnd and proper
more than 90% ofwhite and brown sorghum under management practices The large gap for small-
raInfed conditIOns The sorghum cultlvars are pre holder farmers IS caused by lack of Improved va
dommantly open pollmated varietIes A few large netIes whIch can tolerate drought dIseases pests
scale commercIal farmers m these regIons grow msects and low SOIl fertilIty
DC75, a brown sorghum hybnd under dryland
condItions White sorghum IS generally used for
food whereas brown sorghum IS used for brewmg
opaque beer

Screen mg of Sorghum for ReSistance to Ergot (Clavlceps ajTlcana)

N W McLaren and W G Wenzel, ARC-Gram Crops Institute
Pnvate Bag X125l Potchefstroom 2520 Repubhc of South Afnca

Ergot ofsorghum caused by ClaVlceps afrlcana
was first reported m Afnca m 1965 It has sub

sequently spread throughout sub-Saharan Afnca
and wlthm the last two years to BrazIl Argentma
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and Austraha Concern has been expressed about
Its spread mto the U S

The disease IS charactenzed by a StiCky exudate
that develops on the tiPS of mfected florets Infec
tlOn may range from a few florets to the entire
panicle Smce the fungus colomzes the ovary m­
fected florets produce no gram Durmg 1995/96
losses 10 South Afnca ranged from 20-60% Al
though most severe m seed productIOn fields the
disease IS also prevalent m cooler commercial pro
ductlOn areas

The disease IS favored by cool humid condl
tlons dunng early anthesls The optimum tempera
ture for mfectlOn IS ±20°C and disease mCldence IS
neghglble above 28°C High humidity durmg the
mfectlOn penod faclhtates disease development

Despite Clavlceps spp occurrIng on many
grammaceous crops there IS no consistent eVidence
of genetic sourc,es of phYSIOlogical resistance that
ensures protectIOn agamst the particular Clavlceps
spp that parasitizes that crop plant As a result
emphasIs m screemng and selectIOn studies has
been placed on floral charactenstlcs that promote
disease escape Smce florets are only susceptible to
mfectlOn from floret openmg to fertlhzatlOn em
phasls has been on polimatlOn based escape-resls
tance

Pre flowermg cold conditIOns (mmlmum tern
perature <l20 C) 23 27 days pnor to anthesls reduce
pollen Viability with a concomitant reductIOn m
seed set under polimatlOn bags and mcreased ergot
susceptlblhty m artifiCially moculated screenmg
tnals Reduced pollen Viability was eVident by a
large mcrease m starchless pollen grams m low
temperature susceptible genotypes In sequential

plantmg date evaluations cold tolerance was ex
pressed as mcreased seed set and escape resistance
compared with cold susceptible genotypes at
eqUivalent temperatures

Due to the close correlatIOn between climate,
predispositIOn to ergot and mfectlOn small vari­
ations m flowenng date and associated weather
dunng early anthesls m screemng tnals can affect
disease seventy ThiS raises the questIOn as to
whether observed differences m disease seventy
between genotypes IS weather or genetic based A
non-linear regressIOn analySIS techmque that deter­
mmes the relatIOnship between mean expected er­
got seventy (as percentage mfected florets) asSOCI
ated with a speCific flowenng date m a 200-entry
sorghum nursery (termed the ergot potential) and
observed ergot mCldence 10 genotypes was used to
quantify ergot escape resistance Subsequent mod
ehng of ergot development m large nursenes m
relatIOn to pre flowenng cold stress and maximum
daily temperature and humidity durmg early anthe­
SIS has enabled the disease potential to be mathe
matically computed The disease potential reqUired
to mduce ergot m a genotype (termed ergot break­
down pomt) IS used as cntenon to quantify escape
resistance Disease potentials reqUired to mduce
ergot m sorghum Imes ranged from near 0 m male­
stenle Imes to 48% m IA38

Components of escape resistance were studied
and are illustrated These mclude pollen vlablhty
associated With levels of cold stress, pollen x do
nor female mcompatlbllity rate offlower openmg
pollen shed and fertlhzatlOn All floral charac­
tenstlcs which delayed pollmatlOn were asSOCiated
With an mcrease m ergot seventy Genotypes which
tend towards c1elstogamy are least prone to mfec­
tlOn

Yield Stability of Twelve Pearl Millet PopulatIOns m Semi-And Kenya

L M Ragwa, C Kamau J Gltarl and E NJlrum
KARl Katumanl POBox 340 Machakos Kenya

The goal ofa breeder IS to develop vanetles that
have high yield potential and stability when grown
10 different and variable environments Stability IS

Important because varieties With predictable per
formance are more deSired by farmers
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Twelve pearl mIllet populatIOns were tested m
the randomized complete block national perform
ance trials (NPT) with four replications from 1983
to 1993 The objective was to compare gram yield
stability across the pOSSible release environments
The mean gram yield linear regression coeffiCient
(b), coeffiCient of determmatlOn (R2

) and coeffi
clent ofvariatIOn (cv) were used to determme gram
yield stability

The mean gram field ranged from 1267 9 ~
ha It022619kgha KATIPM 1(22619kgha )
and KAT/PM 2 (19266 kg hal) the two cultIvars
recommended for cultivatIOn m Kenya had slgmfi­
cantly (P<O 05) greater gram yields than others
Local populatIOns mcludmg ex Coast coil #164
Gatunga local and cross denvatlve Px8, had the

lowest gram yield There were no slgmficant dif­
ferences among the ex lCRISAT populatIOns WC­
K77 ICMS7703 ICMS7818 andIVS 5454 These
varieties appear to have lost their ongmal Identity
due to selectIOn over several cycles

Gram yield stability parameters b values, R2

and cv mdlcated that KAT/PM I was more variable
and adapted to good environments than KATIPM­
2 Varieties WC-K77 KAT/PM-2 and IVS 5454
were more stable than others m the seven environ­
ments PopulatIOns ex Gatunga, Sounga Bukma,
Px8 ex-Coast coil # 164 and ICMS 7818 appeared
to be adapted to poor environments and less stable
than others Therefore these vanetles were With­
drawn from thel996 long rams NPT and substi­
tuted With four varieties from ICRISAT

Genetic Improvement of Sorghum Maltmg Qualities

J N Mushonga Research and SpeCial Services Harare Zimbabwe

Eighty five sorghum genotypes composed of
13 Imes 5 testers, 65 FI hybnds and 2 controls were
planted at Muzarabanl Zimbabwe for two seasons
1986 87 and 1987-88, to study combmmg ability
and heterOSIs for dIastatlc activity expressed as
sorghum dIastatlc umt (SDU) per gram of malt m
1989 at Matopos Zimbabwe Differences between
sorghum lines testers crosses and total entnes
were slgmficant for dIastatIc activity m both sea­
sons The mean SDU g I malt for crosses vaned

from 20 5 to 67 2 for the 1986-87 season and 13 3
to 48 9 for the 1987 88 season Nonadditive gene
actIOn was pnmarIly responSible for dIastatlc ac­
tiVity The highest positive general combmmg abil­
Ity effects were observed for 4HA85S and tester
120A Slgmficant positive speCific combmmg abil­
Ity effects were observed for cross 120A x D­
38073-2 m both seasons ThiS IS the only cross
which had posItive heterobeltlosls m both seasons
Most of the crosses had negative heterobeltlOsls

The Study of Sorghum ApomiXIs m Chma

TT Nm FY Zhang SB Wu CG Meng XM Han XM Yan
J X Wang J B Zheng, Y J Shang J A Pmg L X Wang, Y M Wei

and Y Sun ShanXI Academy of Agn SCI TaIyuan ShanXI P R Chma 030031

An apomictic line SSA -1 was created by mul­
tIple crossmg With R473 as one parent

VarIOus approaches mcludmg a crossmg test
progeny test and embryogenesIs test were used to
study the autonomous seed set of SSA 1 The re
suIts showed that SSA I had no pollen abortIOn no
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cross stenlity m the sexual splklets and could pro­
duce seed autonomously Frequency of autono­
mous seed settmg IS 13 3 32 7% The trait of
autonomous seed settmg IS controlled by two reces­
sive genes The frequency of apomiXIS IS 25 5­
52 2% mdlcatmg facultative apomictiC properties
No crossmg stenlity was observed m SSA I The



frequencyofapomlxlsofSSA 1was not dependent
upon factors such as methods ofpoIhnat\On or types
of pollmators It IS therefore a good hne for
apomixIs studies and the fixatIOn ofheterozygosity

Another sorghum apomictic lme 296B was
Identified and the embryological study on It IS
discussed m the article The Morphological Char
actenstlcs of Apomictic Embryo m Sorghum
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Screenmg New Sorghum Hybrids for ReSistance to the

Stemborer, Chilo partellus, and for Gram Yield

AM Nour and K N Saxena, InternatIOnal Centre ofInsect PhysIOlogy
and Ecology (ICIPE) POBox 30 Mblta Kenya

Ten sorghum hybnds were evaluated for resls
tance to the stem borer Chzlo partellus (Swmhoe)
and gram yield dunng the short ramy season of
1990 and the long ramy season of 1991 at Mblta
Pomt Field StatIOn Significant differences were
detected among these hybnds for deadheart stem
tunnellmg larval and pupal populatIOn denSity
number of tillers per plant plant height and gram
yield

All hybnds showed resistance for at least one
resistance parameter However three hybnds

namely ATx623 x IS-1044, 1441 A" Serena and
1441 A x IS I044 showed resistance agamst dead­
heart and stem tunnelhng and were considered as
resistant hybnds These were Identified as high
yleldmg sorghum hybnds With a good level of
resistance

The percent stem tunnelhng and deadheart were
negatively and slglllficantly correlated With plant
height All hybnds gave gram yields slglllficantly
higher than either local check The resistant check
IS 1044 gave the lowest gram yield of4 98 t/ha I

Pearl Millet Improvement In Ghana Past Present and Future

S K Nutsugah D K Atokpte and P B Tanzubll Savanna AgrIcultural
Research Institute (SARI) Council for SCientific and

Industnal Research (CSIR) POBox 52 Tamale Ghana

Pearl millet (Penmsetum glaucum) IS one ofthe
most Important staple cereal food crops mNorthern
Ghana It IS grown for gram on about 220 000 ha
m the savanna agroecologlCal zones covenng the
Upper West Upper East and Northern RegIOns
These regIOns cover 4 I% of the total land area of
the country MJllet has hardly been explOited ge-

netlcally for gram production despite ItS Impor
tance as a staple crop With high nutntlOnal value
and resistance to adverse conditIOns

Research mto the Improvement of pearl mJllet
IS mandated to the Savanna Agncultural Research
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Institute (SARI) at Nyankpala, near Tamale 10

northern Ghana

The general objective of the pearl millet Im­
provement program IS to develop hIgh yleldmg
varIetIes With specific adaptatIOn to dIfferent eco
logIcal zones of the savanna SpecIfically the re
search program seeks to IdentIfy and develop early
medIUm and late maturmg varieties wIth hIgh gram
yIeld good gram quahty and resIstance to downy
mIldew smut ergot stemborers and head msects

In order to achIeve these stated objectIves sev
eral actIvIties are undertaken 10 the form of pro
Jects These mclude (A) Germplasm Enhancement
(I) IntroductIOn collectIOn and conservatIOn of
pearl millet germplasm (11) Breedmg for resistance
to Smga hermonth/ca (m) Breedmg for resIstance
todownymlldew(DM) smutandheadmsects (IV)
Breedmg for food qualIty (v) Variety testmg, re
glOnal and mternatlOnal tnals (VI) Breeder seed
productIon, (B) Pathology (I) ScreenlOg for host
plant resistance to DM, smut and ergot, (n) Rese­
lectlOn of pearl mIllet varieties utlhzmg residual
vanablhty for DM reactIOn and (lll) Survey of
disease/pest problems In the mandate area, and (C)
Entomology (I) Studies on dlstnbutlOn and dam­
age potential ofkey lOsect pests, (11) BIOecology of
head msects and borers, and (m) Development of
IPM packages for the key msects especially stem­
borers and head lOsects

The mIllet Improvement program commenced
10 1980 10 SARI (then Nyankpala Agncultural
Expenment Station) However due to high turn
over of research staff the mIllet Improvement pro
grams lagged behmd lo research ImplementatIOn
and output due to lack of program contmUlty In
spIte of thIs constramt the focus IS on early mIllet
whIch IS very Important for the subSIstence farmers
lo the major mIllet growlOg areas ofthe Upper East

RegIon The late mIllet has not been gIven senous
recogmtlOn 10 research work because It produces
straw at the expense ofgram Furthermore It serves
as a reservOIr for asexual spores of Sclerospora
gram/mcola and dlapauslOg larvae of the stem­
borer Comesta /gnefusahs 10 mfected debns dur­
109 the off season

The mIllet pathology research program com­
menced lo 1992 lo collaboratIOn with ICRISAT
NIger under the West and Central Africa MIllet
Research Network (WCAMRN) The work lo­

volves screemng of mtroductlOns and local geno­
types for their resIstance to DM smut and ergot
The reslstance-screemng techmques used at ICRI­
SAT 10 India and NIger have been modIfied to SUIt
our worklOg conditIOns Some selectIOns have been
Identified to possess multiple resistance to DM
smut and ergot dunng 1993 95 ramy seasons and
have been lOcorporated mto our breedlOg pro
grams These selectIOns were MDN 88 Ex-Borno
Sosat C 88 and SE 360

