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PREFACE

The first symposium on high-quality protein maize was held at
Purdue University in June 1966. It was primarily a national conference
with only two of the 25 speakers from outside the United States. The
majority of the research papers on opaque-2 maize were contributed by
the Purdue staff. Research findings were limited, since the discovery of
the effect of the opaque-2 gene had been reported by our group only two
years carlier,

The need for another symposium on high-quality protein maize was
apparent carly in 1972 at a joint planning conference held in El Batan,
Mexico, by the maize rescarch groups at Purdue and CIMMY'T. Fortu-
nately, strong financial support for the maize program at Purdue had
been initiated in 1970 by the U.S. Agencey for International Development!
(AID) and at CIMMY'T by the United Nations Development Program.?
AID agreed to provide an additional grant to cover part of the conference
expenses at CIMMYT.?

The CIMMY T=Purdue symposium was truly international, with less
than one-half of the papers contributed from the United States. The
reports indicate that opaque-2 maize is now i part of agricultural vresearch
on every continent, and that plant breeders worldwide are attempting to
improve the protein quality not only of maize, but of other cereals as well.

1U.S. Ageney for Tnternational Development, Contract 2808, “Inheritance and
Improvement of Protein Quality and Conten in Maize,” with Purdue University,

tUnited Nations Development Program (UNDP), Global 1 Contract on Maize
Protein Quality.

3U.S. Agency for International Development, Grant AICMNa-G-73-2 1o Purdue
University.



vi  PREFACE

All agricultural scientists agree that more efficient use of the earth’s
land resources is required, if world food production is 1o keep pace with
world population. One way to use the land more efficiently is to replace
present cereal grains with grains of higher protein quality. The use of a
high-quality protein cereal such as opaque-2 maize in the diet of humans
provides protein previously available only from a good mixture of normal
cereals and legumes, or from meat, milk, and eggs. The latter three
require much larger areas of land per calorie of food, and legumes are
usually lower-yielding than the cereal grains.

If the scientists gathered at this symposium can develop for the world's
farmers acceptable varieties of high-quality protein cereals such as
opaque-2 maize, they will make a substantial contribution to the global
production of good-quality protein in a form ideal for human consump-
tion.

E. T. MERTZ
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INTRODUCTION TO SYMPOSIUM

The CIMMYT-Purdue International Symposium on Protein Quality in
Maize brought together over 150 scientists from every continent, each
equipped with his latest research findings and a great deal of tenacity and
foresight. Their purpose: to discuss the progress and plan strategy for
future development of high-quality protein maize.

The symposium participants gathered at the International Center for the
Improvement of Maize and Wheat (CIMMYT), December 4-8, 1972, at El
Batan, Mexico. The meeting came less than a decade after the discovery of
the enhanced quality of opaque-2 maize by Mertz, Bates, and Nelson (at
Purdue), a discovery that has fired the imagination of maize breeders,
biochemists, nutritionists, and others intent on bettering nutritive status of
foods for the world’s undernourished families. The Purdue findings sig-
naled a breakthrough in maize breeder’s efforts to develop a high-lysine
maize, and were thus a major advance toward higher protein quality.

Since the early part of the twentieth century, scientists have sought to
breed a more nutritive maize. Although cereals supply over 70% of
mankind's protein, they are lacking in protein quantity and quality as a food.
In terms of nutritive value, maize’s most serious deficiency is the low content
of tryptophan and lysine — essential amino acids that man and other single-
stomach animals do not synthesize and must obtain from their food.

The Purdue investigations showed that a remarkable gene, opaque-2,
could approximately double the kernels lysine content when introduced



2  Introduction to Symposium

into a normal strain of maize. A similar capacity was discovered shortly
afterward for the floury-2 gene.

The new maize was tested by scientists throughout the world, but early
results were discouraging; there were problems of reduced yield and unat-
tractive and lusterless grain. However, some scientists persevered, mainly
those represented at the symposium. And, more recently, financial support
from international and national funding agencies has stimulated a renewal
of interest and a quickening of the research pace.

Progress over the past 3 or 4 years has been outstanding. We now know
that there need be no reduction in yield, we know that normal crystalline
grains of high nutritive quality are attainable, and we have examples for
proof.

An outstanding contribution to the universal availability of this unique
nutritious food source has been the conversion of a large number of geneti-
cally diverse and variable maize populations to a high-quality protein form.
Selection in many environments, for a wide range of characteristics, is
providing the germ-plasm base for the development of quality protein
varieties and hybrids for worldwide use.

To document some of this recent work, these proceedings have been
organized in much the same pattern as the symposium — to provide a
detailed look at (i) the latest breeding efforts and nutritional studies on
high-quality protein maize, (2) commel cial production aspects of this maize,
(3) chemical and biological evaluations of maize protein quality, (4)
economic implications of high-quality protein, (5) progress in the breeding
of high-quality protein in other cereals, and (6) results of the symposium,
workshops (breeding methodology, chemical and biological analytical tech-
niques, methods of introducing improved protein varieties at the farm level,
and economic and social factors in the acceptance of improved protein
varieties). An opening section provides an overview of world food needs as
presented by A. M. Alischul and R. G. Anderson. Questions and answers
were obtained following each presentation, and some pertinent reports that
were not available at the symposium are also presented.

One central aim of the symposium has been to present new dimensions
that have evolved in the rescarch on quality protein in maize. Whereas
earlier research reflected only reactions in inbred lines and hybrids,
it is hoped that these proceedings will show the results of more recent
emphasis, such as the valuable contribution of populations with greater
genetic variability.

The symposium reports have been edited here for consistency of style,
and some have been slightly reorganized and condensed. However, every
effort has been made to retain each author’s emphasis and philosophy.



Part 1

WORLDWIDE NEEDS FOR
QUALITY PROTEIN

AaronM. Aitschul Georgetown University
School of Medicine, Washington, D.C.

Numerous attempts have been made to quantify the disparity between
protein supply and human need. In a sense, this paper is an inquiry into the
many meanings of the word need as it has been related to protein in food.

Most quantifiers, particularly those dealing with less-developed countries,
assume a physiological need based on the best available medical and
nutritional consensus, with the protein supply then related to such require-
ments. These calculations and projections therefore reflect physiological
need and projections of population size.

Another approach, suitable for populations enjoying per capita economic
growth, is to estimate the demand for more protein foods generated by
higher income. Such a demand is not necessarily related to physiological need.
Actually, the affluent countries include more protein in the diet than is
considered necessary to meet physiological need. Such drives or demands
are not nutrition-based, but seek to satisfy sensory desires for meat and other
animal-protein products.

This essay is concerned with models of protein need as related to political
support, reflecting my previous interest in models of protein need that
constitute a political imperative and generate political support (1). First,
however, 1 shall present one example of the classical approach used to
quantify the disparity between protein supply and need. Other models will
represent cases that either do — or might — generate political support,
including examples of (1) the increased necd for meat generated by higher

3



4 Aaron M. Altschul

income, (2) the political liability resulting from failure to maintain the pro-
tein—calorie ratio at the existing level, and (3) the opportunities for improv-
ing protein supply that arise from new technologies, plus the political advan-
tage of maximum utilization of new technologies.

CLASSICAL CALCULATION OF PROTEIN NEED

Perhaps one of the best analyses of the protein problem is by Autret (2). It
follows the pattern of the various analyses reported by the Food and Agricul-
ture Organization of the United Nations (FAO) (5). First, assumptions are
made of physiological requirements; then supplies are calculated to meet
either (1) the requirements of 50% of the population, (2) the requirements
of 97.5% of the population, or (3) the need to supply 10 o 12% of the
calories as protein. Adjustments are made in the definition of protein
requirements to take into account the quality of protein in a national diet.
For the latter two requirements there is now a deficit of protein in the
less-developed countries.

If we consider population growth and demands due to economic gain,
India, for example, would require 60 and 95% more protein by 1975 and
1985, respectively. Data for the developed and less-developed regions of the
world are given in Tables 1 to 3. For the less-deveioped regions, 80 million
tons of additional protein will be required by 1985 to meet the physiological
needs of 97.5% of the anticipated population; this increase alone is almost
double the present supply (Table 3). Additional modest increases would be
required to support anticipated needs generated by economic gains.

Present trends in agricultural production permit little optimism that these
increased goals can be reached. The major stress will be on efforts to
maintain adequate total food supplies, hopefully mostly as grain. These

TABLE, 1 ‘Total protein requirements and supplies in 1963-1965. (million metric
tons per annum)

Less-developed Developed
World regions regions
Supplics 80 48 32
Requirements
1a 89 56 33
2b 83 50 88
Deficit 9 8 !
U.N. populaticn 3,289 2,251 1,038

1965 (millions)

Source: References 2, 5.

4 Requirements for balanced dict providing ratio of calories from proteinsfiotal calories »10%,
b Practical requirements = average (retail level) + 20% (practical allowance) considered adequate
to cover 97.5% population,



Classical Calculation of Protein Need 5

TABLE 2 “Total protein supplies compared to animal-protein sapplies, (million
metric tons per annum)

Lemdeseloped Developed
Wotld regions tegions
Total protein supplics 80 L1 2
Ammal-protein supplics 25 10 %
U.N. population 3,289 2,251 1,098

1965 (millions)

Source: Reletences 9, 5.

cfforts will compete for land now planted in legumes and 1educe the supply
of this protein-rich source.

The excesses of grain upon which animal production in developed coun-
tries is based are not available i the less-deseloped countries. There is no
conventional wa, therelore, by which the protem deficn can be made up
Noras any serious effort being made toward producimg unconyentional
sourcesof protem i any of the major less-devloped countnies hey sullseek
the conventional goal ot more legumes o moreamnial protem, cachis more
ditficult to achieve at the present and atanti ipated lesels of resouraes as
related to population size.

In theory considerimg the surfer ot protenn o most developed countries
and the deficitin the less-developed countuies, tie total world supply pres-
ents anuch better prcture of protem sapplies as related o ol world
proteinneeds. Bat the requined redistmbution of protem supphies to achieve
i better balnce seeins nomore likely 1o occun than oy other nugor 1edis-
tribution of wealth: Actuallv, the pressures conld be i the opposte diec
tion: as affluent mations seek to marease then anmal Proten consumption
commemurate with improved ancome, they will compete with e
developed countries tor shnkang gram supphes, Ancdthis force may consti-
tute the mostdemanding pressure for more highequalies protein. 1 issue
will be elabotated i the nest section.

TABLE Y Projected inaease o protan production sequired by 1985 grillion

MCLC fons per ainum)

Protem prowluctiom Lessdeveloped bDeveboped
tequined by JORS Waonrld tegion teghrne
Increase 120 80 40
Total (present supplics 200 [#1.] 12
¢ increased production)
UN, population 1985 4,934 $.658 1.27%

(millions) (mediam variant)

Source: Reterences 2,05,
* Practical requirements tor 97.8% of population,
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CONDITIONS UNDER WHICH NEED FOR PROTEIN
CLEARLY GENERATES POLITICAL SUPPORT

Inareased comumption of meat i a sure sign of inprosedincome. Inthe
United States, which had a lugh annal protem intake st the heginning of
this centuns . anmal protem consumpoon ncreased from half the wotal
protem i 190w two thards in 1970 Jathe 22 vears sune LUS0, annual pet
capita cotsumption of meatin the United States iicreased from o 1o 86 ¥TH
puulll\ more than doubled, and finh cammption tennaned wimost con-
sant Thesearh sumtotalconsumption ot ieat, poaliey, and fish e resved
from K20 U by capita on that 22 vean period

Inthe USSR et producion sose from 10 7 1o B2 4 iallion tons from
100 0 1970, and s togeted toreach 1o nnthon tons i 1974 AL produec.
ton tose s that peviod feom 76 ta 82 9 aalhion tons, wirh o planned 100
tillion tam an 1974

Japan's meat comumpnon sanacaomg distol, abho And so Reoxes,
whererer mcomes wie mcreanng i prant s shown death e a paper by
Pécnsw ot al (1)

Fhe Rossian sonennmient e nds to i tease atinial supphics ot tath and
meat proteaom the s vear perisd from 1970 106 1975 by 12 nthon Gens of
hgh qualins proten Letavsuppose Bt the dicrof the Russian people, wha
now have avaolable 0y Capntasbay ol annnal protes were 1o achieve the
protes cotsumption teatures of the Menscan dictwithover 4000 b od and
TO R of annual prodem capita day Then it can be shawn that the USSR
would tequite an addisonal 4 madlbon metne wons of annal prodein boy s

TARBLYL 4 Anoist peotean sapplios and aloalated inersanes a production requined

istandards were 1amed

H tH ) (4
Anienad proton frusvand
semibent of o edopt i
Sonrd wapaply teapsird ol
{I1s68) ol wind g4 s
s e e weee foined Lutel prodi tum
(A} () {renslissn sebutne (1) 4 ()
mirh b Fapulstion Mk Lons (it mrtim
tloapitaide  puo pnvum 1971 (mitues) et shemem) Girhe T shesiim)
UsA, ST LN 204
USSR LLY ] LB b1] ] LAY ™ 62
UNA Y
Jopon Fa ) (N 104 Japan1n 1.9
Hanp o
lisdy LR A | 0.7 11)
Mesio (LN} 0.3 M Mevioer tn 0.7

fealy, 0.4
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Conditions Under Which Need for Protein Clearly Generates Political Suppon 4

present popalation of 244 mithon. The USSR present goals for 1975
probably e one hadt the 8 unthion menie ons The level of 4 mitlion
tomy oy secin samewlat Lattetched, however, v other goal can e
taben—the prnaple s oihie saime e Rusan example, ad others, ae
sumistized an bable b

Achieving such goals s beconnng mereasigh more oxpernsive 1 onew
technologion e anteoduced it the pretne, hosevor the situation could
change destcally b e vatple gt b beenostimuned than by 1980 tostned
vegetable prtoenir Bioms son ey wall teplace from 10 200 ot dhe neat in
the dietin the Unired States Flos atounits e teducnion o the cost ol 1ieat
tothe Ancnican pubhe Farhopy evenmone sigitu antly, n prats punt ol the
ant o nonagtauhiure sectons the tannbactutiny sector Fharotone, o
comttates g tarthor reducnon i demand onagnculingal sesouroes than 4
tompatnon ol costy of seat and ne at attatogy would show

fhe cont ot animal Jroteinncan he patintu tern of total vunadon ||hul
caloties tedpnted v toed B and the anials 1t supph the protem
An examiple ot such calcalatieny soshiomn i Fable 5 T he aotaal av.alable
calonies and the cquinale nd plant calosss decnot ditfor gicatly an the less
l‘t‘\rlu'lrd contiae s tleas the s alog s cont Daontipatative lomer However,
the total cabirse cont of focdiing an andiveduad i the Uninte d States s e h
nghn. toevpuiiang 1 ono cotal u’un.ﬂrm gt calotwes um‘mlnl (R XKLL
tabonies acraally avaobable (o e ¢t n

Increases s il pereste che mitabe wathon g vountey will nod arator s
benelin all indubitant T gonen countny ditnbation ol st protein
and 1) Cabonae R ITRVITE PITITRT TR based o tcotie Tae nature of the
dhivtnabiation wall vaty froom counts o coantsy As the se alth of 4 STUTHELY

TABLY % tarain o abine cua alonts crtihate d aa 1 gusted do supgady caliiae it ahe
ad bevel ol aniinal guoiom crmiiagiptaess Loe sodes ted conandtaey

ot s agonta goct day

L PP ] Litoim

Postoin ¢ spaie ghomng

Coumry Veu 1) € dorsey » dbeation
USs.A, 19671964 W 1,740 11,040
Sweden 1964 1969 LY R 1800 5,940
haly 1968 1949 $T N 1980 1,180
USSR, 1968 " LNEY ] L
Jopn 1900 ™ 2,460 5,60
Mericn 11} 154 2000 1,%8
Phibippinrs 1968 vy 2010 90
Tuniis 1900 10} 7.0%0 LR
tndia 194 [ B ] 1 vt 7.080

Bouriei Nelvrevur 6
Note i Cabirltetions oy bowd rus avusmptions gon o Bebirons 1, snosed PR W 4 covertod
0 ol exprisabesdt by woiing the tahan 81,
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Increases, the demand for higher-quality food will increase. There will be
some improvement in the diets of the poor, but not as much as the figures
would seem to indicate. Major improvements in protein consumption are
likely to occur wmong those people with increased incomes who are better
able to meet then desites tor more high-quality protein.

CONDITIONS UNDER WHICH NEED FOR PROTEIN
MIGHT GENERATE POLITICAL SUPPORT

Previous examples luve deadt wath problems of mcreased income and a
need “dinven by the destre tor lugher aesthenovm protein.” But what about
countnies where there s adehiaenoy i protemr | he deatest case where
proten need could probably be nansteried o politcal action is when the
tood sitwation becomes worse Certamby, there s noquesuon that faiture o
sathy o tequitemcents for food will generate socal instabiliy . Even
steep incicases i the prace of bread i countnies where bread s the major
foad soutce conntinulate socal unrest No government canosutvive when
thete s chronge MI(,('\I)!( ad statvation

Comuder the e where gramosapphes have maeased and e relatvely
mlm‘u.ur for a population because of unproved wechnology and the expae
sion of tesources ot the service of agnculture s s the case where the
Green Revolution b becnsaccentul However, there can be araamstances
wheie the prwe pad for the Green Revolution coutd be aoreducnon i the
soreage tesctved to protem concentrates s secmis to be the situation in
Indig, where the aore age of wheat havincreased aned the a teage of plll\n,
the mam wirce of protoan concontiate, has deoreased Phe FAO estiates
that the percentage of cadones from protem will decrease through 1980 i
Asta and Centrad Nuienica (Lable 1y

Regardloss ol how one o gues abaut the adequacy of the protesn content
of the dictn these cas the Lact that a ot element of the guality of the
hetn devrcauny could constitate opolinealiaue and atonse acton to iy (o
teatily ot

One conld caloulate that the additionad protem tequned to maantan the
profem-calone ano atthe 1972 level s a comtant done avalabyl.
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pretein L he amount of addinonal protonnn this caloulated defict tepres.
ety a substitution of 25 ot the calonies as more Jegumes, or 2 4% of the
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to need, a modest seducuen such an thin will be sefleaed fist pooter
nutnnon o the valuerable groups — inbants, children, and pregnant and
HUTAINYK womien
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TABLE 6 ‘Trend of the protein-caloric ratio relative 1o pro-
jected supplies (%)

1962 1975 1988
Lone (; 10.6 10.4 10,3
South America 10.6 10.5 10.6
tentral America 10.2 2.9 9.7
Africa south of 10.9 10.8 10,9
the Sahara
North Africa 1.8 1.3 1.2
Near East 121 12,0 12,0
Asia 10.9 10,1 99

Source: Refesence 5, p. 510,

PROPERTIES OF THESE MODELS

The models discussed can well cover all the population classes. The first
group of models, dealing with those whose incomes are increasing, includes
two types of demands on protein: increased income and increased ponula-
tion. The second group deals primarily with demands of increased popula-
tion. The demands based on increased income in the second group are
minot compared to the demands hased on inaeased population,

Inall these considerations it is quite dear that one cannot teat the Gilotie
problenand the protein problem as independent problems, Just as in the
case of nutritional consideration, i is more proper to unlize protem— alorie
malnutrition: as the umbiella 1o detine the various tanges of nutritonal
problems encompassed by this term. Inan cconomic and resours e sense the
two problems are indistingushable.

Each nation, it ichas the choice, cantrade off protein and caloties. It can
insist onca high-meat proportion inits diet and thereby consume, ineffect, a
higher proportion of caloties. O itean subsist ona smaller mieat propottion
and consunme dess plast-cquivalent caloties. Ox it can develop new technolog-
ical models, such as analogs of meat, and thereby consume less cquivalent
plant caloties,

A nation on the borderline of having adequate calories can decide o shift
toanagricultural practice that maximizes the calorie production per acre—
atthe expense of arops that contain more protein, but produce less calories
per acre. Inthis instance, calotic safficiency, or at least caloric intake, is
maintuned, butat the expense of protein intahe, Or the nation Gan dedide 1o
emphasize new technologies toimprove the protein quality of the grain. And
there are many variants in between,

Now letus consider the chances o improving the protein quality of a diet
by some means faster than inaeasing income, 1 already have shown that the
protein content or quality of the diet improves concurrently with increased
income. When a population starts at a low income, improvement requires a
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high income increment. Frangois (3) has shown in an elegant way that a
laissez-faire approach depending entirely on increased income would delay
improvement in the nutritional value of diets several generations, or might
delay it altogether. Hence, those who have been interested in improving the
nutrition of a population have striven to develop a public policy that would
give nutrition a higher priority than general development.

And good arguments can be made for such decisions. The best case can be
made for intants and preschool children. Even in India, where there is
considerable controversy at the moment as to whether the problem is
calories or protein, there is general admission that present protein
intake for children is insufficient.

I shall mention briefly some arguments favoring emphasis on infants and
children. Because they are in an active state of growth, their needs for
nutrients are more denanding. Failure to meet nutritional requirements
means impaired growth and lower resistance to discase, and is reflected in
high infant mortality. Worse vet is the accumulating evidence that infant
malnutrition may result in permanent mental impairmentand hence aggra-
vate the problems of poverty. Itis not only the children who are involved;
data are appearing which indicate that the nutrition of the mother affects
the status of the infant. Certainly, low birth weight constituies a high risk to
the infant's chances for survival and normal development.

Preschool children in poor countries have less to cat, and the percentage
of protein is less. In published reports from South India, Thailand, und
Guatemala, the percentage of protein calovies ranges from 7.4 10 11%. In
the United States among poverty groups the percentage of protein calories is
as low as 12.8% for a rural, low sociocconomic group. But generally, all
children, poor and nonpoor alike, cat a diet vanging from 14.5 10 16.1%
protein calories. ‘The difference in protein content also reflects a difference
in quality, because higher-quality protein is required to bring the protein-
calorie percentage of 14% . Hence, the difference in proteinimpact between
the rich and poor countries is all the greater. The dietary standards in the
United Kingdom, for example, require that 14% of the calories be protein
for infants, children, and pregnant and nursing women, and 10% for all
others. Some among the poor infants in the United States have less than the
required protein calories. But, cdearly, most infants in the lower
socioeconomic groups in the less developed countries mentioned have less
than the British standard of protein. Increasing the totalamount of food will
help, but it will not change the protein picture.

Is this argument sufficient to generate political support? In the rhetoric,
perhaps. And here and there, perinaps, some faltering steps. But in a world
of contracting resources, the nutrition argument will probably not be suffi-
cient to generate political support,
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MODELS BASED ON IMPROVED TECHNOLOGY

The availability or invention of a new technology will generate political
action to improve the protein quality of the diet of children, or of an entire
population, and more rapidly than will occur through increased income
alone. In this instance, the increments of increased protein content are
determined more by the technology than by the perceived need.

Institutional Technology

When the infrastructure of a country reaches a point where the potential
for wilizing certain delivery systems is achieved, one can consider using this
institutional technology as a means of delivering extra protein. Hence, as a
specific political function, it is very proper to undertake to provide school
lunches when a significamt proportion of the population is in school, One
could culculate the extra protein needed if all the children in school were to
receive a lunch. The same calculations could be made for day-care centers
and for maternal and child health centers. The limiting factors on the
amount of extra protein that can be given are the delivery system and the
resources.

New Protein Technology

New protein technology is also a generator of new opportunities for
providing protein and can be a basis for a political decision to improve
nutrition faster than increased income could. The invention of an infant
food that is cqual in nutritional value 1o milk, but costs less and is attractive
and accepted, could generate increased consumption of that product by
infants. The government could support such a venture at far less cost than
improving dicts by conventional means.

The discovery and development of high-quality protein nize is obvi-
ously a major generator of thoughts about improving nutrition. One can
calculate the additional protein that would be added 1o the diet of a country
like Colombia, if all the maize grown were high-quality protein; this would
be asignificant increment 1o the protemn supply of the country. The chances
of doing this would depend on the cost of producing this kind of maize as
compared to normal nuaize and, therefore, the cost 1o the government for
encouraging this approach.

A similar approach involves the possibility of increasing the protein sup-
ply in countries where most of the calories are obtained froma single major
staple, such as wheat, maize, or rice, wherein the staple is improved and jts
protein impact increased by proper fortification with amino acids, Here
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again calculations could be made of the increased protein supply by this
technological modification.

One disadvantage of fortification or genetic improvement could be that it
improves the supply of food for the entire population, even for those who
presumably are not in need of additional protein. This may not really be a
disadvantage, since it inay be cheaper to do this than to reach a specific target
population,

These considerations point out the importance of field trials of the various
alternative approaches to increased protein supply, especially when the
improvement is not visible, as is true for all fortification or genetic proce-
dures. There is need o develop concrete evidence that the improved nutri-
tion is truly reaching the population and constitutes the least-costapproach.

An alternative generator of increased protein supply is an increased trend
toward the processing of major foods. For example, more and more bread is
becoming available. Prepared tortilla mix is becoming increasingly available.

People are not relying exclusively on one cereal, but are reducing the
proportion of each cereal and increasing the number of cereals in their diet.
In certain parts of South America, for example, wheat as bread is invading
what was exclusively a maize-cating area. Introducing convenience foods
provides another opportunity for a government to consider adding protein
to the dict in the form of fortifying the bread or the tortilla mix with the
necessary ingredients to improve its impact.

Combination of New Protein Technologies and

Institutional Technologies

Perhaps the best generator of opportunities for introducing protein into
the diet, faster than cconomic development, is to combine a new protein
technology with institutional technology.

It is one matter to agree to furnish an additional glass of milk to everyone
under 15 years of age, letus say, as has been suggested or attempted in Chile,
But here the use of distributional technology is limited by the cost, in this
instance in terms of foreign exchange, of the nutrient. It would be far more
reasonable to combine a distribution technology with new protein tech-
nologies. One that comes to mind is that of introducing CSM or Incaparina
in institutional programs, particalarly in schools and in infant and maternal
health-care centers.

Modifying the rules governing nutriems in the U.S. school lunch program
has permitted the introduction of textured soybean, thereby reducing the
cost of the lunch to the school authorities. "This is another example of a
combination of an institutional technology (the school lunch) and a new
protein technology (textured vegetable protein).

If governmental efforts 1o introduce more protein into the diets of chil-
dren were based on a product like Duryea (now being sold privately in
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Colombia), this surly would (1) cost less and (2) provide a more substantial
opportunity for developing milk analogs, than would conventional food
items.

Applications to Affluent Countries

The combinations of new protein technologies with and without institu-
tional technologies are not limited in their applications to less-developed
countries. They have equal application to affluent countries, and, indeed, in
many instances are progressing faster in those countries. Wherever food is
eaten, cost is still a factor. I it is possible to maintain alevel of meat-type
foods in the diet, or even increase it, with less increase in meat production
and, hence, less increase in cost, the economic and political benefits will be
enormous.

The concept of convenience, which is a contribution of new food tech-
nologies and institutions, can benefit special groups. For example, the el-
derly and the poor probably need convenience more than the affluent.
Ordinarily, convenience foods have been designed without any particular
emphasis on nutrition. But this need not be so.

A new force, not yetapprecited hut being looked at setiously, is the role
of new protein technologies in providing mote options for changing nutri-
tion based on medical needs. For example, if aperson hasadesite toinarease
his meat consumption, he also will increase his consumption of a saturated
animal fat, total far, and cholesterol. Now, however, food technology makes
it possible to separate the concept of protein aesthetics from the other
nutrients that tag along with aesthetic protein foods, such as the saturated
fats and cholesterol. Henee, by the new technologies itis possible to provide
greater options to the people who want to retain the aesthetics and yet would
like to modify the intake of other constituents. This concept is certainly not
yeta political force, butitis tempering the opposition to changes introduced
by fabricated foods, because of the possible medical = nutritional benefits
that could be gained.

SUMMARY AND COMMENTS

1. Protein supplies will increase more slowly than energy supplies. It is
more expensive to synthesize protein than calories, and animal proteins are
the most expensive of all. 1 do not consider shortages of vitaming and
minerals in the same category; these can come from nonagricultural sources.

2. The competition for protein will intensify between the haves, who want
more animal protein, and the have-nots, who need 1o conserve their present,
albeit meager, supplies of energy and protein.

3. There is always the desive among some planners to return to simple
solutions — solutions that maintained an ecological balance at much lower
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old times.” ‘The Green Revolution represents the application of the most
sophisticated and advanced agricaltural methodology 1o solve the basic food
problems of less-developed countries. Further advances in the efficiency of
producing encrgy will requie engineering a basic change in the photo-
synthetic process itselt. Lo combine ine 1eased vields of energy with higher
protein impact is the most difficult and basic hiological challenge of all.

4. The greatest chance of rediessing the halance between protein and
calories lies in the adoption af new technologies. Suchnew technologies can
lessen the competition between haves and have-nots. Where there I8 some
general cconomi niprovement, these tedinologies Ganadct to mprose nu-
ition faster than general development. Complete reliance onagricultue
will notsuffice. Pure agniculinre, thatis, an agriculture in ecologicat halanee
with renewable encrgy sources, disappected 100 vears ago. Now.a proper
balance between agncalturd and industmat wechnologies wall do better than
cither alone.

h. Pohtical support of new techmologies 1o transtorm need tor more
protem into a practcal socal response will 1tequine denonstianions 1o the
public of the value of anyv new techmology. Field tnals beceme more thatea
scientitic experiments they e partof the soc tlapparatus leading toaction.

6. The world must teassess the balance between population and re-
sources. Otherwne, the onh owcome, whatever the tecknology s disaster,

7. As iy tue nmay other mstances, an vestgation into the need for
high-quality proteim becomes basicallv anminsesngation o the fundamental
mattre of socl concerns, mto aspects of poverty and wealth,
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MEETING WORLD FOOD NEEDS

R. G. Anderson C/MMYT, Mexico

Man's search for adequate fond has been a prinapal endeavor {o
centuries. In the begmmng, he lned btecally from hand o mouth, and s
VETY EXIMENE v S PEOIes Wy i atious indecd However the nnvention of
agriculiare about 000 e apo enabled numosentle toceanse L wandes
in“\. anad thas o develop the fise awab ey of cnahiration

Toebay, anthe supe ko abundance of the dovedoped workd the uthan
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Aluentsoncty hosanthe Lalure ot svsicms tadeliver the bonal an the tadure
of the cvononne svatenn toodeliver the fosod (oo thowe i v

Such aconntortable protare v ot e Heatcd i many devddopung countas
Privation bas been g conntant specter Lot veats st s of those conitnes
o"“' tenans tonday the nunl.nulmg cttical pln'xh tta Paaslated hnghi I‘lrh
have appested v agnnaliaral progress whult collectinels huae teen 1e
fettedtoas the Greon Raovolunon Mochoupbotheose advances biave sed asidde a
disastet that nught now have becoapoos theyate aterguotans palliaoe t
the problem We huve tegccoginse that the g o Revoluton ot spitead 1o
many counties Ard cventhen at st thes contnbatioa s e et at arud
k‘d\'t‘l s ho Bieie ter tasl

Belote turong to il restien of Brom toome et woa bl de s for fowad, §
should bhe o plulosoptinze atwat the nnigoi ot these prrobide s Mo dul gt
happen that Large ateasol the wortd Laled tomo e abead avothe s did Al
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why is change so late in coming? Many theories have been presented to
account for this Lick of development: politics, poor educational systems, and
so forih. In the lowland twopical areas of the world, however, it is probable
that some other factors also were involved.,

TWO WORLDS

In temperate regions only one crop can be grown in the course of a year.,
The aop must be husbanded and stored tor use during winter months,
Thus, i these areas, from sery carly times, there was aneed to ensure tha
the cropwassaned Futthermore, there wasareal pressure to ensure that the
supphy vais adequate, so that bife would persist over these nonproducing
peviods Tl very necessany preoccupation with obtaining sutficient food
would account for the relanvely Litcappeatance of civilized sodieties in these
tegions

In the nopics, on the other hand, crops could be harsested sear-round,
Pressutestogrosn and store surplos were Lugeh semoved Farthermore, the
mathet 1o absorh excess production was luned under such condinons,
Because of o loser nead tor dothing and housing, the sale of products o
supply these necdsswas notnean v as essertalbas i the less endowed temper -
ate wreas We st not forget that i s mare ditficadt to stone tood i the
ooy b L he seed o produce bovond immediate needs, therefore, was
fess wigentan these socetios Fhe sitiation was agravated tarther by the
whadal tenure of Linsd svstem whereby the Lindlord vecened anost of the
maresed prodducann Dda notmeantoanter that bfe was casy - for e was
hatd — bt there seemed hitde chance for ampravements under exiting
comdiions The preceding o andoubtedh an ovensimphfication of the
whole prablen, but m oo opanson. it s sgmbican

TWO TYPES OF EMERGING SOCIETIES

Phus, we ind two tupes ot socciies eniergang. Conanmstances forced the
tempetate peoples tocnsure st adequate food supphy Fhey badtodevelop
siung rescarch andinacase the ethocenoy of producion Asthivimovement
gt nomcntum e newh deselopimg elhacnc was exploned to build
ihistnabized s ties Taday only 4100 ol the U'S populationasdirectly
smvolved wath provary food producies n

b the ot ool rcgony where saactes temaned agratian, research
was givens bide support Although food was madeguate in the nutnnonal
sedise, thete was suthicent tood an terms of the market's ability to absnh
producton Phere ever were exports of tood ona regular basis

Followng Workd War T Broad soade health nmprosementscontnbuted 1o
d dramatcally foner desth vate i ot countnies, leading to o mathed
inrease i the average e expectancy bnmany counties e expectancies
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doubled, due to sharp decreases in infant mortality. Populations began to
rise rapidly.

In most developing countries, governments have been unable to build a
system of social security into their economics. Parents in their old age
depend on children for care, In earlier days of widespread plagues, of 10
children born, perhaps 3 survived. Rapid improvements in disease control
and prevention outpaced many countries’ ability to adapu to the new situa-
tion; families have continued to be large. Each new set of married partners
again needed their young for “social security,” and populations soared. The
immediate multiplier effect is obvious.

CRITICAL POPULATION LEVELS

Itisdifficult for most people to comprehend the truly frightening aspects
of the gigantic wave of population about to engulfus. In India, it is estimated
that births exceed deaths by something in excess of 1 million persons each
month. Let us assume a monthly figure of 1 million, which represents a daily
increase of over 33,000 persons. Let us further assume that a like number of
persons die cach day, which in a population of 560 million is quite feasible.
Thus, we can caleulate that over 70,000 Indian children are born each day.
Consider this growth rate in terms of education. If we assume 35 children
per classroom, the daily requirement is 2,000 classrooms and 2,000 teachers
to provide evenaminimal education to the children born each day in India.

Aside from education, think of the implications of providing health care,
work opportunitics, and even standing space in the long term. This is the
situation in India, where the problem is now critical. Could even the richest
government in the world hope to contend with this burden on jts cconomy?
With the presentbirth rates, other countries can anticipate a similar problem
ina few years.

Thus, in any discussion of food needs for the world — with all of our
philosophizing and crystal gazing in which we foresee unlimited expansion
of food production through rescarch—all seems insignificant in the face of
this relentless population increase. Fach of us is interested in food and
nutrition. However, 1 sav categorically that, unless methods are found
quickly to stop this onslaught of people, our best combined efforts will be of
no avail; we can wage only a rearguard action against hunger. In 28 years, at
present rates, the population will double. Fach new mouth will demand
food. How are we to cope?

PLAN NEEDED

I have purposcly painted a dismal picture, because we should suffer no
illusions as to the severity of the situation — this problem must have the
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highest priority. However, I am an optimist, basically, and I refuse to accept
the position that we will be unable to survive as a species.

We must start with the assumption that we can control the population
increase. Folding our hands and awaiting the inevitable without a fight is not
what nature had in mind when it endowed man with the will to survive.
Man's struggle upward from natural animal to the socially conscious animal
that he is today demanded fiercely competitive battles.

Valiant efforts are being made to solve the populatior: aspect of our
dilemma, and very substantial sums of money are being invested in research
on the subject. We, as agriculturalists, have our part to play. Our role is to
buy a maximum of time for the population-limiting efforts,

What weapons do we have in our arsenal and what are the prospects? We
now have the necessary technology to provide food for double the present
population if we could assume (1) unlimited supplies of inputs, (2) noninter-
ference by people who know nothing of agriculture (I refer here to the rabid
environmentalist), and (3) a rapid and extensive adoption of this technology
throughout present agricultural lands of the world. Since tillable laind areas
are not easily expanded without tremendous investment in rechanneling of
water supplies, most of the food increase will have to come from existing
lands. We must, therefore, concentrate our efforts toward raising genetic
capacity for yield; stabilizing yields through discase, insect, and drough
resistance; and maximizing yields through appropriate agronomic treat-
ments. At this conference, we are considering nutrition. This factor is of
utmost importance. We sometimes forget that the effect of raizing nutritive
value is to increase yield, since lesser quantities of food can deliver the
essential proteins, calories, and vitamins,

DEFINITION OF QUALITY

Discussions at this conference prompt me 1o ask if we have defined clearly
our requirements for quylity. As a plant breeder, I suggest that we need an
casily applied method which will show us what a particular line or family will
produce in the way of growth. Lam not specifically concerned with protein
level, or value. Lam concerned with the end product, with the sum of all
characteristics for enhancing growth possessed by a line or family as it may
compare with others.

It seems to me that the cereal should be tested for how it works as it is and
for its value per unit consumed, rather than in a diet that has been modified
to a certain protein level or fat or carbohydrate level. In those countries
which we serve, balanced rations for humans or animals are unlikely for
many years. Thus, it is the cercal itself we should test, not some artifact we
produce.

In the developed countries the problem is much less urgent. Education is
generally high, efficiency of food production is high, and technelogical
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research is well developed if not always efficient in operation. In general,
these countries can produce beyond their needs. For them, population
increases have stabilized, and the social secunity aspect is being managed. 1
would predict that for most of these countries food supply will continue to
keep pace with population increases until the end of the twentieth century,
providing that plant protection measures are continued. "Fhese economies
are generally strong and can atford the needed inputs.

MANAGING AGRICULTURAL PRODUCTION

Since World War 11, efficient production in developed countries has
been used to make up the food shordtall in many developing countuies,
On the one hand, critics say that this usage benetits the agriculiugal
community ot the developed countiies. Pethaps this is so; nevertheless,
this expottation represents a flow of treasure from the contnibuting
countries and, in this light, & humanitian gesture ol a magniude never
equaled. Famine would have destoved milhons withont this nade. How-
ever, gifts of this tvpe o1 sales ona long-rerm low-mterest loan hasis can
create anattibicial condition. When such foods are made avalable, imternal
food supplies are likeh 1o temain relatively stable Thus, govetnments of
importing nations are ab'e to set aside the eyl day when they might be
forced 1o fuce the inevitable: that thein own agncuhure must be made
profitable and self-sustaining. They torget that under food dures—
where there is dependence onamother nation o1 nations for supplies—
governments ae not fully niasters in the own house.

INDIA AND PAKISTAN PRODUCTION EFFORTS

Some countries 1ecognized the neced for chunge carlier than others., 1
think it is fair to sas that itwas noacadent tha Indiaand Pakistan were two
“of the first. The shortage of food supplies had passed the critical mark, and
they were fast approaching the “ship-to-mouwth” conditions that finally ar-
rived in 1966 - 1967 A ditficult and necessary decision was made by the
govermments ol those two countries. As g beginming, they asked tor and
received the assistance of the Ford and Rocketeller Foundations, in Pakistan
and India, respectively, o assist with then tesearch progeaom reorientation,
They imported new seeds, areated an atmosphere of national emergency,
and backed this by etfecrive government action. Many other agendies asisted
in the produciion drive for maize, wheat, vice, and sorghum produdction,
The combined etforts paid good dividends.

Ldo not wish to dwell on this aspect, since much has been wiitten of the
agricultural change than has come 1o be known as the Green Revolution,
Although much ol the writing is inaccurate, Fdo not intend 1o deal with such
Inaccuracies, since this would be the subject of a week's discussions, Certain



20 R.G. Anderson

basic steps were taken in India and Pakisan, which can serve as a partial
blueprint of the approaches that might be used profitably in stepping up
food production in any country.

BLUEPRINT FOR FOOD PRODUCTION

What were these factors and what are the procedures? 1 will assume that
varietics ar e avalable which are superics o existing cultivars, as was the case
for some ol the cops ised an the India- Pakistan areas. The general outline
of the situation in these countnies and the remedial programs developed are
as follows:

1. Both countnies wese ina cnsis condition. Governments were peren-
nially short of mones and only cris needs were met day by day - Fhas Lactor
affects not only the hasic programs, but also the nming and plannimg of the
component parts within a program. Fhos, production of agin ultural pro-
ducts was the chictconcernof governmentand recened s hackimg. Withow
this national thrust, producion programs will advance slowly at at all

2. Based ona new approach to research tonmualated by the nize pro-
gram in India, the svstem ot veseardhom both conntries was remadeled fos
other cops. Research thus became coordinated and croponiented at the
national level, and not disaphine-onented as i the past. Crop tean:s oper -
ated under a natonal coordinated program: Unlike pilot projecis, they had
the full force of government action behind thew efton since deasions were
applied throughout the country. Rescarchiwasdesigned to give finst priovity
to studies of discase-resintant vanenes ated agronomic practices. Other qual-
ity variables and disease and isect sunvellance were integrated into the
picture later. The evolution irom an early focus of effort on quantivy 1 a
later consideration ol quality was a justified sirategy in thisansis condinon.

The impottance of temodeling tesearch o a arop-oniented coordinated
program cannot he ovenstressed. nsutionahizg research within develop-
ing countries is o magor need it cop producion is o be selb-sustaining and
effective. T venture to say that a similar systenn in the developed countries
would bring about greater etioency i research,

But what about countries with few saientifically trained personnel? The
same principle apphes, but a somewhat longer building period is needed.
This does not wiean that production must await education. However, pre-
liminary steps must be taken in national planning to set up the necessary
educational systenn. This system should produce, as a minimum, sutficient
numbers of youny scientists at the Ingeniero or Bachelor's level to man the
rescatch teams. This training should receive top priority.

There wre international oppottunities for graduate work in other coun-
tries, and the brightest young men should be selected and so educated,
However, it is not necessary to have PhuD. 1o be an effective scientist, and the
impression should not be created that this degree is a requisite for applied
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scientific work. Funding agencies must vealize that the extreme dearth of
scirntific manpower will push the fint omed pevsonmel quickly mie ad.
ministvation posisons. Whale these moves would seern o misise the saen
ity recen g wdvanced education. the g process must e continued
until the demands for soemntyare tulh et osvens imporian, theretone,
that the fiest people selected for mmmng be the bestavanlable 1 ohe sowentst
hasnovntane, he sall beapoor leader Hsellmonsated, he will cnconn age
the vounyg men wichin b adoinist aton

3. The vesubs of seseardh st be tanslated o the famer taough
demonsttations on s farm T have no degard for the excuse that the
tovmer will not accept change bevause he Licks education Tutelligence and
education are ot wuomymons termy The peasant Lavmer s notnally veny
mtelligent concermmg s Lo practices, mespite of by mabiiny 1o
witte. Were he not mteligent, he would not huve persisted and nanght
have died out as o subspecies

My expenience suggests that the fist successtul demonstations nust be
made Iy the research personnel who know the vanenes and the fest
package o agrononne prachces Farthermore, these warkers must have
comvinced themselves that the swaem will work This s noaetlecnon on
extension petsonnel, however, dor the most parts extension woikers
siphy know hittle about such demonsiratnions Because ot then own lack
of confidence, extension workers obten are unable to convimee then diem
tarmers of the value of nesw tedhimegues The extension workers usually
have many duties 1o perform, i addinon, they work under . sysem i
which Lilure means losing one's posinon or awthonny Mantomng the
status quo, on the other hand, s the sate toue, sinee o upward o
downward change leaves the sitiation stancand then posion secare. As
soon as these workers e shown the way, however, they too will become
an eflecne educational

As ateaching device, the tarmer-to-farmer flow of intonmanon is often
very underated, ver s one of the most nnportant methods of extension.
Time and agam a tarmer will tell vou that he found out about & new adea
from another farmer

4. The government must ensue that the relationship between the cost
ol inputs and prce of the prodact s balaince Phe Linmes muost make
a profit. Furthermore, ol a particular crop s being fostered, he must be
able to make more profic from that ciop than can be made from a
competing crop whnch might be ot less value 10 the economn at that
particular time. Honce bungs more net profic than maize an the monsoon
season in India, the Lamer s not bely 10 grow maze Smlaly, i
salflower and cotton bring more returns than does wheat i Sonori state
in Mexico, wheat will not be grown. Prionities, thesefore, must be set.
Ideally, all crops should have the same body of 1esearch behind them, so
that efficiency of production will be relatively equal for all. Unfortunately,
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this is never the case, and price manipulations are the means most often
used in the market to encourage change in production patterns. Market-
price manipulation is 4 very delicate procedure and can throw the entire
economy out of balance of care is not exerased inits application. A floor
price must be set that provides the necessay incentive tor production in
the ciop most needed, and it must be sarupulowsly defended by govern-
ment, which mast bay all gran of acceptable qualits offered ar this floor
e Falure 1o doso hits the simall farmer in partcalan, since he s
unable 1o hold stocks for the later price tises expected in the preharvest
marhet of the next vear He would have 1o sell at harvest when deliveries
are high, and puces - wihout support — would plummer. 1 he consum-
e advantage comes trons the grester prce stability resalung from the
use of government stocks to hutter the man ke

5. As the new technology begins 1o take hold on a broad scale, the
gporerinment wost sunulbaneonsh endeavor 1o meet the imput needs. Fer-
tlizer supphies imnally will have o be snported. But consider for a mo-
ment that Lon ot tevalizer will prodace 16 10 20 1ons of grain if conrealy
used, or one shipload of fernlizer will produce 16 1o 20 shiploads of
gram. Lhnk of the reducion m pore hindling and the inaease of wealth
within the countnv. As quickhy as possible, fertilizer plants must be
brought into domesuc producion. Such plants may be public or private,
and then construction may be subsidized by government o1 not. In any
case, prices must be controlled aca profitable level, Manutacune of ag-
ricultural chenicals, such as weedidides, fungiddes, and insecticides, must
be developed vapdiv within the countny. Where inigation is possible,
pumps, casigs, and so on,must be available. Othier agro-indusiries, such
as machinery supphy, will begin to deselop as buying power is generated
in the agriculiural sector of the economs.

6. I the government s to tervene in the grain-handling market,
matketing taclities are essential. Storage also is essential, but, consistent
with the theme that finanang is aitical, it should not be expected that
governments will build storage until production forces its constiuction, As
any government administtator will tell you, it is impossible to find financ-
ing fon new storage tacilities when present facilities ae empty. Such stor-
age will entail some loss in the beginning, but these losses cannot be av-
oided.

7. As sell-sutficiency is approached and adequate buffer stocks are
produced, a downward adjustment in floor price can be expected and
should be made it excessive surplus is to be avoided.

MECHANIZATION

1 should like 10 comment briefly on mechnization. In my opinion, only
certain activities should be mechanized in many countries having a large


http:1,tll'i.Ci

Direct Food Production 23

rural population. Of course, the substitution of tractor for animal power
will free land, formerly used to feed animals, for the production of
human food. This change probably will operate most satisfactorily on a
hire basis in a country of small farms. Mechanical seed drilling is impor-
tant in ensuring stands. Poor stands are responsible for severe yield re-
ductions in many countries. Harvesting can be left to hand labor in a
plentiful labor market. Threshing, however, must be mechanized rapidly
to release the power animals for field work. This becomes particularly
critical in a multiple-cropping sisuation.

These points 1 have mentioned are important segments within the
compaosite picture of raising production and providing the backstopping
1o ensure a continuation of rescarch. 1 would venture that these Sugges-
tions will work in most situations and, with certain modifications, are uni-
versally applicable.

DIRECT FOOD PRODUCTION

Now let me return 1o the direct food question. Using the preceding and
similar approaches, what gains have been made? 1 will deal chiefly with
wheat, since I know this trop best, but the story is similar for other crops
receiving rescarch support,

In India, with government backing, new varieties and new technology
for wheat, maize, and rice have shown remarkable increases in production
in the past few years. Maize has risen from 4.1 million tons in 1961 10 7.4
million in 1971; milled rice from 34.6 million tons in 1961 to 42.4 million
in 1971; and wheat, with a decade (1956 - 1966) average ol 10.3 million
tons, rose to an estimated 26.5 million in 1972, Pakistan raised wheat
production from a 1966 average of about 4.0 million tons to about 7.9
million tons in 1970, Political dismemberment, war, and other factors
have tended 10 keep Pakistan's production static at between 6.8 million
and 7.2 million tons. Alleviation of these factors would ensure production
increases to about 10 million tons. Rice and maize have also advanced
rapidly in that country,

Algeria has moved in 8 years from an original 5,000 hectares (ha) of
wheat with improved varieties and technology (1969~ 1970) to 140,000 ha
(1970~ 1971) 10 325,000 ha (1971 - 1972). This program is receiving tre-
mendous government support. Self-sufficiency was reached this year after
a series of deficit years. Tunisiu also reached self-sufficiency in this crop
season. Morocco has improved considerably and this year established a
new record in the bread wheats. Similar, if less spectacular, results have
been obiained with wheat or other crops in many Afro-Asian countries
and certain of the Latin American countries.

However, tremendous potential remains for increasing yields of food
crops in the tropics, particularly in Asia and Africa. In Latin America, in
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addition to yield increase possibilities, there are still vast land areas to be
exploited for agricultural production.

Tremendous advances in total production will come from suitable
multiple-cropping rotations. In certain countries where land is limited, as
many as five crops per year are taken by planting the succeeding crops
between the rows of the previous crop near harvest. Without going to this
extreme, several countries report the increased practice of harvesting
three or four crops in successive plantings of suitable season crops and
suitable varieties within crops. Wheat production on the lower Ganges in
India is one example of the practice. West Bengal grew 100,000 acres of
wheat for many years. In 1972 the figure was about 1.2 million acres.
This increase was made possible by the introduction of an early maturing
wheat, which could be sown after late-harvested paddy rice. The practice
did not replace existing crops, but made land productive that had previ-
ously lain fallow in the winter.

Chemical and cultural control of weeds can add tremendously to yield
in all agricultural lands. Good water management in the drylands, cou-
pled with judicious use of tertilizer, can double present yields in virtually
all such areas. Wider use of varieties with genetic drought resistance and
disease and insect resistance will result in better production.

Introduction of animal = grain rotation through the use of legume for-
age crops in rotation with grain can lead to greater agricultural stability.

Salinized land in present irrigation projects must be drained without
delay. Much of the water that now runs into the sea must be harnessed
for agricultural production.

By means of such measutes, the present acreage of agricultural lands in
both hemispheres can be made to produce two tiies the present level of
food, but we must apply known technology and continue to provide suit-
able varieties in the research programs. This will require a vast interna-
tional marshaling of resources, and this is achievable if we have the will.

WARNING SIGNALS

On the other side of the coin, we are witnessing some very ominous
signs. In our search for sustained availability of food we are not yet able
to depend on full stability of production. So we must continue to over-
produce and store for the lean years.

In recent months, the world stocks of food have been largely depleted.
This is particularly true in the case of wheat. Yet only a few years ago the
exporting countries were bemoaning these surpluses. Land area sown to
some agricultural crops was allotted on a quota basis, and phenomena
such as the land bank in the United States and later in Canada were in-
troduced. These brakes on production were essential 1o their economies.
It is a comment on our lack of organization as a species that, on the one
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hand, we are restricting production, while on the other we are searching
for means of increasing production. This economic factor of distribution,
however, is not easily solved.

To return to the theme, the present reduction in stocks occurred be-
cause of tremendous winter wheat losses in the Soviet Union, leading 1o
imports of about 18 million 10ns. Presumably, China’s wheat crop also was
damaged, since their imports have been Lurge.

Viewed in this context, what if India, Pakistan, Afghanistan, lran, Tur-
key, and North Africa also had suffered crop failures this past year? Ob-
viously, supplics would not have been available 1o offset widespread
famine.

I have recently received a letter from Dr. Borliug indicating that in
Brazil frosts came this year (1972) in late August and early September.
Yields of wheat were cut by an estimated 50% . Continuous rains followed,
and another 50% of the remaining crop was destroved by Septoria.
Borlaug said that Brazil will be lucky to harvest 800,000 1ons of chicken
feed from the 2.4 million ha sown. Paraguay is reported to have sutfered
a similar disaster, and Argentina will be affected at least in part. Brazil
and Paraguay are likely to be in the international market to buy and
further push the price upward.

In the summer of 1972, India sutfered a substantial loss of food in the
Kharif or monsoon crops. This loss has been estimated as high as 15 mill-
ion tons. To meet this shortfall, India embarked on a crash program to
sow all available land 10 wheat, hoping 10 increase production from the
present 26.5 million to 33 million tons in this winter seasen. They are
attempting to do this with about 30% less fertilizer than they should have.
The failure of the monsoon also lowered water supplies for irrigation and
hydroelectric power to operate well pumps.

From conversations here, I understand that a heavy rainfall fell over a
wide area in December 1972, which will hopetully alleviate the situation to
some degree. The only thing that staved off famine in 1979 was a buffer
stock of wheat and rice, which had beer: planned for and accumulated in
the spring. The 7 to 9 million wns of insurance is standing them in good
stead during this crisis. Droughts from India to Lebanon will put pres-
sures on all supplies.

These shortages work against the developing nations in another way.
The increased demand has pushed prices from $1.40/bu to $2.15/bu on
the international market; in import costs this represents a 54% increase
over the previous price. In view of the impending shortages, it will be
necessary for all exporting nations to produce at a higher than normal
level during this season 1o ensure that widespread famine does not come
in 1973,

From our viewpoint as research scientists, we must continue to explore
all possibilities of achieving stability of yield. The widely adapted variety is
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one control, and resistance to disease in its broadest sense must be en-
hanced. Better regulation of our water resources is essential both for irri-
gated and nonirrigated production. Recovery of salinized land through
drainage and extension of irvigation potential must receive top priority.

In closing, I repeat that population increase is our greatest single prob-
lem as a species. Food is important; but if we are to ensure a world at
peace, its people also must have opportunity. Failure means extinction.
Territorial necds are essential to man, and destruction of nation by nation
will ensue it population pressures become 100 great. I would predict that
food needs are unlikely to be the immediate cause of widespread social
strife. Lack of opportunity to e, lack of schooling, and lack of equality
are likely to torce the issue earlier than lack of tood.

