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Reevaluation of Common Wheats From the
USDA World Wheat Collection for
Protein and Lysine Content

K. P. Vogel, V. A. Johnson, and P. J. Mattern'

INTRODUCTION

The protein and lysine content of wheat can be altered by breed-
ing only if genetic variability exists for these traits. Lysine is a nutri-
tionally limiting amino acid in wheat protein. Protein and lysine
analyses of the common wheats of the USDA World Wheat Collection
indicated that variability does exist for these traits (42).

Some of the variability for protein and lysine among wheats of the
World Collection may not be genetic in origin, because all the 12,000
wheats analyzed were not grown in the same environment. The pur-
pose of this study was to reevaluate selected lines from the World
Wheat Collection to further verify genetic variability for protein and
lysine contents in common wheats and to identify high protein and
high lysine lines that may be of use to wheat breeders.

LITERATURE REVIEW

Breeding for increased protein content of wheat grain was not
Eracticed on a systematic basis prior to the early 1950's because
nown genetic differences in protein content of wheat were small in
comparison with environmental effects (13). Then Middleton, Bode,
and Boyles (29) reported that the soft red winter variety Atlas 66
produced grain significantly higher in protcin content than com-
monly grown cultivars while maintaining high yield.

The genes controlling the high protein trait of Atas 66 have been
transferred to winter wheats adapted to the Great Plains of the U S.,
resulting in an improvement in the protein content of the derived
lines over the parent winter wheat varieties by as much as three per-
centage points (14, 15). Selections from the second breeding cycle of
Atlas 66-derived lines of hard red winter wheats have averaged 20 to

'Research Agronomist, Agricultural Rescarch Service, U.S. Department of Agricul-
ture, formerly NDEA Title 1V Fellow, University of Nebraska-Lincoln; Research Ag-
ronomist, Agricultural Research Service, U.S. Department of Agriculture; and Profes-
sor (Cereal Quality), University of Nebraska-Lincoln. Contribution of the Department
of Agronomy, University of Nebraska~Lincoln and the Agricultural Research Service,
U.S. Department of Agriculture, Lincoln, Nebraska. Part of a dissertation submitted by
the senior author to the Graduate College of the University of Nebraska-Lincoln in
partial fulfillment of the Ph.D. degree. The research was supported in part by funds
from the Agency for International Development, U.S. Department of State, Washing-
ton, D.C. Contract Nos. AID/csd-1208 and AlD/ta-c-1093.

3



24% more protein than the main commercial varieties in Nebraska
(16, 17). Some high protein selections have yielded as much as 15%
more grain than currently grown commercial varieties. Haunold,
Johnson, and Schmidt (9) reported heritability estimates as high as
0.65 obtained by the regressin of Fa progeny rows on F: plants for
crosses of Atlas 66 with conventional winter wheats. Stuber, Johnson,
and Schmidt (37) reported heritability estimates for protein ranging
from 0.68 to 0.83, depending on the method of computation for the
cross Atlas 66 x Wichita. This research demonstrztes that the protein
content of wheat can be significantly improved through breeding.
Identification of additional genetic sources of high protein would
allow breeders to further increase the protein content of wheat.

In addition to increasing the protein content, the nutritive value
of wheat could be improved by increasing the lysine content of pro-
tein. Genetic variability must exist for a trait before this trait can be
altered by breeding. Genes for significantly higher-than-normal
lysine (% of protein) were identified in maize (28), sorghum (34), and
barley (30). The common wheats of the USDA World Wheat Collec-
tion were analyzed for protein and lysine content to determine the
variability that exists for these traits and to identify potential high
protein and high lysine lines (42).

Protein values of the 12,613 wheats of the World Collection
ranged from 6.9 to 22% with a mean of 13%; lysine (% of sample)
ranged from 0.25 to 0.66% with a mean of 0.40%; and lysine (% of
protein) ranged from 2.25 to 4.26% with a mean of 3.16% (42). In-
terpretation of the lysine results was complicated by high positive
correlation between lysine (% of sample) and percent protein and by a
negative curvilinear relationship between lysine (% of protein) and
percent protein. The effect of protein on lysine (% of protein) was
strongly negative up to 15% protein but was negligible for wheats
with higher protein content. Lawrence (21) and Villegas, McDonald,
and Giles (41) obtained similar relationships between protein and
lysine. World Wheat Collection lysine (% of protein) values were ad-
justed to the mean protein level using the curvilinear relationship
between protein and lysine (% of protein) to make valid lysine com-
parisons among wheats with different protein contents (42). Adjusted
lysine (% of protein) values ranged from 2.28 10 3.71% with a mean of
3.16%.

