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Cereal Breeding for Better Protein Impact:
V. A. JOHNSON, J. W. SCHMIDT, axp P. J. MATTERN?

The problem of nutrition in the world is
related primarily to a shortage of protein.
Protein efficiency on a nutritional seale is
determined hy the content and balance of
those amino acids that are essentinl for
tissue synthesis and body growth, Animal
proteins are nutritionally ecomplete proteins,
whereas many plant proteins are deficient in
one or more essentinl amino acids, The ma-
jor cereal food crops of the world, wheat,
rice, corn and sorghum, are deficient in
lysine. Fach is deficient in other essential
amino acids as well.

Adequate protein balance from plant
sources can be achieved by selection of plant
foods that complement one another in essen-
tinl amino acids. For example, soyberns are
rich in lysine and can complement the ly-
sine-defloient cereals to provide a nutritional-
ly improved diet. Unfortunately, the likeli-
hood of achicving protein balance through
golection of plant foods is remote in those
countries in which dietary deficiencies are
the most acute. Economic limitations and
lack of understanding of nutritional require-

1 Delivered by V. A, Johnson at the 8th An-
nual Meceting of The BSociety for Economic
Botany as part of a symposium “Integrated Re-
soarch in Economic Botany VII. Protein for
Food,” University of Miami, Coral Gables,
Florida, June 5-8, 1067. Contribution from the
Crops Rescarch Division, Agricultural Research
Sorvico, United States Dopartment of Agricul-
ture, in cooperation with the Department of
Agronomy, University of Nobraska. Published
with the approval of the Director as Paper No.
2140, Journal Scries of the Nebraska Agricul-
tural Exporiment Station,

2 Roscarch Agronomist, Crops Research Divi-
sion, Agricultural Research Service, United
States Dopartment of Agriculture, and Pro-
fossor of Agronomy, University of Nebraska;
Professor of Agronomy; and Associate Profes-
sor of Agronomy, University of Nebraska, re-
spoctively,

Received for publication July 10, 1967,

ments rule out food selection as a realistio
approach to improved diets.

Improved protein balance could also be
accomplished by the addition of lysine or
other essential amino acids directly to the
processed cereals. This approach is receiving
serious consideratior by some agencies (2).
The probable shortcoming of the approach
again relates to poor understanding of nu-
trition among people and the difficulty of
implementation in those areas of the world
that are in the greatest need.

Better nutnition for the millions of people
who rely upen the cereals as their prineipal
food may well depend upon the improvement
of the inherent nutritional quality of the
cereals. Recent research developments in the
cereals hold out the hope for early attain-
meni of this goal.

The plant breeder relies upon genetic
variabihity for the improvement of plants
through breeding. He has succesafully uti-
lized such variability to accomplish spectacu-
lar improvements in the productiveness of
wheat, corn, sorghum and the other cereals,
The cereal breeder who sech: to improve
nutritional quahty must likewise assess the
magnitude of genetic vamahlity and find
ways to utilize it 1f s efforts are to be
successful, There has been a notable lack of
information on the existing genetic variation
in quantity and nutntional quality of the
protein in cereal erops. This lack of in-
formation has been due, in part, to the lack
of rapid mensurement techniques. For exam-
ple, assessment of genetie variability in ami-
no acid content of protein has had to await
the development of an amino acid analyzer
that would permit efficient and rapid analy-
ges.

The cereal breeder who seeks to improve
nutritional quality must be concerned with
both the quantity and quality of the protein.
Tncreases in quantity of protein in a cerecal
species are of liited value if achioved at the
expense of n less favorable balance of essen-
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tinl amino acids. Less than full value is
realized from improved amino acid balance,
if it is nssociated with decreased quantity of
protein. Similarly, yield itself ecannot be
ignored in breeding cfforts to improve nutri-
tional quality of cereals, because the amount
of protein avalable for food purposes 1s
determined largely by the quantity of grain
produced. Also, the acceptance of nutrition-
ally improved types and varieties by farmers
will be deternuned primarily on the basis of
productivity,

Quantity and nutritional quahty of pro-
tein in the cereals have received little atten-
tion by breeders until recent years. It has
been known for a long time that the crude
protein content of corn could be doubled by
selection. However, since the increased pro-
tein was largely 1n the form of the nutrition-
ally poor zein, there was httle breeding
effort to incresse the protein content of
commercial lines and hybrids. In wheat,
environmental offects on protein quantity
were large compared to genetic differences.
Consequently, breeding for high protein in
wheat was considered by breeders ‘s be an
unfruitful line of endeavor. Efforts to im-
prove the nutritional quality of cerenl pro-
teins by breeding have had to await im-
proved technology for protein constituent
analyses,