Entomology research has IdentIfied stemborers
and head msects (Caryna spp Dysdercus volkerl
and HellOchellus alblpunetella) as key pests that
deserve attentIOn Partial burnlOg of stalks at har­
vest IS recommended for stemborer control whIle
hand plckmg and the use of botanical pesticides
especially those from Neem (Azadlracta mdlca) are
promlsmg agamst the head feeders

The purpose of thiS poster IS therefore to pro­
Vide a background to the prlOclpal constramts to
mIllet Improvement lo Ghana and give a synopsIs
of the results so far obtamed The future program
WIll focus on a logical progressIOn of systematIc
testmg and selectIOn process 10 ImprovlOg the crop
The emphasIs WIll be on populatIOn Improvement
recurrent selection approach, development of sus
tamable plant protectIOn and productIon systems

Inheritance and PhySiology of Chllhng Tolerance m Gram Sorghum

J P Ouma, C E Wat~on L M Gourley and J 0 Garner
Dept of Agronomy, MISSISSIppI State Umverslty MISSISSIppI State MS

Four cold tolerant sorghum mbreds collected
from hIgh altitude locatIOns 10 Eastern Afnca, three
cold-susceptible brown mid nb (BMR) hnes and
theIr F2 and F3 progemes were grown on a hIgh
altItude sIte at Lanet, Kenya 10 1994 and 1995 Cold
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tolerance was measured as the abilIty to set seed
under low mght temperatures There were slgmfi­
cant dIfferences for percent seed set among lObreds,
F2 s and F3 s Seed set of the F2 generatIOn was
mtermedlate between the cold tolerant and cold-



susceptible parents Slgmficant additive and domi­
nance genetic variances were observed AdditIVe x
additive epistasIs was noted In some crosses Doml
nance was toward the cold-tolerant parent The
estimated mlmmum number of genes segregatmg
was 1 to 3 Cold tolerance dunng flowermg ap
peared to be detennlned by a few genes With addl
tlve and non-additive genetic effects Broad-sense
hentabllity was high but narrow sense hentabllity
was low to moderate Thus Improvement of cold
tolerance at flowering will reqUire breeding meth
ods which mlmmlze environmental variatIOn

In the greenhouse Visual symptoms of chilling
stress were observed among genotypes durmg the
vegetative stage ObservatIOns were made on the
second leaffrom the top Mean growth temperature
In the greenhouse was 168 / 97°C (day/mght)
Symptoms ofchilling injury Included slow growth
loss ofchlorophyll and Wilting m the ChilI-suscep­
tible genotypes Tropical highland cultlvars S 92
N 17 and Nyundo were chili-tolerant Among the
temperate genotypes BMR989 was the more sus­
ceptible to cold damage than BMR986 and
RTx430 When plants were transferred from 30°C
to constant 10 or 24°C m the growth chamber
leaves of N 17 were observed to develop purple
pigmentatIOn under 24°C At 10°C loss of chloro
phyll was observed In the newly developed leaves
of all genotypes ThiS reactIOn was more pro
nounced In the cold-susceptible temperate geno
types

For electrolyte leakage and differential thermal
analySIS genotypes BMR989 RTx430 LAN6 (F2
progeny ofS 92 x BMR989) and S-92 were used
For electrolyte leakage three I-cm diameter leaf
disks were mcubated at 6 15 or 30°C for a penod
ono 60 120 or 180 min Electrolyte conductlVlty

of each tissue sample was measured There was a
slgmficant temperature x stress duration mterac­
tlOn Highest electrolyte conductiVity occurred
With 6°C and 180 mm Cultlvar differences were
mSlgmficant, but a consistent trend was observed
among genotypes The LAN6 genotypes had lower
electrolyte leakage than their parents In order of
mcreasmg conductiVity genotypes were ranked
LAN6 RTx430 S 92 BMR989

Differential thermal analySIS was carried out
usmg leaf lamina and leaf cross sectIOns The final
temperature was set at 20° C With a chilling rate of
1°C per hour Low temperature exothenns gener­
ally occurred at 109°C Tropical parent S 92 had
a slgmficantly higher freezmg temperature than the
temperate parent The F2 progeny had a tempera­
ture exothenn Similar to the tropical parent Rank­
mg of genotypes by thelf low temperature
exothenns was not m agreement With results of
electrolyte leakage or Visual observatIOns

The changes In fatty aCid compOSitIOn of leaf
polar lipids ofN-17 RTx430 and BMR989 were
analyzed usmg gas chromatography Plants at the
6 leaf stage were subjected to air temperatures of
24 or lQoC for 7 d m the growth chamber Unsatu­
rated fatty aCid content of phosphatldyl ethano­
lamme was slgmficantly higher than that of other
lipid classes at lQoC PalmitiC aCid (160) and
steanc aCid (18 0) contents did not differ among
lipid classes Unsaturated fatty aCid content oftotal
polar lipids was slgmficantly higher at lOoC than
at 24°C Saturated fatty aCid content of leafextract
differed With lipid classes but not temperature
Llnolemc aCid (183) content was slgmficantly
higher at lQoC than at 24°C but did not differ
among lipid classes At lQoC N 17 showed a
slightly higher degree ofunsaturation than RTx430
orBMR989

Integrated Crop Management In Sorghum ComprehenSive Manual and Model

Bonme B Pendleton Department of Entomology Texas A&M Umverslty College StatIOn TX 77843
2475 Richard A Fredenksen Department of Plant Pathology and MicrobIOlogy Texas A&M Umver­
Slty College StatIOn TX 77843-2132 and George L Teetes Department of Entomology Texas A&M

Umverslty College StatIOn TX 77843-2475

Escalatmg awareness of potential pestiCide ef
fects on the environment and human health and the
need for mcreased crop productIOn effiCiency dlc
tate a greater role for alternative management tac
tiCS for crop protectIOn Because non-chemical pest

management tactics are preventative m nature they
must be a planned part of the total crop production
system Integrated pest management has not been
Implemented to the deSired level m agnculture
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because crop protectIOn strategies have not been
fully mcorporated mto crop productIOn systems

Sorghum grown on several mIllIon acres m
Texas IS vital to the economy ofthe state Sorghum
could be the most environmentally compatible and
economically vIable crop grown m Texas If grow­
ers adopted eXlstmg mtegrated crop management
strategies for weeds msects plant pathogens fer­
tilIzatIOn IrrIgatIOn, tIllage, and crop rotatIOns
However to maximize ImplementatIOn of an mte
grated pest management system for sorghum,
growers must have ImmedIate access to all mfor
matlon reqUIred to grow a crop that Will provide the
most optimum economic return

More than 30 sCientists from The Texas A&M
Umverslty System developed an mtegrated produc­
tIOn system for producmg high and sustamable
yields of sorghum while mmlmlzmg detrimental
effects caused by pests and the overuse of pestl
cldes Agronomic components such as develop­
mental time between plant growth stages amount
and tlmmg offertilIzer applIcatIOns dates ofplant
mg cultIvar selectIOn crop rotatIOn and crop re
fuse destruction mteract to affect disease msect
and weed abundance and dynamiCs and ultimately

crop yield Multiple management tactics for msect
pests of sorghum mclude such practices as crop
rotatIOn crop refuse destructIOn use of msect-re­
sIstant varieties elImmatlOn ofweed hosts conser
vatlOn ofnatural enemies escape from msect pests
through the use of proper plantmg date and early
maturmg varieties and use of msectlcldes when
necessary SimIlarly weed management could be
slgmficantly Improved by mcorporatmg cultivatIOn
and rotatIOn practices With herbiCides Fmally, diS­
ease management should rely on cultural tactics
such as plant resistance crop rotatIOn crop-refuse
and weed host destructIOn and application offun­
glcldes should be based on need

InformatIOn IS bemg compIled mto a compre­
henSive sorghum production and protectIOn manual
entitled Integrated Crop Management m Sor­
ghum Chapters of the comprehenSive ~orghum

crop man'lgement manual mclude crop production
plant health weeds dIseases msect and mite pests
vertebrate pests abIOtiC constramts to production
storage ofgram pestiCIde laws safety applIcatIOn
and record-keepmg mtegratlOn computer Simula­
tIOn modelIng new technologies environmental
advantages and economic factors affectmg sor­
ghum productIOn

Prospects of Inter-populatIOn Hybnds m Pearl Millet

K N RaJ and A S Rao ICRISAT ASIa Center Patancheru Andhra Pradesh 502 324 IndIa

Recent yield trials at Sador and Bengou m
Niger have shown mter populatIOn hybrids ofpear!
millet [Penmsetum glaucum (L) R Br] out yield
their hlgher-yleldmg parental populations by 25
81% Commercial prospects of such hybrids WIll
depend on (I) their demonstrated yield advantage
over popular open-pollmated varieties (OPVs) m
on-farm trials (2) the feasibilIty of developmg
male sterile populatIOns for use as seed parents
and (3) cost ofseed productIOn and farmers accep
tance of phenotypICally varIable hybrid cultlvars
We evaluated the feasibilIty of developmg a male
sterile population usmg the A4 system of cytoplas
mlc nuclear male sterilIty (CMS) and a dwarfNI
gerlan Composite (NCD2) as a test case Two cy­
cles of recurrent selectIOn for male sterilIty of 81
A4 hybrids at ICRISAT ASIa Center was effective
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m developmg a completely mamtamer versIOn of
NCD2 as reflected m complete sterilIty of the
topcross hybrid made from NCD2 C2 and 8lA4
ThiS progress occurred Without any slgmficant
changes m gram yIeld and agronomIC traits Results
from a SIdecar method of conversIOn ofNCD2 mto
a male sterile populatIOn showed that 97% of the
plants m BCI and all plants m BCz populations
were male sterile mdlcatmg how rapidly NCD2
and perhaps any other populatIOn can be converted
mto a male sterile populatIOn usmg the A4 CMS
system Seed productIOn of mter population hy­
brids can be expected to be qUite economical ow­
mg to higher seed yield ofmale sterile populations
as compared to male-sterile mbred lInes (used m
smgle-cross and topcross hybrids) Also mter­
populatIOn hybrids Will be phenotypically no more



vanable than OPVs and are expected to ve equally
stable for gram yield and resistance to downy mil­
dew [Sclerospora gramzmeola (Sacc) Schroet]
These features ofmter-populatlOn hybnds coupled

With their gram yield advantage over OPVs can
make them more acceptable than OPVs to farmers
m western Afnca

Development of AllotnplOld Fodder Sorghum through

Interspecific HybridizatIon and Somaclonal VanatlOn

M Raveendran S R Sree Rangasamy and N SenthIl 15 Shastn Street,
P N Pdur COImbatore 641 041, Tamil Nadu India

WIde hybndlzatlOn plays a major role m the
development of multlcut fodder sorghum for the
transfer of desIrable characters hke perenmahty
dIsease and pest resIstance etc The present study
was undertaken WIth an aim to synthesIze a peren­
mal vigorous stenle tnplOld sorghum With more
bIOmass yield To achieve thiS FI hybnds were
developed between a dIplOId fodder sorghum varI­
ety Co 27 and the tetraplOId WIld species S
halepense and evaluated Further to get more van­
ablhty for selectmg better fodder types F2 (both
open- and self-pollmated) populatlOn~ and so­
maclones (through F I mflorescence culture) were
evaluated

The FI hybnds showed a pollen fertlhty of26%
They were mtennedtate between the parents m
bIomass yield (274% relative heterosIs) The Fls
showed supenonty over Co 27 m theIr amenablhty
to propagate \ egetattvely through stem cuttmgs
(52%) and rooted shps (35%)

In the F2 both open- and self pollmated popu­
latIOns showed transgressIve segregatIOn for all the
characters PopulatIOns had hIgh values for mean
vanablhty and hentabllIty and low genetIc ad­
vance for all the characters except bIOmass yield
and HCN content The F2 ratoon crop showed an
mcrease over the mam crop for many characters
The stenle (pollen fertIlIty <30%) F2 plants were
more vIgorous than the fertIle plants

The study of somaclones (Sci generatIOn) mdl­
cated the pOSSIbilIty of addmg vartablhty to the
populatIOn through In vztro culture

Hence there IS a possIbIlIty of Isolatmg the
targeted stenle allotnplOld hIgh yleldmg fodder
sorghum types comparable to that of Cumbu­
NapIer hybnd (2n = 21)

Value AdditIon of Sorghum Through GenetIc Improvement and Post-harvest Processmg

S Bala RavI P K Bl~Was and C V Ratnavathl National Research
Centre for Sorghum Hyderabad 500030 INDIA

Sorghum IS grown m India dunng two crop
seasons Ramy season (kharlf) sorghum occupies
about 56% of the area and contnbutes about 68%
ofthe productIOn The remammg area and produc­
tIOn IS accountable to the post-ramy season (rabl)
crop Post-ramy season sorghum IS charactenzed
by the Wider use of traditIOnal and low yleldmg
culttvars which have low harvest mdex excellent
gram quality and adaptatIOn to recedmg soIl mOls-

ture Its gram IS valued for food and stalk for fodder
Hlgh-Yleldmg hybnds and varIeties are Widely
used dunng the ramy season ThiS crop often suf
fers from gram mold and detenoratlOn of gram
quality which cause lower economic return to the
producer despIte hIgh productIVity ThIS together
wIth lower preference oframy season gram for food
IS causmg a steady replacement of the crop with
other competitive ramfed crops Hence research as
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value addItIOn of ramy season sorghum through
genetic Improvement and post harvest processmg
was undertaken at The National Research Centre
for Sorghum Hyderabad with a goal to enhance
profitabilIty and demand ThiS paper reports on
value addition ofkharlf gram through post-harvest
processmg and maltmg ItS demand enhancement
by use m mdustrIaI alcohol production and devel
opment of genotypes combmmg high gram
bIOmass productIOn and stalk sugar content for
enhanced profitablhty