The high correlation between lysine (% of sample) and percent
protein results from lysine being a constituent of protein; as total
protein content increases, lysine (% of sample) content also increases.
Because of this high correlation Vogel :t al. (42) contended that
lysine (% of sample) values per se were mnore a measure of protein
content than protein quality.

The inverse relationship between lysine (% of protein) and per-
cent protein has also been reported in flour samples of different
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wheats (26, 33). Glutamic acid exhibits a reverse trend, i.e., it in-
creases with increase in protein content.

Proteins of wheat belong to four classes based on their solubility:
albumins, globulins, gliadins, and glutenins (31). Wheat gluten con-
sists of the gliadens and glutenins. Albumins and globulins are higher
in lysine content than the gluten proteins, while the gluten proteins
are higher in glutamic acid (23, 33). Pence, Weinstein, and Mecham
(32) reported the albumin and globulin content of the flour of 32
wheats ranged from 13 10 22%. The amount of these proteins in-
creased directly with percent of total protein when expressed as a
percent of sample but decreased when expressed as a percent of
protein. Ulmer (40) obtained similar results. The inverse relationship
between lysine (% of protein) and percent protein can be attributed to
differences in the albumin-globulin: gluten ratio among wheats and
flours (26, 33). Wheats with a low protein content have a higher

roportion of albumin and globulin proteins and, hence, are higher
in lysine (% of protein) than are wheats with higher protein content.

Wheats in the World Wheat Collection analysis were grown at
Mesa, Arizona but not all were grown during the same year (42).
Because environment can affect both protein and lysine content (27),
much of the variability for protein and lysine may have been non-
genetic in origin. Even so, the wide range in protein and lysine values
indicates significant genetic differences among wheats for protein
and lysine content. Because of possible genotype x environment in-
teractions, the high protein and high lysine lines from the World
Wheat Collection analysis were only tentatively identified as being
sources of genes for high protein and high lysine.

Environment strongly influences the protein content of wheat.
The correlation of a variety’s yield with its protein content for nine
varieties grown in an international array of environments varied with
variety but was usunlly slightly negative (19). Any environmental fac-
tor affecting yield can be expected o influence protein content, Pro-
tein content of wheat cul‘ivars grown under different levels of ni-
trogen fertility is lower under high-moisture, high-yield conditions
than under low-moisture, low-vicld conditions (39). Nitrogen fertili-
zation of wheat can usually significantly increase the protein content
of wheat grain (11, 12, 18). Lodging and high temperatures during
the period of grain filling can decrease grain size (plumpness) and
increase shrivelling which can increase grain protein content (17, 19).

Although environment strongly affects protein content, geneti-
cally high protein varieties can maintain a protein advantage over
similarly adapted conventional lines when grown in the same envi-
ronment. In a 3-year test in Nebraska, C114016, an Atlas 66 x
Comanche-derived line, maintained a consistent 2% protein advan-
tage over Lancer, a well-adapted commercial variety, at five different
fertility levels (18). Atlas 66 and Atlas 66- or Frondoso-derived lines
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maintained their genetic superiority for grain protein content in
comparision to conventional varieties in an international array of en-
vironments (36). When compared with wheats with similar yields in
the International Winter Wheat Performance Nursery, the high pro-
tein lines ranged from 0.7 to 3.1 percentage points higher in protein
content (36). Because of the effect of environment on protein con-
tent, valid comparisons of the protein levels of wheat can be made
only with wheats grown in comparable environments.