Food is needed for life, but life is something to be enjoyed, not en-
dured. We can buy time and must buy time. As 1said, Tam an optimist. 1
do not think the reasoning animal man has struggled this far only to meet
extinction. We need 10 organize internationally and nationally 1o marshal
the resources and technology necessary to do the job. T am convinced we
can provide the time, but there must be no slacking.
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Inthe Central Andean region of South America, maize seems destined
to remain important in human nutrition. As in maize production through-
out the world, the methods of use and quantities consumed vary greatly
from one country to another. In Latin America, maize and other cereals are
combined with legumes, mainly beans (Phaseolus vulgaris),

Within this setting, the Green Revolution is increasing the production and
the consumption of cercals, but could reduce the quality of food utilized,
unless this revolution is associated with a quality revolution in cereals. An
example of this problem of nutritional unbalance was reported by Han and
Yu (3), who described the results of increased rice consumption in Korea,
Even though positive protein balance could be achieved by the ingestion of

27



28 A, G. Pradila, D.D. Harpstead, D. Sarria, F. A. Linares, and C. A. Francis

increased amounts of poor-quality protein in adults (6), this balancing be-
comes uncconomical because of losses through urine and feces (2).

Potential dietary solutions, such as enrichment of staple foods, vegetable
mixtures, or new sources of proteins, are often proposed. However, despite
the fact that changing habits is sometimes relatively easy, as demonstrated in
some industrialized soricties, the communication and marketing systems for
low sociocconomic groups are often limited. Most technological improve-
ments never reach these underprivileged groups. It seems more feasible to
present people withimproved quality staple foods thatare not very different
in phenotype from the food grains normally used.

Previous experience has dearly demonstrated the limited impact of any
given discipline working alone to overcome hunger and malnutrition. Maize
in the Andean region is no exception. Rescarch and development interests
must cooperate to increase availability and acceptance of maize with im-
proved quality. Against a hackground of urgency, Colombia has pushed the
production of maize with a modified-protein endosperm. Maize is one
source of vegetable protein that is widely used and represents a basic staple
for many regions of the country. The achievements to date have been
possible only by close cooperation among Centro Internacional de Agricul-
tura ‘Tropical (CIAT), Instituto Colombiano Agropecuario (1CA), the
Rockefeller Foundation, Universidad del Valle, and industry. Summaries of
several studies will be presented in this paper.

EXPERIMENTAL RESULTS

In August 1964, only 2 months after Mertzetal, published their resulison
opaque-2 maize (9), seed carrying the opaque gene was obtained, and
Palmira rescarchers began to explore the use of this discovery in the tropical
conditions of the Cauca Valley. Realizing that the opaque-2 gene would
produce a maize with a soft endosperm unlike that usually accepted in the
markets, two initial decisions were made;

"The first decision was to transfer the gene to inbred lines of two locally
adapted hybrids as quickly as possible to obtaina large volume of seed for
extensive testing.

The second determination was to have the maize available in the best-
adapted genetic background. The white maize double-cross hybrid D.H.
253 and yellow double-cross hybrid ICA H. 207 were chosen as base materi-
als. They scemed logical choices since industry was already using these
hybrids, and it would be possible to test the processing qualities of the
opaque and normal versions. Also, by using these hybrids the yield and other
agronomic characteristics of the new material could be evaluated. It was
known that, if this maize were to be taken to the public, the best possible first
impression should be created.
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TABLE 1 Amino acld compasition of normal (H, 253, 11, 207) and opayue-2
madified maize (11, 255, H, 208) endosperm

Normal Opaque- 2 modilied

H. 207 1L 258 11, 208 11. 255
Lysine 2.0 2. "0 4.07
Leudine 19.% 16.1 12.7 11.60
Isoleucine 50 5.0 1.4 5.0
Phenylalanine 6.5 5.4 LW ) 4.6
Methionine 8.2 28 3.2 2.4
Threosine 4.1 35 3.7 4.5
Valine 5.9 LX) 6.67 6.1%
Tryptophan 0.5% 0.6 1.10 0.99

Experiment 1: Including the Opaque-2 Gene in Local Hybrids

I 1967, after 2 years of intensive plant breeding, it was possible 1o begin
pilot production of the high-qualits proten maze tor nutinonal vesearch,
After analvtical testing of the different aosses, it became cdear that the
opaque-2 gene was present in the two hivbeids (Lable 1) (1 Hivbnid elds
approached those of the oniginal after the thivd backcross (12). In commer-
cial hinvests, segregating kernels with a hardd “ndosperm wete present,
espeaially in the vellow hvhrids, Several collections ol the ditferent 1 pes,
from 100% bard (ilinn) to the TODG sofy (Houry) endosperm, were ataly zed
tor the two hnhrids. The vesults demonstiated that hoth Iy sine concentration
and aminograms of the protein sere essentially equal ¢ Lable 2) for the hard
and soft types (12),

After animal testing of the two moditied hyvbids ¢f, 8), human studjes
were begun. Two severely matnourished childien (v and 6 vears old) were
admitted in the metabolic unit. For one chbd, the treatment diet was made
with 80% ot the protein from opague-2 maize endosperm and 20% from
milk. For the other child, the 80% opaque-2 base was used, also, with the
remainder of the protein derived from low-quality vegetable sources. The

TABLE 2 Protein, lysine, and tryprophan content of soft and hard endosperm of
opaque-2 modilied maize

Protein Lysine Liyprophan
(EA) (/100 g of proicin) (/100 g of protein)
H. 255
Hard 10,9 5.2 0.89%
Solt 10.7 5.4 .90
H. 208
Hard 10.2 4.9 100

Soft 94 4.6 1.10
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two patients uchieved normal physical recovery and demonstrated excellent
absorption and retention during the recuperation period (11). These results
encouraged the testing of this protein in a different manner,

Experiment 2: Response of Malnourished Children
to Opaque-2 Maize Endosperm

Male childien dlassified as severely malnourished by dietary, an-
thropometric, and biochemic alaiteria wete seledted tor these studies; their
ageswere between 2Hand 60 months (12). Weightand height did not exceed
the fifticth percentile for a 24-month-old notmal child. Each patient had
been screened for other pathological conditions, and only patients free of
the debilitating diseases frequently associated with malnutrition were admit-
ted. The finst week atter admission was used for elimination of parasites and
administration of a complex ot biochenical tests toassess natritional status.
‘The diet duting this period was calculated to provide the same amount of
nuttients the patients had received at home.

During the second week, the patients were placed onstandard metabolic
halance procedures for quantitatise collection of data related to duplicate
dicts, food refusals, and analvsis of feces and urine for nittogen, fat, calaum,
phosphorus, magnesium, urinary aeatinine, and dietary amino acids,
Blood was diawn at weekly intervals for hemoglobin, plasima proteins, and
amino acids. Al methods used we standard and previously reported in the
literature. Daily weight was recorded.

Fach diet was caloulated o supply the caloties, protein, and vitaming
recommended by the Food and Nuttition Board of the US. National Re-
search Counal for this age group. Mineral content was adequate. Diets
offered as a hguid formulaand bread made of maize repa) supplying 110
cal/kg of body werght/day, with a net dietany calonie pereentage trom pro-
tein (N - 6.2%9) tanging between 8and 10%, catbohyvdiates between 48 and
53% ., and fats between 38 and 43% . Al protein was derived from the
opaque-2 endospern.

The weight dataan Figure 1, plotted ina chart to dassifs malnutrition
(First, second, and third degree), demonstiate the catch-up swndrome of
childien recosering trom malnatition, using either anpmal protein or tha
from opaque-2 endospern. I growth s plotted as i function of develop-
mental age, this ssndiame is seen to be no more than the notmal growth ot a
child of thisdevelopmentalage. Uninary creatinine, plasmaalbumin, and es-
sential = nonessential anino acd vatio increased steadily once the experi-
ment was stasted Chable 3) The recovery wasas expected, being somewhiat
slower than therapeatic diets contaning highet levels ot mitk protein (12010
150 days), since total nittogen intake was limited. 'These findings suggested
that opaque-2 endosper protein provides adequate amounts of essential
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FIGURE 1 Catch-up symddrome in children recovering from malnutrition (only
admission and discharge weights are plotied).

amino acids and total nitrogen for efficient protein repletion in mal-
nourished patients and for the basic diet of a normal infant of the same
developmental age.
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TABLE 8 Plasma amino acid ratio (AAR) by circular chromatography, 24-hour
urinary creatinine excretion (UC), and serum albumin (A) in six chil-
dren receiving opaque-2 endosperm as the sole source of protein®

AAR 2.5 2.1 1.4 1.3
UC (mg) 82 105 143 182
A 1.8 24 2.6 2.8

8 Data are averages for the samples taken every 4 weeks,

Experiment 3: Effect of Replacement and Addition of
Nonessential Nitrogen to Opaque-2 Maize Diets

Experiments with rats and with children were done in the metabolic unit
(10). The purpose was to determine the availability of essential amino acids
from opaque-2 maize endosperm protein in relation to the proportion of
nonessential nitrogen (NEN) from other sources. Three different diets
were prepared with various amounts (0, 25, and 50%) of NEN, using glycine
and diammonium citrate, and compared to a standard 100% casein diet, A
total of 10% of the calories of the diet was derived from opaque-2 maize
endosperm protein (N = 6.25).

The results obtained in weanling Sprague-Dawley rats are shown in Table
4. Decreases of 25 and 50% in the amount of opaque-2 protein which were
replaced by NEN, produced a striking decrease in the growth rate. This
finding was reflected also in lower protein efficiency ratio (PER) values
obtained with the dilution, suggesting that at that level (10%) of protein
intake the proportion of essential amino acids supplied by opaque-2 maize
cannot be reduced without impairing nitrogen utilization.

Similar diets were used for six children. Nitrogen intake was supplied at
various levels. At cach level, opaque-2 endosperm nitrogen was replaced by
25 and 50% of NEN (glycine and diammonium citrate). Asshownin Table 5,
net nitrogen retention did not change significantly with 25 and 50%
replacement, except when opaque-2 nitrogen was less than 155 mg/kg of
body weight/day. This value, plus or minus 10 mg, was fairly constant in the
six patients studied. Absorption increased steadily, as expected, with the

TABLE 4 Protein efficiency ratio values of opaque-2 maize when different propor-
tions of nonessential nitrogen® were added

Dict (%) NEN (%) Weight gain  Protein intake (g) PERD

Opaque-2 50 50 13.0 12,9 0.82
Opaque-2 75 25 33.0 22.8 1.42
Opaque-2 100 0 103.2 374 2.74
Casein 72.8 25.9 2.95

8 Nonessential nitrogen and uncssential nitrogen are used interchangeably in this paper, and are
applied to the moiety consisting of unessential amino acids and ammoniuni compounds,
b PER values were computed according to the method of Campbell.
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TABLE 5 Nitrogen rctention when opaque-2 maize protein is diluted with non-
esscntial nitrogen (observations on six children)

N (source 190 142 95 230 175 115 280 210 140 310 282 185

opaque-2)8

NEN® - 47 95 - 65 115 - 70 140 - 77 155
Absorption 130 140 145 120 160 165 190 190 210 220 220 180
Retention 80(-)40 -80 80 20 -50 80 20 ()50 50 40 60
8 Mg/kg body wt/day.

higher levels of NEN, and so did urinary excretion, leaving the net retention
with very similar values for the three diets.

An amount of 9.7 g of opaque-2 maize endosperm per kilogram of body
weight per day is sufficient for the maintenance of children with develop-
mental ages of 18 to 24 months. Intakes below that amount, regardless of
total nitrogen intake, produced negative balances. This could imply that the
amounts of lysine, tryptophan, and other essential amino acids present in
this quantity of endosperm are readily available for human utilization and
could represent the minimal requirements for this age group.

Experiment 4: Opaque-2 Endosperm Protein Mixtures
with Other Staples

Four different modifications of high-protein commercial formulas
(HPCF) were tested in six 5- 1o 6-year-old malnourished children, and
observations were made before recovery. Isocaloric and isonitrogenous diets
were maintained during the whole period of observation. Three days of a
nonprotein diet were included at the beginning of the study. Based on
endogenous fecal and urinary losses, nitrogen intake, and total urinary and
fecal losses, the biological value (BV), net protein utilization (NPU), digesti-
bility, and net retention were calculated.

The nutrient composition of HPCF is quite similar to whole milk, except
for the fat content. However, the total calories furnished by all formula diets
were adjusted to the same level in order to keep constant the daily caloric
intake. As shown in Table 6, the determinations of protein quality are similar
in the seven diets except for nitrogen retentions found in formula A (soy-
bean + common maize + milk), D (soybean + opaque-2 maize), and MY
(opaque-2 + yuca or cassava), which induced the greatest nitrogen retention
per kilogram of body weight. Formulas A, 1), and MY have a nutritive value
similar to milk, perhaps the most acceptable food for infant feeding.

It is possible to suggest two beneficial effects of the use of opaque-2 maize
in weaning foods: (1) wide acceptance of the product through the prestige of
this type of maize, and (2) the stimulus to growers by the presence of a
market to sell their production.

Tests also were made on albino weanling rats with bread and spagheuti,
prepared by the Technology Research Institute, Bogota, in which 256% of
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TABLE 6 Protein quality of vegetable mixtures containing opaque-2 maize (obser-
vations in 5- to 6-year-old children weighing 14 to 16 kg)

A B G n EM MM MY
Intake 175 175 175 175 175 178 160
Digestibility 87 87 81 86 85 86 9}
BV 68 59 59 63 74 81 84
NPU 61 51 50 53 59 65 76
N retention 115 102 97 114 11 127 121

Notes: A, nonfat milk + normal maize + saybean; 13, normal maize + soybean; C, nonfat milk +
opaque-2 maize + soybean; 1), opaque-2 maize + soybean; EM, evaporated whole milk; MM,
modified milk; MY, opaque-2 maize + yuca (cassava),

the wheat was replaced by opaque-2 maize endosperm. The results demon-
strated a twofold increase in nutritive value. ‘The beneficial effects of this
replacement are clear by the nutritional improvement and its impact in
lowering the price of the product.

Experiment 5: Comparison of Other Types of High-Quality
Maize with Opaque-2 Maize

Recuperated children, weighing 12 to 14 kg, were used for this test 4).
Each diet was tested in four children for 9 days, and results were pooled to
obtain mean values. The diet was maintained at 1.5 g of protein/kg of body
weight. Each maize sample was given for 2 days of adaptation and three
3-day test periods. White and yellow normal (H. 253 and H. 207) and
opaque-2 modified (H. 255 and H. 208) maizes were tested. Floury-2
modified maize obtained from Purdue University and a sample (high fat,
high lysine) sent by D. E. Alexander from the University of Hlinois were
compared withatest diet of casein. A 3-day nitrogen-free diet for quantifica-
tion of endogenous values was used at the beginning of the experiment.

The results in Table 7 show that the protein quality of every modified
maize sample tested is significantly superior to that of normal varieties (H.
207 and H. 253). Values found in the modified types are 85 to 95% of the
values obtained for cascin,

TABLE 7 Biological testing of opaque-2 (11, 208, H, 255), floury-2, high lysine
high fat (111.), and normal maize (I1. 207, 11, 253) in four children

H. 208 H. 255 1. 207 H. 253 . Floury-2  Casein
Protein intake
NEN 0.077 0.085 0.080
Protein N 0,227 0.160 0.225 0.200 0.255 0.240 0.150
Digestibility 95.0 95.0 76.9 66.0 8.2 849 98.0
BV 76.5 80.0 20.9 17.2 75.6 619 85.0
NPU 61.6 86.0 16.1 11.3 66,7 54.2 83.0

Retention 0.140 0.120 0.030 0.023 0.170 0.130 0.130
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Experiment 6: Protein Quality of Hard-Endosperm
Phenotypes of Opaque-2 Modified Maize

The soft endosperm of opaque-2 maize has limited its acceptability in the
middle altitudes and lowlands of Colombia (1). ‘There is an immediate and
critical need for developing a maize that would have (1) enhanced protein
quality combined with a vitreous endosperm, (2) ready acceptance by the
consumer, and (3) easy passage through market channels.

Early in 1966, observations of commercial harvests of double-cross
opaque-2 hybrids revealed a range in endosperm type from the predomin-
ant class of soft kernels through intermediates o almost completely flint
tvpes. Analytical studies (5) demonstrated a high lysine content of these
segregating kernels. On anilluminated board, the soft grains were separated
{rom the essentially vitreous flint types. Protein content as well as lysine and
tryptophan concentrations were not significantly different in the two types
(Table 2). Diets were prepared with these tvpes of opaque maize, as well as
with normal H. 207 maize and with casein, Standard protein efficiency ratio
analyses were made in rats, and nitrogen balance studies were made in
normal 5- to 6-year-old children, using 1 g of protein/kg of body weight.

The results presented in Tables 8 and 9 show that hard kernels which
contain the opaque-2 gene are almost identical in biological value to the
maize we classify as opaque (soft). ‘The results demonstrate that an opaque

TABLE 8 Average gain, feed consumed, and protein efficiency ratio values in rat
feeding study

H. 208 H. 208 H. 207

opague line normal Cascin
Gain (g) 84 62 26 69
Feed consumed (g) 330 288 216 311
Actual protein (%) 7.9 8.6 8.4 6.0
Protein consumed (g) 26.1 219 18.2 18,7
PER 3.21 2.81 1.43 3.68
PER, standard?® 2.18 1.91 0.99 2,50
Cascin (%) 87.2 76.4 39.4 100

8 Value of PER standardized cascin as 2,50,

TABLE 9 Comparative nitrogen balances in three children, using different protein

sources?
H. 208 1. 208 1. 207

soft hard normal Cascin
Intake 175 175 175 175
Digestibility 91 87 78 98
NPU 69 65 36 75
BV 16 75 47 n”
N/retention/day 1.52 1.50 093 1.81

8 Calculated dict included 1.0 g of protein and 100 cal/kg of body weight/day.
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(soft) endosperm is not completely and irrevocably tied to the increased
lysine and tryptophan contents, that is, reduced zein. It appears that mod-
ifier genes can be located which will effectively modify the endosperm type
without reducing nutritive value (7).

SUMMARY

The findings confirm the higher nutritional value of opaque-2 maize
endosperm compared to that of normal maize. For the children tested, 9.7 g
of opaque-2 maize/kg body weight/day supplies minimal essential amino
acids. Regardless of total nitrogen intake, lesser amounts gave negative
balances. The average intake of maize in urban communities in Colombia is
36.7g/ person/day with a range from 6.8 to 113 g. Acceptance of this maize
could be increased if hard and soft endosperm phenotypes could be offered
to the consumer. Results presented suggested it would be possible to locate
madifier genes for endosperm type. The utilization of this maize could
decrease the price of products such as bread and spaghetti by decreasing the
need for imported wheat, and also could increase nutritional value.

Supported by The Rockefeller Foundation, 65071.
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IMPROVING MAIZE DIETS WITH
AMINO ACID AND PROTEIN SUPPLEMENTS

Ricardo Bressani Division of Agricultural and Food
Sclences, Institute of Nutrition of Central America and
Panama, Guatemala City, Guatemala

It is well established that the poor quality of normal maize protein is
due to deficiencies of two main amino acids, lysine and tryptophan (11, 18),
as well as minor ones, such as isoleucine (11, 25). Furthermore, excessive
amounts of leucine reduce the protein quality of maize to some unknown
extent (19).
Various approaches to improve the protein quality of maize-based diets have
sought a better amino acid balance through (1) amino acid supplements, (2)
genetic means, (3) protein supplements, and (4) high protein quantity and
quality mixtures. All these approaches have been evaluated at the Institute
of Nutrition of Central America and Panama (INCAP). The purpose was
not to discriminate among them, but to find the easiest practical solution that
would provide greater nutritional benefit for people whose diets require
better-quality protein.

Thus, our research was focused upon this final objective, rather than
upon the study of the individual merits of any procedure. The results
presented here are centered around this primary task and include summary
evaluations of maize protein improvements by the four indicated ap-
proaches, their effect as components of low-quality diets, and the progress
achieved in the application of the research findings.

a8
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IMPROVING THE PROTEIN QUALITY OF MAIZE

Amino Acid Supplementation

In most cases, the results to be presented were obtained with children aged
2 to 5 years, fed maize protein exclusively. Experimental animal work has
repeatedly given similar results. Evaluation was by the nitrogen-balance
technique, which gives the amount of nitrogen retained afier nitrogen
intake is corrected for losses in feces and urine,

Results in Table 1 indicate that maize protein quality is improved by
adding lysine and tryptophan. Also, a further improvement is obtained
when iscleucine is added in the presence of lysine and iryptophan (1), The
data indicate that the effect was obtained through a decrease in urine
nitrogen losses, since fecal nitrogen remained quite constant.

The results shown were obtained at various levels of protein intake.
Nitrogen balance increased as protein intake increased from 1.5 to 3.0 gof
protein/kg of body weight/day. Also, adding the two amino acids increased
nitrogen retention at all levels of proteinintake, with greater increases when
intake of maize protein was equal to dg/kg/day.

Isoleucine addition increased nitrogen balance at all levels of intake. This
finding was of interest and was attributed to the high level (about 53 1o 55%)
of zein protein in the maize fed. Zein is an unbalanced protein with deficien-
cies in lysine and tryptophan and excesses of leucine. It was felt that zein
could explain such results, since maize varieties with low levels of protein
(and, therefore, low levels of zein) give better nitrogen balances, This rela-
tionship holds, even at low levels of protein intake, as is shown in Table 9,
These results show that the low prmein-mnl.'lining niize gave a low, but
positive, nitrogen balance at an intake of 1.25 g/kg/day. Nitrogen-retention
values ranged from 10 1o 55 mg/kg/day, with an average value of 30
mg/kg/day. Milk protein retention values were about 2.5 times higher at

TABLE | Effect of the addition of amino acids to lime-treated maize at various
levels of nitrogen intake

Protein intake Protein intake Protein intake

R X 3.0 g/kg/day 2.0 g/kg/day 1.5 g/kg/day
Amino acids added —————— . " —

to majze? Intake Retention Intake Retention Intake Retention
None 469 14 326 -5 238 -10
Lysine 482 38 335 24 239 -4
Lysine + tryptophan 461 83 328 36 239 30
Lysine + tryptophan 475 108 335 40 240 46

+ isoleucine

Milk 458 70 364 73 -~ -

Source: Bressani (1),
8 Levels used: L-lysine HCJ, 0.56%; DL-tryptophan, 0.35%; DL-isoleucine, 0.45%,
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TABLE 2 Nitrogen balance of children fed a high-zeln maize and a low-zein maize

Nitrogen balance (mg/kg/day)
Protein intake

Type of maize (g/kg/day) Intuke Fecal  Urine  Absorbed  Retained
High zcin 1.50 238 58 190 180 -10
Low zein 1.25 192 48 V14 144 30
High zcin + lysine 1.50 239 47 162 192 30

+ tryptophan
Mitk 1.25 195 38 82 157 15

Source: Viteri et al. (26).

equal levels of intake (26). The low (7%) protein-containing maize used has
less zein (about 35%) and, therefore, more lysine and tryptophan than maize
with 10% protein.

Results were pooled to calculate the nitrogen-balance index of the unsup-
plemented and amino acid supplemented protein (3, 4). This index is
equivalent 1o a biological value that represents the amount of nitrogen
actually retained from the nitrogen absorbed.

Figure 1 summarizes (on the left) the results for unsupplemented maize,
and (on the right) maize supplemented with lysine and tryptophan. The line
represents nitrogen intake versus nitrogen balance. Regression equations
relating nitrogen balance (NB) 1o nitrogen intake (NI) and nitrogen ab-
sorbed (NA) were calculated (Figure 1). The index of biological value forthe

MAIZE SUPPLEMENTED

MAIZE WITH LYSINE AND
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FIGURE 1 Nitrogen balance of children fed various levels of protein from maize
and from maize supplemented with lysine and tryptophan.
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maize used is the coefficient of regression (0.313, or 31.83%). The same kind
of analysis was made when maize was supplemented with lysine and tryp-
tophan. In this case, the coefficient of regression was 0.535, and the biologi-
cal value was 53.5%, a significant increase over the unsupplemented maize.
Probably a higher value would be obtained if the same calculation were
made when maize is supplemented with isoleucine, also.

Genetic Procedures

Asiswell known, increased protein quality has been introduced into maize
by incorporating various genes, among which the opaque-2 gene proved to
be very effective (22).

The studies reported have tested the protein quality of opaque-2 maize
developed at Purdue University in 1964, Through the collaboration of E. T,
Mertz, a batch of opaque-2 maize grown in the United States and received at
INCAP in 1965 was tested, with children as subjects. The maize was lime-
cooked, d'ied, and analyzed before feeding it to children as the sole protein
source. As before, the protein quality was measured by the nitrogen-balance
method. The results are shown in Figure 2, where nitrogen absorbed is

1104
Taken from Bresson: et ol,
1004 ® Ach. Lot Amer. Not., 19 129, 1969

90 x Taken from Luna-Jospe ot of.
Arch, Lot Amer. Nut., 21 437, 1971,

Regression equation NB = =71.926 4 0.725 NA
¢ 20,966
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FIGURE 2 Nitrogen-balance index of opaque-2 maize protein.
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plotted against nitrogen balance (12). Figure 2 also includes results pub-
lished in 1971 by Luna-Jaspe et al. (20), using a Colombian opaque-2 maize.
‘These figures were included, since they fall along the regression line calcu-
lated previously from our results (4, 12). The regression equation for all the
results is shown in Figure 2, and indicates that the nitrogen-balance index of
opaque-2 maize for children is 0.725. Using this method of nitrogen-balance
analysis, the calculations for milk protein at various levels of intake gave a
nitrogen-balance index of 0.80. This suggests that opaque-2 maize proteins
have 90% of the protein value of milk proteins. Using the true protein
digestibility of opaque-2 maize and the nitrogen-balance index value, a
biological value for opaque-2 maize of 87% was calculated. The graph
indicates that 100 mg of absorbed nitrogen gives nitrogen equilibrium,
which for maize is about 125 g/day. An intake of about 180 g of opaque-2
maize would ensure a highly positive nitrogen balance,

The values shown in Table 3 were calculated from the results presented in
Figures 1 and 2. This table shows the nutritional advantage of amino acid-
supplemented normal maize or opaque-2 maize over normal maize. Using
these data, it was estimated that nitrogen equilibrium in children was possi-
ble when nitrogen intake was equal to 300 mg/kg/day from normal maize, in
contrast to 176 mg from normal maize supplemented with lysine and tryp-
tophan, and to 135 mg of nitrogen derived from opaque-2 maize. In terms
of nitrogen absorbed for nitrogen equilibrium, the above values correspond
to 272, 158, and 99 mg/kg of body weight/day for normal, amino acid-

TABLE 3 Analysis of the results of the protein quality of normal, lysine- and tryp-
tophan-supplemented, and opaque-2 maize

Normal Maize + lysine Opaque-2
maize + tryptophan maize
N intake at N equitibrium (mg/kg/day) 360 176 135
N absorbed at N equilibrium (mg/kg/day) 272 158 99
Biologic value (%) 31 53 72
Utilized N at N equilibrium (mg/kg/day) 84 84 71

Amino acids in nitrogen (mg/kg/day)

Amino acids Absorbed Utilized Absorbed  Utilized  Absorbed  Utilized
Arginine 52 16 30 16 41 29
Histidine 41 13 24 13 19 13
Isoleucine 74 23 43 23 24 17
Leucine 203 63 118 63 61 43
Lysine 47 14 43 23 29 21

"Total sulfur amino acids 59 18 34 18 21 15
Total aromatic amino acids 150 46 87 46 52 37
Threonine 65 20 38 20 24 17
Tryptophan 4.9 1.5 14 7.6 9 6.6

Valine 76 23 44 23 i 24
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supplemented, and opaque-2 maize, respectively. The biological value of the
three protein sources has been calculated to be 31, 53, and 72%, respectively
(Table 3). Since biological value is defined as the amount of nitrogen re-
tained from that which has been absorbed, it is possible to estimate how
much of the nitrogen absorbed is actually utilized for metabolic function.
These estimates correspond 1o 84, 84, and 71 mg of nitrogen/kg/day for
normal maize, maize supplemented with lysine and tryptophan, and
opaque-2 maize, respectively.

The absorbed and wiilized essential amino acids were estimated from the
absorbed and utilized nittogen values, Under the column for the three
sources of maize protein, the values are quite similar, with low values for
lysine and tryptophan. These represent minimum maintenance amounts
for children of the age used in the studies. ‘The data also indicate the
wastefulness of nitrogen when provided as normal maize, since 300 mgare
required to give basically the same essential wtilizable amino acid pattern as
that from 176 mg of nitrogen from maize supplemented with lysine and
tryptophan or from 135 mg of opaque-2 maize,

Protein Supplementation

A third possible way o improve the protein quality of maize is protein
supplementation, which consists of adding small amounts of proteins that
are richsources of the amino acids deficientin maize. Various materials have
been tested as possible supplements, and some results are presented in Table
4. The column in the middle indicates the amount used 10 obtain the
improvement indicated in the last column. With maize having a protein
efticiency ratio (PER) value of 1.0, the listed supplements increased protein
quality up to 2.5 times. This effect is due to the contribution the protein
supplements make in hsine and ey prophan, avd in protein content ().
Whereas improvement with synthetic amino acids increases protein quality
only, improvement with protein supplements increases both protein quality
and quantity. Therefore, protein supplementation provides greater
amounts of usable protein than does the addition of amino acids.

TABLE 4 Optimum levels of various proteins to supplement ime-treated maize

Optinnm Jevel

Protein source Y dict PER
None 1.00
Fish protein concentrate 2.5 .44
Soybean flour 8.0 2.25
Cottonseed flour K.0 1.83
Torula yeast 2.5 1.97
Casein 4.0 2.2l
Egg protein 3.0 2.2

Source: Bressani and Marenco (9).



44  Ricardo Bresaa:il

3.0 1 K
4 4 10 4
26 4 94
2.4 4 § «
244 74 l
204 64 1
1.8 o $ 4 5
] "
Lo 4 ! é
14 4 )
12 4 24
1.0 L4 L4 ¥ L 1 4 L) ! L] T L) v L] al
0 4 0 12 V6 2 0 4 & 12 16
% Soybean flour added % Soybean flow added
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Figure 3 shows the increases in usable protein for maize supplemented
with soybean flour (5, 6). Supplements of up 1o 20% soybean Hour were
added to 709 maize dicts. The curve on the left shows the effea on PER,
suggesting an optimun: level of about 8% sovbean flowr. Calculations in
terms of usable protein were made and the vesults plotted, as shown on the
graph (on the right). Usable protein which indudes both protein quality and
protein concentration, increased almostlincar v, fronrabowt 2.0% for maize
alone, to 7.29% when 8% sovbean flow was added, o 10.6% when 20%
soybean flon was supplemented. Owing 1o technological considerations,
plus organoleptic aspeats, the level chosen for further testing was RY% say-
bean tlowr (2).

Previous work indicates that the optimun levels of lysine and typtophan
needed for masimunt improvement are from 0.30 1o 0.40% 1 -hysine and
from 0.05 10 0.10% b1ty prophan G 1. Since 84 sovhean supplementation
was slighthy deticient in providing all the oine, although it provided all the
tryptophin, maize was supplemented with 8% sosbean flou and 0.10%
Iysine. Maize supplemented in this way was then tested for nutritional
value 0 childven, and compared wath milk, maize, and maize with beans
(Phaseolus vulgars) (R79% maize and 137 ceoked black beans) (26). The
average tesults of nitogen balance in the childien are shown in Fable 5.
Protein intake was essentially the saee, as indicated by the niogen-intake
column. Nittogen retention, shown in the last column for maize sup-
plemented with sovbean flonr and lysine, was as high as that from milk;
maize alone or maize with black beans gave the lowest values. ‘Therefore,
these results confitm the results obtained with experimental animals. They
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TABLE B Nitrogen balance of children fed various protein sources at a protein
intake of 1.25 g/kg/day

Nitrogen balance (ing/kg/day)

No, of i e e
Protein source children Intake Absorbed Retained
Mitk 7 195 157 75
Maize 6 192 144 30
Maize + beans 4 207 150 36
Maizc + protcin 6 197 154 63

supplement (soybean flour
+ 0.18% L -lysine 1))

Source: Viteri et al. (26).

indicate that maize supplemented with 8% soybean flour and 0.10% lysine
has a protein quality approximately 90% that of milk.

Protein Complementation

When maize is consumed in large amaounts, as in various Latin American
or African countries, it provides velatively high levels of total protein, along
with levels of nonprotein dry matter, which is mainly carbohydrate. "This is
obviously due to the relatively low level of protein in maize, a level that
becomes o nutritional significance in relation to the total dry mauer intake
for children. As an improvement, food mixtures of maize with other ingre-
dients have been developed, which provide both a higher quality and a
higher quantity of protein. ‘These ave known as the INCAP vegetable pro-
tein mixtures, or Incaparing formulations (2, 6, 7).

Table 6 summarizes the astalysis of nitrogen-baliance vesults of three such
mixtures incomparison with milk and egg protein, as tested in children (13).

TABLE 6 Correlation and regression cquations between nitrogen intake (N1) and
nitrogen retention (NR), and between nitrogen absorbed (NA) and
nitrogen retained (NR)

Correlation Regression

Protein source coetticients eyuations
Milk Nlvs. NR = 0.66 NR =-45,7 4+ (L65 NI
NA vs, NI = 0.80 NR =-33.0 4+ 0,69 NA
Vegetable mixture 9 Nlvs, NR = 0.56 NR =-23.8 + 0,8 NI
NA vs, NR = 0.81 NR =-30.9 4 0,50 NA
Vegetable mixture 14 Nivs. NR = 0.89 NR =-520+ 0.5% Nl
NA v, NR = 0,94 NR =-39.3 + 0.63 NA
Vegetable mixture 15 Niw. NR =0,75 NR =-00.4 + 0,48 NI
NA v, NR =078 NR =-39.5+ 0.h3 NA
Whale egg Nivs. NR =0.8% NR =-52.5 + 0,59 NI
NA vs. NR = 0,87 NR =-43.3 + 0,64 NA

Source: Bressani et al. (138),
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The regression equation between nitrogen absorbed and nitrogen balance is
shown in the last column. The coefficients for milk, mixtures 9, 14, and 15,
and egg are 0.69, 0.50, 0.63, 0.53, and 0.64, respectively. Therefore, all
mixtures have a protein quality close to that of high-quality reference pro-
teins, such as milk and egg. The mixtures contain about 25% proteinand are
made from 38% cottonseed or soybean and 58% maize for formulas 9 and
14, and 19% cottonseed, 19% soybean, and 58% maize for formula 15. This
approach to improve maize protein includes both total protein concentra-
tion and protein quality.

ADVANCES IN APPLYING THE VARIOUS APPROACHES

Applying laboratory findings involves such problems as the physical and
organoleptic propetrties of the fortified food, which must be equal to or
improved over the natural product. The four approaches discussed here
meet such demands completely or to a very large extent. However, two
additional problems of application are found in socicties that (1) produce
their own food, and (2) have traditional and well-implanted methods of food
preparation. Methods to overcoine these barriers are being studied. An
additional problem is price, but this will not concern us at this time.

Synthetic Amino Acids

In our laboratories, the use of synthetic amino acids is being studied by
infusion techniques. By adjusting infusion conditions, lysine has been
incorporated atlevels upto 6.2 g/ 100 g of kernels. By using other conditions,
tryptophan levels have reached 6.94 g/100 g (17). The infused kernels are
shown in Figure 4. The lysine-infused kernels look quite normal. However,
the tryptophan-infused kernels have a darker color, owing to the conditions
of infusion.

Since the infused kernels lose about 50 to 60%of the infused lysine or
tryptophan during wet processing of maize (16), the amino acid-rich kernels
may be added to maize when tis being ground in the mill shown in Figure 5.
To avoid adding raw kernels, those which are to be used for infusion should
be precooked. As they go through the mill, they are ground and mixed with
the rest of the cooked maize. Any further processing does not destroy or
inactivate the added amino acids (15). The effect of improving protein
quality of normal maize with infused kernels is shownin Table 7. Diet 2 was
made with 0.31% synthetic lysine and 1% tryprophan-infused maize to give a
tryptophan level of 0.05% of that of diet 5. Similarly, diet 3 contained 0.05%
synthetic tryptophan and 3.875% lysine-infused maize to give a lysine level
of 0.31% of that of diet 5. The results clearly show no difference in protein
quality when the lysine and tryptophan were ac'ded in the synthetic form, or
as infused kernels (16).

The results show the potential of this technique, even though it still has
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Maize Before Infusion

Tryptophan Supplemented Nourimal and Lupplen ented
Maoize Maize Mix

FIGURE 4 Appearance of mlosed kernels

Supplement
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FIGURE 5 Nintanial nall for granding maise.
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TABLE 7 Effect of lysine- and tryptophan-infused malze kernels on the protein
quality of maize

Proteinin Avg wi gain
Dictary treatments dict (%) (x) PER
1. Maiee 8.6 0+ 35 1,221 0,08
2. Maize ¢ synthetie lysine 9.0 92+ 8.0 2421 0.0
4+ mave (iryptophan)
%, Maize ¢ synthetie iy prophan 8.9 100+ 11.) 259+ 0,02
+ maze {hymine)
4, Maize ¢ e (lysine) [ % ] 91t 9 298¢ 0,12
+ miaize (y prophan)
8. Canviny 10.4 135 ¢ 6.4 273 ¢ 0.7

some limitations, pattculaly regarding cost. Costis 3010 40% of the price of
maize, owing mainhy o the high price of sy ptophan.

Protein Supplements

Av ndicated previonsdvs aosecond was o whisch e protesn can e
improved nutnisonatlv s through protemsapplementation Vanoas fortfy-
ing mnties were developed and tested Then composition and  the
amonnts vt aproved protem qualinn whon added o maze, waithom
interfeting with on anoleptac, physical o functonal propernes &2 1L 1D,
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lime cooking of maize causes extremely large losses, particularly in ribo-
flavin (9, 10).

The mixture chosen was the formula with soybean flour as the protein
source. When added at the rate of 8% 1o maize, this formula covers all the
tryptophan deficiency in the cereal and almost all the lysine deficiency. To
coverall the lysine deficiency inmaize, 0.15% of L-lysine HClis also a partof
the fortifying mixture.

The soybean supplement is presently being tested in a field study involy-
ing 1,300 families in rural Guatemala, even though it was developed o be
used with industtially prepared, cooked maize flours, At present,itisadded
asaflour 1o lime-cooked whole maize just before grinding (21). Other forms
of addition being considered are as pellets in the shape of maize or evlindui-
cal, as shown in Figure 6 (2, 93).

‘The field west was started in May 1972, Therefore, it is still 100 carly to
determine the nutritional effeas. About 60% of the population is now
consuming maize with the supplement. Only o few problems have been
encountered; some were completely unespected and suggest how halleng-
ing it is to bring abont nutrition improvement with any of the new foods
produced either by technatogical techniques or by genetios. One such prob-
fem concerns the use of insect-danmaged kernels, which rural people have to
consiine just hetore the new harvest comes in. These hernelsare almost free
ot endosperm. Therelore, cookang procedures change, which has an inmpact
an the propernes imparied by the supplement. A second problem concerns
the use of immaature maze, resulting also from the Lack of the cereal Juist
before the next aop comes in. These problems have been solved, but
indicate the ditticulues of applving nutritional intervention te hniques.

Protein Mixtures

Protem-nch tood based on cooked maize supplemented with 0.25%
Ledysine HCLand human-grade cottonseed Nlour his been on the Guatemala

SIMULATED
. MALZL WERNEY PELLETS
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FIGURE 7 Incapaiina sales in Central America and Panama
(1961~ 1971).

market under the name Incaparina for about 12 years. Sales of the
product are increasing slowly (Figure 7). During 1964-1967, the yearly sales
tended to reach a platcau. However, from 1967 - 1971, annual increases
have been about 30%. The product is not reaching ali population sectors for
which such protein foods were developed. However, plans are already being
implemented to increase production and diversify the product with a mod-
ern plant of 4- to 5-ton production capacity/hour.

IMPROVING RURAL DIETS WITH IMPROVED MAIZE

The diet consumed by most Latin American rural residents consists
mainly of maize and beans about 72% maize and 8% beans). The remaining
20%. consists of tubers, some vegetables, and sugar. Such dietsare deficientin
quality proteinand in calories. Since most of the dietary protein comes from
maize, it would be expected to be deficient in the same amino acids tha limit
maize, it would be expected to be deficient in the same amino acids that limit
quality when supplemented with lysine and tryptophan. Results along these
lines are shown in Table 9.
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TABLE 9 Effect of lysine and tryptophan supplementation on the protein quality
of a maize-bean diet (72.4% maize + 8.1% cooked black beans)

Dictary treatment Avg wt
to maize in diet gain® (g) PER

None 65t 3.7 2.02 £ 0.06
+0,i0% lysincb

+ 0.025% tryptophan® 8093 2.36 ¢ 0,17

+ 0.050% tryptophan 94128 2,49 + 0.06
+0.20% lysine

+0.025% tryptophan 108 + 4,0 2.76 t 0.03

+0.050% tryptophan 110 ¢ 5,7 2.78 ¢+ 0,08
+ 0.30% lysine

+ 0.025% tryptophan 105:9.8 277+ 0,13

+ 0.050% tryptophan 102+ 3.1 2,79 + 0.04

Source: Elias and Bressani (14).
4 Average initial weight: 48 kg.
b L-lysine HCI; DL-tryptophan,

These results show that a 92% maize + 8% bean diet is improved when
supplemented with 0.20% 1-lysine HCI and 0.025% DL-tryptophan (14).
Optimum levels for corn were 0 30 10 0.40%. L-lysine HCland 0.05 to 0.10%
DL-tryptophan (11), which indicates that beans are supplying about 33% of
the lysine needed. Remember that protein quality is just one aspect in the
improvement of maize-hean diets. The significance of thisis shown in Table
10. Inthis study, the 72% maize + 8% bean diet was supplemented as shown
in the first column. As indicated, the amino acids added without other
nutrients were ineffective in improving the quality of the diet. Actually, the
animals died from severe vitamin, and probably mineral, deficiencies (14,
15). These results indicate, therefore, the need 1o also consider that most
nutrients are deficient in such diets, nutrients needed by the animal to make
efficient use of an improved essential amino acid pattern.

TABLE 10 Effect of the individual addition of groups of nutricnts on the protein

i

quality of a maize-bean diet (72.4% maize + 8.1% cooked black beans)

Dictary treatment Avg wi
to basal die gain® (g) PER
None 26+ 2.3 1.09 « 0,07
+0.20% 1. lysine HC) 26+ 2.5 110t 0.08
+0.325% DL-tryptophan
+ Vitamins® + mincrals 70121 .90 ¢ 0,04
+ Vitamins + mincrals 107+ 49 2.55 ¢+ 0.06

+ lysine ¢ tryplophan

Source: Elias and Bressani (14).
8 Average initial weight: 44 g,
b Recommended levels for laboratory rats.
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FIGURE 8 Effect of supplementation with calories (fat) on nit-
rogen balance of young dogs fed maize-bean diets.

As indicated before, these maize=bean diets do not provide all the calorie
needs of young people, probably because of the diets’ relatively high bulki-
ness. Adding calories as fat improves utilization of the protein of such diets
(Figure 8). In the results (24) shown, young dogs were fed 3, 4, and 5 g of
protein/kg of body weight/day of a maize - hean diet. Each level of dietary
protein intake was supplemented with 25 and 50% additional calories added
as oil. Nitrogen retention without additional calories (points A, B, €) in-
creased as protein intake increased. The additional 25% calories (points D,
E, ¥) improved protein utilization at all levels of protein intake, but the
improvement was lowerat the higher levels of protein intake. Similarly, 50%
additional calories increased protein unlization (points G, H, 1) mainly when
proteinintake wasequivalent o 3and 4 g/kg/day. These results indicate that
additional calories ave needed and that they cannot be derived from addi-
tional maize because (1) this will increase bulk and (2) a higher intake with
the same level of beans will vesultin a diet with a protein quality value lower
than the one used at present. Therefore, itis essential toimprove the protein
quality of maize.

Opague-2 maize, when used to replace normal maize in maize-bean diets,
is also etfective inimproving the protein guality of such diets. Representa-
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TABLE 11 Nitrogen retention of young dogs fed a malze-bean dict alone or
supplemented with amino acids (average: six dogs and three balance

periods of 4 days cach)

Nitrogen balance {mgfkg/day)

Treatment on basal dict Intake®  Fecal  Urine  Absorbed  Retained
Normal maize 399 152 206 247 41
Normal maize + lysine + tryprophan 374 156 143 218 75
Normal maize 357 157 165 200 35
Opaque-2 maize 407 165 127 242 115

Source: Bressani and Elias (8).
4 Protein intake: 2.5 g/kg/day. Calorie intake: 100 kcal/kg/day.

tive results are shown in Table 11. When the basal diet fed provided 2.5 g
protein/kg of body weight/day, retention of nitrogen varied from 35 10 45
mg, or about 10% of intake. Adding lysine and rwyptophan increased reten-
tion to 75 my/kg/day (about 20%), and using opaque-2 maize produced
retention of about 28%. In general, results of various studies similar to this
one show that nitvogen retention of the maize-bean diet supplemented with
amino acids or using opaque-2 maize has resulted in about the same increase
in protein quality over the basal level 8, 16).

Maize supplemented with 8% soybean flour and lysine also improves the
protein quality of maize=hean diets. Anexample of this is shown in Table 12,
Three protein supplements to the maize~bean diet were compared with the
effect of synthetic amino acids (14, 15). First, diets made with protein-
supplemented imaize contained more protein than the control diets. Adding
amino acids improved weight gain, an improvement that was higher when
the diet was supplemented with protein. Protein efficiency increased to
about the same level, whether the maize - bean diet was supplemented with
amino acids or protein. The Last column shows the amount of usable protein
in the diet. The values indicate that higher amounts we wilized from the

TABLE 12 Improvement ol the protein quality of @ maize-bean dict by the use of
amino acids or a protein supplement

Utilizable
Treatment to maize Protom Avg wit pgain protein
in basal dic1# (") (k) PER (%)
None K. 52 1.75 4.36
+ Lysine + tryptophan® 8.5 80 2.48 6.32
+ B% Soybhean flowr 10.9 120 2.50 8.17
+ 0.15% 1 dysine 10
+ 8% Skim milk powder 9.8 3] 2.63 .73

+ OL10% Lysine HCL

Source: Elias and Bressani (14).
# 72.4% maize + 8.10% cooked black beans,
P O.31% 1 -lysine HCE 0,00% DE-ry ptophan.
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FIGURE 9 Weight gain of young pigs fed on maize-bean diets
with and without supplements.

protein-supplemented than from the amino acid-supplemented maize -
bean diet (14, 15).

Similar results may be obtained when the normal maize - bean diets are
supplemented with protein-rich foods, either of animal origin or high-
protein vegetable mixtures. Figure 9 summarizes one experiment in which
the basal maize - bean dict was supplemented with lysine and tryptophan,
powdered skim milk, and Incaparina 9. The vesults show that the two
supplements were equally efficient and superior to lysine and tryptophan.
However, the ditference between the results from the supplements as com-
pared with those from lysine and tryptophan is due to a higher protein
concentration in the protein-supplemented diet.

All findings indicate that it is highly desirable to increase protein concent-
ration in such diets, as well as protein quality. This is also evident in the
results shown in Figure 10, In this case, the basal diet of niaize and beans was
supplemented with an additional 25% calories from fat. The dictary protein
was replaced by 10,20, 30, and 40% milk protein or equivalent amounts of
lysine, try ptophan, and methionine (24). The ninogen-balance 1esults show
that introducing whole protein produced higher values than did amino
acids. Adding whole proteins probably provides other amino acids that
might be deficient in the maize-bean diet, giving a better overall amino acid
balance.
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The preceding findings provide the following conclusions:

L. Protein quality of normal maize can he improved by amino acid sup-
plementation, by protein supplementation in low or Luge amounts, and by
genetic means.,

2. Protein qualiny of maize improved by any of the methods indicated s
significantly higher than that of normal maize. In terms of 1otal usable
protein, protein-supplemented maize is supetior in quality to amino adid-
supplemented o opaque-2 maize,

3. Dictsbased on maize and small amounts of other toods e improved in
their protein qualiny by wsing maze of higher protwein value. They we
improved in both prowin qualinn and quantany when the naize used s
proteinsapplemented with sl on selativels Lo Ke amoants ol good-quality
foods, such s mudk, sonbean flowr, and others

1o These dies are also deticient i calories, vitarrens, and mimerals,
Theretoe, protem-supplemented e nught be supenor to anuno acid-
supplemented marse or opague-Zmanze. A higher calonie imake trom naize
is not recommended becane of increased bulh aned bee ause the averall
quality of the diet would decrease: The deficent sitonins and nunerals e
more easthy provided i the dict when nnoze s provem supplemented than

RN TTRTPIE

by the use of amimo acid suppleniented o apague

b AMthough there s no ficll evidende, it Appeasthatimae ot nnpoved
protemguabing, whether obtamed by gencene means, amime el addinon, or
by protein supplementanon. i ipable ol mcreasng the overall v niional
quality of nuoze-based diere ALetors should be contimmed 1o put all these

m-\'rlnpuwuls 10 the hands of people who need betier ualiy provem.
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[A discussion of this paper can be found on pp. 483~484 of Questions
and Answers.

REFERENCES

Bressani, R. 1969, Amino acid supplementation of cereal grain flours tested in
childven. In N. 8. Scrimshaw and A, M. Altschul (eds.), Amino acid fortification
of protein foods. MIT Press, Cambridge, Mass., pp. 184 - 204,

——— 107 1. Application of food science and technology to the exploitation of
new protein sources, Proc, Western Hemisphere Nutr.Congr. 11, Bal Harbour,
Fla., Sept. 1971, pp. 368 = 477.

1972, The importance of maize for human nutrition in Latin America
and other countries. In R, Bressani, | E. Braham, and M, Behar (eds),
Nutritional improvement of maize. INCAP, Guatemala, pp. 5-29

— 1972, Evaluacion nutricional del maiz opaco-2 en ninos y adultos. Simp.
desarrollo utilizacion maices de alto valor nutritivo. Mexico, DLF, June 29-30,
1072,

1972, Complementary amino acid patterns. Proc. Symp. Proteins Pro-
cemsed Foods, Amer. Med. Assn, Chicago, Nov, 13< 15, 1972,
e tidd L G Elias, 1967, All-vegetable protein mixtures fos human feeding,
Ihe development of INCAP vegetable mixture 14 based on soybean flour. |
Food Sa, 31:626- 681
—, andd 1. G Ehas. 1968, Processed vegetable protein mixtures for human
comsumption in developing countries. Advan. Food Res., 16:1 = 103
——— and L. G Elias. La calidad proteinica del maiz opaco-2 comoingrediente
de dictas turales de Guatemala. Arche Latmoamer, Nuti
——— andd £ Marenco, 1963 T he entichment of himeareated corn flour with
proteins, hsine and tryptophan and vitamins. J. Agr. Food Chem , 6:517- 522
LR Pay Pazand NS Scnmshaw, 195K, Corn nutnient losses. Chemical
hanges incorn during preparation of tortillas. | Agr. Food Chem , 6:770-774
—, LG Flias, and | L Braham. 1968, Suplementacion con aminoacidos
del mair y de Lol Arch Latinoamer. Nutr, I8 123 1%4
| Alsarado, and F. Viteri 1969, Evaluacion en nifios de L calidad de la
proteina de malz opaco-2. Arch, Latinoamer. Nutr,, 19120140
e, b NV, 1 Wilson, and | Alvarado. 1972 The quality of vanous animal
and vegetable proteiny with a note on the endogenous and fecal nitrogen

excretion of dildren Arch Latnoamer. Nuty, 222272141
Flias, 1. G and R Bressant 1971 Tmprosement ol the Jreone i gqualiny of corn
bean diets by the use of fomified corn or opague-2 cora. Proc. Western Hemi
sphere Nute, Cong. HL Bal Marhour, Fla, Aug 30=-Sepn 12

candd R Bressant 1972 Nutnitional salue of the protein of tomilla flow
andd s dmproverment by lornilu ation in ( cotral America Iv B Bressan, | |
Braham, and M. Béhar (eds ), Nutttional improsement of maie ¢« CAP,
Guatemala, pp 168150
Ghmer Bieones, B.A L L G Flias, and B Bressan 1972 lmpronement of (e
prrotein gqualiny of diets of low nutntive value, through the use of fortilied mage
and opaque- 2 matze In R Bressani, | E Braham, and M. Behar teda ), N

vonal imprenement of makre INCAF, Guatemala, pp 250 F ¥ F 4



http:5)ius.lb

17.

I8,

20,

"o
e

Relerences 57

—— G, E. Acevedo, and R, Bressani. 19792, Mejoramiento de La calidad
proteinica del maiz a traves de infusiones de lising s tiptotano. Proc. 111
Reunion Sociedad Latinoamer. Nutr. (SLAN), Guatemala, Sept. 1= 14, 1972
Hogan, A. G, G. T, Gillespie, O, Kocturk, B, L. O'dell, and 1. M. Flynn, 1955
Fhe percentage of protein in corn and its nutritional properties, | Nutr, h7:
225-239,

Kies, C., and H. M. Fox. 1972, Intervelationships of leucine with lysine, -
tophan and niacin as they inlluence prowein value of cereal grams for humans
Cereal Chem., 49:2238 - 23],

Luna-Jaspe, G WL )OO M, Parra, C R Bernel, and S. P de Settano. 1971
Comparacion de la retencion de mtrogeno en minos alimentados con maiy
commun, maiz de gene opaco-2 v leche de vaca. 1. Resultados con baja ingesta
de proteina. Arch, Latinoamer. Nutr, 21497447

Mata, Lo ) ) ) Urratia, B Garcia, R, Bressani, PP A Lachance, and M. A
Guaman. A model for maize tortification with sos bean Hour, lsine, and other
nuttients in i low socioeconomic vural community, fn R Bressan, | E Braham,
and M. Behar (eds ), Nutritional tmprovement of maze. INCAP, Guatemala,
pp. 273-287

Mente, BT, LS Bates, and O, F. Nebson LG4 Mutant gene that Changes
proteimn composition and increases hsine content of maize ¢ ndosperm: Saience,
145279 < Y80

Molina, M, LG Elias, R A Gomes-Brenes, I 1 hance, and R Bressani | he
technology of maize torification in Latin America o R Bressani, | E Biratam,
and M. Behar (eds), Nutritional improvement of maire ING AP, Guatemala
pp. 235-255

Manllo, B, and R Bressani 1972 Flecto del incremento de proteina vo
Calotias sobie el vador nutrtive de dictas 4 base de iz togol. Proc THE Reunion
Soedad Latinoamer. Nutr. (SLAN). Guatemala, Sept L= 14, 1072
Rosenberg, H R, E L Rohdenburg, and R F Fehert 1960 Multple aming
acul supplementation of white corn meal J. Nute, 72.4105-422

Viten, b EL G Martinerz, and R Bressani Evaluation of the protein quality ol
tommon malze, opaque-d maize supplemented with amino scids sl other
soutces of protein fu R Biessand, | F Brabam, and M Bébar teds boNutn
tamal improvement of mare INCAP, Guatemala prp 191204


http:I'lrw.uu

QUALITY PROTEIN MAIZE
IN SWINE NUTRITION

Jerome H. Maner Centro Internacional de Agricultura
Tropical, Cali, Colombia

It has long been recognized in swine nutrition research that the
constituents of proteinare the critical elements rather than the protein itself,
Actually, swine do not require protein in the diet. Although about 20 amino
acids have been recognized in animal feeds, only about 10 are considered
essential for swine nutrntion,

I a sonrce of nitrogen is present, the nonessential amino acids can be
synthesized by the pig's body tissue; therefore, they are not required in the
diet. The nonessential amino acids cystine and tyrosine can partly satisty the
need for the essential amino acids methionine and phenylalanine, respec-
tively. The essential amino acids of the pig are arginine, histidine, isoleucine,
leucine, Iysine, methionine, phenylalanine, threonine, tryptophan, and val-
ine. Nonessential amino acids are alanine, aspartic acid, cystine, glutamic
acud, ghyaine, hydroxyproline, proline, senine, and tyrosine.