DIastatlc ablhty of eighty SIX genotypes com
pnsmg ehte breedmg hnes and germplasm acces
slons were assayed m accordance WIth the proce
dure of Ratnavathl and Bala Ravi (1991) and
NovellIe (1959) Thirteen of these genotypes were
also evaluated for their hot water extract (HWE)
content of protem and alpha-ammo mtrogen
(AAN) m the extract Gram samples molded at
different levels were studied for their hardness
usmg a Klyo hardness tester, loss dunng processmg
m a mIni dehuller and starch and protem content
StudIes on sweet stalk sorghum mvolved evalu­
atIOn of90 hybnds denved from 6 hnes x 15 testers
for seven key characters follOWIng Kempthorne
(1957) Denvatlves of these breedmg hnes were
selected for favourable agronomic attributes m
eludIng bIOmass yield and bnx and developed as
male stenle and restorer hnes

VariabilIty In dlastatlc activity ranged from 9 to
151 SDU and maltmg loss from 85 to 34% IS
14384 a red gram Afncan accessIOn and SPY 824
a white gram ehte Indian breedmg hne showed
high SDU RestrictIOn of maltmg loss to around
15% or below was pOSSible by reducmg maltmg
temperature and regulatIng gram mOIsture Geno­
types also showed variabilIty m HWE yield protem

content and AAN content HWE yield ranged from
534 to 9 93% and AAN from 64 to 185 mg/100 g
protem Thus certam genotypes are more SUitable
for maltmg and others as brewmg adjunct

Studies on partltlOnmg of dry matter (DM) and
pattern of sugar accumulatIOn m the stalk of the
gram type and sweet-stalk sorghum revealed that
high gram yield may not always preclude sugar
accumulatIOn m the stalk Genetic Lapablhty for
rapid DM accumulatIOn Its appropnate partltIon­
mg and slow fohar senescence may encourage high
gram and sugar yield simultaneously Among the
seven characters studied In the Lmex Tester expen­
ment high heterOSIs was found for gram yield
followed by bIOmass With httle heterOSIs for stalk
bm: Additive variance wa; highest for bIOmass
Crosses between gram types and sweet stalk types
proVide excellent denvatIve~ for developmg A and
R hnes Sweet stalk sorghum hybnds were capable
ofYleldmg 3 4 t/ha gram and 40 50 t/ha fresh stalk
WIth bnx 16 or above Such hybnds may yield at
least 50% addItIOnal return to the producer m com
panson With high yleldmg gram sorghum

Studies With gram affected by mold showed that
the value of mIldly affected samples could be m­
creased by mllhng or scrubbmg m water Further
damaged gram IS a competItive raw matenal for
Industnal alcohol productIOn
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Genetic and Molecular CharactenzatlOn of Kafir10S 10 Lysme-nch CultIvars of Sorghum
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Kafirms from naturally occurrmg Iysme nch
cultlvars ofsorghum selected for their resistance to
(S)-2-ammoethyl L-cysteme (Vernal lien et al
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1993) were analyzed at the genetic and molecular
level and compared With the low Iysme cultlvar
White Martm and a chemically mduced hlgh-Iy-



slOe mutant, P 7210 (Mohan and Axtell 1975)
SOS-PAGE analysIs of kafirms showed the ab
sence of both 25 3 kD and 25 9 kD protems 10

Iysme-nch cuItlvars IS 21702 G 1058 and CVS
365 and only presence of the 253 ill protem 10 G
205 compared with White Martm and P 7210
PrevIOusly we have reported that these mlssmg
bands belong to a kafirm group (Reddy and Ja­
cobs 1995)

Genetic AnalysIs

The genetic varIabilIty ofkafirms m low-Iysme
and Iysme-nch cultlvars of sorghum was mvestl
gated by Isoelectnc focusmg (IEF) and reversed
phase high performance lIqUid chromatography
(RP-HPLC) Isoelectnc focusmg pattern of re
duced alkylated kafinns mdlcated slgmficant dlf
ferences showmg a microheterogeneity of the
kafirms among the cultlvars The vanabllIty of
kafirms was further confirmed by densltometnc
analysIs ofthe IEF scanned gels ThiS mdlcated that
the kafirms consist of at least eight to ten polypep
tides With different Isoelectnc pomts varymg
among the cultlvars The Isoelectnc pomt for the
25 3 ill and 25 9 ill protems was determmed as
6 8 and 7 0 respectively The qualItative and quan­
titative differences could be determmed mamly m
the regIOn of pH 7 0-8 0 The RP-HPLC offers an
alternative method for separatIOn and charac­
tenzatlOn of the kafirms smce the charactenzatlOn
depends mamly on hydrophobicity rather than
charge Although kafirms from the different cultl­
vars display Similar electrophoretic mobilIty on
SOS PAGE the RP HPLC yielded slgmficantly
different elutIOn profiles mdlcatmg differences at
the polypeptide compositIOn and showmg the ge­
netic diverSity among the cultlvars The partIally
punfied 25 3 ill and 25 9 kD protems from White
MartIn has given umque peaks when analyzed by
RP-HPLC which were absent 10 the chromato
grams of the other cultlvars mcludmg P721 0

The lysme nch cultlvars G 1058 and G 205 were
crossed With the low lysme cultlvar White Martm
for breedmg purposes and to assess the genetic
basiS for the 25 3 kD and 25 9 kD protems The
SDS-PAGE of kafirms from F1 hybnds shows a
pattern representmg both parental bands as ex­
pected In F2 progemes the observed band pattern
mdlcated that at least two genes were mvolved m
the control of the 25 3 kD and 25 9 kD protems
Smce the kafirms are coded by a multlgene family
we presume that these protems are encoded by
more than one gene which segregated mde­
pendently

Molecular AnalySIS

The analySIS of changes m kafinns dunng seed
development m White Martm showed the accumu­
lation of these protems steadily reachmg a plateau
20 days after pollInatIOn, where as the syntheSIS of
non kafirm fractIOns contmued till matunty These
results were further confirmed by northern blot
analySIS usmg a 955 bp of a kafirm fragment as
probe denved from the cDNA clone pSKR2 (De
Rose et al 1989)

About 200 bp ofthe gene codmg for the 25 3 ill
protem has been cloned and sequenced from White
Martm by the PCR techmque usmg degenerated
pnmers denved from the protem sequence Homol­
ogy level was determmed by comparison With al­
ready known genomic and cDNA clones codmg for
kafinns (De Rose et al 1989)) The data base
search showed about 80% homology With the
genomic clones pGKl and pGK4 and the cONA
clone pSK8 Nmety per cent homology was deter­
mmed With the cDNA clone pSKR2 Based on
sequence and restnctlon analyses we presume that
the gene encodmg the 25 3 ill protem IS different
from preVIOusly charactenzed kafinn genes Poly­
morphism was not detected among these cuItlvars
when the 200 bp PCR cloned fragment was used as
probe which supports the eXistence ofhigh genetic
umformlty wlthm Sorghum ble%r as already re­
ported (Tao et al 1993) We assume that the gene
codmg for the 25 3 kD protem IS present m all
cultlvars but ItS expressIOn may be down regulated
m some of them Currently expenments are m
progress to clone the full codmg sequence and
promoter by IPCR usmg mternal pnmers
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Protectmg AmerIcan AgrIculture
ImplIcatIOns of a Sorghum Ergot m the Western Hemisphere

Scott C Redhn and Jeffry N L StlblCk

Sorghum IS one ofthe world s major food crops
In 199I a new ergot of sorghum was descnbed
WhICh occurs m AfrIca, ASia and Australasia It has
now been found m BrazIl and other parts of South
Amenca

The U S sorghum seed mdustry IS concerned
that mfested seed could be Imported mto the Umted

States Plant ProtectIOn and Quarantme IS collabo
ratmg with EMBRAPA and Texas A&M Umver
Sity to determme the extent of the South AmerIcan
outbreaks and the bIOlogy of the ergot, Its dissemi­
natIOn and control Options are bemg consIdered to
reduce the nsk of the mtroductlOn of thiS fungus to
the Umted States

GeneratIOn Mean AnalySIS of Gram Mold ReSistance m Sorghum

R Rodnguez W L Rooney Dep of SOIl and Crop SCiences Texas A&M Umverslty College Station
TX 77843 D T Rosenow Texas A&M Umverslty Agncultural Research and ExtenSIOn Center Rt 3
Lubbock TX 79401 R A Fredenksen Dep of Plant Pathology and MicrobIOlogy Texas A&M Um
verslty College StatIOn TX 77843 A J Bockholt Dep of SOIl and Crop SCiences Texas A&M Um
vefSlty College StatIOn TX 77843 and R D Wanlska, Dep of Soil and Crop SCiences Texas A&M

Umverslty, College StatIOn TX 77843

restorer hne m the seed productIOn of different
hybnds However It IS susceptible to gram mold
Surefio IS a dual purpose food gram and forage
variety With moderate resistance to gram mold In
1995 an experiment that mcluded RTx430
Surefio their FI F2 and 134 unselected F2 3 faml
hes was planted at Beeville and College Station TX
With two rephcates arranged m a randomized com
plete block deSign The nursenes were not mocu
lated as slgmficant levels ofgram mold occur natu
rally at both locatIOns Days to 50 % flowermg and
gram mold were measured (1-5 ratmg) on a total
plot baSIS for F23 famlhes and on a smgle plant
basiS for parents FI and F2 generatIOns Combmed
analySIS of variance was used for data from F2 3

famlhes and parents GMA was completed usmg
data from all generatIOns The number of genes
contnbutmg to gram mold resistance was calcu­
lated as follow ( Das and Gnffey 1994)

Sorghum (Sorghum bleolor L ) gram mold IS
caused by a complex of fungi mcludmg Fusarium
momliforme and Curvularw lunata It becomes an
Important disease when plant flowenng and gram
maturatIOn comcldes With ramy or humid condl
tlons and warm temperatures While genetic van
atlOn for gram mold resistance has been Identified
effective transfer and utlhzatlOn has been difficult
Therefore more research mto the genetic control of
gram mold resistance IS needed ThiS study was
undertaken to evaluate the effect of genetic van­
ances and hentablhty for gram mold resistance and
determme the number of genes contnbutmg to
gram mold resistance

One method to estimate relative Importance of
different genetic effects IS generatIOn means analy
SIS GeneratIOn Means AnalySIS (GMA) IS an ap
phcatlOn of weighted least-squares analySIS that
estimates relative genetic effects from the means of
different generatIOns ThiS method IS used by
breeders and geneticists to assess additive domi­
nance and epistatic vanatlOn m mhentance studies No Of Genes EstImated

(GR) 2

2 2 2
533[0" F23 (0" ps 0" prj]

2

The mbred hnes RTx430 and Surefio were used
to study gram mold resistance RTx430 IS a hne
With excellent combmmg ablhty and IS used as a
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Where GR IS genotypic range estimated as the
difference between the mean response of two par-



2 2 2ents (j' ps (j' pr and (j' F2 3 are varIances of
susceptIble (RTx430) and resIstant (Surefio) parent
and F2 3 respectIvely

SIgnIficant dIfferences were found for loca
tlOns F23 faInIlIes and parents In both locatIOns
the susceptIble parent was severely dffected by
gram mold WIth a ratmg of 4 5 TransgressIve seg
regatlOn (both hIgh and low) for gram mold resls
tance was detected m the F2 3 famIlIes At least
three genes are estImated to contnbute to gram
mold resIstance m the cross of RTx430 x Surefio
Broad sense hentabliity on a smgle plot baSIS for
the 134 F23 famIlIes was hIgh (079) However
GMA estImated that the order of genetIc effects
was as follows dommance x dommance > addItIve

x addItIve> dommance > addItIve The order of
genetIc effects at BeevIlle was dommance x domI­
nance > addItive x addItIve> addItIve Therefore
whIle broad-sense hentabliity was hIgh selectIOn
for gram mold resIstance may be dIfficult because
much of the genetIc varIabIlIty IS due to dommant
gene actIOn
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Sorghum ConversIOn Program
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Sorghum [Sorghum bleolor (L) Moench] IS a
natIve of tropIcal AfrIca Most of the dIverSIty m
the specIes IS found m mdlgenous sorghums m
tropIcal Afnca and ASIa Most of these sorghums
are tall photopenod sensItIve types whIch wIll not
flower under the long summer day lengfrs m the
U S and other temperate zones makmg them very
dIfficult to evaluate and use m these regIOns of the
world Access to and utIlIzatIOn ofgenetic dIverSIty
and access to new and Improved sources of deslr
able traits IS cntIcal to sorghum Improvement
worldWide