Protein Research in Corn

The Opaque-2 and Flowury-2 Effects

The discovery by Nelson and Mertz in
1861 that the gene opaque-2 significantly
inereases the lysine and tryptophan content
of corn has had a significant impact on corn
breeding (10). The opaque-2 gene causes a
floury condition of the endosperm. A second
endosperm gene, floury-2, also increases the
level of lysine in the corn protein (14). The
two genes are indistinguishable phenotypi-
eally. It is ironical that the opaque-2 gene
was identifled more than 30 years ago but its
effeet on lysine content remained unknown
until 1064, Since ordinary corn is deficient
in both lysine nud tryptophan, there is likeli-
hood that inerenses in these two amino acids
produce & proportiional increase in the over-
all nutritive value of corn protein. The
impact of high lysine corn will be the
greatest in the tropical belt around the world

‘17

where corn is the major source of food for
200 million people (18). '

The opaque-2 corn stocks have heen dis-
tributed widely, The o, gene is heing incor-
porated mnto loeally adapted lines and varie-
ties hy corn breeders m many eountries, The
International Maize and Whent Inprove-
ment Center in Mexieo is aunlyzing its col-
lection of Latin Ameriean corn to determine
the extent to which the v, and fl, genes are
present, and to ascertain whether there are
additional genes which affect quality. The 0
gene is being transfeired to five outstanding
lowland racial compleves of mawze identified
by the Center (18). Wellhausen has sug-
gested that the cffect of the o, and fl, genes
on protein quahity may explam, m part, why
the Latin Ameriean Indians preferred and
maintained the floury types of corn,

Opaque-2 kernels are usually lighter in
weight than normal kernels on the same ear.
However, 1n certain genetic hackgrounds 0
kernels are equal in wmass to their normal
siblings (1), Thus, 1t would seem that the
kernal weight deficiency associated with the
¢ gene probably can he overcome,

Nelson studied the o, f, douhle mutants in
corn (13). The double mutant hernels were
translucent, rather than opaque, and were
nearly normal n appearance. They were
only slightly lower in lysine than o, 0, and
about the same for the other amino ncids.
Nelson has suggested that the o, fl, double
mutants may he the key to the economie
production of high quahty protein m corn in
the United States. Dense endosperm corns
possessing large amouuts of cornenus stnreh
and high quality protem should be possible
via the double mutant approach.

Purdue research nlso has demonstrated
that o, lines ean be constituted that have
high levels of lgh quality protein. This is
shown in Table 1. From the cross of Illinois
High Protein (IHP) with opaque-2, there
was recovery of a line possessing the high
lysine of the o0, parent combined with the
high protein of the THP parent. The lysine
level of the recovery line was oqual to that of
the o, parent and its protein content wns
more than doubled over the o, parent.

It also has been shown that the floury-2
gene exerts its cffect iu a high protein
background. This may be seen in Table II,
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Floury kernel segregates which would be
composed equaily of the floury gen: in two
and in three doses, combine moderately high
lysine with moderately high protein.

Many corn breeders beheve that yield is
reduced by selection for high protein. This is
based mainly on deta published in 1952
(10). Evidence ohenined by Nelson that the
high lysiue and high protein traits can be
combined in corn provides strong incentive
for a thorc.ogh re-examination of the yield-
protein level question Improved nutrition
for 200 million people may be at stake.
Nutritional Studies

The projected unprovement in the nutri-
tive value of high lysmne opague-2 corn has
been demonstrated in nutrition trials. Rat
feeding data indicate that opaque-2 corn has
a protein efficiency ratio 62 to 1109 greater
than ordinary corn and, when fed at a 15%
protein level, 18 equal to milk protein sup-
plemented with eystine (11, 12). Differences
of similar magmtude 1n favor of opaque-2
corn over ordinary corn have been recorded
in swine feeding experiments (15), Human
nutrition studies have indicated the nutri-
tional value of opaqae-2 corn to be 909, of
skim milk for ehildren (3). In adults, the
regression of nitrogen retention on the qual-
ity of the corn consumed was linear which
indioates the contribution of additional ly-
sine to the nutritive value of the corn (4).

Protein Research in S8orghum

Sorghum exhibits a wide range in the
protein content of its seed. Proiein levels
ranging from 8 to 189 were reported in
1964 (5). There has been lhittle study of the
amino acid composition of sorghum protein,
nor has there been serious breeding effort to
moeddy the protein content and composition
of sorghum, until recently.