I he value of any protein inswine nutrition can be deternined by itsability
o supply amine acids in the proportions and at the levels required by the
animasl, Since different life processes, such as maintenance, growth, gesta-
o, and Lactation, requite different quantities of amino acids, the value of a
spedilic feed or feed ingredient will vary with its ability to supply the neces-
sary level and proportion of amino acids, Teis well established that baby pigs
and growing pigs require higher levels of amino acids than do older pigs
beitng Ginished for the market. Ao, it has been found that lactating sows

P'"
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TABLE 1 Amino acid needs of the pig at various stages of development (percent

of diet)
Stage of development;
weight of pig (kg)
Baby. Weanling  Finishing

4.5 13.6 45
Amino acid Level of dictary protein (%): 22 16 12
Arginine 0.37 0.25 0.15
Histidine 0.34 0.23 0.14
Isoleucine 0.76 0.52 0.35
Leucine 0.98 0.67 0.40
Lysine 1.20 0.74 0.50
Mcthionineit 0.73 0.50 0.30
Phenylalaninet 0.79 0.54 0.32
‘Threonine 0.66 0.45 0.27
Tryptophan 0.18 0.12 0.07
Valine 0.67 0.46 0.28

Source: Becker et al. (2).
4 Cystire can satisfy 40% of the total need for methionine, and tyrosine can satisfy 30% of the
total need tor phenylalanine,

must be supplied with adequate quality protein for high lactation perfor-
mance.

Table 1 presemts an example of different requirements of various ages
and sizes of pigs. Fach increase in age and size reflects a reduced level of
amino acids required for normal performance. Figure | provides a graphic
explanation f at least some of the different nutrition requirements from
weaning to market. Fach increase in pig body weight corresponds with an
increase in hody fatand a reduction in total protein. During the finishing
period, the pig is accumulating more fat than protein, thus requiring less
total protein in the diet.

Swine producers teed their animals a basic grain source and an adequate
level of protein supplement o supply the total level and balance of amino
acids. A high-quality, 2010 22% protein diet generally is fed te young pigs (5
to I8 kg), a 16% protein diet for growing pigs (18 to 50 kg), and a 1210 13%
protein diet for finishing pigs (3010 90 kg). Although gestating sows aie iess
demanding in their vequitements, lactating sows producing large quantitics
of milk also requireagood-quality, 1510 16% protein diet to meet their daily
nutrient needs. These requitements are adequately furnished by normal
maize supplemented with sovbean meal, fish meal, or combinations of these
with other high-protein supplements.

‘The value of Ingh-quality protein maize, such as opague-2 maize, is as-
socited with its ability to substitute for part of the supplemental protein. In
other words, it requires less supplemental protein to produce results equal to
those obtained with adequat=ly supplemented normal maize,
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FIGURE 1 Amounts of fat, protein, and water in the gain of pigs at various
stages of deselopent.

For many decades, maize has been used as the basic grain for both human
nutrition and for swine feeding. However, as carly as 1914, nutritionists
noted the poor quality of maize protein when Oshorne and Mendel (30)
showed that zein, the major protein of maize, is nearly devoid of lysine and
tryptophan. Their work indicated that dicts containing s¢in as the only
protein cannot support growth in young vats. However, good growth was
produced when both Ivsine and tvptophan were added s combinaion in
sein diets. Their studies demonstated dearty for the fist time that these
amino acids e essential dictary components.

More vecently, Edwin Mertz of Purdue University hegan 1o screen maize
varieties for lower levels of seinin the endosperm. He knew that the zein
fraction of maize was very low in hysine and typtophan, that the biological
value of this proien was very low, and that the glutehn fraction was a more
complete and higher-quality protein, In 1963, 1. Bates, astudent of Merty,
working with Mettzand O, F Nelson, identified aovarien with an unusually
high level of Ivsine, which was an opaque-2 mutant. Although the mutant
had beenidentificd and studied some 30 veans betore by Fmersonerad (7)of
Cornell University, e was notuntil 1963 that the biological potential of this
mutant was redlized. The reevaluation of the opague-2 mutant gene and
discovery of the improved amino adid patterns of the endospenm protein
(27) stimulted a reappraisal of maize as an animal fee:d,
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TABLE 2 Protein and amino acid composition ol Colombian normal, opagee 2,

and Houry -2 maize
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opague-d, and Doury -2 maizes. Table 3¢ ompares the amino acuds supplicd
by eachinanall-manze dies (05 85 maize and 420 vitamins andd ninerals o
the tequitements of a baby pig, a growing pig. and a Ginshing peg | hese
tables show that normal macze s Bisting in Wosine and ey propdian for all age
groups and deficent in threonine and isodeucne for both the baln and
RIOowing pig I he delbenoy ol isdewcine may be ¢ .-u||nln atedd by g barge
excess of leucine, Opagque 2 matze s delioent i losine or all age groupm amd
contains .uquu.air Il\plu';ll.lll. thiestine, and psolewone 1o meet the peeds
ol only “lllil’llll“ g I he Caslomnbsian Doury -2 maiee comtatie anmiin apd
levels siomilar 1o normal malee

OPAQUE-2 MAIZE

Fhe initial opagque-2 maize work with pigs was repotied In Beeson et al (%)
and Pickett (32) of Purdue Universing. They shosed that pugs between 118
and 257 kg grew 3.0 tmes Laster on opague 2 maize than on oos mal maie
Pigs Ted opagques2 matze grew at a tate equal 1o that of pags Ted o dies ol

notial matze and soyhean meal that supplic 1 the saime quantiny of oude
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maize as the sole source of protein and energy ganed 4.3 tmes faster than
PRy teceiving normal maize (026 versus 0.06 hg/day)

Snce the opagque-2 maize contained more 1ol prowein than the normal
mize (116 sersus 919 ), nonessential nitrogen was added as diammaonium
Otrate, glutamic ackd, and ghyaine 1o the normal maize diet 10 make it
Bonitrogenous with the opasque-? maize diet

Fhe nonessential nitrogen did nor improve the performance of pigs fed
notmal maize, Newher ysine nos ty prophan supplementation significs nily
altected performance of pigs fed normal maize. However, either () combin-
g the twa aming ackds as an addivon 1o the normal maize dicts at levels
calculated o provide otal sine and y prophan equal o that in opague -2
icts o () adiding sovbean racal at a level 1o provide total protein equal 1o
the opaque-2? maize diet improved performance 1o the level of that U
potted In the npagae-2 maize diet

Since these il pag tnabs, many studies have been teported o many
countnes that demonstrate the s alue of Oopague-Zaiatze o swine dicis (1, 4,0,
B= 12,00, 20-20, 24=26, 28,29, 31, 35.47) Although u n bebond the s s
of this papect o mabe a complete summany of all published paperns, adequate
wilormation will be given 1o demonstrate the salue of Opaaique 2 makie in
swine nutnaton dunng all jaases of the e ovde

Baby Pigs

Babny pugs, because of then requitement fos higher levels and qualiy of
prosein (Labde 1), prossde a semitive and commeal test for asmsensing the value
ol the opagued maige protesn Phinnfivesbay old pags averaging 89 b
wide fed dicts i owhach all 1he petein was supphicd by cubier norimal maise
o ophaigie-2 makee (24) The grompn tod only maige were contipated with
groupn fed standand comtiol dicts  The ool dicts cotitained g coistanid
ettt o maize and wnbean meal, bt a0 dille ting devels of prodein
(Fable 5), prosein bevel wan vaned by diluting the prroteinn wih suerone

The dilicienies in feg respeatiae o cach et acre sinhang (1 able G aiul
Viguie d) bachdesieass in prvdein beselin the comtrol maize = san bean iicts
Fomn 1640 1000 79, was scoomipansed Iy dtesponiding des reases i dlaly
el consumption and average daily gatn, with increases in feed fovpuired 1o
priombiner | hg ool gatn

Batn pugs petformed veny ety whien led normal maiee as the sde
soutee of pratein, averaging gans of only 21 g day duning the entire
PMhahay expesimental peood and voquining 35 195 g of feed o promlonie | by
of gain The bow desel of Teed consumed (0 74 b day ) indicates the nutns
thonial unpralatatuliny caused by the very gt Baban e ol exsential amiiine ac ls
i the notrnal malie

As the experiment progiessed, the prge fed oy ool maiee denon-
stated the classical sy of privdein debioienoy, aml sotne died a few
davs alter ihe experiment was terminated a0 130 davs 015 AN srieals wele
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64 Jerome H. Maner

FABLE S Comparison of normal maize-soybean, normal maize, and opague-2
maize diets fed av different protein levels 1o pigs from 35 to 165 days of

age
et
Ingredicns I b k] 1 L] i 1
O pague-2 maise 91.00 64,00
Novvmal maiee 72.70 41545 $1.4% 91.00 91,00
Soybean meal 16,00 (TR 1.00
SUC1iae 6.65 49,90 56.92 4.55 4.45 31,55 4.9%
Bone meal 1.0 1AM 5000 %000 $.00) 3.00 5.00
Caadiopam carbsonats .25 .25 0.24% 0.2% 0.25% 0,25 0,25
Vitamin piemin .00 1.00 .00 1.00 .00 1.00 1,00
Mincral piemin 040 0,40 .40 040 040 .40 0.410
Ebysine HICY .28
] lJ\il'--I-hlh [INIT]
1 e300 £ (LR J MDD TR LRV 106,00 I RITH
Calo ulated anialy sis
Frotean (%) I o 1 1 I 7 10
Coalibum () 087 085S .84 .84 .84 Ny TR
Fhcospebscrus 1%0) 065 .54 AN ol TR A 0.5%% TRHT

Noters o f Maner et al, (24)

autopsied and their tssues examined histologically by both light and elec-
tron microscopy. Changes of the stomach, duodenum, and jejunum were
charactenized by growth arrest and attophy of the lining epithelium and
development arrest of essential organelle formation necessary for normal
cellubar function, The nibs and long bones indicated a distinet cessation of
sheletalsystem deselopment. The livers of all the pigs of this group were
Larty and frable, with microscopically lobular faty accumulations
Incontrast, pigs fed the opaque-2 maize diet petformed much beter than

the normal maize-fed pigs (Figure 3). Their growth rate was 254 g/day, 12

TABLE 6 Peddormanie of pugs Ted opague 2 malie, novmal maiee, and nivmal
g jrady '

malee sy bwan dicts a0t dilleren prrotein devels trom 35 to 165 day s ol age

A daily baoed 1aily teed
Foe atime i gain (hyg)' el y! supaumed (hg)
I Noumal matee sy bivan, 16 0720 .1 2 %%
2. Novmal maier siybean, 0% H'dr!.' 0.4 (LY ]
1. Novmal maisr sy bran, ? 1] l'.ll 4.A% 042
4 Noimal males, 1M nng* "% 074
S Opagur 2 maisr, |US 0,354 i l" 1.3
6 Opague 3 maise, T 00764 nao" 067
1. Novimal maiar v |y sions 01499 5.2 076

CAryptogshian, | O

Movmmbir o Marwy ot al (1 24)

Y bl e vabues i 1l et voebiarnts wooth il e ve i i Rhpetn ate whabin ally Bl semn
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FIGURE 2 Fifecr ol protemn lesel on the pettotmance ol pigs from 35 1w 165
davs of age

tmes greater than those fed normal maize. These pigs consumed 53% more
feed, but required only 443 kg/kg of body weight gaim. 1 he petlormance of
pigs ted onopague-2 diet was much infenior, however, to that of pigs fed an
cqual tevel of protein supplied by maize and sosbean meal. 1 his lesser
performance of the opague-2 diet indicated that, although the level and
balance of essential amino acids of the opaque-2 maize is much better than
that of normal maize, the proporton and level of essential amino acids in
that diet does not support a level of growth equal 1o that produced by the
maize=soybean control diet containing an equal level of protein but a
supenor balance of the essential amino acids

Although the opaque-2 diets showed neither a growih rate nor feed
conversion ratio equal 1o that produced by the control diet with equal
protein, the pigs led the opague-2 maize demonstrated an overall his
topathological soundness and a general absence of gross protein deficiency
symptoms. Fhe level of amino acids and nitrogen supphed by opague-2
maize permitted maintenance of the cellular organelle structures, but the
total epithelial structure sull did not equal the quantity observed in normal,
protein-adeguate animals, nor did opagque-2 maize alone completely pre
vent Latty changes of the lives
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FIGURE 3 Comparison ol pigs led either opague-2 o1 notmal maize from 35 1w

165 days of age. N, notmal maize; O, opaque-2 maire

Ihe pigs demonstrated improved gains, feed conversion efficiency, and
general soundness when fed the normal maize diet supplemented with
0.28% telysine HCLand 0.04% L-tryptophan, However, the performance ol
the pigs on the normal maize diet was inferior to both the control and
opague2 diets

When it was found that (1) the opaque-2 maize failed o supply a level and
balance of amino acids that would support performance equal to that of the
control (maize=soybean) diet with equal protein, and (2) that supplementing
normal inaize with both lysine and tryptophan failed to improve the qualiy
of normal maize 1o a level observed in opagque-2 maize, both these maizes
were studied for comparative responses 1o amino i supplementation (10,
L) Al treatments were based on opaque-2 or normal maize hasal diets
(vable 7) 1o which 0.28% Ldysine HCL was added. Ltryptophan (0.04%),
L-hreonine (0.08%), and DE-methionine (0. 10% ) were added to cazh maize
source in a2 by 2 by 2 factonial arrangement of treatments so that each
aming ackd appeared alone, and in all possible combinations. A normal
thalze = soybean meal control diet containing an equal level ol protein was
included as positive control

One hundred and thirysix pigs averaging 9 kg were fed the 17 dietary
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TABLE 7 Composition of diets utilized 1o « OIpare response
acid supplementation of opague-2 or normal maize

67

ol 9-kg pigs to ammao

Dy 1 Dier 2:
Muaize soyhean Mualze test
Caomposition of diet (9.9% protein) dier
Maize 45.45 91,00
Soybean meal 10,00
Sudrose N9 80
Bone meal $.00
Vitamin premiy 1.00
Mineral premin 040
I dysine HC) 0 "R
Ao acids vea!

U Addinon of amino acids listed in Table 8 1o basal maize test diet m

Lorrmm e wperimental dieis

treatments 1o 21 days, The performance data from these treatments are

shown in Table K. Pigs fed normal maize plus Iysine

responded only 1o

typtophan supplementation. No individual o additional TESPONSE Was
observed 1o either thieonine or methionine supplementation

When opaque-2 maize was used with lysine, a significant improsvement i

both growth and feed efficiency was observed when both teyprophan and

threonine were added, Not one of the \ll||p|rl|||‘||l.n|

TABLLE R ( OMmpraralive T il naorimal

gy led
supprlemented with Iy sine, tny poprhian, threanine,
" ! LU |

o s ombinations

1w st nda gaiii [hgl

b, Nowmal maise INM) o 0 287 1y AR

PONAM Y e ey TR L
YONM oy o ihine g

. NM oy v g 0oy

SM 2 hvw v vy v ihie TR

S I YR NI L 0iIs
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PEOM & By & ibuie i
P2 O & by v st TNL
DY AN o dyu v 0oy o dhis TR I
P4 OM » Iyn ® iy * B 02l
PS5, 00N * bsu? ihie & sa [T B
O ON = By o iy ¢ he o et 2N
17, Noumial wmalaw sooyboe an (9 9 e in) THL]
Noomro o aalbo ot al (1))
Notte : Amvieser o bhs wite aldedd ot the 1L Weosming bowela | Jysiow (isa), 0
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elicited aresponse, nor did the addition of methionine improve growth rate
over that observed when both aryptophan and threonine were added to the
basal (maize plus lysine) diet.

Normal maize plus lysine and tryptophan supported performance cqual
to that of the (maize = soybean, 9.9%) control, as did opaque-2 maize sup-
plemented with lysine. Supplementing opaque-2 maize with lysine, tryp-
tophan, and threanine (diet 13) in this study produced results superior to
those produced by the maize = soybean control fed at the same level of
protein (diet 17)

Drews et al. (0) fed increasing levels of soybean meal with normal maize
and opaque-2 maize 10 120 pigs averaging 25 days ofage and 5187 kg, At
levels of up 1o 28.7% soybean meal in the diet (19.5 and 20.5% protein for
normal and opaque-2 maize, respectively), they reported that the pigs re-
ceiving the opaque-2 maize averaged greater gains and requited less feed
per unitof gain than pigs fed normal maize. However, arever sal occurred at
higher levels of soybean meal supplementation. At suboptimal protein
levels, eatly-weaned pigs gained significantly more with lower feed = gain
ratios when opaque-2 maize replaced an equal amount of normal maize in
the diet ( Lable Y)

Growing Pigs

1 he protein and amino w il levels of opague-2 malze are not adequate 1o
support satisfactony growth of pigs atan initial weight of 9 by, however, this
meze provides a more adequate source of protein for Larger pigs owing to
then lower total protein and amino acd requirements. Studies (23) show
that when opaque-2 maize is the only source of protein and encigy (1able
10y for pigs weighing between TR and 50 kg it supports gromth equal 1o 75%
(A5 versun 0610 kg) ol that obtained with the 16% protein (mae
son bean) control diet. Similar by, opague-2 malze will support gromthequal o
6459 of that obtained when such animals are fed normal maize (0455
sersus 0125 kg) as the sole source of profein Fhe opagque-2 maize was

TABRLYL 9 Poolormanc e of Lialiy PHEs Tedd vary ing beveds ol soy bean al with eithay

tlnllllal (L) |-I#‘l|lll ',' malee

St iinal inabas (hm e J maiee

boaowel ol

woyhe an Vvl il Jontal Faudd Favel ol Fartal Foedd
v al () preotean () gain (he) gain 1alin poreebn i 1) gavis [hg) gt f i
IN? 5.5 L 2oy Iy 1.7 (R T
A B 175 LR L] 190 Ing 9.0 (I
N7 195 1B .17 0% 112N (L

LR ) 2l.% 1018 .74 (R 'y,

L L 7245 .24 )t <4 I8 ] T 1 &)

Resiwti v | Iama ot al, (6)
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FABLE 10 Performance ol Browing pigs (I8 1o 50 kg) fed either normal malie,

Opague 2 omatee, of a4 misture o maise sy biean meal

| d )
L] FITTITY PO Oprwgun } by ST T
Dt (16" prstein) (9. 7% postein) (9. 7% pstvin)
Average daily gain (hg) slo 0.45% wu.125
Foed gain satis 69 ida 7 lu
Days 1o %0 he LTH 19 hizs

Mewri v Mot aisid Caalls 129%)
AL e termanation ol 1he shudy, pags wrighedd ain sy vage ool sy 1.7 by

inferion to the adequate maise = sos bean diet in both garn and feed comver
Mo, and the pigs tequited 415 longer 1o reach 50 b bendy wreighie, hiow
ever, when fed as the only sounce of prostein, it was alimost Foun thines TP
prodductive than normal maize

Mice opague-2 maize cannot be utilized an the only source of prtein
during the growing perod, studies were conducted 1o deter mine af whiat
level of substitution the Opague-2 maize could be utlized 1o educe ihe tinal
lesel of dietany proein Lable 1) |nm;ulrulsrt-uml.mung 16,12, amd Y 54
prestein. 1 hese diets were based on cither normal maize o1 a2 naaiee
supplemented with sonbean meal where necessany o suprply the teguitesd
level of protein

I he vesults from feeding these dicts (1 abde 12) cdeaily demonstiate that
Ior growiing g, there arte no ady ANLAZES 0 wsing opagque-? malse
substitute for monmal maizse ticts Clantaiining adgegquate (16% ) lesels ol
protein Himesver, when O maipe was ulibiped i oa 1999 prostein diei
RUomth was ol aiiied equal o that pranaded In o deets (16T ) even
though the s it i al Pt (s bacati tical) was ieslinesd In 'y A
this level o substisution shightly mione feedd was fespuiied o preadie 1 by of
Rt Bt gromathy woas i signili anthy dillereist 1 his Bimnediong w an by costiti and

tinthat Lo the |29 td il i se= oo b oot ulmh:u[ei»-r!u!h st § sl

TARIE 1) Ihe veadtgmeniibon ool Lisaal diis wad s b L T e TP T PR PT FPR

Feivay
€ actiupriadl bk ool sy Ie j - B
N sl saiss L2 e b i B TS
Mooy Yo mia wnai l 1875 ER 1 ]
Pt ol S = wu
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Y LR Y 0 Ly 0 &4 0 ah
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TABLE 12 Peddormance ol pigs fed opague d
EfOwing jwiu wld

and normal malee dunng e

Avg, daily Feod ot datin'
Voo atine i gaan' (hg) (hgl
). Notonal smaies sy bican, 0% U 2 40"
2 g T smati mey baan BUN 0, Tuehe 24"
Y MNossnal msies soybsan, 10N oY son
4. Djpaguac- ¥ sates sy bcan, 7% o s 206"
&, Nodmmal maiie, 0% 0, 3" 408*
G Ojeagus ¥ i, 105 1] l.i" b T A
7, Wosiamial saaiia » Ay i 0669 st
s 10y pophian, 10%
B, Opagus- waies 1y sidn o, 7y=9 * By
* by pelanpiigs, LU
8 MNocissl snaler % 1y side ||h|'l 108
Ay preiien, 10T
Bty w. Laalle od al (0]
e s, o, w, b, 8 vetuny b Tl semer o sdlaaiii ik A Torrad sape b Ve sty ol alied b ally

dldtedvid
of grom by and el hcaenoy of feed comversion than those ol aimed with ediher
the controd (165 ) o 12% opaque-3 malee - sary Dean maeal ratione

When vpague-2 maize way usedd as the only souive ol prolein, peitin
snadn e was similar 1o the 129 pormal maize = son bean diet, bt significanthy
ifed i to eiber the 165 contiods of the 125 diet based on opague 2 maise
Chi the other hand, opaque-2 malie alone supporie d gromih rawes doulie
thoswe ol utisupple e ited ot inal maise diets Nodmal maiee, bhut s
u’l)lll._ll ',.'

OIS LAy plophan

fiaife, was u;;iu'u aily |ln‘:ln|n| b a!‘l'lllh‘ 0285 1 dyvsine and

A sumimiany of sther pubdished work on the value of opague? maise fon
gromiing gegs s prewented in Dablde 13 In carh case, the supaernnity of
o e P pape onei mal malse b demonstisied. Generally, the
anfhangian - inader fevsuiies 4 bowet beved of supplemenial protein b eejiaal gain
obuainesd with notmial maise Lysine o the Trs Nmuing amino ackd of

erpracgue-!

miatpe SMindies have indiated 1hat, alibenigh opaque-2 maise i
stbpact ot ot enal natee Loy groncing page (1810 50 hg) ot wall not supaply ifse
beved oo anuitns acbds vespsieedd 1o supraort giomth evpuial 1o that prossded by an
;nluiualt gosiatindd id=g Mewnw, the sutistine values o rfhadjiae J andd twet pmial
inader, mith atud wopl bowst gitiire o ud tulall e tilal Ml mete n-mlulnl tin that
of an adequate 165 potein banal mmatee = mabean diet. Amino ainl bevels
wete ailjusted b ra i ik e sondin e 401 a0 2iie tu o eyjualiee the aming aiml
aitesjuacy of each Previous stidies hadd shscom s thiat Iy ediie, 11y 'ﬂn‘llun. aiul
it esstsiiw uolrph el i e grecath Tsolew e was added in add)
e 1o these thiee suppdormneints

Al anssbin acpds meie added inihe 1 form and were caloulated 1o prosvide

rypual beaeds ool tamal Bosiiae, tn,ct--pluh_ thieomine, amnd jsoldesosne. 1w
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normal maize diet was supplemented with 0.56% 1ysine, 0.0R8%
Caaryprophan, 00129 Lahreonine, and 0065 -soleudne. The opague-?
malze diet was supplemented with Q2859 dvsine, OO45% -ty prophan,
OO8F tthreonine, and 0065 bsoleucine. These diets were compated 1o
miakze = oy bhean diets contaiming 16 and 9% proteis and 1o those containing
1y opague-2 or normal maiee

Pable 14 presents the perdormance data obtgned from this 21day tnal
Notmal maze fed as the only source of pratein supported only poor growth
Supplementation with the fowr amimo acids improsved gromth o a level
obtained with eithes Opagque-2 maize o1 the 99 muaize =sonbean control (iet
2) However, both growth and feed conversion of animals fed this aming
acd supplemented diet were infenon 1o those obitained with the adequate
165 contd

Opaque-2 maize alone supported a level of performance sinlar o and
ool statistically different from the 99 maze = sonbean control, but g per-
formance was inferion o the 169 maize = snbean control When the
ofaaiue- 2 malre dict was ul]llllrlm-latt  with the tour amino acuds, overall
pettormance improved 1o a bevel not ssgnabicanthy diffesent from that of the
IG5 protein matze=sn bean meal control. These data indicate that the level
ol protein and amino acuds (other than the four added) are adequate tor
optimal pag pettotmance, and that supplementations sith the four aming
acids enable the opaque-2 matee protemn tosupport a level of growth egual
tor that of the .ulnlu.a!r coditiod

Finishing Pigs

I he finishing g (50 1 90 bg) requites less protein and bas o lower
tegguireenent for amino acids than the growing peg. Asshownin Fable £5 (K,
W), opaggue-d madze fed as the only source of protein in the dict o adeguate 1o
support optimal gromth Pigs fed this dies grew as sapidly and as effioently
as those teveving the contiod 165 madpe = sanbean diet. Himever, thase led
potimal matee av the protein source had slover and less ef oent gains. When
0285 hsine and 0045 iy prophan were added as supplement 1o the
oot mal matee diet, galng wete o o toa level equal o the control o
opaue- 2 malre dict Therelore, opague-2 maize alone cansenve as the only
souree of protein and energy lor the finshing pig

b sdemibar studies (12), an opague-2 maize = s bean meal dict containing
S protesn prodoced grosthand leed conversion equal to the 135 protein
notimal maise=wn bean meal diet Similar results were produced Iy normal
malre diets containing 15 protein supplemented with sanbean meal aml
Iysine. However, a normal matee dict supplemented only with sovbican meal
o produce an 1S diet wanintenion o all other diets Since thissoady did net
i lude opagque2 matre as the only source of protein, s diteat Goumparson of
tesulia with other stidies oot possible
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Source

Cromwcll 1 &l (5)
Cromwell c1 al (5)
Crommwell «1 al (5)
Cromwell 1 al (5)
Cromweil a1 al. (5)
Cromawcll a1 &l (5)
Cromwell a1 al. (5)
Ciomnwell a1 al. (5)
Cronvecll et al (5)
Cromwell e al (5)
Cromwell «1 al (5)
Cromwell <1 al. (5)
Pack and Mcade (31)
Pack and Meade (31)
Pk and Mcade (31)
Pk and Meade {(31)
Pack and Mcade (31)
Fack and Mcade (31)
Kicin et al (16)
Klan et al. (16)
Klomn et 4l (16)
Klem et al (16)
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TABLE 13 jcont.)

Ursrveruty Treatment’
(US.A) ( protein Jevel, %)
\ipnsa

Pohtechns
Institutc (\P1)

Purduc

NM + PM {16)
NM+ PM+L(16)
NM + PM (14)
NM+PM+L(14)
OP + PM (14)

OF + PM (16)
NM + PAM(16)
TM+PM+L(16)
OP + PM (16)
OP + PM + L({16)
NM + SBM (16)
NM + SBM (14)
NM + SBM + L (14)
OP + SBM (14)
OP+L(11)

Instial Avg daily Awvg daily Feed-

wewht gain feed gain rato
(k=) (ke) (ke) (k) Source
24 0.26 1.50 5.00 Thomas and Kernegay (37)
24 0.48 1.47 3.28 Thomas and Kornegay (37)
24 0.24 v 5.50 Thomas and Kornegay (37)
24 0.37 1.46 3.95 Thomas and Kornegay (37)
24 0.36 1.51 4.20 Thomas and Komegay (37)
24 0.57 1.47 3.97 Thomas and Kornegay (37)
I8 0.25 1.18 4.81 Thomas and Kornegay (37)
I8 c.42 1.57 3.71 Thomas and Kornegay (37)
18 0.35 1.56 5.90 Thomas and Kornegay (37)
18 0.55 1.75 3.16 Thomas and Komnegay (37)
20 0.63 1.99 3.16 Gipp and Cline (12)
20 0.60 2.08 3.46 Gipp and Cline (12)
20 0.65 2.03 3.12 Gipp and Cline (12)
20 0.64 1.91 298 Gipp and Cline (12)
20 0.57 1.88 329 Gipp and Cline (12)

' Opaque-2 maize (OP), normal maize (NM), nonessential nitrogen (N), lvsine (L), tryvptophan (T), soybean meal (SBM), amino acids (AA), peanut

meal (PM).

* a, b, c, e, f values in same column with different superscripts are statistically different.
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74 Jerome H. Maner

TABLE 14 Performance of pigs fed same total level of amino acids with opaque-2
or normal maize

Avg daily Feed-
Treatmem® gain (kg) gain ratio

1. Normal maize + soybean, 16% 0.73 250
2, Normal maize + soybean, 9%, 047 3.3%
3. Normal maize (NM), 9% 0,22 1.88
4. Opaque-2 maize (OM), 9% nhn2 2.76
5. NM + 0.56% lys + 0,08% try + 0,12 thre + 0,06% iso 0.45 4.00
6. OM + 0.28% lys + 0.04% try + 0.08% thre + 0.06% iso 0.68 2,04

Source: Gallo, J. 1., and ], 1. Maner. Unpublished data,
4 Lysine (lys), tryptophan (try), threonine (thre), and isoleucine (iso).

Other studies by Maner et al. (26) confirmed earlier findings, clearly
demonstrating that the protein level and quality of che opaque-2 maize dier
is completely adequate for finishing pigs.

Growing~Finishing

18- 10 29-kg prgs are fed similar diets (1able 11) during the entire
growing and finishing period (18 to 90 kg). the overall results are similar to
those obtained at 51 kg (Tab.e 16). Neither 0.28% lysine added 1o the
opaque-2 maize diet non 0.28% L-lysine phus 0.04% L-tryptophan added 1o
an all-maize prowin dier was adequate to support levels of performance
eoual to those obtztved vich the 16% protein control. The lysine and tryp-
tophan supplementation of the normal macze diet, however, did signiti -
antly improve Loth growth and cHiciency of feed utilizaion (23).

Brazilian studies (17, bowed resultssimilar to those reponed here, exeept
that the diet of vormzd maize as the ondy source of proteir showed betier
results because the pigs were started aa heavier weight (30 versus 18 Ly
‘These stodies indicate chat opaque-2 maize fed to growing - finishing pigs is
interior toan adequate 16% protein diet, but is significantly superior to the
diet with wornal maize as the only protein source,

Purdue University studies (12) indwcate that a diet cansisting only of
spaque-2 maize can substitute for 16 10 2% protein maize = soybean meal
diets (for growing=tinishing pigs), if the ¢ pague-2 dietis supplemented with
lysine or a litde sovbean meal.

Gestation

Different levels of protein fed during complece gestanon (13, 15, 18, 19)
produce similar livter size, pig bivth weighi, and weanmg weight at different
ages. Pregnant swine exhibit a remarkable capecty to provide nutrients to
the developing fetuses despite severe protein testriction. No deleterious
cllects on oftspring at birth were observed when sows were fed 5% protein




TABLE 15 Comparative value of opaque-2 and normal maize for finishing pigs

Awve
Pie daiy
Treatment' wi. gan’
Country fprotein leved, 70) the) (ke)
Colombia NM + SBM (16} 50.60 0708
NM (10} 50-90 062"
OP (10} 50-90 nRy?
NM:L+TQ0) 50-90 0K1?
US.A. NM + SBM (13} 53-92 0.75¢
(Purdue L) OP + SBM (11) 5392 0.73"
N\ + SBM(11) 5392 o0.62b
OP+L(11) 5392 0.794
NAf+ SBM < LIl 53-92 0.69:P

Avg
dah

feed? Feed-

ike} zain ratro? Source

2.65 3.35% Gallo et 2k (9)

284 4.587 Gallo 1 ak. {9)

297 367 Gallo 1 al. {(9)

2,59 355 Gallo ot al. {9)

3.16 4214 Gapp and Chne (1)
3.16 4.332 Gepp and (Tsne {17)
3.0% 4.90* Gipp and Chine (13}
2.99 3.790 Gepp and Cline (12)
3.22 1.672 Gipp and (Line (12)

! Normal maize (NM), ~ovbean meal {SBM). opauc-2 masse (OP), huaine (1), trvptophan (T).
Y a b, e, v,z values in seme column with different SUPCTSrIpts by same auther are statists alls different.
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TABLE 16 Comparative value of opaquce-2 and normal maize for growing-finishing pigs

Pig Awe daih Mg dai, Feed-
Treatment! weight gain? feed. gain ratio’
Countny {protcin level, %) {ke) (kg) {hg) (kx) Saurce
Branl NM{10.5) 30-20 0.3582 1.78 4.982 Kronkact & (17)
OP (10.7) 30-100 0.628P 2.46 391® Kronka et al (17)
NM + SBM(15.3) 30-110 0.712% 2,55 3.58P Kronka et ab. (17}
OP + SBM (16.1) 30-109 0.705" 2.62 3.71° Rronka et ab. (17)
U.S.A. NM + SBM (16-13) 20-90 0.69 2.33 3.37 Gipp and Chine (12)
{Purdv- U OF + SBM (14-11) 20.90 0.69 255 3.69 Gipp and (Tine (12)
NM + SBM (14-11) 20-90 0.61 257 o2 Gapp aned Cline (12)
OP+L(11-11) 20.90 0.68 2.43 3.58 Gipp and Che (12)
NM +SBM + L (14-11) 2090 0.67 2.63 392 Gipp and Chine (12)
Colombia N + SBM (16) 18-90 0.662 213 3,203 Galkr and Maner 1969
NM (10) 18-32 o.12® 087 26P Gabr and Maner 1969
OP (10) 18-90 0.47¢ 1.65 35 Gallo and Mancr 1969
NM+ L +T(10) 18-90 0.40°¢ 1.48 3.69° Galk: and Mancr 1969
OP + L{10) 1890 0.53¢ 1.78 3.36% Gallo and Mancr 1969
Colombia NM + SBM (16-16) 20-90 0.78 2.37 3.04 Maner ct al (25}
NM + SBM (16-12) 2090 0.79 2.49 3.15 Maner ot al. (25)
OP + SBM (16-10) 20-90 0.76 2.46 3.2 Maner et al (25)

' Normal maize (NM), opaque-2 maize (OP), sovbean meal (SBM), Iy sine (L). trvptophan (T).
? a b, ¢ values in same column with different superscripts by same author are statistically different.
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Opaque-2 Maize 77

diets during pregnancy (4, 34). Even when fed an essentially protein-free
diet from day 24 of PrERIARGY 1o partunition, the sows produced normal-
sized litters with normal Pig bivth weighe (34, 36).

Opaque-2 maize has been ted as the only sottee ol protem and energy o
Kestating sows without altering normal production (1,13, 1, Control sons
tedonly novmal maize, or e sovheanmeal diers ontamng from 11,210
209% crade protein, duning gestation, Lotowed hiters of sl size and pig
bitth weight as died those fed the opaque-2 maze diet. However, number of
Pigs weaned per liner, e s, and total hintey weaning weight were
supetion from gilis fed the opaque-2 maize diets, ascompar ed with those fedd
the novmal maize diet (1),

Lactation

Mahan and co-workers 0.21) ar the University of Hlinois fedd opaque-2
maize supplemented only with vitamine and minerals o fitst- and second-
litter sows, and compared their performance o other sows fed niize-
sovbean meal diets ¢ ontaimng dictary protein levels of 10 1) IR As Table
17 indicates, litters from sows fedd Op-ue-2 marze gained at rates between
those produced by 12 a0d 144 protein dicts, but simtar 1o those obtained
with the 109 protein dier. When the heer size was held constang ar 8 Pigs o
the finst liner and 10 pigs fon the second, with leadmg level controlled o
ensure approximately cqual intake ot all sous, teer gains of sows fed
opaque-2 maze wereinferion to the masinnn liver gans under 16.and I8
dietiry prowein Jevels The sowns fedd opaque-Zinaze dicts were in negative

nitrogen balance during Lae Lo asweresaws fed only 1047 dietan protein

TABLE 17 Lillear ot notem devel and opagne ? e ot sow and e
| Py
performand

icvaey piote

Marzesoybean meal diyer (") Opajue-2 (%)
GCrneria 10 12 ¥ it I8 9.7
First-litter sows
Sow larrowing weigh 156.4 1499 1645 1544 1540 16%.6
Sow wright loss, 0-28 dlays 269 -1 s Lok 1o =203
Sow feed comumption, 0-28 dayy R6.6 946 97.0 97.8 96.0 N2
Litter weight, 8 tays 459 492 14 w4 54.0 19.8
Avg pig weight, 2R day 5.7 6.2 6.4 6K 0.0 6.2
Sccond-linter vouws
Sow Lnrowing weight ISR 1990 K79 Ju7.0 X6, INIM
Sow weight bow -2h.6 RAT, B T L N ) SAL0
Sow teed consumption 090 s w7 1147 6.0 [FEN}
Litter weight, 28 days 9.6 1IN 07 N fne 14,9
Avi pig weight, 28 days 5.0 5.0 5.1 o4 n.7 4.9

Source: Mahan o1 al, (21).
Note: All weighty in kilograms,


http:4441).14
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TABLE 18 Production of lactating  sows  fed  opaque-2  maize  dicts with
suboptimum protein levels

Dictary protein

Novmal maize,  Opague-2 maise, Opague-2

soybean meal®  soybean meal’! maize!
Criteria (16% protein)  (12% protein} (9.8% protein)

Number of sows 24 26 )
Avi weight, 240 postpattum (hy) 175.6 184,06 174.2
Avg weight, 35 days postpartum (k) 1883 195.0 172.0
Avi sow gain oF foss (hy) 412,89 1049 -a.0b
Avg daily teed, 080 days (kg) 4.63 4.85 4.57
Avyg pigs bom ahive 9.9 9.6 10.40
Avgg pigs at 30 days 14 7.4 8.0
Avi binth waght (ky) [} 1.3 1.3
Avig weaning weight, 3% days (hy) 6.1 6.1 6.1

Source: Adapted Lo Mancr et al, (25).
Vo bovadues same row o with i ferent supernsonpts are stalistie Ay dilferent,

from maize - sovbean meal (21 A marked deaease in milk production
tesulted when sows were fed either the opague-2 maize diets orcmaize -
sovhean diet containing 16% protein (22),

Maner and Colombian co-workers (25 compared opaque-2 maize diets
containing suboptitnum lesels of protein (08 and 129) with o control
notmal maize - sovhean diet containing 165 protein. The 9.8 protein diet
contained only opague-2 maize, vitnnins, and minerals. Inaddition to these
ingredients, the 129 dict contained 56145 sovhean meal. Atter feeding
these diets 1o Lictating sows for 35 dass, noditferences inlitter size or weight
were observed (Lable 18). Sows fed the 9.8 protein opaque-2 maize diet
lost significanthy more weight than the other two treatiment groups.

SUMMARY

In summiny (Figure 5), it can be conduded that opaque-2 maize can be
used as the onhy dietary somce of proteinduaring the finishin g, pregestation,
and gestation periods of a pig'slife avde without reducing pig performance.
This finding is substantiated by comparisons with dicts based on National
Rescarch Coundl requitements (Figuie ). Opaqgue-2 maize alone is not
adequate tor haby pigs. growing pigs, o1 Lctating sows. It must be sup-
plemented with some proteinand o amine adids 1o produce optimum and
masimum pertormance. Fhe advantage of the opagque-2 maize dictis that it
contains an improved balance of amino acids, especially hisine and oy p-
taphan. As compaied o the normal maize dice the opague-2 maize diet
produces cqual performance wath less supplemental proteins. A recom-
mended life-ovde teeding systenn based on opague-2 niize is presented in
Figure 5.
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|.'\ discussion of this papes can be found on pp. 484=485 of Questions
and Answers.l

FERENCES
Baker, D, DL E Becker, AL Jensen, and B. G. Harmon. 1970, Protein
source and level for pregnant gi's: a comparison ol corn, opague-2 corn and
cotn =sovhbean meal dierts. | Animal Sai, 30:364,

Becker, DO EL ACTE Jensen, B G Harmons 1963, Balancing swine rations. Uniy.
Hlinois Cire. B,

Beeson, W. ML RO AL Pickenrt, ET Mertz, Go L. Cromwell, and O, E. Nelson
1966, Nutritional value of high-lysine corn. Proc, Distillers Feed Res. Council,
21:70
Clawson. AL |- HL L Richards, G Matrone, and EC R Barnick. 1963, Influence ol
level of total nutrient and protein intake onreproductive performance in swing
. Avimal Sci, 22:062
Cromwell, G L, ROAL Pickent, and W AL Beeson. 1967, Nutnmonal value ol
opague-2 corn for swine. | Anmmal Sai., 2001325,
Dievs, | EL NS W Moaody, VoW Hays, Vo G Speer, and R CL Ewan. 1969
Nutritional value of opague-2 corn for young chicks and pigs. |. Nutr,, 97:537
Fincrson, RO AL Go W Beadle, and AL Co Fraser, 1935, Sumouany of linkage
studies in maize. Cornell Univ. Agr. Exp. Sta. Mem. 180,
Gallo, )T ] H Maner, and L Jimenez TO96R. Nutritive value of opague-2 cormn
for growing pigs. | Animal Sci, 28:1152 (absiry)

. . Maner, and M, Corzo. 1968, Feeding opaque-2 corn o fimshing
prgs. ) Animal Sai,, 28:1152

). L Maner, and M. Corzo. 1970, Opaqgue-2 vs. commor corn with
same total level of amino acids. | Animal Scr, 31200 Gibstr).

.l Mamer and L Jiménez, 1970, Amino acid addition 1o Colombian
opaque-2 and common corns, | Animal Sain, 31:200 (abstr,)
Gipp, W Foand TR, Choe. 1972, Nutrimonal studies with apagque-2 and high
protein opague-2 corns. | Animal Sci, 34:963.

Hesby, | HL ) HL Conrad, ML P Plumlee, and T, G Martin, 1970, Normal corn,
opaque-2 corn and corn=soybean meal in swine reproduction. J. Animal S,
S0,

~——, |- . Conrad, M. P Plumlee, and R B, Harrington. 1970, Nitrogen
balince and serum protein response of gestating swine fed opaque-2 corn,
normal corn and corn=soyvbean diers. | Animal Sci, 31:481.

- Holden, P | E-W. Lucas, VoG Speer,and Vo WL Hays, 1968, Effects of protein

level during pregnancy and lactation on veproductive performance in swine. |.
Animal Sai., 27: 1587,

- Klein, ROG, WM. Beeson, TR, Cline, and E. L Mertz, 1971, Opaque-2 and

Houry-2 corn studies with growing swine. J. Animal Sci., 32:2506,

Kronka, RONG L Meloni, Eo L Caielli, AL ). Rodrigues, Lo T Miranda, and P
Biondi. 1968, Utilizacao do milhc opaco-2 no crescimeato en engorda de suinos.
Bol. Ind. Animal (Sao Paulo), 25:107.


http:Ie-'%.tt

1N

20

re
-1

'll'

A0

1.

References 81

Lenkeit, W 1957, Ellect of teeding on embirvoni deselopment. Zuch-
tangshunde, 20:497

Livingstone, RoM ROM. MacPherson, and FoWO L Elles. 1966 Note on the
cliear ol protein concentation in the dicts of Preguant sows on performance g
carcass qualiny of their progeny. Animal Prod., 8447

Maban, D.CL DL E, Becker, and A, H. Jemen 1971 Ettect ol proteim lesels and
opaque-2 corn on osow and littes periormance during the fise and second
Lactation periods. | Animal Sci., 32470

———, 1. E. Becker, and A H, Jensen: 1971, Etlecr of protem lesel andd
opaque-2carm on nivogen metabolism in the sow and lites durimg the tirseandd
second Lacation periods. | Animal Sci., 32476

—— DL EL Becker, B G Harmon, and AL 1 Jensen 1971 Ftlectof protem.
level and opaque-2 ¢ on sow milk composition. | Aonimal Sei 32482
Maner, | Hand . Gallo Opaque-2 and common corn fon prowing = sl
pigs. Unpublished dara

——, |. Gallo, H. Obando, and | Grane. 1969 Comparative responses of pigs
fed common corn, opaque-2 corn, and corm=sovbean meal diets at dhifterem
levels of protein. Amer. S Agron., Detron tabsti )

——— W. G Pond, R Portela, and ] Mesa, 1971, My opaco-2 en dictas con
niveles suboptimos de proteina para cerdos en Licvinaa 1 Reumon
Latinoamer. Produccion Animal, Bogotd, Apr. 26- 30, 1971

—— W, G Pond, ) 1. Gallo, A Henpo, R Portela, and I Linares 1071
Performance of vats and swine fed Golombian Howry -2, Colombian Opague-2 o
normal corn |- Animal Sci, 43791

Mentz, L LS, Bates, and O, F. Nelson FOBE Mutant gene that <hanges
prestenn « amposition and increases Ivsine ¢ ontent ol nuise t'llllln]u'l e Science,
145:2749

Misouic, M., V Anastasijenic, N Senkonic, | Rajic Ao Dokin, and M. Petron
1965 Studies of the nutrinional value of corn with an iproved protem compaosi-
ton opaque-2) onthe gainand feed conversion of early weaned pigs. ] Sa A
Res,, 22:7]

Ocio, E. and |- Trevino, 1968, Valo biologico de Ly calidad de 1a protem de
iz opaco-2 cultivado en Espana. Actas VI Reunion Cient. Sociedad Ihenica
Nutr Amimal, Mo,

Oshorne, T B and 1B Mendel 1914, Nutritive propernes of proteims of the
maize kernel |, Biol. Chem., 181

Pich. RO L and RO | Meade, 1970 Nutritive value of high Issine corn: deficien-
des and avalability of lysine and isoleucine for Rrowing-swine. |. Animal S,
31:500,

Picken, RCAL 1966 Opaque-2 corn in swine nutrition. Proc. High Lysine Corn
Cont. Corn Refiners Assn, Ine, Washington, D.C., pp. 19- 22,

CPond, WGl WG Wagner, | A Dann, and E.F Walker, Ji. 1068 Reprodi-

tion and early postnatal growth ol progeny in swine fed a protein-tree dier
during gestation. J. Nutr. 94:300

Rippel, RO, DG Rasmuassen, AL Jensen, H W Notton, and D.F. Becker
1965, Effect of level and source of protem on reproductive performance ol
swine. | Animal Sai, 24:204,


http:wiic'.1J
http:Siudie'.of

82  Jerome H. Maner

35, Robens, F. D) Maner, . Gallo, and DL DL Havpstead. 1969, Comparison of the
cellubn i tuence of opaque-2 cotn and common corn diets fed 1o swine. Amer.
Soc, Agron, Detton (i),

36, Strachan, DN CEF. Walker, jr, WG Pond, LR O'Connor, | A Duni, and R
H. Barnes, 1964, Reproduction i swine teda protein-tree dietat various stages
of gestation. | Animal Sci, 270157 (abstr ),

37, Thomas, H. R, and ET. Kotnegay. 19720 Lysine supplementation of high

lysine corn and notmal corn = peanut meal diets for growing swine, J. Animal
Scr, 340087,



Part 111

BREEDING FOR PROTEIN QUALITY
IN MAIZE: CURRENT ISSUES
AND PROBLEMS

D. E. Alexander Department of Plant Genetics,
University of lllinois, Urbana, llinois

Six and one-half yeins ago, many of us met at Purdue University to
learn about and 1o 1eport the carly vesearch on modified-protein maize.
Someof uswere there 1o prophesy. Among the seers wasa ULS. Senator, who
said something that I helieve has been substantiated by the research of the
intervening 6vears: . inmy judgment, this conference matks one of the
great breakthronghs of the twenticth centary in the moscimportant war of
our age — the win against human hunger and want.”

SHOULD MODIFIED-PROTEIN MAIZE
BE BRED?

Since the 1966 conference, however, some doubt has been expressed
about the wisdom of atempting to modity the protein quality of cereals by
genetic means. These reservations were well stated by | R, Aitken in the
April = May 19649 issue of the American Society of Agronomy's popular
Journal Crops and Sy

‘Thereis no cconomic justification for tyving to make cereal grains
intomore complete feedstutts, Deficiendies inprotein quality and
quantity can he cortected more cconomically by supplementation
with non-grain protein supplements or with synthetic amino
acids, whicharelikely to dropin price with the passage of time. In
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the development of new feed grain varieties, the proper study of
the plant breeder is o cut the cost pey calotie by increasing the
yickd of available nutient encigy per sare,

Needless to say, Aitken's note stimulated several tesponses, most of them
disagr ccing with his view. Among those who disagreed, and resposs-led, was
the maize needing group ar the University of Hlinois, who sl

Several cconomists have calculated that regular opague-2 corn
competes tavorably with the otdinars corn and sovbean meal diet
in swine feeding providing the vield reducion is no greater than
4 10 6 percent. The question then is simph whether modified
protein corn viclds now e below this minimum and whether
they are likely 1o remain below thatof ordinary cornin the future.,
‘The question of supplementation of low-quality corn protein
with synthetic amino acids cane best be swered by arecent
comment of 11 Mentz, co-diseorverer ol the opaque-2 effect:
“Assuming no vicld reduction, the opague-2 corn plant can pro-
duce its extia endosperm hosine and nivptophan o approxi-
mately 2 cents i pound. Teis doubtful thatany industrial process
can equal this low cost ot production.”

1t seetns to us that some perspective is uselal i evaluating the
likely comse that events might tike. Plantbreedingis anevolutio-
naty process == not arevolutionay one. Dent and thint types, as
wellas some Houry ones, have been selected by man for 10,00000r
more generations. Gene compleses that favorably modity these
endosperni types have slowly beenaccumulated. would be most
surprising 1o find that in a few generasions of breeding the
opaque-2allele ina genetic ba kground of modificrs favoring the
dent allele would produce a satistactory produat. The evidence
now at hand suggests that today's breeders are much nearer to
breeding agronomically satistacions corns that can satisty calorie~
protein tequitements of 70-pound pigs and young humans than
breeders were to producing successtul corn hybrids in 1908,
In sty we believe that breeders should devote attention to
the improvement of modified protein corns. To do otherwise
would be 1o ignore the reality that endosperm proteins need not
be of low biological quality.

UNITED STATES PRODUCTION

Relatively litde modificd-protein hybrid seed has been offered for sale to
farmers in the United States, and almost all of that now for sale carries the
opaque-2 gene, We ashed fon well-known hybrid producers about their
sales and their tuture plans for opaque-2 maize. On the basis of their
response, we estimiated that no more than 254,545 1ons of commercial
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opaque-2 maize was produced in the United States in 1972, about 0,24 of

the total crop.

All the seed producers pointed our that vields were alimost abwavs less than
from their novmal dent Inbrids. One reported that his company had con-
verted essentially all theit commerdial maize habrids 10 opaque-2 maize
versions and thatonly 210 3 appeared to cqual the pertonmance of normal
maize counterpants,

Thus, U.S. commercial producess of iy brid seed ae not optinistic abowt
the future of opaque-2 maize, although most apparently have adopted a
“wait-and-see™ attitude and continne modest convension and testing pro-
grams. Hybrids ne being produced and otfered for sale, patticulanly o
swine feeders.

CURRENT STATUS OF MODIFIED-PROTEIN
MAIZE BREEDING

In 1966, 1 posed three questions that T believed to be central o the
problems then confronting maize breeders:

L. Does the opaque-2 gene adversely atfect agronomic pertormance?

2. Do epistatic etfeas exist, do maoditiers of opague-2 genes influence
lysine concentration o1 phenotypic appeatance of the kernel?

3. Should breeding work be conducied a the 910 104 protein level
exclusively, or should higher-protein types be bhred as well:

I believe that the tinst two questions have been well answered in these 6
years. Perhaps the third question cannot be answered as decisively, but
evidence will be presented that the eftort should be entered with a great deal
of reservation.



PRESENT STATUS AND FUTURE PROSPECTS
OF BREEDING FOR BETTER PROTEIN
QUALITY IN MAIZE THROUGH OPAQUE-2

Joginder Singh Project Coordinator (Maize), Indian
Agricultural Research Institute, New Dehli, India

V. L. Asnani Department of Plant Breeding, G. B. Pant
University of Agriculture and Technology, Pantnagar,
India

Although the opague-2 gene tavorablv alters the amino acd spectinm
i niize, it las several shottcomings that i its widespread commendial
use. Compatisons between normal and spagque-2 maize tvpes have been
nade by many workers for numerous nnpottant agronomic traits. The
sigmiticant pomts emergmg from these compatisons are as follows:

Lo Coranvadd T general, opaque -2 nnnze sanienes lune Tho 150 lowes
pram vields than do nosmal oize vancnes (082888 The lower grain
vield of opaque 2 maze has been asaibed o lower test weight. Opaque-2
grains e 0o 1 highterim kernebwenghe 20 120 T ERC2225088). Fhe
fower gram werght can e atnbuted laose packing of stanch particles in
the endosperm (9

20 Monture contont Opague-2 sanieties iave been shown (18, 25) 10 have
LR o420 more monti e e grams.at hatsest than then comparable normal
v pes. Higher montare contentrequires ademonal divong atter harvest.