The Sorghum ConversIOn Program IS a coopera
tlve germplasm utIhzatlOn project between the
Texas Agncultural Expenment StatIOn of The
Texas A&M Umverslty System and the UnIted
State Department ofAgnculture ofthe Agnculture
Research ServIce (USDA ARS) Mayaguez
Puerto RICO The objectIve IS to transform tall
late maturmg exotIc sorghums mto shorter non­
photopenod senSItIVe earher types whIch can easIly
be utIlIzed m the U S and other sorghum Improve
ment programs Matunty and heIght m sorghum are
controlled largely by a few major genes The Con
versIOn Program utIlIzes backcrossmg to transfer a

few major deSIred heIght and matunty genes mto
converted genotypes

Short wmter days m Puerto RICO (where all
sorghums flower early) are used for makmg
crosses backcrosses and growmg F1 S and the
long summer days m Texas are used for growmg
F2 s and selectIOn of short early plants A 4 dwarf
B-Ime IS used m the mltIaI cross as the source of
deSIred recessIve heIght and matunty genes The
F2 ofapproxImately 1000 plants IS planted at ChIl­
lIcothe Texas where segregation for heIght and
maturity occur A smgle short early plant IS se­
lected from each population and the seed IS re
turned to Puerto RICO for backcrossmg to the ongl
nal exotIc usmg the F3 as the female and growmg
the F1 ofthat backcross WIth the BCF2 seed agam
sent to Texas to repeat the cycle At the thIrd
backcross the exotIc IS used as the female m order
to recover the cytoplasm of the exotIc

After four backcrosses most converted versIOns
are suffiCIently SimIlar to ongmal e"Xotlcs and are
then released to all publIc and pnvate researchers
as converted lInes With a C added to the ongmal
IS number to deSIgnate the converted Ime A new
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pohcy now also provIdes for the release and dlstn
butlon of a BC I Bulk (from short early plants
selected at the BC l stage) from each exotIc

At present 583 fully converted hnes have been
released along WIth 293 partially converted bulks
Currently an addItIOnal 40 new converted hnes and
50 BCl partially converted bulks have been submIt
ted to USDA-ARS for final release approval It IS
antIcIpated that 30 to 50 new fully converted hnes
and partially converted bulks WIll be released each
year

Converted hnes are relatIvely pure for easy
maIntenance and preservatIOn At the tIme of re
lease seed IS aVaIlable from Texas A&M UnIver
Slty Seed of all converted hnes IS deposIted at the
NSSL at Ft Collms Colorado for long term perma
nent storage Each converted Ime receIves a new PI
m the GRIN system and seed IS mamtamed at the
USDA RegIonal Plant IntroductIOn StatIon at Gnf
fin GeorgIa

Converted hnes are of a heIght and matunty
readIly usable m the U S and other temperate zones
as well as m tropical short-day condItIOns They
can be easIly evaluated under field or other condI­
tIOns for varIOus traIts The converted hnes have
been very useful m broadenmg genetIc dIversIty
and provldmg sources of deSIrable traIts used ex­
tensIvely m both pubhc and pnvate sorghum Im­
provement programs EspeCially Important have
been sources of dIsease resIstance (head smut
downy mtldew, anthracnose, gram mold/weather­
mg charcoal rot) msect resIstance (mIdge aphIds
chmch bug) lodgmg resIstance drought resistance
(both pre and post-flowermg) Improved gram and
food quahty traIts hIgh yIeld and WIde adaptatIOn

The ongmal exotIc hnes entered mto the Con­
verSIon Program were selected as ehte and/or dI­
versIty by the late I E Stokes (SCI 92) or J C
Stephens (SC93-228) former sorghum researchers
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at Mendlan MS and Chtlhcothe, TX respectIvely,
and by Dr L R House (SC229-240) The ModI­
fiedNursery asselectedbyKO Rachleetal from
the World Sorghum CollectIon m 1963 64 was the
next large group of exotICS entered (SC 241 to SC
950) The ModIfied Nursery mcluded repre­
sentatives ofeach claSSIficatIOn group as descnbed
by Murty and Govil hnes representmg major van­
atlOn m each group and other VariatIons ofpossIble
breedmg value as selected from the World Sor­
ghum Collection as It eXIsted when assembled m
the mld-1960 s m India The SC numbers from
SC951 upward have been entered only for specIfic
reasons such as new dIverSIty of type dIverSIty of
(or new) locatIOn of collection specIfic known or
suspected traIts or specIfic recommendatIOns of
sorghum researchers New candidates for conver
slon are sohcIted and welcomed from sorghum
researchers worldWIde

ConclUSIOn

ConversIon ofselected elIte and unIque tropIcal
sorghums m the cooperatIve Texas A&M/USDA
ARS Sorghum ConversIOn Program provIdes new
exotIc germplasm m a readily usable form for effi
clent evaluatIOn and utIlIzatIOn ThIS program has
been successful m enhancmg the use of exotIc
sorghum germplasm broadenIng the genetIc diver
Slty and provldmg new sources of deSIrable traIts
to the sorghum mdustry Converted hnes have
proVIded many ofthe best sources ofdeSIrable traIts
aVaIlable to sorghum researchers

The backcross procedure has worked well Ma­
Jor heIght and matunty genes segregate well and
mdependently Four backcrosses have generally
been suffiCIent to recover the Important traIts ofthe
exotic Ime m a shorter and earlIer converted form
BIOtechnology applIcatIOns usmg molecular mark­
ers for matunty and heIght genes are bemg InItiated
to Improve converSIon effiCIency



Performance of New Cytoplasmic Male Sterile
Sorghum Lmes Developed for Tolerance to

ToxIc Levels of AlumInum m ACid SOils

R E Schaffert V M C Alves A F C BahIa FO and G V E Pitta EMBRAPNCNPMS CP 151 35701­
970 Sete Lagoas MG BrazIl F G Santos and C A de Ohvelra Fellowshlpl CNPq/CNPMS

The fertlhty non restormg Ime from the Texas
A&MlUSDA Sorghum ConversIOn Program IS
7173C (SC 283 14E) a genetic source for tolerance
to AI tOXICity m aCid soIls was used to mcorporate
this trmt mto vanous sources ofnon restonng hnes
with the objectIve ofdevelopmg commercial male
stenle hnes tolerant to Al toxICity The susceptible
male stenle B-Imes BR 007 Redlan Wheatland
Dwarf Redlan and SC 566 were crossed with SC
283-14E Several hundred head to row F4 familIes
visually selected for deSirable agronomic trmts
were selected for Al tolerance under aCid soIl con
dltlOns (45% AI saturation) at the NatIOnal Mmze
and Sorghum Research Center (CNPMS) of the
Brazlhan Agnculture Research CorporatIOn (EM­
BRAPA) Progemes were selected for root devel­
opment based on their reactIOn to mOIsture stress
durmg prolonged penods without ram Turgid
plants were assumed to have a better developed root
system than mOIsture stressed plants and were clas
slfied as havmg Al tolerance Selected F7 progemes
were backcrossed to a source of cytoplasmic male
stenhty to develop respective A hnes for each
selected B-Ime progeny The B hnes of55 selected
AlB Ime patrs were evaluated for tolerance to AI

tOXICity usmg relative semmal root growth (RSRG)
of seedlmgs In nutnent solutIOn with 4ppm of AI
for seven days as the mdlcator The average RSRG
of the tolerant (SC283-14E) and susceptible (BR
007B) checks were 506% and 6 6% respectIvely
The RSRG of the 55 selected progemes from 16
famIly groups ranged from 2 8% to 75 5% Twelve
progemes from four famIly groups were susceptI
ble and 43 progemes from 14 famIly groups were
tolerant Tolerant progemes selected from familIes
denved from Redlan and DwarfRedlan crosses had
shghtly lower RSRG than tolerant progemes from
famlhes denved from BR 007 and Wheatland
Head to row progemes from three groups segre­
gated for tolerance and susceptible reaction con­
finnmg three near-Isogemc (96 9%) pairs for thiS
trait The relatively high frequency of segregatIOn
after the S5 generatIOn suggests that one or a few
major genes control thiS charactenstlc The average
gram production of172 test cross hybnds mvolvmg
four male testers and the 43 tolerant female hnes
was 5 7 t ha 1compared to 4 59 t ha 1 for the 48 test
cross hybnds InvolvIng the 12 susceptible females
and four testers In a fertile sOil observatIOn trIal at
CNPMS

Performance of Near-Isogenlc Sorghum LInes and Hybrids
for Tolerance to TOXIC Levels of Exchangeable AlumInum

R E Schaffert V M CAlves G V E Pitta A F C BahIa FO EMBRAPNCNPMS CP 151 35701-970
Sete Lagoas MG BrazIl and C A de Ohvelra, FellowshIp CNPq/CNPMS

Near Isogemc sorghum hnes developed at the
NatIOnal MaIze and Sorgum Research Center
(CNPMS) of the Brazlhan Agnculture Research
CorporatIOn (EMBRAPA) for tolerance to Al tox­
ICity In aCid SOils and their hybnds were evaluated
for tolerance to Al tOXICIty Three near Isogemc
parrs of sorghum hnes With cytoplasmic male ste
nhty four restorer hnes (three susceptible (S) and
one tolerant (T) to Al tOXICity) and their respective
(TxT) (TxS) (SxT), and (SxS) hybnds were
evaluated for tolerance to Al tOXICity usmg relative
semmal root growth (RSRG) ofseedhngs m nutn­
ent solutIOn With 4ppm ofAI for seven days as the

mdlcator The average RSRG of seedlmgs of the
tolerant Ime ofthe three near-Isogemc paIrs was 5 8
times greater than the susceptible Ime The average
RSRG values for the four tolerant and SIX suscep­
tible hnes were 51 7% and 7 8% respectively Av­
erage RSRG values for the (TxT) (TxS) (SxT)
and (SxS) hybnds were 59 7% 47 8% 48 3% and
11 2% respectively The (TxS) and (SxT) hybnds
had RSRG eqUIvalent to the tolerant parent demon­
stratIng a complete domInant mode of mhentance
A dommant mode of Inhentance for tolerance to AI
tOXICity m sorghum has also been observed under
field conditions at CNPMS
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InductIon ofRoot Protems m Near Isogemc

Sorghum Lmes Tolerant and SusceptIble

To TOXIC Levels of Exchangeable Alummum

R E Schaffert EMBRAPAlCNPMS CP 151 35701-970 Sete Lagoas MG BrazIl
M A Lopes EMBRAPAlCNPMS CP 151 35701 970 Sete Lagoas MG BrazIl

F T Carvalho EMBRAPAlCNPMS CP 151 35701 970 Sete Lagoas MG BrazIl
and Fellowshlpl CNPq/CNPMS R S Portugal EMBRAPAlCNPMS CP 151 35701-970

Sete Lagoas MG Brazil and Fellowshlpl CNPq/CNPMS G M Can<;ado
EMBRAPAlCNPMS CP 151 35701-970 Sete Lagoas MG BraZIl and

Fellowshlpl CNPq/CNPMS M J Vascocelos and E PaIva EMBRAPAlCNPMS
CP 151 35701-970 Sete Lagoas MG Brazil

The SOIls of the aCId savannas or Cerrado of
BrazIl are commonly charactenzed by low pH low
phosphorus avmlabllity, high Pfixation, low fertIl­
Ity, and tOXIC alummum Plant cultlvars With toler
ance to AI tOXICIty are essential for sustamable
production m these aCid savannas The develop
ment of Improved cultlvars for these condItions IS
dependent on adaptive mechanisms genetIcally
transmItted These adaptIve mechanIsms are re
lated to factors that Impede the entrance of tOXIC AI
mto the root cells and the mteractlOn of Al WIth
polypeptIde root exudates The ObjectIve of thIS
research was to Identify protems m the root tIpS
mduced as a result of Al stress Seeds of a near
Isogemc paIr ofsorghum hnes were germmated for
three days m water and placed m a nutnent solutIon

WIth zero and 60 /lM Al for 96 hours Root tIps (1 5
mm) were eXCIsed ground WIth 68 pH buffer
extraction solutIOn III all proportIOn and centn
fuged at 120 OOOg The pellet was resuspended m
sample buffer The matenal was run on an SDS­
PAGE gel electrophoresIs The results mdlcate for­
matIon of a protem band at approxImately 95 KD
m the root tIpS With AI stress The band was not
observed m the root tIps WithOut Al stress These
results mdlcated that protems are mduced m the
microsomal membrane fractIon ofthe root tIp under
AI stress Prehmmary results mdIcated that the AI
tolerant Ime produced a larger quantIty of thiS
protem and may be a factor contrlbutmg to AI
tolerance

RegeneratIOn of Plants from and TranSient Gene

ExpreSSIOn m Mesophyll Protoplasts of Sorghum

N Seetharama and R V SaIram
ICRISAT ASIa Center, Patancheru A P 502324 India

The development of effiCIent and reproducIble
techmques for regeneratIOn of fertIle plants from
protoplasts opens up opportumtIes for genetIc
transformatIOn by dIrect DNA uptake It also faclh­
tates the productIon of somatIc hybrIds between
sexually mcompatlble species Xu and WeI (1993)
reported success m regeneratmg plants from pro
toplasts Isolated from the mflorescence denved
calh oftwo sorghum cultlvars However the leaf IS
the most SUItable source of plant protoplasts be
cause It allows Isolation of a large number of rela
tlvely umform protoplasts WIthout destroymg the
plant
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We have developed a protocol for regeneratIOn
of plants from mesophyll protoplasts of sorghum
seed parent 296B The Sixth leaf (WIth hgule fully
emerged) from 18 day old plants (grown m dark for
2 days before harvestmg) proved to be the most
SUItable source of Viable protoplasts The proto­
plasts regenerated a cell wall wlthm 24 hours of
embeddmg m KM8 agarose medIUm The first dI­
VISIOn was observed after 6 days after platmg and
the second after 10 days Mlcrocolomes were VIS­
Ible after 15-20 days which resulted m mlcrocalh
after 25-30 days Plants were obtamed after 4-5
weeks of culture of the mlcrocalh on MS medIUm
supplemented WIth 0 2 mg I I kmetm and 2 mg I I



BAP The frequency of regeneratIOn of mlcrocalh
was 12 8% Regenerated plants were transferred to
a glasshouse where they grew normally and set
seed Plants grown m the field from these seeds also
showed normal growth

We studied direct DNA uptake by the proto
plasts usmg two methods (I) addmg equal volume
ofpolyethylene glycol (M wt 4000 mitIaI concen
tratlOn 40%) to the fresh protoplast suspensIOn and
(II) electroporatlOn usmg the eqUIpment and proto­
col of the manufacturer (BTx Inc CA 92121
USA Electro cell mampulato/R) 600) Plasmid
pJSI08 from Drs Jm Su and Rav Wu Cornell
Uillversity contammg gus and bar genes was used

as the source of foreign DNA The putative trans­
formants were mOilltored perIodIcally for gus ac­
tlVlty Intense blue stammg was observed after 24
hours especIally with the electroporated proto­
plast~ The dlVldmg cells and mlcrocalh also exhib­
Ited gus activity We are now attemptmg the regen­
eratIOn of plants after transformatIOn

Reference

Xu Z and Wei Z 1993 RegeneratIOn ofplants from
protoplasts ofSorghum vulgare In You C and
Chen Z (eds) BIOtechnology m Agnculture pp
403 406 Kluwer Academic Pubhshers Dor­
drecht

Haploidy m Pearl Millet Where Are We?