Any environmental factor affecting protein can also be expected
to influence lysine content. Lawrence et al., (21), using data from six
varieties grown at three locations for three years, reported no influ-
ence of environment on lysine (% of protein) except as environment
affected the percent of protein, i.e., higher lysine content could be
attributed to lower protein content. McElroy ef al. (27) reported the
nitrogen percentage of the variety Marquis ranged from 1.94 to
4.03% over nine locations in Alberta, Canada, and lysine content
varied inversely with nitrogen content. Other research demonstrates
that as the protein content of a wheat variety increases due to increas-
ing applications of nitrogen fertilizer, the lysine percentage of protein
decreases (7, 11). Stroitke and Johnson (36) reported an inverse
relationship between protein and lysine (% of protein) for wheats
grown in an international array of environments.

Since lysine percent of protein varies inversely with protein con-
tent, Vogel ¢t al. (42) suggested the following procedure to iden-
tify and select high-lysine wheat lines: “For each environment (year-
location) the regression of lysine percent of protein on percent pro-
tein should be calculated. Lysine values should then be adjusted to
the mean protein content for that particular environment with the
specific regression cquation for that environment. Wheats with ad-
Justed lysine values that are consistently greater than the mean lysine
percent over environments could be considered as being genetically
superior in lysine content of protein.” Wheats that have the highest
adjusted lysine values for a particular environment have the larges:
positive deviation of their unadjusted lysine values from the lysine
values predicted by the regression equation for that environment.

The bran, including the aleurone layer and germ of wheat ker-
nels, is higher in both protein and lysine content than the endosperm
(22, 43). Large, dense kernels have more endosperm per sample than
do smaller, less dense kernels (45). Wheats with small, shrivelled seeds
could have a higher lysine content than large, plump sceded wheats
when measured on a whole-kernel basis because of the greater pro-
portion of bran and the higher protein and lysine content of the bran,
even if there were no differences in endosperm protein and lysine
content. Johnson et al. (17) could not demonstrate an effect of seed
size on protein or lysine content of four different varieties. However,
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within a size class, wrinkled seeds with open creases had higher pro-
tein contents than plump kernels with closed creases (17, 19).

Test weight (Ibs/bu or kg/hl) and kernel weight are used as indexes
for estimating milling yield of wheat (45). Optimum milling yield of
wheat is determined by the percentage of endosperm of a sample of
wheat. Test weight and kernel weight may also be useful in providing
an estimate of the effect of seed size and density on the protein and
lysine content of wheat grain. The usefulness of test weight and ker-
nel weight in estimating milling yield depends on the class of wheat
being measured. Correlations of milling vield with test weight and
kernel weight are much higher for hard wheats than for soft wheats
(2).

Test weight is determined primarily by kernel density and the
packing efficiency of the grain in the test container (10, 44). Kernel
size has little effect on test weight, but kernel shape may affect pack-
ing efficiency (10). Kernel weight consists of two factors, kernel size
and density. Since kernel weight and test weight have only the factor
density in common, the correlation between the two measurements
cannot be expected to be high (10). Harris and Sibbett (8) obtained a
correlation of r = 0.56 for test weight and 500-kernel weight in hard
red spring wheats. Ghaderi and Everson (3) obtained an estimate of
heritability for test weight on a line mean basis of 0.94. Sun, Shands,
and Forsberg (38) reported broad sense heritability estimates for ker-
nel weight ranging from 0.51 to 0.85 over crosses and years, with one
exception of 0.09 for six spring wheat crosses.

MATERIALS AND METHODS

Materials

The hexaploid wheats used in this study were obtained from the
World Wheat Collection maintained by the U. S. Department of Ag-
riculture, Agricultural Research Service. Over 600 wheats were
selected from the results of the protein and lysine analysis of the
World Wheat Collection (42) to represent the range of protein and
lysine that exists therein.

Spring, winter, and intermediate types and all market classes of
common wheat were leplcscmcd among the wheats chosen. These
wheats were grown in the 1971-72 (1972 nursery) and 1972-73 (1973
nursery) growing seasons at the University of Arizona Experiment
station, Yuma, Arizona. The Yuma site (‘1""1()’\ 140°40' W) was cho-
sen because both spring and winter wheats can be grown in the same
nursery from fall seeding. In the 1972 nursery, 641 wheats were
sceded and 636 were harvested. Seed from the 636 wheats was
planted in the 1973 nursery and 635 plots were harvested. Plots were
not harvested either because of planting error or because the plot was
smothered by lodging in an adjacent row. Six check varieties, Nap
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Hal, Atas 66, Centurk, Inia 66, Triumph 64, and Scout 66 were
included in the 1973 nursery. Some of the World Collection wheats
were not pure lines.