3. Graocappearance. Opagque 2 kernels e chalky and dull mappearance
in contiast to the shimy tansparent kernels of taditionally grown flint or
tlent varicnes.

A Susceptibality 1o dieases and pest. Opagque-2 bernels have been found 1o

86
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be more vulnerable 1o artach by Sutophalus onczac (13 than nonmal e
hernels (Lable D, both in tevms of infestation and loss m weght of gran,
The genotvpe - version interacion topaque-2 o normal) was statisteally
signiticant tor weenth mtestation s was monture bovel Opaque
alsowere more sus cpiible toseed 1ot cansed by ¢ ey hadosporium acvemaniom

Javersions

and Fusarium morwdiforme 0 O ahle ) Opaqgue 2 vanenes have o heen
teported 1o be e susceptthle e hulo ol (8)

5. Other plant chavadctors Avalable totmation does non Supportany g
witicantrelinon of the opagque 2 pei o havges mear length. ean diamerer,
nmber of kevnel tows, number of kernels pervowand shelling percentage
h). Fxen though some increase in kernel number per ean (3, 3, e
length, car dumerer, od shelling percentage was recorded ‘o opague-
versions (Lable 3, the ditferences were no sgnthicant Ondy one published
report (A1) shows sgniticant redacion w el length and seem diamerer and
INCLEAse I tne of anthess Opaguie -

O Aol balorcr % avons wonhers Yo provided degrone proot tha
opaque-2 vaniencs have choer anemss aad balaoee and G0 1o LAY moe
Wsineand i prophan v doss nocoval mnse, plusa 12100 10 O veduction i
lewcine (1, 00 2028, 400 49

Lhese comparisons between goaque 2 oaize and normal iaoze seenb b e

Yie

viewed aganst the background of naneinds and procedures ased
development of opepme e vneties Vopncal e b o of 1 B i
ground is necessany 1o lotmul e toiire Lt on,

Inmaost ol the studies reternred 1o, the apegue-2eomversin s were made $
using Purdue Hinobs pagque 2 stocks s donors into ol well-adapred
lines o varienes. The don cpague Zstocks were ot sabjeced to an

tigorous selecton, thus the stocks wonld b expected o have low Krene

TABLE U Re* e suscoptindiny of ol and vpagne 2 oversions ol aanaize 1o
Soopialus oy ue |

(M IRE
(tramdormed
Vasiable Version Mean! Foone data)
A SO% ke bainonsture deved
Number ol unectn /100 ¢ Nenmal SR (16.7) 1.3
of kendd Opaque-2 4909 (149.8) 210.9.904.0
Weight o %) Nounal 128 (19.5) 0208 1.4%
Opagin K (34.5) 200409
AU 12% ket menstan Jos )
Number of inscorsf 100 Nowmal Mg (Lh) 0.56
of hennld Opague 2 nhoo (1) 15.6:29.%
Weight boss {07) Norad A2 (12n) 97,0 2.2
Opaque 2 24 (20.0) 11197 2.2

Source: Unpublished data of 1 Sivasankar apd VL 1L v, 1972,
' Fgures 1o parenthoses are transbormed datg,
VCD, aritecal ihtferende,
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TABLE 2 Relative susceptibility of normal and opaque-2 versions of maize to
Cephalosporium acremonium and Fusarium moniliforme (percentage of

seed rot)
Versions' C.D.2at 5%
(transformed
Character and genotype Normal Opaque data)
C. acremonium
CM 109 22.2 74.2
cM 112 26.2 59.9
CM 113 284 60.2
CM 201 20.2 64.9
Mean 24.83 (29.4) 64.7 (54.0) 8.6
F, moniliforme
CM 109 17.6 41.3
CcM 112 25.3 60.2
CcM 113 18.2 36.0
CM 201 12.2 51.8
Mean 18.4 (25.2) 43.0 (43.4) 2.0

Source: Unpublished data of D. Sivasankar and V. L. Asnani, 1972.
! Figures in parentheses are of transformed data,
? ¢.D., Critical difference.

frequency for those genes (1) conferring resistance to various diseases and
pests and (2) transmitting high yield. The donor stocks in particular were
very poorly adapted to the tropical maize-growing regions of the world.
In most of the studies cited, opaque-2 types were recovered after two or
three backcross generations, retaining 7 to 13% of the genotype of the
nonrecurrent parent. Moreover, no selection has been made in the back-
cross recovered populations which retained considerable variation for vari-
ous characters. Backcross as a procedure (2) has several limitations, which

TABLE 3 Yield and yield components of normal and opaquc-2 veisions

Character Version Mecan Range C.D.'at 5%

1,000-kernel weight (g) Normal 236 201-293 6
Opaqgue-2 209 171-250

Ear length (cm) Normal 16.0 12.8-18.3 14
Opaque-2 14.9 12.2-18.4

Ear diameter (cm) Normal 5.7 3.5-4.0 0.3
Opaque-2 3.7 3.14.0

Shelling percentage Normal 70 63-77 5
Opayue-2 7 63-76

Kernel rows/ear Normal 12,9 12.0-13.8 0.8
Opaquc-2 13.6 9.9-15.0

Grain yicld {g)/plant Normal 56.6 33.7.72.8 21,5
Opaque-2 56.0 28.0-74.4

Source: Asnani and Gupta (4).
' C.D,, critical difference.
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are partially responsible for limiting the recovery of the desired genetic
background in which opaque-2 would be expressed ideally.

The question is still open as to whether the observed adverse effects are
due to direct or indirect pleiotropic effects of the opaque-2 gene, or are due
to the closely linked undesirable genes received from the donor parent.
Another important finding is that improved amino acid balance resulting
from the opaque-2 gene is associated with soft endosperm (2, 17). More
critical data are needed for analyzing adverse effects of the opaque-2 gene.

In most comparisons between normal and opaque-2 maize types, marked
differences were observed in the actual level of performance for various
characters. These variations have been attributed to the genotypes of the
recurrent parent. Even though opaque-2 varieties, in general, have given 10
to 15% lower vield, several cases have been reported (4, 18, 33) where
opaque-2 varieties were equal to or even better than their normal counter-
parts (Table 4). Also, the test weight of opaque-2 maize in certain genotypes
is comparable to that of normal maize (2, 18, 28). Varkition in the relative
susceptibility of opaque-2 varieties 1o ear rot incidence, weevil attack, and
borer damage has been observed (13, 27). The possibility of obtaining
higher kernel weight — comparable 1o or higher than normals — plus low
susceptibility to discases and insect pests in certain genetic backgrounds
suggests that wise selection of parental varicties to be converted to opaque-2
may provide a way to control the undesivable effects of the opaqgue-2 gene.

Besides the problems enumerated, the dull, chalky appearance of
opaque-2 kernels may hinder their acceptability in regions where shiny fling
and dent varieties traditionally are grown. Efforts have been divected 1o
developing opaque-2 types with near-normal appearance (26). Modified
opaque kernels with varying degrees and patterns of vitreousness are fre-
quently found in backcross programs. The frequencies of occurrence of
various grades to near normal kernels vary, depending on the genetic back-
ground of the recurrent parent. Until recently, most backeross programs
retained only completely opaque kernels, while moditied opaques were
discarded.

TABLE 4 Somc populations having benter performance in opaque-2 version

Yield Ear length Ear drameter Shelling

Population  Version (e/plant) {tm) (cm) (%)
Cuba 11] Normal 45.3 14.8 3.5 64
Opaque-2 50.3 16.1 3.5 66

Cuba V 66 Normal 49,1 17.2 3.8 67
Opaque-2 58.1 13.3 4.0 70

Waimea Dent Normal 60.7 18.9 1.6 70
Opayuce-2 74.4 18.4 4.0 72

C.D.' at 5% 21.5 1.4 0.3 5

Source: Asnani and Gupta (4).
' C.D., critical difference.
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The vitreous appearance in opaque-2 kernels apparently is due to the
complementary effects of several modifiers. Precise information is not avail-
able on the number and nature of these modifiers, which, in the presence of
the opaque-2 gere, provide cousiderable variability for protein, kernel
density, tryptophan, lysine, and so on. Where selection for semiopaque and
flint kernels was made (Table 5), this variability was observed in composites

TABLE 5 Chemical composition of modified opaque-2  lines selected from
composites Shakti, Rattan, and Protina

Protein in Tryptophan .
defatted in defatted Tryplophan
endosperm endosperm in protein Specific
Pedigree (%) (%) (%) gravity
Rattan
2 12,24 0.069 0.53 1.24
5 8.09 0.076 0.94 1.23
27 8.89 0.064 0.72 1,22
34 9.47 0.050 0.52 1.24
36 8.89 0.050 0.56 1.26
42 10.51 0.074 0.70 1.17
43 12,28 0.082 0.67 1.16
57 11.90 0.056 047 127
64 8.32 0.061 0.73 1.19
65 12.36 0.053 0.43 1.27
70 1.28 0.066 0.91 1.26
110 17.27 0.057 0.83 1.15
114 10.86 0.040 0.37 1.94
116 1178 0.048 0.41 1.27
119 1293 0.045 0.35 1.27
123 11.82 0.040 0.35 1.29
127 9.93 0.039 0,39 1.1%
Shakti
319 8.66 0.045 0.52 118
323 10.74 0.057 0.53 1.25
326 8.55 0.054 0.63 1.30
346 9.47 0,079 0.83 1.16
201 6.70 0.050 0.74 1.24
210 12.47 0.064 0.51 1.26
235 8.32 0.087 1.04 114
876 1167 0.067 0.%7 (B
362 8.3 0.08% 0.40 1.%0
387 2.3 0.064 0.53 112
an 10.28 0.041 040 1.2%
405 10.69 LNV, ¥4 0.49 .33
409 120 0.050 0.4% INT)
Prsting
496 1536 non 0.%0 (B1
) 10.9) 0,044 0.4% 116
L} 10.0% 0.060 0.60 (N )

Sowree: Ungnablnbied data nd M, L, Bosdha, B O, Gupis, and . Ningh,
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Shakti, Rattan, and Protina. Selections with high protein (17.27%) and low
tryptophan (0.33%), and low protein (8.32%) and high tryptophan (1.04%),
were observed in the limited number of samples analyzed. Flinty opaque-2
selections are comparable to chalky types, as shown in Table 6. In the
modified opaque-2 population the association was very low between prozein
and tryptophan in the sample (Table 7). This finding is in contrast 1o the
significant positive association observed in chalky opaque populations.

The opaque-2 gene influences several quality traits that are quantitative in
inheritance. Any effective Improvement program requires adequate varia-
bility, information on the herimhility and nature ol the gene action,
knowledge of the genotype — environment interaction and the association
among various pertinent quality characters, The chojee of selection proce-
dure should depend on such precise information, plus a cueful determina.
tion of available resources and specifications of the vature of the end
product.

For normal maize, considerable information is available about the nature
of variability, heritability, Benotype = environment interadction, and gains
made by different selection schemes for various quality traits, particalarly
protein, oil, and essential amino acids, However, relitively linde is known
about opaque-2 miaize. In fact most prosenth available infornation relates to
the synthetic o compaosite populitions that have been developed through

TABLE 6 Comparison of modificd opaque-2 kel phenotype and opaque-2
segregants Irom S, families

10D kerne) wee ghit () Protein (1) lu])lnph.mmpnmin ()

Wloabiied Moditied Moditied
Family phenotype Opague 2 opsue 2 Opague-2 opague-2 - Opaque-2
166-7 27.9 5.4 7.2 R.0 T 0.99
169.2 28.0 7.6 1.7 R.5 .87 0.71
16%-4 294 220 1.9 1.6 081 0.8
1526 N ) 208 4.9 LK) (.78 0.79
164-6 19.9 158 7.1 K.\ 0.68 0,67

Source: Unpubdshed data of Asian and Vaval.

TABLE T Conclation coctbiients hetween proten percontage, by prophan
pereentage, yplophan as g percontage of protesn, and specilie gravity
in o menhificed opague Loaclecnons of Stoabt, Bt and Proging

ll\lyluph,‘n " ln||ln‘rh.n| \‘lnlhn

mainphe Tapratoan Kraviy

Pronsin 00807 Ny TR URE,
Toyptogian 2 vamphe CRATE L S 4%%Y e

Tryprophan = protoiy ~0.2450

Sowtee s Unpubitined data ol M. §.. Lodba, .0, Gupta, wind 1 Siggh
S Ngnifi and b 1%,
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two or three backcrosses, with no detailed knowledge about recurrent and
nonrecurrent parents,

Table 8 shows the concomitant variability for several quality characters
available in the Yellow Opaque-2 Composite developed from four opaque-2
composites (Ji, Cuba 11], Docto, and Antigua 2D). Data are based on 320
half-sib families selected from this composite (Figure 1). The coefficients of
variation for protein, oil, 100-grain weight, and seed density were 12,7, 18.2,
11.1, and 4.5%, respectively. It is expected that, with prior knowledge of
various traits involved, parents can be combined to generate still greater
variability. Data on the nature of variability in three opaque-2 synthetics also
have been reported (10), suggesting the presence of adequate variation for
most of the quality traits,

Much higher variability for individual quality cha acters has been re-
corded in other studies. Sixty-five eveles of selection in Burr White at Hlinois
have resulied in the selection of lines with 25% protein. The higher protein
content of Hlinois High Protein has been considered an artitact due to lower
starch synthesis (3, 2. Even though this may suggest that high yield and
protein cannot be combined, itat leastindicates that maize selections can be
developed with up to 25% protein.

Most available opaque-2 maize varvieties average 3.5 to -£5% lysine as a
percentage of protein. However, a recent study (29) shows that double
mutaints involving the opaque-2 gene and other endospenm mutant genes
(bty, bry, £1,, suy, sugcand others) can viise the Ivsine level by 50% . Lysine level
also can be raised by using multialeurone liver stocks (37).

Marked variabiliny for 100-prain weight, kernel density, reaction to ear
rot, and weevil atvack has also been shown (10, 18, 28).

Genetic analyses of qualinn characters involving opague-2 varicties have
been made (10,33, Additive genetic variance was 10 to 17 times higher than
nonadditive genetic vatiance for kernel weight, kernel number, grain yield,
lysine percentage insampleand huaine vields both additve and nonadditive

TABLE B Variability in Yellow Opaque-2 Composite (hased on 320 half-sib
familicy)

Coctlicient

Charactesns Mean L Range of variation
10O-grain weight (g) 128118 tLOTMK 8.47 11.08
1OO-grain volume (mm) 115742 10.078 B.A0 11.79
Protein (") 108414 0765 e 12,71
DB’ 0.2268 100018 0.39 14.23%
O (%) 4. IN22 10,0484 7.%% 18.21
Spen i gKraviny 1,057 10.0026 0.696 4.91

Sowrce; Unpublished data of A K. Kaul and §, Singh,
'8 E standard car
" DG, dve binding «apaity,
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FIGURE 1 Frequency distribution for protein percentage, fat percentage, and
specific gravity in Yellow Opaque-2 Composite.

variances were important for protein percentage and protein vield. Based
on the average of four composites, heritability values for protein percen-
tage, oil percentage, kernel density, and moisture percentage were high (66,
72,63, and 77% vespectively). For lsine percentage, grain vield, and lysine
per plot, the values were intermediate to low (HE A9 and 449, respectively),
and low (115) for Ivsine as a percentage of protein (10),

For the simultancous improvement of vatious characters, it is necessary to
have information on how theyare associated. Several workers have reported
correlations among various qualiee characters (10, 31, 33). Corrvelations
among characters in A5 opague-2 compaosites, and within a brachytic-2
opaque-2composite, e recorded i Fables Gand 10 espectivels. Phe data
show significant positive conrelations hetween the percentage of ty ptophan
in the sampleand protein. Correlation between proteinand iy ptophan as a
percentage of protem was negative and sgnificant. These observitions
agree with other published veports (10.33). The Yellow Opaque-2 compo-
site showed low positive association (Lable 1) betsveen kernel density and
percentage of typtophan in the sample (0.0022) ana kernel density and
tryptophan as o percentage of protein (LOLH). Low negative association



TABLE 9 Corrclation coefficients among various characters involving 45 opaque-2 composites

Tryptophan Tryptophan

% %
D.B.C.! sample protein Phosphorus Potash Zn Mn Cu

Protein (%) 0.7504+%% 0.3054* -0.5656** 0.3709** 0.3648* 0.3939** -0.0798 0.0266
D.B.C. 0.4828+%* -0.2067 0.3563* 0.3922%* 0.1997 -0.1140 0.0427
Tryptophan % sample 0.6074** 0.0709 0.1799 0.3272* 0.0245 0.1325
Tryptophan % protein -0.2333 -0.1497 -0.0662 0.0729 0.0675
Phosphorus 0.4137*+ 0.0439 -1.2223 0.1830
Potash 00112 0.0138 -0.0959
Zn 0.0364 0.1308
Mn 0.0209

Source: Unpublished data of M. L. Lodha, H. O. Gupta, and J. Singh.
! D.B.C., dye-binding capacity.

*Significant at 5%.

**Significant at 1%.
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TABLE 10 Corrclation coefficients among  characters involving 65 lines «f
brachytic-2 opaque-2 populations

Tryptophan Tryptophan Lysine Lysine
% % in %
sample protein sample protein
Protein % 0.6469** -0.1781 0.5774%+ -0.1792
Tryptophan % sample 0.6304** 0.5416*+ 0.0934
Tryptophan % protein 0.1199 0.3137+
Lysine % in sample 0.6879%+

Source: Unpublished data of M. L, Lodha, H. O. Gupta, and J. Singh,
*Significant at 5%.
**Significant at 1%.

between lysine and kernel densiv: of varied magnitudes has been reported
elsewhere (10). A strong positive association beiween the lysine and tryp-
tophan content of the endosperm suggests that selection could be based on
either of the characters (16).

Like other quantitative characters, protein, lysine, tryptophan, and other
essential amino acids are influenced considerably by various environmental
factors, such as level of nitrogen and location. Other management practices,
nitrogen applications at low levels of simazine use, for example have pro-
duced marked changes in protein and various amino acids in normal maize
varieties (15, 32, 34). Studies with normal maize varicties have shown strong
genotype - location interaction for protein, Iysine, methionine, isoleucine,
and tryptophan. The variance due 1o locations and the location - variety
interaction for various quality traits accounted for 15 10 69% and 17 10 H6%
of total variance, respectively. The variance due 1o varietjes wias much
smaller than for locations and location - variety interaction. Based on the
relative importance of locations, it has been suggested (6) that “selection of
varieties based on nutrient content must he undertaken w the local level.”
No published veports are available on the magnitude of genotype -
environment interaction in opaque-2 maize.

Inarecent study, 45 opaque-2 composites along with 4 normal maize vari-
eties were tested in India at Delhi, Dholi, Ludhiana, and Coimbatore. This
study indicated that (1) variance due to replications for tryptophan was not
significant; (2) vartance due 1o varieties and locations wars significant for the
percentage of tryptophan in the sample, percentage of protein, and percen-
tage of tryptophan in protein; (3) variance due to locition was much higher
than that due 10 variety, being 30, 5.3, and 5.9 times greater for protein,
percentage of tryprophan in protein, and percentage of tryptophan in the
sumple, 1espectively; (1) stability analvsis (1) tor the pricentage of wyp-
tophan in the sample indicated a very wide range in vegression coefficient
values for various varietics. This suggested that different varieties with
comparable mean values varied in relative stability.

These observations agree with those reported for normal maize (6), and



TABLE 11 Correlation coefficients between various characters in 320 half-sib families of Yellow

Opaque-2 Composite

Volume Protein Specific  Tryptophan/
(190 grain) o D.B.C.! Tryptophan Oil % gravity protein
Weight (109 grain) 0.9072 -6.0401 -0.1187 0.0224 -0.0392 0.1273 0.0158
Volume (100 grain) 0.6021 -0.0736 0.0211 0.0163 -0.2991** 0.0099
Protein % 0.3524** -0.0049 0.0078 -0.0998 -0.1742*
D.B C. 0.1142 0.0346 -0.0956 0.0386
Tryptophan 0.0098 0.0022 0.9668**
0il % -0.0605 -0.0018
Specific gravity 0.0144

Source: Unpublished data of A. K. Kaul and J. Singh.
' D.B.C., dye-binding capacity.

*Significant at 5%.

**Significant at 1%.
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clearly show the considerable need for studying opaque-2 populations
within different environments. However, current information suggests that
(1) adequate variability is available for various quality traits and desired
agronomic characters, (2) relative dominance is in the partial-to-complete
dominance range, (3) heritability for most characters is medium 1o high, (4)
correlations are moderate to low (even though significant, suggesting no
serious linkage problems), and (5) the quality characters are susceptible to
location or environmental effects.

Using the preceding information, any selection scheme capitalizing on
additive genetic variance would be effective. Schemes like mass sclection,
recurrent sclection for general combining ability, and other recurrent selec-
tion schemes have been suggested (33) for wirproving quality. These selec-
tion schemes are fairly simple and inexpensive, but are normally performed
at only one location. Since previous data emphasized the importance of
location, it is likely that improvement will be most effective if selection is
practiced at more locations. Probably the most efficient would be the mod-
ified ear-to-row augmented design (19). This design differs from modified
car-to-row only in that materials are planted in an augmerited design at each
location; thus, each location can Ge handled individually, and data from
various locations can be pooled to recover the desired information. This
scheme should be more efficient since it provides (1) simultaneous evalua-
tion of materials at three or more locations, (2) possibilities for interprogeny
and intraprogeny selection, (3) completion of one cycle of selection within a
year’s time, and (4) simultaneous selection for more than one character.
Populations improved after a few cycles of selection can be used as they are
or as the base population for developing elite lines for use in the hybrid
program.

Improvements in quality traits at each cycle of selection should be sup-
ported with chemical analysis to sort out superior stable senotypes. Chemi-
cal analysis is even more important when selecting for modified opaques,
where lysine or tryptophan content cannot be ascertained visually (26). For
efficient ear-to-row selection, chemical-analysis facilities must be able to
handle material from three or four locations.

Opaque-2 varities have been developed and released for general cultiva-
tion in Colombia, Mexico, the United States, Brazil, India, and Nigeria.
Moreover, several experimental materials are available in other countries.
Even though developed through standard backeross procedure, most popu-
lations retain considerable variability, which could be used to improve for
yield, disease and pest cesistance, and protein content. [fadequate variabil-
ity exists, selection can be made for modified types, also.

Countries initiating new programs must develop suitable opaque-2 base
populations. With the availability of the opaque-2 gene in high-yielding,
better-adapted backgrounds, it is no longer necessary to use the Illinois or
Purdue stocks, or to follow the standard backcross program, particularly in



98  Joginder Singh and V. L. Asnani

the tropics. The opaque-2 gene can be incorporated conveniently by grow-
ing and detasseling a few rows of opaque-2 maize in the middle of a high-
yielding, well-adapted variety in isolation. The population, once stabilized,
can be taken up for further improvement.

NEED FOR ADDITIONAL INFORMATION

Before initiating a quality improvement program, it is necessary to deter-
mine program objectives based on probable uses of the materials. Animal
nutritionists also can help considerably (7). Breeders urgently need informa-
tion on the balance of protein, tryptophan, and lysine. A basic question is
should breeders devote their efforts (1) toward increasing the lysine and
tryptophan content in presently available high-yielding varieties with rela-
tively low protein levels (8 to 10%), or (2) toward improving the protein
content at the present level of lysine (3.5 to 4.5%)? Combining relatively high
levels of protein and lysine in more productive backgrounds seems a desira-
ble goal.

Quality traits of opaque materials shows considerable genetic variation in
relative stability tG various environments, and stable varieties should be
identified. It also i1s necessary to determine which will be more stable,
high-lysine, medium-protein genotypes or medium-lysine, high-protein
genotypes.

The opaque-2 gene has been shown to increase the lysine content in the
endosperm, whereas relatively litle improvement has been found in the
chemical composition of the embryo. However, an increase in embryo size
has been recorded by several rescarch workers. Most studies have been
made nn only a few varieties. Varieties with better embryo composition must
be identified. Such types would help raise the protein and lysine level of the
whole kernel.

Most breeders are now using tryptophan analysis (16) as a measure of
improved protein quality. Although a relatively fast technique, it is expen-
sive, and its pace restricts the number of samples analyzed. Development of
devices similar to those used for oil analysis, like wide-line nuclear magnetic
resonance (NMR), would greatly improve the rate of progress. Improve-
ments in microstaining techniques (17) may help distinguish high-lysine
genotypes. More efficient, simpler, and relatively less expensive techniques
will be welcomed by breeders.

A final and urgent need is for a basic understanding of the mode of
operation of the opaque-2 gene itself. How doces a single gene simultane-
ously affect several characters? How does the gene increase lysine and
tryptophan content, decrease leucine, produce dull grain appearance, make
endosperm soft, and increase sugar content? Is opaque-2 a complex locus?
Atempts have been made to answer these questions (20, 36), and future
findings will help in developing varicties with even higher lysine and tryp-
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tophan content. Such basic information would also aid development of rapid
and more efficient methods of screening more desirable genotypes.
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SELECTION SYSTEMS FOR INCREASING
PROTEIN QUALITY WITH OPAQUE-2
GENE IN FLOURY MAIZE

Federico Scheuch La Universidad Naclonal
Agraria La Molina, Lima, Peru

Charles A. Francis Centro Internacional de
Agricultura Tropical, Cali, Colombla

Ninety percent of the maize grown in the highlands of Bolivia,
Ecuador, and Peru is a soft floury type used for direct human consumption
without any transformation or leavening. To the Andean people, maize
represents a basic food, with maize and potatoes sharing a prime importance
in their diets. At least 50% of the area’s population lives in the highlands, and
these people have the countries’ lowest income per capita. High-quality-
protein goods are expensive and not easily available.

Most highland people are subsistence farmers who consume most of their
own farm production. Increasing crop yields is not the entire solution for
these families, since overproduction relative to their needs will lead only to
reduced crop areas in the next season. Improving the nutritional quality of
present Andean food crops seems the best way to help these people raise
healthy children, thus enabling them to deal with the cultural changes they
will experience as communication increases and development proceeds,

The majority of the Andean floury maize varieties have the floury-1 gene,
and the phenotype of the grain in many varicties is identical to that of the
opaque-2 mutant. This complicates the conversion process, since the simp-
lest and most familiar scheme depends on visual observation of opaque
segregants in a normal background. Conversion of floury maize to opaque-2
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maize is usually accomplished using test crosses to evaluate progeny, and
these must be supported by laboratory analyses to assure progress toward
protein quality. Several schemes for conversion are presented, and the
advantages and disadvantages of cach are summarized.

SELECTION SCHEMES FOR CONVERSION OF
HIGHLAND FLOURY MAIZE

Owing to the difficulties mentioned in recognizing high-quality segreg-
ants er individual kernels during the backerossing program, special geneiy
manipulations and laboratory testing of progeny are essential 1o successtul
conversions of floury maize to opaque-2 maize. Six schemes for conversion
of these highland maize varieties are presented here, The first three relaed
methods involve testerossing during cach backcross generation. Priman
differencesin these three methods are found in the desived end product and
the handling of the floury-1 gene. Two other schemes depend on visual
selection, and on the phenoty pe and genetic background of the recurrent
parent that is used in the conversion. These first five schemes require o
laboratory input only to test progress and 1o assure that the quality of the
opaque-2 material is maintained.

The sixth system which is highly dependent on a continuous Liboratory
input and requires a sophisticated single-grain analysis, is the most positive
in terms of identification, but requires an input of technology and resources
that are available in only a few places. The references and other informanion
sources available to the authors are listed for each system

Following the presentation of these six schemes, a general genetic ap-
proach is suggested that (1) incorporates the best features of the several
systems, and (2) has alternative final productsand ways of developing them

Conversion of Floury Varieties or Hybrids to Opaque-2
Without Reference to the Floury Locus

The simplest system (A) for converting floury lines or vanetes o
opague-2 requires a known opaque-2 tester during each advanced backeross
generation, and this tester must be ina clearly expressed ling background
This kind of system, presented by Crane (3), involves only the opague-2
locus, and for this reason it is less complicated than the two systems that
follow it in our discussion, Vable | outlines the system as used 1o conven
floury lines.

The original cross of the line or variety 1o be converted with the best
available source of opaque-2 material (best adapted to the highland condi.
tions) may be made in either divection. Following this initial cross, the
recurrent local parent normally is used as male pollinator for the heterozy -
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TABLE | Scheme A Conversion of Moury lines of varieties using an opague 2
tester in a hnown fling background

L ¥ cimale T ostamana brsulls®
Pratein pravsad Wilw, M)
Chiaginal s sose o X w, Ju,
i
T T YT o e K tla,
.
Sovasind bisi haivone L r L] ™ ond el
T irstres
tha, | beesi sl - | s
I segigaias®
Thiad boas basoss i) K /e o, s wial
", 1 aimal - | ey
.‘ﬁ“il!‘

(1w Faitband s pabial

Bowryri Lanaw |5y

Ol camh oy, whoor the fomale bachicossnd plaits whose peageotine testaius showed § il
ol apgevsiimately | normal | opeger I Bosssary of (he buaiod yious Boid ) o o ey sip
ey b aicasmplished by sl peollinsting the trded Batarary @t and imabing o Lostimoss bo s
e R L T

o female plants selected in cach ovdde 1 s casser 1o mabe the fis
Bachoroms in the opposiie direction, this sl not change the procedure

Seed from the Girst bachoross b planted, and mdividusl plants are polli:
nated from the recurtent parent. Numbered testorosses ate made onto the
opagque-2 tester with pollen from these same individaals. On the basis of the
testcrons cans, female backorossed plants are selecied. Those individuah
which give a normal testcrossed car are discatded;, those which give a
sRICRAUNR testoross ear aie tetained for the nest baboross Using this
WMEm, Oone can attain a backoros in each generation

Folliming the second bachoross, it s advisable to begin selling several of
the heterory gous progeny o prodduce an opague:2 line of vaniety at il level
ol comversaon. A Laboratony test of the opagque-2 hernels assures that quain;
i maintained  The sell-pollination alwr prosides seed of a converned
opsadgue-2 vaniety (o line that can be used 1o form hybrids), which can be
tested immediately on the experiment station and with farmerns. Depending
on (1) the degree of adaptation of the opaque-2 source, (2) the heterosn
between this soutoe and the vaniety o line to be converted, and (3) the results
of yickd tests of carly generations of the conversion, this procedure may
require from two 1o five generations of backorossing

Whereas this system is the simplest of the conversion and testing schemes
for softendosperm highland maize, # disregards the floury kocus of the
recurtent parent and the final produc. With rare exceptions, the final
product will be homaory gous for both Doury-1 and opaque2.
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Fhe prariany disady antage i this scheme s come from the commersial
planting of the doubde mutant maise vanietios in g sone where the el
piant ik i fanmens’ Gebds is also Boury -1, bt norimal fon the opanue -
bwun Dhere swill b o way todeteot contamimants in the Giebd, since Dot the
highqualiny maise bernehs and the contaminated graims polliated by plants
that are non anal at the opaacgue- 2 bocus will be phicnot pically alibe and oury
andd the hugh-qualin -protein characteriste conderied In ofracuae -2 sl s
Hinappacar The following schemes avoid this probidens in the Gebd, and sllow
sopratation and climination of contaminated besnehs

Conversion of Floury Varieties or Hybrids 1o Opaque-2
with the Final Objective a Single Recessive Maize

A second sheme (B), proposed Iy Bauman and Crane (197 1) amd o
bt an Dable 2, 0 similar 1o the first bt controls the Moury gene As it
pievious s heme, the original cross should be nuade 1o 1he best-addapuend
oppaue-2 soutoe hnown This cross may be made in enber diesiion, de
peoding on fowening dates, plamt vigor, o potential seed proestiactaon
Intpodus od material olien does not do swell i the fiest ovede, and may
sccesslully prodace pollen even though i does noo produce a good e

Fodbomang this instial cromss, the first bacboross must be made with the
tecuttent parent as male and the b, heteron gote as fema'e Seed from this
bac horome i planted, and individual plants are pellinated suth a muntuie of
prolien from ihe vecurrent bwal vanen or adapied hine. Numbered tes
cromaee ate made with pollen carnied o the opague2 tester Trom the same
dividual plants. Selecion of double heteronygote (410, oy) Temales i
based on the examinstion of both the backoross and the testoross eann A
shown i Fable 2, those bachoross indivaduals are selected which segregate
Fonormal | Boury kerneds i the backoross ear prollinated by the recurent
parent and the testcron car to which pollen was carmed  his accelerated
Muem gives a continuous backorossng with one ovdle per planting season

Sarting with the second backoros planting, hall the genoty pes can be
chiminated by planting only the notmal kernels from the seiected segregat
ing earsin the bachoross These normal phenoty pe bernels will be s misture
of (401, w7 e pand (= 00+ o), and i i oot possible to distinguish between
the types at this pott. However, this process does eliminate the unnecessarny
butden of carying unneeded matenal into the nest generation

Following the second hackoross oycde, it also i important 1o begin o nolate
the desited mutants for Laboratony and ficld testing. Self-pollination and
testorosing, followed Iy Laboratory analysis, wili assure either the (0,10,
op/og)or the (+ 7+ oyop) genots e, depending on the tests and selection, and
corresponding high-qualiny protein. Logically, the selfed ears that are even.
tually selected should be tested in the Laboratory belore including each ear in
the bulbed opaque = Doury (1,70, 0y/04) population or the opaque popula
Bt (4 )+ 0y/0y)
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TABLE 2 Scheme B: Converuon of Noury lines or varsetses wEng an opagec- 2 toser, with cither (o)
o3 foz ) or {1, 11, o3 jo; ) maire 24 final abyectie
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Sowrce: Bauman and Cranc, 1971

3 Bepaning with the sevond backcross, sclection of only the normal kernels from thes srpregstng backoos car willl
chmunate half the progeny in the next planting and half the unnecrssars matenah from the program.

b In cach cyde, sebect the female backarowsed plants whose testcron showed segregatson approxamatedy 1:1 for normal
bomuduhmnmhmﬂw‘wwrﬂlw;lﬂow‘,

001

SIOURLY 'Y SOIBYY) PUB YINBYIS ONIBPE



Selection Schemes for Conversion of Highland Floury Maize 107

Fhe same considerations outlined in scheme (A) are pertinent in deter -
mining the number of generations of backcrossing needed before commer -
cal use of these converted materials. Field results from yield trials can best
indicate progress and how far to carry the conversion.

Scheme B (Fable 2) requires no more work in the conversion than sc heme
A (Lable 1), and we find that the control of the Doury-1 locus is o major
advantage of this method. There also may be certain organoleptic properties
ol & product with the homozygous floury-1 gene that make this maize
desivable to the consumer. Another advantage of scheme Bis the potential to
recover either the single mutant (+/+ ogo,) line and/or the double mutan
(11,00, ay/og) line inthe Last step, to be compared in yield trials and Liboratory
fests

Conversions of Floury Varieties or Hybrids to Opaque-2
with the Final Objective a Single-Recessive Maize

Modification of the backcross and testing system has also been proposed
by Beingolea and Sevilla (1), Their scheme (C) also assumes that loun
vanicties in the Andean zone are floury-1, with a dosage effect where the
141,/ 4 endosperm hasa loury phenotype. Conversion scheme Cisoutlined
in Table 3.

Floury local is used as male and crossed 10 the opaque-2 source. The
reverse may be used in the original cross if this facilitates the operation. T he
heterozygous Fyis crossed as female 1o the recurrent parent local floury
(/0 +/+). Backcross-1 (BC,) kernels will segregate 1 normal: 1 floury,
I'he genetic constitution of the normal kernel embryos are (+ /1, 4 /og)and
(+ /41y +/+). These are planted, and at lowering tme they are selfed and
also backcrossed to the recurrent parent as female to obtain BC,

At harvest, all BC; ears are floury, owing to the dosage effect of Hloury-1
Selfed ears of BC, plants are of two types: the ears carrying the opaque-2
gene will segregate 6 normal: 10 floury; the ears that do not carry the
opaque-2 gene will segregate 1 normal:l floury. Only the BC; cars which
received pollen from plants that segregated 6 normal: 10 floury are selected
for further backcrossing. The same procedure is followed for BCy, but now
the number of pollinations must be doubled, since there are four different
genotypes from BCy, from which only one will be selected. The same proce-
dure as in BCy may be followed for further backcross generations.

Recovery ofa homozygous opaque-2, single-mutant variety ( +/+ 0y/04) is
obtained by selfing the Last backcross generation (Table 4). In the 6
normal: 10 floury segregating cars, the loury kernels are selected and
planted. In cach plotat least 30 plants are self-pollinated. Those plants with
completely floury selfed ears are planted in a detasseled car-to-row field
with the recurrent parentas pollinator. Alllines may be increased ear-to-row
inanother block. The desired lines are those with uniformly normal (flint)
cars inthe detasseled field. The increased seed of these lines is planted inan
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TABLE 3 Scheme C: Conversion of floury varieties or lines to opaque-2 with a single-recessive maize as
the final objective

Recurrent Genotvpe of Backcross Scif-pollmation
parent backcross plants phenotypes phenotypes
Onginal cross n,/n, ++ +]+ l o, o,
First backcross 1, /1, +/+ +0, tlo, 1 normal : 1 floury
l plznt normal (flint) kernels
Second backcross ,Mm, «f+ +/n, +]+ floury 1 ni.rmal : 1 floury
+ sclf-pollination [, +jo, floury 6 normal : 10 floury®
l plant BC, from plants wath
6 normal: 10 floury ratwo
Third backcross fl, (1, +/+ n, /M, +/+ floury floury
+ self-pollination f, /f, +fo, floury floury
+n, +[+ Doury 1 normal : 1 floury
+/f1, +jo, floury 6 normal : 10 flounv®

Plant BC, from plants with 6 normal : 10 floury.
(to further cycles)

Source: Beingolea and Scvilla (1).
2 In cach cvcle, sclect the female backcrossed plants from numbered selfed plants that gave 2 6 normal: 10 floury segre-

gation.

S
=3

S10UBI4 'Y SOLBYD PUR YONOYIS 0110P84



TABLE 4

Selection Schemes for Conversion of Highland Floury Maize 109

Fixation of desired genotype of lines or varieties from the third

conversion scheme (¢) alver the desired number of backeoross cyeles

BON plants

Sell pollingted cars

Hiowury

o« Houry
I normal @ 1 Hloury
6 normal @ 10 floury

II‘I,"II, A x
/M0, +fo, X

1, tfe

1, tfo,

o, +fs :
t!”' i}n’ b=t "

+/1, o, o, x
1, J11, +]+ S0 plants
(0, /1, 4o, (+ testeross)
i, o,fo,

+/+ u,,l'n‘

I normal
6 norimal
{loury®
~—ehons.
“!Illl\
Howry
Houry®

floury™®

1 Houary
¢ 1O Noury

testoroms result

with (10 11, +[+)

1, u],"n,"df—;-’:"

fl, /0, o,/o,?

+[4 u..u'u,ll

testoross as ¥ with

(1,0, +/+)

MEIcales
Thoary

-
normal

Testomom o
(¢ 0, ,‘..'_ )
normal

I normal 0 1 opague
l").ltll“'

nonmal
I norasal © 1 opajue
ill!.ll'l"'

|I‘},jliul'

& Select Moury sell-pollinated cars that also give a llillll)lflll\ Houry (opague) car when test

crossed to (+/+ o, fo, ). This testeross reduces the popalation required i the third generation and
permits recovery of both (¢/+ o Jo, b and (11 /0, o, /o, ).

b Increase seed from each ear row at the same time the testoross is made on several plants as e

males. This will save one season in the increase and use ol a new variety or line,

isolated mixing plot. The genetic constitution of the new floury variety is
(+/+ 0y/0). When this variety is planted by the farmer, any contamination
with local floury varieties that do not carry opaque-2 (1,41, +/+) will be
casily detected in each harvest, since the crossed kernels (+/ 4 /01, 0y/04/ +)
will have flint normal endosperm. A disadvantage of this system is that, in
some genetic backgrounds, sufficient difficulty in classifying individual ker-
nels may be encountered so that it will not be possible to distinguish between
a 1:1 and 6:10 ratio.

Modifying scheme (C) as originally described includes a testcross to opa-
que (+/4 0y/0y) during the second step of fixing the desired genotypes to
allow reducing the number of lines 10 be carried to the final step and
recovery of (fly/fly04/04) (Table 4). Further modifications suggested by Crane
and Bauman include the possibility of split pollinations on the ecars of
segregating generation plants and the use of aleurone markers to identify
desired individuals homozygous for either (+/4 0g/04) or for (11,/11, 04/04).
In addition to the testcross with pollen from each plant to a (+/+ 0y/04)
tester, the second ear (or about one third the silks on the main ear) is
pollinated with (+/+ +/+) pollen from a purple aleurone stock. The main
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car (or remainder of the main ear) is self-pollinated a day or two Luter, From
the testeross results to the (+/+ oyoy) all plants not homozygous oy/oy are
discarded; among those that are o/ o, if the purple kernels are all floury on
a particular plant, the nonpurple kernels form the new (/11 04/0;) line o1
vatiety. If the purple kernels are all normal on a particular plant, the
nonpur ple (selfed) kernels from that plant will form the new line, or will be
pooled into the new variety, which s (+/4 05/04).

Visual Selection of Opagye-2 Segregants
within a Floury Background

Although most conversions of high-altitude Andean maize varieties must
depend on the sophisticated selection and testing schemes just outlined,
there are some highland materials in which the opaque-2 phenoty pe can be
distinguished from the floury types being converted. In the Colombian
national program, Daniel Sarvia, Envigue Artas, and Manuel Torregrozaare
comverting asenes of naize varieties at Tibaitatd, near Bogota, Among these
varicties there isasufficient difference incolor, or sheen, between the floury
(homozygous or heterozygous) kernels and the opaque-2 segregants in the
selfed ears o allow visual selection of families in the classical conversion
manner. This procedure is outlined briefly in Table 5 (scheme D). If this
procedure is successtul (and it has proved valuable in Colombia), the conver-
sion iy identical o that in flint or dent-type maize, After the first backcross
generation, selfed plants may be examined visually for segregating kernels

FABLE 5 Scheme 1 Visual selection of opaque-2 segregants within a floury
background

Recurment Femal
parent parent Selled progeny
Orginal cross t X o, [0, -
First backorow ‘e X o,
Sevond backoross + [+ X tft ¥ Mloury scgregates
ta, $ floury 1 1 opagque®
Thied backeross v X iy X floury segregates
tlo, 3 floury : 1 opague”

(to fTurther cycles)

A Depends on visual separation of the floury kernels from the opaque-2 segreganty or by
sectioning, staining, and examination with microscope 1o identify the types low in zein
(assumed 1o be high quality).
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that are homozygous (04/04), and these materials are increased tor Laborat-
ory analysis and field testing. Scheme D is identical in every detail w the
well-known conversion system for flint maize, and certainly is 4 recom.
mended approach if the varieties or lines to be converted have this pe of
endosperm. This method may prove dangerous, however, since the
opaque-2 gene seems o react with some genetic backgrounds to produce a
deleterious effect. Tois likely that this negative effect could be associated with
some visual expression (such as reduced sheen). This deleterious effect on
the endosperm might later be associated with reduced vield or other per-
lormance criteria,

A better scheme for visual selection of high-quality segregants, at least in
the initial screening tests, is a method reported by Pradilla et al, (4) at the
Biological Congress in Cali, and previously used by Wolf et al. (5) and Choe
etal (2). Thismethod entails sectioning the kernel with freesing microtome,
staining a section with hemotoxilin dye, and examining this preparition
under a high-resolution microscope. Kernels that are high in zein content
(poor quality) show a concentration of dai by stained red zein bodies in the
spaces between starch granuies, as well as staining of the margin between
cach two granules. On the other hand, kernels that are low in zein show onls
limited staining of the few zein particles found in the spaces, and staining is
almost absent from the marginal lines between granales. This distinetion
betwesn the two types is so stiiking and clear that no previous experience
with maize is needed for a laboratory technician to recognize and classify the
contrasting types. 1eis probably possible to test individual kernels and plant
the same kernels for the next generation of backcrossing, testing, or seed
mcrease, il the hand section meihod presented by Pradilla et al. (4) is em-
ployed. This method does not require freezing of the test material,

Conversion of Local Highland Varieties
Phenotypically Similar to Floury Maize

After many centuries of selection in the highlands of the Andean zone,
man has created a greatdiversity of maize rac esandbiotypes. Itisinteresting
and valuable 1o note that most of the soft-kernel varieties have a flint
counterpart, which is used 1o prepare other 1y pes of foods. Indians prefer
the soft floury type for most typical preparations and direct consumption,
but the flint varieties have been preserved and are stll planted in many
areas.

Inroducing the opaque-2 gene into these flint counter parts represents no
problem to the breeder. The procedure is identical 1o the one outlined
previously and to the scheme currently used with flint varieties. ‘This last
approachis being used for highland varieties in the maize program in Peru.
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Laboratory-Analysis-Dependent Syster for Conversion of
Floury Varieties or Lines to Opaque-2

Scheme E (Table 6) is very similar to the one used to convert dent or flint
maize to opaque-2, Since visual selection in the self-pollinated ears is not
possible, a single-kernel analysis will show which kernels within the floury
cars are carrying or segregating for the opaque-2 gene. Table ¢ outlines the
procedure. Starting with the first backeross, the breeder may select only the
floury kernels, and have f1, in the homozygeus condition. On the othes
hand, if only normal (1in) kernels are selected, he can maintain the Fl,
(+/+)inthe systemand finally get a soft maize, owing to the opaque-2 gene,
but which can show contamination when pollinated with floury varicties. In
cach cydle, analyses should be performed only in those eirs with clearly 6
normal (Mling): 10 floury segregation to confirm the presence of opaque-2,
Ihis will halve the work in the laboratory,

In any cycle, laboratory germination of the high-quality kernels of self-
pollinated cars could be used to increase seed and allow testing at this level of
conversion. There is some doubt about the speed and efficiency of this
laboratory testing scheme when other genetic systems are available that do
not require such a heavy dependence on the laboratory. However, there is
no doubt about the importance of the laboratory in checking progress
during dhe backcrossing cycles and in checking each line for quality before
producing a hybrid or pooling material in a composite. This system is
currently being used in the CIMMY'T program.

GENERAL GENETIC SCHEME FOR THE CONVERSION OF
FLOURY MAIZE TO OPAQUE-2

Schemes A 1o E as presented by their original authors, have provided i
valuable genetic background on which to build a system adapted 10 each
national program and maize 1o be converted and suited 1o the laboratory
facihties available, Our discussion now turns 1o a general genetic scheme (F)
tor conversion. Using the best features of each system previously discussed,
scheme F points out the variations available at each step, depending on the
final objective of the program, the type of maize 10 be converted, and the
availability of a laboratory input.

The general scheme, as presented in “Table 7, is essentially method A of
Bauman and Crane (1971); it has a backcross each eyele with the recurrent
parent as male and a testeross to the original or other opaque source (+/+
as 0g/0g) or double mutant (11,/11, 04/0,) in the final product, and which route
to follow for the two alternatives shown, Kernels may be selected from BC,
for each route, If there is doubt about which product will be desired or most
acceptable to the consumer, the correct route 1o follow is to select normal
kernels to control both loci so that both (+/+ o,/0,) and (11,/11, 0,/0,) may be
recovered in the final step.
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TABLE 6 Scheme E: Conversion of floury varicties

or lines to opaque-2 with help of protein-quality laboratory

Self-pollinated cars

Recurrent Female Backcross Laboratory
parent parcit results Phenotypes results
Onginal cros fl, /0, +j+ 4]+ o, /o,
First backcross n, /0, +/+ +f, +la, I mormal : | Nowury
Normal Kernels from Backoross
Sccond backoross 0, /0, +/+ +fN, +]+ fhoury I mormal = 1 floury All low
+ sclf-pollmaton i, +lo, floun® 6 normal : 10 floury Some high?
Floury Kernels from Backcross
i, /0, +/+ M, /1, +f+ floury Noury All low
fl, /0, +]o, floury? floury Somc lagh?®
Floxry Kernels from Normal
Third backcruss 1,0, +j+ /0, 4]+ Nowary 1 normal : 1 floury All Jow
+M, +/o, Noury® 6 normal : 10 floury Some high?
/N, +/+ Moury floury
fl, /0, +jo, loun Mlouny
Fioury Kernels from Floury
, /N, +/+ fl, /0, +/+ vy Nouny All low
n, /M, +fo, floun? floury Some high?

|

(1o farther ¢y oles)

3 Laboratory tests of foury keroeks from the scgregating cans will reveal some kerneks (one-fourth)
hyminc or irvptophan. Floury kernels from those bac karossed are cars then sclected for further cvoles

that are harh qualny, based on analvsis of cither

2-enbedo o1 6z/eyy Ainoy4 o uoIsI0ALOY By} 10 ouIeyos oneuer |pieuen

[Ny




TABLE 7 Scheme F: General genetic scheme for conversion of floury maize to opaque-2 maize

Testcross
Recurrent Genoty pe of Nackcross phenotypes
parent backcross plants plenotypes € (+/+0,/0,)
Original cross fl, A1, +/+ %o, o,
First backcross ,0, sie /M1, +io, I normal @ 1 floury
Nermal Kevnels from Backcross?
Second backcross 1, /01, +/« L, 8 1 normal : 1 floun normal
4 testcrons +ifl, +la, 1 normal : | floun ! normal : 1 opaque®
Floury Kevnels rrom BackerassP
fl, /11, «/e floury normal
n, 1, +io, floury I normal : 1 opaque®
Normal! Kemmels from Rackcross®
Thied backcross a,Mm, +je 1,761, <+ floury normal
+ testcross fl, 1, +/o, floury 1 normal : 1 opaque
/11, +/+ 1 norma! : 1 floury normal
+/fl, +jo, 1 normal: 1 floury 1 normal : 1 opaque
Floxry Kemnels from Backcross®
fl, fl, +fe floury nornmal
1, /fl, +/o, floury 1 normal : 1 opaque®

Pl
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TABLE 7 (cont.)

Testcross
Recurrent Genotype of Backcross phenotypes
parent backcross plants phenotypes Q (+/+0,]0,)
Normal Kernels from Backcross
Fourth backcross fl, /fl, +/+ fl, /fl, +/+ floury normal
+ testcross fl, /fl, +/o, floury 1 normal : 1 opaque
+fl, +/+ 1 normal : 1 floury normal
+/fl, +/o, 1 normal : 1 floury 1 normal : 1 opaque®
Floury Kernels from Backcross
fl, /fl, +/+ floury normal
f1,/fl, +/o, floury 1 normatl : 1 opaque?

(to further cycles)

2 1f desired maize is (+/+0,/0,), or both (+/+ 0;/0,;) and (fl, /1], 0,/0,), select normal kernels from backcross-2 (or later

backcross cycle) cars in these rows.

b If desired maize is (f1, /1, 0,/0,), select floury kernels from backcross-2 (or later backcross cycle) ears in these rows.

g-8nbsdo o} ez/8yy Ainoy jo U0/SIBAUOD 6Y) JO} BLLEYDS OEUBY [BIBUEH

1



118  Federico Scheuch and Charles A. Francis

Inthe case of the double mutant (1,/f1, 04/0,), verification of the genotype
requires no special procedure if a backcrossing procedure was used in
scheme F. As shown, the sclected backeross progeny in ¢'.ch cycle on the
basis of testcross results is already of the desired genotype. Verification of
the single recessive(+/+ 0,/0,) was outlined in Table 4, and this is recom-
mended as the most efficient procedure.

PROGRESS IN FLOURY MAIZE CONVERSION
IN HIGHLAND ZONES

The principal activity in conversion of these high-altitude maize varietjes
is concentrated in the Andean zone and Mexico. Progress in these conver-
sion programs is slow owing to the long growing season, which generally
limits breeding to one eycle per year. The complicated nature of the conver-
sion process also has caused lost generations in some situatjons.

Colombia

‘The national program in Colombia is now in the third backcross of floury
maize materials at Tibaitatd, the highland research center near Bogoia.
Primary emphasis has been on visual selection, although in some varieties
testerossing schemes are needed 1o separate families that carry the opaque-2
gene.

Ecuador

In Ecuador the first backeross is now in the field; current plans for
selection are dependent on the new protein laboratory that has just been
installed in Santa Catalina near Quito.

Peru

The third backeross has been produced in three flint backgrounds and
three floury maizes. A second backeross is in the field in another two flint
highland types. Further progress in these materials depends on testcrossing
atd laboratory analyses in the next eycle.

Mexico

In Mexico, conversion of Cacahuacintle and other floury types is planned
for the near future; some opaque-2 composites are currently available from
CIMMYT (Composite 1).
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Bolivia

‘The first backcross has been made in Bolivia with sell-pollimations and
testerosses made during the winter months, Fwo generations are produced
per year in Cochabambi in this way, and the selfing and testing are consi-
dered necessary to preserve a maximum of adaptation and grainacceprabil-
ity while searching for the desired (+/+ 04/0,) genotype. Yield is also a
prime objective in the Cochabamba conversion and improvement scheme,
since intzoduction of a new variety in the zone is thought 1o be unacceptable
i protein quality is the only difference between the new type and the
traditional variety.

In addition 1o the time required for each generation in the conversion
process, most programs have been limited by a lack of prompt and reliable
laboratory results on which to base decisions and further selections, With the
installation of Laboratories in La Molina (Peru), Santa Cataling (Fcuador,
Cochabamba (Bolivia), and CIAT (Colombia), and the continuous « heck
systems of standards proposed by CIMMY'T and Purdue, this problem
skouldlessen in the near future. The laboratory input is helpful to moniton
progress in these floury materials.

CONCLUSIONS AND RECOMMENDATIONS

Ihe conversion schemes presented are self-explanatory, and more details
about each scheme may be requested from the sources listed. The advan-
tages and disadvantages of the procedures are detailed also. The decision to
choose a particular system will depend on the maize available, the final
objective of the conversion, and the Liboratory facilities available,

If there is a reasonable way to utilize the schemes that are based on visual
selection in the selfed ears, this route is simple and requires a low-level
laboratory input, although genetic testing should be incorporated into the
scheme 1o assure opaque-2 quality in the final product.

