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Foreword

In 1971, an international symposium, “Sorghum 1n the Seventies”, organized by the
All India Coordinated Sorghum Improvement Project with support from the Indian
Council of Agricultural Research and the Rockefeller Foundation was held in Hydera-
bad, India The symposium 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 1n the Eighties”, an mternational symposium at ICRISAT Center
in India, to review the achievements accomplished in sorghum research during the
preceding 10 years They reviewed sorghum’s role as an important cereal food, feed,
construction material, and fuel in the developed and developing countries In 1994, after
discussion among INTSORMIL and ICRISAT scientists, 1t was recognized that an
international meeting on the genetic improvement of grain sorghum and pearl millet was
needed and would be strongly supported by the international sorghum and mullet
research community

Those discussions led to the September 1996 International Conference on Genetic
Improvement of Sorghum and Pearl Millet

Grain sorghum and pearl millet are major food grains 1n the semiarid tropics of Africa,
India, and South America Sorghum ranks fifth among the world’s cereals, following
wheat, maize, rice, and barley FAO includes all millets together in 1ts production
estimates Current estimates indicate that annual world sorghum production 1s approxi-
mately 61 million metric tons and world millet production 1s approximately 20 million
metric tons The mnaugural speaker of this 1996 conference, Dr Leland House, indicated
global population 1s projected to increase to nine billion people by the year 2030 and 15
projected to increase most rapidly in the developing world This will create a growing
demand for food, as well as potential new market opportunities for food products
developed from these basic grains

This conference brought together sorghum and millet research scientists from around
the world to share and exchange information on the genetic improvement of these two
crops Papers were presented on genetic resources, yield and adaptation, breeding,
breeding techniques, breeding for resistance to biotic stresses, abiotic stresses and
Striga, breeding for improved grain quality and utilization, and the current and future
use of biotechnology in genetic improvement Mr Denmis Avery, of the Hudson
Institute, and closing keynote speaker to the conference, challenged the conferees with
this concept “Research 1s the largest component of agricultural sustainability under
human control”

INTSORMIL and ICRISAT wish to thank the Rockefeller Foundation, the Overseas
Development Administration (ODA), the National Grain Sorghum Producers Associa-
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tion, the Texas Seed Trade Association, Texas Tech University, and Texas A&M
Unuversity for therr support of international participants and conference activities which
made this meeting a special success Special thanks go to the Texas A&M scientists who
organized the field tours and to Cargill Seed Company, Crosbyton Seed Company,
DeKalb Seed Company and the Pioneer Seed Company for hosting tours through their
breeding nurseries and seed production facilities Special thanks also goes to the
organizing committee for pulling this program together and to the participants who
prepared the papers appearing 1n this volume The conference body applauded the
INTSORMIL support staff, Joan Frederick, Marilyn McDonald, and Dottie Stoner, and
Sheryl Smith of the Texas A&M Research Center, Lubbock, in appreciation for the
outstanding manner 1n 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 international sorghum research and for the
many contributions he made to improving sorghum 1n developing countries Dr House
was the leader 1n organizing and served as a symposium coordmator n the previous
International Sorghum Conferences 1n 1971 and 1981 A summary of the professional
career and accomplishments of Dr House are printed on page 689 1n these proceedings
It was fitting that Dr House served as the keynote speaker at this conference During
the banquet Thursday evening, Dr Ouendeba Botorou, Coordinator for the Pearl Millet
Research Network in West Africa (ROCAFREMI), was also recognized for his years
of service as INTSORMIL Host Country Coordinator and pearl millet research collabo-
rator in Niger

Participants came to this conference prepared to spend long hours 1n getting caught
up on the most recent scientific advancements made 1n the field of genetic improvement
in sorghum and millet While we take our research very seriously, there were hight
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 spirit of the conference and 1s included 1n these proceedings

This publication will be widely distributed throughout the world We hope the
information, poster abstracts and discussions appearing in this proceedings will be as
stimulating to the reader as the actual presentations I believe this meeting strengthened
the collaboration between National Agricultural Research Organizations (NARs), sci-
entists from the U S, ICRISAT, ODA, and other international organizations

John M Yohe
INTSORMIL Program Director

it



Sorghum and Millet
That Need to Be Improved

by Allya S Kasakova, Deputy Director,
All Russia Sorghum Research Institute,
Rostov, Russia

There are Sorghum and Millet that need to be improved

And this 1s a conference that was organized because
Sorghum and Millet need to be improved

And this 1s the Lubbock - city that has a conference
that was organized because Sorghum and Millet need
to be improved

And there 1s our Orgamizing Commuttee that has done
everything and chosen the Lubbock - city

that has a conference which 1s organized because
Sorghum and Millet need to be improved

And this 1s an international team of Sorghum and Millet scientists
that thanks an Organizing Commuttee,

that has done everything and chosen the Lubbock - city

that has the conference that was organized

because Sorghum and Millet need to be improved

And those (1n the field) are Sorghum and Millet varieties

that were created by plant breeders

that thank an Organizing Commuttee that has done everything
and chosen the Lubbock - city

that has the conference

because Sorghum and Millet need to be improved

And this 1s the large Texas beef that like to eat new
forage Sorghum and Millet varieties,
that grow m the field
that were created by plant breeders
that thank an Orgamzing Commuttee that has done everything
and chosen the Lubbock - city
that has a conference
because Sorghum and Millet need to be improved



And this 15 a good piece of real Texas meat

that was prepared from the large Texas Beef

that liked to eat new forage Sorghum and Millet varieties
that grow m the field

that were created by plant breeders

that thank an Organizing Committee

that has done everything and chosen the Lubbock - city
that has the conference

because Sorghum and Millet need to be improved

And all that 1s 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 varieties
that grow 1n the field

that were created by plant breeders

that thank an Organizing Committee

that has done everything 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 organizers of this
conference for giving me the opportunity
to give this inaugural address

We are a group of agricultural scien-
tists with a focus, or at least an mterest, in
sorghum and millets Our interest in and
approach to our science 1s varied, our
expectations different, and our rewards
individual, but being involved n agricul-
ture, particularly with sorghum and pearl
muillet, which are important crops to some
of the world’s poorest people, carries a
responsibility to address 1ssues of concern
to those who use the crop I feel that for
those of us mvolved in crop improvement,
the end point 1s the user, not a publication
or cultivar release Advances in our sci-
ence are made by people and for people,
so we must be concerned about people
This meeting has a focus on the science,
1t 1s international 1n scope and wants pro-
jection nto the future I would like 1n
recognizing these 1ssues 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 going

Changes 1n Sorghum and Mllet
Production

Before beginning these topics, I should
mention something about significant
trends 1n sorghum and mullet production
and projection of crop demand

Leland R House Rt.2 Box 136 A | Bakersville NC 28705 USA

Sorghum ranks fifth among the world’s
cereals, following wheat, maize, rice, and
barley Production in the early 1960s was
about 35 million tons but increased rap-
1dly, reaching almost 70 million tons in
1978 Production then fluctuated substan-
tially, reaching a peak of 77 million tons
in 1985 Production declined and 1n 1993-
94 was about 61 million tons In the 1993-
94 season, area sown and yield figures
more or less followed production and de-
clined as well, with about 44 million hec-
tares sown and with an average yield of
about 1420 kg ha ' (FAO Production Year
Books)

FAO includes all millets together 1n its
estimates, so figures for Africa and India
have been used to better represent changes
for pearl millet Comparing the averages
for the years 1975-79 with the years 1990-
94, area declined by 4 5 million hectares
(350 and 30 5 million hectares, respec-
tively), while yield mcreased by 115 kg
ha' (565 compared to 680 kg ha') so
production was relatively constant during
this period, with an increase of 800,000
tons (19 6 compared 20 4 million tons,
respectively)

On a world basis, sorghum represents
four percent of the total cereal production
While this figure 1s small, there are coun-
tries where sorghum production 1s of great
importance Burkina Faso (53%), Sudan
(72%), Chad (41%), Cameroon (40%),
Botswana (84%), Rwanda (52%) In Af-
rica as a whole, sorghum represents 18
percent of the total (Dendy, 1995)



Averaging 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 15 10%, and 1n India, 5% of total
cereal production The crop 1s very impor-
tant 1n several African countries, account-
ing for the following percentages of cereal
production Niger 70%, Senegal 63%,
Mal1 40%, Chad 38%, Uganda 39%,
Burkina Faso 25% (FAO Production Year
Book, 1989) A concerned focus on pearl
millet ;n a number of African countries 1s
important

It 1s worth noting that production of
sorghum mn Africa, with a low of eight
million tons 1n 1973, increased to 17 mil-
lion tons mn 1988 and averaged about 15 5
million tons 1n the 1993-94 period (FAO
Production Year Books)

The use of grain as animal feed has
been an important stimulus for the global
use of sorghum (Dendy, 1995) Feed use
was relatively minor until the mid 1960s
when 1t expanded rapidly, particularly m
North America Feed utilization overtook
food use for the first time 1n 1966 Over
the past 25 years, feed use has risen from
15 million to 40 million tons This use, up
to 97%, has occurred 1n developed coun-
tries, but also 1 some better-off develop-
ing countries, particularly in Latin Amer-
1ca, where 1t accounts for about 80% of
sorghum utilization

I would like to comment about the situ-
ation mm India, which I feel presents a
significant lesson In the 1960s, sorghum
was grown on about 11 3 million hectares,
producing about 5 8 million tons of grain
Yield was 400-450 kgha ' In 1986-1990,

area sown was about 9 1 million hectares,
production around 8 0 million tons, and
yield about 1048 kg ha' (Murty, 1992)

This represents a decline of about 2 1
million hectares m area sown, but an -
crease m production of about 2 2 million
tons of gramn This 1s a consequence of
efforts made in the country to develop an
All India Coordinated Sorghum Improve-
ment Program, with a focus on hybrids,
and the establishment of a seed industry
to produce and market hybrid seed of a
number of crops

Area sown to sorghum mn the US be-
gan a decline m the last half of the 1980s,
and 1n 1995 the area sown was approach-
mng half of the area sown in 1986 As a
consequence, some three to five years
ago, several large seed companies under-
took dramatic cutbacks in their sorghum
programs Recently, both Pioneer and
Dekalb, which sell nearly 50% of the sor-
ghum seed inthe U S , also began substan-
tial cutbacks This reaction 1s cause for
concern because 1t jeopardizes the private
sector’s contribution to product develop-
ment and marketing, research that ad-
dresses the 1ssue of genetic vulnerability,
and country-wide, even nternational,
testing leading to hybrids with broad
adaptability Private sector research also
addresses such 1ssues as drought and pest
resistance, having a more fundamental as
well as applied outlook Part of this prob-
lem was created by allocation of acreage
for maize Farmers would sow maize to
retain their allotment, thus leading to a
negative impact on the area sown to sor-
ghum The recent change inthe U S Farm
Bill permits farmers to sow as they
choose, and, with dry weather this past
year, the area sown to sorghum in 1996 1s



12 5 million acres, up from 9 5 million
acres 1n 1995 This 1s encouraging and I
hope helps address this 1ssue

In the U S, during most of its history,
agricultural production was intended for
domestic consumption However, during
the last several decades, export demand
has grown faster than domestic demand
Thus reflects a decline 1n the rate of popu-
lation growth and a declining percentage
of mmcome spent on food By contrast,
much of the rest of the world, particularly
developing countries, have experienced a
more rapid rise 1 both population and
mcome growth This has stimulated a
market to which U S agriculture has re-
sponded

Looking to 2030, based on the U S
Census and United Nations base line pro-
jections, the U S population 1s expected

to grow about 20-25 percent, while m
other areas, particularly developing coun-
tries, the rate 1s projected to be around 80
percent Global population will increase
from about 5 billion 1n 1990 to about 9
billion m 2030 This population increase
will create a rising demand for food as
well as a market for produce

With rising income 1n the lesser devel-
oped countries (LDCs), 1t 1s projected that
a greater portion of income will be spent
on food and increasingly on animal prod-
ucts, raising the demand for feed

Combining various population and per
capita income data, Figure 1 was devel-
oped It compares data for the period
1985-1988 with projected data for 2030
The coarse grans include corn, sorghum,
barley, and oats This projection indicates
a substantial increase in demand n less
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Figure1  Demand for Grain in Developed (DC) and Less Developed Countries (LDC), 1985-88

and 2030 (Projected)



developed countries and adds relevance to
the international scope of this meeting

(CAST, 1992)

The Science

A Glimpse of History

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 1n trade channels
eastward over the Arabian Peninsula and
across the Indian Ocean some 3,500 years
ago Over centuries, farmer breeders
adapted the crop to an array of conditions
They did a good job 1n selecting cultivars
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 1n the collection,
preservation, and understanding of our
germplasm Countries have been willing
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 in the
last 30-50 years In an effort to capitalize
on tropical cultivars in the temperate re-
gion, where some tropical types did not
flower during the growing season or did
so extremely late, the USDA and Texas
A&M, since 1962, have undertaken a
backcrossing program to convert tropical
materials to temperately adapted lines
Selections from this program have, for
many years, been used worldwide This

flow of material has been free and fre-
quent and has been significant to our ef-
forts and achievements Many have given

and many have recerved and the process
has no end

The 1ssue of proprietary rights looms
larger and larger on the horizon and may
impact the way germplasm exchange oc-
curs The basic concept m the minds of us
all 1s that the exchange process 1s valuable
and we need to ensure that 1t continues

Crop Improvement

We have developed an array of tech-
niques for breeders pedigree breeding,
populations, hybridization, and gene
movement via backcrossing, to mention
some Our pathologists, entomologists,
and physiologists have identified eco-
nomically important traits, prioritized
them n different environments, devel-
oped techniques for their systematic
evaluation, and formed teams with breed-
ers to bring together traits for yield, re-
sponse to biotic and abiotic stresses, and
improvement 1n grain and forage quality

As a consequence, significant contri-
butions to production have occurred m
many places change in the gramn-straw
ratio (1 e , shorter, generally earlier plants
more responsive to management), com-
mercial explortation of heterosis, effec-
tive use of resistance and quality traits,
interaction of disciplines to support inte-
grated pest management, and crop man-
agement contributions, including stand
establishment, weed control, and re-
sponse to fertilization and irrigation
While in many of the sorghum and millet
growing areas of the world, these changes
have made a significant difference, there



are some exceptions Guinea sorghum has
been difficult to improve, as well as the
long season cultivars along the high rain-
fall coast of tropical Africa While im-
provement in rainy-season sorghum m In-
dia was readily made, the development of
sorghum cultivars for the post-rainy sea-
son has been slower These more difficult
situations present an interesting chal-
lenge

Great strides have been made for some
traits grain quality, plant color, maturity,
and resistance to greenbug, downy mil-
dew, midge, Striga, and milo disease
Others have been less successful, in de-
veloping, 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 1n sor-
ghum not involving tannin A lot of our
work 1s empirical 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 in
the crop improvement process? The ge-
netics of many traits are poorly under-
stood, and seem variable with cultivar and
location How much do practicing breed-
ers make use of known genetics of the
traits with which they deal? For me, as a
breeder addressing quantitative traits, 1t 1s
more a general 1dea based on observation
over time than an appreciation of a deter-
mined nature of inheritance No wonder
crop improvement has been recognized as
both an art and a science Improvement in
yield-limiting traits has made a significant
contribution to increased production,
what contribution can come from a better

ability to utilize the genetics of the traits
of interest?

Can we do more? The green revolution
was made possible by a change mn plant
design, most frequently where irrigation
was mvolved We can still exploit im-
proved plant design in places where tradi-
tional varieties are grown, particularly on
rainfed land, for example, traditional cul-
tivars are 1n use on about 50 percent of the
hectarage 1n India, on most of the area
sown to our crops in countries of southern
and western Africa, and in higher rainfall
areas of central Africa Hybridization has
certainly contributed 1n the Americas, the
Sudan and India, and with corn 1 a
number of African countries Yet there are
many places, particularly in Africa, where
hybrds can contribute This 1s somewhat
more difficult because of problems of
seed production and distribution, but hy-
bridization deserves the effort, not only
because of the yield gain of hybrids, but
because of the creation of an industry that
contributes adequate quantities of good
quality seed on a timely basis and, as 1t
grows, research and development Hy-
bridization, I believe, can be a very impor-
tant contributor to a second green revolu-
tion, particularly in Africa Looking to the
future, we should encourage its considera-
tion

I was impressed ten or more years ago
with the thesis work of Stan 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 striking, and they raise the question
whether we have done enough to work



with fewer numbers of genes focused on
traits of interest

Although I believe the situation 15 1m-
proving, we can do more 1n terms of crop
utilization To be readily accepted for tra-
ditional use, a new cultivar must satisfy
the taste and texture qualities preferred

Changes 1n traits of the grain to im-
prove food taste and texture and nutrition,
and to reduce cooking time and equipment
to reduce the labor to prepare food, are all
recognized and at times available (sor-
ghum flour on the grocery store shelf in
Botswana 1s an example) As high-yield-
ing cultivars become available, 1t 1s 1m-
portant to explore uses for increased grain
produced to avoid a drop n grain price,
which can have an adverse impact on new
projects

We have examples, as with Hageen
Dura-1 n the Sudan in 1986, when over
production resulted 1n a drop 1n price and
slowed a rapidly growing nterest in hy-
brid seed As production of grain sorghum
and pearl millet increased in India, the
area sown declined as higher value crops
were used Grain went to livestock, par-
ticularly poultry

The All India Coordmated Sorghum
Improvement Program now has an objec-
tive of forage improvement, and the sor-
ghum 1mprovement program in Zambia
includes dual purpose and forage sor-
ghum The SADC/ICRISAT program 1s
incorporating the brown mid-rib gene,
and the cross between pearl millet and
elephant grass 1s rapidly gaining popular-
ity It 1s not uncommon these days to hear
people talking about sorghum for feed to

free marze for food Looking to the future
n areas where sorghum has been tradi-
tionally grown for food, the use of both
grain and stover for animal feed should
likely become a more promnent part of
our crop improvement effort

The increased availability of good
malting sorghum in Zambia has resulted
in mcreased use of sorghum by national
brewers Progress has been made 1n
blending sorghum and mullet flour with
flour from wheat and maize Frequently,
in Africa, these efforts have been ham-
pered by the availability of mexpensive
imported wheat and rice As an example
of the influence of wheat and rice avail-
ability, when Nigenia stopped the import
of wheat and rice in 1985, sorghum pro-
duction increased from 7 9 million metric
tons on seven million hectares n 1979-
1981 to 11 mullion metric tons on ten
million hectares in 1989 (Dendy 1995)

Biotechnology 1s of rising significance,
1s exciting, and holds much promise
Without stealing from Dr Bennetzen, the
next speaker, let me make a few com-
ments The promuse to better relate genes
to function, to track genes n the breeding
process, to transfer useful genes across
infertility barriers, to recognize similari-
ties and differences, and to hasten the rate
of progress have been demonstrated in our
crops It 1s not so much a question of
possibility as of cost, of prioritizing traits
and their components, and of increasingly
bringing the use of the techniques nto the
hands of crop improvement scientists
Collaboration between the biotechnolo-
gist and the more traditional scientist 1s
important The promise for the future 1s
great



For younger people, in particular, the
array of opportunities 1s large There 1s
need for the theoretical in understanding
basic principles, and there 1s need for the
applied 1n making better food, feed, and
industrial products, enhancing resis-
tances, improving yield, and working in
one’s parent soclety or a distant one I
believe that all aspects are important and
that individuals will be the most creative
and find life most rewarding doing what
they enjoy the most Many of us may need
some missionary spirit, but more impor-
tantly we must be skillful in our effort, and
we should leave the place better than we
found 1t As scientists, we should have the
imagination to make relevant changes It
1s not that the farmer will not or cannot
change, we must create situations where
he will change to an opportunity that he
could not visualize This 1s a challenge
without an end point and we are privileged
to be the best equipped to do something
about it We should not be so swept along
by our interests 1n the science that we lose
sight of those who can benefit, as Dean
Rusk told me when I first jomned the
Rockefeller Foundation 1n 1959, “don’t
muss the forest for the trees ”

Development

What 1s development? I define 1t, for
our purposes, as the application of the
findings of research mnto socially benefi-
cial enterprise Research and develop-
ment are closely coupled, and I will al-
ways respect the program of the Rocke-
feller Foundation 1n India, which [
perceive as a development program based
on research As new hybrids came from
research, the Foundation expanded its
program to participate in the development
of a seed industry, and as new agricultural

universities were established, the Founda-
tion provided expertise in experiment sta-
tion development and management In my
experience, research and development
have frequently been separated For ex-
ample, the international institutions are
involved primanily with research and
traming, not development activities This
situation, however, may be changing In
many countries, the functions of research
and extension reside in different depart-
ments, complicating communication 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 1s and the problems he or she
may have Land-grant universities 1n the
U S have, to a substantial degree, solved
this dilemma by housing research, exten-
sion, and education within the same nsti-
tutions and permitting staff to divide their
time among the three

There are dramatic situations where re-
search accomplishments have greatly
benefited the farmer and the community
But there are a number of situations where
good research has been and 1s being done,
but 1t 1s not adequately realized in the user
community During the last few years, the
question of why has been more loudly
raised, some even question 1f supporting
agricultural research 1s worthwhile
Surely this has raised concerns that sup-
port for research will decrease unless ac-
complishment 1s measured, not so much
by how many varieties have been released
or publications written, as by what change
has taken place on farm or by the user of
the research accomplishment