Methods
Nursery Procedures

Wheats were grown in 1.829m (6-ft) single-row plots spaced 51 cm
(20 in) apart. Five grams of seed were seeded per plot. The nurseries
were planted during the second week of November and harvested the
last week of May. Wheats in the 1972 nursery were planted in their CI
or Pl numerical sequence. Six check varieties replicated four times
were included in the 1973 nursery with the World Collection Wheats
in an augmented randomized complete block field design (4). The
nursery was divided into four blocks; the check varieties were as-
signed to plots at random within a block; the World Collection Wheats
were then assigned to plots at random over the entire nursery. Border
rows were planted around the nurseries. In 1972, 168.2 kg/ha (150
Ib/A) and, in 1973, 112.1 kg/ha /100 Ib/A) of nitrogen was applied.
The nurseries were irrigated.

Many of the World Collection wheais are of poor agronomic type
and lodge easily. Lodging was severe in 1972, but a lower rate of
nitrogen fertilization and better irrigation practices greatly reduced
lodging in the 1973 nursery. There was considerable bird damage in
1972 but it was negligible in 1973. Yield was measured as grams of
seed per plot.

Test Weight and 1000-Kernel Weight

Seed was cleaned using a cleaner with a .17 x 1.27 cm (1/15 x 1/2
in) screen. Bushel weight was measured using a 0.5-pint (0.236-liter)
bucket with a standard drop. Bushel weight was converted to kg/hl by
multiplying by the factor of 1.29. Some plots did not produce enough
seed for test weight measurement. Seed for 1000-kernel weight
measurement was hand cleaned to remove cracked kernels.
Thousand-kernel samples were counted using an electronic seed
counter. In 1972, some samples had considerable amounts of cracked
seed. Because of the excessive amount of time involved in hand-
cleaning the samples, 1000-kernel weight was measured on only 569
of the 636 samples. In 1973, 1000-kernel weight was measured on all
samples.

Laboratory Analyses
Whole kernel samples were analyzed for protein and lysine con-
tent. Samples were ground with a Udy Cyclone Sample Mill.2 Ground

*Mention of firm or trade products does not imply that they are endorsed or
recommended by the U. S. Department of Agriculture or the U, S. Department of State
over other firms or similar products not mentioned.
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samples were brought to uniform moisture levels in a controlled
hum.dity cabinet (25). Samples were then weighed on a dry-matter
basis for protein and lysine analysis. Macro-Kjeldahl procedure
AACC method 46-12 (AACC approved methods) was used to deter-
mine nitrogen content of the samples. Protein content was calculated
as percent N x 5.7. lon exchange chromatography was used to deter-
mine lysine content of the samples (24). Samples were acid hydro-
lyzed prior to lysine analysis. An automatic amino acid analyzer mod-
ified with four short columns was used to measure lysine content of
the hydrolyzed samples. The analyzer is programmed so that only the
lysine peak is recorded and integrated. Lysine (% of protein) values
were calculated by dividing lysine (% of sample) values by percent
protein.

Statistical Analyses

Plots with yields of less than 100 grams were considered to have
poor stands and were not included in any statistical calculation involv-
ing yield.

Simple correlation coefticients (r values) were calculated each year
for percent protein, lysine (% of sample), lysine (% of protein), yield,
test weight, and 1000-kernel weight to provide a measure of the de-
gree of association of these factors with each other. The correlation of
a line with itself over years provides a measure of the repeatibility of a
trait. Correlations over vears were calculated for percent protein,
lysine (% of sample), lysine (% of protein), adjusted lysine values,
yield, test weight, and kernel weight using the results of the original
World Wheat Collection analysis® and the data from the 1972 and
1973 Yuma nurseries.

Regression analysis was used to determine more precisely the rela-
tionship of protein content to yield, test weight, and kernel weight.
Regression analysis also was used to study the effects of percent pro-
tein, yield, test weight, and kernel weight on lysine (% of sample) and
lysine (% of protein). Separate regression analyses were calculated
from each year’s data. First, second, and third degree polynomial
models and muhiple regression models were tested. The regression
model chosen to represent a particular relationship was selected on
the basis of a significant F-test, significant partial sum of squares for
regression, significant regression coefficients using the *1" test, and,
with those criteria met, a maximum coefficient of determination.