When it is impossible to distinguish the opaque-2 segregants from the
floury background, one of the other systems is necessary. The two modified
systems (schemes A and B) give control of the floury gene as well as identifi-
cation of the high-quality opaque-2 segregants. Choice of a scheme depends
on the final objective. Because of the ease in identifying contaminated
kernels in farmers' fields, we recommend conversion of local highland
varieties 1o an opaque-2 single-mutant genotype (+/+ 0y/0,). This will
prevent loss of identity and quality in the new material after it is introduced
te the farmer and after he selects his own seed for a few generations.
Laboratory analyses logically should be used 1o test the products of any of
these schemes, especially the procedi. cs that have a double-mutant maize as
the final objective (f1,/1; 0,/0,) and those based on visual selection.
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Rapid conversion of the highlznd Moury -ty pe maize is essential 1o ime
proved nutrition in highland zones Development eflorts suchas the Puebla
Project in Mexico, the Cajamarca Projectin Peru, and the Rionegro Projeat
andd others in Colombia, are all Jocated in medivm-altitude or highland
sones. Todate, noopague-2 maize or other maize with improved quality has
heen avallable for general use in the project arcas,

Since these programs ol extension and integrated development are -on-
centrating on improving human nutriton, a mabze variety with animproved
quality is an essential component in the production package to be intro-
duced. Fach national program has a vesponsibility to move ahead as rapidly
and elficiently as possible with the conversion ol varieties and testing under
farm conditions. International and regional centers such as CIMMY'| andd
CIA T must provide the necessany fiekdand Taboratory training and labora-
ory sample testing needed o implement these programs in the field.

Much progress can b made by converting maize in one region for use in
another zone or counry, and this exchange may give an initial solution to the
need for a high-quality maize vaniety. | he conversion of plant ty pes adapted
to i specific cimatic zone, and ol i spee ial Large-grain type preferred for
CONMUMpPOn in one region, make these conversion schemes essential to cach
national program where floury maize is important in the diet Only Iy
introducing this new maize with improved quality can we hope 1o signific-
antly improve the nutritional levels in many areas. 1 he methodology and
new Laboratory facilities now available will give a new boost to this work, and
won we should have varieties available to the Andean zone farmer.

I he suggestions of P L Crane and LM Bauman ol Purdue University
and S, K. Vasal, CIMMY'T, and F. Poey, Mexico, were especially valuable in
the preparation of the manuscript.

I he authors are also indebred o the following scientists for their personal
communications relative to the conversions of floury materials: Enrique
Arias and Dasiel Sarria, Programa Nacional de Maiz y Sorgo, CN.LA.
Palmiva, 1CA, Apartado aéreo 233, Palmira, Valle, Colombia; Gonzalo
Avila, Director, Granja Modelo Pairumani, Casilla 128, Co habamba,
Bolivia; Luis Beingolea and Ricardo Sevilla, Programade Maiz, Universidad
Agratia La Molina, Apartado 456, Lima, Peru; and Paul Paz, Programa de
Maiz, Estacion Experimental Santa Catalina, INTAP, Apartado 2600, Quito,
Fcuador.

[A discussion of this paper can be found on bp. 186487 of Questions
and Answers.
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With the discovery that lysine aod tryptophan levels in maize endo-
sperm protein could be 'dramatically increased by the recessive gene
opaque-2 and the semidominant floury-2 gene, a key was discovered for
improving the diets of monogastric animals, including man.

In countries where maize is a staple food, the implications of these find-
ings are obvious and have been pointed out repeatedly. However, in the
United States, as in many other countries, the primary use of maize is for
livestock feeding. Hence, widespread use of modified protein hybrids de-
pends on their economic competitiveness with normal dent maize plus
soybean meal supplement.

The key questions originally considered when modified protein breeding
work was initiated in Hliniois were as follows:

I. Canacceptable yields of modified protein hybrids be obtained (1) from
backcross derivatives of currently used lines, or (2) by isolating new lines
from populations homozygous for opaque-2 or floury-2 that have been
selected for improved agronomic fitness?

2. Can the level of lysine in opaque-2 or floury-2 populations be in-
120
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creased? (This question was important because early feeding trials estab-
lished that, whereas the level of tryptophan in opaque-2 or floury-2 hybrids
was adequate for diets in most rations, the level of lysine, although drastically
improved, was below optimum for finishing swine.)

3. Can the problems inherent in the soft-endosperm texture of the
opaque-2and floury-2 genotypes be overcome while maintaining improved
protein quality?

Attempting toanswer these questions, we initiated research in three major
areas:

1. Developing and testing backcross-derived opaque-2 and floury-2 hyb-
rids.

2. Developing broad-based gevm-plasm pools homozygous for either
opaque-2 or floury-2, followed by recurrent selection for yield and lysine
percentage.

3. Isolation and genetic analysis of modifier genes that would increase
kernel density in an opaque-2 background without detrimental effects on
protein quality.

This paper describes results from this research and their implications in
the development of modified-protein maize.

PERFORMANCE OF OPAQUE-2 HYBRIDS

When reading papers dealing with modified protein maize, one often
encounters the truism, "Yield must be improved before wide adoption will
occur.” We believe that this is an oversimplification. Problems in the United
States, for example, arve very different from those in Eastern Europe, where
high-quality-protein supplements for animal feeding are scarce, or in parts
of Latin America where maize is widely used as human food. The acceptable
loss of calories per acre as a trade-off for increased amounts of high-quality
protein is a function of demand for the two components, In the United
States, soybean meal has, traditionally, been relatively inexpensive. Hence,
lower maize yields to improve protein quality have been unacceptable,

However, the economics of protein-calorie production may be chang-
ing. Soybean meal is now (November 1972) selling for $120/ton in the
United States, an increase of 76% in the last year, Thus, in regions where an
adequate supply of good-quality protein does not exist, and where maize is
an acceptable food, yield may be a secondary consideration.

We believe that yields of opaque-2 maize hybrids need not be inferior to
yvields of standard dents. Over the years, we have observed a definite im-
provement in performance in our trials. In 1966, near-isogenic versions of
the same hybrids were tested at Urbana (4). The opaque-2 versions yicelded
85% of the normal counterparts, on the average, although only 5 of the 17
hybrids yielded significantly less than the normal version. Backcross-4 re-
coveries of the same 7 lines were tested in 1967, The opaques yielded, on the
average, 92% of the normal maize counterparts.
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We have continued testing hybrids of backcross lines derived from
opaque-2 synthetics with mounting optimism. The 1972 performance of the
eight highest-yielding opaque-2 hybrids and T sterile versions of commer-
cial dent hybrids is shown in Table 1. The ‘T dents were planted at random
among the opaque-2 hybrids and were pollinated by them. Damage from the
T race of H. maydis was minimal and had little or no effect on yield,

The eight higher-yielding hybrids averaged yields of 7,600 kg/ha, 99% of
that of the six commercial dents. The highest-yielding opaque-2 hybrid was
only 7% below the highest-yiclding dent. To add perspective, commercial 1
is the “hybrid to beat” in the central United States corn belt.

POPULATION IMPROVEMENT

Although backcrossing has been successful in producing opaque-2 inbred
lines and hybrids that are commercially acceptable, progress from this
approachis limited. To increase the diversity of opaque-2 and floury-2 germ
plasm, and to provide random mating populations for studying the genetic
potential for improving populations with improved protein quality, the
opaque-2and floury-2alleles were independemly introduced into two maize
synthetics [lnwu super stff stalk, (SSSS) and Synthetic Discase-Oil (l)())].
The procedure for developing opaque-2 and floury-2 versions of these
synthetics has been described (2). In brief, cach synthetic was crossed to a
source of opaque-2 and floury-2. The F, was backcrossed twice to the
appropriate synthetic, For §§8S ~ o, and DO = oy, the BC,F, was random
mated; then homozygous 0,0, kernels were selected and plants from these
kernels were random mated. In the floury-2 conversion program, plants
grown from floury kernels selected from the BG,F, random-mated genera-

TABLE 1 Perforraance of opaque-2 and dent commercial hybrids: Urbana, 1972
{experiment 402)

Yield
H,0 in grain Lodged

Pedigree bufacre kg/ha (%) (%)
93160 X 981762 149 9,354 24 0
98176 X 981682 142 8,914 25 2
N28(C123 X Mol17?) 139 8,726 26 0
N28(WG4A X H4Y9) 138 8,663 28 0
Vad3(C123 X Mol7) 136 8,538 25 8
RI77(C123 X Va35) 136 8,538 25 ]
98153 X 98191 135 8,475 23 0
RI177(W64A X H4Y9) 138 8,349 26 13
Commercial 1b 161 10,106 24 2
x, six commercials® 140 8,789 25 3

8 Purdue hybrids.
b Highest-yielding dent hybrid (T sterile),
€T sterile dent hybrids,
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tion were selfed, and kernels from ears homozygous ], were selected to
produce the plants that were random mated.

In each of the four populations (8888 = 0,, SSSS - {1, DO - oy, and DO =
fl3), a modified car-to-row selection scheme (") was intiated. In each synthe-
tic, 200 cars from the second generation of random mating were planted
ear-to-row in three replications of a blocks-in-replications design. Within
each replication, entries were grouped into 10 blocks of 20 entries. The same
20 entries were included ina block in each replicate. Plots were single rows, |
by Sm in 1969 and 0.76 by 3.80 m thereafter. Population density was
approximately 54,000 plants/ha,

A fourth replicate was planted in isolation to provide seed for the next
generation. A single row of cach of the 200 families was included. Two
pollinator rows planted to a bulk lot of sced obtained by compositing equal
quantities of seed from cach of the 200 cars were planted every four rows.
The 200 rows from individual ears were detasseled and tive cars selected
from each row.

From the yield trial, the weight of shelled grain and moisture percentage
were determined and a sample was saved for chemical analysis. Plots were
hand harvested in 1969 and 1970 and machine harvested in 1971 and 1972.
For each plot the following chemical analyses were made:

1. Percentage of protein (Kjeldahl N x 6.95),

2. Percentage of lysine in the whole kernel (microbiological assay using
Leuconostoc mesenteroides, 1969 and 1970 (3); modified trinitrobenzene
sulfonic acid method (INBS), 1971 (7).

3. Percentage of oil (nuclear magnetic resonance).

In addition, kernel density was measured in 1969 and 1970 as grams per
162 cm™ "The original genevation was grown in 1969; the first, second, and
third cycles of sclection were grown in 1970, 1971, and 1972, respectively,

Selection was based on kilograms of lysine per hectare, obtained by multi-
plying yield in kilograms per hectare by the percentage of lysine. The high-
est four families within cach block were selected, with the restriction that the
percentage of lysines be greater than the block mean. Thus, in each syn-
thetic, 5 cars per family from 40 families were selected to provide the 200
entries for the next cycle.

After the initial generation, one plot of an appropriate hybrid check and
one of the original population were included in each block. Thus, there
were 30 hybrid check plots and 30 plots of the original synthetic in each
experiment.

Analyses of variance and covariance were made on a within-block basis,
using the pooled entries in blocks mean square, and the pooled error for
replications times entries in blocks, for example, to test for significant
differences among entries. Heritability values were calculated on the basis of
selection within blocks from one location grown in 1 year with three replica-
tions. Phenotypic and genotypic correlations were calculated using entry
means on a pooled-within-block basis for each synthetic.
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Predicted response from selecticn of the upper 20% of families was
calculated as R = io,h? where i is 1.4, o, is the phenotypic standard
deviation of the character selected, and A2 is heritability. Correlated re-
sponse was calculated as C = iy hyh,rer,, whered is 1.4, g, is the phenotypic
standard deviation, h, and h;, are square roots of heritability of the selected
character and the correlated character, and rg,, is the genetic correlation
between the two characters. Response is rcpm'lctl as a percentage of the
population mean. Response was calculated for each synthetic in each cycle
and averaged over three cycles to give average response per cycle.

Because the selection experinents were grown only 1 year per cycle,
estimates of genotype = environment interaction were not possible. A sec-
ond experiment included six opaque-2 hybrids grown at 10 locations in
Hlinois in 1969. Two replications were grown at cach location. Approxi-
mately 10 plants per veplicate were selfed, and a bulk sample of seed from
each plot was analyzed for percentage of lysine (amino acid analyzer) and
percentage of protein (Kjeldahl N % 6.25).

RESULTS

Selection Experiments

The primary effect of selection was to increase yield of grain and kilo-
grams of lysine per hectare (Table 2). With the exceptions of the percentage
of lysine in cycle 2 of DO-0, and DO-l, and the percentage of protein in
cycle 1 of $§SS - f1; and DO - {1, none of the comparisons of cycle means
with the mean of cycle 0 grown in the same year was significant for percen-
tage of lysine, grams of lysine per 100 g of protein, or percent protein. Inthe
four cases of significant differences just cited, the magnitude of the differ-
ence was so small as to be of no practicalimportance. The greatestinerease in
yield and kilograms of lysine per hectare occurred in cycle 1 in all four
synthetics. Only §S8SS - 0, showed an increase in cycle 2 over cycle 1.
Although DO- 0, consistently outyielded cycle 0 by from 610 7% in cycles 1,
2, and 3, no individual comparison of a selected cycle with the original
population was significant. The largest gain for both yield of grain and yield
of lysine occurred in $88$ - 0z, which had an average increase of approxi-
mately 4.7% per cycle for yield (three cycles) and 7.4% per cycle for kilog-
rams of lysine per hectare (two cycles) (Table 7). At the end of two cycles,
gain in yicld for SS8S - 0, was 6.6% per cycle. Thus, the difference in gain
per cycle between grain and lysine yield when three cycles are compared
with two cycles will probably be narrowed when lysine data are available for
cycle 3 of SSSS - 0,.

The marked gain from selection in grain yield and kilograms of lysine per
hectare, and the lack of progress in percentage of lysine, resulted from (1)
higher heritabilities of grain yield than percentage of lysine, and (2) higher
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TABLE 2 Mecans for cach cycle (absolute value and as a percentage of cycle 0
grown in the samec ycar) for several traits in two opaque-2 and two
floury-2 synthetics

Cydle
0 | 2 3
Population Mean  Mean (%) Cycle 09 Mean (% Cyde 0 Mean (%) Cyele 0

kg Lysinefha

88880, 20.8 24.2 109.4b 22,5 11480
§888-f1, 15.2 16.0 109.6b 16.0 108.3b
DO-o, 22.8 20.0 109.9 20.2 108,00
Do, 17.8 18.7 111.3b 16.4 106.5
% Lysine
§$88-0, 0.400  0.407 100.0 0.424 100.7
$$8S-11, 0.305 0,308 99.0 0.323 100,0
DO-u, 0.414 0,385 100.3 0.378 102.4b
po-n, 0377 0.344 100.0 0.934 97.1b
Yield (kg/ha)
§858-0, 5,216 5.725 109.7b 5,300 113.1b 6,053 114.5b
§888-11, 5,002 5,295 110,7b 4,954 1oob 5287 110,1b
DO-u, 5508 5,154 107.8 5,358 105.6 5,378 107.2
DO, 4,786 5438 11.2b 4,909 109.3 5,275 113.7b
gl/100 gP<
§888-0, 3.77 3.91 100.5 4.18 1022
$SS8-f1, 2.72 2.86 97.9 2.97 98.7
DO-o, 3.83 3.62 102.0 3.52 101.4
Do-n, 3.25 3.26 1019 3.02 98.0
% Protein
$8§S-0, 10.6 10.3 99.0 10,2 99,0
$SS8-11, 11.2 10.6 101.0h 10.8 100.9
DO-u, 10.8 10.9 100.9 10,7 100,9
po-n, 1.6 10.6 99.1b 1.1 99,1

8 Percentage of cycle O check grown in same year,

b Significantly different from cycle 0 at the 0.05 probability level as measured by F testin the
analysis of variance.

C In Tables 2 to 13, gl. = grams of lysine, and g = grams ol protein,

genetic correlations of lysine per hectare with grain yield than with percen-
tage of lysine (Tables 3, 6, and 7). In all four synthetics in all cycles, the
genctic coefficients of variation (CV) were consistently higher for yield than
for percentage of lysine (Table 4). The same trend was evident for
heritabilities in cycles 1 and 2.

The floury-2 synthetics were consistently lower in percentage of lysine,
grams of lysine per 100 g of protein, yield of grain, and kilograms of lysine
per hectare than their opaque-2 counterparts, but were higher in percen-
tage of protein (Table 2). With the exception of grain yield, these results are
consistent with unpublished data from our laboratory on backcross-derived
floury-2 and opaque-2 inbreds and hybrids. Preliminary yield tests of
floury-2 hybrids indicate that yields of floury-2 genotypes may not be as
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TABLE 3 Heritability values (%) for five traits measured in ecach cycle of two
opaque-2 and two floury-2 synthetics

Cyde Cycle
Population 0 l 4 0 1 2 3
% Lysine Yield
§88S-0, 358 378 7 344 652 593 58°
§85S-f1, 659 353 459 629 594 689 529
Do, 398 30 470 40" 60 689 602
DO, 329 35 46% 790 628 618 659
kg lysinefha glL/100 gP
§888-0, 404 518 50° 29 14 5
§858-11, 64° 478 629 35, 10 268
DO0-o, 434 39 64" 23 2 23%
po-n, 594 532 568 ? 289 16
% Protein
§8SS-0, 699 66% 634
§88S-11, 86* 479 773
DO-o, 794 728 699
DO-f1, 918 64® 798

a Genetic variance component significant at the 0.05 probability level as measured by F test inan
analysis of variance,

TABLE 4 Genetic coefficient of variation (%) fer cach cycle of two opaque-2 and
two floury-2 synthetics

Cycle Cycle
Population 0 | 2 0 1 2 3
% Lysine Yicld
§58S-0, 3.7 4.4 1.3 4,2 8.8 10.1 9.8
S$8SS-f1, 8.1 4.8 3.1 10,7 8.0 9.0 8.7
DO-o, 3.6 3.9 3.3 4.8 9.3 1.5 11.3
DO-l, 4.8 4.2 3.2 16.4 1.4 9.6 10.9
kg lysinefha g1L./100 gP
§888-0, 5.9 8.4 9.6 3.1 2.3 1.1
$S88-f1, 12,7 8.7 9.8 4.1 2.3 2,2
DO-o, 6.2 .4 1.5 2.4 0.8 2.0
DO-f1, 13.8 8.4 9.3 t.9 3.5 1.6
% Protein
§888-0, 3.1 3.2 2.6
§88S-f1, 5.8 2.8 3.6
DO-v, 3.2 4.0 3.1
Do-n, 6.2 3.2 3.6

greatly reduced from normals as are opaque-2 hybrids. ‘The higher yield of
opaque-2 synthetics reported here is probably because partially converted
inbred lines were used as sources of the opaque-2 gene, whereas the source
of the floury-2 gene was a genetic stock with poor agronomic qualities.
Although no significant progress in the percentage of lysine has been
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observed, significant genetic variation was detected in each cycle of each
synthetic, except for cycle 2 of §S88 o, (Table 3). The heritability values are
large enough to suggest that progress from selection for percentage of lysine
should be possible if selection were based solely on the percentage of lysine.
The fact that genetic coetficients of variation for percentage of lysine are
generally as high as those for percestage of protein, even though
heritabilities are lower, suggests that sufficient genetic variance is present to
allow for successful selection for percentage of lysine if the environmental
variance can be reduced sufficiently.

The low heritability values for grams of lysine per 100 g of protein are
partly the result of large error variance resulting from the fact that error
variance for grams of lysine per 100 g of protein includes error associated
with the measurement of both percentage of protein and percentage of
lysine.

Coefficients of variation (CV) were very similar between synthetics and
between opaque-2 and floury-2 versions of the sime syntheties (Table 5).
The shift from the usc of the microbiological assay to the T'NBS method for
lysine determinations in cycle 2 resulted inasignificant reduction in CV's for
percentage of lysine and grams of lysine per 100g of protein. The change to
machine harvesting instead of hand harvesting in eycle 2 had noappreciable
effect on the CV's.

Phenotypic correlations weve very similar in the four synthetics (Tables 6
and 7). Phenotypic correlations of the percentage of lysine with grams of
lysine per 100 g of protein and grain yvield with lysine per hectare were high
and positive, as were those of percentage of lysine with percentage of protein

TABLE 5 Cocfficients of variation (%) for cach cycle for several traits in two
opaque- 2 and two floury-2 synthetics

Cycle Cycle
Population 0 | 2 0 1 2 3
% Lysine Yield
§8S8S-0, 8.7 9,0 7.8 10.1 10.4 13.9 13.8
$58S-1, 10.3 10.8 5.8 14.4 10.8 1.3 13.5
0.0, 7.8 9.8 5.8 10.3 12,4 13.0 15,0
DO-N, 12,2 9.6 5.8 14.8 9.9 12.5 13.2
hg lysine/ha gL/100 gP
§858S.0, 12.5 13.1 15.9 8.6 9.1 1.8
§885-1, 16.6 15,2 12.8 9.8 11.6 6.1
DO-o, 12.2 15.1 14.3 1.7 9.5 6.1
Do-f, 19.9 13.3 13.5 12.3 9.5 6.1
% Protein
§88S-0, 3.6 3.6 3.3
$858-f1, 4.0 4.9 3.2
DO-o, 34 4.0 3.3

DO, 3.4 3.8 3.6




TABLE 6 Pacnotypic (above diagonal) and genotypic (below diagonal) correlations among

several traits in opaque-2 and floury-2 versions of $SSS

% Lysinc gL/100 gP % Protein Yield Lysine/ha
Cycle 0, fl, 0, fl, 0, fl, o, fr, o, fi,

% Lysine

0 0.81* 0792  0.41* 0.723 _p.0? 0.15 0.642 0.502

1 0.843 0.843  0.55%  0.422 _0..3a  .0.10 0.392 0.562

2 0.772 0.572 0.332 0.542 -0.12 0.00 0.242 0.39?
gL/100 gP

0 060 0.74 0.202 0.15 0.17 -0.07 0.56 0.452

1 072 0.89 Q01 0.12 -0.07 0.06 0.452 0.60°

2 -144 0.1 034  .0.382 0.01 0.15% 0.282 0.%6*
% Protecin

0 057 087 -032 0.31 -0.30°  -0.16 0.05 0.302

1 090 091 0.34 0.61 -0.342 0.29° 0.02 0.03

2  :.01 0.78 -1.21 0.53 -0.212 0.1 .08 0.06
Yicld

0 022 016 .72 -0.10 047 -0.14 0.752 0772

1 039 0.8 -0.17 0.13 -0.43 0.41 0.80* 0.76?

2 057 001 -0.05 0.28 -0.27 -0.17 093* 0922
Lysine/ha

0 074 0.51 0.81 0.42 0.04 042 0.82 .77

1 012 039 0.21 0.64 0.02 0.12 0.87 0.83

2 047 037 030 0.32 -0.13 0.11 0.99 094

2 Phenotypic correlation sgnificant at the 0.05 probability level.
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TABLE 7 Phenotypic (above diagonal) and genotypic (below diagonal) corrclations among
several traits in opaque-2 and floury-2 versions of Syn DO

% Lysine gL/100 gP % Protein Yield Lysine/ha
Cycle o, fl, o, fl, o, fl, o, fl, o, fl,
% Lysine
0 0.762  0.67? 0512 0.542  .0.06 0.332 0573 0.12
1 0.763 0.832 0.573 0.37%  .0.292  .0.07 0.302 0572
2 0.672  0.54° 0.59% 0.612  .0.07 -0.192  0.262 0.192
gL/100 gP
0 048 -0.61 -0.17 -0.262  0.14 0.02 0.58* 0.333
1 0.04 0.68 -0.09 -0.20®  -0.09 0.01 0.362 0.522
2 0.42 -0.03 -0.263  .0.332  0.09 0.152  0.322 (0.3852
% Protein
0 0.77 092 -0.20 -0.90 -0.272 0462 0.11 .0.222
1 1.00 055 -0.08 -0.23 -0.342  0.14 0.00 0.12
0.81 090 -0.19 -0.45 -0.202  .0.352 -0.03 -0.12
Yield
0 0.05 -0.67 0.62 -0.08 -0.37 -0.49 0.782 0.89%
1 -0.60 -0.09 -0.51 0.0 -0.49 -0.19 0.822 0.782
2 -0.14  -0.31 0.16 0.50 -0.26 -0.50 094 0922
Lysine/ha
0 0.62 -0.47 0.74 -0.41 0.19 -0.25 0.81 0.97
1 -0.23 042 -0.6% 0.38 -0.10 0.12 0.92 0.86
2 0.14 003 0.29 0.52 -0.04 -0.21 0.96 0.94

a Phenotypic correlation significant at the 0.05 probability Tevel.

synsey
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and percentage of lysine with lysine yield. Correlations of grams of lysine per
100 g of protein with lysine yield were positive and intermediate, whereas
the correlations of yield with percentage of protein were negative and
intermediate in magnitude. The genotypic correlations were similar in sign
and magnitude to the phenotypic correlations, except for the correlations of
percentage of lysine with grams of lysine per 100 g of protein, percentage nf
protein, and lysine per hectare. The genotypic correlations of percentage ot
lysine with percentage of protein were all higher than the phenotypic corre-
lations. In contrast, the genotypic correlations of percentage of lysine with
grams of lysine per 100 g of proteinand kilograms of lysine per hectare were
not consistent between synthetics, and were generaily lower than the
phenotypic correlations.

Average observed response to selection for kilograms of lysine per hectare
was approximately half the predicted response in all synthetics except 8888
04, where observed and predicted response were equal (Table 8). No
significant change in the percentage of lysine as the result of selection was
observed or predicted. Significant increases in yield occurred in all synthe-
tics, with the possible exception of DO - oy, although the observed responses
were always less than the predicted correlated response. Although data are
not shown, no significant shifts were observed in the percentage of oil,
percentage of moisture at harvest, or density in any of the synthetics.

In a plant breeding program, selection may be based solely on yield,
percentage of lysine, or percentage of protein, depending on the circutins-
tances. Predicted increases in the percentage of lysine per cycle, if selection
were based solely on percentage of lysine, ranged from 2.3 to 5.2% of the

TABLE 8 Average predicted and observed change per cycle in percentage of the
population mean for four modified protein synthetics when selection
was based on kilograms of lysine per hectare

Change (% of mean)

$588-0, $88S-11, DO-0, DO,

kg Lysine/ha

Observed 14 4.2 4.0 3.2

Predicted 7.4 10.8 8.0 10,7
% Lyvine

Observed 04 0.0 1.2 1.4

Predicted 0.8 2.5 0.6 0.2
Yield?

Observed 4,7 3.0 1.9 3.9

Predicted 6.4 8.0 1.5 10.8
% Protein

Obhserved 0,08 04 0.4 0.4

Predicted -0,01 1.1 0.0 0.7

8 Observed values based on three cycles for yield, two for kg lysine/ha, % protein and % lysine, P
Predicted values are averages of three cycles,
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population mean (Table 9). More rapid progress could be made by changing
the breeding system to one such as selection among S, families, where more
of the additive variance would be available for selection. Predicted corre-
lated responses suggests that selection for percentage of lysine alone will
result in a yield reduction of 1.0 10 4.0% of the mean per eycle and an
increase in the percentage of protein of 1.6 10 3.4% of the mean per cycle.

If facilities are not available for measuring the percentage of vsine, a
possible alternative would be to select for the percentage of protein, because
the genetic correlations between the two are high, and the heriability of the
percentage of protein is higher than for lysine. 1f selection is based on the
percentage of protein only, predicted response for the percentage of lysine
is slightly higher in cach synthetic than when selection is based on the
percentage of lysine alone (Table 9). However, predicted vield reduction
ranged from 2.2 10 5.9% of the mean per cycle, nearly twice the reduction
expected if selection is based on the percentage of lysine. Predicted increases
inthe percentage of protein ranged from 3.2 10 5.2% of the mean pereyele,

If facilities for chemical analvsis are not available 1o the breeder, selection
based on yield alone would be expected 1o reduce lysine by less than 1.0% of
the population mean per cycle, except in DO = {1, (Fable 9). Predicied yield
increases ranged from 7.7 10 12.7% of the mean per eyvcle; predicted de-
creases in the percentage of protein ranged from 0.9 10 2.1% of the mean
per cycle.

Since predicted responses were generally greater than those observed
(and particularly since the genetic variance estimates on which these are
based included any genotype - environment interaction), it seems possible
to increase yield in opaque-2 or floury-2 populations with negligible redue-
tions in the percentage of lysine by selecting for yvield alone. Similarly,

TABLE 9 Predicted change in percentage of the population mean if selection had
been based on percentage of lysine, yield, or percentage of protein in
four modificd protein synthetics

Change (% of mean)

$888-0, $888-11, DO, Do,
Response for Selection Based on % Lysine
% Lysine 2.3 5.2 3.0 3.3
Yield 1.4 -1.0 -1.9 4.0
% Protein 1.6 3.4 24 29
Selection Based on % Protein
% Lysine 2.6 5.3 8.7 4.)
Yield 3.1 2.2 -3.5 -5.9
% Protein 32 4.8 39 5.2
Selection Based on Yield
% Lysine 0.6 -0.3 0.9 -1.8
Yield 1.7 9.8 8.8 12.7

% Protein 1.1 -0.9 -1.3 2.1
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selection for a few generations for the percentage of lysine alone should
have only minor effects on yield. However, selection for the percentage of
protein, which might give as great an increase in the percentage of lysine as
selection for the percentage of lysine alone, could result in an appreciable
reduction in yield.

Genotype-Environment Interaction

Only limited data are available on the magnitude of genotype -
environment interaction for the percentage of lysine, grams of lysine per
100 g of protein, and percentage of protein. Six opaque-2 hybrids grown at
10 locations in Hlinois in 1969 showed significant differences among hybrids
and among locations for all three characters, but no significant genotype -
environment interactions were found, Location means ranged from 0.450
t0 0.552 for percentage of lysine, 4.39 10 4.81 for grams of lysine per 100 g of
protein, and 10.2 to 119 for percentage of protein (Table 10). Hybrid
means, averaged over locations, ranged from 0.477 10 (.583 for percentage
of lysine, 4.34 to 5.16 for grams of lysine per 100 g of protein, and 10.3 w0
11.9 for percentage of protein (Table 11). For two hybrids, R801 x R802
and RBOL x Oh7N, the percentage of lysine was 0.5 or greater at each
location.

These limited data suggest that genotype = environment interactions are
not great, but locations may differ widely for all three characters. Also, the
data suggest that it should be possible to develop hybrids that consistently
produce above 0.5% lysine in the grain,

VITREOUS-ENDOSPERM OPAQUE-2 HYBRIDS

The opague-2 mutant segregates in a monohybrid fashion, providing it is
in an appropriate genetic background. Opaque-2 is a “good” gene in the
terminology of maize geneticists, because it segregates into discrete classes.

TABLE 10 Location means, average of  six
opaque-2 hybrids, grown in 1969

Location wl/100 gP % Lysine % Protein
Aurora 441 0.450 10.2
Decatur 4,73 0.497 10.5
DeKalb 4.45 0.518 1.5
E. 81, Louis 4.39 0.520 11.9
Granville 4.47 0.494 1.0
Jacksonville 4,81 0.552 1.5
Mason City 4.71 0.500 10.6
Momence 4.75 0.518 10,9
Piper City 4.65 0.492 10.6

Urbana 4.77 0.515 10.8
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TABLE 11 Means and ranges of location means for six opaque-2 hybrids grown in
llinois in 1969

% Lysine g/ 100 g

Mecean Range Mcean

% Protein

Range Mean Range

R802 X Oh7N 0.482 0.467-0.503 4.68 4.35-4.89 10.30 9.68-10.84
R802 x R803 0.477 0.414-0.544 4.34 3.98-4.74 11.06 10.09-12.00
R802 X Oh43 0.478 0.445-0.540 491 4.52-5.24 10.44 9.43-11.310
R801 X R802 0.583 0.504-0.640 1.59 4.02-1.88 11.91 11.06-12.37
R801 X OhIN 0.571 0.503-0.725 5.16 +.51-5.86 11.07 9.93-12.47
0Oh43 X W6da 0.440 0.360-0.495 4.02 3.54-448 10,97 10.12-11.62

However, carly breeding eftorts met with classification problems in some
backgrounds, notably United States inbreds C103 (1) and perhaps lines
related to ‘T8, although many others doubtless fallinto the “difficalt” categ-
ory. We suspect that many breeders ignored the exceptional cases and
selected segregates that dearly behaved in the expected way.

The harder, vitreous segregates could not long be thrust aside, hecause it
became obvious that machine harvesting and multiple handling of the soft
opaque-2 kernels damaged them severely. Acceptability would be improved
if high-quality-protein maize of dent- or flintlike texture could be bred.

We have struggled with the genetics of the opaque-2 modifier complex
since 1966, Several independent sources of madificrs have been found,
notably in inbreds G103, Mof, and Vadh, and from Syn DO = oy and 8888 -
0z. Asallopaque-2 maize breeders know, the maodifiers, have effects ranging
from small islands of hard vitreous starch (“saddle™ or “erow n’ hard starch),
1o hard, vitreous, flint-like types virtually indistinguishable from normal
maize. We have developed several tentative genetic models, all unsatistac-
tory when tested in depth.

However, S. K. Nigam of our laboratory has been working ona modifier
complex (01716) isolated from DO = o0,, which produces kernels almost
indistinguishable from regular dents, but in which the endosperm protein
quality is similar to standard opaque-2 stocks (Fables 12 and 13). Still under
development is a model involving two tentative loci, probably independent,

TABLE 12 Composition of dent, standard opaque-2, and vitreous opaque-2 stocks
(% of 20 cars)

Whate kemel Endosperm

OH43+/+ Ohi3do,jo, 017160 /o,  Oh43+/+ Oh43%0,/0, 017160, /o,

Lysine (%)? 0.26 0.40 0.49 0.16 0.26 0.31
Protein (%) 9.74 9.95 13.0 9.32 8.79 10.3
gL/100 gP 2.70 4.04 3.75 1.69 3.02 3.03

Source: After Nigam (6),
8 Percentage of dry matter.
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TABLE 13 Endosperm composition of F,
segregates of Oh430,/0, X
017160, fo, (vitrcous) (¥ of 20

ears)
Partial Standard
Vitreous vitreous opaque-2
Lysine (%)% 0.23 0.24 0.25
Protein (%) 7.91 8.05 7.92
gL/100 gP 297 2.99 8.14

Source: After Nigam (6).
8 Percentage of dry matter.

in which the triple recessive endosperm genotype (0,005 vt'vt'vt'vt?vi?vt?)
has vitreous endosperm. We have found that either or both of the modifier
loci exhibit dosage. Vitreous endosperm is produced by two doses of the
recessive alleles at the two presumed loci. Two doses of the dominant alleles,
possibly at both loci, result in the classical opaque-2 soft endosperm, al-
though small islands of vitreous starch occur in some segregating popula-
tions.

It seems probable that other madifiers exist in the maize which are not
allelic to those considered by Nigam, and that conversion of varieties, synth-
etics, or inbreds will uncover more of them. This would not be particularly
surprising 1o maize geneticists who have used other single-gene mutants in
their studies and have encountered backgrounds in which the allele becomes
difficult to classify. Therefore, if the soft opaque-2 endospermis an “aberra-
tion” that appears only if specific modifiers exist in the same cell, then the
creation of breeding pools containing various modified opaque-2 stocks and
desirable germ plasm scems to be advisable. Thus, breeding high-quality-
protein maize might be based on standard polygene schemes, and maize
with flint- or dent-like attributes would result.

Maize breeders are tempted to assume that the lower yield of classical
opaque-2 maize is associated with the low density of its endosperm, and that
flinty sorts such as Nigam's 01716 striain will be higher yielding than ordi-
nary opaque-2 materials. We have a great deal of reservation about drawing
this conclusion now. In earlier work (2) we found that yield per plant and
kernel density were independent in three opaque-2 synthetics. Admittedly,
the synthetics did not carry modifier complexes in a frequency that could
have affected the correlations appreciably. Hence, the question of density
and yield relationship remains unanswered from our research,

SUMMARY AND CONCLUSIONS

1. Opaque-2 hybrids with acceptable yield and other agronomic traits
have been developed for the U.S. corn belt from backcross-derived lines,
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2. Because of generally lower lysine levels, the floury-2 gene is inferior to
opaque-2 as a tool for improving maize protein quality.

3. Two cycles of selection for kilograms of lysine per hectare in two
opaque-2 and two floury-2 synthetics increased kilograms of lysine per
hectare and yield, without changing the percentage of lysine (whole kernel),
percentage of protein, or grams of lysine per 100 g of protein,

4. Based on predicted response calculated from three cycles of selection
in two opaque-2 and two floury-2 synthetics,

A Selection for yield alone would reduce the percentages of lysine
and protein slightly.

h. Selection for percentage of protein alone would increase the per-
centage of lysine as rapidly as selecting for percentage of lysine,
and would reduce yield approximately 3% per cycle.

¢. Selection for percentage of lysine alone would increase the per-
centage of lysine, would reduce yield only half as much as selection
for percentage of protein, and wouldsincrease the percentage of
protein.

5. Modifier gene complexes exist that will allow development of opaque-2
homozygotes with high lysine content and hard kernels. It is not necessary to
developsuch types to provide usuable opaque-2 hybrids for the U.S. market,
although they would be less damaged by machine harvesting and subse-
quent handling and, thus, be preferred.

[A discussion of this paper can be found on pp. 487489 of Questions
and Answers.
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Part IV

BREEDING FOR PROTEIN QUALITY
IN MAIZE: CURRENT ISSUES
AND PROBLEMS

Virgilio R. Cararigal College of Agriculture,
University of The Philippines, College, Laguna, The
Philippines

Many new plant materials challenge plant breeders of today as a result
of the identification of a high-quality-protein factor in maize by E. T. Mertz,
O. E. Nelson, and L. $. Bates in 1963. These materials, when properly
utilized, have the potential for solving the world's need for a cheap source of
high-quality protein, particularly in the tropical and subtropical countries
where maize is used mainly for human consumption.

Many maize breeding programs throughout the world, using several
different breeding techniques, have incorporated a higher lysine content
into adapted varieties or hybrids. However, simply converting normal maize
into opaque-2 or floury-2 types is not and should not be our only objective.
Total acceptability of this new type of maize by the growers and consumers
should be our final goal.

This goal can be achieved if we can offset some undesirable characteristics
associated with opaque-2 or floury-2 maize and make them comparable to,
or better than, the present normal maize varieties or hybrids. Records show
that yield is generally reduced with the incorporation of the opaque-2 or
floury-2 gene into normal maize types. An average decrease of about 10% in
kernel weight was reported by several breeders. The decrease in yield seems
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to be associated with a low density of the grain and loosely packed starch
granules, producing the opaque appearance characteristic of these high-
quality-protein maizes.

Several alternatives for improving the yield of opaque-2 maize are availa-
ble to plant breeders. There are indications that yield reduction resulting
from incorporating the opaque-2 gene into normal comn varies with the
genetic background. Thus, yields of high-quality protein maize can be im-
proved by incorporating the opaque-2 gene into different genetic back-
grounds. J. Singh from India reported some opaque-2 populations with
superior yields and kernel weight. Likewise, J. W. Dudley from the Univer-
sity of Hlinois reported some opaque-2 hybrids that yielded as much as
commercial hybrids. Enough genetic variability can be found in opaque-2
populations developed at the Centro Internacional de Mejoramiento de
Maiz y Trigo (CIMMYT) and national programs to make improvement
possible. With different breeding approaches, we can improve the opaque-2
populations.

Another means of improving the yield, and even the texture, is by taking
advantage of modifier jenes that affect the endosperm phenotype of
opaque-2 maize. The modifications involve the appearance of varying
amounts of flint or hard fraction in an otherwise soft and chalky endosperm.
A flinty fraction improves kernel weight and texture. Studies indicate that
the modified character is heritable and can be fixed in the population with
proper breeding techniques.

Chemical analyses of the grain indicate that it is possible for one line to
have both good kernel weight and superior protein quality. Efforts by
CIMMY'T and national programs in the tropical countries now are being
concentrated on developing high-quality protein varieties with hard endo-
sperm. Some of their breeding work will be presented in this symposium,

Acceptability of opaque-2 or floury-2 maize is a major problem, especially
in countries where farmers are used 10 growing vellow flint or white flint
varieties and hybrids. In the Philippines, for example, maize is used mainly
for human consumption as grits. With opaque-2 maize, the milling recovery
is very low. Thus. our cfforts are concenmrated on developing hard-
endosperm materials with high-quality protein.

Other effects of the opaque-2 and floury-2 genes on the plant have not
been studied thoroughly. There are claims that opaque-2 kernels are more
vulnerable to stored-grain pests and diseases. These claims are based on the
presence of sofierand chalky textured kernels in opaque-2 maize, compared
to the hard kernels of normal flints. Problems of this sort are greaterin the
humid tropics, owing to the corn weevil and molds (Aspergillus sp. and
Pencillium sp.). However, some modified opaque-2 materials show resistance
comparable to that of their normal counterparts, A. Ortega from CIMMYT
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discusses this in his paper. Sources of resistance to various pests and diseases
are available, and with the right breeding procedure they can be incorpo-
rated into opaque-2 maize.

Another claimed disadvantage of opaque-2 maize is its slow drying rate.
The claim is that opaque-2 ears must remain in the field longer than normal
ears, thus leaving them more exposed to the attack of pests and diseases.
Genetic differences could produce differences in rate of drying. If such
differences exist, it should be possible for us to select these opaque-2 popula-
tions that dry fastest. David Sperling discusses this in his paper.

I have tried to enumerate some of the desirable characteristics that
opaque-2 maize must possess Lo gain universal acceptance. Itis evident that
improved protein quality alone, although very desirable, does not guarantee
acceptance. When a farmer chooses his crop, profitis still his main concern.
Therefore, we must see that opaque-2 maize or any superior-protein quality
maize can measure up to the farmers” and consumers’ criteria for desirabil-
ity.

The major task before us is to incorporate the desirable traits that will
make high-quality protein maize more acceptable, because only then will the
benefit from the opaque-2 mutant be fully utilized. After looking at the
papers presented in this symposium, 1 feel this goal is within our reach.



BREEDING SYSTEMS FOR RAPID DEVELOPMENT
OF QUALITY PROTEIN VARIETIES

E. C. Johnson CIMMYT, Mexico

The purpose of plant breeding is to develop varieties of plants that best
suit man’s needs for food and fiber. Since man's needs are constantly
changing, plant improvement becomes an integral part of the continuous
process of agricultural development. When we focus an analytical lens on
the elements of this process, they seem to form an interlocking pattern:

Focus 1. "The rapidly increasing world population demands more and
more food. And, as science and technology develop improved quality
characteristics of different food crops, diets will be altered and new methods
found for processing, storing, and preparing foods.

Focus 2. As mechanization of agriculture progresses, crop plants must be
of more uniform size and more uniform maturity, better able to withstand
machine handling and so on. Meeting the demands for more and more food
will require greater production per unit of land area. Similarly, greater use
of fertilizers must be made to obtain high yields, and to grow sequences of
crops for more efficient total use of the land, and for varieties of crops that
respond to fertilizers and more intensive management practices.

Focus 3. As population increases, larger amounts of tillable land will be
diverted 1o roads, buildings, and other nonagricultural purposes. A greater
population implies less land for production.

Forcus 4. Even more complex considerations arise within the public’s con-
cern for the natural environment of the world. Strong pressures are brought
against the use of fertilizers, insccticides, and other chemicals that help grow
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better crops. Asthese pressures restrict or change 1+ chemicals that may be
used, crop varieties must be developed to perform adequately within the
“crop-production” practices that are permitted.

Focus 5. As crop varieties are developed that respond to fertilizers and
give higher yields, the microenvironments of the fields in which these crops
are grown become modified owing to the increased density of the plant
communities. This, in turn, alters the nature of the insect and disease
problems in these new environments (4). Usually, the denser crop growth
means greater insect and discase problems. Therefore, more chemical con-
trols are indicated, or crops will require greater varietal resistance as a
control.

Focus 6. Concern with the nutritional qualities of our crop plants is begin-
ning to become an important consideration. Man requires certain minimum
amounts of a wide array of complex amino acids, vitamins, and other
nutrients to maintain health and growth. Many of the world’s families have
inadequate dicts because of the high cost and unavailability of proper foods.
Major nutritional improvement for large groups of people may become
possible through developing crop varieties (like opaque-2 maize) that con-
tain better-balanced nutritional attributes.

Focus 7. The discovery at Purdue University (13) of the relationship of the
opaque-2 and floury-2 mutants o the relative content of lysine and
tryptophan in maize grain generated tremendous interest and enthusiasm.
The potential contribution to human nutrition represented a major new
concept in how to confront the growing food problems of the world.

Focus today. Our presence here today is evidence of continuing preoccu-
pation with the nutritional quality of our cereal grains, especially as it
pertains to maize. Our concern is not only to evaluate the progress made
thus far in utilizing high-quality protein grain, butalso to take a sober look at
the difficulties and limitations encountered (hus far and perhaps project
new ideas on how to proceed from here.

VARIABILITY: AN ESSENTIAL CONCEPT

Plant breeding is a never-ending process of fitting plants to better serve
human needs, of rearranging the variability of our crop plants. Variability is
a characteristic of living things. The individuals within a groupin any living
species vary among themsclves in all sorts of ways. These differences, in
some cases, are quite obvious and distinet, as between yellow and white maize
grains. Inother cases, the differences must be expressed on some measured
scale and may be almost imperceptible, such as the differences found in
plant height, matarity, resistance to lodging, and many other trait. whose
distributions of slight differences form continuous curves.

Individual plants can be characterized by a wide array of attributes, such
as height, maturity, color of seed, color of flower, resistance to discases and
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insects, leaf width, number of leaves, protein content, sugar content, yield,
and many others, limited only by the ability to enumerate traits and to
measure them. The concept of genetic variability is prerequisite to an under-
standing of plant improvement, and no plantimprovement is possible in the
absence of genetic variability. Plant breeding is based upon the ability 10
detect and measure genetic differences, and new varieties are constructed
from the building blocks of genetic variability, or genetic differences (6).

Genetic or Environmental Differences?

An organism develops within the limits of its genetic potential to the
extent thatits environment will permit. If the differences observed in ces tain
traits are the results of environmental factors, one cannot expect those
differences to be transmitted 1o the progeny of such individuals. It is essen-
tial, therefore, to be able to distinguish between genetic and environmental
differences.

Many different breeding schemes, all based on the ability to distinguish
and measure these genetic differences, have been devised to combine gene-
tic differences to form new varieties of crops (10). New and different
varieties of plants can be produced by any procedure or breeding method
that allows identification and measurement of these genetic differences,

New Dimension

Our conference deals with an intriguing new dimension in maize breed-
ing: the problens of linking protein quality to a modified kernel appearance
has been added to the multitude of agronomic trait problems in maize.

The genetic mechanism of a given atribute may consist of one or more
genes. Countless crop-plant studies have estimated how many genes may be
involved in the determination of identifiable attributes (2,1, 6,8, 14 - 16,
18). Single-gene characeristics are often spoken of as major genes with
large, casily identifiable differences among individuals, which enable ripid
classification into contrasting classes for the character. ‘This is the case with
the opaque-2 mutant, which segregates into the classical 310 1 ratio. Reports
of these one-gene or few-gene chariacters seem 1o have an interesting and
revealing tendency innearly all cases. Almost invariably, the authors incude
a comment suggesting the presence of “modifving genes,” which either
altered the expected ratios or made it ditficult 1o ¢ Lassify ratios that should
have been straightforward.

A long, impressive list ol genetic characters, each with 1elativels simple
inheritance ratios, has bheen compiled for maize (1, 5, 11, 18). However,
upon contemplating the combination of vesistance t Puccinia sorghi, Helmin-
thosporium turcicum, and Ustilago maidis, for example (and perhaps one or two
other simply inherited characters), the picture begins 1o look a bit compli-
cated. As cach single gene is added, a population four times larger is



142 E, C. Johnson

required to recover the desired recombinations in the segregating progenies
resulting from intercrossing sources of these characteristics.

Acceptability

Too often, great efforts are devoted to isolating a particular trait of
tolerance to a certain disease or insect, or to demonstrating that a certain
procedure enables one to modify aselected trait, whereas all other attributes
are ignored in the meantime. All 1o frequently yield is the only factor
considered in selection, and other important economic traits are ignored,
although they may be required for farmer acceptance of a variety. Farmers
want varicties with as many desirable attributes as possible — those which
will grow and produce better, They are not interested ina variety that resists
a certain disease or insect but lodges or fails to yield as well as their previous
varieties. Truly superior varieties must be developed thatare better suited to
the farmers’ needs,

BREEDING PROGRAMS

Well-managed breeding programs decide in what ways varieties should be
improved and then set about doing it. The first step in setting up a breeding
program is to define the objectives of the program. This includes enumerat-
iny the characteristics of resistances to diseases and pests fora givenarea, as
well as the attributes of adaptation to ecological conditions. The planned
varicties must fit into available growing periods, whether limited by ecologi-
cal factors or by cropping sequence practices.

‘The second stepis to select the materials with which o work, Whether the
work is to proceed with the opaque-2 character, floury-2 mutant, or other
genetic variant, itis essential that the appropriate genetic source material
should be wtitized. Any breeding program based on using known inferior
germ plasm has built in an unnecessary disadvantage. Choosing the right
materiabs to begin withyis probably the biggest single step that can be taken to
arvive at superior varieties, Years can be wasted developing materials that
might have been availuble at the st

To the extent possible, all desitable artvibutes that are contemplated as
characteristios of the projected varieties or hy brids should he assembled into
the working materiais. Evaluation of matetial for possible inclusion in breed-
ing work should be i continuing phase of all breeding programs,

If two or more vaticties o1 sources of traitsare to be utilized in the selection
program, they should be aossed and mised for several generations betore
selection pressure is imposed. Bavic 1o any long-range program of im-
provement is the concept of raising the performance level of populations as
such, regardless of whether or not hybrids are to be developed. Fundamen-
tal to population improvement are (1) using adequate numbers of plants
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among which to select, and (2) using recurrent selection procedures that
may require many selection cycles to achieve the desired combinations of
characters. The importance of recognizing the existence of complex mul-
tigenic systems that determine plant characteristics cannot be overem-
phasized (3,4, 6 — 8, 15 - 17). The growth of the maize plant and its harvest
of usable products involves an enormously complex series of chemical
processes that can be modified in kind, intensity, sequence, and final points,
depending on the genetic complement of the plant,

Important Criteria

Probably one of the most serious defects in tropical maize varieties gener-
ally is excessive plant height. The defect might be amplified to include the
relationship of grain produced to the total plant dry matter. From the
standpoint of intensified management of a crop plant, excessive height is
undesirable. Consi-leration must be given to resistances to field hazards of
diseases such as Helminthosporium spp., Puccinia spp., other foliage diseases,
staik and ear rots, insects that feed on the leaves and bore holes in the stalks,
plus the interactions of these organisms. The biological ecology of maize
production in iropical aveas is a rigorous and complex one. Breeding prog-
rams must be sufficiently comprehensive to deal effectively with a whole
series of plant characeristics. $tis not enough to consider single traits by
themselves, if improved varieties are to be developed. The purpose of this
paper is to consider a breeding program intended to develop virieties or
populations with improved agronomic traits and with adaptation over as
wide anarcaas practicable. High-priority traits are (1) shorter plant height,
(2) resistance to Helminthosporius: spp., (3) vesistance to Puccinia spp., (4)
resistance to stalk and car rots, (5) resistance or tolerance 1o insect stalk
borers and foliage feeders, (6) vesistance to lodging, (7) tolerance to high
plant canopy density, (8) higher vields, and (9) quality protein. Theseare not
listed in order of priority, because not all can be selected for with equal
intensity ina given planting. These are important criteria to be considered
simultancously when selection conditions permit, and individually when
conditicas are less favorable. Furthermore, as modification occurs ina given
trait, emphasis can be shifted from one traitto anotheras appears desirable.

As far as possible, preference is to be given to geneval resistance rather
than to single-gene resistances. ‘The well-known history of wheat stem rust
races and the never-ending search for another gene to confer resistance
to a new race of rust illustrate the reason for choosing general resistance
in reference to both diseases and insects. Acceptable levels of resistance
ave achievabie only by testing under different environments and after re-
peated cycles of selection and recombination. Materials for development
are to be chosen largely from those already important in commercial use
and with reasonably good levels of productivity. Continuous interchange



144 E. C. Johnson

of materials should be made with various areas of the world to detect
desirable attributes.

The enumerated traits for priority work are assumed to be under mul-
tigenic control in nature, with the genes widely scattered and at relatively
low frequency (2, 4, 6, 8, 10, 15, 16). Gene action is presumed to be
largely additive. The number of selection cycles required to materially
modify the expression of a given trait will vary, since more than one
character must be considered at a time in the improvement program.

Relatively low gene frequency assumed for the attributes under selec-
tion implies the need for large numbers of plants in the selection proce-
dure. It is important to initiate any selection program in an adequately
broad genetic base. Many maize germ plasm bank collections originate
from only a very few cars, and this may limit selection progress because of
limited sample size. Selection schemes should be applied to composites of
two or more variety samples.

For any given trait, two individuals may exhibit equal expression of that
trait and yet contain differing genetic complements with respect to that
trait. In other words, cach may contain the same number of additive
genetic factors but have few identically in common. In a heterozygous
maize population, two such individuals, when crossed, could give rise to a
range of progeny individuals differing for the trait both above and below
the level exhibited by the two particular parents.

PROCEDURE

Obviously, it is impossible to review all the many breeding
methodologies in one short paper. We shall describe one procedure
briefly, along with possible variations. Although the method described
here was intended primarily to modify plant height, it can be utilized for
other characters as well. Initially, heavy emphasis is on reducing plant
height. The method chosen at CEIMMYT to select for shorter plant height
also allows a great deal of flexibility in selecting for other attributes dur-
ing each cycle. A cycle of selection is completed each time the crop is
grown. The srocedure used is basically that of full-sib selection.

Full-sib family rows are defined as those resulting from the cross of two
individual plants so that all individuals in the progeny row have both par-
ents in common. Open-pollinated cars may be used to begin the process,
or hand pollinations may be made in the population 1o be modified. Many
full-sib family rows are used to represent a population, and seleciion is
carried out among and within families.

‘The number of rows necessary is set arbitrarvily; 400 to 500 rows is
considered adequate. Fach ear is planted in a 5-m row. Rows are ar-
ranged in double ranges with 1-m alleys separating ranges and with dou-
ble ranges separated by alleys of 2 m or morc. Granulated insecticide is
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applied as protection to the three or four hills in each row adjacent to the
wide alleys. The large central portion of the double range 1eceives no
insecticide treaument (Figure 1),

The entive nupsery is artificially inoculated with the pathogens appro-
priate to the location and season. Stalks are inoculated with stalk rots, and
suspensions of car rot pathogens are spraved on silks of developing ears.
As more complete facilities for infestation with inseats and other diseases
are developed, these will be utilized.