My comments will focus primarily on
India and Africa, where I have experience
Problems in many of the countries n
which we have concern are very compli-
cated, and the resources to generate
change are limited To me, the basic
means of causing change from our re-
search 1s to generate a technique or culti-
var that will contribute In my experience,
as we try to initiate change 1n a traditional
society, a new cultivar should contribute
a 40 to 50% yield increase over the local
varieties 1n the areas in which 1t 1s adapted
(recommended) This level of change 1s
sufficient for the farmer and others -
volved (for example, government offi-
cers) to sit up and take notice, encourag-
ing necessary changes

Going nto the 1950s, India was facing
a food problem with large imports of food
grain The Rockefeller Foundation was
mvited to participate in cereal crop 1m-
provement, mitially maize Negotiations
began in 1954 and the first three members
of the Rockefeller Foundation Indian Ag-
ricultural Program arrived in 1957 The
strategy was to establish All India Coor-
dinated Programs Foundation staff were
participants 1, not advisors to, the crop
improvement program This provided the
opportunity for a shared experience with
colleagues Staff numbers increased dur-
ing the last few years of the 1950s and
early 1960s, reaching a maximum of four-
teen 1n the period 1967-70, and then de-
clined, phasing out about 1975 Interest-
ngly, of the fourteen staff members, three
were devoted full time to quality seed
production and marketing and one to ex-
periment station development and man-
agement

Four hybrids of maize were released by
the All India Coordinated Maize Program
in 1962, and the government established
All India Coordinated Programs for sor-
ghum and pearl millet, in the 1964-66
period the government established similar
programs for wheat and rice In the years
that followed, some 25 All India Coordi-
nated Programs were established The
Rockefeller Foundation was involved
only with maize, sorghum, millet, wheat,
and rice

There are several significant aspects of
the Foundation’s mvolvement in India
The program was carefully planned with
Indian authority Foundation staff were
participants in the programs Develop-
ment was an important component of the
program, the objective was to stabilize
accomplishments and then depart The pe-
riod required was about 20 years

As part of the technology transfer effort
in the mid 1960s, the government devel-
oped the high-yielding varieties program,
mn which for two years scientists were
responsible for national demonstrations
and were mnvolved with training extenston
trainers

Based on research accomplishments,
the government took steps to establish a
seed industry, to enhance rural credit, and
to encourage the use of nputs such as
fertilizer With this determination, now
some 35 years later, the agricultural situ-
ation has dramatically changed The fol-
lowing comment 1s a brief indicator of
what happened

“For sorghum mn the 1989-90 period,
approximately 7 4 million hectares were



sown to high-yielding hybrids and varie-
ties (about 50% of the total hectarage) By
1988, the total seed production capacity in
the country was 667,853 tons and proc-
essed m 504 processing plants By 1990,
private companies had developed 122 va-
rieties and hybrids of different crops,
about 70% of these being hybrids At this
time about 500 companies emerged of
which 35 are large, most of them includ-
ing research During the last five years the
mput 1nto research by the private sector
has greatly increased” (Singhetal , 1990)

During 1962 and 1963, India imported
10 and 14 million tons of food grain By
the mid 1970s, India was exporting food
gran, and a few years later 1ts agriculture
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 in every country has
its level of uniqueness But I feel 1t 1s
essential that the results of the research I
have been nvolved with are made avail-
able to the farmer 1n adequate quantities
(tons of seed) and for a long enough time
(3-8 years) to venfy the research findings,
generate farmer interest, generate interest
and understanding by others such as gov-
ernment officials, and develop a mecha-
nism (seed production and distribution) to
support and encourage the new develop-
ment m the hands of the user After all,
who other than the originating scientist 1s
going to know the development better and
take the in1tial steps to fit 1t into a commu-
nity? It 1s important that the originating
researcher help colleagues understand all
that 1s involved

Several years ago, staff of the Zambian
Sorghum Improvement Program visited a

farmer 1in the Gwembe Valley where she
had just harvested two tons of grain of the
variety Kuyuma (the seed was sold to her
by the research program) Her annual re-
quirement 1s 800 kg Asked what she was
going to do with the excess, she said she
wanted money [ use this as an example of
the quantum jump 1 yield, resulting 1n
almost immediate increase in production

Production of grain from Hageen Dura-1
n the Sudan expanded at almost an explo-
sive rate, resulting in over-production, a
drop n grain price, and a temporary set-
back for the program Norm Borloug n
Pakistan advocated a floor price that
would hold up farmer enthusiasm This 1s
fine for a modest time period, but sor-
ghum 1n storage from over-production 1n
Zimbabwe was very expensive, quality
was lost, and seed sold at a loss Opportu-
nities for commercial uses of our crops
have been mentioned earlier in this paper

Like the establishment of the seed indus-
try, the uptake of these commercial activi-
ties requires a determined effort

The Human Resource

Our Farmer Chentele in
Developing Countries

For many of us, the end user 1s the
farmer, and we are fond of referring to the
“poor farmer” and “the poorest of the
poor ” Sometimes 1 feel we do this so
frequently 1t becomes a universal kind of
category into which all farmers in devel-
oping countries fit Saying this, I am sure
we all recognize variability among peo-
ple, including farmers My experience in-
dicates that among the so-called “poor”
farmers are those who are more capable,
willing to take risk, entrepreneurial in out-
look, and frequently exemplary members



of theirr communities There are those at
the other end of the scale who will not or
are slow to respond Everywhere I have
been there are business people 1n the ag-
riculture community Also, 1n my experi-
ence, farmers will pay for seed if they are
convinced that the cultivar 1s worthwhile
We should not use a common label, but
address those who understand and will
take risk and demonstrate the technology
to others

Education and Training

Many of the colleagues with whom I
have interacted in the countries 1n which
I have worked feel the most important
thing we did was educate and tramn — to
strengthen their people for the future de-
velopment of their countries The contri-
butions of universities everywhere to edu-
cate and train have been outstanding and
generate a backbone for development
This opportunity to provide education and
traming should continue at the same or
increasing rate

Education and training, I feel, should
include more than a focus on a specific
discipline or problem After recerving
their degrees and returning home, scien-
tists do not know what lies 1 front of
them, some will be practicing scientists,
some will be educators, some will go into
administration, some nto private busi-
nesses, some will be experiment station
managers If the total focus of an ind1vid-
ual’s education 1s on his/her discipline/re-
search project, he/she 1s left poorly pre-
pared for other activities Let me ask how
many of your graduate students know why
they are on field B-3 of the experiment
station and what steps were taken to pre-
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pare the field for sowing Exposure of the
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
industry and, where relevant, the manage-
ment of irrigation water, etc I feel we can
greatly enrich the opportunities for stu-
dents by planning time for them to partici-
pate mn those activities to the poimnt 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 paying more attention to some of
these activities 1 our educational systems
than we have paid in the past

In some cases, students return home
after completing their education to a situ-
ation where they find 1t difficult to be
productive The 1dea of providing re-
sources to help overcome this problem 1s
worthy of consideration Support for such
resources could be part of the grant for
education or part of a program mn therr
home country

The Scientific Community

We generally find more breeders and
agronomuists than entomologists, patholo-
gists, and food technologists One advan-
tage of regional and international centers
1s to bring together a critical mass of sci-
entific talent that can be broad based n 1ts
research accomplishment and catalytic to
many 1n other situations

I feel another significant development
has been the tremendously increased -
teraction between sorghum and mullet sci-
entists nationally, regionally, and interna-



tionally We have become a community
of scientists working together This sense
of community has led to greater under-
standing of problems (hence relevance to
research), to interpersonal relationships
encouraging openness and appreciation,
and to a more rapid mobilization of 1deas
and products of research This has been
encouraged by meetings such as this and,
nstitutionally, by agencies such as INT-
SORMIL, IRAT, FAO, and ICRISAT
This 1s an extremely valuable develop-
ment that will no doubt be continued and
should be ensured

Donor Assistance

The strengthening of national research
systems 1n a number of developing coun-
tries 1s often difficult because of a low,
nadequate resource base Donor contri-
bution becomes an important component
of support, which helps, but also subjects
the system to the uncertainties of changes
in the donor organizations Today we hear
about donor fatigue, government debt 1n
donor countries, changes in demand for
donor resources, particularly mn Eastern
Europe Indications are that, in the future,
support for research and development
from donor sources will gradually dimin-
1sh The response to the problem 1s any-
thing but easy, but clearly if the donor
source declines, more of the burden will
need to be picked up locally

The need for donor funds 1n too many
places becomes an accepted norm, but it
should not, and I encourage us to see 1t
more as a stepping stone — but a stepping
stone that 1s effectively there to stabilize
accomplishment 1n the local situation
Again, I refer to the Rockefeller Founda-
tion mvolvement 1n India where objec-

tives were carefully defined, activities
were jomtly undertaken, development
was 1ncluded to stabilize accomplish-
ment, and the Foundation departed By
gomng beyond research to ensure utiliza-
tion effective to the community, contribu-
tion can be made to help recipient coun-
tries reduce their need for donor support
This can be an objective of our work

In recent years USAID has been plac-
Ing increasing emphasis on private sector
activity, and this, I believe, 1s a logical
thing to do Sorghum and millet are in-
volved 1n the seed industry, the feed 1n-
dustry, 1n foods and beverages We are
aware of all of these, but how effective
have we been 1n seeing them make a sig-
nificant 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-
nize the contribution we should make to
play our role 1n strengthening people and
instituttons Our own nterests and those
of the institutions to which we are respon-
sible should not only permit us, but en-
courage us, torespond to this need Weare
not without example

Consideration has been given to re-
search, development, and the human re-
source Focus generally 1s on research and
much 1s being done toward personnel de-
velopment It 1s my concern that there 1s a
greater need for development and educa-
tion This conference 1s mternational in
scope and, I believe, should recognize that
these three components need strengthen-
mg mn many countries They are mterre-
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lated and mutually supporting Good re-
search and 1ts contribution to the commu-
nity 1s 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 1t Again, thank you so much for
giving me the opportunity to make the
mnaugural statement

References

CAST 1992, June The backdrop for farming m
cluding climatic scenarios Council for Agricul-
tural Science and Technology Report 119 8 17

Cox TS,LR House andKJ Frey 1984 Poten-
tial of wild germplasm for increasing yield of
grain sorghum Euphytica 33 673 684

Dendy DAV 1995 Sorghum and the mullets
Production and importance p 11 25 InD AV
Dendy (ed ) Sorghum and millets chemustry and
technology American Association of Cereal
Chemusts Inc St Paul, MN USA

Ejeta, G 1986 Breeding sorghum hybrids for 1rri-
gated and rainfed conditions in the Sudan Pres-
entation at the international drought symposium
on food grain production in semi arid food grain

12

research and development project 19-23 May
1986 Nairobt Kenya

FAO 1964 1994 Production yearbook Food and
Agniculture Organization of the United Nations
Rome

Hamaker B 1995 Digestible protein may make
sorghum a better food source Agricultural
Communication Service Agronomy Dept Pur
due University West Lafayette IN USA

House LR 1988 Sorghum improvement in the
third world Successes and failures Presenta
tion to the international workshop on maicillos
criollos and other sorghum 1in middle America,
7-11 December 1987 Tegucigalpa, Honduras
CEIBA 29(2) 151 159

House LR 1995 Problems and opportunities for
seed production and distribution 1n developing
countries A breeders experience Paper pre
sented at the INTERCRISP meeting Sept
1995 Niamey Niger

Murty UR 1992 Sorghum production and utilt
zation in India The present and the future Ag-
ricultural Situation i India Directorate of
Economics and Statistics Dept of Agriculture
and Cooperation Minstry of Agriculture New
Delhi India

Singh G SR Asokan and] N Asapa 1990 Seed
industry 1n India A management perspective
Oxford and IBH Publishing Co Pvt Lid New
Delhi India



The Potential of Biotechnology for the
Improvement of Sorghum and Pearl Millet

Jeffrey L. Bennetzen

Abstract

Plant biotechnology focuses on the modification of a crop’s genetic complement to
provide improved agronomic properties In both its goals and basic rationale biotech-
nological enhancement of crops is no different from the traditional processes of crop
improvement by targeted breeding However biotechnology brings a powerful set of
new molecular tools to the plant breeder’s assistance Marker-assisted breeding and
gene transfer will open new horizons in the rate, quality, and quantity of improvements
Crops will produce ligher yields of higher quality food and feed, with fewer chemical
mputs In the longer term, the genetically engineered synthesis of specialty products in
farmers fields may replace chemical and pharmaceutical production plants With
increased opportunity will come mcreased competition Sorghum and pearl nmillet have
sigmificant advantages particularly thewr tolerance to arid environments and poor souls
that could permit thew survival or expansion n this new pan-crop competition Other
crop species could displace sorghum and millet however, if they continue to recerve

disproportionately low levels of research attention

The last twenty years have witnessed
remarkable changes 1n the rate and range
of potential modifications to the genetic
composition of plants DNA markers al-
low geneticists and plant breeders to un-
ambiguously map and follow the numer-
ous interacting genes that determine com-
plex traits like drought tolerance Crops
can now receive and express genes from
any eukaryotic or prokaryotic source Ina
broad sense, these plant breeding skills
are merely amplifications of the classical
(and highly successful) efforts to rear-
range genetic composition and to mtro-
duce new genes mto a crop by wide
crosses and selective breeding

Jeffrey L Bennetzen Department of Biological § Purdue U y
West Lafayette IN 47907 1392

The high-yielding varieties developed
by traditional plant breeders have been
essential to maintaining adequate food
supplies for the ever-expanding world
population These routine approaches will
not be adequate, however, to meet the
great increase 1n food production necessi-
tated by population growth and the higher
standards of living deservedly desired 1n
developing countries If we are to avoid
catastrophic famine and the loss of our
remaming wild spaces to agricultural pro-
duction, then biotechnology will need to
provide a quantum 1increase 1n the rate of
crop improvement

Marker-Assisted Plant Breeding
The use of DNA markers has greatly

increased the number of traits that can be
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definitively followed n a breeding pro-
gram As this process continues to be
automated, an mdividual breeder could
foreseeably monitor thousands of traits in
vast populations 1 a single season’s pro-
gram To date, association of agricultur-
ally significant characteristics with DNA
markers 1s still 1n 1ts infancy, but this area
1s currently receiving much emphasis At
this early stage, full sets of participating
genes should be identified without the
distraction of efforts to understand the
physiological contributions of the gene
products A tremendous strength of genet-
1cs (and 1ts traditional application by plant
breeders) 1s that one does not need to
know the molecular nature of a gene’s
contribution 1n 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 information

Once co-segregating DNA markers are
identified for a particular trait, analysis of
these same mapping populations will in-
dicate the genotype x environment effects
and whether specific polygenic interac-
tions are synergistic or antagonistic Mo-
lecular marker analysis 1s so easy that the
number of quantitative trait loc1 (QTL)
that need to be followed becomes rela-
tively unmimportant The breeder can fol-
low, for instance, fifteen (or fifty or five
hundred, whatever the mapping results
indicate) different DNA segments known
to positively influence drought tolerance
These traits could all be backcrossed into
a preferred inbred, perhaps from one or
several non-recurrent backgrounds Test-
g for the drought tolerance trait i the
intermediate generations would be largely
superfluous, thereby saving tremendous
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amounts of time and money At each
backcross generation, the lines with all
fifteen mtroduced segments and as few
other mtroduced (non-recurrent) DNA
segments as possible are selected, and at
the end of a relatively few backcross gen-
erations, one has converted this inbred to
drought tolerance

Another powerful use of DNA markers
will be to i1dentify novel sources of
germplasm Despite the existence of ex-
tensive varietal collections and their par-
tial characterization (see Dahlberg et al
and Eberhart etal elsewhere 1n these pro-
ceedings), very limited concrete informa-
tion exists indicating which of the col-
lected materials will be the source of use-
ful genes In sorghum, for instance, some
of the wild sorghum relatives do not ap-
pear to have many alleles of genes not
found 1n the cultivated sorghums, prob-
ably due to gene flow from the preponder-
ant agronomic varieties that grow in the
same regions (Oliveiraetal , 1996) Char-
acterization of sorghum genotypes at the
DNA level indicates fairly unambigu-
ously overall relatedness and allelic nov-
elty This will allow germplasm collec-
tions to be pruned to their truly novel
accessions Moreover, core subcollec-
tions (see Dahlberg et al and Eberhart et
al elsewhere 1n these proceedings) can
then be 1dentified that contain the major-
ity of the diversity 1n a species, permitting
a more detailed and cost-effective charac-
terization of the potentially useful agro-
nomic traits m this manageable core
Pedigree analysis with DNA markers also
will be used to identify the DNA segments
that are the source of important traits cur-
rently used 1n improved varieties 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 breeding will be the increasingly
rapid production of improved varieties
generated at far lower costs Genetic en-
gineering, although not likely to soon be
rapid or mnexpensive, holds out the prom-
1ise of truly novel improvements 1n crop
productivity

A Need for the Genetic
Engmeering of Crop Plants

Much of the success of the green revo-
lution n increasing world food produc-
tion was due to improved agronomic prac-
tices and higher inputs on 1rrigated farm-
lands Agricultural productivity 1n
dryland subsistence environments was
not greatly enhanced Severe and increas-
ing water himitations are such that net
expansion of irrigated acreage worldwide
does not appear to be feasible, therefore,
future increases in world food production
will require improvements in the perform-
ance of unirngated lands Given the many
varied environments and low mnput poten-
tial, there will be no silver bullet to cure
the deficiencies of subsistence agricul-
ture, and traditional plant breeding strate-
gies are likely to be too slow and mneffi-
cient to generate the three- to four-fold
increase 1n food production necessary 1n
the next fifty years

Plant genetic engineering has the po-
tential to bring totally novel traits into 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-
ricultural milieu, and for any given need
(low cost, environmental protection, etc )
For 1nstance, the improved msect resis-
tances provided by transgenic crystal pro-
teins from Bacillus thuringensis are both
less expensive and less damaging to the
environment than broad insecticide 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 in the seed-
buying developed countries However, as
plant genetic engineering becomes less
costly to perform, crops will be inexpen-
stvely engineered with an array of traits
specifically targeted to each of the mi-
croenvironments common to tropical ag-
riculture

Opposition to Plant
Genetic Engineering

Current opposition to genetic engineer-
mng 1s not likely to withstand the growing
understanding among agricultural pro-
ducers and consumers that this technol-
ogy can be safer and less environmentally
damaging 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 in this new technology,
and those fundamentally opposed to any
new technology

The possibility that genetic engineer-
ing might have unexpected hazards was
responsible for the unprecedented experi-
mental moratorium initiated by the scien-
tific community n the 1970s Subsequent
experimentation and experience have
convinced the vast majority of biological

15



scientists that there are few, if any, hidden
dangers to this research Hazards there
may be, and review processes taking this
possibility into account have been devel-
oped and followed 1n all of the nations
with major biotechnology programs

However, the possible hazards in transfer-
ring a characterized single gene (for in-
stance) from one plant to another are cer-
tainly more easily predicted and less
likely to be problematic than 1s the classi-
cal agronomic procedure of crossing the
entire genome from one species nto 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 breeding
process 1s much less regulated than 1s
single-gene engineering of crops

Some opponents of plant and animal
genetic engineering believe that technol-
ogy per se 1s responsible for most of the
problems on our planet and that return to
an 1dealized low-technology lifestyle
would be a panacea This Luddite view 1s
obviously ludicrous 1n 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 (modern medi-
cine, worldwide communication) At a
more moderate level, though, this argu-
ment 15 equally incorrect and more dan-
gerous Current life expectancies and
populations would not be sustainable
without modern advances 1n food produc-
tion technology If we return to the land-
races and low nput 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 bringing the rest
of the world’s farmable wildlands nto
production, but at a great cost to the envi-
ronment and biodiversity

A major point of plant biotechnology 1s
that crops can be grown on fewer acres,
due to higher yields, thereby allowing
more land to be set aside for environ-
mental and biodiversity preservation
Moreover, one of the goals of plant ge-
netic engineering 1s to use genetic modi-
fication to replace the numerous chemical
additives now used 1n 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 international environ-
mental movement should be the strongest
proponent of agricultural biotechnology
rather than 1ts intermittent opponent

Current and Future Limitations
on Crop Biotechnology

As general arguments against plant ge-
netic engmeering fade into wrrelevance,
the chief limitation upon this technology
will be our basic understanding of plant
biology Both the nature of and most effi-
cient route to valuable crop modifications
are generally not clear Most of the 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 in
crop stress tolerance, secondary product
production, or growth habit, most of the
appropriate genes have not been 1denti-



fied, and a basic understanding of their
biology 1s lacking

In the long term, particularly 1n indus-
trialized nations, much of the cash value
from agriculture 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
likely to dominate, whether or not they
would be the most preferred routes from
a basic perspective The same 1s true for
individual crop species Sorghum and
pearl millet are particularly well-suited to
semi-arid agriculture, but 1f a better-stud-
1ed species (e g, maize) were easter to
engineer to a new high-value use, then the
engineered species might justify the n-
creased inputs that would allow 1t to sup-
plant sorghum or pearl millet, even 1n
their current agronomic niches Hence,
basic understanding and nvestigation of
both specific biological processes and
particular crops may be their only hope to
contribute to an increasingly competitive
agricultural mihieu