Purdue University, m 196d, initiated a
comprehensive 1nveshigation of the inher-
tance and improvement of protemn quality
and content in sorghum The research is
supported by funds from the Agency for
International Development, Unmted States
State Department The project mvolves a
search for new sourees of Ingh protein in the
world collection of sorghams and annno aed
analyses of promising waterinls in the col-
lection, Particular attention 1s being given to
the amino acids lysme, threonine, trypto-
phan, methionine, and 1voleucine. Lines with
the highest levols of these essential limiting
amino acids will be combined with high
protein lines ng the first step 1 the develop-
ment of productive varieties and hybrids
with superior nutritional quality.

Variation in erude protein ranging from
74 to 25.99% was found among the first 400
sorghum samples analyzed from the world
collection (R. C. Pickett, pers. comm.). Ly-

TABLE 1

ProTtEIN AND LYBINE CONTENT OF A RECOVERY LINE FROM OPAQUE-2 CROSSED WITH ILLINOIS
+ Hian ProteiN (DaTA ¥rRoM NELSON, Hign-LysiNE CorN CONFERENCE)

Tilinois 0, recovery line from
Endosperm constituent High Protein ((IHP X 04) X IHP) ® opuque-2
Protein (%) 20.4 17.4 7.9
Lysine (mg/g protein) 1.3 3.6 3.0
TABLE II

ProtEiN AND LyYsSINE CONTENT OF TRANSLUCENT AND FLOURY RECGvaRY LiNks riom Froury-2
Crossep with InuiNois Higu ProteIN (Data From NELson, Hion Lisine CorN CONFERENCE)

(IHP X fly) ®

Illinois floury-2
Endosperm constituent  High Protein Translucent Floury
Protein (%) 20.4 17.8 17.0 13.6
Lysine (mg/g protein) 1.3 1.5 2.7 3.3
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sine vilues ranged from 0.54 to 2.84 g per
100 g protein in the group. Subsequent
annlyses of additlonal samples from the col-
leetion have revenled lysine contents as high
a8 3,80 g per 100 g protein, Several relative-
ly gosd combinations of high protemn and
high lysine have heen found. Substantil
variations in threonine, nisthiomne, and leu-
cme levels were detected. Lines with the
highest yields and protern and lysine con-
tents are being subjected to complete amino
acid analyzes.

The early results from the Purdue sor-
ghum protein resenrch are encouraging.
Evaluation of new genetic combinations un-
der different levels of soil fertility will be
made in 1967, Promising hines and combina-
tions pre Ueing increased for nutritional
studies.

Protein Research in Wheat

The first good evidence of the existence of
large inherent differences in the protein
content of wheat was obtained by Middleton
et al. (9) who reported in 1954 that ‘Atlas
66', a leaf-rust-resistant soft winter wheat
variety, synthesized significantly more pro-
toin in its grain than other soft winter
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varicties, In comparisons with hard winter
wheats in Oklahoma and Texas, ‘Atlas 66
produced more protein in its grain but was
signifleantly lower in yield than the hard
winter varieties in most tes*s,

Cooperative research to further study ‘At-
las 66’ and utilize it in breeding for higher
protein in bread wheats was imtinted at the
Umversity of Nebraska in 1956 (6, 7, 8, 16,
17). Our protein research program now
encompasses the analyses of amino aed cowm-
position in our high protein wheat seleetions
and the systematic sercemng of 16,000
wheats in the world collection to identify
heritable protein and lysine differences. Our
discussion of protein breeding i wheat will
be based mainly on the research results from
the ARS-Nebraska program.

Genetic Studses of High Protein

‘Atlas 66’ was imtially erossed with
‘Comanche’ and ‘Wichita’, two commercially
grown hard red winter varieties, Selections
from these crosses have been utiized in our
genetic and physiologic studies of the high
protein phenomenon 1n wheat.

The grain protein content of individual
F, and parent plants was assayed (Fig. 1).

{

Percent protein M

. Fig. 1, Grain protein froquency distribution of plants of ‘Wichita! and ‘Atlns 60’ nnd tlioir‘
b O generntlon grown at Lincoln, Nebrasks, in 1957.
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Fig:. 2, Grain protein froquency distribution of Fs rows of ‘Atlas 66’ X ‘Wichita' homozygous

for renction to leaf rust.

The mean protein content of ‘Atlas 66’ was
nearly 219, but ‘Wichita’ averaged less than
149%. The F, segregates ranged from 14 to
209% with a mean of 16.99%. The F, dis-
tribution appronched normahty.