Approximateh halt the tamily 1ows wie selected cach avdde tor pollina.
tion (Figure 2). Rapid visual selection is made as nearly as possible o the
time of pollination. A tonm of contimuons, “moving-average’ camate s
used to mark the tows that display average on hetter pertornince tor the
trait under selectuon. Fach vow thus seleaed as o by s subjeaed 1o
individual-plant-within-family selecion. About five selecred platits pes
row ate then crossed o other sinnlandy selected plants moother 1ows, cach
plant with o ditterent ron . Phis resalis mapprosimacely 2% ames as
many individua pollinanons as there are tows Diseased. lodped, oo all,
oo late, or other undesinable tpe fanilies G be avonded L potlination
time. Insofar as possible. pollinations should be snade warhe plants i the
part of the 1tow unprotecred by imseenade

Two and one-halt tmes as many pollinumions as tows gines reasonable
margin for losses due to poor polhination el noscellancous other
haps in the field This process absoalons o chance tor selecnon at hurvest
All family rows e completeh banvestedand pollmated caos e placed
on the pollinating bags atthe head ot cach ton Thas the tall production
of all rows is visible, dongaide the plous Brom which thay cane \yan
maintimng the moving average concept of perfornance Lamlios ae
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plants b The redaced plant size should pevmin intensified management
of greaer stnd denvie and should allow increased fentilizer applications
with cottespondhing acld unprosement.

DISCUSSION
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b and the vanen el as g pojnilation of Tnhnd planis Lo the ex
tem that selecomn prossuse v eftectne an Loonng wr discimimating
Attt et genchper gone frogquenoy will be nandibied Py s e
oy whiat o aticmpred oo plant bicadog so the ot devtable proce:
dures are those that peersat ths meditacaton sy vapediv vmply, and eanly
ar ‘n»uh‘r

Wheti seaetal cain ate shelled togethies the pl.mlm;.; thade fesn sanh g
At e contanen g ndom dotndaten of the progeny Whon the bernels
o pshivedual can e planted together 1 a 1aw the plants are ar
tatged i g progern e of telated audinduale whsde teod @ resenble
e h sibier bevaine of then lrl.«u«-ne)up Favule tans are thas teniggnga:
e, and dilfetr s ¢ ai b thvtotiganticd vogally on o Landy s that
canimd bie edosr oo ann sodivadaal pland basis an thie ficld ball-als (nah
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parents in common) similarities are even more obvious than half-sib (one
parent in common) similarities.

The systematic arrangement of a variety in the field on the basis of
full-sib family rows gives the maximum opportunity (1) to recognize
similarities and differences among families and (2) 10 make matings
among those families which most nearly appear to meet the goals estab-
lished as characterizing the variety under development. Maintaining
many families assures reasonable precaution against oo rapid narrowing
of the germ-plasm base and possible ill effects from inbreeding.

Genetically, the full-sib - families we the equivalent of conventional
double-cross hybrids. Presumably, each family has approximately similar
chances 1o petform, subject 10 the vattability of the envitonment in the
field. For example, one can visualize the nursery as an umeplicated vield
trial and make selection for height a Howering time and selection for
yield at harvest. This scheme can utilize o moving-average concept for
plant height and vield, wogether with approximately H0% selection of the
families planted. Admitedly, this must be reganded as aomild selecrion
pressune for vield. However, it can become quite significant thiough sev-
eral cvles,

Pressure tor vield selection can be increased Iy planung vield tials of
the same tannlies that go into the nursery. These mas be planted at the
same time as the nusers, or evens before the nnsery s and they mas be
planted in several locations, even different countiies. Great Hesabiliny ex-
ists here when plannngs are not hinted 1o 4 sigle growing cvede per vear.
Pollination and selecuon procedure can be modified to make foun o five
polhnations with cach of neartly b the tows. Then discands can be nnade
on the basis of vield tral vesulis T vield tal results hecome ayalable oo
late 1o be taken o accoumt i the selecuon avde, teserve seel can bebye
wsed 1o teplace Lannbes that nan e heen missed 1n previous ovdles

Using this procedare at s single ocation carnes the hazard ol selee fing
those dhutactenisties requined onhy i that speatic locaton A stple ol
ification can be added yomabing up the pollindions i one plantmg sea
st and growing vicld talds of these famrhies i several locations i the
next scason Phas the selecnon of which famdies e 1o be i baded
the following pollination ovdde can e based on tesubis 1 several ditferem
crvitonments, aind varen testing becammaes an itegial vt ob sanetal de-
velopinent The angle cans provide enough seed for two rephcanons of
sngle tow plots it cach ol fve focatims 1 addional seed s tequined,
the pollinanons can be nade 1 Hnocalh

A omatier of procedure, it s sugpested that teo o more populations
be worked sunultancondy, never e just one popaliion These twe
more populations oy be different onginal vanieties o conttiprnites that
combined well as vanicnes o s vanien cioss O they sinply be two
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nearly equal halves of the same base population that have been selected
simultaneously, but independently, and maintained apart.

Flexibility and Uses

The procedure outlined allows for a great deal of flexibility in the
breeding nursery and for rapid seed increase when this is desired. Insect
and disease problems do not occur with sufficient reliability and unifor-
mity of intensity to enable good selection for such traits in every cycle.
One must be prepared at each cycle 1o select for those resistances for
which adequate infestations occur. It is important to intensify overall
selection by including several traits simultancously. Consideration of traits
visible at flowering time and intercrossing selected components of the
population are powerful means of rapidly modifying such visibly identifi-
able traits.

Itis not implied here that the procedure owtlined is the only one that
should be used; altermative procedures might be more desivable under
different circumstances.

Maodified ear-to-row mass selection for yvield (9) among half-sib families
is especially usetul where available quantities of pollinating bags, supplies,
and Tabor may seriously fimit the number of hand pollinations that can be
made. Undesirable plants in male rows of such programs should be detas-
seled. A program of halt-sib selection of this kind can be initiated at any
desited cvdle in the procedure outlined of full-sib selection.

The procedure described, the half-sily selection (9) for vield, and mass
selection (7) are very comenient procedues from the standpoint of heing
able 1o supphy relatively Linge amounts of seed vers quickly when this s
requited. By growing blocks m isolation there is automatically a large seed
increase cach avle.

Toadd bvbnd development o the procedure, two approaches might be
used. The finst would be to make covpric hvbrids (12) each ovele between
selected tannbies from difterent populations o the reguba population
improsement nuers . Lhe other approach would be toselect a few of the
hest Lanmhics o o more popalations .t hanvest, and o plant those ow
sepatateh anthe following avde an order o make Inbids among such
Lamilies. Rebnveby few funinbes would need 1o be selected i each ovede to
produce several potentd hybods mashore e

Wuth el elv hide extra eHore, accontnnons by bid combiation san-
pling of this kind can be ade along withy the populaion nprovement.
Withim a populaion, outstanding Lannh combmations can be dentified
and approniniatehs vepeated In gomg back a resenve seed of the fannbies
used o nake the crossan the previons e
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An array of systematically arranged hybrids can be found in the field in
every cycle. Identifying a few superior families each cycle should provide
good hybrids with minimum effort. By intercrossing a few of the out-
standing families from each of two or more unrelated developing popula-
tions, one can develop patterns of behavior of certain materials and con-
centrate cfforts on those which consistently give best results.

The number of characters that can be handled under selection pressure
at any one time is a matter of judgment. Obviously, the greater the
number of attributes under simultancous selection, the more difficult
progress becomes for each (2, 4, 6, 10, 17). Emphasis may be shifted from
one attribute 1o another as progress is achieved, so that modification of
traits becomes a stepwise process. It must be recognized that certadn traits,
such as carliness and plant height, wend 10 be correlated (3, 5, 17).
Whether this is desivable or not depends on the goals established; in any
case, a continuous recvcling process over generations is a tremendous (o)
tor moditying such relationships.

Any single-gene mutant, such as opague-2 or floury-2, can be incorpo-
rated into populations under selection by planting i few 1ows as a subplot
adjicent 1o that populition. In one season the opagque source would be
crossed to the population with the F, obtained by sibbing in the next
planting avde. The recover d mutant kernels would then be planted
again s asubplot for hackcrossing. Thus, simultancous conversion to a
mutant tpe can be cannied along with the regular selecion work. In the
case of the modiicd hard-khernel opaque endosperm, it is not quite clear
whether it would be possible 1o canry it as a subpopulation because of the
necessity of concentrating the modifier genes for bard endosperm. How-
ever, selection faor modified hard kernels would be ideally suited 1o the
described full-aib process. Labotatons analvses woula then be i nee ey
part ol the selecnon criterta.

Much attention in the work on qualinn: protein s being tocused on the
opaque-2 mutant. Appatenthy, resalis with the flonry -2 pene have been
bess corssistent and less satntactors. Whether other mutants with similar
effeas are dicovered senms 1o be seen. When and it they e, and il
any dind wadespread use, s well o keep m mnd the biological hazards
trnsic i genenc amfornaty m g ctop The near catstiophe resulting
fromthe use of Tesas ale stenle o vtoplasi to produce hvbrds o strik-
bR example of what can happen One o all ol these single gene mutants
might produce vl occunence, there s o puatantee otherwise.
Pethaps nosuch problem swall ever be enconntered, but it s certanls ool
Judginent to e on the alen

Even thaugh these single genes appeat 10 offer the best hape of aclies.
ing high-qualis protem i maire, the possibilities of modifying both pro-
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tein levels and amino acid profiles through recurrent selection utilizing
multigenic systems should be investigated more thoroughly. Any im-
provements should be useful alone and in combination with the single-
gene mutants, and would represent an alternative to complete depen-
dence on single-gene mutants.

[A discussion of this papsi can be found on pp. 489-490 of Questions
and Answers.f
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AGRONOMIC ASPECTS OF PRODUCING
QUALITY PROTEIN MAIZE

David Sperling Postdoctoral Student, CIMMYT,
Mexico

Staft discussions at Centro Internacional de Mejoramiento de Maiz y
Frigo (CIMMY 1) generated several questions about opaque maize producc
tion that could not be resolved without additonal information. Statt opin-
ions ditfered as 1o whether (1) opaque maize was more \I.I\H'lllll)lt‘ than
normal maize to ear rots, (2) opaque grain deied more slowly in the field, (%)
the reported yield reduction caused by the solt opague endosperin was
sigificant in tropical vanieties and, if so, (4) the maodified hard endosperm
would compensate for this vield reducnon

Ihe experiment to be described was designed as a result of these discus
shoriis Loy answel ll“'“' nue "N'( l'll II“I'\IH!'I!

Lo Are there differences in susceptibility among notmal, opague, anl
modified opagque vanieties 1o ear vots, particutarly Diplodua spp. and Coibdey
ella \':li r

2 A there differences among these thiee phenotypes in the rae ol
diving of grain in the Beld, partcularly after physiological matumny

U ahey exist, are the ditlerences in guestions 1 amd 2 relaeds

Secomdany gaestions were

LoD the cob weighis of notmal and opagque phenotype. tilfer, as has
been teponied ehewherer
2 Are thore dilleremoes in the rates of gtain iy -meatiet accumanlation

It meen aodral amd n|uni|u Etain l\lu 8/

1",‘
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3. 1 they exist, are differences in rates of drying associated with differ-
ences in morphology of the cars or grain?

4. Are differences in yield associated with differences in the mor phology
of the ear?

Previous studies, using single-cross hybrids, demonstrated that rates of
grain dry-matter accumulation of 175 kg/haday were possible, Rates were
not reported for opaque-2 maize. Rates of moisture loss of hushed ears had
been studied extensively under controlled conditions, but the only field
study indicated that husk cover was more important than characieristios of
the grain. All the work had used tempergte-vegion material, and the find-
ings could be applied 1o topical varieties only indirecly.

MATERIALS AND METHODS

Fhe vanetes were studied intwo groups. Group A contained the normal
and opaque counterparts of five vaneties from the opague-2 conversion
program. Assuch, these varieties were relaticehy unselected for yield Group
B contained opaque and maodified opaque counterparts selecred from com
mon seed lots of cach of four other varieties that had been in sield.
improvement programs, All vanieties used are histed in Table |

Lhe two groups of vaneties provided o teatment set of I8 entnies: 5
notmal, 9 opaque, and 4 modified apaqgue pheno pes. A addinonal trear-

TABLE 1 Grain yields of normal, opague, and maodilied s
materiale in groups A and B (hg/ha)

IDitSavomms

Giroup A Noomal' Dpragum (NL))
Wty 544004 KT EL
Tunpotas X Ant, G 2 R TR 847300
Ls Posta 62yt 8.780"
Visimen lavgw 1 |-‘l‘."‘ 4.747°
oot e bon Criat abisng YT R T Al
M oai 5.1 4, 90
L | I PTTET,
Catangy B EF prm s iphae e LR I]]
Thal O %5 4 44 1427 wog '
(v i858t 500 315
Covimprarcsin CIMMY 1 .07 4,747 L
Vir 100 X Ast Gjos 3 Y Y A WA Gaef
M an 5.011% 4480

= =

1 oriigfiad bavsbie e ealbd eody adibiia o ollatiiig Bont i b o lase oof saiien, Bl wror st
Whee paiiat bedisd ae Wi b FR b e pigtaide mantd) Ailbassia ot dbe 0 0 boan
¥ Sigatae et Biltosaans of 4l 003 Loasd

! igaala en dittisasns o b B0 deaad
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ment contrast, inoculation with ear rots versus protection with fungicides,
wis applied to the setof 18 entries, resulting in an 18 X 2 set of treatments
replicated four times. The inoculum, a suspension of spores of Diplodia spp.
and Gibberella spp., was sprayed on the silks 10 days after 75% silk emer-
gence. The inoculation technique was not successful; therefore, the experi-
ment was continued as 8 replicates of the original 18 entries. Thus, this re-
port will only describe the dry weight and moisture changes in the grain and
cob of these materials, In subsequent experiments, answers were sought to
the questions of differences in susceptibility to discase. Ortega reports the
results of these experiments in his paper.

Each plotconsisted of ten 5-m rows, 75 e apart. Hills were 25 em apart
within the row. The plots were planted December 22, 1971, at the rate of two
seeds per hill, Three weeksafter, the stand was thinned to one plant per hill,

Controlled pollination was considered impractical owing 1o the Liage
amount of matertal used. Therefore, the phenotypes were grouped into
blocks: normal, opaque, and modified opaque. The opaque and the mod-
iied opague phenotypes were isolated from the normal entries by using a
minimum ol 10 rows of opaque or modified opaque border,

Since comparisons were confounded with blocks in the field, a modified
form of analysis was used in which comparisons were made only between
varieties within i |1|1|'llnl\|w ol a Kroup,

Farsamples were taken weekly, stnting at mid-silk and continuing until 3
weeks past phiysiological maturity. The sample consisted of the ears, with
hosks intact, from cach of eight plants, The ears were then taken o the
laboratory where the husks were rtemoved. The ears weie weighed, and the
cats and graim were oven diied o determine their dry weight, Measue-
ments imade on the doied ears induded the number of kernel rows, length
and width of car, width of cob, and kernel depth

Fhe time at which the black layer was fully developed was determined,
and the illing period was defined as the number of days from mid-silking
auntl 509 black-Layer formation

RESULTS
Dry-Matter Changes in the Grain

Phe gratn viekds (Mlograms per hedare) presented in Lable | are the
average of hanvests 710 1040 this experiment. Yields of the same varietics
sete vanked similarly inthe 197021971 CIMMY 1 Report, indicating that
conboumding effecis o present, were of alow magnitude, Therelore, differ-
e between vancties of diffening grain phenoty pes would be due 1o
tiberent vanetal differences, not 1o Gedd location effeds Significant vield
dillerences acourred i all dlasses except the modified opaque. The normal
cotties signibcanth outvickded therr opagque counterparts, with the exeep:
tonn ol Lo Posta and Frances Largo. The average viedd reduction for the
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opaque class was 747 kg/ha, or 13% of the normal. All the opaque entries in
group B significantly outyielded their modified opaque counterparts. The
average yield reduction of the modified opaque was 693 kg/ha, or 13.4% of
the opaque.

Grain yield is determined by the rate of dry-matter accumulation and the
length of time that the rate is in effect. Differences in grain vield can be
examined in terms of these two parameters. The curves of grain weight for
the four classes of entries presented in Figure | graphically describe such an
analysis. The vates of drvamatter accumulation in the grain were generally
similar, Regression analysis indicated no differences between rates of dry-
matter increase within classes or between variety counterparts. Increases in
dry weight occurred until harvest 7 for all classes except the normal, which
showed aslow increase after harvest 7. Dry weights decreased after harvest 7
for the three opaque classes, However, this deerease was due to the sampling
effect, since harvest 7 was tthen from near the edge of the plot (horder
effect), and thus was not an act ' reduction in vield.

Theretore, the difference in vield between the opaque and nornal classes
of group A seems to bearesult of a longer duration of dry-matter increase.
On the other hand, asimilar response in dry-weight curves was obtained, but
a 13% diffevence in final vield occurred. During the early harvest, the
modificd opaque had a slower dry-matter accumulation than the opaque

125+
o~
a1
' ack loyer
|00 :-f.'t*\"\n——""
(77 75'
b
<
@ 504
(L)
GROUP A
0= =0 Normal
254 Q=0 Opoque
GROUP B
Ao ——0 (paque
P e oo * Modified
c T | 1 1 | 1 | 1 | 3
| 2 3 4 5 6 7 8 9 10
HARVEST

FIGURE 1 Changes in weight of grain (g/plan),
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counterparts; however, after harvest 3, the dry-matter increase in modified
opaque paralleled that of the opaque. Therefore, the yield reduction of the
modified opaque class of group B can be attributed to a reduced rate of
dry-matter accumulation prior to the third harvest.

Only small differences were noted in the length of the filling period
(silking to olack-layer formation), as indicated by the arrows in Figure 1. The
two classes of group A and the modified opaque dass of group B had an
average filling period of 59 days, which coincided with harvest 8. 'The
opaque class of group B had a filling period of 56 days, which terminated 3
days before harvest 8. These differences were not statistically significant.

Black-layer formation occurred about 2 weeks after the termination of
rapid rates of dry-matter accumulation in the grain, whereas the dry-weight
curves stabilized about 7 days after the termination of rapid dry-weight
increase.

Dry-Matter Changes in the Cob

Recent findings have indicated a reduced cob weight of opaque varieties
as compared with normal counterpart varieties, but the significance of these
results is not readily apparent. Cob weight increased rapidly until harvest 3
and more slowly until harvest 6 (Figure 2). Average cob weights per plant
were presented in Table 2. Differences in cob weight oc curred inall cliasses
except the modified opague. The normal entries of Nicarillo, La Posta, and
Poblacion Cristalina had significantdy greater cob weight than did their
opaque counterparts. ‘The cob weights of the Tuxpeno X Ant. Gpo. 2
counterpatts were equal, and the cob weight of the Frances Largo opaque
entry was significantly greater than that of the normad enniy. The ditference
hetween the two casses was 0.6 g, with the normal cass greater. A marked
reversal of cob weights was noted for the viniety Frances Largo, which inthe

304 ——,
25- e T AN N e
P )
v 204
=
< 154 GROUP A
o oA O @ w0 N ) 1 MO
© s B 4] 11 T
GROUP B
5- 8o oo onm 8 O PGQuUE
seenacwasa Modified
0 T ) 1 1 T T : : ¢ Y
HARVEST

FIGURE 2 Changes in weight of cob (g/plant).
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TABLE 2 Cob weight per plant for normal, opague, and modificd
Opaque materialy

Dllevenis

Iimup A Normal' ll‘l‘-lull INGO)
Nicarillo 2 jab 736 Lt 18!
Fuxpeno X Ant. Gpo, 2 24.3¢ FL R 032
La Posta 25" 2180 ut
Frances Largo 1.8% a0t
Poblacidn Cristalina 26.5° L N
Mean

(- Frances Largu) (25.%) (28.7)
Ml sed Dultesvine

Group B O prapuc ) e e (0 M)
hat Opaco 2.1 2510 40+
Compuesto K 2MH.100 R L i
Compuesto CIMMY 1 AN b 228 0y
Ver, 181 X Ant. Gpo. 2 69 21,8 4

Mean F4 1% | o2

' Compansons are valied only within columns for vai b olass sof ©66 s o Mot widh
the same letter an BUPCTS TN e Bt il sndly dilfesend ot the O 05 feved

' Swgnulcant diflerence ot the D0) bevel

P Sigilicant difference of L 005 bevel

opacue sersion had Jost a charactermiioally dimnutne cods 1 this s stseds is
excuded, the meansare 25 5 ¢ for normal and 22 7 g ton PRI, A1 AV T A
teductionof 28 g o LIS of normal In growp B sagoifibe ant sodo tsn o
cobweightof the modified opague was noted fos I hat Opaco and Ver 18] =
Aot Gpo 20 The average veducion i ool wesght for the ssodifbed Ty
wan 08 g a 355 decrease. The e idmetsed Tt thie timmlilie o i juae
i oot Large, but the coly weighin des rease olmersedd foa thie Ofba e i gremip A
s ol the same magmitide as the seduction i gram sickl

Hothe veduction in ool we 1ght wan Poorputticannal 1o the ddesbease a0 giain
weitght, there should be oo differenoe betwee i s oniie Fpatt vataeties dn thie
grain weight=cob weight tato The ratkm are privseided iy | alde 3 SNigrali
cant ditferences were found between entiies i all classes Jhomeret wghili
cant ditlerenoes Ix‘ihrrlunumr”ulls meie ouiud Lo onls ssos s arsetars in
group A

Phe signibbicant difference i Framces Largooomsdd b antsibastesd i st beud
differences incob size, whereas the difference in 1ation fo Fuspaeiion * A
Gpan 2 was diie o marhed diflesenoes i giain yachd

Phe general Backh of sbgoafioant i heress es It meets s 20561y o omdiite tfraiia
I grain weight=cob weight ratio inducates that tedicthon i cids we igh

i propen onal o the seddiction i grabi vied Tl the sesght of the ot
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Fhe changes i the water content of the ear (higure 6) vesult from the
comnbuned Changes i water comtent of the cob and the graim s, the il
B irdse 0 waler il the car seetie due 1o linieases 1 wated i the ol
Homerer i hanests 3 ihnagh 6, the relatnely wtonm masimun weigh
oo wmated i the eat was due toadecrease i wates i the ool aind an i case 1
the seaghit ol mater inthe gram Afied hanest 6, the waten content i the cai
hew liniesd s ihie grain ol ool el

Lo s baalied o cupoaniia 1 aboaaladpsiss seds taade s doibe atvaid 1of w3t
bt wach meek gl ihie nundicr o calories needod 1o Vajmine that Aty
oo moated (§alilde 4) 1 hae sanintacy oo calonies availabide Tronss sadlan t aidiaiionts w as
caloulaiond D was asstiiinead 1hiat B B ol sollan o ailiation st 1 oal oo ® imiiin was
Hll‘unﬁ P55 ool thie st lace oo aid + b Gy pie aliatieted anad 150 ll«lb’_ "
cat Had o Do ook coneting with g thormual oosdaoiinay of 000005 | b
siitface aiva was assutivend 1o bae the siean oo e stitface o aloulatend as 4 o astie
vl @ & orlinnled L oo these comadptboatis, 130 ol meeh meie asailalde 14
hajnaiar Bamstute i e cai W e ak wlaiond idoat sadai 7 aadiatim z-u':lslon‘ LT
2% od the caloaties neesdend, dsadi atiing 1hat ot ol ihe wated war bost I
adiguiai, & oom ens it b b aedatine Buisday amd sirald sos esiend jolas o
ladge dude 1l didagaa Laie ol @ vention mosld o plain thie odincrved v aiia

taeati i Bedagihi o aliving in areas with baight, sty meathed

Relation of Far Parameters 1o Yield
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S5 of the variation ie yield was due to differences in kernel depth. Kernel
depths demonstrate difterences of 20 and 15% in the normal and opaque
classes of group A and 7% in both classes of group B Further evidence fon
vanictal ditlerences i rates of divomatier accumulation in the grain s
found i the fact that kernels varying i size by 1510 200 were filled in the
saine bength of time,

DISCUSSION

Phe vield reponted for vanieties in this study vaned from 6,987 10 4, 640
b B fon nonmmabs, from 533300 4587 bg ha for opagues, and from 4,747 w0
L300 hg ha for mdified opagques. Clearhy, the thiee phienon pes averlap
wiie ancthier in viclding alaliny, bt the miean vield T eah phenot pe
dicates that normal grain o pes vield 1359 more than opagues, and that
ogue grain 0 pes yickd about 135 meore than modified opague grain i pes
Soch data are comsiatent with data seported fon temperate-region materiah
Fhe inetlap of the ditferemt pheno pes and the great vanation within each
phcny pe suggest that increased vield should be possibde in all phenoty pes
when under selection Certaindy, tropacal varsetios of normal gram o pe have
sl dacdd inpronement due o fecurnient selesuon (CIMAMY T Reguun
170 1UT1, p 75) At present, there is no teason (o doubat that seslar yields
can b clstained i the opague and modified opague populations Tn fac, the
div-weight cuines of Figuie | ahow that the imptined opague entties of
ghomp B had g vate of dey matier incorease as great as the notmal entiies of
gloup A

e abulity tonsansfes stalh carbaodindsate arproars b b Bimied oo Lacking
i the opaague vareties Noalea nphu.m-m s b i Lo |Im|ulununu T T
Ui Bacn, thuie atuliny o Dachinng (and i appaears 1o b ), then selestion agains
sl g despuonise mohd iicrease the tuL!}'ng shality of opagque maise Mk
sedention coubd e acoomplished Iy harvesting hall the segdicates of 2 yaebd
sl aewh alies all leal ares had sencsond, and then hanesting the remain
ing tephicates alied Black dayer formation * he entiws gning an indrease in
vicdd betneen the G amd the second Rarest moudd be saved Tod Tuithes
s ben dhoan

Phe pesdction in oo mesght mae greater in the o = ol ial cosnpaatic
sonid that i A he o gue = psondifiesd opacgue commpatison he pedloction inods
seight was of the same g opeartion as that for grain-seight tedooson 1 hin
saggests that o goneralioes] teddaction in car diymatter aooumalation i
avaemiatedd mith the opague gemoty e

Ihe irease in grain mundure until the boss of leal ates st haives 6
suggests that nwsstuie bose does podt oxowt witdl afiei boss of the beal aiva
v vvane in mwisture prosestage until this time was the sesuli of & faser
incrrase in iy maties than in wated inthe gram  hus, i seems likely 1hat
it e loss baefone the boss of ihe Tuncioning leal canpn has the 1ecip:
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rocal of deymater accumubation as a causative facton, rather than moisture
ll“‘

Phe relamnvely Larger amount of water in the opagque gram will require
longer todey s given percentage of grain moistare than will posmal graim
Hthe environment is limiting This may be the case in the temperate ateas
However, i an eonvitonment favorable o dovizig, the vate of monture loss
imeight jed dinE diiic) wioriikd be gicaicd Lo Oppaiic than foi o imal gram
Dpes Such g response is illustrated in Figure 4. Tnan envivonment biining
monsture bosses, the extended peniod of relatyvely high levelds of masture aiud
the nutiionally snproved sulstrate of the Opague grann iy tavor tungal
gromih

Ihe opague and omadified opague <lass of group B were imtesmediate in
peicentage of grain mosiule between the normal and e Classes ol
grmip A Loty e ditferenics between the Elowipn ddo it allom definue
conscbusions, himeser, the imprinement of opague vaticties s to vichd o
ctibinpeim teatuie would seennghy redoce the aelatinely hugher grain
montute levels clnenved Lor opagues in group A

CONTLUSIONS

Amng the thiee grain pheooty pes studsed, the not sal yackded e than
the opague, sbhich, in mirn, sackded more than the nuaditied oppatgue Hiom
over, the difleseines 1o vield betwern the ditlesemt 'sluu-d\lu\ MEle fus
latge PThetelone, tevuiienl selestion Lo ol viehd shsukd provmlises
b e aiud pmmnlifiend Grphan e vatieties thiat Ao hoaw « I‘I.IJ’ the vicdds ol
it iikal tiadpe

I hs pisrndage oo grain tmesstut e w s aliniban Toa all thie .alu A  lavaes
ateah hanes. Theiebore, weight of susstgie in the 041 was tiuns ulcln i
et o thie iy we aghit oo the grain than o il jtvetiiags ol giain s
tute 1 he oo okl al Ilallua;uh goan ety favestalde fon diving, o
ever aiffere ntiale bn vates of diving sight appacar in bess favon abide vt
iils

Sitaw e aribosie cat o pifestatiodiy smguitsesd in il sty staliesjuae rit
exprerithents sete comdocted Lo deter e dilleiemoes in dise ase s r‘dntul
iy I, an these stidies, oo dilferences im0 rates o diving ate found amd
dilleieives i eai todde o amatit, theis eai foats somibd e aasmmiatedd sl

factants astbiod thian the fate o gtain Jlllllg

[ A dist wavion of this Jrpr inwm b fesand om p 10 o chﬂum
and Answers. |
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SOME GROWTH AND YIELD CHARACTERISTICS
OF TROPICAL MAIZE

P. R. Goldsworthy CIMMYT, Mexico

boot oonilbionnin ool |uu||l| h\uq.;lllllnlm.ﬂu--ulillu v o oo it iy b e
W pMaenn, faiae i a ti.qall fesmdl Fomr thes |uu|pl{ Rt i o Malpr can
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oo thie costivettes] maate 1iahs
I he Centin Tndet nacional de “r}-d;llutntu Maiz o llly(ll (CIMMY )
matee beeding program i deselogung high-siekding saneties that sl be
wslul amer g wule pange of emvitoauneits thioughout the okl 1w
dajaad i geiu boas Lo rn st omdipoead donton thiese vanieties and stindy hoas begun
TIRLAR 1w Elnuth .uu‘ e \tlar'llllill‘ ol tlulnl .l' fHialpr salpips aix
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ADAPTATION TO ENVIRONMENT
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altude are probably e it tant in detersaing the leongih of 1
gromaog peniod for a vanety than s varation dnday length

he CIMMY T biceding proosgran uses the Broad tange ol eonaonmeiinn
avanbabde i Mesio 1o deve lnln vatbeties with wide .ll'.l'il.lilﬂ)l TR dhing ainl
selection are done gt several sites tepresctiing @ tange of dliiades al
Latitudes, aned the parogenies gre moved rom onne b ationt o amsdbics s
thie vanieties deve luiunl Al Jl'l,l]ati ol o a wudes Patigo ol v dbesiitisetnds doan
ate the connpuanent puopsalations from whisch they weie detined

Fagures | oand 2 aliom thie seasinial 1 st atiiie ansd vadnball dlesta st

Lo thiee o the vt woi b sites

GROWTH AND YIELD
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170 P R Goldsworthy

Wustrates the contrasts in pattern of growth and vield occurring within a
range ol envitonments, and compares a hightand hybrid (1 125) grown al
U B atan 22 250 0 and a bowLand hybiid (1 SO7)grown at Poza Rica (60 m)

Grain Yield

Phe yiekd of HEE25 at B Batan was much Larger than that of H. 507 st Poza
Raca (Labde 1) Phie ditfesence invield between the two rops warcompletely
actouted For by adifterence in grain size. 1 he number of KEains per square
meter was the same o both coops. The Larger number of Can per unit areaol
H25 compensated tor the smaller number of grains per ear

Dry-Welight Formation

Phe bighband bl (H.125) prosluced much more diy weight than
50T (higure 5a) The crop growth rate was bess at FD Batan than at Poza
Kaca st the periad of gromih was much longer in F Batan's lower lempera
e (P s cotmpuared with 112 days) During the finst part o the gram.
g pessond, the increase i grain weight in the highland hybed and the
b Lansed By Beaed s B than the increase in tal diy weight, indic ating tha
oy s fraction of the diy seghn prodoced went tothe graim Subsequently,
thete san a doms in iy weight while the giain we ight contmued o ease
Ehas gromath prattern doses oot follow the gromth cumves of the ideal Cropn
dlesonabiond eanbics

Leal Area

Masimm beal area indeses were sttained G0 gl 91 dass alier MIMINg
higune M) Fhe ment significant ditfesenoe between the leal area dese log
et wan the differenoe in beal area doration alier slbing. Whereas the leal
atea indes devlined vapmdhy alier silbing at Poza Rica, at b Batan it 1ain-
bt ] abivnonnt bta snanitnninn s aloe fon wo addinonal 45 days before i Do geaani tis
dhen it o aiw"\

A Pora Rica, e beal area dutation ( A atier silbing was 134 days
cvanipaaied o 3RS ddays a0 ) Batan T his difleteine i beal area duratiom
Aceminits Lot the difleremoes in diy weight and sicdd of the 1w o

Sine the assinnlate Lo giain Prosducthon i matee comes Largely from
ity vt besis alier thmering, the weight of giain prosduced per unit beal

TABLE 1 Gorsin yiekd highland s bowland Maiie

1onn LT N
L™ boimidy boirits fada L1
LY Veatuty ([, 9] (1) M2 M2 boovwnida)i ad
B Bt an "z L XY LR 2,6%0 G LRL)

Foiie Mine " oy £ P L% LR | LLTY
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\

LEAF AREA INDEX
L]

= . ; . N

th) 100 200
DAYS AFTER SOWING

— W 507 AT POZARICA

e W 12% AT FL BATEN
FIGURE 5 Growth of highland and lowbnd maize.

area duration alter silking (grams of grain per day) is an index of the
clliciency of the leaves for producing grain. Itis interesting to note that the
kratn weight formed per unic LAD was Larger at the lowland site (4,40 g/day)
thanat EEBatin (249 gday). Furtbermore, in terms of grain produced per
hectare per day, the lowland topical crop (5.9 tony/ia in 110 days = 52.8
b/ haday) wasat leastas efficientas the upland crop (9.6 tons/hain 193 days
= B0 kwha/day). However, the dryv-matter production after silking and the
graim yield were much greater at EBatin than at Poza Rica, due to the much
longer grain-filling period at E) Batin

Since the total dry weight (TDW) of the crop decreased at both sites
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during the final stages, the ratio of grain weight to TDW at harvest (harvest
index) only partially indicates biological efficiency. Values for both crops
were lower (Table 2) than those reported for temperate maize (0.5).

COMPARISON OF TWO LOWLAND TROPICAL VARIETIES

Fhe second example s a comparison of the growth and yield of two
lowland tropical varieites. Tuxpeno planta baja and Tuxpeno X Eto
planta baja (planta baja means short plant).

Grain Yield

I'he grain yield of both varieties was Larger at Thaltizapan than at Poza
Rica. Tuxpeno planta baja vielded more than the variety cross at both sites.

Grain vield increased with plant population up to 150,000 pLants/ha, o
three tmes the population at which breeders normally ¢y out thei
selection, The Largest vield (8.3 tons/ha oven-dried grain) was from the
highest plant population of Tuxpeno plasta baja at Tlaltizapan (Figure 6),

Grain vield is the product of the numoer of grains per square meter and
the size of the grains, Fhe graphs show that grain yield was proportional 1o
grain numbers per square meter (2,500 to 4,000/m?); thus, plant population
had lintde etfect on grain size.

he number of grains per square meter is the product of the number of
cars per square meter and the number of grains per car. At high plam
populations, both varieties produced fewer ears than plants, indicating that

TABLE 2 Grain yield and yield components ol four Tuxpenos

Varicty
Plants/m? CR.1 rn BR BRI'B
Gram yield .5 3.81
(tons/ha) 5 5.81 4.82 457 5.67
10 561 4.02 3.97
Weight of () 2.5 296
1,000 ke rnels H 282 2587 242 229
10 229 242 220
Kernelsfm? 2.5 1285
5 2067 2039 1480 1601
10 2451 1651 1802
Kernelsfear 0 504
5 457 429 333 327
10 331 200 265
Ears/m? 2.5 2.5
) 4.5 4.8 1.5 4.9
10 74 .6 6.8

Notes: CRI, Tuxpenio crema 13 PB, Tuxpeno short plant selection; BR, Tuxpefio brachytic
BRER, Tuxpeiio brachytic short plant selection.
Sowrcer ). Yamaguchi (9),
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FIGURE 6 Analvsis of components o graim vield

some plants were not contmibuting vo vield. There were fewer baveen plants
at Flaltizapan than at Poza Rica; and at the greatest population lesel g
Haltizapan, Tuxpeno planta baja produced more cars than did the varien
Closs.

As the number of cars per square meter incaeased with plante population,
the number of grains per ear decreased; but at cach population level, the
number of grains per car was Luger in Tuxpeno planta baja than i
Tuxpeno x Eto. These differences accounted for the Lirger number of
grains per square meter and larger yield of Tuxpeno planta baja.

Dry-Weight Formation

Fhe diy-weight production of these crops is shown in Figure 7. Interest-
ing points in these graphs are the following:
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FIGURE 7 Dy weight and grain vield of maize

I The wtal dry weight produced increased with an increase in plant
population. The duration of growth was unattected by population, and the
increase in dey weight was i result of an increase in the vate of dry-matter
producton (the crop growth rate, €). The dry weights at Poza Rica were less
than those at Tlalizapan because the growth period was shorter.

2. The crop growth rate at Poza Rica was as high as or higher than at
Haltizapan, Therefore, there is litle evidence from these experiments to
support the contention that grain yields in the lowland topics are reduced
because of the limiting effects of high night vespivation losses on crop
growth rates,

3o Afer silking, in both varieties and populations, the rate of increase in
grain dry weightis smaller than the rate of incerease in total dry weight. Asin
the previous example, only a fraction of the dry weight produced afrer
silking goes into the grain. Inan efficient grain crop, all the dry weight after
anthesis goes into the grain,

LA Lirge portion of the cropdry weightis vegetative growth, whichis only
indiveatly related to grain yield. For example, 15 weeks alter sowing (when
accumulation of dry weight in the grain began), Tuxpeno planta baja at
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Flaltizapan with a populaton of 150,000 |iLmI\ B had produced between
FG and 20 wns of diy matter ha

Sl he lulll'l.ll.lll\l'l\ stnall ditference in mperatures al the 1wo sites
greathy attecred the vate of deselopment, and thus the grosih canve. A
Flddizapan the mrerval from sowing 1o silking was about 2 weeks longer
than at Poza Rica, mainly as aovesult of the lower mght temperatures
lLlhla".IIl..IlI

Leal Area

Asindicated previoushy, differences incropdry weight are associated with
ditterences i leat area imdex, Thus, the imcrease inarop growth vate with
cotresponding mcrease in plant population is associated with a more rapid
development of Teat area and a Lnger leal area index. Similarly, the longer
growth penod at Fhduzapan is assocated with o longer duratnon of lead area
than at Poza Ricas s diflerence i leal area duranion sas partly an elfec
of temperature and parthy a resule of leal diseases (Figuie 8)

COMPARISON OF TALL AND SHORT TUXPENO

A third example shows the differences in yield and vield components
between tall and shore plant torms ol Tuspeno and Tuxpeno brachyii
(lTable 2). These data also are to be reported in more detail elsewhere by |
Yamaguchi,

Fuxpeno Crena Lis alland, because of its susc cptibility to lodging, was
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grownat lower plant densities (25000 and 50,000 plants ) than the shon
'II.IIII selectons or the brachyoe forms (50,000 g TOOD, OO0 pl.ml\ hat)

Grain Yield and Its Components

Fuxpeno Crema Lat 50,000 plants o gave the Lagestvield (38 Taons ha)
hevield ot the Tuxpenoshort plantselection at 100,000 plants ha was only
shightly Jess (561 1ons ha), Crema b grains were Liger than those of other
vanieties. Phe ditference in vield between Crema T and the shore plan
selections at 50000 plants ha was accounted tor mainly by thas difterence m
grain size; the other vield components were similar in the two varietes. The
vickd of the shore plant selections was Luger than that of either of the
brachync varieties tor both population levels,

Inall vanienies, grain vield inareased with an increase in plant population,
hutthe ditference was greaterin the shoreplants than i che brachy tes, Plan
population had linde etfecton grain size; and since the grain size in the shont
plant selections and the brachynes was similar, difterences i vield were
determined mainly by ditferencesin the number of grains per square meter
At 50,000 plants ha, the number of cars per square meter i short plam
selections and the brachytios was similio, Differences in the number of
grains per square meter were accounted for mainly by the larger number ol
grains per car on the short plants,

At the higher population (100,000 pLants ha), the ditferences between
verieties in the number of grains per ear were small. However, the shont

ixpeno produced more ears per square meter than either of the brachyi-
s, Lven so, 26% of the plants of the short Tuxpeno were not contributing
toyield ar this population; tor the brachytics, the number was even binger: 44
aned 329

Fhe more detailed report of the experiments will provide an examination
of the differences i vield interms of dry-weight producnion and distribu-
tion of these crops, as illustrated in the previous examples.

SUMMARY

By manipulating plant populations and leal area index, comparatively
high crop growth rates (35 g/m?#day) can be attained in the lowland tropics.
It seems unlikely, from evidence available, that crop growth vate per se limits
tropical maize yields. The problem seems to be the distribution of dry weight
and, in the lowland tropics, the comparatively short period of dry-weight
accumulation in the grain.

In the present materials, much of the dry weight produced is vegetative
growth thatis only indirectly related o yield After flowering, only a fraction
of the dry-weightincrease is as grain. 'Thus, there seems to be considerable
rescarch scope for developing plants with growth and development patterns
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st hothat aomuch Langey portion ol the vesaurees av alabile e used Lo B
|ilutllut|nll

Lhe capaainy ol the o top o accumubae cnbalivedvate i gram s deter
mined naonly by the immber of REaios per sapane meter Dhe saneties
descibed, ar populations of about 50,000 plants b, usually procduce ahou
200 grams 7 he number of Rrams can he moreased by inereasing plan
population: but with the materials available and at the plane populatons
needed o produce 1,000 gyains m?, Livge proparion oi the plants e
barren Pheretore, plant breeders and Agteneists need o o gether 1o
e swans of eliminating this loss and the loss assoctated with the decr ease i
the number of grains Pt car as the number of Plants per squane meter i
creasl

Increasing the capacity of the sink will be usetul onls Hasulficiently Linge
soutee (eal area) can be maintained 1o fill it Senescence of leaves oo
more vapicdhy achigh wemperatues, and this is alimost certaindy neajor facton
determning the comparatively short leat area duration of low Lind teopical
vanienes However i s interesting 1o note that an mditear etlear of the
sclectnon e shorter plants in | uxpenoappeats to have been an maorease in
the Teat wrea duration altes Howermyg. The patterns of leal area develop-
mentand senescence are similar, but Secause the short plants Hower about 5
davs canlier than the materials from which they were selecred, a Lingen
fraction of the diy weight is produced after silking. These asid other ditfer-
cnces indicate that there iy amnple scope tor turther improving the vield of
tropical maize. Droughit and disease apart, there s linde yeason 1o helieye
that the physical eovivonment in the tropies curventhy s geam vield

From what we know of the varietios that have been described, ssch as the
Luspeno, it seeims reasomable 1o suppose that, without any other hanges,
vields ol TOwons ha could be attained by moditying the pattern of diy -weight
distibution. With the combined effort of agrononusts anmd breeders these
increased levels can be achieved!.
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DISEASE-INSECT INTERACTIONS IN
QUALITY PROTEIN MAIZE

A. Ortega CIMMYT, Mexico
C.de Leon CIMMYT, Mexico
G. Granados C/MMYT, Mexico
S. K. Vasal CIMMYT, Mexico

he reaction of opague-2 maize materials toinsect pests and pathogens
has received only limited documented study . However, presenr information
suggests that the soft opaque-2 maize endosperm may be associated with
susceptibility 1o Fasarim ear vors and valnerability to stored-grain insea
pests
For vahlid test comparisons of such associations, the opaque-2 gene should
he presentinsimilianr genetic backgrounds. Recently, such maize populations
have been made available, which are suited 1o high-altitude vallevs, subtrop-
ical and nopical environments. The maize varieties discussed in this repor
have, on the average, undergone three backcrosses, and the modificd 1y pes
have been selected for at least three oveles.

FIELD PESTS AND DISEASES

Asetof Eymaize varicties. including the normal and its opague version in
cach case, was tested in humid tropical, semiarid tropical, and subtropical
envitonments (respectively, Poza Rica, Obregon, and Tlhaltizapin). Also, a
group ol opaque-2 converted varieties and their normal counterparts were
observed in two high-altitude envivonments, at E1 Batan and Toluca,

178
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Lo addition, another group ol maze vanienes, incduding the normal,
opaque-2oand modified opague-2 v pes i each case, was used todeter mine
the vate of car diving and the reaction of each Bpe to ditferent tungs and
car-teeding insects ina humid tnopical environment (Poza Rica) and a sub-
topical envitonment (Plaltizapan). Field tals consisted of BSem-row plots
rephicated four timesinasplic plovdesign, with the maize s aniets as nain plo
and the endosperm version as subplon: notmal, opaque, and moditiced
|||Lll|l.ll’

Our observations were basedd on the following fungr and msects

Fan rons: Fuosarium maonidiformq
Fusarium roseum
Hrlfrfmh.-: il
’“’h"ii!hrl IHH.‘H-\IM-M

Fanwor s Dhatvaea saccharaln
Hiliothis il
Rusts and blights on toliage: — Puccoma orghi

Puccrma !hn‘“\\llfrl
Helmthosporium: e ieum
Hielmanthosporium mardin

Tnsects on foliage: Spodoptera frugiperda
Duatraea saecharali
Stalk 1oty Frsarium monihiform
Stem borer atvaca saccharabn
Stored-gram fungi: Pevacillium spp.

Wpergilluy spp
Stored-gram inseats: Stophalus zeamar
Sutotraga cervealella

Fhe reaction of the nanze varieties was observed in the Gield under natunal
mcidence of insect pests and pathogens, exceptan the case of rust G El
Bavan), Diplodia cav vor, stalk vors,and stored-gram tungi and insects, which
were placed aifioadly on the appropriate plant AL

Discussion of the pests and pathogens generally follows the preceding lisi

Ear Rots

Fables 1o 3 sunmanize the reaction of the varietios to Fusvamm in five
ditterentenvivonments. The incdence of Fuvarmm in the setol 15 materiats
wais highest i the humid vopical envitonment of Poza Ricr he mean
teaction of the varieties indicated that Fasarmm atfecred about 50% of the
hasvestol the opaque versions, whereas infection of the nornnl versions waas
helow 30% . The data also show an extreme degree ol stis cptibilits in some
pencnc backhgrounds; the differences between normal and OPIUE Yersions
are notso great in other hackgrounds. Sexeral populations showed simila
teactions in the other enviromments.
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TABLE 1 Natural infection by Fusartum car rot on normal and opaque-2 versions
of 15 maize populations: Poza Rica, Obregon, and 1 laltizapin (1972)

Maize populations

Franies Largo

Compuesto Blanco Car ibe

La Posta

Antigua Gipo, 2

Compuesto K

Poblacion Cristalina

PINMS)6 X Granos Amanllos

(Mix 1 X Col. Gpa) Eta BL

Compuesto Grano Duro

Pucrto Rico Gpo. |

Nicanllo

Tuxpeno X PDIMS)6

Ver, 181 X Ant, Gpo, 2

Compuesto L (ME)C,

Tuxpe no X Antigua Gpo, 2
Endosperm version means

Nicanillo

Tuxpenio X PDMS)6

(Mix | X Col. Gpo. 1) Eto

Compuesto Blanco Carilis

Compuesto Grano Duro

Poblacion Cristalina

PDIMS)6 X Granos Amaiillos

La Posta

Ver. 181 X Ant, Gpo, 2

Tuxpeiio X Antigua Gpo, 2

Compuesto K

Antigua Gpo, 2

Compuesto L (ME)C,

Puerto Rico Gpao. |
Endosperm version means

Compuesto Blanco Caribe
Ver, 181 X Ant. Gpo, 2
Franeds Largo

Tuxpeio X PDMS)6
PIMS)6 X Granos Amanillos
Compuesto Grano Duro
La Posta

Nicarillo

(Min 1 X (:U|.l;|lla. 1) Eto
Puento Rico Gpo, 1
Compuesto L (ME)C,

Endosperm versions

Normal Opaiue

Pota Rica, Veracruz

L] 16
19 18
14 H%
17 LR
i 95
I8 fih
4N 41
27 5%
27 54
96 51
10 i
42 17
4% EL
35 LT
10 6l
28.7 0.0

Obregan, Sonora

7 28

7 32

7 47

7 38

9 47

9 47
1% 44

7 41

6 13

] 5l
28 36

0 56
10 Ly |
24 70
10,7 43.0

l?lll‘!l:ll!'(;ﬂ, Maorelos

4 13

h 15
I 16

] 20

0 23

0 22
10 20
12 I8
12 19
10 2
16 19

Makze population

ncans

270°T
495
4.0
35.0
6.5
47.0
39.5
40,0
40,5
435
1.0
44.5
14.5
.5

50.5

17.5
19.5
22.0
2.5
25.0
23.0
23.5
24.0
24.5 L
29.5
32.0
2.5
36.5

17.0 I

H."JI
10.0

13.5 T
14.0
14.5
15.0
15.0
15.0
15.5
15.5

15.5
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TABLE 1 (Continued)

Edosponm wversions
Maiee population

Maize populatkons Normal Opraggue ATy
Compursto K 1 20 150
Antigua Gpao, 2 7 10 185
Poblacian Crstalina 12 25 I8.5
Tuxpeiio X Antigua Gpo, 2 ] 20 20.5 I

!.lnin\pl FITE WETRAON IMEanis 1.1 2004

Note s IDntlerences between means were catablished on the transtormed values (arosin Pere el age)
at the 5% level, Data presenied e w Tual Pereentages, Means covercal by the same line are non

signilicantly diferent. Av Obregon, the Frances Largo was chiminated because ol prven stannd

Fhe second highest incidence of Fisarium ear vor was i the anigate
senatid tropical environment of Obregon (Lable 1) Again, the ifecion
tor opague versions was significanthy higher than that for the normal oy pes
Ontheaverage, about 0% ol the opaque cars had Fasarion, compared with
about 105 found m the normal cans.

In the subtropical envitonment ot Tlaltizapan (Fable 1), about 209 of the

TABLE 2 Nutural infection (percentage ol damaged cars) by Fusarium ear rot on
normal and opaque-2 versions of several maize populations: Bl Batan and
Toluca (1972)

I Ililli\ill T VTSI
Maize population
Notmal Opaijue means

Ft Batavi, Moxioo

Compuesto ) 10 4 17.0
Mexico Gpo, 10 15 25 20.0
Ihidalgo B 8 98 290
Puehla Gpo. | 2 42 27.0
CIPA 15 10 27.5
Compuesto | 20 47 BN
Compuesto Celaya 18 11 29.5
Mexico Gpo, 10 X Hhdalgo 8 18 hi 35.5
Endosperm version means 14.5 37.5

Todwea, Mixicn

Compuesto | 14 B 14.0

Mexico Gpo. 10 10 149 145

Hidalgo 8 0 22 15.5

Mexico Gpo. 10 X Hidalgo 8 Ih 22 19.0
Endosperm version means 12:2 19.2

Note: Inlferences between means were established on the transformed values (arcsin $/porcentage)
at the 5% level, Data presented are actual percentages, Means covered by the same line are not

signilicantly different,
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FABLE S Natwral inteition (pereentage of damaged car) by Fusarium car o1 on

neamal, opague 20and modilied opague 2 versions of Tour malee P

-4

Lationnis: Plaltizapan and Poza Rica (1972)

Fodosperm sersions
Maiie population

Muaiae proopmalat isnn Newimal - Opague Madilied i aiie
Covmmpmansion Whans oo € an il Halviapwan, Mori b
Coonmmpmae st Bharu on Canilu 11, In 12 ERN
Ve IR X At Gapn, 2 X Ven I N " 160
Canimpmie st [ 8 |5 0 20 183
Comprre sto CIMMY ) 15 19 23 19.0
Fodosp rim versmon me ans 4.2 IN.2 I8

Poca Ruwa, Veraor:

Vier IRE X A Gpos i X Ve 12 54 (] 183

Canmgminsin K 23 hd 1) RN

Clommpoe st BWham o Caniln al) " Hi 52.3

Cavmpuesio CIMMY |1 T4 (. Nty 526
Fodosponm version means .7 .7 0.7

!
Note  Initlerenees betwee nmeans were establishied on the transtonimed values Lane sin s/peroentage )
ab the 5% level, Data presented e an tual pers entages, Means covered by the same line are not

sigil e antly ditlerom

opaque cars were alfected by Fusarium, compared with about 10% of the
nornal ears

AtENBavan (Lable 2), located in the Valley of Mexico, the suse cpibility of
the tested populations also was evident, More than 30% of the Opuque cats
were damaged by Fusarmm, whereas about 15% of the normal cars were
atlected. The anfection was the lowest at Toluca, the other high-altitude
civironment. However, the opaque versions also presented a significantly
higher inbection by Fusarium e vor,

Atthree outof the five highly ontrasting environments (Sonora, Tlaltiza-
pan,and ElLBatin), significant differences were found among populations.
Ihe materials with the lowest Fusarium ear vot infection, on the average,
vere the normal versions of Compuesto Blanco Caribe, La Posta, and Ver.
I8 Ant Gpo. 2, and the opaque-2 versions of Nicarillo, Compuesto K,
Compuesto Blanco Canibe, and Tuxpeno x PDMS)6. Among the high-
alitude maize populations, Compuesto | and Mexico Gpo. 10 were the least
susceptible.

When normal, opaqgue, and modified versions were compared at Poza
Rica (Lable 3). the opaque-2 and modified opague-2 materials again showed
signilicanthy higher Fusariom infection, In Flaltizapan there were no sig-
nihicant differences, but the percentage of cars infected was slightly higher
i the opaque versions,

Fhere was practically no difference among the normal, opaque, and
moditicd versions with respect 1o infection by Diplodia car vor,

Insummary, the preceding data seem to confirm previous reports. The
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opaque-2 v ensions showed aosignificanthy higher mbection by Fusvarim e

tors than their normal countes Pty il cases regardloss of genctic bk
Bround or environment However, VATREONS 1 reac o i b LA and time
abso huve beenreported. Thas, the agtonomic conditions undes which 1
cops grownand the prevalence of b given tace of the Fingus iy aceen
fate ditterences between opague and normal narerals

Farher we mdicated that there seems to be o dleanr asvson Ltion hetween
opaque2endosperm and adecnon by Fusarim car 1or. We attempted o
learn how the known higher moisture content of Opaue matenals ol
contnbute toward this higlyes sisceptibihiny. Observanions were conduted
o humid tropical ane subttopical eovinonment Weekly samplings were
mitated 2 weeks atter tasseling. Plots consisted of fou tows, 10w long,
rephcated four tmes: Uhe infecion by Fusarum and chaage by carwon s
wereestmated by anindes ceflecing a weighted mean of cars. with values ol
I o damage) to H (severe damage)

Loospite of aclow inaidence of Fusarom (1 e Ly ditterences i SUSCEp
bilits are apparent ton | Laltizapan and Poza Rica, where ithe opague-L ey pes
appeared more damaged than the nornmals

Patterns of ean diving were sinnlar in most vanienes i both covionments
Mostof the normals were 2 10 3% lower in e mosture content than werd
the opaques, and the modified yversions were mtermedite between these
versions (Figure 2),

iy not known whether ditferences i ear moistire content ol 1o 3
could be biologically significant, or i they faver o higher intecnon by
Frsarium cav vorin the apaque nze tpes. Howeser, one data suggest tha
theve mighe be anassociation. On the other Do indecton by Fusariim alwo
seems 1o e associated with damage by carworms. s tebationship was
particulanly evident in Poza Rica

Higher susceptibiliny of Opague-2 vanictes toliplodie car vor s also beer
teported, Findings from the humid topical environmment of Poza Rica da
not seem (o suppaorl this view, Ow reporis e based on cits that were
aruficially inoculated atsilking time (2.5 x 10" spores/ml). Datashow that the
fungus was growing on the cars 4 weeks after pollination. The aveiage
mlectnon and fungus growth were higher in the normal By pesoimtermediate
- the opaque versions, and lowest in the moditicd versions. Flos finding
SECINS Toosuggest a negative assocition with ¢ moisture content.