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

Beyond their superior dryland adapta-
tion, sorghum and pear]l millet also can
offer the advantages obtamed from a “uni-
fied grass genome” (Bennetzen and Freel-
ing, 1993) approach to crop study and
improvement Molecular mapping and
gene discovery studies have shown that all
grasses have great similarity in gene con-
tent and 1n the order of those genes on their
genetic maps This phenomenon of inter-
species “synteny” indicates that the

grasses differ more by therr allelic com-
position than by their genic composition

One can now use map synteny as a
mechanism to determine whether two ge-
netic processes mn two different species
are due to different alleles of the same
genes For nstance, 1t 1s now possible to
determine whether genes that provide im-
proved drought tolerance in sorghum
might be the same genes that specify this
trait (to a less-effective degree) in maize
If so, then these genes could be transferred
from one species to the other with a rea-
sonable assurance that they will function
1n the transgenic host Moreover, mfor-
mation gained from the study of these
syntenous genes and their physiological
processes can now be used to inform stud-
1es 1n either species Hence, the traditional
dilution of plant science studies across a
broad range of species could now become
a strength rather than a weakness, as crop
scientists would have at their disposal
broader allelic variation than possible
within any single species

For any crop that has received rela-
tively little basic research attention, like
sorghum and pearl millet, the “unified
grass genome” approach will allow the
more rapid application of tools developed
n better-studied systems Hence, given an
increase 1 current efforts, sorghum and
millet could use this new tool to effi-
ciently achieve parity with maize, rice,
barley or wheat as targets for molecular
crop improvement

Sorghum as a Model for Plant
Genetics and Genetic Engineering

Beyond the possible enhancements that
sorghum and pearl millet could achieve
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through the use of pan-grass tools and
information, sorghum has the potential to
become a model system for the under-
standing of C4 plants Sorghum has a
relatively small genome for a grass (Aru-
muganathan and Earle, 1991), and has the
expected smaller distance between indi-
vidual genes than its larger genome rela-
tive, maize (Avramova et al , 1996, Chen
et al, 1996) Hence, map-based gene
cloning and the development of a contigu-
ous physical map are both reasonable op-
tions in sorghum, as opposed to most
other grasses Several laboratories are
now using sorghum as a model organism
to 1dentify, clone and understand genes
from maize

Despite the relatively few attempts
made at sorghum transformation, trans-
genic sorghum plants have been produced
(Casas et al, 1993) Further efforts are
needed on transformation technology, but
the current status indicates that sorghum
can be genetically engineered and that
basic studies of transgene expression
could (and should) be performed mn sor-
ghum

Given 1ts small genome and transfor-
mation competence, sorghum should be-
come a model for understanding other
members of the tribe Andropogonae, like
maize and sugarcane Along with a C3
grass, like rice, the C4 grass sorghum
could become a model for understanding
the molecular genetics of all grass species
Sorghum 1tself would benefit tremen-
dously from its possible status as a model
organism As stated earlier, those organ-
1sms that are best understood at a very
basic level will usually be the hosts for the
modifications brought about by genelic
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engmeers For example, many genettc en-
gineering companies now produce recom-
bmant protems m Escherichia coli, de-
spite its severe deficiencies as a ferment-
ing organism, largely because they know
how to easily engineer genes for expres-
sion mn E colt Similarly, any cereal that
1s well-characterized genetically will
have a better chance of being used as host
for genetic engmeering 1n the industrial
sector

Targets for Biotechnological Improve-
ment m Sorghum and Pearl Millet

Although priorities are always argu-
able, 1t 1s clear that some applications of
biotechnology could immediately be ap-
plied to sorghum and pearl millet, while
others remain on the horizon With cur-
rent technology, marker-assisted breed-
ing could rapidly be applied to any crop,
while most other significant crop genetic
engineering applications will not come to
frurtion n the short term

Both sorghum and pearl millet need
assessment of the genes — commonly
called quantitative trait loc1 (QTL) — that
contribute to important agronomic traits
Once these traits are identified and
mapped to reasonably small chromosome
segments, marker-assisted breeding could
be used to introduce them into a wide
variety of populations Marker-assisted
breeding can greatly reduce breeding
population sizes, the need for (and there-
fore cost of) continuous recurrent testing,
and the number ot generations to develop
a superior ibred This technology 1s now
being directly applied in the private sec-
tor, but seems to be surprisingly under-
utilized in the public sector However, 1n
the immediate short term, sorghum and



pearl millet require the detailed genetic
mapping studies that would identify and
position agronomically important genetic
traits, determine theiwr variability across
environments, and characterize their syn-
ergy or antagonism with other genes

Studies of genetic diversity are also
appropriate and technically simple at this
time (Lee, 1993, Oliverra et al, 1996)
These studies will show from what
germplasm (and chromosomal segments)
previous crop improvements have arisen
and will indicate what sources of genetic
novelty have not been extensively util-
1zed

Genomuics, the characterization of the
entire genetic composition of a species,
could and should be mmitiated with sor-
ghum at this time On the grounds of small
genome size and relatedness to maize and
other important grasses, sorghum could
assert a role as a model for understanding
plant biology pertinent to crop improve-
ment The development of a contiguous
physical map (contig) of sorghum, using
an already-existent bacterial artificial
chromosome (BAC) library (Woo et al,
1994), and 1ts anchoring with genes posi-
tioned on the recombinational map, would
provide an invaluable tool to all plant
scientists Sorghum, of course would
benefit the most from this contig and
would thereby position itself as a central
organism for additional molecular genet-
1cs

The genetic engineering of a few traits,
like msect tolerance or pathogen resis-
tance, could be itiated at this time for
sorghum This will also be true for pearl
millet, of course, once transformation

technologies have been worked out As n
other crops, some of these simple changes
will prove quite (perhaps spectacularly)
valuable and others (probably most) will
be of limited or no sustanable signifi-
cance This 1s, 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, 1t 1s a good time to begin the genetic
engineering process so we can see what
specific advantages and disadvantages
sorghum can bring to the table However,
the more subtle, durable, and significant
changes to the quality and quantity of crop
yields will require a greater basic knowl-
edge of plant biology that will most easily
come from basic studies mvolving the
interaction of physiologists, geneticists,
molecular biologists, and other plant bi-
ologists

Will the Future Approach The Poten-
tial of Biotechnology mn Sorghum and
Pearl Millet Improvement?

Sorghum and pearl millet could both be
major beneficiaries of biotechnological
enhancement, due to their hardiness in
arid environments and, in sorghum’s case,
because of its advantages as a possible
model grass Higher-yielding varieties,
with a broader genetic base, requiring
lower mmputs and causing less environ-
mental degradation are all fully feasible
The 1mpressive production of biomass on
hot and dry lands could justify the choice
of these species for production of food,
forage, and engineered specialty products
on poor soils all over the world However,
because nerther of these crop species 1s
central to the agricultural economy of any
developed country, they are likely to con-
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tinue 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 in order to
compete with maize, rice, or barley With
these enhanced characterizations, sor-
ghum and pearl millet could mantain or
mcrease their contribution to world agri-
culture Without this added attention,
these two species could become little
more than historical novelty crops
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Discussion

Session 1 - Inaugural Session
Session Chair, Darrell Rosenow
Rapporteurs - John Axtell and Abdelmoneim B El Ahmad:

Bob Schaffert - Biotechnology and
molecular tools may be more important in
developing countries than n developed
countries because the problems in many
of these countries are very difficult

JL Bennetzen - This 1s quite true
Biotechnology 1s very cash mtensive but
could give rise to great breakthroughs
Progress will depend on the availability of
financial resources Biotechnology will
make 1t possible to custom design crops
for each situation, since each developing
country location will have unique require-
ments

Dawvid Andrews - Progress in 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 1f we are to make progress

J L. Bennetzen - I agree Biotechnolo-
gists now doing targeting relatively sim-
ple improvements that are relatively nar-
row 1n scope The tools are equally appli-
cable for more complex traits We need an
interdisciplinary approach which will
lead to an understanding of correlates be-
tween genetics and physical traits

BS Rana - Where absolute resis-
tances are not available in the germplasm
and conventional breeding approach
could not make a significant progress,
biotechnology could be very important to

solve such difficult problems such as the
shoot fly problem 1n sorghum

Hector Quemada - With the advent of
biotechnology, sorghum researchers need
to be more sensitive to 1ssues of regula-
tion They must be more aware of these
1ssues, so that they can ensure that the
benefits of biotechnology 1n sorghum can
be applied This 1s especially critical in
developing countries

Darrell Rosenow - In developing
countries, government policies on seeds
are difficult to overcome How do we help
them to change priorities to overcome
these difficulties?

Lee House - The first step 1s to make
sure the new technology 1s really signifi-
cant and will effect real change Scientists
must address 1ssues of development so
that the end users will recognize the use-
fulness of the new technology For exam-
ple, when sorghum hybrids became avail-
able n India, there was farmer pressure
contributing to change n policy so that
seed could be produced and made avail-
able Itisalso important that changes must
address important problems m the coun-
try India was, at that time, importing
large quantities of grains so had a difficult
problem to solve In Zambia, following
the removal of maize subsidies, there 1s
greater farmer interest m growing sor-
ghum This, in part, was stimulated by a
clear on farm demonstration of the contri-
bution of new sorghum cultivars
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Osman O ElNagouly - In Egypt, sor-
ghum acreage 1s declining while that of
maize 1s increasing This 1s happening 1n
many other countries Can you gtve some
reasons for sorghum decline? How can we
increase sorghum areas in those coun-
tries? Our country 1s facing water short-
age but the area of maize 1s increasing
anyway Why?

Lee House - I would like to make two
comments First, 1t 1s logical that maize
moves nto traditional areas of sorghum
where 1t 1s well adapted Also, visa versa,
sorghum has moved into many traditional
maize areas in Mexico and several Latin
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American countries Second, how 1s m-
vestment 1 research being placed? Sor-
ghum and mullet are often left on the side-
lines as lower priority crops In Southern
Africa, following years of drought, 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 in drier
environments, we will begin to see some
changes and perhaps increases 1 sor-
ghum acreage

Bruce Maunder - Sometimes profits
from sorghum are put into maize research
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Preserving Genetic Resources

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

Abstract

The mission of the US National Plant Germplasm System (NPGS) s to effectively
collect, document, preserve, evaluate, enhance, and distribute plant genetic resources
Jor continued improvement in the quality and production of economic crops important
to US and world agriculture Plant genetic resources m the NPGS are made freely
available to all bona fide users for the benefit of humankind The active collection is
mamtamned and distributed by 19 national repositories, and the base collection 1s
preserved at the National Seed Storage Laboratory (NSSL), US Department of Agri-
culture Fort Collins, Colorado The NPGS collections iclude 40,477 sorghum and
1 507 pearl millet accessions Of the 20,169 sorghum accessions in the base collection
at NSSL 80% are m conventional storage at about -18°C and 20% are n cryostorage
n vapor phase above liquid nitrogen at about -160°C, the pearl nullet collection 1s in
conventional storage

The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
located at Patancheru, near Hyderabad, India has assembled a collection of 35,643
sorghum and 21 195 pearl millet accessions both ICRISAT mandate crops All these
accessions are maintained and preserved m alumimum cans m the medium-term storage
SJacility at about 4°C and 20% relative hunudity Freshly rejuvenated accessions with
at least 90% viability and about 5% seed moisture content are being placed 1n moisture
proof alummum foil 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 millet
collection have been transferred to long-term storage

Landraces and wild relatives of crops
from centers of diversity have been rich
sources of resistance to new pathogens,
insect pests, and other stresses, as well as
sources of traits to improve food and fiber
quality, animal feed, and industrial prod-
ucts But, as farmers in centers of diversity
switch to new stress-tolerant, higher
yielding cultivars, these valuable sources

S A Eberhart, Director Nattonal Seed Storage Laboratory USDA ARS
1111 South Mason Street, Fort Collins CO 80521-4500 USA P J Bramel
Cox and KE Prasada Rao Genetic Resource Dwision ICRISAT
Patancheru PO AndhraPradesh 502324 Hyderabad India *Corresponding
author
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of useful genes will be lost forever unless
they have been collected and preserved ex
sttu 1 gene banks

No country has all the plant genetic
resources required to develop and main-
tain a high level of agricultural productiv-
ity The US has an extremely limited
number of native agricultural crop species
of economic importance As with many
countries, our exceptionally productive
agricultural systems were founded on -
troduced plant genetic resources, mclud-
ing sorghum [Sorghum bicolor (L. )
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Moench] and pearl millet [Pennisetum
glaucum (L )R Br]

Mann et al (1983) hypothesized that
sorghum probably origmated and was
subjected to domestication more than
5,000 years ago in 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) summarized
known ntroductions of sorghum into the
U S, including broomcorn by Benjamin
Franklin 1n 1725, ‘Chinese Amber’ sweet
sorgo m 1851, milo in 1879, ‘Blackhull
Kafir’ in 1886, ‘Feterita’ in 1906, and
‘Hegar1’ in 1908 They indicate that the
first mention of the value of a guinea kafir
corn from West Africa occurred at the
Philadelphia Agricultural Society in
1810 As the value of sorghum i low
rainfall areas of the Great Plains was rec-
ognized, breeders 1n state agricultural ex-
periment stations and 1n the Agricultural
Research Service began sorghum im-
provement 1n the 1920s Introduction of
additional materials was important to
their programs, and by 1957, more than
13,000 accessions (many of which were
landrace collections from Africa) had
been introduced (Duncan et al , 1991)

Pear] muillet has been used in Central
Africa for many centuries by nomads and
hunters (Rachie and Majmudar, 1980)
Ball (1903) reported that pearl millet has
been “known n cultivation as a forage or
cereal crop for at least 3,000 years”
India, Arabia, and Africa He ndicates
that pearl millet was widely cultivated in
the southeastern U S by 1873, and he
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speculates that 1t probably arrived along
with sorghum 1n the early 1850s Exten-
sive research by Burton (1980, 1995) and
Hannaetal (1987)at Tifton, Georgia, has
concentrated on developing improved
pearl millet cultivars for forage produc-
tion, but therr parental lines also have
been used 1n hybrids developed for grain
production More recently, breeding re-
search programs at Tifton, Hays, Kansas,
and Lincoln, Nebraska, have icluded
grain types (Hanna, 1995, Stegmeier,
1994, Rajewski and Andrews, 1995)

The Organic Act of 1862, establishing
the Department of Agriculture, directed
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 distribute them among agri-
culturists ” In 1898, the Seed and Plant
Introduction Section, which later became
the Plant Introduction Office, was estab-
lished to manage plant explorations and
introductions Before the late 1940s, in-
troductions were sent directly to inter-
ested scientists without any requirement
that they be maintained 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 1s extremely important to U S
agriculture The Research and Marketing
Act of 1946 (Public Law 733) authorized
the creation of four Regional Plant Intro-
duction Stations (Ames, Iowa, Pullman,



Washington, Geneva, New York, and
Grniffin, Georgia) with the mission to ac-
quire, maintain, evaluate, and distribute
germplasm to scientists to be used for crop
improvement The Inter-Regional Potato
Introduction Station at Sturgeon Bay,
Wisconsin, was established 1n 1947 Na-
tional Clonal Germplasm Repositories
were established in the mid-1980s to pro-
vide more systematic maintenance of
vegetatively propagated germplasm The
National Small Grains Collection
(NSGC), now 1n Aberdeen, Idaho, began
in 1894 as a breeders’ collection 1n
Beltsville, Maryland These repositories
grow and maintain the active collections
and distribute samples to scientists world-
wide The National Seed Storage Labora-
tory (NSSL), Fort Collins, Colorado, was
dedicated 1n 1958 as a long-term storage
facility to preserve the base collection for
backup of the active collections These
umts have been integrated mto the Na-
tional Plant Germplasm System (NPGS)
(ARS Information Service, 1990, Shands
etal, 1989)

The mission of the NPGS 1s “to effec-
tively collect, document, preserve, evalu-
ate, enhance, and distribute plant genetic
resources for continued improvement 1n
the quality and production of economic
crops importantto U S and world agricul-
ture This 1s achieved through a coordi-
nated effort by the US Department of
Agriculture i cooperation with other
public and private U S and international
organizations Plant genetic resources in
the NPGS are made freely available to all
bona fide users for the benefit of human-
kind ”

New acquisitions must be increased,
characterized, and preserved as part of the

active collections Each repository con-
ducts a systematic evaluation program to
obtain specific information on disease and
insect resistance, nutritional quality, agro-
nomic and physiological attributes, and
other traits of interest Information on the
collection and characterization (passport
data) and evaluation data are entered n
the Germplasm Resources Information
Network (GRIN) database When re-
quested, samples are distributed to scien-
tists worldwide at no cost for use 1n crop
improvement and basic research Re-
search relating to improved methods of
collection, regeneration, propagation,
preservation, evaluation, and distribution
1s conducted, and the results are publish-
ed

The National Germplasm Resources
Laboratory (NGRL), located at the
Beltsville Agricultural Research Center
(BARC) m Beltsville, Maryland, 1s 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 Unit (GRIN/DBMU), and
the Plant Germplasm Quarantine Office
(PGQO) are components of the NGRL

The Plant Exchange Office coordinates
the acqusition and exchange of plant
germplasm, documents passport data and
descriptive information for newly ac-
quired material, assigns unique Plant In-
troduction (PI) numbers, and serves as a
liaison on quarantine matters Strategies
are developed for increasing the genetic
dwversity of US collections Based on
these strategies, gaps 1n current
germplasm collections are 1dentified and
communicated to the appropriate Crop
Germplasm Committee (CGC) or to other
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crop specialists for their concurrence The
NGRL facilitates the activities of the
CGCs The public and private scientists
on these committees represent the
germplasm user community for a particu-
lar crop or group of crops These commuit-
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 1s the computerized data-
base for the NPGS Information m GRIN
1s 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-grin gov), or contact
with the curator for the active collection
ofthe crop of mterest GRIN contains data
on taxonomy, origin, evaluation, and
characterization for plant germplasm pre-
served i the NPGS

All plant germplasm entering the
NPGS from outside the U S must comply
with federal quarantine regulations,
which are designed to facilitate the ex-
change of plant germplasm while limit-
ing/ preventing the movement of patho-
gens Regulations are written, interpreted,
and enforced by the USDA Animal and
Plant Health Inspection Service (APHIS)

Although the ARS components of the
NPGS are administered by the area direc-
tor for the geographic location of that
component, the Associate Deputy Ad-
ministrator for Genetic Resources and the
National Program Leader for Plant
Germplasm on the national program staff
provide leadership and coordinate activi-
ties for the NPGS They also provide ad-
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ministrative support to the various advi-
sory councils and committees for plant
genetic resources

The NPGS maintains one of the largest
ex situ collections of plant genetic re-
sources 1n the world A detailed report of
the NPGS history, policies, and architec-
ture 1s given 1n Plant Breeding Reviews
(ed byJ Janick, 1989) Since 1898, about
575,000 accessions with real or potential
economic 1mportance 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, representing over 9,000 plant spe-
cies, that are now preserved in the NPGS
Between 1986 and 1995, the NPGS dis-
tributed an average of 161,358 samples
each year to U S public scientists (64%),
US private industry scientists (13%),
foreign public scientists (8%), foreign pri-
vate industry scientists (13%), and inter-
national centers and USAID (2%)

The principal mission of NSSL 1s to
preserve the base collection of the NPGS
and conduct research to develop new and
mproved technologies for the preserva-
tion of seed and other plant propagules
NSSL also provides long-term storage for
plant materials not in the NPGS that are
not to be distributed 1) voucher samples
of cultivars and parental lines licensed by
the U S Plant Variety Protection Office,
2) accessions of endangered species
mamntamed by botanical gardens, 3) quar-
antined samples queued for regeneration
under APHIS mspection, and 4) security
backup materials from international cen-
ters and other gene banks

Physical facilities of NSSL were mod-
ernized and expanded fourfold in 1992



High security storage vaults have the ca-
pacity to provide protection from natural
disasters, mcluding floods, tornadoes,
fires, and earthquakes, for nearly one and
a half million samples The nsulated
walls, ceiling, and floor of the cold vault
environmental chambers are 15 2 cm (6")
thick, and movable shelves increase ca-
pacity Energy requirements are much
less with 15 2 cm 1nsulation and movable
shelves (Walters et al , 1997)

Minimizing genetic change during ex
situ preservation 1s paramount to retain as
much genetic variation as possible for fu-
ture use (Crossa et al , 1994) A key first
step to minimize genetic change 1s to pre-
serve the initial regenerated sample 1n the
base collection This regeneration should
be done with an appropriate number of
plants, with the required pollen control,
and under optimum growing conditions to
produce high quality seed Careful proc-
essing and drying are required to maintain
high viability Storage of dry, high quality
seed at sub-zero temperatures can extend
viability for many years before a second
regeneration of the base collection 1s nec-
essary When continuing demand on the
active collection occurs, seed from the
base collection should be used for every
second or third regeneration

Scientists i the Plant Germplasm Pres-
ervation Research Unit (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 1s expected to
increase the number of species that can be
stored at NSSL, the longevity of the vari-
ous accessions, and the efficiency of vi-
ability testing of accessions Longer stor-
age periods and reduced number of field

and/or greenhouse regeneration cycles
will result in lower costs and greater ge-
netic mtegrity of the germplasm

Preservation of Orthodox Seeds

The technologies for preserving ortho-
dox seeds are well understood Seeds
should be dried 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 5°C 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 ni-
trogen (LN) used in cryogenic storage
should extend seed longevity (Stanwood,
1980, 1985, Stanwood and Bass, 1981)
Stanwood and Sowa (1995) reported that
after 10 years of storage, oxygen uptake
rates and average seedling root lengths
were greater for onion samples stored
the vapor phase above LN (approximately
-160°C), compared to samples stored at
-18°C Germination percent did not
change during 10 years of storage at either
of these temperatures However, major
differences in germination were observed
between 5°C and the sub-zero tempera-
tures