N Seetharama, T Shyamala and T H Rao
ICRISAT ASIa Center Patancheru 502324 A P IndIa

Production of haplOlds through anther or ml
crospore cultures IS an mtermedIary blOtechnologl
cal tool for breeders geneticists and map makers
ThiS techillque IS a useful tool for rapid develop
ment of mbreds and IsolatIOn of mutants and pro­
toplasts for somatic hybndlzatlon or genetic trans­
formatIOn We are workmg on the development of
sUItable techmques for the productIOn of haplOlds
m pearl mIllet usmg a variety of explants and
culture medIa

Spikelet cultures The developmg splkelets
(WIth mlcrospores at unmucleate stage) were cul­
tured m sohd activated charcoal contammg YP
medIUm under red hght Wlthm 10 days anthers
emerged from some ofthe splkelets About 15% of
such anthers contamed dlvldmg mlcrospores They
were used for anther culture (below) and the
spikelet cultures contmued for up to 3 months m
the same petnplates The ovaries of some (up to
50% m some pertrlplates) enlarged and smgle
plants arose from them Such seedhngs were trans
ferred to MS medIUm In a few plantlets the root
tip squashes showed only 7 chromosomes (haplOld
number) We grew some ofthese to maturIty m the
glasshouse Seeds from glasshouse grown plants
were sown m the field Tissue samples (young
leaves from 5 plants bulked) from each row were

subjected to Isozyme and RAPD analyses There
were mmor differences between samples RFLP
analYSIS with multI-locus probes are underway
Anatomical studies showed menstamatlc actiVity at
the chalazal end of the embryo sac Further studIes
are reqUIred to confirm haplOld ongm of plants
from spikelet cultures

Anther culture Anthers emergmg from spikelet
cultures (above) were plated on sohd YP medIUm
Profuse proembryOld hke structures were obtamed
from each anther which contmued growth m MS
medIUm but faIled to differentIate further

Mlcrospore culture Anthers showmg andro
genelc response (above) were ground or crushed
to release developmg mlcrospores About 3 ml of
respondmg mlcrospores (1 7 x 105 mICrospores
L 1) were ml'(ed With a callus-mductlOn (CI) me­
dIUm contammg 2 mg L 1 2-4 D and 0 6% low­
meltmg pomt agarose and poured mto petnplates
The mlcrospores embedded m agarose medIUm
contmued to grow and form callus masses ofvary
mg sizes (mlcrocalh) About 0 008% of the plated
mlcrospores responded We are yet to succeed m
regeneratmg whole plants from such cultures but
have observed satIsfactory growth and estab­
hshment ofpolarity m mlcrocalh
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ConclusIOns Isolated mlcrospore cultures offer
a more relIable system for haplOId production than
spikelet or anther cultures It elImmates the POSSI­
bilIty ofselectmg plants regeneratmg from the dip
100d cells ofanther or ovary wall Therefore we wIll
mltlally culture splkelets and collect the emergmg

anthers with dlvldmg mlcrospores Next, we Will
Isolate and culture such developmg mlcrospores
under a varIety of culture condItIons m several
media to optimIze conditions capable of mducmg
faster differentiation of calli mto plantlets

In Vitro BIOactivity of Antifungal Protems Punfied

from Sorghum Caryopses Agamst Gram Moldmg Fungi

K Seetharaman E Whitehead R D Wanlska and L W Rooney
Cereal Quahty Lab Texas A&M Umverslty, College StatIOn TX 77843 2474

The role ofsorghum antifungal protems (AFPs)
m mhlbltmg sorghum gram moldmg was mvestl
gated Several AFPs such as sormatm chltmases
glucanases and rIbosome mhlbltmg protems (RIP)
have been Identified m sorghums

AFPs from sorghum seeds were extracted pu
rIfied usmg 55% ammomum sulfate preclpltdtlOn
and eluted from a CM Sephadex column usmg a
10 500mM salt gradient and four fractions col
lected One fractIOn (FractIOn G4) contamed sor
matm chltmase glucananse and rIbosome-mactl
vatmg protem (RIP) IndIVIdual protems were
eluted and antibodies raised agamst these protems
m rabbits

The fractIOns were also tested for biOaCtIVity
agamst FusarIUm momliforme Curvularza lunata
Aspergillus flavus and Aspergillus paraslflcus us
mg hyphal rupture hyphal extensIOn and spore
germmatlOn methods

A fractIOn contammg several AFPs was mhlbl­
tory agamst F momliforme and C lunata F
momliforme exhIbited hyphal rupture at the grow­
mg tIp and other regIOns of mycelIum at protem
levels as low as 20 g C lunata reqUIred higher
protem levels (20 100 g) and ruptured only at hy­
pha! tiPS Spore germmatlOn was completely mhlb­
Ited by <100 g protem m both species Spore ger
mmatlOn was not mhlblted when the protem frac­
tIOn was bOIled suggestmg the mvolvement of
protems

The AFP fractIOn completely mhlblted spore
germmatlOn m both Aspergillus species tested
However spore germmatlOn A parasltlcus was
also mhlblted when the boIled fraction was tested
Both Aspergillus species dId not exhibit hyphal
disruption when treated WIth AFPs

InhIbitory effects of a mixture of AFPs, as op­
posed to mdlVlduai AFPs IS promlsmg as a means
to mcrease the overall resistance of a plant agamst
several pathogens

UtlhzatlOn of Non-MIlo Source of Cytoplasms by Restorer IdentificatIOn

and SubstitutIOn of Cytoplasm m DeSirable Nuclear Background

N SenthIl and A K Fazlullah Khan School of Genetics
Tamllnadu AgrIcultural Umverslty COImbatore 641 003 IndIa

The majority ofcommercIal hybrIds ofsorghum
are milo cytoplasm based Alternate cytoplasm
based hybrIds are needed to aVOId disease and
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environmental hazards and to add nuclear diverSity
Studies on the Identification of restorers m non­
mIlo cytoplasm are very lImited Hence the present



study was aImed at Identifying SUItable restorers for
non-milo cytoplasm and to develop alloplasmlc
mllle sterile lines In a well adapted nuclear base by
substItutIOn of cytoplasm One hundred and forty
four F1s developed by crossing 12 dIverse non
milo male-sterile lines and 12 diverse testers were
screened for fertdlty restoratIOn during kharlf 1994
Out of 144 F1s 22 crosses were IdentIfied as fertIle
showing POSSlblhtles for commerCial explOItatIOn
From the remaInIng FIs that showed 100% sterlhty

52 were backcrossed WIth theIr respectIve male
parents In order to substItute ItS cytoplasm The
above 52 BCIFI materials were raIsed dUring the
1995 summer along WIth recurrent parents and a
second backcross was affected by the paIred cross
method The BC2FI raised during the summer of
1996 was backcrossed again The substitutIOn work
WIll be contInued further up to the BC6 In order to
substitute the cytoplasm In the deSIrable recurrent
parent nuclear background for further utlhzatlOn

Mapping In an Australian Sorghum Recombmant Inbred Lme PopulatIOn

Yuezhl Tao CSIRO DIVISIon of Tropical Crops and Pastures 306 Carmody Rd St Luc13 Q 4067
DaVId Jordan CSIRO DIVISIOn of TropIcal Crops and Pastures 306 Carmody Rd St Luc13 Q 4067

and Department of Agriculture Umverslty of Queensland St LUCia Q 4067 Robert Henzell,
QDPI HermItage Research StatIOn WarwIck Q 4370 and Lynne McIntyre, CSIRO DIVISIon

of TropIcal Crops and Pastures 306 Carmody Rd St LUC13 Q 4067

A genetIc map between 2 ehte sorghum hnes
QL39 and QL41 has been developed usmg 160
Recombinant Inbred Lines (RILs) Both ehte hnes
were developed by the Queensland Department of
Primary Industries and have been used WIdely m
Australian sorghum breedmg programs Four hun
dred probes mcludmg sorghum genomIc maIze
cDNA and genomIc and sugarcane cDNA and
genomIc clones were screened Nmety-four lOCI

have been mapped onto 10 hnkage groups cover­
mg approxImately 980cM The cross IS segregatmg
for many morphologIcal traits and traIts of agro­
nomIc mterest, such as heIght maturity, awns,
seedhng color head shape organophosphate reac­
tIOn rust and bacterial leaf bhght ASSOC13tlOns
between markers and all traIts have been found and
are reported here

Map and PedIgree Based Approaches to Developing Molecular

Markers for Midge ReSistance and Stay Green In Sorghum

Yuezhl Tao CSIRO DIVISIOn of Tropical Crops and Pastures 306 Carmody Rd,St LUCia Q 4067 DaVId
Jordan CSIRO DIVISIOn of Tropical Crops and Pastures, 306 Carmody Rd St LUCia Q 4067 and Depart­
ment ofAgriculture Umverslty of Queensland St LUCia Q 4067 Robert Henzell QDPI Hermitage Re­
search StatIOn WarWick Q 4370 Ian Godwm Department ofAgriculture Umverslty of Queensland St
LUCia Q 4067 and Lynne McIntyre CSIRO DIVISion of Tropical Crops and Pastures 306 Carmody Rd

St LUCia Q 4067

A genetic map between 2 ehte sorghum hnes
QL39 and QL41 has been developed usmg 160
Recombmant Inbred Lmes QL39 IS a 5enescent
mIdge-reSIstant lme, whIle QL41 IS a non senes
cent hne With a low level of mIdge resistance
Nmety-four lOCI have been mapped onto 10 hnkage

groups and aSSOCiatIons between markers and both
these traits have been found Data from pedIgree
analYSIS has enabled one regIOn for each trait to be
traced to the orlgmal source of the traIt provldmg
supportmg eVIdence for the locatIOn of a QTL at
thIS locatIOn
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Sorghum Midge-Resistant Hybrids for the 21st Century

George L Teetes Department of Entomology Texas A&M Umverslty College StatIOn TX 77843­
2475 Gary C Peterson Texas A&M Umverslty Agricultural Research and ExtensIOn Center Route 3,

Box 219 Lubbock TX 79401 9757 Roger Anderson Department of Entomology Texas A&M
Umverslty College StatIOn TX 77843 2475, Kenneth Schaefer Texas A&M Umverslty Agricultural

Research and ExtensIOn Center HIghway 44 West Route 2 Box 589 Corpus ChristI TX 78406-9704,
and Jerry W Jones, Texas A&M Umverslty Agricultural Research and ExtensIOn Center Route 3

Box 219 Lubbock TX 79401-9757

Sorghum Sorghum blcolor (L) Moench hy­
brids were evaluated for resIstance to sorghum
mIdge StenodlploSIS sorghlcola (Coqutllett) at
Corpus ChristI Texas wIth hIgh sorghum midge
abundance and at College StatIOn Texas wIth
moderate sorghum mIdge abundance Sorghum at
Corpus ChristI and College StatIOn was planted on
7 and 29 Apnl 1995 In rows spaced 96 5 and 76 2
cm apart respectIVely Evaluated In a three-reph
cation randomIzed complete block desIgn were 17
FI hybrids with experunental A hnes crossed to
released R hnes and three resistant two resIstant x
susceptIble and four susceptible standard checks
A scale of I = 0 10 2 = 11 20 to 9 = 81 100%
kernels failing to develop was used to rate sorghum
at physIOlogIcal maturity for damage caused by
sorghum midge Gram yield (kgha I) was assessed

Damage ratmgs were higher at Corpus Chnstl
(mean damage rating 4 5) mdlcatlng more damage
by sorghum mIdge than at College StatIOn (mean
damage rating 23) Relative dIfferences between
hybrids were slmtlar between locations Superior
expenmental resIstant hybrids sustamed much less
damage than did susceptIble or resIstant checks
Hybrids wIth superior resistance (damage ratmg
less than 3 0) at Corpus Chnstl were less damaged
at College StatIOn At both locatIOns hybrids
reached 50% flowering WIthin an eight day period

and susceptible hybrids sustained more damage for
a specIfic day of flowering than did resIstant hy­
brids