Lysine (% of sample) and lysine (% of protein) values for each year
were adjusted to the mean protein level for that year to permit com-
parisons among wheats with different protein contents. Lysine values
also were adjusted to the mean protein and test weight values for each

*Table 6, page 14, of Vogel et al. (42) should be corrected to read bs = 0.03028
and ba = ~0.00048.



year for wheats on which test weight was measured. Lysine values
were adjusted with the regression coefficients developed by regres-
sion analysis. As an example, the adjustment equation used for adjust-
ing lysine (% of protein) for percent protein and test weight was:
Yi adj = Yi = b1 (Xi = X) — bz (Zi — Z) — bs (Zi* — Zi?).

The b values are the partial regression coefficients; Yi, the observed
lysine (% of protein) of the ith sample, Xi, the protein percent of the
ith sample; and Zi, the test weight of the ith sample.

Standard partial regression coefficients or path coefficients were
calculated for the more pertinent regression equations. Standard par-
tial regression coefficients are the partial regression coefficients when
each variable is in standard measure and, as such, indicate the relative
importance of the independent variables (35).

The World Collection wheats were analyzed by analysis of var-
iance procedures in which years were used as replications to deter-
mine if wheats differed significantly over years for protein and lysine
content. The World Collection wheats were not replicated within
years. Coefficients of variation (CV) and LSD values were calculated.
Analysis of variance procedures were used to analyze the check va-
rieties in the 1973 nursery to determine if there was any significant
within-nursery environmental variation for protein and lysine con-
tent.

RESULTS

Table 1 lists the mean, standard deviations, and range values of
percent protein and percent lysine of the wheats selected for growing
at Yuma, Arizona and *hose of the entire World Wheat Collection. All
protein and lysine values listed in Table 1 are from the original World
Wheat Collection analyses (42). The mean and range values of the
selected wheats approximate those of the entire World Collection and
indicate that the wheats selected for reevaluation are representative
of the entire World Wheat Collection.

Table 1. Means, standard deviations, and range values for % protein, lysine (% of
sample) and lysine (% of protein) for 12,613 common wheats of the USDA
World Wheat Collection and for 635 of the same wheats selected for
reevaluation. Values are from the original World Wheat Collection analysis

(42).
No. of Standand
Variable lines Mean deviation Range
% Protein 12,613 12.97 2.02 6.90-22.00
% Protein 635 12.98 3.65 6.90-22.00
% Lysine (% of sample) 12,613 40 .05 25- .66
% Lysine (% of sample) 635 40 10 25— .66
% Lysine (% of protein) 12,613 3.16 23 2,25~ 4.26
% Lysine (% of protein) 635 3.16 41 2.25- 4.26
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Table 2, Means, standard deviations, and range values for % protein, % lysine (% of
sample), % lysine (% of protein), yield, test weight (kg/hl) and 1000-kernel
weight for the 1972 and 1973 World Wheat Collection Special Study nur-

sery.
No. of Standard
Variable Year lines Mean deviation Range
% Protein 1972 636 17.78 L4l 13.80- 22,10
1973 635 16.33 1.552 12.10-  21.00
% Lysine (% of sample) 1972 636 49 036 38~ 61
1973 635 47 040 .37- .60
% Lysine (% of sample 1972 636 49 021 42~ .55
adjusted for % protein) 1973 635 47 020 41- .54
% Lysine (% of protein) 1972 636 2.77 133 2.40- 3.93
1973 635 2.89 136 251-  3.27
% Lysine (% of protein 1972 636 2.77 118 240- 313
adjusted for % protein) 1973 635 2.89 120 2.57- 331
Yield (on plots = 100g 1972 609 318.19 132.02 100.00-1042.00
yield) 1973 598 360.45  140.73  106.00- 764.00
1000-kernel weight 8 1972 569 38.14 6.752 21.80- 57.00
1973 635 40.60 6.655  24.00- 57.90
Test weight (kg/hl) 1972 435 75.69 4310 61.92- 8385
1973 494 71.75 3.305 66.44- 84.50
% Lysine (% of sample 1972 435 48 018 A4l- .54
adjusted for % protein, 1973 494 .46 .018 40- 54
kg/hl, and (kg/hh?)
% Lysine (% of sample) 1972 435 48 .033 38— .60
for above set 1973 494 46 .037 37~ .60
% Lysine (% of protein 1972 435 2.78 .102 234  3.16
adjusted for % protein, 1973 494 2.90 110 2.54-  3.34
kg/hl, and (kg/hl)?)
% Lysine (% of protein) 1972 435 2.78 135 244~ 3.23
for above set 1973 494 2.90 137 251-  3.27