Although seed drying extends longev-
1ty, there are limits to the beneficial ef-
fects, and the optimum moisture content
varies with the chemical composition of
the seed (Vertucci and Roos, 1990, 1993,
Vertucct et al, 1994, Walters-Vertucci
and Roos (1996), Ellis et al , 1989, 1990)
Drying seeds beyond a critical moisture
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content can result in accelerated deterio-
ration at above zero temperatures Using
basic thermodynamic principles, scien-
tists at the NSSL (Vertucci, 1989, Ver-
tucci and Roos, 1990, 1993, Vertucc et
al, 1994) have established that, contrary
to the viability equations (Ellis and
Roberts, 1980, Ellis et al , 1989), the ef-
fects of storage temperature and water
content of seeds are not independent
Consequently, the optimum water content
for seed storage varies with both the spe-
cies and the storage temperature The
thermodynamic principles 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 equilibrium will be less n seed
with a greater lipid content (Walters-Ver-
tucct and Roos, 1996) The procedure of
drying to equilibrium at an appropriate
relative humidity (RH) and temperature
eliminates the requirement of determining
the moisture content of each accession
and saves processing time When high
qualrty seed 1s 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 in the NPGS

The NPGS active collections of sor-

ghum and pearl millet are maintamed and
distributed by staff of the Plant Genetic
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Resources Conservation Umit (PGRCU)
at Gnffin, Georgia, in cooperation with
the sorghum curator at the Tropical Agri-
cultural Research Station (TARS) in
Mayaguez, Puerto Rico, and the pearl mil-
let curator at Tifton, Geotgia Accessions
of both crops are regenerated at the
TARS About 100 plants are established
and selfed by bagging at least one panicle
per plant Panicles are harvested and equal
seed quantities from all selfed panicles are
bulked These bulked seed samples are
then divided with part staying in the ac-
tive collection and the other part depos-
ited 1n the NSSL base collection Sor-
ghum and pear] millet samples at the Grif-
fin PGRCU are maintained 1n cold vaults
at about 5°C and 25% RH

Seed samples received at NSSL are
dried initially to 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 of the ambient air at Fort Collins
Either of these combinations gives the
same seed moisture as 5°C and 25% RH
(Vertucct and Roos, 1993) Seed quality
1s 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 of 50 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 bemg conducted, a final
equilibration 1s done at about 5°C and
25% RH (seed moisture of sorghum sam-
ples stored at NSSL ranges from 6 to 9%,



depending on lipid content) These equi-
librium procedures are predicted to result
n seed moistures corresponding to those
obtained with 20% RH at -18°C

After seed counts have been made,
samples are packaged in moisture-resis-
tant alummum fo1l envelopes and stored
1n the cold vault at about -18°C or placed
m polyolefin tubes and stored 1n the vapor
phase above LN at about -160°C m cryo-
tanks Samples that are substandard for
germination (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 n
cold vaults while the accessions are
queued for regeneration Operating costs
at NSSL to mantain samples at -18°C are
estimated to be about $ 04 per sample per
year and about $0 14 per sample 1n cryo-
tanks

The seed quality data for accessions n
the NPGS active and base collections are
entered m GRIN Viability 1s monitored
periodically at NSSL depending on 1nitial
viability (about every 15 years, except for
accessions with poorer nitial quality that
are tested more often) Substandard sam-
ples of sorghum and pearl millet are 1den-
tified for regeneration by the Mayaguez
TARS

The NPGS collections include 40,477
accessions of sorghum (Table 1) Of the
20,169 accessions now 1n the base collec-
tion at NSSL, 80% are in conventional
storage and 20% are in cryostorage Seed
quality 1s fair, with 79% of the accessions
having samples with germination above
64% The NPGS collections include
1,507 accessions of pearl millet and re-
lated species (Table 2) Only 102 Pen-
nisetum accessions are backed up 1 the
NSSL base collection Seed quality 1s fair,
with 79% of the accessions having sam-
ples with germination above 64% Coun-
tries of onigmn of NPGS accessions, as
listed in GRIN, are shown 1n Table 3

U S quarantine regulations require that
sorghum and pearl millet accessions from
Africa and Asia be grown under control-
led conditions and mspected by the Ami-
mal Plant and Amimal Health Inspection
Service (APHIS) In the past seven years,
10,893 quarantined sorghum mtroduc-
tions have been regenerated 1n St Croux,
Virgin Islands, inspected, and added to the
NPGS sorghum collection, with only 278
remaining 1n quarantine for regeneration
Pearl millet accessions have been regen-
erated under quarantine restrictions
greenhouses n Tifton, but 724 mtroduc-
tions are backlogged Authorization to re-

Table 1 Status of Sorghum accessions in NPGS
Number Per Cent
Plant variety protection voucher samples 48
Accessions In quarantine status 278
Accessions 1n NPGS 40 477
Accessions m NSSL base collection 20 169 50
Tested for germination 19 803 99
85 to 100% 9131 46
65t0 84% 6479 33
1to 64% 4193 21
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Table 2 Status of Penmisetum accessions in NPGS

Number Per Cent

Plant variety protection voucher samples 5
Accessions 1n quarantine status 724
Accesstons in NPGS 1507

Accessions 1 NSSL base collection 102 7

Tested for germination 77 77

85 to 100% 32 42

65t0 84% 29 37

1to 64% 16 21

Table3 Source of Sorghum and Pennisetum accessions in the NPGS and ICRISAT

NPGS ICRISAT
Country Sorghum Pennisetum Sorghum Pennisetum
Africa 3
Algenia 41 52 23 5
Angola 44
Benin 417 199 46
Botswana 153 2 219 82
Burkina Faso 334 117 549 868
Burund: 154 8 140
Cameroon 229 41 2486 998
Cape Verde Islands 1 2
Central African Republic 4 249 156
Chad 111 192 136
Congo 1 8
Cote D Ivoire 1 7
Egypt 16 1 35
Ethiopia 7080 42 4401 2
French Equatorial Africa 5
Gambia 67 57 15
Ghana 46 9 147 283
Guinea 1
Kenya 723 50 988 98
Lesotho 10 12 271 4
Liberia 3
Libya 22
Madagascar 10 14
Malaw1 550 15 423 312
Mali 1016 18 701 1178
Mauritama 15 9 37
Morocco 1 4 27 4
Mozambique 23 13 48 33
Namibia 182 1126
Niger 515 37 412 1270
Nigeria 460 188 1672 1917
Rwanda 86 291
Senegal 347 4 241 415
(Continued on Next Page)
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Table3 Source of Sorghum and Penmisetum accessions in the NPGS and ICRISAT, continued

NPGS ICRISAT
Country Sorghum Pennisetum Sorghum Pennisetum
Sierra Leone 26 108 60
Somalia 102 446 4
South Africa 807 65 935 162
Sudan 3813 31 2494 614
Swaziland 11 202
Tanzama 86 718 503
Togo 565 23 294 515
Tunisia 6
Uganda 682 7 1759 124
Zare 40 22 52 11
Zambia 580 31 341 157
Zimbabwe 1237 385 1607 1386
Afnica sub total 20392 1183 22 985 12 531
Afghanistan 10 3 5
Bangladesh 1 9
China 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 totat 7668 21 9503 8338
Oceama sub total 239 9 64 8
Canibbean sub total 134 0 84 0
Europe sub total 501 25 526 61
North America sub total 2642 58 2226 245
South America sub total 132 11 192 2
Unknown 8769 63 10
Total 40477 1507 35 643 21195
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generate these accessions n 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 insensitive versions in the TAES-
USDA Sorghum Conversion Program,
and 623 fully converted lines have been
released and are available in the NPGS
sorghum collection (Duncan et al , 1995,
Rosenow etal , 1995, J A Dahlberg, per-
sonal communication) Most accessions
available from the International Crops
Research Institute for the Semi-Arnd
Tropics (ICRISAT), Patancheru, India,
are 1n the NPGS sorghum collection

The International Crops Research
Institute for the Semu-Arid Tropics

Within the Consultative Group for In-
ternational 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 1s to
conserve, maintain, improve, and distrib-
ute germplasm world-wide for use 1 ag-
ricultural research and development In
1983, the FAO member countries adopted
the International Undertaking on Plant
Genetic Resources and established the
Commussion on Plant Genetic Resources
Under the framework of the International
Undertaking, a Global System for Plant
Genetic Resources has been proposed As
part of this system, the FAO International
Network of Ex Siuu Collections aims to
ensure safe conservation and to provide an
equitable means whereby all countries
have access to plant genetic resources to
enhance thewr agricultural stability, pro-
ductivity, and well-being, while they
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share equally and fairly n the benefits
accruing from the utilization of such re-
sources Under this agreement, [CRISAT
has designated 80% of the sorghum col-
lection and 98% of the pearl millet collec-
tion to the auspices of the FAO/CGIAR
agreement, where these collections will
be held 1n trust for the benefit of human-
kind This agreement covers collections
held by ICRISAT prior to December 1993
when the Convention of Biological Diver-
sity, which affirmed the sovereign rights
of national governments over their na-
tional resources, came into effect The
agreement states that [CRISAT’s desig-
nated germplasm will continue to be read-
ily available to all, since ICRISAT will
not claim ownership nor apply intellectual
property protection to the germplasm they
hold mn trust and will ensure that recipients
will not apply for mtellectual property
rights to the germplasm Germplasm ac-
quired after December 1993 will be sub-
Ject to conditions 1mposed 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 therr responsibilities, ICRISAT
requires every recipient of designated
germplasm to sign a matenal transfer
agreement The availability and status of
germplasm acquired by ICRISAT after
December 1993 will depend on individual
agreements

Chapter 14G of Agenda 21 of the
United 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 1s being mvestigated for both sor-



ghum and pearl millet Once sites are
identified, an agreement will be arranged
to facilitate transfer and ensure safe stor-
age for the duplicate collection At this
time, various options are being nvesti-
gated, including 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 in
the 1960s by the Rockefeller Foundation
in the Indian Agricultural Research Pro-
gram (House, 1980, 1985, Murty et al,
1967, Rockefeller Foundation, 1970) A
total of 16,138 accessions were assembled
from different countries, and Interna-
tional Sorghum (IS) numbers were as-
signed to them In 1976, ICRISAT was
given the responsibility to add sorghum
germplasm to the world collection n 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 (IAC) 1s a major reposttory 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 existing collec-
tions of these two crops conserved at
ICRISAT have been estimated to repre-
sent about 80% of the variability present
i the crop Despite this, germplasm still
remains to be collected from a number of
specific areas where a high degree of ge-
netic diversity still exists in either the crop
or 1ts wild relatives In the future, collec-
tion activities will be targeted to fill these

gaps for both ICRISAT and the specific
country These collections will occur 1n
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 assessing the adequacy of the
existing collections both within national
government programs and at [CRISAT,
eliminating redundancy, and charac-
terizing the degree of diversity These as-
sessments will be conducted 1n coopera-
tion with specific countries and will hope-
fully involve a repatriation of collections
held by ICRISAT and other gene banks,
in-country evaluations using descriptors
of value to the national programs as well
as ICRISAT, and an opportunity to en-
hance the traming of national scientists to
assume responsibility for their genetic re-
sources and to benefit more directly from
their use This increased national control
over their own natural resources 1s af-
firmed by the Convention of Biological
Diversity and will be an objective of any
global genetic resource system In the fu-
ture, research emphasis will use w situ
conservation of both the crop and the wild
relatives 1n their natural habitats

The accessions of both sorghum and
pearl millet held by ICRISAT are histed 1n
Table 3 according to their origins These
collections contain material donated by
governments and private nstitutions over
the past two decades or collected by ICRI-
SAT 1n cooperation with national genetic
resource programs Iin various countries
Thus, 90% of the sorghum collection and
98% of the pearl millet collection have
come from developing countries mn the
semi-arid tropics About 49% of the sor-
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ghum collection 1s from five countries
India, Ethiopia, Sudan, Cameroon, and
Yemen Thurty-seven percent of the ac-
cessions 1n the pearl millet collection are
from India Within Africa, 33% of the
accessions are from West Africa, while
18% are from Southern Africa Besides
India, the other main contributors to the
pearl millet collection are Nigeria, Zim-
babwe, Niger, Mali, and Namibia

ICRISAT has maintained and contin-
ues to conserve 473 wild sorghum acces-
sions from 23 taxa and 688 accessions
from 38 taxa for the wild relatives of pearl
millet The sorghum accessions have been
screened for downy mildew and shoot fly
resistance at IAC Some of the accessions
of diploid wild races of S verticlliflorum
S virgatum, and S arundinaceum were
collected 1n their natural habitats in Su-
dan, near the Ethiopian border where sor-
ghum 1s considered to have been domes-
ticated (Doggett, 1970, de Wet, 1976)
Harlan and de Wet’s collection of wild
sorghum, consisting of 188 accessions
from the early 1960s, was obtained from
Mayaguez, Puerto Rico, US A, n 1979
A collaborative effort with the Depart-
ment of Primary Industries, Central Re-
gion, Queensland, Australia, has resulted
n the recent collection of 162 samples of
wild sorghum belonging to the sections
Parasorghum Stiposorghum Heterosor-
ghum, and Chaetosorghum The Austra-
lian collection, after being released from
plant quarantine at IAC, will be added to
ICRISAT’s collection and will bring the
total number of wild sorghum accessions
at IAC to 635 (Prasada Rao et al , 1995)
Fifty-five percent of the collection of wild
relatives of pearl millet consists of 382
accessions ot ssp monodii from 13 coun-
tries The other species represented in-
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clude P pedicellatum (132 accessions), P
polystachyon (79 accessions), P orien-
tale (20 accessions), and P purpureum
(16 accessions)

A separately-maintained genetic stock
collection includes accessions 1dentified
as sources of resistance (to major dis-
eases, msect pests, and Striga), stocks
with genes for specific morphological and
agronomic characteristics, and cytoplas-
mic male-sterile lines (Prasada Rao and
Mengesha, 1988) For pearl millet, four
trait-specific gene pool populations have
been developed at ICRISAT These gene
pools include an early maturity gene pool
(EGP) with 1,143 accessions from 24
countries, a high-tillering gene pool
(HTGP) with 1,093 accessions from 28
countries, a large-grain gene pool (LGGP)
with 887 accessions from 19 countries,
and a large-panicle gene pool with 804
accessions from 22 countries These all
have been random-mated at least four
times

All sorghum collections are regener-
ated during the post-rainy season at ICRI-
SAT by selfing about 20 representative
panicles from each line Seeds harvested
1n equal quantities from these panicles are
mixed Landraces of pearl millet are
mamtamed using cluster bagging This
method nvolves planting 120 plants of
each accession At the time of panicle
emergence, five panicles, one from each
of five adjoining plants, are clustered into
abag Atharvest, each accession will have
24 of these cluster bags, and an equal
quantity of seed will be bulked from each
panicle to reconstitute the accession
Breeding lines and genetic stocks are
maintained with sibbing and selfing The
cluster bag technique has been used for a



number of years, but phenotypic evidence
indicates that the technique may be inade-
quate to maintain the varnability of an
original accession Thus, studies have
been imitiated at ICRISAT to evaluate the
adequacy of this procedure At harvest,
the moisture content of the seeds of both
sorghum and pearl millet 1s about 8-10%,
so no additional drying 1s needed for me-
dwum-term storage A bulk sample of
about 500 g of each sorghum and pearl
millet accession 1s preserved mn an alumi-
num can 1n the medium-term storage fa-
ctlity (at about 4°C and 20% relative hu-
midity) An initial moisture test 1s con-
ducted on the seeds in medium-term
storage, and any of those with viabilities
above 95% are dried to 6-7% moisture
content 1n a dryer at 15°C and 15% RH

These accessions are placed in moisture
proof aluminum fo1l packets that are vac-
uum sealed and stored n long-term stor-
age (-20°C) The exact requirements for
the in1tial viability test to move an acces-
ston nto long-term storage has been

changed to 90% as of 1996 Specifically,
17% of the sorghum collection and 23%
of the 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 1s the distri-
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 in developing
countries, and about 1% come from scien-
tists in developed countries The majority
of the germplasm sent from ICRISAT
goes to nternational and national pro-
grams, only 2% of all requests have been
from the private sector, and none of these
were from developed countries This dis-

Table4 Status of Sorghum Accessions at ICRISAT

Number Per Cent
Accessions m ICRISAT 35 643
Accessions 1n long term storage 5955 17
Tested for germination 15574 44
85 to 100% 14 080 90
51to 84% 1360 9
1t0 50% 134 1
Table 5 Status of Penmsetum accessions at ICRISAT
Number Per Cent
Accessions n ICRISAT 21195
Accessions 1n long term storage 4 866 23
Tested for germinatton 6579 32
85 to 100% 5934 90
51to 84% 572 9
lto 50% 73 1
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tribution of requests may change m the
future 1f the role of the private sector
increases 1 the area of basic germplasm
enhancement At this time, research 1s
being conducted primarily by public pro-
grams

The greater utilization of the genetic
diversity in developing sustainable solu-
tions to basic crop constraints or enhanc-
mg productivity will be critical in the
future Increasing both the utilization of
the sorghum and pearl millet collection
and access to the information available on
the collections will greatly contribute to
this effort ICRISAT has been nvolved
with a CGIAR System-Wide Research
Program (SGRP) to enhance the availabil-
ity of the databases on the collections The
SINGER (System-wide Information Net-
work for Genetic Resources) Program has
resulted 1n the consolidation and entry of
passport and a limited amount of charac-
terization data for the sorghum and pearl
millet collections The primary objective
of SINGER has been to develop an effec-
tive way to link the databases of the
CGIAR Centers and allow searching
across the Centers through acommon user
mnterface for data on specific collections,
therr transfer to collaborators, and access
to the characterization data SINGER will
result in a more compatible and user-
friendly format for managing these data at
ICRISAT This objective 1s being 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 continuing effort to
collect characterization data at ICRISAT
or from specific country evaluations, and
to consolidate information about specific
accessions The databases will need to be
continually updated by both ICRISAT
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scientists and other users n the scientific
community This ability to easily and rap-
idly share mformation on the potential
benefit of an accession 1s critical to the
greater utilization of sorghum and pearl
millet germplasm These databases also
will need to be compatible with other n-
formation systems, such as GIS data-
bases, and other germplasm databases,
such as GRIN or plant genome databases
that have information for sorghum and
pearl millet

Core Subsets

When a scientist determines that ge-
netic variation for a desired trait 1s inade-
quate 1n the available germplasm, new
accessions are needed that will provide
the highest probability of 1dentifying use-
ful source materials with minimum
screening Sometimes this can be
achieved by obtaining accessions from an
area where the problem has been endemic
for many years, e g , low soil pH A list of
candidate accessions often can be gener-
ated when appropriate information 1s
the database

In other cases, especially for new
pathogen strains or insect biotypes,
searching database information 1s of little
or no value When the scientist must
search within the crop collection for the
desired trait, an mitial screening of a di-
verse but smaller subset may reduce time
and costs The 1dea of developing such a
subset was proposed by Frankel (1984)
and further developed by Brown (1989a,
b, 1995) They suggest that “a core collec-
tion consists of a limited set of accessions
derived from an existing germplasm col-
lection, chosen to represent the genetic
spectrum of the whole collection The



core should include as much as possible
of its genetic diversity ” The core subset
1s 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 sampling methods when establishing
core collections Grouping begms with
taxonomic affinity (e g , species, subspe-
cies, cytological races) Accessions
within each taxon can then be assigned to
strata based on ecogeographic zones and
genetic characteristics (e g , ploidy level,
photoperiod response, races) In some
crops, country of origin (or region of ad-
Jacent countries) may be the only avail-
able means for developing preliminary
groups

Development of a useful core subset
may mvolve the following steps 1) as-
sembling and reviewng passport data and
other information for establishing non-
overlapping groups, 2) assigning acces-
sions to appropriate groups, 3) choosing
accessions for the preliminary core subset
from each group, and 4) collecting data on
phenotypic and genetic traits for acces-
sions 1n the preliminary core and using
multivariate 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 sampling within each
group may provide a more representative
sample of the total genetic diversity in the
core subset than would a completely ran-
dom sampling from the crop collection
Once the number needed from each group
has been determined, accessions for the
core subset are usually chosen randomly

within each group However, some cura-
tors are choosing accessions with more
desirable agronomic traits within each
group Clusters generated by multivariate
analyses of morphological traits and mo-
lecular data may provide a better under-
standing of patterns of genetic divergence
and diversity and will often 1dentify eco-
geographic regions that have not been
adequately sampled, especially when the
origin of each accession m the core 1s
plotted geographically This information
may be valuable 1n planning future acqui-
sitions

The core collection concept has gained
wide acceptance and core collections are
being developed 1n many countries
(Hodgkmn et al , 1995, Knupffer and van
Hintum, 1995) The NPGS 1s developing
a core subset for each of the major crop
collections (Erskine and Muehlbauer,
1991, Holbrook et al , 1993, Diwan et al ,
1994)