‘Atlas 66 ’is resistant in the adult stage to
the physiologie races of leaf rust (Puccinia
rocondita) prevalent in central United
States. ‘Wichits’ is susceptible to these
races. Leaf-rusi susceptible Fg lines pro-
duced gran that averaged only 13.5% pro-
tein (Fig. 2). Leaf-rust-resistant lines aver-
age nearly 17.09% protem This suggests a
close genetie linkage hetween high protemn
and leaf rust resistance. Similar results have
heen obtained by Caldwell and associates at
Purdue University. In no instance “ave we
recovered high protein lines from ‘Atlas 66’
crosses that are susceptible to leaf rust. Some
susceptible lines with grain of mtermediate
protein content have heen identifled, indieat-
ing the operation of more than one major
gene for high protein. However, the ease
with which we recovered high protein lines
would suggest that the number of major
genes for high protein 1n ‘Atlas 66’ is not
lurge,

Grain yield and grain protein content in
wheat tend to he inversely related. Unpro-
ductive high protein lines would be question-
able ns genetic sources for high protein. The
vields and protrin contents of two ‘Atlas
66 X ‘Comanche’ lines and the varieties
‘Scout’ and “Warrior’ were compared during
a three-year period. Results are summarized

in Table III, The lines were niore productive
on the average than ‘Warrior’ but somewhat
less productive than ‘Scout.” Their grain was
nearly 3% higher i protem than ecither
variety These and other data convince us
that significant ierenses 1n the protemn con-
tent of wheat without saerificing yield ean be
aclieved through breeding. We have recov-
ered the high prow trait m produetive
lines that exhimt an array of bread whent
milling and baking properties (8).

Physiologic Basis of High Protein in Wheat

Establishment of the existence of genes
for high protemn from ‘Atlas 66’ raised the
question of the physiologic basis of high

TABLE 1II

Avirage Heaping Date, GRAIN YIELD
AND GRAIN PROTEIN CONTENT OF
‘Scour’, ‘WARRIOR', AND THE HiGH
ProteIn SELECTIONS ‘60305’ AND
60306' At LincoLN, NEBRASKA,

1962-1964
Date Gram Piotein
Variety  headed yield content*
May bu /n. o
Scout 10 41 13.4
603006 10 Bi 16.1
00305 22 Bl 10.56
Warrior 22 31 13.4

*Caloulated at 147 moisture.
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protein in wheat. Was the high-protein trait
associated with greater nitrogen uptake and
accumulation in the wheat plant; or was it
the result of more efficient and complete
translocation of nitrogen from the plant to
its grain? The uscfulness of the traat would
be determined, in part at least, by answers to
these questions. If differential nitrogen up-
take was involved, high avauability of soil
nitrogen probably would be required for
phenotypie expression of the protein genes.
Much wheat in the world is produced on
relatively infertile, low-nitrogen soils, If, on
the other hand, differential translocation of
mtrogen 1n the plant wuas the basis for
high-protein grain, then the trait could he
expected to express itself phenotypieally mn
an array of production situations.

The nitrogen content of the plants and
grain of “ig* and low protein varieties was
assayed at wee'dly intervals. As soon after
onthesis as the developing grain could be
separated from other plant parts, it was
analyzed separately. Nitrogen relations in
the high protein ‘Sclection 60306’ and the
the vanety ‘Scout’ are shown in Fig. 3. At no
time during the spring growing season were
there sigmficant differences mn the plant
nitrogen contents of the two varieties. Yet,
from the early stages of kernel development,
the grain of ‘60306’ had a higher nitrogen
content than the grain of ‘Se. %’ Nitrogen
increased in the grain of hoth varieties as
kernel development progressed but the rate
of inerease was more rapad in “603086.

Nitrogen relations in ‘60305’ and ‘War-
rior' are compared in Fig. 4. ‘Warnor
characteristically produces moderately low
protein grain. It was surprising to discover
that the plants of ‘Warrtor’ contain signifi-
cantly more mitrogen than the high protemn
‘Selection 60305’ and other varieties with
which it was compared. ‘Selection 60305
with a much lower plant nitrogen content
produced grain which was significantly high-
er in nitrogen throughout the entire grain
maturation period, Four additional yeurs of
experimentation with these anl other varie-
ties have produced simlar results each year.