Mean gram yield at Corpus ChristI and College
StatIOn ranged from 360 to 4527 and I 740 to
5 488 kg ha I respectively Experimental hybnds

~~:!i;~~~~h?~t!e~~:r2~!i/r~:~l~~r~:~;
;~~~e:~::f~~~~~~sc~~~~~1~~l~~~le~;~~t:nd
respectIvely ReSIstant hybnds had lower damage
ratmgs and usually produced more gram Damage
was of suffiCIent magmtude to Identify sorghums
with supenor gram YIeld potentIal and resIstance
Expenmental hybnds produced slgmficantly more
gram than dId susceptible hybrid checks Although
most differences between expenmental resistant
hybrids and standard resIstant or resIstant x suscep­
tible checks were not slgmficant, experimental sor­
ghums produced more gram Experimental sor­
ghums wIth female parents A91 6 A92-3 and
A93 6 produced superior hybrids dunng at least
two prevIous years and Will be released to the
commercial seed mdustry Hybrids wIth female
parents deSIgnated A94 were evaluated for the first
time and WIll be evaluated further to determme
sUitablhty for commercial productIOn

The Potential of Local Cultlvars m Sorghum Improvement m MalI

A Toure IER CRRA-Sotuba, BP 438 Bamako Mail West AfrIca K Traore IER CRRA Cmzana
BP 214 Segou, Mail West Africa J F ScheUring, Novartls Seeds AG R 1008806 CH 4002 Basel

SWItzerland D T Rosenow Texas A&M UmvefSlty Agricultural Research and ExtenSIOn Center
Route 3 Lubbock TX 79401-9757, and L W Rooney Texas A&M Umverslty Department of SOli and

Crop SCIence College StatIOn TX 77843-2474

Over 1300 accessIOns of sorghum were col­
lected m the dIfferent regIOns of Mah dUring sev
eral germplasm collectIOns from 1979 to 1990
Each germplasm collectIOn was evaluated to ex
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plOlt the breedmg potential mherent m local
germplasm whIch for the most part has remamed
under utlhzed by breeders Each of the germplasm
collectIOns was evaluated systematIcally at the



maIO sorghum stations (Somba 12°39 N Cmzana
13°17 N Same 14°26 N Longorola 12°21 N
Bema, 15°02 N and Baramandougou 13°35 N)
Each entry was planted at 3 plantmg dates at each
location with 15 days between plantmg dates Cul­
tlvars were evaluated for photopenod sensitivity
matunty genetic traits yield agronomic deslrabll
Ity and grain for food deslrablhty

Three major races eXist 10 the country gumea,
durra and caudatum The gumea race represents
about 70% of the germplasm 10 the country and IS
diVided mto two Important groups Kenmke (54%)
and Kende (16%) They are the most diversified
race 10 Mah The durra sorghums are the second
most Important race and represent 17% ot Mahan
germplasm The evaluation of the germplasm pro
vldes mformatlOn on the Identity of each cultlVar
and predictIOn ofthe different phenotypes ofproge­
mes 10 crosses Different sources of resistance to
vanous abIOtiC and biotiC constramts have been
Identified Screenmg m charcoal PitS durmg the hot
off-season at Cmzana mdlcated that local cultlvars
showed more resistance to drought and heat at the
seedlmg stage (CSM 205) Many cultlvars
(Seguetana) showed good tolerance to Strlga her­
monthlca dunng evaluatIOn m large field nursenes
at several locatIOns Mahsor 84 7 an Improved
cultlvar has been IdentIfied to posses excellent
tolerance to head bugs (Eurystylus magmatus)
which can be genetically transferred to ItS progeny
The local gumea sorghums have shown qUIte good
resistance to the panicle feedmg bug/gram mold
complex Inhentance of head bug resistance IS
quantitative and pnmanly recessive

A slgmficant amount of mformatlOn about key
characteristics ofthe local cultlvars has been accu
mulated that goes mto successful agronomic and
organoleptic Mahan adaptatIOn For leafdisease 10

the gumea sorghums lower leaves are readily at­
tacked by an array of leaf diseases but the top
leaves especially the top three are practically free
of all leafdisease symptoms Most ofthe traditIOn
ally grown culbvars are senslbve to photopenod

These sorghums have been selected to flower at the
end ofthe wet season, so that the grams npen under
dry conditions With photopenod sensitive sor­
ghums seed number tends to decrease With plant
mg date ThiS decrease causes a 34 to 58% reduc­
tion m seeds per pamcle for 15 to 30 days delay of
plantmg Poor gram quahty has been a major prob­
lem m development of new products With value
added A senes of decortICatIOn tnals was per­
formed to test the effect ofkernel texture and shape
on recovery rates Local gumeas recovery rates
were consistently around 70% while expenmen­
tals varied from 35% to 68% The local gumea
sorghums showed a kernel weight typically be­
tween 20 and 24g/1000 kernels Many Improved
and exotic cultlvars showed kernel size levels that
are below 20g/1 000 kernels which IS the lower end
of most local gumeense cultlvars

White seeded tan plant gumea type breedmg
hnes have been developed from the direct cross of
gumea With Zerazera, Mahsor 84 7 and Surefio
Progemes showed a large seed number Without
havmg to use a compact bug-filled panicle They
also showed long glumes and vitreous gram
N temmlssa (Blmbm soumale* Zerazera) a new
tan plant and straw glume color breedmg progeny
possesses excellent gumea traits and yield poten­
tIal New tan plant gumea type breedmg matenals
offer an opportumty to develop new food products,
and mdustrlal products which could enhance de­
mand and stablhze pnces These value added sor­
ghum cultlVars Will be the baSIS for Identity pre­
served productIOn for use m process109 mto higher
value products In thiS manner many of the genes
of the ehte vanety are kept while some quahtles of
the locally adaptatIOn cultlvar are retamed These
results mdlcate that great potential eXists for Im­
provmg yields and other consumer preferred traits
through utlhzatlOn of local cultlvars m breedmg
programs These findmgs suggest It would be use­
ful to pursue a full explOItation of the local land­
races for sustamable cultlvar development for the
country

Sorghum Breedmg 10 ZambIa, Its Impact and Future Needs

B N Verma and M Chlsl Zamseed POBox 35441 Lusaka, Zambia

Past SOCial and pohtlcal developments when
coupled With the neglect ofcrop Improvement pro
grams margmahzed the Importance of sorghum a

traditIonal food crop of Zambia Over time maize
replaced sorghum 10 developed parts of the coun­
try mcludmg areas that were not SUItable for Its
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cultIvatIon However, changmg ramfall patterns
has made productIon of maize hIghly unrelIable
causmg critIcal food shortages and a heavy Import
burden on the already straIned economy of the
country RecognIzmg the problem ofover depend­
ence on a smgle crop the Government of ZambIa
InItIated a series of measures to dIversIfy Its agri­
culture ThIS Included a crop Improvement program
to Improve tradItional drought resIstant food crops
lIke sorghum and mIllets for small scale farmers
The SwedIsh InternatIOnal Development AuthOrity
(SIDA) Jomed m the Government's ImtlatIve by
provldmg techmcaI and finanCial support for seed
research

TakIng advantage of Improved germplasm from
all over the world, the program has developed a
series ofWIdely adapted early maturing high yield­
Ing varietIes and hybrids for dIfferent purposes
over a relatively short period of time ImtIally
research teams faced a great deal of resIstance and
CritIcIsm agaInst Improved cultlvars from varIous
organIzatIOns responsIble for the transfer of tech-

nology to farmers ThIS resIstance was mamly
caused by a WIdely-held perceptIOn In dIfferent
sectIOns of the agricultural sector that sorghum
farmers beIng resource-poor and small scale have
no capacIty to Invest In seed and the accompanYIng
management that IS necessary for realIZIng hIgh
yIelds of Improved cultlvars In order to overcome
thIS hurdle research teams began a vIgorous vari­
ety-promotIOn campaIgn by directly workIng WIth
the farmers on a pIlot baSIS In one dIstrict The
campaIgn was extremely rewardIng It attracted
attentIOn of many developmental agencIes who
qUickly pIcked up the InItIative from the team The
Improved cultivars have now started movIng In, not
only III the country but also across countrIes In the
regIOn WIth the IncreasIng demand of seed from
farmers the entIre seed Industry IS gettIng sensI­
tIzed and, at present sorghum IS recognIzed to be
the most Viable alternatives In the crop dlverslfica
tlOn program not only of ZambIa but the entIre
SADC regIOn Ifdifferent polIcy matters relatIng to
crop utilIzatIOn seed and graIn marketIng are han­
dled carefully by the polIcy makers, sorghum has a
great future In the regIOn

PhySIOlogy of Stay Green TraIt In Sorghum

D M VIetor, C M Sowder Lee Tarpley, Dale Pawlak, W L Rooney and F R MIller Department of
SoIl and Crop SCiences, Texas A&M Umverslty College StatIOn TX 77843

RatIOnale PhenotypIc and yIeld dIfferences
among cultlvars dIfferIng In preflowerIng and post
flowerIng-tolerance to water stress have been Iden­
tIfied In Sorghum bleolor L (Moench) VarIatIon
In components of carbon and water exchange are
asSOCIated WIth these cultlvar dIfferences In stress
response Leaf CO2 exchange rates of postflower
Ing tolerant lInes can be more stable than preflow­
erIng-tolerant lInes as water stress develops (Peng
et al 1991) The CO2 exchange rates of hybrids
that were comprised of the postflowerIng-tolerant
female B35 ranged up to 50% less than hybrids
comprised of the preflowerIng tolerant female
RTx430 at relatIvely large stomatal conductance
but rates were comparable among hybrids at low
stomatal conductance (Kldambl et al 1990) Yet
consIstent dIfferences In osmotIc adjustment capa
bllIty and In relatIOnships between leaf pressure
potentIal and leaf water potentIal have not been
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observed between cultlvars dIffering In preflower­
Ing and postflowerlng tolerance to water stress
~Ackerson et al 1980) ReductIOns In rates of
4C-asslmllate export from leaves have been re

ported for hybrids of preflowerIng and postflow­
erIng-tolerant hnes under IncreasIng water stress
(Sung and Krieg 1979) Photoasslmllate retentIon
In leaves could maIntaIn pOSitIVe turgor In sor
ghum, but osmotic adjustment has been shown to
Increase to a maximum after stomatal conductance
and CO2 exchange rate have begun declInIng under
dIUrnal Increases In water stress ObservatIOns that
leaf l4C asSImIlate export IS less senSItive to declIn­
Ing leaf water potential than CO2 exchange rate
(Sung and Krieg 1979) Indicate leaf photoasslml­
late would be depleted rather than accumulated
after CO2 exchange rate begms dechnmg under
water stress (Glrma and Krieg 1992a) Reports of
osmotIc adjustment whIle CO2 exchange rate de-



chned suggest that solute accumulatIOn m sorghum
leaves was due m part, to reductIons m assImIlate
unloadmg m vegetatIve and storage organs rather
than the direct effect of mcreasmg water stress on
leaf photoasslmllatlOn and export durmg a dIUrnal
cycle (Glrma and Krteg, 1992b) ThiS relatIOnship
between osmotIc adjustment and assimilate partl
tlOnmg to gram IS consistent WIth observatIOns that
high gram yields under well-watered conditIOns
have been associated WIth susceptibilIty to post
flowermg water stress among sorghum cultlvars
(Rosenow and Clark 1981)

The objective of thIS research was to compare
CO2 exchange rate carbohydrate concentratIOns
sucrose syntheSIS rate and 14C-asslmllate partltlOn­
mg m radIOlabeled leaves among preflowermg and
postflowermg-tolerant sorghum hnes and the FI
hybrtd thereof

Methods The phySIOlogIcal mdlcators of carb
on exchange and partltlOnmg were momtored for
the penultImate leaf of well watered and water
stressed plants under field condItIOns Well-wa
tered plants were grown m plots ma silty clay-loam
SOIl and water stressed plants were grown m pots
offrttted clay that were mserted mto the sol! wlthm
rows ofwell-watered plots The sorghum hnes B35
and RTx430 and the FI hybrtd thereof were mam
plots and were spht between two growmg seasons
m a spht plot deSIgn Leaves ofsmgle plants wlthm
each of four rephcatlOns were exposed to 14C02
and momtored for 3 h under steady state condItIOns
durtng preboot, anthesls and gram-fillmg Average
xylem pressure potentials m stressed plants were
1134 kPa, 1247 kPa, and 1426 kPa at the respective
stages Sucrose glucose, fructose, and starch were
extracted from subsamples of leaf blades durmg
both years (Hendrtx 1993) and from upper stems
m 1993 Ahquots of extracts were assayed usmg
enzyme-Imked colortmetrlc assays (Tarpley et al
1993) The 14C-asslmllate m labeled leaves was
extracted and separated mto sucrose hexose and
starch components and counted usmg hqUid scm
tlllatlon spectroscopy (Tarpley et al 1993) RadIO
actIvity m blade sucrose CO2asSimIlatIon and the
specIfic radIOactIvity of 14C02 were used to com­
pute sucrose synthesIs rates dUrtng the 3 h labehng
pertod