A sorghum core collection has been
established at ICRISAT (Prasada Rao and
Ramanatha Rao, 1995) by stratifying the
total world collection geographically and
taxonomically into subgroups Acces-
sions 1n each subgroup were then clus-
tered into closely related groups based on
characterization data, using principle
components analysis Representative ac-
cessions from each cluster were drawn 1n
proportion to the total number of acces-
sions present in that subgroup to form a
sorghum core collection of 3,475 acces-
stons (approxmmately 10% of the total
world collection) Designationofthis core
subset will not affect the conservation of
the total world collection of sorghum
germplasm at ICRISAT and at other cen-
ters where duplicate sets are conserved
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Sorghum and Pear] Millet
Genetic Resources Utihization

J A Dahlberg*, C T Hash, S Kresovich,
B Maunder, and M Gilbert

Abstract

Sorghum and pearl millet are umique m size and diversity The largest collections
contain 40 570 (U S sorghum collection) and 21 191 (ICRISAT pearl millet collection)
accessions Less than three percent of these accessions have been used in crop improve-
ment Curation— or acquisition maintenance, characterization and utilization— plays
a role m exploitation of the genetic variation within these collections

Cultivation of sorghum and pearl millet 1s imcreasing the use of marginal agricultural
land Future utilization will depend on increased research on abiotic and biotic stress
tolerance To facilitate exploitation of this vast germplasm traditional and biotechnical
methods must be combmed to provide better understanding of the genetic variation
available, which then can be used in crop enhancement This can only be accomplished
through sharing of 1deas, particularly through creation of an arena where information

1s globally accessible

Sorghum [Sorghum bicolor (L)
Moench] and millet (pearl millet [Pen-
misetum glaucum (L ) R Br ] and several
other small-seeded grasses grown as grain
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 1544
kg ha' Millet was harvested on 37 mil-
lion ha, producing 26 million MT, with an
average yield of 1070 kg ha ' (FAOSTAT
database, 1996) Despite their importance
as food and feed crops, literature on their
curation 1s limited As demand for food
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production — with fewer inputs based on
a more balanced ecological scale — n-
creases, mformation on more effective
methods of 1dentifying, maintaining, and
using exotic germplasm within both crops
1s needed

World collections are unique, not only
in s1ze, but also in diversity (Dahlberg and
Spinks, 1995, Hanna and Lovell, 1995,
Lawrence and Rettke, 1995, Prasada Rao
etal , 1995, Wenzel, 1995) The diversity
and availability of these resources has led
to steady improvement mn sorghum and
millet Sorghum improvement has been
characterized by long-term increase of
hybrid yields (Miller and Kebede, 1984,
Doggett, 1988) Early work on utilization
of sorghum germplasm was confined to
pure line selection within cultivated land-
race populations in Africa and India that



resulted in somewhat improved cultivars,
some of which continue to be widely
grown Selection within dwarf popula-
tions was then taken up, followed by ex-
ploitation of cytoplasmic male-sterility,
which permitted the production of com-
mercial hybrids Crossing and/or back-
crossing between adapted introductions
and local germplasm has been used to
derive improved self-pollinated varieties
and parental lines (Prasada Rao et al,
1989) Sorghum yields have increased by
over 30% within the last 30 years and
much of this gain can be attributed to
genetic diversity found within the species
Useful traits such as increased seed
number, larger panicles, greater total
plant weight, drought tolerance, disease
resistance, greater plant height, longer
maturity, greater leaf area indices, n-
creased green leaf retention, and greater
partitioning of dry matter have contrib-
uted to mncreased yields (Miller and Ke-
bede, 1984)

Utilization has been primarily limited
to agronomically important and, 1n some
cases, wild sources of germplasm For
example, use of Zerazera sorghum has
become widespread 1n the development of
new, superior hybrids because of superior
yield potential and grain quahty (Duncan
et al, 1991) Restricted utilization of ex-
tensive germplasm collections has oc-
curred because of several characteristics
mnherent to the collections themselves
The size of many collections has made 1t
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 in
breeding programs Passport data 1s lim-
ited and, in many cases, missing Informa-
tion from donor countries on use unique

characteristics, and importance of indi-
vidual accessions does not exist Conse-
quently, utilization of the total collection
has not been realized

This 18 not to say that we have not been
successful in making use of available ex-
otic germplasm Examples of the impor-
tance of germplasm utilization have been
cited in sorghum (Duncan etal , 1991) and
millet (Andrews and Bramel-Cox, 1993)
In 1968, greenbugs (Schizaphis
graminum Rondani) were observed on
sorghum 1n Wall, Texas Hackerott and
Harvey, working at the Kansas State Uni-
versity Agricultural Research Center in
Hays, Kansas, planted their available col-
lection of germplasm and found KS-30,
tunisgrass, to have resistance to the new
C-biotype Cooperation between public
and private sector scientists made this
germplasm quickly available, resulting n
enough seed of resistant hybrids to plant
1 6 million ha 1n 1976 The classic exam-
ple of germplasm utilization in sorghum
has been the Texas A&M-USDA Sor-
ghum Conversion Program For a review
of the program and its impact, see Duncan
et al (1991) Currently 623 converted
lines have been released, 533 lines are
listed 1n Duncan and Dahlberg (1993), 50
are histed in Rosenow etal (1995), and 40

new lines have been released by TAES &
USDA (1996)

The successful mtrogression of resis-
tance to midge (Stenodiplosis sorghicola
Coq ) and downy mildew [Peronos-
clerospora sorght (Weston & Uppal)] C
G Shaw] has greatly stabilized sorghum
production 1n Australia and Argentina
Considerable opportunities remain for ex-
ploiting the collections to improve sor-
ghum production globally For example,
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over 340 accessions of the genus sorghum
belonging to sections Chaetosorghum,
Heterosorghum, Stiposorghum, Parasor-
ghum, and Sorghum were recently evalu-
ated for resistance to shootfly (4therigona
soccata Rondani) at the International
Crops Research Institute for the Semi-
Arnd Tropics (ICRISAT) Asia Center
Seven accessions with very high levels of
resistance — 1n some cases close to 1m-
munmity — were found (Nwanze et al,
1995) Transfer of this high level of resis-
tance to cultivated sorghum could greatly
improve productivity of late-sown crops
in Africa and Asia, where shootfly 1s a
major production constraimt

The pearl millet landrace ‘Imadi’ has
had widespread impact on the improve-
ment of that crop globally over the last 25
years (Andrews and Anand Kumar,
1996) Large Grain Populations (LaGraP)
and the Bold Seeded Early Composite
(BSEC), which have excellent grain yield,
grain 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 variety (ICMV
82132) and a mass-selected experimental
variety from BSEC (ICMV 87901) GB
8735, ICMV 221, ICTP 8203, and
Okashana 1 are examples of improved
open-pollinated cultivars, based largely
on this landrace, that have been widely
accepted by farmers Iniadi has also been
used extensively in developing hybrid
parents for India and the USA Many of
the popular early-maturing pearl millet
hybrids 1n India are based on male-sterile
lines developed in Kansas from crosses
mvolving a sample of Imadi (PI 185642)
collected from a local market 1n Kumasi,
Ghana, 1n 1949 Extensive evaluations of
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the potential utility of wild relatives of
pearl millet in improving forage and grain
cultivars over the past 20 years have taken
place at the Coastal Plain Experiment Sta-
tion, Tifton, Georgia, and in Francophone
West Africa (Andrews and Bramel-Cox,
1993, Burton, 1995, Hanna, 1990, 1993,
Hanna and Burton 1987, Marchais and
Pernes, 1985, Wilson and Hanna, 1992)

Although these are impressive exam-
ples of the impact that can be achieved
using exotic germplasm, the number of
accesstons used 1n crop improvement 18
very small given the size of collections
maintamed around the world For exam-
ple, the sorghum and millet collections in
the United States stand at 40,477 and
1,507 respectively At ICRISAT, the sor-
ghum collection contains 35,643 acces-
sions, while the millet collection, the larg-
est 1n the world, contains 21,191 acces-
sions (see Eberhart et al, 1996, for a
country-wide breakdown of each collec-
tion) The Sorghum Conversion Program,
which has released 623 converted lines,
has tapped 1nto less than 4% of the 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 addressing this ques-
tion 1s to critically evaluate the utilization
or “curation” of major agricultural collec-
tions The overall goal of preserving ge-
netic resources 1n an agricultural setting 1s
the future safety of food and fiber produc-
tion world-wide This requires a long-
term strategy based on the overall cura-
tion of each crop A curator 1s defined by
Webster (1979) as “one that has the care



and superintendence of something ” The
role of curation and curators of plants has
traditionally been associated with herbari-
ums, natural history collections, and/or
botanical gardens In fact, most writing
dealing with preservation and curation of
plants has concentrated on natural history
collections or botanical gardens (Callery,
1995, Dessauer etal , 1990, Hawks, 1990,
Hicks and Hicks, 1978, Howie, 1986,
Spongberg, 1984) Conservation Biology
A Traming Manual for Biological Diver-
sity and Genetic Resources (1992) ex-
plored much of the theoretical back-
ground that encompasses curation from
the standpoint of collecting, maintaining,
and evaluating collections Though a
tramning manual for plant biodiversity,
many of the principles are relevant to us
within an agricultural context The pn-
mary tasks of curation can be divided into
four categories acquisition, maintenance,
characterization and evaluation, and utili-
zation (Committee on Managing Global
Genetic Resources, 1991)

Acquisition

Acquisition of germplasm has been a
strong point within the sorghum and mil-
let programs Both ICRISAT and the U S
National Plant Germplasm System
(NPGS) have developed large germplasm
collections from around the world (Eber-
hart et al , 1996) Unfortunately, in both
collections, passport data available on-
line 1s limited to date collected, collector,
pedigree, country, state/province, loca-
tion, and secondary identification The
lack of meaningful passport data makes
the evaluation of accessions based on geo-
graphical diversity difficult Oliverraetal
(1996) pointed out that geographical on-
gm was found to be correlated with relat-

edness and that 1n some cases, the region
of origin was a more significant factor
than race 1n establishing how variation 1s
partitioned

Descriptors for Sorghum [Sorghum bi-
color (L ) Moench] by IBPGR and ICRI-
SAT (1993) lists over 50 variables critical
to valid and mformative passport data
Complete and thorough data 1s required
for planning acquisition strategies Even
without full passport data and limited
morphological traits, molecular tech-
niques can provide useful information for
further collection needs Calculations of
genetic distances will 1dentify divergent
subpopulations that could harbor valuable
genetic variations not apparent in current
holdings

Genetic conservation, and therefore
germplasm utilization, depends on effec-
tive sampling techniques used 1n the origi-
nal collection Snaydon (1992) observed
that “collections may be made (a) to con-
serve, as accurately as possible, a particu-
lar population perhaps 1n danger of extinc-
tion, (b) to conserve, as accurately as pos-
sible, the overall pattern of genetic
variation 1n a particular species, perhaps
again 1n danger of extinction, (c) to con-
serve, or perhaps maintain temporarily, a
wide range of useful variation for a breed-
ng program, (d) to conserve, or maintain
temporally, variation in some specific at-
tribute (¢ g cold tolerance or disease re-
sistance) for a breeding programme ” In
the case of sorghum and millet, we strive
to conserve the overall pattern of genetic
variation for future use n evaluation and
enhancement To ensure that future col-
lections are made to maximize genetic
diversity, collection strategies should be
coordnated 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 n
both millet and sorghum are in genetic
stocks and wild species or relatives Ge-
netic stocks are becoming increasmgly
important m crop improvement The use
of molecular approaches has emphasized
studies of gene loci that control traits de-
scribed 1n germplasm accessions and for
which breeders select Although genetic
and cytogenetic stocks have been used in
many ways, including cultivar develop-
ment, their main use 1n sorghum and mil-
let has been for research Studies have
been conducted on their inheritance, al-
lelism, linkage, penetrance, and introgres-
sion, but their direct use 1n breeding pro-
grams has been limited Most breeders
have chosen to use the original germplasm
accession or derived line as a source of an
allele of nterest 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 of stocks is available,
they are more thoroughly described, and
the potential user community 1s large and
diverse

With the availability of molecular ap-
proaches 1n sorghum and millet improve-
ment, genetic and cytogenetic stocks
should play amore important role Indeed,
the requests for genetic stocks have n-
creased considerably during the last few
years Sorghum and millet scientific com-
munities need to make the acquisition of
genetic stock germplasm a priority for
future enhancement and research
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Collection and preservation of wild
relatives has been a major weakness in our
acquisition policy Currently, less than
1 5% of either the ICRISAT or the NPGS
collections contain wild relatives The
collections’ deficiencies in representation
of wild relatives become more critical as
native habitats come under increasing
pressure from human and livestock popu-
lations, thus threatening some wild spe-
cies — or at least local populations of
them — with extinction Both ICRISAT
and Australian scientists have recognized
the need to strengthen this area of
germplasm acquisition and major collec-
tion trips are scheduled The US wild
sorghum collection 1s being 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
mnclusion i their respective programs
The first set received by ICRISAT con-
tained wild sorghum species belonging to
the sections Parasorghum, Stiposorghum
Heterosorghum and Chaetosorghum
(Prasada Rao et al , 1995) These are be-
g studied at ICRISAT Asia Center for
taxonomic classification and species
identification

Mamtenance

Sites for preservation and maintenance
of the largest sorghum and muillet acces-
sions are located at ICRISAT, Andhra
Pradesh, India, the National Seed Storage
Laboratory, Fort Collins, Colorado, U S,
and the USDA-ARS Plant Genetic Re-
sources Conservation Unit (PGRCU),
Griffin, Georgia, U S Several countries
also mamtain their own collections within



their national collections Major growouts
and regenerations take place at the ICRI-
SAT Center in India and at the USDA-
ARS Tropical Agriculture Research Sta-
tion, Mayaguez, Puerto Rico

The number of plants required to main-
tain genetic variability within a sorghum
or millet accession has not been deter-
mined scientifically In self-pollinated
crops, the population structure can be
variable, depending on the percentage of
outcrossing Burton (1951) reported that
wild-grass sorghum may outcross be-
tween 18 and 30% while Jones and Sieg-
linger (1951) indicated that cultivated sor-
ghum may outcross between 5 and 10%
With no outcrossing, landrace collections
will be primarily a mixture of pure lines
Theoretically, sorghum accessions col-
lected from small plots in farmers’ fields
could contamm a mixture of pure lines of
cultivated, wild > cultivated, and wild sor-
ghum In this case, the number of plants
to be regenerated becomes a function of
maintaining as many pure lines within the
accesston as possible Ideally, a sorghum
accession should be separated nto its
separate pure lines, realistically, however,
this 1s not feasible Therefore, mainte-
nance of an accession must be divided
mto 1) saving an equal number of seeds
from each plant harvested from the first
mcrease during the quarantine growout,
and 2) bulking the accession to be used 1n
distribution Returning a balanced sample
of the first increase for long-term storage
will help preserve rare genes

In cross-pollinated crops such as pearl
muillet, population structure can be more
complex, depending on the percentage of
selfing that takes place (Crossa et al,
1994) Ideally, an accession would be

based on nearly 200 plants and would be
regenerated by random mating, 1n 1sola-
tion, a balanced bulk of the descendants

This strategy 1s almost never practical,
except 1n the case of released open-polli-
nated cultivars where regeneration and
breeder seed multiplication can occur si-
multaneously Regenerating an accession
by harvesting open-pollinated panicles
from non-1solated plants 1s not acceptable,
as most seeds will be hybrids of unknown
male parentage Intercrossing by hand 1s
the next best option for maintaining the
original population structure Although
laborious, the risk of cross-contamination
between accessions 1s low Selfing to pro-
duce S; seed has been recommended by
Burton (1979) as a method for increasing
seed of pearl millet accessions for distri-
bution and evaluation This 1s less labori-
ous than mtercrossing, and has a lower
risk of cross-contamination It has the
added advantage of producing a popula-
tion with a known genetic structure How-
ever, many pearl millet accessions are not
adapted to selfing and set little or no seed
when panicles are bagged Because of
this, the ICRISAT pearl millet collection
1s maintained by cluster-bagging, 1n
which several panicles of a given acces-
sion are enclosed 1n a single large selfing
bag The seed harvested has an unknown
genetic structure, bemng composed of a
mixture of selves and crosses within each
bag used 1in multiplying seed of the acces-
sion Seed from accessions that have been
maintained 1n this manner should be ran-
dom-mated several times, or crossed to a
tester, to overcome inbreeding depres-
sion, before beng assessed for traits re-
lated to grain and stover yield Trait-spe-
cific gene pools, formed by random-mat-
Ing many accessions, have been
developed as an alternative strategy for
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more efficiently mamtaining and distrib-
uting pearl millet germplasm (Rai et al ,
1997)

Genetic markers can play a crucial role
in monitoring heterogeneity and het-
erozygosity as accessions are regener-
ated Their use will provide guidelines in
the refinement of regeneration strategies
to ensure the long term maintenance of
genetic diversity Molecular markers will
also assist 1dentification of duplicate ac-
cesstons, a problem within large collec-
tions that has never been fully addressed

Accessions are probably most vulner-
able to genetic drift or loss due to mishan-
dling, labeling problems, growouts and
regenerations, and storage Therefore,
proper maintenance of collections 1s criti-
cal in preserving the integrity of each ac-
cession Both ICRISAT and the USDA
have established guidelines for properly
maintaining and regenerating accessions
(Dahlberg, 1995, Prasada Raoetal , 1995,
Roberts, 1992) Improper handling of the
collection at this stage can minimize the
potential utility of the germplasm and po-
tentially lose valuable genes needed for
future enhancement

Characterization and Evaluation

Estimates of genotypic and phenotypic
variation allow for the inference of ge-
netic structures of individual germplasm
accesstons This structure provides the
framework 1n which utilization takes
place Phenotypic variation has been the
primary evaluation tool utilized in millet
and sorghum, and inference based on phe-
notypic variability has distinct advantages
over that based on genetic variability Itis
relatively easy to measure 1n the field and

48

often provides assessment of a sample of
many genetic loc1(Huenneke etal , 1992)

Several collections have been evalu-
ated for phenotypic or morphological
traits (Table 1) Descriptor lists for evalu-
ation purposes are available from ICRI-
SAT and the USDA (Dahlberg and
Spinks, 1995) Sorghum accessions have
been 1dentified with resistance to alumi-
num toxicity, shoot fly, stem borer (Chilo
partellus Swinhoe), Striga, midge (Steno-
diplosis sorghicola Coq ), rust (Puccinea
purpurea Cooke), and downy mildew
Sources of twin seededness, cytoplasmic
male-sterile systems, brown mid-rib, and
other traits also have been 1dent:fied (see
both ICRISAT and USDA databases)

ICRISAT 1s developing improved
screening systems i pearl millet to evalu-
ate tolerance or resistance to witchweed
[Striga hermonthica (Del ) Benth], head
miner (Heliocheilus albipunctella de
Joannis), stem borer (Coniesta ignefusalis
Hampson), and several other biotic con-
straints Pear]l millet germplasm evalu-
ation has 1dentified sources of increased
grain yield potential, cytogenic male-ster-
1le systems (Hanna, 1990, 1993), disease
resistance to rust (Puccimia sp ) and
Pyricularia leaf blast (Hanna and Burton,
1987, Singh, 1990, Wilson and Hanna,
1992), and apomixis in several species
and wild relatives (Hanna, 1995) Sources
of resistance to important panicle diseases
such as downy mildew [Sclerospora
graminicola (Sacc ) Schroet], smut
[Moeziomyces penicillariae (Bref )
Vanky] and ergot (Claviceps fusiformis
Lov ) also have been identified (Thakur
and King, 1988a, 1988b, Singh et al,
1993)



Table 1

Approximate number off accessions evaluated for abiotic and biotic stresses within the

U S National Plant Germplasm System for sorghum (updated and modified from Duncan

et al 1995)
Approx # of % of total

Characteristic Causal organmsm accessions evaluated collection

Al toxicity 8955 221

Mn toxicity 5910 146

Lodging 1186 29

Chinch bug Blissus leucopterus 1000* 25
(Say)

Fall Armyworm Spodoptera frugiperda 8503 210
(JE Smuth)

Yellow sugarcane aphid ~ Spha flava 5564 137
(Forbes)

Greenbug (E 1) Schizaphis graminum 19 000 469
(Rondani)

Midge Stenodiplosis sorghicola 10 000' 2417
{Coquullett)

Head smut Sporisorum reilianum 10 000" 247

Anthracnose Colletotrichum graminicola 357 09
(Cesatn) Wilson

Striga S Hermonthica S Aswuatica 50007 124
S densiflora

Downy mildew Peronosclerospora sorght 6214 154
(Weston & Uppal) CG Shaw

Rust Puccima purpurea 877 22
Cooke

Charcoal rot Macrophomina phaseolina 5000 124
(Maulb ) Ashby

Maize dwarf mosaic virus  Aphid vectored Poty virus 500 12

Grain mold complex Fusarum Curvularia 1000 25

Aschocyta

!These are approximations and totals are not currently available on GRIN

Although these evaluations have 1den-
tified several important sources of genes,
assessment based on phenotypic variabil-
ity 1s hmited It often 1s difficult to deter-
mine whether phenotypic variability 1s
due to genetic or environmental effects,
particularly when screenings are done
only once at a single location In contrast,
molecular markers allow for assessment
based on gene, genotype, and genome,
and provide a more accurate and detailed
outline of the genetic diversity within an
accession Molecular markers also pro-
vide a way to measure genetic variability
in the absence of environmental influ-
ences Markers must, however, be herita-
ble, discriminate between accessions,
populations, and taxa, easy (cost effec-

tive) to measure and evaluate, and provide
reliable, repeatable results (Hillis and
Moritz, 1990)