Earworms

I general, the data suggest tha damage by canworms (Helioths wea anl
Diatvaca seccharalis) was heavier in the opagque verstons than i the noi il
sersions in the four envitonments sampleds Agamn, the vange in reaction
among the tested materials suggests that the degrecof susceptibiliny varies in
difterent genetic backgrounds. Datain Lable S illustrate this point. Of the 15
mize matertals, four entvies showed significantly less INJULY, SCVEN CHTETeS
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showed mtermediate iy and four entoes reflecred the haghese damage.
A cose assocration between carworm damage and Fuosariom was observed in
most covironmaents, P he materials with Towest Fusariam snfection, such as
Compuesto Blanco Canbe, Nicanllo, L Posta, and Ver, IR < Ant Gpo. 2,
abso aegistered the lowest canworm damage. In the group of varieties
where the three types (mormal, opaque, and modified) were observed, the
satne tendency was evident
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FIGURE 1 Average reactnon of five maize populations and theis opaque-2 and
moditicd opague versions under nataral incidence ol indicated agents (1972), See
Figure 2 lor key,
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At Poza Rica, earworm ear injury (Table 4) was about 15% greater than
at Pladtizapan, and earworm damage (Fable 5) was about 6 greater i the
modified types than in the normal. The damage on the OPAGUES Was infer -
mediate between the other two types (Figure 2). At the high-altitnde envi
ronments of El Batin and Toluca there were no significant differences.

Levels of foliar damage by the budworm and by the stem borer were simi-
lar in normal, opaque, and modified types. Normal and opaque versions did
notappear to differ with regard to infection by Fusarmom stalk vot and stem
borer damage on the stalks, The observed differences among maize materi
als could be associated with a known reaction o pests, rather than with the
opaque-2 gene,

Phe possible association of cndosperm character with the reaction o
ol or steme-damaging agents has not been determined. Obviously, o
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TABLE 4 Natural attack by the stem borer Diatraca saccharalis on (percentage
damaged) ears from normal, opaque-2, and modified opaque-2 versions
of several maize populations: Poza Rica (1972)

Endosperm versions

Maize population

Maize populations Normal Opaque means
Nicarillo 22 20 210 T
Poblacion Cristalina 20 27 23.5
Antigua Gpo. 2 12 37 24.5
La Posta 20 32 26.0
PD(MS)6 X Grinos Amarillos 27 32 29.5
Compuesto Grano Duro 23 39 31.0
Francés Largo 26 86 31.0
Compuesto Blanco Caribe 24 42 33.0
Ver. 181 X Ant. Gpo. 2 33 33 33.0
Pucrto Rico Gpo. 1 29 40 34.5
Tuxpeno X Ant. Gpo. 2 33 38 35.5
Compucsto LME)C, 27 44 35.5
Compucsto K 39 37 38.0
Tuxpeno X PD(MS)6 50 36 43.0
(Mix. 1 X Col. Gpo. 1) Eto 29 64 46.5 1

Endospcerm version means 27.6 37.1

ndospe i . .
Endosperm versions Muaize population

Maize populations Normal Opaque Modified mcans

Ver. 181 X Ant. Gpo, 2 25 42 32 33.0

Compucsto Blanco Caribe 43 45 54 47.3

Compucsto K 33 51 61 48.3

Compuesto CIMMYT 44 47 55 48.6
Endosperm version means 36.2 46.2 53.5

VJ .
Note: Differences betsveen means were established on the transformed values (arcsin percentage)
at the 5% level. Data presented are actual percentages. Means covered by the same line are not
significantly different,

higher susceptibility of opaque-2 converted materials could be expected in
the carly generations if a nonadapted opaque-2 donor is used as the non-
recurrent paresi.

Rusts and Blights

Rusts and blights are among the important foliar maize pathogens. Our
findings did not reveal differences in infection by these pathogens among
normad, modifiea, or opaque maize types in any of the environments sam-
pled. Differences in susceptibility or resistance were observed among maize
populations.
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TABLE 5 Natural attack by the earworm Ileliothis zea on normal, opaque-2,
and modificd opaque-2 versions of scveral maize populations:
Tlaltizipdn (1972)

Endosperm versions

Endosperm version

Maize populations Normal Opaque mcans
PD(MS)6 X Granos Amarillos 7 9 8.0
Nicarillo 11 8 9.5
Compucsto Blanco Caribe 8 13 10.5
Tuxpeno X PD(MS)6 10 11 10.5
Frances Largo 12 10 11.0 (
La Posta 11 12 11.5
Poblacion Cristalina 14 10 12,0
Compuesto Grano Duro 12 14 13.0
(Mix. 1 X Col. Gpo. 1) Eto 12 14 13.0
Compuesto L(ME)C, 17 9 13.0
Ver. 181 X Ant. Gpo. 2 8 19 13.5
Tuxpeno X Ant. Gpo., 2 18 13 15.5 JL
Antigua Gpo. 2 13 20 16.5
Puerto Rico Gpo. 1 19 15 17.0
Compucsto K 15 23 19.0

Endosperm version means 124 13.3

Endosperm versions

Endosperm version

Maize populations Normal Opaque Modified mcans
Compuesto Blanco Caribe 15 12 13 18.3
Compuesto CIMMYT 14 12 18 14.6
Ver. 181 X Ant. Gpo. 2 X Ven. 8 19 18 15.0
Compucsto K 14 19 24 19.0

Endosperm version means 12.7 15.5 18.2

Note: Differences between means were established on the transformed values (arcsin \/percentage)
at the 5% level. Data presented are actual percentages. Mcans covered by the same line are not
rignificantly different.

Stored-Grain Fungi

The maize varieties with their normal, opaque-2, and modified opaque-2
versions used in the field work were also tested in the laboratory to measure
their reaction to stored-grain fungi. These varicties were: Compuesto K,
Ver. 181 X Ant. Gpo. 2, Compuesto CIMMYT, Yellow hard-Endosperm
Composite, and Compuesto Blance Caribe,

Maoisture in the samples was unitormly raised 1o 169 by adding a pre-
determined amount of water containing sporves of Aspergillus spp. and
Penicillium spp. Then the samples were placed in dosed environments where
the relative humidity (RH) had been adjusted 1o 75 or 85% by means of
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oversaturated NaCl or KCl solutions, respectively. All treatments were ar-
ranged in split plot designs and replicated three times. In the design, main
treatments included the maize populations, and subtreatments included
the two or three versions within each maize population.

Samples from all treatments were taken at 20-day intervals, and standard
procedures were used to analyze for moisture, seed viability, and number of
Aspergillus and Penicillium colonies.

Variations in seed moisture are shown in Table 6. No statistical analysis
was made, since only one replicate was considered. However, Table 6 shows
that at 75% RH (when all grain samples reached moisture-content stability)
there was a slight tendency for the opaque and modified versions to main-
tain a moisture level slightly higher than the normal types. However, differ-
ences in moisture content were negligible among the different populations
under study. Similar tendendies were observed at 85% RH with a rapid
moisture increase in the initial stages of the experiment. Data show that all
treatments were similar in tending to reach a certain moisture stability at
uniform levels.

The effects of the two different moisture environments on seed viability of
the normal, opaque, and moditicd versions of maize of the same populations
were investigated. At 75% RH, no statistical differences in germination were
found among the six samplings. At 85%, some differences were detected
in both the initial and subsequent samplings. However, no consistent differ-
ences in germination could be detected among normal, opaque, and mod-
ified versions of the five maize populations under study (Table 7).

In another set of materials, all varieties reacted approximately the same
throughout the experiment interms of germination of normal and opaque
maize versions. However, in the final stages it was evident that the normal
and opaque versions of Poblacion Cristaling, Tuxpeno X Ant. Gpo. 2, and
La Posta showed the lowest germination values. In the last sampling of this
experiment, the differences in germination between versions were consis-
tently significant at the 5% level (Table 8).

TABLE 6 Variation in pereentage of  grain
moisture of normal, opaque, and
modificd versions of five maize pop-
ulations held at 75% and 85% rela-
tive humidities: El Batin (1972)a

75% RH 857% RIL
Sampling no, Sampling no,
Version 1 6 | 6
Normal 158 150 169 170
Opaque 16.6 14.9 17,5 17,2
Modificd 164 15.3 17.5 17.3

2 Values from one replication,
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TABLE 7 Variation in seed viability of
normal, opaque, and modified
versions of five maize populations
held at 75 and 85% relative
humidities: El Batdn (1972)8

85% RH
Sampling no.
Version 1 6
Normal 95 38
Opaque 91 45
Modificd 93 40
LSD 5% 3 N.S.

8 No differences between treatments at 75% R.H,

TABLE 8 Variation in sced viability in normal
and opaque versions of ten maize
populations held at 75 and 85%
relative humidities: El Batin (1972)

75% Rl 85% RH
Sampling no. Sampling no.
Version 1 6 1 6
Normal 94 83 94 59
Opaque 93 75 92 45
LSD 5% N.S. 4 N.S. 4

Theincrease of Aspergillus colonies (among normal, opague, and modified
varieties) was measured by culturing on a malt-salt-agar medium and
recording the logarithms of the actual number of colonies. Table 9 shows
that, in the carlier samplings at 75% RH, the opaque versions offered a
significantly better substratum for Aspergillus, allowing more fungous
growth than the normal or modificd versions. However, in the Last sampling,
all versions from all five populations reacted similarly, indicating that the
three versions inall popultions became similanly susceptible after 6 months
of unfavorable storage conditions.

Early samplings of these same treatments at 85% RH did not show dlear-
cut differences, and apparently they were all equally susceptible. However,
in the sixth and final sampling, the normal versions had significantly
higher fungous development than did the opaque and modified versions.

Variation in the rate of development of Aspergitlus in normal and opaque
versions of the same populations is shown in Table 10, At 759% R the
opage versions showed significantly less fungous growth during carly
samplings. Later on, nostatistical differences were detecred amnong versions,
AULBL% RH no differences could be detected between normal and opaque
versions in all populations.



190  A. Ontega, C. de Leon, G. Granados, and S. K. Vasal

TABLE 9 Variation® of Aspergillus spp.
colonies in normal, opaque, and
mudified versions of five maize
populations held at 75 and 85%
relative humidities: El Batan (1972)

75% RI1 85% RH
Sampling no. Sampling no.
Version 2 6 2 6
Normal 491 4.66 6.44 6.38
Opaque 5,27 4.56 6.45 6.12
Modified 4.97 4,76 6.29 6.16
LSD 5% 0.18 N.S. N.S. 0.21

3 Values expressed in logarithms of number of colonies.

TABLE 10 Variation® in the number of
Aspergillus spp. colonies in normal
and opaque versions of 10 maize
populations held at 75 and 85%
relative  humidities: El  Batan

(1972)
75% RH 85% RH
Sampling no. Sampling no.
Version 1 6 1 6
Normal 4.37 4.96 4.22 7.29
Opaque 4.22 5.05 4.22 7.27
LSD 5% 0.11 N.S. N.S. N.S.

3 Values expressed in logarithms of number of colonies.

The rate of growth of Penicillium in normal, opaque, and modified ver-
sions was measured by the method described for Aspergillus. At75% RH no
statistical differences could be detected among normal, opaque, and mod-
ified versions throughout the experiments (Table 11).

At 85% RH statistical differences among normal, opaqgue, and modified
versions were observed in the early samplings (second, third, and fourth);
opaque versions consistently were most damaged. The fifth and sixth sam-
plings showed no differences among versions, as was observed for Asper-
gillus.

In evahuations of Penicilliom growth for only normal and opaque versions
at 75 and B5% RH, no statistical differences were found between normal and
opique versions.

In summary, considering the average performance of the maize popula-
tions, at the 85% RH level all maize versions showed a gradual increase in
moisture before reaching moisture stability. This gain was greatest in the
maodified versions, intermediate in the opaque types, and lowest in the
normals.
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TABLE 11 Variation® of Penicillium spp.
colonies in normal, opaque, and
modified versions of five majze
populations held at 75 and 85%
relative  humidities: El Bawn

(1972)

75% RH 85% RH

Sampling no. Sampling no.

Version 2 6 2 6
Normal 4.17 4,76 6.45 7.49
Opaque 4.19 4.66 6.60 7.52
Modified 4.22 4.61 6.30 1.56
LSD 5% N.S. N.S. 0.19 N.S.

3 Values expressed in logarithms of number of colonies,

Atthe 75% RH level the modified types retained a slightly higher amount
of moisture than either the normal or opaque versions.

On the average, the development of Penicillium was essentially the same in
all three endosperm versions at both moisture levels.

The increase of Aspergillus was slightly higher on the opaque types at both
moisture levels; normal and modified versions were alike in their reactions.

Only a slight decrease in germination took place in the three endosperm
types at the 75% moisture level. At the 85% moisture level, the germination
decreased about 45% in all three versions,

Relationships among moisture of the grain, development of the fungi,
and reduction in germination were not clear when the data from cach
population were considered separately. However, the observations suggest
that fungous development in some maize populations may be closely as-
sociated with moisture level, rather than with endosperm type.

Stored-Grain Insect Pests

There is considerable evidence indicating that the soft endosperm as-
sociated with the opaque-2 gene renders the kernels more vulnerable to
stored-grain inscct pests.

In the test reported in Table 12, the degree of vulnerability was estimated
by recording the numbers of insects emerging from 100 kernel samples.
Vulnerability to the weevil Sitophilus zeamais varied among types within
varieties: Compuesto K was the least damaged population regardless of
type; Ver. 181 X Ant. Gpo. 2 x Ven. registered the highest number of
weevils and the heaviest damage.

The pattern of vulrerability to weevils seems to be clear. In every case, the
normals were the least damaged. Compuesto K and Compuesto CIMMYT
showed insect emergence twice as high on the modified versions as com-
pared to the normal. There was practically no difference between normal
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TABLE 12 Percentage of emergence of maize weevils and angumois grain moths
from normal, opaque, and modified endosperm versions of four maize
populaticns: El Batdn (1972)

Endosperm version Manzc.
Maize population
population Normal Modified Opaque means
Weevil, Sitophilus zeamais
Compuesto K 5 13 15 1.0
Yellow Hard Endosperm 17 18 29 21.3
Composite
Compucsto CIMMYT 8 19 56 27.6
Ver. 181 X Ant. Gpo, 2 X Ven. 16 20 55 30.3
Endosperm version means 1.6 17.5 38.7
Moth, Sitotroga cerealella
Compucsto K 65 72 74 70.3
Compuesto CMMYT 70 66 79 7.7
Yellow Hard Endosperm 83 60 74 724
Composite
Ver. 181 X Ant, Gpo. 2 X Ven. 69 87 93 83.0
Endosperm version means 71.7 7.2 80.0

Note: Average of four replications.

and modified versions in Ver. 181 X Ant. Gpo. 2 ard Yellow Hard Endo-
sperm Composite. Weevil emergence was, on the average, three to four
times higher in the opaque versions than in the normal. Differences in
weevil damage and numbers between normal and modified types may not be
significant.

With the exception of the Yellow Hard Endosperm, moth emergence
(Sitotroga cerealella) was slightly higher on the opaque versions than in the
modified or normal. On the average, therc were no differences in moth
emergence between the normal and modified types.

CONCLUSION

We are aware of the need to breed for resistance against Fusarium ear rot
and earworms in opaque types that seem to be susceptible to these pests.

Vulnerability to some of the most important stored-grain insect pests may
be reduced considerably as progress is made in reducing the soft endosperm
portion of the opaque-2 types.

No association secems to be present between opaque-2 converted materials
and their reactions to foliar and stem diseases or insect pests.

[A discussion of this paper can be found on pp. 490-492 of Questions
and Answers.



Part V

BREEDING FOR PROTEIN QUALITY
IN MAIZE: CURRENT ISSUES
AND PROBLEMS

O. E. Nelson Lat oratory of Genetics, University
of Wisconsin, Madison, Wisconsin

In considering the possibilities for utilizing high-quality protein maize,
we can note that there are three different stages of investigation. We are now
in the first of these stages, which may be characterized briefly as (1) utilizing
the available material and technology 1o make high-quality-protein maize
available as rapidly as possible, (2) considering all available means of increas-
ing the lysine level (stated as a percentage of the dry weight) above that
currently found in opaque-2 maize, and (3) investigating other means of
increasing the content of limiting essential amino acids in plams,

This conference is concentrating, properly, on the first of these objectives
in considering the steps that should he taken now to make high-quality
protein maize a practical reality and 1o induce people 1o wilize such im-
proved strains.

Onc hasonly to think back 6 years to the first conference on high-quality
protein maize to realize how much has been accomplished by plant breeders
and investigators inassociated ficlds. Very importantly, several investigators
are reporting that they have developed opague-2 hybrids with vields within
the range ol the better nonopaque types. There also has been a sharper
focus on the problems that may be encountered in producing opaque-2
maize. We now understand a grear deal more about which ditficulties are
trivial. We also understand more about those which must be considered
important, such as the apparent greater susceptibility o Fusarium and the
grain weevil as reported by A, Ortega.
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In surveying progress in the productivity of high-quality protein maize, I
wish to remind you that the course of yield improvement in these years since
the last conference has followed quite closely the predictions of D. E. Alex-
ander. In 1966, he indicated his confidence that the difficulties would be
overcome at a time when many plant breeders professed to believe that the
difficulties were insurmountable.

Since most discussion at this meeting will be devoted to means for rapid
utilization of high-quality protein maize as we now know it, I wish to discuss
the other two stages of investigation: the possibility of raising the level of
limiting essential amino acids within the major genotypes already identified,
and the possibility of being able ultimately to increase the content of only a
single amino acid. We want to raise lysine levels even further, since they are
not yet completely adequate for weanling humans or nonruminant domestic
animals.

Several strategies have been suggested. Oneis selection for higher protein
content, and 1 do not feel that we have completely explored the possibilities
of this avenue.

‘The second strategy is the possible utilization of the floury-2 mutation,
which is of considerable interest for several reasons. First, lysine as a percen-
tage of protein in floury-2 strains depends on the background in which the
gene is placed. However, adequare lysine (stated as a pertentage of protein)
can be found in floury-2 strains. There is also a ver; significamt increase in
protein content in some backgrounds. We have seen protein contents above
16% in some floury-2 inbreds. Additionally, substituting the floury-2 allele
for its normal counterpart always produces higher methionine levels. This is
significant since methionine tends to be the limiting essential amino acid for
growth in all diets based onamixture ofa cercaland alegume. Itis apparent
from these observations that floury-2 strains or hybrids might be bred which
would have lysine contents (stated as a percentage of dry weight) higherthan
any of the opaque-2 hybrids that have been synthesized. Indeed, several
years ago 1 succeeded in breeding some floury-2 hybrids having lysine
contents ‘s a pereentage of dry weight) that were 50% higher than the
opaque-2 hybrids being tested.

E. 1. Mertz tested these hybrids and found that these higher-protein
floury-2 hybrids would not sustain a growth rate for weanling rats that was
higher than that sustained by an opaque-2 hybrid with only 67% as much
lysine and tryptophan. The reason(s) for the biological value of the floury-2
hybrids not equaling the value predicted from chemical analyses of the
limiting essential amino acids is still a mystery. B. O. Eggum in Copenhagen
has found that the Houry-2 hybrid utilized in these feeding trials has cqual
availability of amino acids and equal metabolizable energy when compared
with the opaque-2 hybrid. These observations now make it unclear whether
using the floury-2 gene is the answer to raising the total lysine level in
high-quality protein maize.
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Still another approach toward improvement is the incorporation of genet-
ic factors that change the proportion of tissues within the seed, where these
tissues have quite different protein compositions. For example, in stocks that
have seeds in which the embryo proportion can be increased through genet-
ic factors, there will be an increase in the content of lysine and wyptophan.
We also are exploring the genetic backgrounds that condition the develop-
mentof alternate florets, providing greater surface arca per unit weightand
a greater amount of protein-rich aleurone tissue. A third possibility of
changing the proportions of the various tissues may be found in the domi-
nant factor conditioning multiple aleurone layers in maize, as reported sev-
eral years ago by M. J. Wolf and M. S. Zuber. In our recent work we have
found that this factor reinforced the effect of the opaque-2 gene, but not to
the extent that we had hoped.

In the third stage of investigation into improving protein quality, we can
assess the feasibility of selecting for an enhanced content of one amino acid
alone. Let me amplify briefly on this particular point. When the level of a
particular amino acid is altered by a major gene (opaque-2 or flourv-2) or
selection for polygenes with less pronounced effects, we may be selecting for
atarget amino acid, but the contents of several other acids may vary. Almost
all the amino acids are protem-bound, and the amino acid sequence for a
protein is specified by the structural gene for that particular protein. A
mutational event may alter the amino acid at a particular position in a
polypeptide chain, but this is not capable of having a significant effect on the
overall amino acid composition of the strain.

We have known for several years that the net effect of the flourv-2 or the
opaque-2 genes is to depress the synthesis of the lysine- and tryptophan-
poor zein fraction. As a secondary consequence of this repression of zein
synthesis, there is a concomitant enhancement of other fractions that have
greater quantities of lysine and tryptophan. At the sarae time, because of the
change in proportion of several proteins, these mutants show an increase in
the amoung to aspartate, arginine, and glycine tihat is present and a decrease
in the amount of leucine, alanine, tyrosine, and phenylalanine. So, although
our attention has been focused on lysine and tryptophan, the limiting
essential amino acids. there has been a change in content of several other
acids within these mutants,

The finding that the free amino acid pool in seeds is low indicates
that the synthesis of these amino acids is regulated by the requirement
for their participation in protein synthesis, and in the other reactions
in which they may participate. The mechanisms that regulate the con-
tent of these amino acids are those of feedback inhibition and/or repres-
sion of enzyme synthesis. What would happen, however, if the regulatory
mechanisms on the biosynthetic pathway leading to a particular amino acid
were disrupted? Assume that this disruption worked so < atsynthesis of the
amino acid would not shut off when a sufficient quantity was available for
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incorporation into the proteins being synthesized. In effect, the plants
would he overproducers of that particular amino acid. Such variants have
been found in bacteria and recently have been observed in higher plants.

There is active interest in investigating the possibility that such mutations
might have vutritionally significant consequences in higher plants, Brock,
Friederich, and Langridge in Australia have initiated an investigation of the
possibility of lysine overproduction in plants and have utilized a very in-
teresting approa-h to the problem. Higher plants synthesize lysine by the
same pathvay as does the bacterium Escherichia coli. 'Therefore, using E. coli
as a model system and emploving a growth-inhibitory Iysine analog as a
selective device, they have asked how many mutations are needed to develop
strains that are overproducers. ‘Their tentative conclusion is that two muta-
tions are needed to effect this sort of change. These are mutations in the
genes coding for the aspartate Kinase allozyme that is specific to lysine and
the dihydrodipicolinic acid synthetase. Two mutational events are necessary
because of the branched pathway leading to lysine synthesis, With this
background girnered from studies of the E. eoli system, Brock and his
colleagues now will proceed 1o use the same selective sieve to investigate
possible lysine overproducers in barley.

At the recent 12th International Symposium in Basic Biology in Cali, Co-
lombia, Peter Carlson reported the isolation of three methionine over-
producers in cell cultures of Nicotiana tabacuwm. "These methionine over-
producers also were selected by their resistance to a methionine analog.
Carlson reports the reconstitution from these cells of plants that are viable
and apparently healthy. This is a most important demonstration, since it has
not been apparent that such disruptions in the biosynthetic mechanism of a
plant would be viable, ov, if viable, that they would be thrifty plants,

These are welcome efforts to utilize the most modern techniques to im-
prove protein quality in plants, but must still be seen as future considera-
tions. For the present, we have means for markedly improving maize protein
quality. The immediate challenge is to make these improvements available to
the people who can benefit from such changes.



USE OF GENETIC MODIFIERS TO OBTAIN
NORMAL-TYPE KERNELS WITH
THE OPAQUE-2 GENE

S. K. Vasal Maize Breeder, CIMMYT, Mexico

Worldwide interest has been generated by the finding that normal
maize endosperm protein quality can be upgraded genetically, using the
opaque-2 genc to enhance the levels of two limiting essential amino acids,
lysine and tryptophan. Although a very wide range of genetic materials
has been convertec 1o opaque-2 in recent years in differemt parts of the
world, commercial production of opaque-2 maize has moved slowly be-
cause of specific problems ussociated with this type of maize. Two major
problems hampering progress are (1) the reduced grain yield of con-
verted materials and (2) nonacceptability of the floury-type endosperm of
opaque-2 kernels.

It has been found that the problem of low grain vield of opaque-2 con-
versions can be dealt with speedily and ctfectively through breeding ap-
proaches, such as (1) extensive screening of better genetic materials in
which opaque and their normal counterpart kernels weigh about the same,
(2) practicing selection for better kernel test weight during backerossing
and segregating generations, and (3) selection for modifiers that atfea
kernel test weight (4) and phenotvpe ofopaque-2 kernels (6). Using any of
the approaches alone or in combination, it seems likely that opaque-2
varietics and hybrids can be developed that can compete cconomically
with any commercial variety.

‘The second problem, the floury phenotype of opaque-2 kernels, varies
in different parts of the world, depending upon the preference of the
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people for a particular grain texture. In the Andean region, where farm-
ers alreacly grow varieties with a floury texture, opaque-2 conversions of
these floury materials should not pose any acceptance problems. How-
ever, wherever farmers have a special preference for growing hard flint,
yellow or white maize varieties, the opaque-2 kernel’s dull, chalky, and
lusterless appearance will probably be a major hurdle in gaining accep-
tance of this maize type. However, it is felt that this problem can be solved
by capitalizing on modifier genes of opaque-2 locus, which change the
floury phenotype of opaque-2 kernels to a more vitreous and translucent
one.

The first report on modified phenotype of opaque-2 kernels was pub-
lished by Pacez et al. in 1969 (6). They reported that the lysine content of
modified kernels did not differ from completely opaque-2 kernels. Also,
the opaque and vitreous fractions of modified-phenotype opaque-2 ker-
nels did not ditfer in lysine content. Similar modified phenotype has been
reported by Pollacsek et al. (9), but they found about 20% superiority in
the lysine of opaque-2 lines compared with vitreous normal counterparts.
Modified phenotypes have also been reported by Vasal (10), by Poey and
Villegas (7, 8), and by Annapurna and Reddy (2).

Maize breeders at Centro Internacional de Mejoramiento de Maiz y
Trigo (CIMMY'T) have observed modified-phenotype opaque-2 kernels
since 1969 wnd are attempting to exploit this variability by investigating
fundamental problems relating to kernel appearance from the acceptance
point of view and gathering basic information for the breeding program.
The following discussion provides brief mention of some of our observa-
tions over the past 2 years.

VARIATION FOR KERNEL PHENOTYPE IN OPAQUE-2
CONVERTED POPULATIONS

We have observed considerable vaniation in opaque-2 phenotype dur-
ing conversion of normal maize varieties to opaque-2 varieties, and also
during seed increases of opaque-2 materials, depending on the degree
and distribution of the hard-endosperm fraction in the endosperm of
opaque-2 kernels. Two broad dassifications can be made within this varvia-
tion of phenotypes, regular and inegula.

In the vegular grouping, the hard fraction is located toward the top, or
crown, of the keinel, with the opaque fraction located nearer the base.
For the regulan group we can make two additional classifications: (1) vit-
reous or transhucent fractions, which are dear and distina, and (2) those
fractions which are dull and shabby. We have observed all grades of con-
tinuous variation in the regular group. Vitreousness ranged from a very
small fraction on the wp of the kernel to almost normal looking kernels
having no opaque fraction identity at the base,
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Within the irregular group, the vitreous fraction may be located irregu-
larly in different parts of the kernel. This fraction may be described as (1)
scattered when the vitreous starch granules are found as small specks
throughout the floury endosperm, (2) banded when the vitreous fraction
appears as a small central transverse band in the center while the top and
basal fractions are completely opaque, (3) bridge or saddle when the vitre-
ous fraction is limited to sides of the kernel, or (4) vitreous base when the
vitreous fraction is located toward the base and the soft opaque fraction is
located toward the top.

In general, the regular hard-endosperm pattern is more common, al-
though irregular patterns do appear occasionally in some materials.

VARIATION IN FREQUENCY OF MODIFIED-PHENOTYPE
OPAQUE-2 KERNELS IN DIFFERENT
GENETIC BACKGROUNDS

We have observed that genetic materials differ considerably in their
ability to show opaque-2 modifiers. Some materials produce modified
kernels with a high frequency; others produce few or none. In
CIMMY'I"s breeding program, soms promising materials that merit spe-
cial mention are PD(MS) 6, Tuxpeno-Ant. Gpo. 2, Ver. 181-Ant. Gpo. 2
X Ven. 1 opaco-2, Cuban materials, Composite K, CIMMY'T opaque-2
composite, Thai opaque-2 composite, and Nicarillo.

This differential behavior in throwing varying frequencies of vitreous
kernels suggesis that, during evolution, these maize varieties may have
accumulated varying numbers of modifying gene complexes that would
be less desirable in a homozygous recessive population for opaque-2 gene

(1.

RELATIONSHIP OF KERNEL VITREOUSNESS TO
PROTEIN, TRYPTOPHAN, AND LYSINE
CONTENT IN OPAQUE-2

CONVERTED MATERIALS

Opaque and modified-phenotype kernels from 20 half-sib segregating
ears were analyzed to determine the relationship of kernel vitreousness with
protein and tryptophan content. ‘The results are presented in Table 1.
Modified kernels generally had higher protein than opaque phenotype
counterparts. The percentage of tryptophan in protein, however, was
superior in opaques as compared to modified types, and the superiority
ranged from 1.26 1o 41.89%. However, in some families the decline was
almost negligible, and these families should be of great interest to breeders.

The relationship of the percentage of kernel vitrcousness with the per-
centage of protein and the percentage of tryptophan in protein was inves-
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TABLE 1 Comparison of percentage of protein and tryptophan in protein of
completely opaque and modified phenotype opaque-2 kernels selected
from different half-sib families of tropical opaque-2 composite

% Protein in endosperm % tryptophan in protein
Family Difference Difference
number Opaque  Modified % Opaque  Modified %

Half sib-63 9.88 9.75 +1.33 0.89 0.86 3.49
67 9.13 8.94 +2,13 0.82 0.80 2.50

69 9.00 9.75 -8.33 0.84 0.66 22.27

79 9.19 10.63 -15.67 0.89 0.66 34.85

125 7.63 10.19 -33.55 1.05 0.74 41.89

144 7.00 1.56 -8.00 0.96 0.99 -3.12

147 8.25 9.00 -9.09 1.09 0.91 19.78

151 7.75 8.13 -4,90 0.90 0.87 8.45

1569 6.44 7.25 -12.58 0.98 0.87 12,64

162 9.19 9.75 -6.09 0.97 0.82 18.29

164 8.88 9.38 -5.63 0.72 0.69 4.35

175 8.38 8.25 +1.58 0.80 0.79 1.26

196 8.50 9.25 -8.82 1.01 0.90 12.22

250 9.13 12.88 -41.07 0.72 0.53 35.84

278 8.50 8.31 +2,28 0.88 0.84 4.76

279 8.38 11.38 -35.80 0.93 0.73 27.40

292 11.25 11.50 -2.22 0.63 0.60 5.00

297 9.13 9.38 -2,74 0.78 0.70 1143

118 10.38 11.13 -7.22 0.84 0.74 18.51

101 9.75 10.50 -7.69 1.07 0.78 37.18

tigated further, using five categories of kernels, ranging from category 1
(100% vitreous) to category 5 (0.0% vitreous). These categories were
made from 10 different materials and then analyzed for protein and tryp-
tophan content. The results are presented in Table 2. In some materials
there was a consistent trend: as vitreousness increases, the percentage of
protein increases correspondingly. The other materials failed to show any
regular trend, but modified kernels (categories 1 to 4) consistently had
higher percentages of protein than did category 5. The percentage of
tryptophan in protein showed a consistent decline as vitreousness in-
creased in Composite K. Other materials, however, failed to show any
regular trend. The percentage of tryptophan in category 5, however, was
superior to categories 1 to 4 in all materials.

These kinds of differences suggest that the vitreous sectors of
categorics 1 to 4 do not differ in the percentage of tryptophan in protein.
Whatever differences occur within categories 1 to 4 can probably be attrib-
uted to the percentage of vitreousness in the kernel, rather than to dif-
ferences between vitreous fractions among categories.



TABLE 2 Percentages of protein and tryptophan in protein of different categories of modified-phenotype opaque-2
kemnels sclected from different opaque-2 populations

% Tryptophan in protcin in various

% Protein in various kernel catezoties kernel categories
No. Material 1 2 3 4 2 1 2 3 4 5
1 Composite K 8.79 8.29 7.75 7.59 747 0.65 0.68 0.75 0.79 0.88
2 PD(MS)6-Gr. Amar. 11.07 10.50 10.25 10.44 9.94 0.87 0.79 0.85 0.85 093
3 Composite Blanco Caribe 10.29 10.25 9.58 9.25 8.88 0.70 .84 0.81 0.78 0.80
4 Tuxpeno-Ant. Gpo. 2-z-2 9.99 984 9.65 9.03 - 0.79 0.79 0.82 0.85 -
5 CDMMY'T Opaque-2 Composite 9.36 8.56 9.07 8.69 8.05 0.55 0.72 0.71 0.77 0.87
6 Thai Gpaque-2 Composite 8.58 8.50 8.43 8.82 7.86 0.82 0.80 0.83 0.82 0.93
7 Ver. 181-Ant. Gpo 2 X 9.04 8.72 9.06 8.90 8.71 0.62 0.63 0.70 0.74 C.75
Ven. 1 opace-2
8 Yellow hard-endoperm 7.82 7.16 7.36 7.88 7.33 0.92 1.09 0.94% 091 0.98
Composite
9 Ant. Gpo. 2-1.3.2.= 898 8.80 9.24 9.07 - 0.76 0.87 0.88 0.84 -
10 PD(MS)6-Eto-Cuba 11]-Pob. 9.08 9.34 8.87 9.80 8.53 0.73 0.79 0.88 0.86 0.83

Crist. 1{A)-2-1-=

Note: Category 1, more or less normal: 2, 75% transtucent, 25% opaque; 3, 50% translucent, 507 opaque; 4, 25% translucent, 75%
opaquec; 5, 0% transducent, 1007, opaque.

850USNOBA 101y
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TABLE 3 Protein lysine and tryptophan content in whole endosperm and
opaque-2 lines

% Protein

Fraction

Whole e I Difference
No, Line endosperm Hard  Opaque (%)
1 PD(MS)6 EroLuba EL]-Pob., 9.88 9,949 7.69 29.90
Crist. L{A)-1-#-#
2 PDMS)6 Eto-Cuba-l 1] Pob. 8.7% 849 98 .7.54
Crist.-1-1-4-4
S Pob.Crist-l-#-#-0 942 10.21 8.43 2101
4 (Tropical opague-2 Comp, 1092 11.57 11.25 2.84

16361 1) X FDMLYG-#-0-1-8

PROTEIN AND AMINO ACID COMPOSITION
OF HARD AND SOFT FRACTIONS

OF MODIFIED -PHENOTYPE

OPAQUE-2 ENDOSPERM

Hard and sott fracuons of endosperm in four maodified-phenotype
opaque-2 hines were anahvzed separatels for protein and amino acid com-
position. The tesubis are presented i Tables 3 and 4. Table 3 shows that
the hard fracuons of endosperm had higher protein than did the opaque
fractions i thiee out of fow hnes, and that haed factons tanged in
sapertonty from 2840 10 29905 The percentage ot typtophan in pro-
tein of the soft fracnons was sup nior by percentages ranging from 12498
10 50020 The percentage of vane i protem of the opague fracions
was supenior to that i hard fracoons by percentages ranging bom 2248
10 ARL79

A complete amine acud analvas of hard and soft fractions s presented
in Table 1. Some of the wnmmmo acds, such as ghotamie aad, alanine,
leucine, and tviosine, showed an iaease 1 the had fractions ovey the
solt fractions

Ow data mdicate that hard and sott hactions didtered e the percent-
age of protemn, and an some ammao acndss within these four lines, How-
ever, an assumption may be nade that more vananon can be expeced in
heterozvgous populations; thus, probalilities are greater tor picking up
families showing no ditterences in hard and solt fracnons

PERCENTAGE OF PROTEIN FRACTIONS IN NORMAL,
OPAQUE, AND MODIFIED-PHENOTYE
OPAQUE-2 ENDOSPERM

Notmal, opaque, and moditicd-phenotype samples in two populations
were analyzed for the percentage of protein fractions in the endosperm.
The results are shown in Table 5.
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in hard and opaque fractions of the endosperm separately in four modified-phenotype

% Tryptophan in protein % Lysine in protein

Fraction Fraction

Whaole - e Difference Whole s e e Difference
endosperm Opaque Hard (%) endosperm Opagque Hard (%)
0.70 0.8 0.63 31,75 2.67 2.88 2.22 29,73
0.87 0.87 0.77 1298 2.81 3.30 2.60 26,92
0.73 0.72 0.55 $0.91 273 3.36 243 18.27
0.76 0.85 0.63 34.92 2.87 3.65 2,98 22,48

‘The opaque and maodified opaque samples had more acid-soluble and

glutelin fractions than did th
Zein fraction was less in the opaque
]

the normal sample in both the populations. Comparison of the

and modified samples further idicates th

¢ normal samples in the two populations.
and miodified opaque samples than in
opaque
at for the modified types the

acid-soluble and glutelin: tractions decreased, while zein fraction in-
creased, in both materials.

TABLE 4 Amino acid composition of endosperm protein in hard

fractions sepazately in tour modified-phenotype opague-2 lines

and opaque

Amino acids

{

Fraction

1)

Hard

(2

)

Fraction

(3)

Fraction

(4)

Fraction

in protcin Opaque Opaque  Hard Opaque Hard Opaque  Hard
Lysine 2.88 2,22 3.30 2,60 3.36 .43 3.65 298
Histidine 3.06 3.75 3.41 3.78 3.98 J.62 3.70 3.61
Arginine 394 3.81 1.46 4.12 .09 3.95 515 4.24
Aspartic acid 6.26 5.75 7.36 7.9 7.49 7.98 7.58 1.57
Threonine 3.26 3.67 3.40 3.54 $.42 3.61 4.01 3.68
Scrine 3.83 4.52 .04 4.29 3.84 1.42 4.58 4.39
Glutamic acid 16.09  20.59 17.25 2L 16.70 25,24 17.55  20.62
Proline 9.29 10.61 8.97 10.499 000 10,98 9.79 10.37
Glysine 3.77 3.72 3.92 5.99 3.81 3.70 4.62 3.90
Alanine 5.20 6.40 5.54 6.74 5.20 7.14 5.88 6.42
Cisteine 1.38 0.77 0.48 0.24 1.42 1.11 0.84
Valine 3.43 4.30 502 5.4 1.82 1.86 9.40 4.71
Methionine 1.56 126 119 1.18 1.51 1.32 1.57 1.30
Isoleucine 2.00 2.82 3.30 3.47 3.02 3.43 3.06 3.16
Leucine 8.00 1098 917 10.95 8.28 12.32 9.62 11.23
Tyrosine 2.60 2.77 LYy1 3.05 2,24 3.41 2.85 2.59
Phenylalanine 3.25 3.94 3.78 4.1 3.45 1.32 3.99 4.12
Tryptophan 0.70 0.63 0.82 0.93 0.85 0.65 0.84 0.72

Note: Column (1) PIY(MS)6-Eto-Cuba-Pob. Crist, 1{A)-1-#-#; (2) PD(MS)6-Eto-Cu. a 11]-Pob,
Crist.-1-1-#-#; (3) Pob, Crist.-1-#-#-#; (4) (Tropical opaque-2 composite 163-6-1-1) ¢ PD(MS)6-
Gr. Amar. #-#-#-#.
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TABLE 5 Percentage of protein fractions in normal, opaque, and modified-phenotype opaque-

2 samples of two

populations
% Protein fractions in endosperm
Tyl:;c Acid soluble Zein Glutelins
o
Population sample Actual % of normal Actual % of normal Actual % of normal
1. Ver. 181-Ant. Gpo. 2 X Ven. 1 Normal 27.0 100.0 42.3 100.0 19.8 100.0
Opaque 39.7 147.0 24.2 57.2 31.3 158.1
Modified 35.0 129.6 26.3 62.2 29.3 148.0
2. White composite Normal 325 100.0 45.2 100.0 19.0 100.0
Opaque 35.0 107.7 25.4 56.2 314 165.3
Modified 335 103.1 26.7 59.1 28.5 150.0

v02
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Relationship Between Kernel Vitreousness and Test Weight 205

Five categories of kernels, ranging from completely opaque to com-
pletely vitreous, also were analyzed in two populations for the percentage
of protein fractions in the endosperm. The results are shown in Table 6.

Acid-soluble fractions in the first population showed a gradual decrease
as vitreousness increased (except kernels with 25% vitreousness in Ver.
181 - Ant. Gpo. 2 X Ven. 1 opaco-2, which had about the same acid-
soluble fraction). In the white hard-endosperm composite population, the
categories had similar acid-soluble fractions.

Zein fractions did not show any regular trend, although all the vitreous
categories had higher zein fractions than did the opaque phenot ype in the
white hard-endosperm composite.

Kernels with a varying percentage of kernel vitreousness were lower in
the glutelin fraction than opaques, but these kernels showed no regular
trend with increased vitreousness in the white hard-endosperm compos-
ite. In Ver. 181 = Ant. Gpo. 2 X Ven. | opaco-2 population, only the
100% vitreous class was low when compared to 0.0% vitreous kernels,
whereas all other vitreous classes were higher in glutelins.

RELATIONSHIP BETWEEN KERNEL VITREOUSNESS
AND TEST WEIGHT IN MODIFIED-
PHENOTYPE KERNELS

The 100-grain test weight of opaque and modified-phenotype opaque-2
kernels with 50 to 75% vitreous fraction was obtained in several materials.
The results are shown in Table 7. In general, there was an increase in the
test weight of modified kernels over the opaque phenotype, but the per-
centage of increase varied considerably from one material to another,
ranging from 0.73 1o 10.58%. The data suggest that selection for vitre-
ousness may help overcome the yield barrier in some genetic materials,
but not in others. Also, it appears that some modifiers may influence only
phenotype, while others may affect phenotype as well as kernel density.
There also is a possibility that there may be a separate group of modifiers
affecting only kernel density, as has been suggested by Bauman (3).

RELATIONSHIP BETWEEN KERNEL VITREOUSNESS
AND GERM SIZE

Table 8 shows the results of incorporating the opaque-2 gene in normal
maize materials, an increased percentage of contribution of germ to the
total kernel protein, with this increase varying tremendously among ma-
terials. The increase in the percentage of contribution of germ to the total
kernel protein can be attributed to the increased germ size.

The percentages of contribution of germ to the whole-grain protein in
opaque and modified-phenotype opaque-2 kernels are shown in Table 9.



TABLE 6 Percentage of protein fractions in opaque and modified phenotype opaque-2 kernels with varying per-
centage of vitreous endosperm

% Protein fractions in endosperm

% Vitreous Acid soluble Zein Glutelin
fraction
Population in kernel Actual % of normal Actual % of normal  Actual % of normal

1. Ver. 181-Ant. Gpo. 2 X Ven. 1 0.0 39.7 100.0 24.2 100.0 31.3 100.0
25.0 36.8 100.2 226 93.4 34.0 158.6

50.0 375 91.4 236 97.5 33.8 108.0

75.0 56.8 92.7 25.7 106.2 333 106.4

100.0 36.0 90.7 27.0 111.5 30.0 95.8

2. White composite 0.0 35.0 100.0 25.4 100.0 314 100.0
25.0 36.0 102.8 27.0 106.3 30.0 95.5

50.0 34.2 97.7 30.3 119.3 30.8 98.1

75.0 35.2 100.6 26.5 104.3 30.0 95.5

100.0 34.6 98.8 279 109.8 29.3 93.3

802
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TABLE 7 Onc-hundredgrain test weight of opaque and modified phenotype
opaque-2 kernels selected from different opaque-2 converted materials

100-grain test weight (g)

Family
or Y%
No. Matcrial car Modificd Opaque Increase
1 PD(MS)6-Eto-Cuba 11}-Pob. Crist. 3 23.10 22,73 1.62
2 PD(MS)6-Eto-Cuba 11J-Pob. Crist. 4 30.30 30.00 1.00
3 164-3 Cat. 1(ii)-2-1 2 29.00 27.83 4.20
4  LaPosta-6-1 1 20 M0 18.92 5.70
5 Flint Comp. Amariilo-6 1 26..1 25.42 10.58
6  Nicarillo-#-# | 28.70 26.49 8.34
7 Composite K 514 25.71 25.45 1.02
8 Composite K 515 28.46 27.08 5.09
9  Composite K 517 23.04 22,07 4.39
10 Composite K 518 27.30 26.59 2.67
11 CIMMYT Opaque-2 Composite - 28.89 28.68 0.73

TABLE 8 Contribution of germ to the total kernel protein in different maize

varictics and composites

% Contribution of germ
to total kernel protein

No. Material Opaque Normal Difference
1 Vijay 19.8 10.4 9.4
2 Composite A, 25.6 10.b 15.1
3 1, 27.7 10.9 16.8
4 Usatigua 20.5 10.6 9.9
5 Cupurico X Flint Compuesto 217.1 8.2 18.9
6 Centralmex 22,5 7.2 15.3
7 Compuesto Blanco Caribe 24.5 10.6 13.9
8 UPCA—Varicty 2 29.8 9.3 20.5
9 B, . (ycliow) 27.9 10.9 17.0

10 Compucesto grano duro 35.3 20,2 16.1

11 Mix. 1--Col. Gpo. 1 X Eto 20.4 1.5 8.9

12 Granada Gpo. 2 34.3 9.5 24.8

13 Cuba 11] 24.7 15.2 9.5

14 Ver. Gpo. 41 16.0 1.5 4.5

15 Nicarillo 29.0 23.6 5.4

16 lowatigua 21.5 18.2 3.3

17 Tuxpefio F.F, 12.8 9.7 3.1

18 Tuxpeiio Cr., 1 13.3 10.6 2.5

19 Amagacefio 1.1 14 3.7

20 Composite AC 9.8 10.4 -0.6

The percentage of contribution of germ to the total kernel protein
showed no regularity. The data may suggest that germ size also may be
influenced by a madifying gene complex.

The preceding data allow these conclusions:
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1. Kernel vitreousness in floury opaque-2 endosperm is influenced by
genetic modifiers.

2, Modified kernels with varying degrees of vitreousness in the endo-
sperm generally show .n increase in the percentage of protein, with a
slight decline in the perceniages of tryptophan and lysine in protein.

3. The percentage of tryprophan in protein in vitreous fraction seems
to be independent of the degree of viteousness, and those differences
occurring between kernels with varying fractions of hard endosperm may
be due to differences in the ratio of hard and soft endosperm fraction.

4. Hard fractions of modified-phenotype opaque-2 endosperm differ
from soft fractions in having more protein and less tryptophan and lysine.
However, variation does occur, suggesting that still greater variation may
be found between these fractions.

5. Decreases in lysine and tryptophan found in modified types as com-
pared to opaque types seem to be due to increased zein fractions. Amino
acids, such as glutamic acid, leucine, alanine, and tyrosine, showed an
increase also. These findings seem to indicate that the mode of action of
modifiers is opposite to that of the opaque-2 gene, at least i materials
where lysine and tryptophan tend to decrease.

6. Increased vitreousness due to modifiers shows no regular association
with increased test weight of the kernels.

7. Germ size seems to be influenced by modifying gene action.

TABLE 9 Effect of sclection for hard endosperm on the contribution of germ to
the whole-kernel protein in opaque-2 converted materials

% Contribution of germ
to wholegrain protein

Ear or
No. Matcrial family no. Opaque Modilied Difference
1 Composite K 118 22.01 17.92 +4.09
2 Composite K 4 20.55 14.41 +6.14
8  Ver. 181--Ant. Gpo., 2 X Ven. 1 opaco-2 8 33.37  26.13 +7.24
4 PD(MS)6-Gr. Amar,-2-) 1 22,00  14.67 +7.33
5  Thai Opaque-2 Composite-] 1 17.56  13.38 +4.18
6 Niarillo Scif 1 24.75  18.01 +6.74
7 Flint Compuesto Amarillo | 28.08 24.38 +3.70
8 Eio Blanco | 24,17 18.37 +5.80
9 Composite K | 13.59 15.07 -1.48
10 Composite K 101 28.21 32.10 -3.89
It Ver. 181-Ant. Gpo, 2 X Ven, | opaco-2 3 11.87 18.73 -6.86
12  Nicarillo | 25.99  33.55 -71.56
13 AntiguaGpo, 2 2 24,31 25,78 -1.47
14 Ver. 181-Ant. Gpo. 2 X Ven. | opaco-2 4 15.54 17.85 -2.31
15 Thai Opaque-2 Composite 4 17.07 18.08 -0.96
16 Thai Opaque-2 Composite 2 16.41 17.31 -0,.90
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INHERITANCE OF OFAQUE-2 MODIFIERS AFFECTING
KERNEL VITREOUSNESS

The variation observed for kernel vitrcousness follows a continuous
pattern, suggesting that the mode of inheritance of these genetic mod-
ifiers is coraplex and unider polygenic control. An inheritance pattern of
kernel vitreousness controlled by a maoditying gene complex was de-
veloped by choosing eight parents and crossing these wnong themselves
to produce all possible 28 F, crosses. The mean kernel vitrcousness rat-
ings of parents and the 28 F, crosses are presented ina diallel table (Table
10). Kernel vitreousness in maodified-phenotype opaque-2 kernels was
rated on a scale of 1 1o 5 (1 indicates more or less nornil; 5 indicates
completely opaque).

As suggested by Hayman (4, 5), various statistics were calculated and
used to draw a V, = W, graph and o estimate differem components of
genetic variance.

‘The V, - W, graph is shown in Figure 1. The regression coelficient
deviated significantly from zero, but not from unity. The observed re-
gression line cut the W, axis above the point of origin, indicating partial
dominance in the expression of kernel vitteousness, The order of arvay
points along the observed regression line indicated the relative proportion
of dominant and recessive alleles. The points with lower values of V, and
W, and dose to the point ot orvigin will lave a maximum number of dom-
inant alleles. The points toward the far end of the regression line will
have a maximum number of 1ecessive alleles. Patents Pyand Py seem 1o
have a maximum number of dominan genes; Prand Py have a maximum
number of recessive genes.

‘The estimates of different componenis of genetic variance are shown in
Table 11. The additive variance seems 1o be miore unportant than domi-
nance variance (Hand Hy). The F value Gan indicior of relative frequency
of dominants versus recessive alleles i the parents) was negative, indicating

TABLE 10 Parental, F, and array means for kernel vitreousness of opaque-2
endosperm in eight lines

Array
Parents P, P, P, P, P, i r, P, mean
P, 4.32 4.78 3.76 4.48 3.78 4.22 3.74 4.05 4.14
P, 4.50 4.52 4.44 4.04 3.92 4.02 4.12 4.29
P, 3.81 3.86 3.85 3.55 3.98 4.9% 3.9}
P, 3.89 3.99 3.81 3.44 3.94 3.98
P, 3.32 3.20 3.26 4.00 3.68
P, 402 A2 38y 47
P, 3.23 3.72 3.56

P, 361 3.90




210 8. K. Vasal

more recessive alleles than dominant alleles. The mean degree of domi-
nance was 0.9135, calculited by the formula ¢,/D)'/2, again showing
partial dominance. The ratio of Ya(l /1)) estimates the average frequency
of negative versus positive alleles in the parents, I the distribution is equal,
the ratio should be 0.25; i unequal, it will be smaller. The caleulated value
was 0.1555; thus, it was below 0.25, suggesting that the parents probably did
not have equal distribution of positive and negative alleles,

MATERNAL INFLUENCE ON THE EXPRESSION
OF OPAQUE-2 MODIFIERS

Reciprocal crosses were made between opaque and modified-phenotype
opaque-2 materials, The eanrs with different phenotypes were counted,
and their percentage of frequency is presented in Table 12, A greater
frequency of ears with a completely opaque phenotype or segregating
type occutted when Pyor Py (opaque phenotspe) was used as the female
parent. In reciprocal crosses, howeser, when maditied parents were used
as female parents, cars with modified and segregating npe were counted
more frequently. The difterences between redprocal crosses suggest ma-
ternal influence on the expression of kernel vieousness. This could be
explained by the double contribution from the maternal side in the

Wi
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FIGURE 1 V, - W, graphical analysis (kernel vitreousness in
modified — phenotype opaque-2 endosperm),
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TABLE 11 Estimates of components of genetic variance

D = 01587

F o= 00715
M, = 01151
H, = 00716
VILTD = 09155

N A0, = 01555

TABLE 12 Frequeney of cars with different phenotypes i reciprocal crosses
between opaque and modified phenotype opagque-2 materials

B Frequency of cars with different phenoty pes

No. Matenia Opaue Segregaling Modilied
| roXr, i 40 I

P, XP, 70 30
2 r,xr, 944 5.0

r, XP, 682 6.8
3 P,XP, 5.3 8.9 13,

r, XFr, 1.8 L1
1 P, X, 9.1 03,6 2.9

PiXP, 214 86
% r, XP, 75.0 16.7 LI}

P, X0, 75.0 250
6 r,oXP, 694 0.6

P, XP, 8.5 16.2 54
7 r,xr, 42.) 57.89

P, xr, 10,0 55.0 5.0
] r, xXr, 18.6 201

PoXE, 9.1 USNH 213

Note Py Ver 1BEARL Gpo, 2 X Ven, | opaco 2 (opaque phenotype),; P Ve 18 Ant Gpo,
2X Neno 1 opaco 2 (modilicd phenotype) i 1, Thai Opagque 2 (modilicd phenotype); P, , Com
prosite K (modilwd phenatype), ".. PIMMS )G Gr. Amar, 6w (modilwd phenoty pe), F,, 1ha
Opague-2 (onague phenotype).

makeup of the tiploid endosperm compared with a single contnibution
from the paternal side,

POSSIBLE APPROACHES TO DEVELOP HARD-ENDOSPERM
OPAQUE-2 MATERIALS

Fhe dull, chalk-like phenotype of opaque-2 kernels can be improved
substantially by capitalizing on genetic modifiers that change the soft,
foury texture of opaque-2 kerels 1o a vitreous one. The kernels improve
in phenotypic appearance considerably and look more like normal ker-
nels. However, the problem is complicated because all vitreous kernels do
not maintain protein quality equivalent o that of the opaque phenoty pe.
Fhis complication requires a backup chemical laboratory 10 help the
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bieeder in the screening of modified-phenotype opaque-2 families, or
lines that have acceptable protein, lysine, and tryptophan content.