Means, standard deviation, and range values for percent protein,
lysine (% of sample), lysine (% of protein), adjusted lysine values,
yield, test weight, and 1000-kernel weight for the wheats grown in the
1972 and 1973 Yuma nurseries are listed in Table 2. Values for the
check entries in the 1973 nursery are not included. Yield values are
not included for plots that produced less than 100 grams of seed.

Mean protein and lysine (% of sample) percentages were higher in
1972 than in 1973. The 1973 lysine (% of protein), yield, 1000-kernel
weight, and test weight mean values were higher than in 1972, The
percentages of protein and lysine (% of sample) were higher while the
lysine (% of protein) values were lower for the wheats grown in the
Yuma nurseries than for the same wheats in the World Collection
analysis. The frequency distribution of percent protein, lysine (% of
protein) and 1000-kernel weight approximated normal distributions.
The frequency distribution of lysine (% of sample) only roughly ap-
proximated a normal distribution.
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Table 3. Correlation coefficients (r) for yield, test weight (kg/hl), 1000-kernel weight
(g)» % protein, % lysine (% of sample), % lysine (% of protein) for the 1972
World Wheat Collection Special Study Nursery grown at Yuma, Arizona.®

Test weight 1000-kernel Lysine (% Lysine (%
Variables kg/ht wt (g) % Protein of sample) of protein)
Yield® 0.202+* 0.276%*  -0.223%*  _0.184** 0.084*
435 550 . 609 609 609
Test wt. 0.103* -0.170**  -0.370**  -0.263**
kg/hl 390 435 435 435
1000-Kernel -0.278**  _(0.266** 0.046
wt. (g) 569 569 569
% Protein 0.804**  -0.458++
636 636
% lysine 0.154**
(% of sample) 636

2The number of observations are listed below the correlation coefficients.

ields on lines with > 100g yield/row.
*Indicates significance at the .05 level of probability.
**Indicates significance at the .0} level of probability.

Correlation coefficients (r) for yield, test weight, 1000-kernel
weight, percent protein, lysine percent of sample, and lysine percent
of protein for the 1972 nursery are listed in Table 3. The same corre-
lations for the 1973 nursery are listed in Table 4. The correlation
coefficients for the 1972 and 1973 nurseries are similar. Many of
these relationships have been reported previously, but not for wheats
representing such a large range of agronomic type, seed size, and
protein and lysine content, all grown at the same location.

Test weight and 1000-kernel weight were positively correlated
with each other and with yield although the correlations were small,

Table 4. Correlation coefficients (r) for yield, test weight (kg/hl), 1000-kernel weight
(8)» % protein, % lysine (% of sample), % lyine (% of protein) for the 1973
World Wheat Collection Special Study Nursery grown at Yuma, Arizona,

Test weight 1000-kernel Lysine (% Lysine (%

Variables kg/hl wi (g) % Protein of sample) of protein)
Yield® 0.429%* 0.384**  -0.356%* -(.377** 0.068
511 621 621 621 621

Test wt. 0.211%*  -0.181%%  _0.319**  _0,192**
kg/hl 515 515 515 515
1000-kernel -0.326** -0.379** -0.010
wt. (g) 659 659 659

% Protein 0871%* 0474
659 659
% lysine 0.013
(% of sample) 65y

3The number of observations are listed below the correlation coefficients.
bsix check cultivars replicated 4 times are included in the correlations.