Future evaluations will require merg-
ing of traditional phenotypic screening
with molecular markers to ensure a more
complete and informative evaluation
One area in which merging of morpho-
logical and molecular data should be used
15 1n designating core collections Core
collections are a subset of the total collec-
tion that can be effectively evaluated 1n
times of particular need Ideally they are
rationalized, refined 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 1ts relatives with mmimal repe-
tittveness (Frankel, 1984) Development
of core collections and the concept of their
use has gained acceptance globally
(Hodgkmns et al , 1995, Knupffer and van
Hintum, 1995) Using geographic and
taxonomic diversity and traditional evalu-
ation, a representative core sorghum col-
lection was set up at ICRISAT containing
about 10% of the 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

Utihzation

Dudal (1976) pomnts out that drought,
shallow soil, and mineral deficiencies or
toxicities account for 75% of the agricul-
tural limitations from the soil (Table 2)
Sorghum and millet have historically en-
countered higher levels of abrotic stress
than other primary crops They are pri-
marily relegated to margmal land, ac-
counting 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 remain the primary crops of
poor soils and agricultural conditions
Therefore, utilization and improvement
of yield stability will depend on increased
research efforts on abiotic stress tolerance
to drought, temperature, and adverse soil
composition Greater use of local land-
races 1n crosses with agronomically elite
material will be needed to combine higher
gramn yield with resistance/tolerance to
locally important biotic and abiotic
stresses (Andrews and Bramel-Cox,
1993) Improved selection methods of ac-

50

Table2  Area of total world land surface sub-
Ject to environmental hmitation of
various types (Dudal, 1976)

Environmental

Area of world so1l

limitation subject to limitation (%)
Drought 279
Shallow soil 242
Mineral (excess vs 225
deficiency)
Flood 122
Miscellaneous 31
None 101
Total 1000
Temperature* 148

Note area affected by unfavorable temperatures overlaps with
other classifications and 15 shown separately

cessions that enhance combining ability
for gram and biomass yield, along with
better information on heterotic patterns
between germplasm accessions 1S essen-
tial to increase sorghum and mullet acre-
age worldwide

Breeders view utilization as the ability
to place a specific gene(s) or special
trait(s) m adapted cultivars Utilization
encompasses the capability to move 1den-
tified genes mto superior lines or cultvars
that provide farmers with improved yield,
disease resistance, tolerance to abiotic and
biotic stress, and improved quality Tradi-
tional breeding programs will contmnue to
benefit from rapid 1dentification and n-
sertion of genes into elite material
Biotechnology offers many tools by
which this process may be enhanced
Transgenic plants offer the potential for
fast genetic soluttons to sertous problems
Insertion of Bt genes, incompatibility
genes to prevent outcrossing with
Johnsongrass (Sorghum halepense), and
protein genes to enhance the nutritional
value of sorghum and millet are just some
of the examples 1n which both crops could
benefit from biotechnology and genetic



Table 3 Record yields, average yields, and yield losses for major US Crops m kg ha! (Kramer

and Boyer, 1995)
Record Average Average losses
Crop yield yield Disease Insect Weeds Climatic/nutritional

Maize 19 300 4600 836 836 697 12 300
Wheat 14 500 1880 387 166 332 11 700
Soybean 7390 1610 342 73 415 4950
Sorghum 20 100 2 830 369 369 533 16 000
QOat 10 600 1720 623 119 504 7 630
Barley 11 400 2050 416 149 356 8430
Potato 94 100 28 200 8370 6170 1322 50 000
Sugar beet 121 000 52 600 10 650 7990 5330 54 400
Mean % of 1000 215 51 30 35 669
record yield

transformation (Bennetzen, 1995,
Kononowicz et al, 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-
riod-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 input from crop
curators and other scientists, efficient use
of germplasm resources currently avail-
able will continue to be limited Plant
breeders will continue to make use of
genetic resources as a pool from which to
identify specific sources of resistance to
diseases, insects, and parasitic weeds Cu-
ratorial needs will be broader 1dentity —
the determination that an accession 1s
catalogued correctly, 1s true to type, and
mamtained properly, relationships—the
degree of relatedness to individual acces-
stons or groups of accessions within a
collection, structure — the partitioning of
variation among 1ndividuals, accessions,
populations, and species, and location —

the presence of a desired gene or gene
complex 1n a specific accession, as well as
the mapped site of a desred DNA se-
quence on a particular chromosome n an
individual or cloned DNA segment The
greater utilization of both sorghum and
mullet germplasm can be realized only
through a strategic, forward looking plan
that integrates the roles of scientists,
breeders, and curators with traditional and
biotechnological tools Such a plan will
provide a more complete and thorough
understanding of available accessions 1n
our collections and future acquisitions

Sorghum and muillet genetic resource
utilization, as defined by curators and
overseers of international and national
collections, 1nvolves the mtegration of
several disciplines Curators strive to pro-
vide collections that are of the greatest use
for scientists throughout the world This
encompasses the tegration of acquisi-
tion, maintenance, evaluation and charac-
terization, and utilization Curators must
provide collections that are easily acces-
sible and readily available, with current
and thorough information They must
strive to mcrease utilization of millet and
sorghum germplasm through enhanced
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scientific and management strategies
This integration can be accomplished
through strategic planning of traditional
methods of curation such as field evalu-
ations, data acquisition, and maintenance,
with the immtegration of biotechnology
Core subsets for each crop will be an
important part of this service Integration
of these technologies will fundamentally
change how we utilize large collections
by identifying new and useful genes and
transferring these genes into superior,
adapted cultivars
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Discussion

Session II - Genetic Resources
Session Chair - Bhola Nath Verma
Rapporteurs - Yu L1 and Kay Porter

Abdelmoneim B El Ahmad: - [ would
like to point out that characterization of
sorghums with respect to simply inherited
characters especially those associated
with grain quality such as the B;, B,,
spreader genes, etc, 1 e, which varieties
have what genes 1s very important
countries where sorghum 1s used as food
for humans

Steve Eberhart - A very good point,
and breeder must give priority to these
traits when breeding sorghum cultivars
for use as food

Fred Miller - Please define “Core Col-
lection” concept

Steve Eberhart - The written version
has a full definition with references

Ndjekounkosse Djool Yagoua - What
are the possibilities for i situ preserva-
tion? Because we are talking about ex situ
preservation and there are limitations to
that cultivars do not evolve with the
change of environment

Steve Eberhart - Genetic changes oc-
cur in much more time than the time of ex
situ conservation Conservation n situ
costs more than conservation ex sitzu Evo-
lution requires centuries 1» situ for much
diversity to occur Modern plant breeding
1s much more efficient In situ conserva-
tion 1s very difficult to manage and often
very expensive to make 1t effective

Ranapnt Bandyopadhyay - During the
eighties, a lot of effort was put into screen-
ing sorghum germplasm to identify

sources of resistance to biotic stresses
such as downy mildew, gramn mold, an-
thracnose, midge, shootfly, etc Several
sources of resistance have been 1dentified
and are utilized by breeders Future need
lies in characterizing the resistance genes
1n the sources to find 1f they are similar or
dissimilar

J A Dahlberg - Work needs to con-
tinue 1n evaluation and characterization,
however, this work needs to be better
focused on characterization of these genes
that are 1dentified, primarily on a molecu-
lar basis Molecular tools will provide a
tool by which we can identify similar or
dissimilar alleles which will assist in
greater utilization of these identified
genes

Fred Rattunde - What research 1s be-
ing conducted on the use of molecular
tools for characterization of genetic re-
sources? Also, with such large collec-
tions, how can these techniques be applied
to the entire collection

J A Dahlberg - Several groups are
working on the development of RAPD
and SSR markers for use 1n evaluating
genetic diversity Groups within the
USDA, Purdue Umiversity, and Texas
A&M are all evaluating molecular tools
for use 1n genetic identification and diver-
sity The primary limiting factor to the use
of these tools 1s DNA extraction, how-
ever, several groups are currently working
on creating more efficient techniques for
DNA extraction and in the near future,
they will not be a major factor in using
these markers
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Breeding Photoperiod Insensitive
Sorghums for Adaptation and Yield

Fred Miller*, Neil Muller, Roger Monk,
D S Murty, and A Babatunde Obilana

Abstract

Photoperiod msensitivity in Sorghum bicolor (L ) Moench has allowed the breeding
and development of cultivars to fit defined target environments By removing confound-
ing variation created by photoperiod sensitvity yield and its stability could be enhanced
through critical selection of yield components Maturity genes Mal and the Ma5/Ma6
interaction are responsible for the bulk of the sensitvity to photoperiod Other biochemi-
cal reactions are driven by temperature and influence adaptation As an adaptive trait
mamipulation of maturity has provided highest yields in widely different regions of the
world 1 e early sorghums in drought-prone or short-duration seasons vs late-maturing
sorghums mn well-watered longer duration seasons Once photoperiod msensitivity 1s
established, responses to biotic and abiotic stresses are exposed Solutions can be
devised that target each of the stresses Furthermore research can be focused in areas
of physiologic growth and development when the overwhelming impact of photoperiod
response has been removed Photoperiod msensitivity has allowed for continuous
improvement of yield and adaptation in sorghum

Adaptation 1s the measure of a culti-
var’s ability to survive 1n and respond to
a defined target environment The ability
of'the cultivar to maintain high production
depends on the degree and range of its
adaptive traits, which allow continued
growth and production 1n the presence of
stresses The achievement of adaptation
can be expressed via mechanisms 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 MMR Genetucs 6417 Zak Road Bryan TX 77808 Neil
Muller Pacific Seeds (Austraha) Roger Monk, Proneer Hi Bred Interna
tional (U S ) DS Murty ICRISAT (Mali)) A Babatunde Obilana, ICRISAT
(Zimbabwe) Corresponding author

are usually genetic, while avoidance traits
are environmental/genetic

Adaptation can be manifested in differ-
ent ways (e g , wide/ 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 following dis-
cussion will attempt to characterize and
summarize some traits that affect adapta-
tion

Yield
Economic yield 1s the production of

economically desirable plant parts per
unit area (e g, seeds, grans, forage, oil,
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protein, etc ) Almost all sorghum culti-
vars have the genetic/physiologic poten-
tial to produce some degree of economic
yield, but yield potential varies among
cultivars It 1s important to determine
those traits that directly and indirectly
influence yield Expression of potential
yield depends to a great extent on the
environment and the adaptation of the cul-
tivar that allows 1t to cope with 1ts envi-
ronment (yield = genotype X environ-
ment) It 1s assumed that the cultivar has
high absolute yield and a high degree of
yield stability across environments As a
practical result, a high-yielding, widely
adapted cultivar 1s one that responds posi-
tively to varying environmental changes

The basic components of yield are
number of kernels per pamcle, size of
kernels, and number of panicles per unit
area Size and number of kernels have
been shown to be strongly negatively cor-
related Some breeding programs have
successfully maximized that negative cor-
relation by selecting females of hybrids
with the highest number of kernels within
some pre-judged mmimum range, then
selecting male parents (R-lines) with
large kernels (without regard for num-
bers) The F; hybrids maximize the
number and size of kernels as limited by
the correlation This approach seems most
reasonable because large seeds frequently
have problems of germnation Seeds pro-
duced for sale are constrained only by
size but exhibit superior germination

Photoperiod/Temperature
Photoperiod insensitivity 1s defined as

the mimmimal change 1n days to anthesis
and other morphological characteristics
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when a plant grows under day lengths of
11-15 hours

In order to select for a basic pool of
photoperiod-insensitive sorghum stocks,
materials must first be evaluated under
varying photoperiods Nurseries planted
in short, intermediate, and long day re-
gimes will separate performance of
germplasm stocks and standard cultivars
that are photoperiod-insensitive Gener-
ally, the removal of Mal will remove the
bulk of response to photoperiod The in-
teraction of Ma5 and Ma6 1s also a pho-
toperiod phenomenon, but 1s not of gen-
eral concern in most germplasm When
these two genetic conditions are allevi-
ated, response to varying photoperiod 1s
minimal, and the remaining variations n
growth and development are primarily
temperature driven

Some detrimental effects of photope-
riod among photoperiod-insensitive types
m tropical environments are the loss of
leaf areas, elongated internodes, and rapid
change from vegetative to reproductive
growth The result 1s loss of yield and
deterioration of the stem, which leads to
increased lodging and rapid senescence

Two examples of temperature response
are given to 1llustrate the effects of tem-
perature on growth First, the Australian
Northern New South Wales slopes and
plains are situated at 29-30° S The plams
are hot and generally have lower unpre-
dictable rainfall Day/night temperatures
are approximately 37/24° C, respectively
The slopes at the same latitude have
higher rainfall and are cooler at 34/21° C
Anthesis occurs five to seven days earlier
in the plains than on the slopes The higher



temperatures of the plamns promote more
rapid growth and development

Second, the charactenistic of tropical
vs temperate adaptation 1s basically a
temperature response Sorghum planted
at Weslaco, Texas, on March 1 grows
under cool soil and environmental condi-
tions early m GS 1 Afterward, day and
night temperatures increase rapidly
throughout the life of the plant In con-
trast, at Halfway, Texas, seeding occurs in
warm soils and cool mights By GS 2,
daytime temperatures increase, but night-
time temperatures begin to drop GS 3 1s
characterized by warm days and cool
nights Yields are significantly higher 1n
this latter situation However, there are
differences between cultivars, and these
differences have been used to separate
more tropical and temperate adaptive

types
Matunty

Maturity differences 1n sorghum have
been previously described by Quinby
(1974) These differences are associated
with four specific genes and the allelic
series at each Breeders working with
photoperiod-insensitive sorghum quickly
learn that some maturity genes form only
the template within an acceptable range of
production The relationship of later ma-
turity and higher yield 1s well-established
However, lateness 1n 1tself does not allow
growers to obtain maximum yield Breed-
ers have established limits of environ-
ments and/or climatic regions within
which a range of maturity will, over time,
produce the largest consistent yield
These broad ranges of maturity are for
early, medium, and full season hybrids It
1s not appropriate to describe a range of

days to anthesis to universally classify
these types, since each major production
region 1s different from the others For
example, an early sorghum n Argentina
takes at least 10 days longer to reach ma-
turity than an early sorghum in North or
South Dakota (U S )

Manipulation of maturity as an adap-
tive trait has provided for higher and more
stable yields 1n many areas For example,
high-yielding environments 1n Australia
are limited, and the largest sorghum pro-
duction areas have lower rainfall, higher
temperatures, and poor moisture-holding
capacity soils Inthese areas, utilization of
early and medium-early hybrids has been
very effective to prevent moisture stress
in GS 3 With the identification of non-se-
nescence and other drought-related traits,
there 1s a slow shift toward slightly later
hybrids with higher yield (1 e, medium-
early to medium maturity hybrids) The
same situation describes the types of hy-
brid/variety maturities i PS 13 - 19 zones
used by ICRISAT and the hybrid industry
in the U S In the early 1970s the coastal
plans of south Texas grew primarily me-
dium-early hybrids, however, today only
medium maturing hybrids are grown in
the area Some growers are even using
near-full season hybrids to obtain highest
yields, even though their input costs may
mcrease

To summarize, growers tend to use hy-
brids that mature as late as environmental
conditions permit in order to maximize
yields It then becomes the responsibility
of breeders to include n yield-maximiz-
ing hybrids those adaptive traits that in-
crease stability Disease and insect resis-
tance, lodging resistance, and harvest
traits must be part of the package as ma-
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turity pushes the outer edges of produc-
tion conditions and zones

Drought and Other Abrotic Stresses

Drought remains the single most im-
portant threat to food security, especially
1n areas where sorghum and pearl millet
are cultivated Drought manifests itself in
different forms, in different places, at dif-
ferent times 1n the growing season Its
periodic nature, therefore, makes 1t a sig-
nificant factor 1n any strategy for genetic
crop improvement

In photoperiod-insensitive sorghum,
the three main mechanisms for response
to drought must be considered at the onset
of a breeding program escape, tolerance,
and resistance These and other physi-
ologic responses to abiotic stresses en-
hance the stability of production 1n adap-
tive breeding programs Some of those
abiotic stresses mclude

e Drought - escape and tolerance
mechanisms/phenologic targets

e Temperature - (cold) emergence
and early stage growth, (heat) blast-
ing, evapotranspiration, desicca-
tion

e pH soils - (high) ron chlorosis and
nutrient use, (low) microflora inter-
actions/nutrient release and utiliza-
tion/toxicities

e Fertility - (low) nutrient availability

Biotic Stresses

Sorghum 1s host to a large number of
msects and diseases that attack the seed,
roots, stems, leaves, panicles, and grain
One or more of these m any one season
can have a disastrous effect on final har-

62

vest yield Fortunately, all are not present
1n every environmental situation

Germplasm resources have been ex-
ploited to incorporate 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

Breeding for those biotic constraints n
targeted production zones increases both
the time to release of superior materials as
well as the ability to concentrate on “next-
limiting” traits

Working with photoperiod-insensitive
sorghum, 1t 1s essential to understand the
genetics of nsect and disease organisms
As werecognize therole of integrated pest
management (IPM), the deployment of
resistance genes must be fully understood
We cannot afford to carelessly spend a
gene 1f we have alternative controls avail-
able It 1s 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 of photoperiod-insensitive sorghum
1s extremely important The harvest index
(ratio of total plant weight/grain weight)
must be critically balanced As panicle
si1ze, kernel number, and kernel size are
viewed with regard to photosynthetic ca-
pacity, leaf area, green leaf area retention,
and nonsenescence become important
Leaf area alone (in some types of hybrids)
may not be as important to the production
of gran as 1s the total leaf area available
to mtercept light The greater the light
mterception, the higher the photosyn-
thetic capacity (which may be affected by



genetic control mechanisms), leading to
mcreased carbohydrate accumulation and
opportunity to maximize grain yield On
the other hand, greater leaf area 1n later
maturing cultivars leads to increased car-
bohydrate production over a longer pe-
riod, and greater yield potential

Retention of effective photosynthetic
leaf area 1s essential for continued carbo-
hydrate accumulation and maximization
of yield Adaptive breeding programs,
therefore, must address senescence traits
(pre- and post-flowering) and cultivar re-
action to omnipresent leaf diseases, both
of which reduce effective leaf area

It 1s not possible 1n this paper to fully
explore all ramifications of nonsenes-
cence Therefore, we address some of the
broad aspects of nonsenescence 1 pro-
gressive breeding programs Lodging 1s
assoclated with severe moisture stress in
GS 3 1n a farrly large portion of the sor-
ghum production areas of Australia, the
United States, Argentina, and South Af-
rica Cultivars that maintain green leaf
area, healthy green stems, and green pan-
icles until maturity will have increased
adaptation and yield Although pre-flow-
ering stress resistance 1s important in pre-
yield formation, post-flowering stress re-
sistance 1s more important, since 1t aims
not only at lodging resistance but also at
maximizing yield in stressful environ-
ments

Highly senescent types of sorghum un-
der moisture deficit situations mobilize
carbohydrates from lower leaves and
stems to the developing grain These types
sacrifice basic plant well-being to insure
gramn fill, in effect committing “physi-
ological suicide ” In situations like this,

even moderate levels of nonsenescence
can play a major role in reducing lodging
and 1increasing harvestable yield Other
traits such as osmotic adjustment, water
use efficiency, and nutrient use efficiency
are most likely actively involved These
traits are more difficult to select for, ex-
cept as they are expressed 1n stability of
performance

The incorporation of high levels of
nonsenescence can lead to undesirable
side effects, such as delayed maturity un-
der stress, increased nodal and basal tiller-
ing, and some loss of yield Control of
apical dommance has been found and 1s
easily manipulated to control tillering
problems Moderation seems to be the key
to the usefulness of the nonsenescence
traits in adaptive breeding

High and useful levels of nonsenes-
cence, which are now available, offer a
great opportunity to improve both poten-
tial and harvestable yield by the develop-
ment of later maturing hybrids for areas
where early maturity has been tradition-
ally used as a drought avoidance mecha-
nism

Physiological Parameters

Yield of grain 1s the final product of the
factory (sorghum plant) that we have
built Significant progress has been made
in characterizing the traits visible above
the so1l line that affect yield, but the root
system has received little attention We
know there are different types of root sys-
tems — deep rooting, shallow rooting,
sparsely branched, and profusely
branched — but we need to know much
more about how root systems function,
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their role in lodging resistance, and the
potential of genetic mampulation

Likewise, only limited information 1s
available to describe the genetic and
physiologic systems operating within the
plant Some information 1s available on
differences n photosynthetic rates, but 1t
does not reflect whole plant or whole-
plant-in-field values Indirect yield meas-
urements are the best estimates we have
to use n adaptive change Some cultivars
store sucrose in much higher concentra-
tions m leaves and stems than others
What controls feedback mechanisms?
Why are caryopses allowed to reach only
certain size? What are phloem flow rates
and what controls those rates? What con-
trols loading and unloading of the photo-
synthate transport system? How can
breeders select for successive “bottle
necks” in the photosynthate system?
There 1s a great need for physiologic in-
formation that breeding programs can use
to improve productivity

In 1986, at the First Australian Sor-
ghum Conference, this question was
asked “How do weraise the yield plateau
without putting all our efforts nto ‘fire
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fighting’?” We offer these comments