Results Although stem dry weIghts ofB35 were
comparable to or greater than RTx430 at all three
growth stages under well-watered conditIOns gram

dry weIghts of B35 were slgmficantly (P=O 05)
smaller durmg gram filhng Unhke dry weights the
rates of leaf CO2 exchange sucrose syntheSIS and
14C asSImIlate export of B35 were slgmficantly
(P=O 05) slower than RTx430 or the FI hybrtd at
all three samphng stages of well watered plants
Leaf starch concentratIOns of B35 were slgmfi­
cantly (P=O 05) greater than RTx430 and the hybrtd
at all three stages but leaf sucrose concentratIOns
dId not differ among the hnes and hybrtd under
well-watered condItIons Similarly the percentage
of 14C asslml!ate m leaf starch was slgmficantly
(P=O 05) greater than RTx430 durmg gram filbng
and the percentage of l4C-asslmllate m leafsucrose
was slgmficantly larger m RTx430 than m B35 and
the hybrtd at anthesls Stem sugar and starch con­
centratIOns did not differ among the two hnes and
the hybrtd under well-watered conditIOns Water
stress dlmlmshed dIfferences among B35, RTx430,
and the FI hybrtd In addItIOn to plant dry weIght,
rates of leaf CO2 exchange sucrose synthesIs and
14C aSSimIlate ef'f,0rt sucrose concentratIOns and
partltlOmng of C asslml!ate among leaf sugars
and starch was slml!ar between B35 and Tx430
after water stress was Imposed durmg preboot,
anthesls and gram fillmg

DISCUSSIOn RelatIvely slow rates of CO2 ex­
change sucrose syntheSIS and 14C-asslml!ate ex­
port for B35 were associated WIth greater concen­
tratIOns and radIOlabel recovertes m leaf starch m
B35 than m the preflowertng-tolerant lme
RTx430 durtng gram filhng The smaller capacIty
of the gram of B35 could have bmlted leaf export
of 14C-asslmllate m B35 compared to RTx430
Yet the absence of greater stem bIOmass and car­
bohydrate concentrations m RTx430, compared to
B35 durmg preboot and anthesls precluded a hy­
potheSIS that low asslml!ate unloadmg rates m
vegetative and reproductIve organs under well wa­
tered condItions were contrtbutmg to cultlvar dIf­
ferences m leaf traIts and stress tolerance ConsIs­
tent dIfferences between B35 and RTx430 under
well watered conditIOns suggested that regulatIOn
m leaf blades contributed to cultlvar differences m
the observed leaf traIts Yet It IS not clear whether
the cultlvar differences m leaftraIts under well-wa­
tered condItIOns are relevant to stress tolerance It
may be pOSSIble to select for postflowermg toler­
ance to water stress whIle aVOldmg alleles that
exhibIt relatIvely slow rates of leaf CO2 exchange
sucrose syntheSIS and 14C-asslmllate export under
well watered condItIOns
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BIOchemical and Genetic Studies on Male Sterile
Lmes m Pearl Millet [Penmsetum glaucum (l) R Br1

C VlJayalakshml, N Iayaraman and S Iultet Hepzlba Department of
Millets, School of Genetics, Tamil Nadu Agncultural Umverslty COimbatore-641 003 India

The anthers of eleven diverse male stenle hnes
and their mamtamers ofpearl millet were analyzed
for total protem content ElectrophoresIs ofprotem
extracts followed by Silver stammg was carned
out The male-stenle hnes showed fewer fractIOns
of polypeptides while B hnes had more high mo­
lecular weight polypeptides Fourteen different
polypeptides were present m the male stenle hnes
and thirteen m their mamtamers Dlstmct differ­
ences eXisted between male stenle hnes and their
mamtamers and also among different male stenle
Imes and mamtamers The polypeptides ofmolecu
lar weights 34 600 daltons and 28 800 daltons were

absent m all the B hnes while those of 52 500
daltons and 40 700 daltons were present only m B
hnes Combmmg ablhty analysIs was conducted on
eleven diverse male stenle hnes and five testers of
pearl millet m a Lme X Tester method ThiS mdl
cated that both additive and non additive genetic
variances were slgmficant Among hnes 405A was
the best combmer for yield tallness and late flow­
ermg and among testers PT 1890 and PT 3095
were good combmers for gram yield The hybnd
combmatlOn 405A X PT 1890 showed the highest
per se perfonnance and SeA effects for gram yield
offered scope for explOitatIOn of heteroSIs

An Outlook on the Sorghum Genetic Improvement

Research Program m Northern MeXICO

Hector Wtlhams-Alanls M Sc Industrial Crops Program researchers Sorghum INIFAP RIO Bravo Ex
penment StatIOn Apdo Postal 172 CP 88900 RIO Bravo Tam MeXICO J Henberto Torres Montalvo

Texas A&M Umverslty Doctoral Student Department of Plant Pathology and MicrobIOlogy College
Station Texas 77843 2132 and Noe Montes-Garcia M Sc Industnal Crops Program researchers Sor
ghum INIFAP-RIO Bravo Expenment StatIOn Apdo Postal 172 CP 88900 RIO Bravo Tam MeXICO

The state of Tamauhpas situated m north­
eastern MeXICO IS the most Important gram sor­
ghum production area nationwide About 800 000
ha are planted annually With an average productIOn
of 1 7 mllhon tons The mam problems of the crop
m northern MeXICO are drought madequate man
agement of plant and SOlI (m thiS case for sotl
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conservatIOn mOisture) and diseases such as char­
coal rot (Macrophomma phaseohna) head smut
(SpOrlSOrlUm rellianum) and gram molds

The sorghum Improvement program at the RIO
Bra"o Expenment StatIOn started m 1974 Up to
thiS date, SIX gram sorghum hybnds (RB 2000 RB



2010 RB 2020, RB 3006 RB 3030 and RB 4000)
have been released The goal of thiS program IS to
develop hlgh-yleldmg hybnds with wide adapta
tlOn adaptatIOn to both lITIgated and ramfed condl
tlOns With excellent agronomic charactenstlcs, and
tolerance to diseases

The first sorghum hybnds released by this pro
gram m 1976 were obtamed from crosses between
male stenle Mexican hnes by restorer hnes from
INTSORMIL with charactenstlcs for tropical ad
aptatlOn These hybnds showed adaptatIOn to the
mam sorghum areas m MexIco In 1989 a hybnd
(100% Mexican) denved from germplasm of INT
SORMIL was released

Currently the sorghum Improvement program at
RIo Bravo IS the only one m INIFAP (MeXican

Agncultural Research Service) and we have devel­
oped studies to compare tan plant with red plant
charactenstlcs studies With different cytoplasm
types (A1and Az) and stenhzatlOn ofrestorer hnes

We conSider that the perspectives are favorable
for our program If the economic resources are
available It has been demonstrated that the
germplasm obtamed m thiS program has adaptation
to all sorghum regIOns In MexIco Additionally,
there IS an outstanding staffofresearchers trymg to
form a group of excellence Two members of the
Sorghum Improvement Program are m Doctoral
studies at Texas A&M Umverslty With the mam
obJectlve to Increase their knowledge about the new
techniques needed to solve the problems present III

our regIOn

Survey of Anthracnose Resistant Sorghum Germplasm

Lmes to Identify AdditIOnal Resistance Genes

C C Wiltse W L Rooney Department of SOil and Crop SCiences Texas A&M Umverslty College
Station TX 77843 R A Fredenksen Department ofPlant Pathology and MicrobIOlogy Texas A&M

Umverslty College StatIOn TX 77843 and D T Rosenow Texas A&M Umverslty,
Agncultural Research and ExtenSIOn Center Rt 3 Lubbock TX 79401

Anthracnose caused by the fungus Colle­
totrlchum gramlnlcola (Ces ) WIIs IS one of the
most common and destructive diseases of gram
sorghum Sorghum blcolor (L ) Moench The diS
ease IS most senous m the warm humid sorghum
growmg regIOns of the world Breedmg for stable
resistance has met with hmlted success due to the
variation m pathogemclty and virulence of several
C grammlcola Isolates and the lack of knowledge
pertammg to the host/pathogen mteractlOn Several
attempts to determme the mhentance of resistance
to anthracnose have resulted m conclusIOns mclud­
mg a smgle dommant multlallehc gene (Tenk­
ouano 1993) a smgle recessive gene (K S Boora
and R A Fredenksen 1996 personal commumca
tion) at least 2 mdependent dommant genes (Jones
1979) and 2 hnked dominant genes each confer
rmg resistance to different phases of the disease
(Coleman and Stokes 1954)

Several sorghum germplasm accessions m the
TAMUIUSDA Sorghum Conversion Project have
been Identified as haVing good resistance to an

thracnose Before these hnes can be effectively
utlhzed m sorghum breedmg programs mforma­
tion regarding the genetic control of resistance m
these hnes IS needed An expenment IS being con­
ducted to determine whether or not resistance IS
conferred by one or more genes Thirteen resistant
hnes (SC155 14E SC120-l±E SC647-14E
SC166 14E SC84-14E SC414 12E SC748-~

SC991 14E SC689 14E SC326.Q., SC176-14E
SC701 14E and SC137 14E) were used to make
16 different resistant by-reSistant crosses The Fz 3
generatIOns from each family are currently growmg
dunng at the Texas A&M Umverslty Research
Farm near College StatIOn TX The expenment
was artifiCially moculated With the C gramlnlcola
Isolate TX430BB85 and was watered penodlcally
With an overhead sprmkler m an attempt to create
a SUitable environment for disease development
and spread Each row was evaluated for fohar
symptoms of anthracnose to determine If the row
was resistant susceptible or segregatmg for resIs­
tance and susceptlblhty
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To date, segregatmg and susceptible rows have
been Identified m 6 of the 13 F23 populatIOns
These data mdlcate that resistance to anthracnose
IS conferred by more than one gene Due to the
extreme drought condItIOns dunng the 1996 sum­
mer and subsequent lack of adequate dIsease pres­
sure the data thus far do not clearly mdlcate the
number of different genes segregatmg wlthm the
populatIOns Further evaluatIOn ofthe 16 F2 3 faml­
hes WIll be contmued durmg the remamder of the
summer

References

Coleman 0 H , and I E Stokes 1954 The mhen­
tance of resIstance to stalk red rot m sorghum
Agron J 4661-63

Jones E M 1979 The mhentance of resIstance to
Colletotnchum grammlcola m gram sorghum,
Sorghum blcolor Ph D Dlss Purdue UnlV,
West Lafayette IN

Tenkouano A 1993 Genetic and ontogenic analy
SIS ofanthracnose resIstance m Sorghum blcolor
(L) Moench Ph D Dlss Texas A&M UnlV
College StatIOn TX

The Morphological Characterlsttcs of Apomictic Embryo III Sorghum

Shublao Wu, Xuemel Han, YongJln Shang, The Department of BIOtechnology ShanXI Academy of Agri­
cultural SCIences TaIyuan ShanXI Chma 03003 1 Tlantang NIU, ShanXI Academy of Agricultural SCI­

ences TaIyuan ShanXI Chma 030006, and Fuyao Zhang Sorghum Research InstItute ShanXI
Academy of Agricultural SCiences YUCI, ShanXI Chma 030610

The embryo structure of two apomIctic hnes
296B and SSA I IS discussed m thIS paper The
apomictic embryo has the characteristIc of lackmg
suspensor m sorghum otherwIse the sexual em­
bryo has a long suspensor m the same specIes ThiS

character IS an mdex ofJudgement on apomxls The
asexual embryos m the lack of suspensor suggests
that there are some relatIOnshIps between non zy
gotlc embryos

Ralnfed Sorghum Landraces The Germplasm Structure III the Sudaman Zone of Chad

N D Yagoua, ClRAD-CA StatIOn de BebedJIa, BP 31 Moundou, Chad

The Challenge

Sorghum [Sorghum blcolor (L) Moench] IS a
staple cereal for human consumptIOn m Chad As
a consequence of ecological changes (I) many
landraces no longer fit theIr envIronment and (11)
farmers need new varIetIes wlthstandmg new con
stramts plus stable yIelds whIle preservmg good
gram quahtles

The Gerrnplasm Structure

A better understandmg of local cultlvars IS a
prereqUIsIte for accurate bIOlogICal adjustments be­
mg conducted m order to match the challenge For
that purpose 76 sorghum populatIOns represented
by 4416 panicles have been collected throughout
the Sudanlan zone of Chad and analyzed

Results

1) TaxonomIc and genetIc patterns
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(I) Four out of the five baSIC races (Harland and
de Wet s clasSIficatIOn) and theIr hybrids are rep­
resented

(11) As expected the Kafir race and Its relatIves
are not represented

(111) About 65% of the cu1tlvars are entirely or
predommantly hybrtd between the races
(caudatum-gumea gumea caudatum caudatum­
durra and gumea-blcolor)

(IV) Caudatum constItutes the dommant race m
baSIC race composite cultIvars no populatIOn en­
tirely constituted by the caudatum race was Identi­
fied

2) Genetic erosion



(I) Almost one thIrd of the cultlvars known
durIng the last thIrty years are IncreasIngly aban­
doned due to Strlga [Strzga hermonthlca (Del)
Benth] pressure and an unfit vegetatIve cycle
Durra and guInea-durra sorghum are the least com­
petItIve

(11) The caudatum race (38 3% of basIc races
represented In the gerrnplasm) contrIbutes to more
than 85% ofthe hybrIds whIch means thIS race has
a good general combInIng abIlIty

3) VegetatIve cycles

(I) 50% flowerIng duratIon lIes between 70 and
155 days If SOWIng occurs the last of May