We conclude from our data that the high
protein genetic trait in wheat iz not associ-
ated with differential nitrogen uptake or
nitrogen accumulation in the plant. We have
good evidence that varieties may differ in

ECONOMIC DOTANY

their plant nitrogen content but such differ-
ences appear to be unrelated to inherent
grain protein differences. The evidence
strongly points to more efficient and complete
translocation of nitrogen from the plant to
the grain as the physiologic basis of high
grain protein, Varieties possessing the ‘Atlas
66’ genes could be expected to exhibit supe-
rior levels of grain protein over a range of
fertility situations. This 18 supperted by
several years of data from the Nebraska
stations,

Grain weight and grain nitrogen content
in relation to total plant weight and total
plant mtrogen of ‘Selection 60305’ and
‘Warrior' are shown in Fig. 5. The graw of
‘Selection 60305’ and ‘Warrior’ constituted
approximately 30% of the total weight of
the plant at maturity. Only 569 of the total
plant nitrogen of ‘Warrior’ resided in its
grain at maturity, whereas in ‘60305’ slightly
more than 609 of the total nitvogen was in

=
§ 60 p /60
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w 30 p S 30
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~ 20 p 120
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Qo 10 ¢ 10
o . .
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Fig. 5. Grain weight and grain nitrogen
content in relation to the total plant weight and
total plant nitrogen during grain maturation,
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its grain, This is further evidence for differ-
ential nitrogen translocation as the basis for
high grain protein.

The leaves of the wheat plant constitute
an important repository for nitrogen from
which it may move, probably in the form of
amino acids, to the wheat kernels during
grain maturation. Discases, inseets, or other
conditions that would prematurely defoliate
the wheat plant could ndversely affect the
level of protein in the grain. To test this, we
artificially defoliated varieties at heading
time. The effect of defoliation on the hlgh
protein ‘Selection 631273’ and ‘Wichita' is
shown in Fig, 6. Defoliation produced a
sharp reduction in the grain nitrogen con-
tent of ‘631273', whereas the effect on the
lower protein Wichita was negligible. Defol-
iation of ‘631273" veduced its grain nitrogen
level to approximat ‘ly that of “Wichita.” The
importance of foliage retention for the
phenotypic expression of high protein in
wheat is indicated by these data.

Nutritional Quality of the Protein

The nutritional value of protein is deter-
mined by the balance of its constituent

essentiai amino acids. Protein will be utilized
in relation to the level of its first limiting
essential amino acid. If high protein wheats
contained a 'ess favorable balance of these
essential amne acids, their value would he
reduced consideratly. The levels of lysine,
methionine, and threonine would be partien-
larly critical since these are the first limiting
essential amino acids in wheat. Tho most
promising high protein lines from the ARS-
Nebraska program were subjected to amino
acid analyses. Results of the lysine, methio-
nine, and threonine assays appear in Table
IV.

‘Atlas 66’ and ‘Comanche’ are similar in
lysine and threonine but ‘Atlas 66’ is sub-
stantially lower in methionine. All of the
experimental lines are comparable to the
parent varieties in lysine. Line 2507 is con-
siderably higher in lysine than either parent,
Most lines are as high in methionine as
Comanche, Three lines are lower in threo-
nine than either parent variety. Line 2509
exhibits the best balance of all three amino
acids,

It seems lear from our data that high
protein in wheat need not be assosiated with
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an altered, less favorable amino acid bal-
ance. On the contrary, the data would indi-
cate that selection for improved amino acid
balance might be effective in high protein
materials.

The Nebraska Experiment Station is en-
gaged in the systematic analyses of all the
common wheats in the World Collection
maintained by the United States Department
of Agriculture, 1n an effort to 1dentify genet-
ie gourees of high lysine and new sources of
high protein. The research 1s being support-
ed by the Agency for International Develop-
ment of the United States Department of
State.

‘Wheats in the World Collection found to
have high lysine will be grown in several
different environments tc assess the stability
of level of lysine and 1its relationship to
protein level. Those which exhibit consstent-
ly high lysine properties will be used in
orosses with high protein wheat to achieve
nutritionally superior varieties.

Efforts to improve the nutritional quahty
of the cereals are not limited to corn, sor-
ghum, and wheat. The International Rice
Research Institute in the Philippines 18 en-
gaged in nutritional studies of rice. The
world rice rcoliection js being surveyed for
differences in protein and lysine coutent. A
promising source of high protein in oats was
recently discovered,

Research on nutritional quality has added
8 new dimension to cereal improvement.
Rapidly accumulating evidence indicates
that the biological scir-tist can approach
this new ares of research with reasonable

- -ECONOMIU BOTANY

expectation of success, The need is urgent.
The tools are available. Nature apparently
has provided the genetic vanability neces-
sary for nutritional improvement of the
cereal species, These are ingredients of a
tremendous challenge for the cereal breeder.
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