Sorghum breeders are not just “fire fight-
mng” m dentifying, developing, and util-
1zing adaptive traits Every breeder wants
to improve productivity The use of adap-
tive trait breeding has been successful in
achieving a stable and productive com-
modity The identification and utilization
of such traits as nonsenescence, control of
apical dommance, greenbug and midge
resistance, lodging resistance, tillering
control, resistance to downy mildew, head
smut, foliar, and other diseases, have led
to further improvement m yield and yield
stability 1n many sorghum production ar-
eas

Figures 1 and 2 offer a visual perspec-
tive of the sum of adaptation and its 1m-
pact upon yield and stability of sorghum
The yield plateau of sorghum has been
raised significantly by the identification,
development, and use of sound and envi-
ronmentally friendly adaptive traits
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Breeding Photoperiod
Sensitive Sorghums

F Gomez* and J Chanterau

Abstract

Physiological mechanisms i the sorghum flowering system are capable of sensing
differences i daylength Sorghum breeders have recently started to manpulate this
characteristic to develop specific matus ity genotypes In tropical regions of Afvica and
Central America, farmers have informally selected sorghum with specific daylength
requirements that match local environmental conditions to ensure gramn production
Daylength requirements for different sorghum genotypes have been determined and
studied from several disciplines Conventional breeding methodology and efforts from
several mstitutions such us INTSORMIL and ICRISAT have been rewarding New
combmnations of local and exotic enhanced germplasm have been developed that
maximize grain and biomass production

Dwarf Maicillos Varieties (DMVs) are new sorghum genetic combmations bred
Central America that express an outstanding adaptation to the local sorghum-maicillos
agroecosystem, superior yield potential, defensive capacity and grain quality These
DMVs also show a substantial variability in height and response to photoperiod,
indicating perhaps new allelic combmations or new maturity loct involved Some
superior DMVs have been extensively tested i farmers fields where they have
outyielded the original maicillos ecotypes Further studies on the nature of the photop-
eriod response shall be supported to custom tailor sorghum genotypes for tropical
environments

The mitiation of flowermg in many
tropical crops 1s sensitive to daylength or
photoperiod (Norman, et al , 1984) Sor-
ghum [Sorghum bicolor (L. ) Moench]
was classified as a short-day species by
Garner and Allard as early as 1923 Physi-
ological mechanisms 1 the sorghum
flowering system are capable of sensing
differences n daylength from the time of
sunrise to sunset Daylength 1s 12 1 hours
throughout the year at the equator, and
ranges from 106 to 13 7 hours at 25°

F Gomez, Escuela Agnicola Panemenicana, PO Box 93 Tegucigalpa,
Honduras and ) Chanterau ICRISAT/CIRAD Bamako Mali *Correspond
1ng author
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latitude and from 8 7 to 15 7 hours at 45°
latitude (Norman et al , 1984)

In tropical regions, farmers have infor-
mally selected sorghum with specific
daylength requirements that match local
environmental conditions to ensure grain
production In West Africa, for example,
informal selection by farmers for
daylength sensitivity has resulted in sor-
ghum that matures as available soil water
1s exhausted 1n the early part of the dry
season, thereby ensuring that the crop
fully utilizes the growing season while
avoiding diseases associated with high
humidity during grain maturation



Similar outcomes have been achieved
by Central American farmers where sor-
ghum 1s a newcomer Around 200 years
ago, sorghum varieties sensitive to pho-
toperiod were mtroduced from Africa to
an area exhibiting distinctive climatologi-
cal conditions, such as a bimodal rainfall
pattern There, sorghum readily adapted
to local farming practices Continuous se-
lection by farmers has produced a unique
group of sorghum, colloqually named
maicillos or little corn Acute photoperiod
sensitivity was a key characteristic that
enabled maicillos to become intercropped
with early maize landraces

Quimnby (1974) described the genetic
response of sorghum to daylength for
flower nitiation Four maturity genes,
designated Mal, Ma2, Ma3, and Ma4,
were found to control sensitivity to
daylength Recentstudies point to the pos-
sibility that floral initiation 1n sorghum 1s
controlled by more than four genes Aydin
and Rooney (personal communication)
presented data on the inheritance of two
new maturity genes in crosses of an Ar-
gentinian line derivative, 90T190, and
Tx430 The authors have designated these
new maturity genes as Ma5 and Ma6
Chanterau and collaborators (personal
communication) are evaluating crosses
between the landrace Guinea 1075 and IS
2807 A frequency distribution of F5
progenies also suggests that the genetic
control of photoperiodism 1n these lines
could involve more than the classical ma-
turity genes

These findings enable tropical plant
breeders to tailor sorghum genotypes

based on photoperiod requirements As a
result, breeders in temperate climates
have developed sorghum cultivars with
spectfic flowering requirements that fully
explo1t local daylength Likewise in the
tropics, attempts to breed for custom-tai-
lored photoperiod-sensitive sorghum util-
1zing local ecotypes are under way

Methodology

Sorghum scientists reponsible for ma-
nipulating tropical germplasm 1n the
United States and India have explored
many aspects of the photoperiod response
m sorghums Consequently, there 1s a s1g-
nificant understanding of the genetics,
physiology, and breeding methodologies
of photoperiod-sensitive sorghum

Early genetic studies on sorghum flow-
ering helped to establish the Sorghum
Conversion Program (SCP), the founda-
tion for bringing tropical germplasm to
U S sorghum (Muller, 1979) Simular ap-
proaches have been utilized to a lesser
extent by sorghum breeders in Central
America and Africa to introduce elite
temperate germplasm into tropical photo-
sensitive sorghums

A classic study of the effect of tropical
photoperiods on the growth of sorghum
was conducted by Miller et al 1n 1968
They concluded that tropical sorghum has
lower critical photoperiods than most
U S sorghum when planted from January
to July in Puerto Rico, but the same varie-
ties nonetheless flower 1n about the same
time when planted under daylength con-
ditions of 12 2-11 3 hours (mid-Septem-
ber through mid-November)
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Enhanced germplasm derived from
crosses between elite exotic U S and In-
dian sorghum and tropical landraces has
been developed in Central America and
on several occasions in Africa This
germplasm contains the specific adapta-
tion of landraces and superior alleles for
yield, quality, and defensive capacity
against biotic and abiotic stresses (Meck-
enstock etal , 1988) Conventional breed-
ing schemes are used to introgress exotic
germplasm 1nto tropical sorghum Pedi-
gree methodology 1s the most common,
but some population enhancement also
has been attempted

In 1981, Meckenstock (1991) began an
ambitious breeding program while work-
ing in Honduras in collaboration with
Central American and U S sorghum
breeders These efforts centered on en-
hancing the tall, photoperiod-sensitive,
low-yielding white sorghum ecotype
(maicillos) of Central America Maicillos
1s a staple food of low income farmers 1n
the hillsides of Central America In this
region, the cropping system (maize-sor-
ghum) does not allow use of directly in-
troduced photoperiod-insensitive sor-
ghum cultivars Improvement of maicil-
los must be made 1 situ due to 1ts specific
photoperiodic response (14° N) (Mecken-
stock, 1991)

In the early 1980s, crosses were made
between selected maicillos and elite
germplasm from Texas A&M and ICRI-
SAT At the same time, studies on photo-
periodic response of several sorghum cul-
tivars were conducted (Meckenstock,
1984) These studies concluded that
maicillos 1s highly sensitive to photope-
riod due to the presence of dominant al-
leles at the Mal and probably the Ma2
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loc1 These loc1 accounted for lateness 1n
100M and 90M growing mn the tropical
environments in Puerto Rico(Milleretal ,
1968) 100M and 90M refer to the floral
characteristics of milo genotypes de-
scribed by Quinby (1972)

Segregant families of these crosses
were subjected to several cycles of selec-
tion 1n multiple environments in sub-
sequent years Exposing these families to
different biotic and abiotic stresses re-
sulted in an 1deal selection pressure to
select a new enhanced photosensitive
germplasm, combining excellent adapta-
tion, better yield potential, and superior
grain quality In addition to maintaining
the photoperiodic response, these segre-
gant populations of enhanced maicillos
are selected for short stature (2 and 3 dw),
longer panicles and exsertion, and resis-
tance to predominant pathogens causing
diseases such as anthracnose, rust, gray
leaf spot, downy mildew, and tan plant
color (Gomez, 1995)

Results and Discussion

The germplasm developed in Central
America has been named “Dwarf Maicil-
los Varieties” (DMV) because of its an-
cestors Two hundred forty-one lines have
been developed and are available as
DMV-germplasm These lines have been
crossed among themselves to concentrate
elite genes 1n new (maicillos x exotic) x
(maicillos x exotic) germplasm Table 1
presents yield data, days to bloom, and
plant height of some elite DMV sorghum

Based on plant height, four distinct
groups of maicillos are identified The
MC group corresponds to the original



Table1 Days to bloom, plant height (cm), and grain yield (kg ha ') of some photosensitive sorghum
planted in Honduras (14° 5’ N) on June 13, 1995, at 800 meters above sea level

Grain/ Days Grain
plant to yield

DMV color Pedigree bloom Plant kgha !
219 whT/T {[SPV346 (81LL691*Billy)|*(SC414*P N )} 25 34 143 177 2563
236  wh/T  {[(SC326 6*SC103 12)Liberal 40]*SC1207 2} 1021 5 1 155 138 1935
228 whT/T {{SPV346 (81LL691*Biily)]*(SC414*PN )} 41122 144 165 1914
Average 147 160 2138
137 whT/R (TAM428*Porvenur) 2923 b b 140 228 4000
238 wh/R  [(Sepon 77*Santa Isabel) 6*ICSV 151} 621241 145 217 3591
240 whT/P [(Sepon 77*Santa Isabel) 6*ICSV 151} 62124 8 142 213 3128
237 wh/T  [(Sepon 77*Santa Isabel) 6*ICSV 151} 621211 143 218 3105
239 wh/T  [(Sepon 77*Santa Isabel) 6*ICSV 151} 6212 44 145 210 3039
241  wh/T  {[(TAM428*77CS3)GPR148*Billy] 24*(SPV346(81LL691*Bully 7] 36) 148 222 2972
Average 144 218 3306
179 whT/T (SPV346*Gigante Pavana) 1 1 2 143 290 3780
221 wh/T  (Surefio*Caturra 68) 332 1 133 285 3580
198 wh/T  (TAM428*Porvenir) 291 1bb1b 142 267 3254
235 wh/T  [(TAMA428*S B III) 17*(CS 3541*Lib) 6] 19 1 2 132 260 3057
213 whT/R  {[SPV346 (81LL691*Billy)}*(SC414*PN)} 71 b 146 247 2978
234 whT/T [(TAM428*SBIII) 17*%(CS 3541*Lib) 6] 191 2 132 278 2957
210  whT/T (TAMA428*MC100)2 2 140 278 2939
218 whT/R {[SPV346 (81LL691*Billv)[*(SC414*PN)} 4 1 1 142 275 2557
Average 139 273 3138
MC  wh/P  Peloton 140 388 3316
MC  wh/P  Porvemr 148 398 3247
MC whT/P  San Bernardo 111 142 397 3111
Average 146 394 3248

MC = macillos cnollo DMV = Dwarf maicillos vanety

wh=white T=translucid penicarp /P=purple plant color /R=red plant color /T=tan plant color

elite maicillos ecotype and averages 3 9m
in height (0 dw) The second group con-
sists of DMVs averaging 2 7 m 1n plant
height (1 dw) The third group includes
DMV genotypes that average 22 m n
height (2 dw), and the last group 1s com-
posed DMVs that average 1 5 m 1n height
(3 dw)

After several attempts to recover the
daylength response from the original
maicillos, these groups of enhanced
maicillos exhibit photoperiod require-
ments similar to those of their maicillos
counterparts We have been able to re-
cover genotypes with almost the same
maturity as the maicillos (-3 days on the
average)

Two elite lines that have exhibited out-
standing performance and excellent com-
bmning ability are derivatives of crosses
between the ICRISAT line SPV346 and
the maicillos Gigante and between the
US line RTAM428 and the maicillos
Porvenir These lines are the first vehicles
to introduce superior alleles for gram
yield and quality into the maicillos popu-
lation by means of natural mtrogression
and farmers’ selection

On-farm data from these two enhanced
DMVs show a substantial increase mn
grain yield (Table 2) under different tech-
nological levels Data show that enhanced
maicillos are capable of double grain pro-
duction without sacrificing forage pro-
duction due to reduction 1n plant height
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Table2 Average yreld of grain and forage ot two enhanced maicillos cultivars grown at 59 locations

in Honduras, 1993-1995

Technological level Gramn yield kg ha ' Forage yield t ha '
Gigante Mejorado (DMV 179)

Maicillos landrace 764 55
Enhanced maicillos 1056 54
Enhanced maicillos + so1l mnsect control 2413 61
Enhanced maicillos + soil msect control + 60 k ha ' of Nitrogen 2960 66
Porvemir Mejorado (DMV 197)

Maicillos landrace 922 54
Enhanced marctllos 1396

Enhanced maicillos + so1l msect control 1510

Enhanced mascillos + soil msect control + 60 k ha ' of Nitrogen 2185

New lines are continuosly being pro-
duced and deployed m farmers’ fields
with the objective of enhancing the local
ecotypes and iz situ conservation Be-
cause we are mostly interested in lines that
exhibit photoperiod response, until re-
cently no attempt was made to select pho-
toperiod mnsensitive lines These efforts
offer important new genetic combinations
that can be utilized for developmng photo-
period-nsensitive tropical sorghum

Conclusions

Breeding photosensitive sorghum for
specific tropical environments offers op-
portuntties to mcrease productivity, en-
hance grain quahty, and maximize agri-
cultural input utilization Small farmers
can benefit tremendously because no
change in daylength requirements 1s
needed, thus, there 1s no need to alter their
cropping systems
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Breeding Pearl Millet for Grain Yield and Stability

KN Rar*, K Anand Kumar, D J Andrews,
S C Gupta, and B Ouendeba

Abstract

Pear ] millet [Pennisetum glaucum (L) R Br ] s traditionally grown n the arid to
semi-arid tropical regions of the Indian subcontinent and Africa where sorghum and
maize gram yields are low and unreliable due to drought and sandy soils of low fertility
Low harvest imdex (<20%) of landrace cultivars, combined with numerous biotic and
abzotlc constraints results in low and unstable grain yields of pearl millet (500-600 kg
ha') n these environments Breeding efforts addressing these constramts have taken
nto account their relative global and regional importance and probability of success
Thus breeding for migh gramn yield potential has been accorded highest priority
Jfollowed by resistance to downy mildew This strategy has resulted i impressive genetic
gams and visible cultivar impacts in India and just recently in Africa

For more rapid progress to occur i Afiica it 1s necessary to define clear research
targets and foster effective inter-institutional research and development partnerships
Exploitation of the enormous genetic variability available in pearl millet germplasm,
for both yield components and resistance to major diseases, will continue to be
emphasized n cultivar development Concentrated efforts are required to develop and
validate effective screening techmques, to identify good sources of resistance/tolerance
to drought high soil temperatures at seedling emergence, Striga, stem borer and head
muner, and to understand the nature of thewr inheritance The extent of integration of
resistance to these constraints as selection criteria in breeding can then be examined
Opportunities exist for testing the utility and commercial viabiity of pearl millet top
cross hybrids (made with and without CMS) and inter-population hybrids, i addition
to open-pollznated varieties (OPVs)and CMS-based sigle-cross hybrids and for real-
1zing about 5 t ha' of gramn yreld i less than 90 days i intensive agriculture

Pearl millet [Pennisetum glaucum (L)  about 10 million ha are found in India

R Br ] 1s an important food grain cereal,
grown annually on about 26 million ha in
the arid to semi-arid tropical environ-
ments of Asia and Africa Of the 12 mil-
lion ha grown 1n Asia, the lion’s share of

KN Rai and K Anand Kumar ICRISAT Asia Center (IAC) Patancheru
502324 AndhraPradesh India DJ Andrews Dept of Agronomy Umiver
sity of Nebraska, Lincoln NE 68583 0915 S C Gupta, ICRISAT Western
and Central Africa Region PMB 3491 Kano Nigena B Ouendeba, RO
CAFREMI ICRISAT Sahelian Center BP 12404 Niamey Niger Corre
sponding author

Thirteen countries 1n western and central
Africa grow this crop on 12 million ha, but
five countries (Niger, Nigeria, Mali,
Burkina Faso, and Senegal) account for
85% of the total area mn this region Six-
teen countries 1n southern and eastern Af-
rica grow pearl millet on about 2 5 milhion
ha, with Sudan accounting for more than
50% of this area and Tanzania, Zim-
babwe, and Angola together accounting
for another 25%
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Pear]l mullet 1s traditionally grown m
low rainfall regions on sandy soils with
low fertility where other coarse grain ce-
reals such as sorghum and maize fail to
give assured yields The average grain
yield of pearl millet in these env1ronments
1s very low (500-600 kg ha), although
hybrid gramn yields in excess of 5 t ha'
with a harvest index of more than 40%
have been obtained n India under optimal
conditions (Rachie and Majmudar, 1980)

Pearl millet will continue to be a domi-
nant cereal crop, mainly grown for gramn
production in the ar1d to semi-arid tropical
environments of Asia and Africa There-
fore, this paper will largely address breed-
ing for gran yield and stability in these
environments We shall present a compre-
hensive account of approaches followed
in breeding high-yielding cultivars for
high and stable grain production We be-
gin by describing production constramts
and the rationale behind varymng levels of
mtegration of these approaches mn the
breeding programs, then 1llustrate the im-
pact of these approaches with various
categories of outputs This paper draws
heavily from, but 1s not limited to, the
experience and research results of ICRI-
SAT’s and INTSORMIL’s pearl mullet
breeding programs

Pearl millet 1s a highly versatile and
high quality cereal with great potential to
become a valuable component of non-tra-
ditional agriculture We shall briefly ex-
amine emerging opportunities for pearl
mullet cultivation under such systems

Production Constraints
and Breeding Priority

Several factors contribute to low grain

yield and yield nstability in pearl millet
a) low yield potential associated with the

72

plant architecture of traditional landraces,
b) biotic stresses such as diseases, nsect
pests, and a parasitic weed (Striga sp ), ¢)
abiotic factors such as low soil fertility,
heat, and drought, d) lack of management
mput, and e) policy factors that do not
encourage labor and material mvestment
m pearl millet production The objective
of this section 1s not to produce a detailed
analysis of all factors that contribute to
low grain yield and yield nstability, but
to briefly present an assessment and pri-
oritization of those that can be addressed
by breeding

Plant Architecture

Pear] millet 1s a C4 plant with highly
efficient photosynthetic machmery and
dry matter production ability A study mn
northern Nigeria showed that a traditional
open-pollinated variety maturmg m 90
days produced dry biomass yield of 22 t
ha' under low-resource farming condi-
tions, but much of this was locked up 1n
vegetative parts, leading to a low harvest
index of 14 5% (Kassam and Kowal,
1975) Enormous genetic variability for
yield components exists in the pearl millet
germplasm (Table 1), but the natural char-
acter combmations 1n the landraces are
largely unfavorable For instance, large
panicles are found 1n excessively tall and
late-maturing backgrounds, while good-
tillering germplasm exhibits mostly small
panicles and small seed size The direc-
tion of these combinations cannot be re-
versed by breeding, however, a much
more favorable combination of yield
components with higher harvest index
and grain yields can be developed Most
of the yield components have high herita-
bility, and they can be reliably assessed by
simple measurements and visual scoring



Table 1

Diversity for time to flowering, plant height, and gramn yield components m the world

collection of pearl millet germplasm, postrany season, ICRISAT Asia Center, India

Range

Accessions Minimum Maximum
Character (number) Mean + SE (P no) (IPno)
Days to flowering 16 259 75440 18 33 (IP 4021) 159 (IP 11945)
Plant height (cm) 16 128 160 4+0 30 25 (IP10401) 425 (1P 13016)
Productive tillers 16 115 21001 1 (IP 3035) 19 (IP 3110)
Pantcle length (cm) 16 123 25 60 09 4 (IP 15625) 125 (IP 10379)
Panicle thickness (cm) 16 125 233004 9 (IP 10402) 61 (IP 14070)
1000 grain mass (g) 16 408 8 610 01 15 (1P 15352) 213 (P 11407

Thus, genetic manipulation of yield com-
ponents for high grain yield has recerved
highest priority 1n all breeding programs

Brotic Stresses

Downy mildew [Sclerospora gramim-
cola (Sacc ) Schroet] 1s the most wide-
spread and serious disease of pearl millet
in Asia and Africa Its importance has
substantially increased with the occur-
rence mn India of three epidemics during
the last 25 years on the most widely used
single-cross hybrids Effective screening
techniques for large-scale application 1n
both the field and the greenhouse have
been developed (Williams et al, 1981,
Singh and Gopinath 1985), diverse
sources with high resistance levels have
been 1dentified (Singh et al , 1990, Singh,
1992), and the inheritance of resistance
has been found to be relatively simple
Based on these considerations, breeding
for downy mildew resistance has been
accorded highest priority among not only
the biotic stress factors, but among all
yield-reducing stress factors

Smut (Tolyposporium penicillariae
Bref), ergot (Claviceps fusiformis Love-
less) and rust (Puccinia substriata Ell &
Barth var indica Ramachar & Cumm )
are also economically important diseases,
but are much more localized and of less

mmportance than downy mildew mn these
regions Therefore, resistance breeding
for them has recerved less prionty in India
and Afrnca, although effective screening
techniques and resistance sources have
been developed (Singh, 1990, Thakur et
al, 1992, 1993) Rust 1s the most serious
disease 1n the southeastern United States
and 1s receiving considerable breeding at-
tention