(11) Landraces wIth IntermedIate cycles (90 120
days) are scarce

4)GraIn productIvIty

Caudatum caudatum-guInea, gumea caudatum
and durra-caudatum sorghums produce the most
graIn (50-65 g per panIcle)

As A Consequence

(I) Sorghum gerrnplasm In the SudanIan zone of
Chad IS one of the most dIversIfied ill sub Saharan
AfrIca SInce genetIc erosion IS Important, saVIng
the landraces should be a prIOrIty

(11) HybrId landraces I e caudatum-guInea,
gUInea-caudatum caudatum-durra should be ex­
plOIted by mass selectIOn SInce they exhIbIt hIgh
varIabIlIty

(m) The caudatum race combInes well WIth
other races and should be used as much as pOSSIble

(IV) For sustamably fillIng the gap ofunadapted
landraces, bIologIcal adjustments should aIm at
reduce down to 90 120 days the cycle of the long
season cultlvars preferred for storage graIn qualI­
tIes and palatabIlIty and Improve resIstance to
Strlga and/or mIdge (StenodlploS1S sorghlcola
(Coq)

The Methodology Study on the Sorghum Germplasm EvaluatIon for Sterile Tolerance

Z P Yu C X Zhang Y P Gao and H S Yu
ShanXI Academy ofAgrIcultural SCIences Talyuan ShanXI P R Chma 030031

To utIlIze low fertIlIty-tolerant gerrnplasm m
sorghum breedIng 6364 Chmese sorghum entrIes
and 3140 exotIc mtroduced entrIes were evaluated
between 1982 and 1995 Three hundred seventy-

eIght entrIes were IdentIfied as grade I tolerant
lInes The evaluatIOn methodology and related top­
ICS are dIscussed m the paper

The Study and UtIlIzatIOn of AlternatIve Sorghum Cytoplasms m Chma

F Y Zhang T T Nm Y M Wei Z L Bal G X Zhang C G Meng X M Yan J A PIng L X Wang,
and Y Sun ShanxI Academy ofAgrI SCI Talyuan ShanXI P R Chma 030031

The test crosses showed that most kaolIang AI
R-lmes produced mamtamer responses for both A2
and A3 cytoplasms The ease of the cytoplasms to
restore fertI1Jty was determllled to be

AI~Ar~A3®~~9E~A3D A commercIal A2

cytoplaslc male-sterIle lme V4A was released as a
seed parent and two hybrIds made WIth It have been
grown on fields of about 100,000 ha The polIen
abortIOn characterIstIcs of the cytoplasm sources
are deSCrIbed
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Dr LelandR House

Dr Geblsa E]eta on behalf of the InternatIOnal Sorghum Research Community,
presented Dr LelandR House with a plaque and thefollowmg tribute commemoratmg
hIs lifelong service and dedlcatlOn to the Improvement ofthe sorghum crop around the
world

Dr Leland R House has been the leadmg contnbutor to sorghum Improvement
around the world for over 35 years He has been mvolved m essentially all aspects of
developments m sorghum Improvement programs m ASia, the MIddle East and m many
parts of AfrIca for the past three decades HIS contnbutIOns have been m many areas,
rangmg from germplasm development and exchange, sorghum breedmg, to trammg and
regIOnal program development HIS efforts led to very sIgmficant mcreases m sorghum
productIOn m several countrIes mcludmg India, Sudan, and ZambIa

Dr House began hIs career m InternatIOnal Agnculture when he jomed the
Rockefeller FoundatIOn program for maIze Improvement m IndIa m 1959 In 1961, he
assumed responsIbIhty for the Rockefeller FoundatIOn IndIan Sorghum Improvement
Program Workmg WIth hIS IndIan counterpart, Dr N G P Rao, he was jomtly
responsIble for development of the All India Coordmated Sorghum Improvement
Program ThIs program has been exceptIOnally productIve and served as a model for
SImIlar programs m other crops m IndIa, and for crop Improvement programs mother
parts of the world One of hIS pnmary ObjectIves has always been to develop crop
Improvement teams through close SCIentIfic collaboratIOn WIth SCIentIsts mother
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disciplInes The All India Coordmated Sorghum Program IS a wonderful example ofhis
success m thiS regard He gave his time unselfishly to help m the professIOnal
development ofhis Indian colleagues resultmg m major achievements m Indian sorghum
production

Durmg the time that the first sorghum hybnds were bemg developed m India, Dr
House was actively mvolved m the development of a seed mdustry to support hybrid
seed productIOn He helped establIsh hybnd seed programs m government organIzatIOns
and to stImulate development of a pnvate seed sector through hiS contacts With Indian
seedsmen Some of these pnvate companIes have become well establIshed m India
Throughout these developments, Dr House has been a constant and unselfish adVisor
to both publIc and pnvate sector seedsmen

In 1971 Dr House began a regIOnal sorghum program at the Arid Lands Agricultural
Development Office (ALAD) m BeIrut, Lebanon Durmg the next five years he fostered
extenSive germplasm development and trammg programs m several countries of the
Middle East and Africa Several of the sCientists tramed at ALAD have gone on to
assume key pOSitIOns m crop Improvement programs m the regIOn One ofhis prmclpal
accomplIshments was the InItiatIOn of a hybrid sorghum program m Sudan m coopera­
tIon With Sudanese sCientIsts m the Agricultural Research CorporatIOn HIS stImulatIOn
of mterest m hybrid sorghum for Sudan led to the development several years later, by
hiS colleague Dr Geblsa EJeta, of Hageen Dura-l ThiS hybrid IS currently producmg
yield mcreases from two to five times that of local varietIes, under both lITIgated and
ramfed conditions ThiS IS a major contributIOn to the country of Sudan, espeCially m
view ofthe current drought-mduced food cnsls m that part ofAfrica In Zambia, workmg
With hiS colleague, Dr Bhola Nath Venna, they laid the foundatIOn for a successful
sorghum research program that developed varieties and hybrids for different uses m the
country They also establIshed the value ofthe new cultIvars and msured the abundance
of seeds ThiS effort m Zambia IS an excellent example of a development actIVity
growmg out of a research program

Dr House was one ofthe prinCipal organIzers ofkey InternatIOnal Sorghum Symposia
m the world He was mstrumental m organlzmg "Sorghum m the Seventies" m 1971,
and co-editor With Dr Rao, of the proceedmgs publIshed m 1972 ThiS was the first
major mternatlOnal sorghum research symposmm ever held and Dr House was
mstrumental m mltIatmg, organIzmg, and publIshmg the symposmm A sequel was held
m 1981 after Dr HouseJomed ICRlSAT as Program Leader for sorghum Improvement
Agam, he was the drIvmg force behmd "Sorghum m the Eighties", which was publIshed
m 1982 Dr House also InItiated the early diSCUSSIOns and efforts that led to thiS meetmg
In 1984, Dr House assumed leadership ofthe Southern Africa RegIOnal Sorghum/MIllet
Improvement Project m Bulawayo, Zimbabwe, havmg been aSSigned as itS first
ExecutIve Director He was responSible for the overSight of the many actlVltles of the
Center rangmg from assembly of germplasm, experiment station development,
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estabhshment of laboratory facIhtIes, and coordmatIOn oftrammg efforts to mobIhzmg
emergency seed production efforts, WhICh was wIdely haIled as meetmg critical needs
of poor farmers m the Southern AfrIca regIOn

Dr House contributed unselfishly to the professIOnal development of numerous
sorghum SCIentists around the world HIS approach on research teams has always been
to work qUIetly, but steadIly, behmd the scenes to motivate others to hIgher levels of
achIevement HIS impact on sorghum productIOn around the world has been amphfied
by hIS abIhty to motivate others A good example is the publicatIOn of a sorghum
breedmg handbook, that not only provIdes the baSiC prmciples of sorghum breedmg m
a very dIrect and practical manner, but also is clearly illustrated WIth an excellent set of
"how to" photographs

Dr House epitomizes the ideal example ofthe role of an expatrIate SCIentist m ThIrd
World AgrIcultural Development As a leader he IS a catalyst, a member of a team, and
a contributor He bUIlds trust and loyalty among hIS staff He bUIlds confidence WIth
young profeSSIOnals He duects but does not dIctate He has an amazmg abIhty to identIfy
WIth people across cultures He IS gIfted WIth the abIhty for seemg problems from the
perspectIve of the locals Throughout hIS long and dIstmgUIshed career, he worked
qUIetly, but WIth a great sense of purpose He accomphshed goals by excellent
organIzation, keen mtelhgence and hard work HIS dedIcatIOn to SCIence and sorghum
Improvement prOVIdes mspiratton and motivatIOn for others around him HIS
encouragement, support and able techmcal aSSistance, strengthened numerous natIOnal
sorghum and mIllet Improvement programs Among hiS many contributIOns, IS hIS
mvolvement m the promotIOn and development of the seed mdustry m developmg
countrIes, hIS untmng effort m mobIhzmg the development and free movement of
improved sorghum germplasm around the world, and hiS mspuatIOn and encouragement
m the profeSSIOnal development ofyoung SCientists, that wIll remam hiS legacy He has
been exceedmgly successful m all of these areas HIS effectIveness IS clearly
demonstrated by the tremendous respect and hIgh esteem whIch hIS colleagues around
the world have for hIm
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Av Intercommunal SantIago Marmo
Sector La Provldencla, Parcela No 7
Turmero 2101, Aragua, Venezuela

Zambia

Medson Chlsl
Mt Makulu Research StatIOn
Pnvate Bag 7
Chtlanga, Zambia

Bhola Nath Verma
c/o ZambIa Seed Co
PO Box 35441
Lusaka, Zambia
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Zimbabwe

NIcholas Mangombe
Crop Breedmg Instltute
Box CY 550, Causeway
Harare, ZImbabwe

Emmanuel S Monyo
SADC/ICRISAT
PO Box 776
Bulawayo, ZImbabwe

Joseph Mushonga
Research & Speclahst ServIces
Box CY594 Causeway
Harare, ZImbabwe

A Babatunde Obtlana
SADC/ICRISAT SMIP
Matopos Research StatIOn
PO Box 776
Bulawayo, ZImbabwe



About INTSORMIL

The collaboratlve research support program (CRSP) concept was created by the U S Agency
for InternatIonal Development (USAID) and the Board for InternatIOnal Food and AgrIculture
Development (HIFAD), under the auspIces ofTItle XII ofthe ForeIgn AssIstance Act, as a
long term mechanIsm for mobilIzmg the U S Land Grant Umversltles m the mternatIOnal
food and agncultural research mandate ofthe U S Government The CRSPs are communItIes
ofU S Land Grant Umversltles workmg WIth USAID and USAID MISSIOns, other U S Fed­
eral AgencIes, developmg country Natlonal Agncultural Research Systems (NARS), develop­
mg Country Colleges and Umversltles, InternatIOnal AgrIcultural Research Centers (IARCs),
pnvate agencIes, mdustry, and pnvate voluntary organizatlons (PVOs) INTSORMIL, the Sor­
ghum and MIllet CollaboratIve Research Support Program (CRSP) was establIshed m 1979
and IS one ofnme CRSPs currently m operatlon The unlversltles actIve m the INTSORMIL
CRSP are Kansas State UmverSIty, MISSISSIPPI State UmverSIty, UmverSIty ofNebraska, Pur­
due UmversIty and Texas A&M Umversity

The INTSORMIL mISSIon IS to use collaboratlve research as a mechanIsm to develop human
and mstltutIOnal research capabilItles to overcome constramts to sorghum and mIllet produc­
tlon and utIlIzatIon for the mutual benefit ofU S and LDC agrIculture

Collaboratlve research SItes are mamtamed m the agroecoiogical zones ofwestern, southern,
and eastern AfrIca, and m Central Amenca These SItes support the general goals ofbmldmg
NARS mstltutlonal capabIlItIes, creatmg human and technologIcal capItal for solvmg sorghum
and millet constramts WIth sustamable global Impact, promotmg economIC growth, enhancmg
food securIty, and encouragmg entrepreneunal activitles

About ICRISAT

The semI-arId trOpICS (SAT) encompasses parts of48 developmg countrIes mcludmg most of
IndIa, parts ofsoutheast ASIa, a swathe across sub-Saharan AfrIca, much of southern and east­
ern AfrIca, and parts ofLatm Amenca Many ofthese countrIes are among the poorest m the
world ApproXImately one SIxth of the world s populatIOn bves m the SAT, WhICh IS typIfied
by unprechctable weather InDIted and erratIC ramfall and nutrIent-poor SOlIs

ICRISAT Smandate crops are sorghum, pearl mIllet, f"mger mIllet, chickpea, pigeonpea, and
groundnut, these SIX crops are VItal to hfe for the ever-mcreasmg populatIOns ofthe semI-arId
trOPICS ICRISAT' s mISSIOn IS to conduct research whIch can lead to enhanced sustamable pro­
duction ofthese crops and to lffiproved management of the lImIted natural resources ofthe
SAT ICRISAT communIcates mformatIOn on technologIes as they are developed through
workshops, networks, trammg, lIbrary servIces, and publIshmg

ICRISAT was establIshed m 1972 It IS one of 18 nonprofit, research and trammg centers
funded through the Consultatlve Group on InternatIOnal AgrIcultural Research (CGIAR) The
CGIAR IS an mformal asSOCiatIon ofapproxlffiately 50 publIc and pnvate sector donors, It IS
co-sponsored by the Food and AgrIculture OrganIzatIOn ofthe Umted NatIons (FAO), the
World Bank, and the Umted NatIons Development Programme (UNDP)
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