Also, since moditying genes alfecting kernel vitreousness show partial
dominance, it seems likely that breeding schemes that can exploit additive
genetic varance, such as full-sib, half-sib, and S,, would be effective in
accumulating frequency of favorable alleles in the population.,

Fhiee different general approaches have been used at CIMMY'T 110
develop hard-endosperm opaque-2 materials, including the following:

L. Recomstutution: of vatreous lines into populations. Hard-endosperm lines
selected trom a wide array of genetic matsrials, and shown to be superior
- protein content and quality, can be combined 10 develep hard-
endosperm opaque-2 composite. Using this approach, we have developed
two populations: White hard-endosperm opaque-2 composite, and Yellow
hard-endosperm opaque-2 composite. The recombined population there-
after can be handled through any one of the population improvement
schemes, coupled with Liboratory analysis.

2. Intrapopulation selection for hard endosperm in opaque-2  converted
populations. Vhis approach can be used effectively in opaque-2 converted
populations that have a fairly high frequency of modified-phenotype
opaque-2 kernels. As a first step, ears can be selected that are modified,
or at least segregating for modified kernels. Modified kernels can then be
selected from each ear separately and planted on an ear-to-row basis.
Also, a sample of 10 kernels can be sent for laboratory analysis. 1f
laboratory analyses are available before pollination, those families can be
discarded which are not in the acceptable range of protein and tryp-
tophan values. Plant-to-plant pollinations may be restricted between
selected Lamilies 1o develop full-sibs. At harvest, only good-looking mod-
ified eans should be selected. Kernels from each selected ear again are
sorted on an illuminated glass screen, evaluated in a chemical laboratory,
and planted ina field on an earto-row basis for making a new set of
full-sibs. We have used this approach with Composite K, CIMMY'T
Opaque-2 Composite, and Ver. 181 - Ant. Gpo. 2 % Ven, | opaco-2,

S, Crosses of havd endosperm opaque-2 materials with normal populations. This
is a simple backcross approach. Hard-endosperm segregates are selected
from each segregating generation, evaluated for protein quality, and used
for makig crosses 10 normal in each backcross, We crossed about 15
notmal populanions to different sources of modifiers, and in F, we have
been able 1o recover modified kernels from each cross. This approach
should work very well

We have accumulated a fairly high frequency of modified kernels in all
populations handled by the first two approaches, but there is still oo
much variation in protein and tryptophan content, Scatter diagrams (Fig-
ures 2.3, and 4) show this variation for percentage of protein and percent-
age ob teyprophan in protein from thiee populations: White  hard-
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FIGURE 2 Scatter diagram of percentages of protein and tryp-
tophan in protein in hard-endosperm opaque-2 populations:
Ver. 181-Ant. Gpo. 2 x Ven. | opaco-2.
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FIGURE 3 Scatter diagram of percentages of protein and tryp-
tophan in protein in modified-phenotype opaque-2 population:
Composite K (hard endosperm) (Gy).

endosperm composite, Composite K, and Ver. 181- Ant. Gpo. 2 X Ven. |
opaco-2. The correlation coefficient (r) in all three populations was nega-
tive, but was significant in Composite K and Ver. 181 - Ant. Gpo. 2 X
Ven. | opaco-2. Table 13 shows the range and mean values for protein
and tryptophan and the percentage of frequency of acceptable families



TABLE 13 Ranges in protein and tryptophan values and correlation coeffi

lations undergoing improvement

cient {r) in some of the hard-endosperm opaque-2 popu-

Range in Mean Frequency
No. of Range in Mean tryptophan in tryptophanin  of acceptable  Correlation
Cycle of full-sib protein protein protein protcin families cocfficient
lo. Population selection farnilies values (%) (%) (%) (%) (r)
1. Ver. 181-Ant. Gpo. 2 X 3 390 5.12-11.88 8.48 0.51-0.96 0.70 58.97 -0.46752
Ven. 1 opaco-2
2 Composite K 205 6.56-12.50 9.19 0.51-0.80 0.65 55.12 -0.14602
3. White hard-endosperm 1 153 6.31-10.63 8.76 0.51-1.17 0.75 77.77 -0.1150

(opaque-2) composite

a Significant at 0.05 probability.
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FIGURE 4 Scatter diagram of percentages of protein and tryp-
tophan in protein in maodified-phenotype opaque-2 population:

white hard-endosperm opaque-2 composite .
| 1

TABLE 14 Protein lysine and tryptophan in whole grain of opaques and modified

opaques in two populations

o7
/A

Fryptophan % Lysine

Sample Y in in
No. Material Phenotype  Protein protein protein
| Composite K C, Opaque 9.63 1.05 4.51
(hard endosperm) Modified 10.38 1.02 4.27
2 Ver. 181-Ant. gpo. 2 X Opaque 9.88 0.97 4.71
Venezuela b opaco-2 Modified 9.69 0.97 4.72

(hard endosperm)

(protein, 7.50% and above; tryptophan, 0.65% and above) from the last
cycle of selection in three populations. Through further selection, it
scems possible to build the frequency of favorable modifiers still higher
and 1o increase the frequency of families with acceptable protein and

tryptophan values.

Table 1 shows the analyses of bulk samples from the last cycle of selec-
tion of two populations for protein, tryptophan, and Iysine. Moditied ver-
sions were fairly similar to opaque counterparts in the percentages of pro-

tein, tryptophan, and lysine,

We have concluded that through selection for opaque-2 modificrs
breeders should be able 1o change the dull phenotype of opaques to more
normal looking ones without sacrificing protein quantity and quality

[A discussion of this paper can be found on
and Answers.

I/;;). 492494 of Questions
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GERM AND ENDOSPERM VARIABILITY, MINERAL
ELEMENTS, OIL CONTENT, AND MODIFIER
GENES IN OPAQUE-2 MAIZE

Loyal F. Bauman Department of Agronory,
Purdue University, West Lafayette, Indiana

Since Mertz et al. (7) discovered that the opaque-2 gene improves
protein quality in maize, there has been only limited progress toward
utilization of maize types with improved protein quality. The primary
reason for this is lower vield; but other factors involved are soft endo-
sperm not acceptable for some human food uses, greater vulnerability 1o
ear rots and grain insects, and harvest and storage problems. Initial ap-
proaches involved continuous backerossing procedures 1o rapidly develop
hybrids or varieties with the opaque-2 gene,

Breeders soon tound that there are definite genotype interactions with
opaque-2 maize, and these interactions have received limited use in pro-
ducing opaque-2 hybrids or varicties that are reasonably acceptable for
some areas. However, there is no question that further improvements
can, and should, be made in the acceptability and protein quality of
opaque-2 varieties.

This paper summarizes some studies of the opaque-2 gene interactions
and effects in relation to yield, maturity, cob weight, chemical characteris-
tics, and modifier genes. The reader is urged to exercise the usual caution
in extending or generalizing this inf>rmation to other populations or
germ plasm,
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GRAIN DRY-MATTER ACCUMULATION OVER TIME,
COB WEIGHT, AND MATURITY

Makonnen (6) studied an opaque-2 diallel involving six inbred parents
and the normal counterpart diallel in a replicated split-plot experiment.
Kernel dry-matter accumulation curves were determined based on har-
vests made at 7-day intervals, starting 28 days after pollination and con-
tinuing through 63 days. Analysis of variance revealed significant differ-
ences between genotypes (opaque-2 versus normal maize), among hy-
brids, and among harvest dates for kernel weight. All interactions were
significant for kernel yields, indicating the importance of genetic back-
ground.

‘The opaque-2 gene performed differently in the various hybrids over
harvest dates. For B14 X B37 (Figure 1), the opaque-2 hybrid had a ker-
nel yield quite similar to the normal counterpart at the first and second
harvest dates (28 and 35 days postpollination, respectively). In contrast,
with A239 X Ab45 (Figure 2) a marked difference was found between
kernel yields of opaque-2 and normal hybrids at the two early harvest
dates.

In general, the reduced accumulation of kernel dry matter in opaque-2
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FIGURE 1 Comparison of kernel weight of opaque-2 and nor-
mal versions of B14 x B37,
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FIGURE 2 Comparison of kernel weight of opaque-2 and nor-
mal versions of A239 X A545.

hybrids was accompanied by retention of more moisture. At physiological
maturity the opaque-2 hybrids averaged 3.5% higher moisture content
than did the normal. The black layer (indicator of physiological maturity)
formed at about the same time in the opaque-2 and normal hybrids, de-
spite the earlier nearly complete cessation of dry-matter accumulation in
the opaque-2 hybrids.

The opuque-2 gene had a pronounced and consistent effect on cob
weight, with normal hybrids having about 10% greater cob weight. If this
effect is generally true for various germ plasms, it would produce a slight
bias against opaque-2 varieties if yield is based on ear weight.

INTERRELATIONSHIPS AMONG PROTEIN, LYSINE, OIL,
AND CERTAIN MINERAL ELEMENTS

Goodsell (4) has reported that opaque-2 kernels contain more potas-
sium than normal. Therefore, evaluations were made of the relationships
of protein and lysine to potassium and other mineral elements. Concen-
tratiens of lysine, protein, oil, potassium (K), phosphorus (P), magnesium
(Mg), iron (Fe), and zinc (Zn) were determined for normal and opaque-2
kernels from (1) 60 segregating ears from a heterozygous population, and
(2) 62 ears from a homozygous opaque-2 population (1),
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Correlations between the percentage of protein and the mineral ele-
ments were all positive and significant for both kernel types in the
heterozygous population (Table 1). In the homozygous opaque-2 popula-
tion, protein concentration was positive and significantly correlated with
P, Mg, and Zn.

Lysine concentration was significantly correlated with P and Zn in the
homozygous population, and with P, Mg, Fe, and Zn in the opaque-2
kernels from the heterozygous population (Table 2). The low or nonsig-
nificant correlations between K and protein and lysine were disappoint-
ing. Oil concentration was significantly correlated with protein percentage
(r = +0.25) and lysine (r = +0.39) only for the homozygous population.

The coefficients of determination for second-order multiple regression
equations (Table 3) indicate that protein and the combination protein and
oil, as expected, account for a fairly high amount of the variation in
lysine, particularly in the homozygous population. The individual correla-
tions and the combinations of P, K, Mg, Fe, and Zn as related to the

TABLE 1 Correlation between protein concentration and concentration of
mincral elements

Homozygous Heterozygous
population population

Kernel type

Mineral

clement Opaque Normal Opaque
K 0.17 0.26* 0,32%*
p 0.65** 0.59%* 0.45**
Mg 0,42%+ 0.53%* 0,53%*
Fe 0.18 0.29+* 0.37**
Zn 0.61** 0.36%* 0.,48%*

* and ** denote significance at the 5% and 1% levels, respectively.

TABLE 2 Correlation between lysine concentration and concentration of mineral

elements
Homozygous Heterozygous
population population
Kernel type
Mincral
clement Opaque Normal Opaque
K 0.01 0,33+ 0.20
p 0.43%* 0.35%» 0.25¢#
Mg 0.24 0.23 0.96%*
Fe 0.19 0.43%+ 0.30*
Zn 0.49++ 0,25* 0.33%+

* and ** denote significance at the 5% and 1% levels, respectively,
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TABLE 3 Coefficicnts of determination for second-order multiple regression
equatjons (percentage of lysine is a dependent variable)

Homozygous Heterozygous
population population

Kernel type

Independent
variable(s) Opaque Nermal Opaque
Protein 0.68 0.25 0.51
Protein and oil 0.75 0.29 0.52
P, K, Mg, Fe, Zn 0.52 0.53 0.38

variation in lysine certainly warrant further investigation of these mineral
elements.

VARIATION AND CORRELATION INVOLVING PROTEIN
AND LYSINE IN GERM AND ENDOSPERM

Thirty kernel samples from 44 ears (random) from opaque-2 Syn HA
were analyzed for oil content. The kernels then were dissected into germ
and endosperm portions, and protein, lysine, and oil content were deter-
mined. Surprisingly, large variations were observed for all characteristics
(Table 4). Both environmental and genetic variation are involved. Should
some attention be given to variation in the germ portion for maximum
nutritional improvement? Interestingly, the quantities and variations of
lysine in the endosperm and germ are nearly equal.

Some of the more pertinent correlations among these germ and endo-
sperm characteristics (Table 5) showed high and significant values. The
percentage of oil in the kernel was positively correluted with the percent-
age of protein in the kernel and endosperm and with the percentage of

TABLE 4 Variation in germ and endosperm of 44 opaque-2 maize ears

Variable Mean Range
Germ
Percent 16.5 13.0 - 219
oil, % 32.4 25.1 - 425
Protcin, % 26.7 229 - 31.2
Lysine, % of protein 5.8 50- 69
Lysine, % 1.5 1.2. 19
Lysine, mg in 30 germs 19.4 10.2 - 28.4
Endosperm
Protein, % 10.3 64 - 141
Protein, mg/30 endo. 657 386 -1003
Lysine, % of protein 3.34 27 - 5.0
Lysinc, % 0.34 0.25- 0.42

Lysine, mg/30 endo. 21.2 1830 .- 299
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TABLE 5 Correlations for several characters measured on 44 opaque-2 maize ears

Correlation
Characters coefficient
0il {% of kernel) and protein (% of kernel) +0.48%+*
0il (% of kernel) and protein (% of endo.) +0.42+*
0il (% of kernel) and lysine (% of kernel) +0.41%*
Oil (% of kernel) and lysine (% of endo, prot.) -0.33*
0il (% of germ) and protein (% of germ) -0.43**
Protein (% of kernel) and lysine (% of kernel) +0.70**
Protein (% of kernel) and lysine (% of ker. prot.) ~0.52%*
Protein (% of kernel) and protein (% of endo.) +0,97%*
Lysine (% of kernel) and lysine (% of endo.) +0.76%*

* and ** denote significance at the 5% and 1% levels, respectively,

lysine in the kernel, but was related negatively to lysine as a percentage of
endosperm protein. The percentage of oil in the germ was negatively cor-
related with the percentage of protein in the germ. The high correlation
(- = +0.97) between the percentage of protein in the kernel versus the
percentage in the endosperm indicates that analyses based on cndosperm
would be quite accurate.

RELATIONSHIP OF OPAQUE-2 WITH GERM
AND OIL CONTENT

Opaque-2 maize generally has a higher oil percentage than normal
maize, as shown by Lambert et al. (5) and our tests at Purdue University.
This is primarily because the germ constitutes a greater proportion of the
kernel, owing to reduced endosperm weight. The report of Sreeramulu et
al. (10) and data in Table 6 indicate that germ weight may actually be
greater; this may be a compensatory effect because of reduced endo-
sperm weight. However, the percentage of oil in the germ may be less in
opaque-2 maize (Table 6), which would tend to negate the etfect that
increased germ weight might have on the percentage of oil in the kernel.

Data in Table 5, from the report of Dudley et al. (3), and other data at
Purdue University indicate a significant positive correlation between the
percentages of oil and protein. Since the germ contains a high percentage
of good-quality protein, and the oil percentage is heritable and easily

TABLE 6 Characteristics of opaque and normal kernels from nine segregating cars

Percent
Opaque Normal of normal
Germ as % of kernel 16.25 13.15 123.6
Percent oil in germ 31.43 35.70 88.0
Germ weight 0.82 0.73 1128

Kernel weight 24.7 274 90.2
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measured, the effect of oil selection on protein level and quality was inves-
tigated in an opaque-2 synthetic.

Ruschel (9) selected for increased percentage of oil in opaque-2 Syn HA
using half- and full-sib (two cycles each) and S, progeny selection (one
cycle); two subselection procedures were applied in the second cycle of
the half-sib method. When the five selected populations as a group were
compared with the base population, the increase in the percentage of oil
(0.52%) was significant, witl: a significantly correlated increase in the per-
centage of protein of 0.46%. Selection did not affect yield or grams of
lysine per 100 g of protein. These findings are regarded as preliminary,
and further selection is underway. It may be feasible to develop high-oil
opaque-2 varieties, particularly for specialty uses.

VITREOUS (MODIFIED) OPAQUE-2 TYPES

Paez et al. (8) described vitreous opaque-2 types and indicated the pos-
sibility of using these types as an approach for correcting the yield disad-
vantage due to reduced endosperm weight. Bauman and Aycock (2)
briefly discussed this approach, and other breeders, including Vasal and
co-workers at CIMMYT and workers in our project, have used this ap-
proach to develop opaque-2 varieties that are more acceptable in terms of
yield, grain quality, and human food uses.

Some general observations concerning the vitreous types are (1) the de-
gree of vitreousness is influenced by environment (for example, popula-
tions are more modified in the winter nursery); (2) populations may dif-
fer in frequericy of vitreous types; (3) generally more than one gene is
involved; and (4) vitreous types tend to have poorer protein quality, and
selection pressure must be applied.

Urbano Ribeiral, a Purdue graduate student, degermed kernels of six
families and then separated the endosperm into vitreous and opaque por-
tions. Analyses (Table 7) reveal a distinct difference between the portions,
TABLE 7 Comparison of protein and lysine values from opaque and vitreous por-

tior : of modified kernels from opaque-2 familics

Protein Lysine
pereent g/100 g protein
Opaque Vitreous Whole Opaque Vitrcous Whole
portion portion endosperm portion portion portion
1 9.2 1.5 10.5 4.82 2.55 3.03
2 10.2 13.3 12.7 3.28 2,08 2.36
3 8.8 12,2 10.9 4.56 2.34 2.80
4 8.4 12.1 11.2 4.78 2.44 2.83
5 8.0 12,9 12,0 5.14 2,33 2.75
6 7.6 12,1 10.0 4.40 2.30 2.62

Mean 8.7 124 1.2 4.49 2.34 2.73
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with the vitreous being higher in percentage of protein and lower in
lysine when compared to the opaque portion. Admittedly, this is a small
sample and is in contrast to the data of Paez et al. (8), but the findings
suggest the need for caution in adequately sampling the entire endosperm
for analysis.

Ribeiral also studied a diallel among vitreous opaque inbreds. In a
split-plot design, the two treatments involved sib pollination and outcross-
ing to normal (+/+) pollen. This permits yield comparisons of the vitre-
ous F,'s with their potential yield as “normals” (assuming +/0y0, is com-
parable to +/+/+). These vitreous inbred parents have been intercrossed
and will be available as a germ-plasm modifier source population after
intercrossing in our winter nursery. This material would be of interest
primarily to breeding programs in the temperate zones. Above-average
rainfall delaved harvest in the 1972 tests involving vitreous types, so only
limited or preliminary data are available at this time.

Dejene Makonnen, another Purdue graduate student, determined ker-
nel dry-matter accumulation curves over the maturation period for two
vitreous single crosses and a high-yielding nonvitreous opaque hybrid
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(Figures 3 to 6). These hybrids were sibbed and outcrossed to normal
(+/+) pollen to provide an estimate of their yield potential in relation to
“normal.” The two vitreous hybrids 21 and 25 were quite similar to their
“normal” counterparts at all harvest dates (Figures 3 and 4). The vitreous
opaque approach appears quite promising with these two hybrids.,

The grain yield of the high-yielding nonvitreous hybrid 16 was 96% of
its “normal” counterpart (Figure 5). More typical grain-vield accumula-
tion curves are shown for opaque and normal versions of W64A x B37
(Figure 6). Unfortunately, in this experiment some of the hybrids nay not
have attained physiological maturity at 55 days after silking because of
below-average temperatures.

In recent tests, experimental and commenrcial nonvitreous opaque-2 hy-
brids produced yields quite competitive with the betier normal commer-
cial hybrids. These hybrids were relatively free of ear rots, even during
the excessive rainfall of the 1972 fall season.

One might queztion the necessity tor developing vitreous opaque-2
types for the more temperate areas. Nonvitreous opaque-2 types also
would be more desirable if the reported advantage of opaque-2 maize for
cattle feeding is related to greater digestibility because of the softer en-
dosperm.

The development of vitreous opaque-2 hybrids is not a simple breeding
procedure. Initially at least, the vitreous modifier genes must be intro-
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duced into elite inbreds by a limited number of backcrosses with alternate
generations of selfing to identify vitreous types in the backcross prog-
enies, and by applying selection for protein quality. Development of vit-
reous opaque-2 populatiors or varieties for direct use by the farmer
should be a relatively easier task with less time required.

Based on research information and progress to date, we are confident
that acceptable opaque-2 hybrids and varieties can be developed for any
maize-growing area.

This article is Journal Paper No. 5041, Purdue University Agricultural
Experiment Station. The work was supported by the U.S. Agency for In-
ternational Development under Contract AID/Csd-2809, titled “Inheri-
tance and Improvement of Protein Quality and Content in Maize.”

[A discussion of this paper can be found on p. 494 of Questions
and Answers,
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Many mutants in maize (Zea mays L.) produce striking differences in
textural properties, form, and amount of endosperm. Several mutants in-
fluence gelatinization temperatures, birefringent end point, starch granule
digestibility, and carbohydrate storage products (such as amylose, amylopec-
tin, water-soluble polysaccharides, and sugars).

The effects of opaque-2 (0,) and floury-2 (f1;) and the interaction of these
two mutants in double-mutant combination have been known for several
years (10, 12, 13). Nelson (12) reported the high lysine content of the
double-mutant fl,0,. Surprisingly, the phenotype of Nelson's double-
mutant was not floury; it was nearly indistinguishable from normal. Al-
though variation in flintiness exists in fl,0, endosperms, it has been observed
that most are soft floury types in dent maize backgrounds.

Since unexpected interactions occur quite often between mutant genes
affecting endosperm characteristics, genetic materials have been developed
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to rigorously explore the o, gene interactions with several other endosperm
mutant genes in double combinations. In cooperation with the Department
of Biochemistry, our objective is to find genotypes that may have potential
for genetic improvement or alteration in (1) amino acid profile, (2) 1otal
energy content as carbohydrates, protein, and oil, (3) digestibility of the
grain, and (4) perhiaps other nutrients to improve the food value of maize.
There is potential for obtaining maize types having desirable starch charac-
teristics and adequate amounts of nutritionally balanced protein for humans
and animals.

Several mutants are known to affect starch synthesis in the endosperm of
maize. The effects of gene substitutions on carbohydrate storage products
have been reported for waxy (wx) (15), sugary-1 (su,) (16), shrunken-2 (shy)
(7), brittle-1 (bt,) and brittle-2 (bty) (3), and dull (du) (2). All these mutants,
with the exception of wx, result in the synthesis of less starch. In some
mutants, such as sh, and bty, only a siall proportion of the starch is synthe-
sized. The effects of mutants and double-mutant combinations on polysac-
charide synthesis have been summarized (4). None of these include
opaque-2,

The wx, sugary-2 (suy), du, and amylose-extender (ac) mutants also result
in changes in the relative proportions of amylose to amylopectin. The starch
of the wx endosperm is entively amylopectin (15). The starches synthesized
in du, suy, and ae endosperms all have higher percentages of amylose than
normal, with ac containing about 60% amylose (3).

It has been suggested that the digestibility of commercial strains of maize
may be improved by using specific gene mutations like wx and su, (14).
These genes may be important in improving the nutritional value of maize
for humans and animals.

EFFECT OF ENDOSPERM MUTANTS AND DOUBLE-MUTANT
COMBINATIONS WITH OPAQUE-2

Discussion here is limited to portions of our data concerning selected
endosperm mutants and their double-mutant combinations with opaque-2
in near-isogenic subline comparisons (1, 1) and in hybrids. Initial phases of
the work involved backerossing the mutants to selected inbred backgrounds
and recovering near-isogenic subline materials within an inbred.

Single Endosperm Mut:nts and Double-Mutant Combinations
with Opaque-2 in an Inbred Background

Data are shown for the isogenic comparisons among several mutant re-
coveries (0y, fl,, su,, wx, ae, du, bty, by, suy, shy, {1, and h) in inbred Oh43
after six backcrosses, and their double-mutant combinations with opaque-2
and the normal counterpart.
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Tables 1 and 2 show the lysine and tryptophan concentration in the single
endosperm mutants and double-mutant combinations. Compared to their
normal counterparts, all the mutants show increases in the concentration
of lysine and tryptophan. The ae and du mutants show increases in lysine
and tryptophan equal to those of 1, while su, shows less. All mutants showed
some decreases in leucine. Cystine was increased in ae, and methionine was
increased in wx and du, although not to the level found in fl,.

The endosperm proteins of biy, bty, su,, and sh, have notable increases in
the concentrations of lysine and tryptophan (Table 2). In addition, each
shows a decrease in the concentration of leucine. Brittle-2 and su, have
methionine levels approaching the concentration found in fl,. Compared to
their novmal isogenic counterpart, many of these mutants may be classified
as maize mutants with high lysine content (1, 11). For example, bty is as
effective in altering the amino acid pattern of endosperm protein as o,

Each endosperm mutant increased lysine and tryptophan concentrations
in the endosperm proteins when the gene was combined with 0, (Tables 3
and 4). Table 3 shows that the double-mutant combinations su, o,, wx o,,
ae 0y, and du o, cause notable increases in concentrations of lysine and tryp-

TABLE 1 Amino acid composition of defatied endosperms in near-isogenic Oh43

sublines
Amino acid concentration (g/100 g protcin) in
Amino acid + 0, fl, su, wx ac du
Lysine 1.6 3.5 23 1.9 1.7 2.3 2.3
Tryptophan 0.3 0.8 0.5 0.5 0.4 0.5 0.6
Protein (%) 11.6 10.1 11.5 11.5 10.0 1.7 11.0

TABLE 2 Amino acid composition of defatted endosperms in ncar-isogenic Oh43

sublines
Amino acid concentration (g/100 g protein) in
Amino acid + o, bt, bt, su, sh,
Lysine 1.6 3.5 3.3 2.6 2.3 2.7
Tryptophan 0.3 0.8 0.7 0.5 0.3 0.7
Protein (%) 1.6 10.1 13.4 12.3 124 20.5

TABLE 3 Amino acid composition of defatted endosperms of double-mutant
combinations in Oh43

Amino acid concentration (g/100 g protein) in

Amino acid + o, fl, o, su, 0, wx 0, ac o, duo,
Lysine 1.6 3.5 2.8 4.0 3.7 3.9 8.7
Tryptophan 0.3 0.8 0.8 1.0 0.8 0.9 1.0

Protein (%) 11.6 10.1 11.3 10.7 9.6 10.9 9.7




Effact of Endosperm Mutants and Double-Mutant Combinations 231

TABLE 4 Amino acid composition of defatted endosperms of double-mutant
combinatijons in Oh43

Amino acid concentration (gf100 g protein) in

Amino acid + 0, bt, o, bt, o, su, o, sh, 0,
Lysine 1.6 3.5 5.3 4.8 3.9 4.2
Tryptophan 0.3 0.8 1.3 1.4 0.8 1.2
Protein (%) 1.6 10.1 14.9 10.3 13.3 18,7

tophan to levels above that in o,. Leucine decreases to 12.4, 11.3, 12.0, and
9.5%, respectively, as compared to 16.4% in the normal counterpart. The f]
0; and h o, combinations (not shown) also indicate some increased differ-
ences in amino acid content. In contrast to these mutant combinations, no
enhanced effect is observed when fl, is combined with o,.

When by, bt,, su,, and sh, are combined with o,, each such combination
substantially increases lysine and tryptophan concentrations (Table 4).
Leucine decreases considerably in these double-mutant combimations from
between 9.9% in su, 0, to 7.9% in sh, 0,. Tables 5 and 6 show the zein con-
centration (fraction ) (6) and the zein-to-glutelin-3 (fraction V) ratio for
each of the single endosperm mutants and their double-mutant combina-
tions. With the introduction of uny one of the mutant genes, the zein
content drops and the major glutelin fraction (glutelin-3, fraction V) in-
creases. Zein synthesis is further repressed when the endosperm mutants
are combined with o, in the double mutants (Table 6). This synergistic
effect is most pronounced in the mutants bt, o,, bt, 0, and sh, 0, that
characteristically synthesize small amounts of starch when compared to
normal. For example, zein content drops to 3.2% in bt, 0, and the major
glutelin fraction increases 10 52.8%. P. S. Misra’s report discusses the pro-

TABLE 5 Zcin concentration and zein to glutelin ratio of defatted endo-
sperms in Oh43

Ratio of zcin

Genotype Zein (fraction 11)" to glutelin (fraction V)
+ 60.82 4.28
o, 29.2 0.92
fl, 50.7 2.23
LTI 48.7 2.75
wx 51.5 3.43
ae 38.0 1.74
du 42,7 2.14
bt, 289 0.93
bt, 3741 1.81
n, 29.2 119
sh, 32.8 1.25

! Fractlonation scquence D:Landry and Moureaux (6).
3 Percentage of total soluble nitrog=n, data corrected to 100% recovery.
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TABLE 6 Zein concentration and zein to glutelin ratio of defatted endo-
sperms of double-mutant combinations in Oh43

Ratio of zein

Genotype Zein (fraction I1)! to glutelin (fraction V)
+ 60.8? 4.28
0, 29.2 0.92
fl, o, 28.0 1.05
s, 0, 18.5 0.52
wX 0, 23.7 0.70
ac o, 20.1 0.56
duo, 14.6 0.36
bt, o, 8.2 0.06
bt, o, 2.9 0.05
v, o, 3.2 0.07
sh, o, 1.3 0.03

' Fractionation sequence D:Landry and Mourcaux (6).
2 Percentage of total soluble nitrogen; data ¢rrected to 100% recovery.

tein distributions and characterization of the fractions extracted from
each of these samples.

The germ proteins and lysine concentrations did not differ greatly in
these mutants and the double-mutant combinations. The germ protein
contents of o, and {1, (28%) were the highest compared to normal, with 25%
protein. Lysine concentrations ranged from 5.4 10 6.2% of total protein.

Within the single-mutant lines and the o, double combinations, significant
differences were found among genotypes for the per kernel mineral cle-
ment content of phosphorus, potassium, magnesium, copper, and iron. An
interesting observation was that su, and its double combination su, o, were
consistently high in most of the mineral elements. It was also noted that su,
had a greater kernel density in the Oh43 background and was superior to
the normal. Sugary-2 also interacted with o, to improve the kernel density of
the o, in the double combination.

L. Bartolome of our laboratory evaluated the relative in vitro digestibility
characteristics of these endosperm mutants and their double-mutant com-
binations with o, in the inbred Oh43. Her data show that sus, sug 0y, and wx
o were consistently superior in producing the highest digestion vates in both
uncooked raw-starch and whole-kernel sample preparations. Opaque-2 was
superior to the normal counterpart and tended to improve the digestibility
rates of the double-mutant samples when compared to the single nonopaque
mutant counterpart.

Single Endosperm Mutants and Double-Mutant Combinations
with Opaque-2 in Hybrid Backgrounds

Some data are available on a few selected mutants and their double-
mutant combinations with oz from preliminary experiments in hybrid back-
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grounds. A study being conducted by G. A, Tosello has four nearly isogenic
subline sets (inbreds Oh43, W64A, B37, and C103), each with the single
mutants oy, fly, su,, wx, ae, du, and fl, and their double combinations with
opaque-2. These sets were crossed in a diallel series and together with their
normal counterparts were grown in 1971 in a split-plot randomized com-
plete block design. The data reflect the mature grain characteristics of six
hybrids of the su,, wx, ae, du, fl;, and o, sets and their double combinations
with 0,. The duand fl, and their double combinations with 0, were evaluated
in three hybrids.

Figure I shows the mean percentage of protein in the endosperm fraction
of the single-mutant lines and double-mutant combinations with 02 of all
hybrids tested. The percentage of proteinin the o, single-mutant hybrid and
all the o, double-mutant combination hybrids was significantly below the
mean of the comparable single nonopaque hybrids, thus showing the effect
of the 0, gene. However, none of the o, double combinations in the hybrids
was significantly lower in the percentage of endosperm protein than the o,
hybrids themselves. The f1, hybrids were superior in concentration of en-
dosperm protein on a percentage basis, as has been found in other research.
Considered on the basis of quantity of protein per endosperm, the single-
mutant wx and ae hybrids (32.2 and 31.4 mg of protein/endosperm, respec-
dvely) did not differ from their normal counterpart (32.6 mg of
protein/endosperm). The su, (29.6 mg of protein/erdosperm) and fl, (28.2
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FIGURE 1 Average percentage of protein for several single endosperm mutants
and their double-mutant combinations with opaque-2 over hybrids (Indiana,
1971).
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mg of protein/endosperm) single-mutant hybrids were lower in protein
quantity, but not substantially so. Opaque-2 and most of the double-mutant
combination hybrids showed decreased protein quantity in the endosperm
fraction.

Figure 2 shows mean lysine as a percentage of protein values for all
hybrids. The single endosperm mutant and double-mutant combination
hybrids showed mean significant increases in lysine concentration when
compared with their normal counterparts. Next to the o, hybrids, fl; showed
the most pronounced increase (53%) over normal hybrids, followed by su,
with a 24% increase. Note the enhanced effect on lysine concentration of
combining the endosperm mutants sup, wx, ae, and du with o, in the
double-mutant combination hybrids, whei:as in the fl; o, or fl; 0, hybrids,
no enhancement of lysine as a percentage of protein occurred. Compared
on a lysine quantity per endosperm basis (milligrams of lysine per endo-
sperm), the su, 0, and ae o, hybrid yields were significantly greater (P < 0.01)
than that of o, hybrids, with each of the former producing a 7% increase in
lysine yield. The fl, and wx o, hybrids were 3% greater in lysine yield than
the o, hybrids, but not significantly greater.

Compared with the mean of the normal hybrids (Figure 3), the means of
the single- and double-mutant combination hybrids showed decreased
100-kernel weight. Waxy and f1, were reduced the least, followed by su; and
ae. The 100-kernel weight means of all double-mutant combination hybrids

- 4 ] pouble Mutont ]
E PAsingle ] — —
E E 3- l
o=, ' %
= 2 \1} %
“ g 11
o %
= i Z
. n

02 flao2 suz0. wxo0z geoz duoz flo2
flz Suz WX ae du fh
GENOTYPE (IN HYBRID BACKGROUNDS )
FIGURE 2 Average lysine as a percentage of protein for several single endos-

perm mutants and their double-mutant combinations with opaque-2 over hybrids
(Indiana, 1971).
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FIGURE 38 Average 100-kernel weights for several single endosperm mutants
and their double-mutant combinations with opaque-2 over hybrids (Indiana,
1971).

were reduced by the o, gene, when compared to the corresponding mean of
the single nonopaque hybrids.

The mutant gene su, showed the most pronounced effect on kernel
density in the hybrids (Figure 4). The mean of the su, o, double-mutant
combination hybrids was significantly superior in kernel density (P <0.01)
to the mean of the o, hybrids and other o, double-mutant combination
hybrids. Apparently, su, combined with o, improves the kernel density in
the double-mutant su, o, to nearly that of the normal counterpart.

Figure 5 illustrates the mean proportion of germ in the whole seeds of the
hybrids. The effect of the o, mutant in producing seeds with larger germs
was shown once again in these o, hybrid results. And certainly the effect of
the 0, gene was pronounced in increasing the percentage of germ in the
double-mutant combinations. The su; 0, and wx oy hybrids were the only
double combinations in which the mean values for the percentage of germof
the whole seeds were not significantly different from that of the opaque-2
hybrids.

From our previous analysis of the mutant endosperm materials in the
near-isogenic background of inbred Oh43, we had observed that the su,
gene was increasing the percentage of oil of the whole seeds without a
concomitant increase in the proportion of germ. We analyzed for the per-
centage of oil of the whole kernels from the suy, su; 0,, 0, hybrids and their
normal counterparts. A comparison among the genotype means of the
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FIGURE 4 Average kernel density for several single endosperm mutants and
their double-mutant combinations with opaque-2 over hybrids (Indiana, 1971).

hybrids for percentage of oil and oil content per whole seed is given in Table
7. It is apparent that the su, gene significantly increased the percentage of
oil. Even more interesting is the finding that actual oil quantity per kernel

22+ [ oouble mutant
Single

flo,  su0,  wxo, e 0, du
fl, 1P wX ae d

GENOTYPE (IN HYBRID BACKGROUNDS)
FIGURE 8 Avcrage percentage of embryo fraction of whole kernel for several
single endosperm mutants and their double-mutant combinations with opaque-2
over hybrids (Indiana, 1971),
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TABLE 7 Mecan oil content of whole kernels of opaque-2, sugary-2, and
sugary-2:opaque-2 hybrids and their normal counterparts (1971)

oil? Oil/kernel
Genotype (%) {mg)
4 4.21D 14.63B
o, 5.05C 14,588
su, 5.57B 16.78A
su, o, 6.36A 17.19A

' Means of six hybrids and four replications.
2 Means within column followed by a common superscript do not differ significantly
at the 1% level (DMRT),

(milligrams of oil per kernel) in the su; and su, o hybrids was significantly (P
< 0.01) increased over both normal and opaque-2 counterparts, while the
proportion of germ in the whole seed of su, hybrids remained the same
(Table 8). The su, and su; o, hybrids were better in oil yield per kernel than
their normal counterpart by 15 and 18%, respectively. Even though the
percentage of oil was significantly increased in o, hybrids, the actual oil
quantity per kernel was not ditferent from the normal hybrids.

These results in the single-cross hybrid backgrounds should be viewed as
prelimitiary in nature, but they do support findings in the near-isogenic
inbred Oh43 materials. The endosperm mutant genes exert a similar effect
in the repression of zein synthesis. Several mutants (su,, wx, ae, du, bty, bt,,
suy, and shy), when combined with the o, gene, enhance the increased lysine
concentration by reducing zein levels to an even greater extent. In contrast
to most of the endosperm mutants just mentioned, no enhanced effect on
lysine concentration was observed when, for example, 1, was combined with
03.

These endosperm mutants and their double combinations with opaque-2
should be examined cautiously. Mutant and mutant combinations that sup-
press starch synthesis considerably (bt,, bty, suy, and shy) are agronomically

TABLE 8 Mean percent germ and endosperm lysine (g/100 g pro.) of
opaque-2, sugary-2, and sugary-2:opaque-2 hybrids and their
normal counterparts (1971)

Endosperm
Germ? tysine
Genotype (%) (g/100 g protein)
+! 13.998 1.74D
o, 18,144 3.308
su, 13,998 2.16€
s, o, 18.10A 3.70 A

! Means of six hybrids and four replications.
3 Means within column followed by a common superscript do not differ significantly
at the 1% level as determined by Duncan's multiple range test.
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undesirable from the standpoint of mature grain characteristics, even
though they do contain the most favorable zei-to-glutelin ratios.. The
double-mutant combinations of these genes with o,, however, do have value
as edible types in the green-maize stage of development, because of their
favorable carbohydrate and protein quality. Perhaps they might have value
as a special food for infants, depending upon the economics of production
and the development of the food preparation.

Only preliminary data are available for the endosperm mutants suy, wx,
ae, du, fl,, and fl; and their combinations with o, in the hybrids. Although
potential is indicated in special modified endosperm starch types for im-
proving protein quality, digestibility characteristics, density of the grain, and
perhaps energy content and mineral levels in such types as su; 0, and wx oy,
there are some uncertainties concerning the nutritional significance of some
of these mutant combinations. We do not have adequate information on the
feeding value and biological efficiency of these modified types. Nor do we
know how well they will meet the calorie- protein requirements of either
nonruminants or ruminant subjects.

Initial tests of whole ground kernels of su, 0z, wx 0,, a€ 04, bty 0,5, and bty in
the Oh43 inbred background were fed to rats for 10 days at an amount that
was 95% of the ration. Although the results must be considered as very
preliminary, they did suggest that the extra lysine and tryptophan of the
double mutants are available for growth purposes. There is some indication
from feeding trials with steers and lambs at the University of 1linois (E. E.
Hatfield and W. L. Braman) that waxy maize provides improved feeding
efficiency. Increased gains also have been obtained by feeding opaque-2
maize to cattle. High-oil maize feeding trials with swine have shown that feed
efficiency is substantially greater with high-oil maize than with normal
maize. Maybe the wx 0, and su, 0, double combinations, for example, might
contribute to an improved feed and/or food value of maize for ruminants
and nonraminants alike.

Data from our very preliminary tests suggest that yielding ability of the
wx 0, and su, 0, double-combination hybrids may be more promising than
other combinations, since starch synthesis is reduced the least in these

genotypes.

Other Mutants That Affect the Opacity of the Endosperm

Several other mutants affect the opacity of the endosperm as do the
opaque-2 and floury-2 materials that we have analyzed. McWhirter (9)
identified a floury endosperm mutant that occurred spontancously in W22
stock. He reported that it is high in lysine and linked on chromosome 10.
This mutant has been designated opaque-7 (07). We obtained seeds of o;and
the double-mutant o, 07 (Fysegregates from the cross W23/1.317 oyoq; +/+
X W22 +/+; 0407) from McWhirter. We have recovered the o, mutant from
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intercrosses with several inbred backgrounds and isolated o, 07 and fl; 0,
double-mutant combinations in several backgrounds. The double-mutant
combinations o, o; and fl, 0, are not readily identifiable by phenotypic
expression of the endosperm. Furthermore, the single-gene o recovery in
various backgrounds is subject o considerable modification and does not
give clear expressivity in many cases.

Federico Poey recovered a mutant similar to opaque-2 in Cuban fline (O
Poey). From materials given to us by Poey, it has been determined that this
mutant is a recessive allele at the f1; locus on the short arm of chromosome 9.
The gene, designated as opacque-4 (0,), isarecessive allele also at the 11, locus.
Therefore, these two mutants are allelic 1o the 12 gene originally described
by Mazoti and reported to be similar to the opaque-2 gene in lysine concen-
tration (8). Our preliminary data show that none of these three mutants is
substantially different in lysine content from its normal counterpart.

We have obtained numerous samples of putative opaque mutants from a
search in Colombian and other germ plasm. One mutant was found to be
allelic to o, and another allelic to 0. Many of these mutants which affect the
opacity of the endosperm have presented interesting genetic problems with
regard to expressivity of “opaqueness,” but so far none has shown any
practical nutritional advantage.

Table 9 shows the lysine concentrations for the spontaneous o, mutant in
the W22 inbred background; the o, 0, double-mutant received from Mec-
Whirter; the 04, 0, 07, and 1, 0 recoveries from crosses to several inbreds;
and f1*. The 07 (W22 inbred) mutant had a value of 3.8 lysine asa percentage
of protein compared to a lysine content value of 2.3 in its normal counter-
part (11). The o7 recoveries within the four different backgrounds show
increased concentrations of lysine, but not to the extent originally reported
(8, 11). The W22 o; materials are very low in protein. The lysine concentra-
tions of the double-mutants 0, 0, and {1, 0, are increased. However, these are
not rigorous comparisons. It appears that the o; gene and 1, have similar
influences on lysine levels.

The 1" mutant material was obtained from A. V. Pacz (Pioneer Hi-Bred
International, Inc.). The lysine concentration of this mutant possibly is

TABLE 9 Amino acid composition of defatted endosperms

Amino acid concentration (g/100 g protein) in

w22 Inbred backgrounds
+ 0, 0, 0, o, 0, 0, fl, o,! ne?
Lysine 2.3 3.8 3.5 2.8 3.6 3.3 2.4
Protein (%) 8.5 1.3 16 11.4 10.4 12,0 12.0

! Mean of four backgrounds,
? One background.
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greater than normal. Once again, a rigorous comparison could not be made,
because backgrounds were not comparable.

Journal Paper No. 4997, Purdue University Agricultural Experiment
Station. This researcii was supported by the U.S. Agency for International
Development, Contract AiD/Csd-2809 with Purdue University, titled “In-
heritance and Improvement of Procein Quality and Content in Maize.”
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APPRCACHES TO IMPROVING PROTEIN
QUALITY IN MAIZE WITHOUT
THE USE OF SPECIFIC MUTANTS
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Improvement of protein quality in maize should prove of great value in
solving many of the world's nutrition problems. Maize is the main part of the
human diet in many countries and an important source of food for many
monogastric animals, such as swine.

As early as 1914, Osborne and Mendel (9) and others had reported that
maize is deficient in lysine ancl tryptophan. However, early research workers
studying protein quality lacked rapid and efficient methods of determining
amino acid contents. More recently, new automated cquipment has speeded
the analysis of many samples.

Variation in the amino acid composition of maize has been reported by
Tello et al. (12), Aguirre et al. (D). Bressani et al. (3), and numerous others.
They found significant differences among maize varieties for several amino
acids, including lysine, tryptophan, and methionine. ‘Their analyses were
assumed to be made on normal endosperm maize and on a whole-kernei
basis. Flynn et al. (4), Frey etal. (5), and Miller et al. (8) found significant
differences in protein and amino acids for U.S. corn belt maize. However,
these studies did not indicate whether any of these maizes with higher iysine
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and tryptophan content were superior as food for monogastric animals,
when compared with maize of lower content.

‘The big breakthrough on protein quality was the Mertz et al. (7) report
that the opaque-2 gene nearly doubled the lysine content of endosperm
tissue. Their findings stimulated research interest in upgrading the protein
quality of maize and the other cereal grains. Alexander (2) reported that
opaque-2 maize segregates usually weighed less than normal maize siblings,
but in certain genetic backgrounds opaque kernels weighed the same as
normal siblings. Comparisons of normal and opaque-2 hybrids by Lambert
et al. (6) also showed that opaque-2 hybrids were lower than their normal
counterparts in grain yield and kernel weight, but were higher in grain
moisture, cracked kernels, and total oil content. Similar results have been
reported in numerous studies.

Alexander (2) mentioned possible modifier genes that tended to alter the
opaque-2 phenotype in certain background genotypes. Later, Paez et al. (10,
11) reported genotypic opaque-2 kernels with endosperms that were
phenotypically half translucent and half opaque. They found that the two
tractions did notdifter in lysine content. These results encouraged a search
for translucent endosperm types among opaque-2 kernels. T'ypes now have
been idemified with lysine values equal to opaque-2 materials. The translu-
cent types have not yet been evaluated for test weight or yield, but the kernel
definitely has a harder texture. Hopefully, the agronomic performance of
these translucent tvpes will equal that of their nonmutant counterparts.

Improving protein quality in normal dent maize without major endo-
sperm mutants is another possibility. Surveys by several investigators
—Aguirre et al. (1), Tello et al. (12), and Pacz et al. (10, 1 H—indicated a
considerable vange in lysine content among different races and strains of
maize. Because those lysine determinations were made on a whole-kernel
basis, the question has been raised whether the range in lysine reported may
have been due to varying germ-to-endosperm ratios. Because germ tissue is
high in lysine content, the lysine content would be highest in kernels with a
larger proportion of germ tissue.

OBJECTIVES

In the study reported here, the main objectives were to determine (1)
whether lysine content of nonmutant maize could be increased through
recurrent selection, and (2) whether an association exists between
germ— endosperm ratios and lysine content.

MATERIALS AND METHODS

Three open-pollinated varieties were selected on the basis of their
higher-than-average lysine values obtaired from the survey of maize strains
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for lysine content reported by Paez et al. (11). The three varieties chosen
were Midland Yellow Dent (P1222609), Logan County Composite (P1232
666), and Reid Yellow Dent (P1213698).

Approximately 75 plants in each varicty were selfed in 1967, Lysine
content was determined on §, ears on a whole-kernel basis. ‘Thirt y kernels
were sampled from each ear and ground with a micromill. Lysine content
was determined by the automated lysine decarboxylase method, as de-
scribed by White and Gauger (13). Total protein was determined on the
same sample. Ten percent of the ears with the highest lysine content were
selected for initiating the first cycle. Equal amounts of kernels were ve-
moved from the selected ears, hulked, and planted 1o give approximately
150 plants. These plants were intercrossed by using pollen mixtures. Two
generations of intermating were followed by a selfing generation. A random
100 ears from over 400 selfed ears were analyzed tor Iysine and protein.
Each cycle thus requires a minimum of 2.5 years. Methods of selection,
sampling procedures, and chemical determinations were the same for both
the first and second cycles and for each of the three populations. Oil analysis
was obtained by wide-line nuclear magnetic resonance (NMR) through the
courtesy of the Illinois Agricultural Experiment Station.

RESULTS AND DISCUSSION

The ranges in protein and hsine values for the first and second ovdles of
the three populationsare shown in Table 1. All three populations followed a
similar pattern. The protein range for the second evele was not as greatasfor
the first. Not did the highest protein value for any of the three populations
change materially hetween the fist and second (vdles. 1 he range in hsine
content between the two cvddes wasabout the same, but the lower and upper
values increased trom the finst 1o the second Ovle, sugpestung that selection
was effective in increasing vsine content for each of the thiee populations.

TABLE 1 Runge, mean, and percentage ol duange for protens and Iy sine content
for two cydes of recarrent selection for lysine content on 4 whole
kernel hasis

Farst oy cle Seconl oy le »
Varicty Range Mean Raange Mean Change
Protem
Midland 9.4-17.8 19.4 10.4 165 1%.6 419
Lagan 8.516.8 1.1 1.0 16.5 14.7 .0
Reid R.1-17.0 1.9 15150 12,4 None
Lysine
Midland 0.19-0.32 0.26 0.260.4% 0.% ¢34.6
Logan 0.19 (.38 0.27 0,94-0.49 0.40 +48.2

Reid 0.18-0.93 0.26 0.280.38 0.34 +30.8
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The frequency distribution for the percentage of lysine content on a
whole-kernel basis for each of the two cycles is shown in Figures 1, 2, and 3.
The frequency distribution for the percentage of protein on a whole-kernel
basis for cach of the two cycles for each population is shown in Figures 4, 5,
and 6. Mean protein values for the first and second cycles were essentially
the same, and the frequency distributions followed similar patterns. The
frequency distributions indicated no material change in protein content
between the two cycles.

It is possible that some of the increase in lysine between the two cycles was
dueto the etfectof environment, because the firstand second eycles for each
population were grown in difterent years. However, the sanie pattern was
observed in the increase inlysine between the two eycles for each of the three
populations, with no essential chiange in protein between eyeles, thus sug-
gesting that the envirtonmental effects may have been minimal. A future
study will investigate these envitonmental effeds by growing the unselected,
first-cycle and second-cyde populitions at the same time and place,

Recurrent selection for hysine on o whole-kernel basis appeared to be
eftective (and probably was not due 1o any change in the level of protein);
thus, the questionarose as to whetherany change in the amount of lysine per
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100 g of proten had occurred between the two oveles D he hrequency
distribution tor the vumber of grams of e per 00 g ot protemis shown
in Figures 7.8 and 9 Frequenay distihutions for the three populations
followed a sinula pattern, with the second ovele showing o subntantial
increase in the aanount of lane por Mg of prowem
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average whole-kernel lvane content Laded 1 produce hivbrds with above-
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lines hal Propotaonadh move gorn taae, whereas hvhrots b propot.
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FIGURE 8 Frequency distribution tor first and second cycles of recurrent sclec-
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TABLE 2 Correlation coetficients of lysine, oil, and protein with other variables
of recurrent selection for lysine content on a

for the second cycle

whole-kernel basis

Conponcnt

Lysing versus protom

Lysine vormns oif

Lysinie varmin hetach wonthit

Lywine sersas cndosprm weght
Lystn vetwin o woght

Lyssne vetsin sinbornp 000 e 100 et e
O vermis s tdonpor tin weght

0 v g weght

O seamin e nndeonprs 11 e sin Falao
Protese vormie ctudosjue nin we ight
Proste v toss o nin woght

Praste s veimin ¢ tudiiarc 1l gEIIH CAl W0

Midland
Yellow
Dent

0.49%
0.0%
09
0.2
0.26"
00?2
0.0%
033
0.89¢
016
0200
0.2

Lawan
County
Composite

o h7e
0.0
0.1t
.49
0.07
.07
028
0.28"
A5
012
004
-0.1%

Reid
Yellow
Dent
0410
019
0.0%
.06
0.0%
0.0%
0,13
o7
0.22°
0.0%
0.8
0.1y

# igindie ani alp = VA,
Bt st sl p = H0Y.
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Because Ivsine content was successtully increased by recanent selection
for three different populaions, we have specalated onalogical genetic bas's
for this increase. Ow resalis suggest that mam penes atledting lysine svn-
thesis could be mvohved. We e tvestigating the effect of the high-lvsine
selecticns brom these nonmutan populaions when crossed with the

TABLE 3 Cocthaent of detenmination and estinates of b vues for protemn versus
|
I sine, protem vessus o, and Iy sine versus ol on o whole kernel basis

Paostonvolde Suuln't)(lt‘
Componeng u? i values i! b values
logun
Protein versus by v 0.490 0.0011994 0.4 0.0134%
Protem venvus oal 0.002 0.0770
Lysine verw ol 0001 0.0022
Midlund
Protew verwn by une 0.420 0008478 0.240 0.0118%
Protew vetsus ol 0.028 0.4104
Loy sinie vermgn ol 0.001 G006
Rl’h’
Protem sersas by sine 0.510 0.0049%* 0.16% 0.0fope
Protein veosn od (IXV] ¥4 0,3126
Loy s vedmin ol 0,0%% 0.009¢

* Ragenil ant ot p = 0.09,
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opaque-2 mutant and the mutant is recovered in segregating generations. If
the genetic system involved for the increase in lysine in the nonmntant
populations is additive and complementary to the opaque-2 gene, we n ay be
able to increase the lysine values for the opaque-2 mutant.

In the recurrent selection for lysine content in these three nonmutant
populations, we confined our selection to lysine content on a whole-kernel
basis. We paid no attention to protein, because we assumed that lysine and
protein synthesis involved two different genetic systems. We thought the
best approach would be to first increase the lysine level, if our assumptions
were valid. The significant positive correlation, although small in magni-
tude, suggests that any increase in lysine should be accompanied by an in-
crease in protein.

[A discussion of this paper can be found on pp. 495-497 of Questions
and Answers.],’
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