Pearl millet 1s reputed to have fewer
enemies 1n sect pests than sorghum and
maize, and insect pest problems are
largely confined to western Africa Head
miner (Heliocheilus albipunctella de
Joannis) and stem borer (Conzesta 1gne-
Jfusalis Hampson) have been 1dentified as
the two major nsect pests of pearl millet
(Nwanze and Harnis, 1992) Striga re-
mains the most serious biotic constraint in
this region, especially in low fertility
fields most characteristic of pearl millet
cultivation In the absence of effective
screeming techniques and confirmed resis-
tance sources, breeding for resistance to
nsect pests and Striga has receved neg-
ligible attention

Abrotic Stresses
Low so1 fertility (mainly lack of nitro-

gen and phosphorous) and drought are the
two most important abiotic factors limat-
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ing pearl millet productivity Poor plant
stand, maimnly caused by high soil tem-
peratures and soil surface crusting, 1s an-
other abiotic constraint Researchers re-
port significant genetic variability for
seedling emergence and survival at high
temperatures (Soman et al, 1987, Pea-
cock et al , 1993) and for grain-filling and
threshing percentage (a measure of termi-
nal drought tolerance) (Bidinger and Ma-
halakshmi, 1993) Information available
on the nature of inheritance of these traits
and the effectiveness of screening tech-
niques to select for resistance 1n segregat-
ing populations has not been established

As a consequence, breedmng for these abi-
otic stress traits has not yet become an
integral part of planned breeding Breed-
ing 1n the target environments, depending
on the extent of the natural occurrence of
these abiotic stresses, takes them nto ac-
count by discarding progenies that have
poor plant stand and do not yield well

Breeding Approaches

Base Population

The base populations most extensively
used for pearl millet breeding are devel-
oped by hybridization of parents with
complementary traits, or by formation of
composites Individual landraces also
have been used as base populations
Open-pollinated varieties (OPVs) devel-
oped from selectton within individual
landraces have not been successful with
farmers, because the yield advantages of
such varieties compared with the parental
populations have been marginal (Nian-
gado and Ouendeba, 1987), and they have
not offered anything new in terms of char-
acter combination and quality
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Composites provide the best option for
broad-based populations with greater
scope for genetic gains and production of
OPVs with wider adaptation The com-
posite approach also 1s quite relevant to
breeding hybrid parents, provided the
traits considered important for hybrid par-
ents have been taken into account while
selecting the parents for their constitution
The extent to which this approach 1s fol-
lowed by various programs depends on
their geographical mandate, access to di-
verse germplasm (raw and improved), tar-
get cultivars, and availability of testing
facilities and manpower resources Thus,
ICRISAT and INTSORMIL (at Lincoin,
Nebraska, and Hays, Kansas) have the
largest programs on composites and
population improvement Most ICRISAT
composites mncorporate a large proportion
of African germplasm and breeding mate-
rials, have substantial diversity, and are
primarily intended for the development of
OPVs In contrast, most INTSORMIL
composites are intended for the develop-
ment of hybrid parents and have a rela-
tively narrower genetic base

The most commonly used populations,
especially for breeding hybrid parents, are
derived from hybridization Inbred lines
developed from such diverse populations
also are used for breeding synthetics
About 2,000 mbred lines, most of them
mmitially produced as restorers of the A;
CMS system, have been assembled at
JAC A majority of these are of medium
to tall height and medium to late maturity,
have good downy mildew resistance lev-
els, and represent tremendous diversity
for other agronomic traits National pro-
grams elsewhere, especially in India, also
have developed a large number of nbred
lines from such populations, which col-
lectively represent a wide range of diver-

sity



Target Traits

Grain yield (measurements or visual
scores), appropriate maturity, and downy
mildew resistance are the key target traits
for genetic enhancement both 1n Asia and
Africa Stover yield and quality are gen-
erally of secondary importance Attention
also 1s paid to stalk strength, tillering,
grain size, grain color, and panicle length,
to meet farmers’ requirements 1n various
regions Large grain size (greater than 10
g 1000 ') 1s now widely emerging as the
most preferred grain trait Grain traits re-
lated to better processing (hard and large
gramns) and better food quality (vitreous
endosperm) also are taken nto account in
breeding programs 1n the African regions

On the cytoplasm side, two more stable
sources (A, and As) have recently been
identified (Hanna, 1989, Rai, 1995)
These sources substantially increase the
option for genetic and cytoplasmic diver-
sification of both mbred and population
seed parents, opening up the possibility
for breeding hybrids with higher gran
yield and stability In the improved
germplasm, the frequency of restorers for
the Ay CMS system 1s less than for the A,
CMS system, and almost non-existent for
the As CMS system Thus, the use of these
new CMS systems may appear to require
greater efforts in breeding their restorers
However, the greater stability of male ste-
rility of the A4 CMS system, and perhaps
relatively fewer complications arising
from modifiers, may mean less effort in
breeding 1ts restorers (Andrews and Ra-
Jjewski, 1994) Male sterility of the As
CMS system also 1s as highly stable as that
of the A, CMS system, and 1ts restorer
gene(s) have been found 1n four trat-spe-
cific genepools based on diverse
germplasm and 1n six P glaucum subsp
monodu accessions originating from

Mauritania and Sudan (2 each), Chad and
Senegal (1 each) (Ra1 and Rao, 1996)

Selection Environment

Selection for grain yield and adaptation
1s done under rainfed conditions at fertil-
ity levels (20-60 kg N ha ') higher than
where the cultivar will actually be grown
(generally no more than an equivalent of
10-20 kg N ha ) The philosophy behind
selecting at this higher fertility level 1s
two-fold 1) the heterogeneity 1n soil fer-
tility 1s reduced, allowing more effective
selection of plants and progenies, and 2)
the goal of higher productivity has to be
achieved by a combination of improved
cultivars and improved management, n-
cluding external mput Early generation
progenies (S; and half-sibs n recurrent
selection and Fi-Fs n pedigree breeding)
are generally evaluated at one location,
and mfrequently at two locations, owing
to their large numbers The collaborative
research programs with NARS allow for
progeny testing at later stages at two or
three locations for some populations Na-
tional testing networks allow for exten-
stve testing of finished products at vary-
ing productivity levels 1n both India and
Africa

Selection for downy mildew resistance
1n population progenies and early genera-
tion breeding lines 1s based on field evalu-
ation 1n African regions where the disease
pressure 1s generally high Increasing use
1s being made of field disease nurseries
At IAC, the greenhouse moculation tech-
nique 1s used most mntensively Open-pol-
linated vaneties and advanced breeding
lines are evaluated 1n field disease nurser-
1es 1n all three regions
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Breeding Procedures

Recurrent selection 1n composttes m-
tended primarily for breeding OPVs and
pedigree selection in mostly hybridiza-
tion-derived populations ntended pri-
marily for breeding hybrid parents are the
two most common breeding procedures
Backcross breeding also has been used to
a Iimited extent to transfer major genes
mnto elite genetic backgrounds or to con-

vert composite populations

A detailed comparative study of vari-
ous recurrent selection procedures in
pearl millet concluded that the choice of a
selection procedure depends not so much
on 1ts relative efficiency, but more on the
breeding objective and how 1t fits into the
overall goal of the program and available
resources (Singh et al, 1988) Thus, a
range of selection procedures, including
mass selection, half-sib and full-sib, and
S1/S, progeny selection, often are used 1n
combination Rattunde and Witcombe
(1993) evaluated, 1n nine location x year
environments, various cycle bulks of four
composites improved for four to five cy-
cles by different progeny testing methods
Results showed good per cycle gains for
grain yield, ranging from 3 6% for Me-
dium Composite (MC) to 4 9% for Early
Composite (EC), with a mmmum of
0 9% for New Elite Composite (NELC)
(Fig 1) These gains are comparable to
genetic gains documented for maize It 1s
significant to note that these yield gains
were accompanied by erther significant
changes for plant height and earlier ma-
turity or no changes in plant height in two
composites

Hybrid parent research follows mostly
pedigree and pedigree bulk breeding 1n
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populations derived from hybridization
between two mbred lines or between an
mbred line and a population, of which at
least one parent must have local adapta-
tion Where both parents are inbred lines,
three-way and complex crosses (albeit in
low frequency) are made Pedigree breed-
ing also 1s done 1n progenies derived from
composite populations, especially devel-
oped for their use in hybrid parent devel-
opment

Backcross breeding also 1s employed
on a limited scale to transfer simply iher-
ited traits (e g, dwarf height, earliness,
grain color, and brown midrib) in OPVs
and hybrid parents Molecular marker-as-
sisted backcross transfer of downy muil-
dew resistance genes in commercial hy-
brid parents 1s underway at IAC

Cultivar Options

Both open-pollinated varieties and sin-
gle-cross hybrids have been widely ac-
cepted and are multiplied on large scales
in India The adoption patterns over the
years, however, reveal several factors
working n favor of hybrids 1) hybrids
have 15-20% grain yield advantage over
OPVs, 2) private sector mvestment in
pearl millet 1s as high as public sector
investment, and the private sector favors
hybrid research and development of better
quality seed with more aggressive public-
ity, 3) due to various seed malpractices,
the morphological uniformity of hybrids
makes farmers more confident in the
genuine seed quality, 4) a large-scale in-
stitutional set up has been created to cer-
tify and monitor seed quality, 5) although
hybrids to date have less stable resistance
to downy mildew, the research infrastruc-
ture 1s geared for developing resistant hy-
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Grain yield improvement by recurrent selection in four pearl millet composites Source
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brids with equally high or even higher
yield levels, and 6) hybrids have no sig-
nificantly greater disadvantage over
OPVs with respect to any other biotic and
abiotic constraints, except for signifi-
cantly greater susceptibility to ergot and
smut

Hybrid adoption mn India 1s fairly un-
even— with more than 90% coverage, for
instance, in Gujarat and Maharashtra and
less than 25% in Rajasthan Four factors
influence these vastly different adoption
scales 1) differences in the availability of
suitable hybrids with demonstrated sig-
nificant yield advantage over OPVs, 2)
productivity levels of the environments in
terms of production constraints and use of
external mputs, 3) the attitude and atten-
tion of private and public sector research
and development toward hybrid develop-

ment for these environments, and 4) the
probability of crop failure and multiple
planting needs 1n the drought stress envi-
ronments of Rajasthan

The foregong has considerable impli-
cations for present and future cultivar op-
tions mn African regions OPVs will con-
tinue to be the only credible option until
downy mildew-resistant hybrids are de-
veloped with at least 30% grain yield ad-
vantage over OPVs Even with OPVs,
seed production has proven to be a real
bottleneck n their adoption, as reflected
in sporadic adoption successes that are
proportional to the seed production ef-
forts Hybrid research effort in Africa has
been limited Results available so far -
dicate that top cross hybrids, based either
on male-sterile or male-fertile inbred seed
parents, may outyield the best OPVs by
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40-50% (Table 2) The use of locally
adapted landraces 1n breeding top cross
hybrids on high-yielding male-sterile
lines may provide an opportuntty to pro-
duce top cross hybrid cultivars with high
gram yield and downy mildew resistance
without any apparent loss of adaptation to
marginal environments in which the land-
race had evolved (Bidinger et al , 1994)
More extensive evaluation 1s needed to
determine the yield advantages of top
cross hybnds, including evaluation n on-
farm trials The A; CMS system has made
it feasible to breed male-sterile population
seed parents with stable male sterihity (Rai
and Rao, 1995), permitting the breeding
of inter-population hybrids Limited re-
search results from western Africa show
that inter-population hybrids also may
have yield advantages over the popular
OPVs similar to those of the top cross
hybrid Further, male-sterile populations
used as seed parents 1n such hybrids will
have higher seed yield (reducing the cost
of seed) and provide greater stability
against downy mildew The yield advan-
tages of inter-population hybrids also
need verification 1 extensive trials, n-
cluding on-farm trials

Output and Impact

Breeding for higher gran yield poten-
tial and stability has led to various out-
puts, including finished products and 1m-
proved germplasm, whose visible impact
has occurred both within and outside the
region where they were developed

Finished Products

The finished products (both OPVs and
single-cross hybrids in India and OPVs in
Africa) have the most visible impact In
the 1970s no more than two hybrids of 75
days maturity (both made on the same
seed parent) were available for country-
wide cultivation in India In 1994, 18 hy-
brids and two open-pollinated varieties
were grown on varying scales in Ma-
harashtra state alone The cultivar diver-
sity 1n 1996 has been reported to be even
greater than 1t was m 1994, in Ma-
harashtra as well as the rest of the country,
with about 50 hybrids 1n the market (see
Govilaetal , in these proceedings) Open-
pollinated varieties, which gamed popu-
larity due to a paucity of suitable hybrids,
contmnue to occupy their own niches

Table2 Gram yeld advantages of four top-ranking top cross and interpopulation hybrids over
open-pollinated varieties (OPVs) mn pearl millet

No of Percentage yield

hybrids advantage of top four
Location n trial hybrids over OPV Reference
Top cross hybrid
Cinzana Kolo 4 14 38 (CIVT) ICRISAT West African Programs
Sadoré Tara Annual Report 1992
Lucydale 100 38 52 (ICMV F86415) ICRISAT Southern and Eastern
Makohol: Africa Annual Report 1993
Interpopulation hybrid
Bambey (2 years) 35 27 59 (Souna II) Lambert 1983
Sadore Bengou 10 32 45 (P; Kolo) Ouendebaetal 1994

(2 years)
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Today, more than 70 large and small
seed companies are involved n the pearl
millet seed business, several of them hav-
mg developed their own hybrids The ex-
tent of adoption of high-yielding varieties
(both hybrids and OPVs) in India was
about 55% during 1990-92, up from 5%
during 1965-69 (Fig 2) During the same
period, grain yield increased from 360 kg
ha ' to 650 kg ha ' (by 80% or at the rate
of 3% year )

A large number of OPVs with demon-
strated superiority over locals for grain
yield and downy mildew resistance have
been developed in Africa For instance, 23
OPVs already have been released or are in
pre-release and on-farm trials 1n several
countries of western and central Africa
(Table 3) Inadequate seed production of

these varieties has been the major bottle-
neck 1n therr 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 stability consists of a wide
range of materials, including improved
trait-specific composites (e g, wide ma-
turity range, large seed size, large panicle
size, high tillering, dwarf height, high
plant growth rate, white grain, etc ) Rai
and Anand Kumar (1994) have listed a
diverse range of composites developed by
ICRISAT Valuable sources of improved
germplasm include OPVs found promis-
ing but not released for cultivation, a
range of mbreds with morphological di-
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versity and sources of yield components
(large seed size, medium to large panicle
size, and medium to high tillering), with
resistance to abiotic and biotic stresses
and fertility restoration, and diverse CMS
sources with more stable male sterility

Future Outlook

Sustaimned improvements 1n grain yield
of both OPVs and single-cross hybrids are
envisioned for India With the private sec-
tor playing an increasingly greater role 1n
hybrid promotion, cultivated areas under
single-cross hybrids will increase With

an 1ncreasing number of hybrids under
cultivation and greater replacement op-
tions, a repeat of downy mildew 1mpact
on production 1s unlikely This will be
further ensured by increasing use of di-
verse resistance sources in downy mildew
resistance breeding OPVs will continue
to have their own niches 1n 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 priority as the possibility of a
breakthrough 1n production 1s more likely
through the hybrid option

Table3 Promising OPVs of pearl millet, released or 1n pre-release and on-farm trials in

West African countries

Status in West African countries

OPV Released Pre released On farnt test
GB 8735 Mauritania, Chad — Benin

ITMV 8001 Chad — —

ICMV 85327 Chad — —

ICMV 85333 Chad — Mal1

ICMV 84400 Chad — —

ICMV IS 88102 Burkina Faso Mali —_ Gambia
Toroniou C1 Mal — —

SOSAT C88 Mali Mauritania — —

IBMV 8001 Senegal Mali — —

IBMYV 8004 Senegal — —

IKMV 8201 Burkimna Faso Mali Cameroon —

IKMP 1 Burkina Faso — Mali

IKMP 2 Burkina Faso — —

IKMP 1 — Burkina Faso -

IKMP 3 — Burkina Faso Mal:

IKMP 5 — Burkina Faso —

3/4HK B78 — Mauritania —_

ICMV IS 88101 — — Burkina Faso
ICMV IS 89102 — — Burkina Faso
ICMV IS 892107 _ _ Burkina Faso
ICMV IS 91116 —_ — Burkina Faso
ICMV IS 89305 — — Burkina Faso
ICMV IS 88103 — — Benin
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Incorporation of resistance/tolerance
to drought, seedling heat, Striga, stem
borer, and head miner mn high-yielding
cultivars remains a challenge Concerted
efforts will be required to develop and
vahdate effective screening techmiques,
develop enhanced resistance sources, and
determine nature of mhertance Positive
results of applied value leading to suc-
cessful cultivars with readily visible resis-
tance/tolerance levels to these constraints
are not likely to come easily

Like many other crops, only a fraction
of cultivated pearl millet germplasm has
been utilized in breeding The Imad:
group of germplasm from Ghana-Togo-
Burkina Faso has proved most useful
globally (Andrews and Anand Kumar,
1996) Other sources of useful variability
m the landraces should be sought Fo-
cused evaluation and utilization of other
Pennisetum species for novel traits, e g,
stalk strength, disease resistance, fertility
restoration and apomixis, etc (Hanna,
1992), may further enhance the ability to
breed for high grain yield and stability
Origin and key traits of improved
germplasm available globally should be
summarized as part of the International
Crop Information System for efficient ac-
cess to and greater utilization of this valu-
able genetic resource

A diverse range of improved materials
that can be of direct use has been produced
globally Most of them remain undocu-
mented and hence unexploited Introduc-
tion and proper evaluation of these mate-
rials may have considerable spill-over ad-
vantage as revealed in a few cases For
mstance, the introduction and direct use
of the male-sterile line Tift 23A n the
early 1960s and of 842A (AKM 2021) and

843A (AKM 2068) mn the early 1980s
from the United States had tremendous
effect on the pearl millet hybrid industry
mn India (Andrews and Bramel-Cox,
1993) Smmilarly, the mtroduction of ICTP
8203 and ICMYV 88908 (Okashana 1) and
ICMV 82132 (Kaufela) from ICRISAT
Asia Center to Namibia and Zambia, re-
spectively, had substantial impact on
pearl millet productivity mn these coun-
tries

Results from the application of existing
knowledge to pearl millet breeding indi-
cate that pearl millet may play a poten-
tially larger role in world agriculture, both
in low-resource traditional environments
of the tropics and non-traditional environ-
ments of the tropics and warm-temperate
zones (Andrews and Kumar, 1992) For
mnstance, a summer crop of pearl millet
following wheat and Brassica in the Gu-
jarat state of India has been reported to
give2 5-35t ha ! double the yield in the
main (rainy) season Hybrid yields of
about 3 5 t ha' have been reported 1n the
southeast and midwest regions of the
United States Hybnds and populations
maturing in 65 days under 14-15 hour
daylength have been 1dentified These hy-
brids can be useful in multiple cropping
systems and can help stabilize production
by producing higher grain yield than me-
dium-maturing hybrids under late plant-
g conditions An experiment with three
hybrids produced by Haryana Agricul-
tural University in India showed that an
early-maturing hybrid HHB 67 (61 days
to mature) yielded 12-15% less than HHB
50 and HHB 60 (75-79 days to mature) at
normal planting time, but 45-72% more
under late planting (Table 4) Cultivation
of pearl millet in non-traditional environ-
ments may bring new challenges, includ-
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ing greater impact of ergot and rust, and
new requirements, such as resistance to
herbicides, nematodes, and chinch bug
(Blissus leucopterus Say)

Shrinking financial allocations for re-
search and development and a growing
need to address complex research 1ssues
related to greater crop productivity, biodi-
versity, and environmental quality call for
enhanced nter-institutional partnership
for the exploitation of comparative advan-
tages and spill-over effects This 1s espe-
cially so for pearl millet, which 1s grown
in poorer environments, and has fewer
funding sources and only a handful of
well-established research centers Some
existing formal linkages for pearl millet
breeding have proved immensely produc-
tive (e g, partnerships between NARS 1n
both Asia and Africa with ICRISAT and
INTSORMIL, and between the John In-
nes Institute and University of Wales in
the UK and ICRISAT) Partnership with
NARS should be further strengthened,
and the private sector and NGOs should
be nvolved in more extensive and coor-
dmated multilocational testing and seed
production Partnership mvolving inter-
national research centers and advanced
research institutes should be worked out
to address complex problems of long-
term benefits — e g, application of

Table4 Effect of sowing time on grain yield of
pearl millet hybrids, Hisar, Haryana

(mean of 1987 and 1988)’
Gram yield (i ha ly
at sow1n, Days to
Hybnd Normal | Late maturity®
HHB 50 309 093 79
HHB 60 321 110 75
HHB 67 272 1 60 61

YSource Haryana Farming (1989) 18(5) 5

2Early sowing (durmg July) Late sowing (late July to
mid August)

*Source Haryana Farmmng (1989) 1(6) 15
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biotechnology to biotic and abiotic prob-
lems, utilization of novel traits from wild
species, and evaluation of the potential of
pearl millet in non-traditional environ-
ments, both for productivity and grain
utilization ICRISAT and INTSORMIL
are suitably placed for developing and
strengthening these partnerships
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