€Yields on linces with = 100g yield/row.
**Indicates significance a1 the .01 level of probability.
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Table 5. Summary of regression models tested for the World Wheat Collection Spe-
cial Study Nursery grown at Yuma, Arizona, 1971-197%.*

Sample Model Sample Dep. Coefficient
description number Size Var. Independent variables of determin
All lines 72- 1 636 LS prx 0.6459
harvested 72- 2 636 LS PP 0.6469
72- 3 636 LP pas 0.2096
72- 4 636 LP pae p2ex 0.2206
72- 5 636 LP PpPpP 0.2230
Lines on 72- 6 569 P KWT+* 0.0773
which KWT was 72— 7 569 LS KWT#» 0.0707
incasured 72- 9 569 LS P** KWT 0.6349
72-10 569 LP KWT 0.0022
72-12 569 LP p** KWT* 0.2007
Lines with 72-15 609 P Yield** 0.0499
yields = 100g 72-16 609 LS Yield** 0.0345
72-17 609 LP Yield* 0.0071
72-18 609 LS p#* 0.6466
72-19 609 LS P** Yield 0.6467
72-20 609 LP p** 0.2244
72-21 609 LP P** Yield 0.2344
Lines on which 72-24 435 P kg/hl*» 0.0287
kg/hl was 72-26 435 LS kg/hl** 0.1367
measured 72-27 435 LS kg/hl** (kg/hl)2=+ 0.2037
72-28 435 LP kg/hl** 0.0694
72-29 435 LpP kg/hl** (kg/hl)2»» 0.1016
72-30 435 LS P** 0.6128

72-32 435 LS P**kg/hl** (kg/hl**  0.6999

72-34 435 LP ek pex 0.2530
72-36 135 LP P** kg/h1** (kg/hl)?** 0.4208
Lines with 72-39 390 P Yield kg/hl** KWT** 0.1072
yields = 100g
and on which
KWT and kg/hl
were measured
3P = & Protein; LS = Lysine (% of sample); LP = Lysine (% of proten); KW1 = 1000 kernel weight (g).

*Indicates significance at the .05 level of probability of the partial regression coefficient and the partial sum of
squares for regression.
**Indicates significance at the 01 level of probability.

Protein and lysine (% of sample) are negatively correlated with yield,
test weight, and 1000-kernel weight. The correlation coefficients,
however, are small. Lysine (% of protein) was not significantly corre-
lated with yield or 1000-kernel weight. Test weight had a small, nega-
tive influence on lysine (% of protein). Lysine (% of sample) was
highly positively correlated with percent protein. A significant nega-
tive relationship existed between lysine (% of protein) and percent
protein. Lysine (% of sample) was not correlated with lysine (% of
protein) in 1973, but a small positive correlation existed between
these traits in 1972.

Summaries of the regression models tested for the 1972 and 1973
nursery are given in Table 5 and 6, respectively. The coefficient of
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Table 6. Summary of regression models tested for the World Wheat Collection Spe-
clal Study Nursery grown at Yuma, Arizona, 1972-1973,8.b

Sample Muodel Sample Dep. Cocfficient
description number Size Var. Independent variables of determin.
All lines 73- 1 659 LS Pk 0.7579
harvested 73- 2 659 LS p* p? 0.7580
73- 3 659 Lp pr* 0.2247
73~ 4 659 LP Pk plex 0.2335
73- 5 659 Lp P p2 p2 0.2349
Lines on 73-6 659 p KWT** 0.1063
which KWT was 73- 7 659 LS KWT** 0.1437
measured 738 659 LS P KWT*+ 0.7680
73- 9 659 LP KwWT 0.0001
73-10 659 Lp Pre KWT* 0.2549
Lines with 73-12 621 p Yield** 0.1271
yields = 100g 73-13 621 LS Yield** 0.1424
0.12424 73-14 621 LP Yield 0.0046
73-15 621 LS P 0.7504
73-16 621 LS P** Yield»* 0.7557
73-17 621 LP prs* 0.2392
73-18 621 LP P** Yield** 0.2522
Lines on which 73-21 515 p kg/hl** 0.0324
kg/hl was 73-23 515 LS kg/hl** 0.1019
measured 73-24 515 LS kg/hl* (kg/hly?»* 0.1149
73-25 515 LP kg/hl** 0.0369
73-26 515  LP kgl (kghl)? 0.0436
73-27 515 LS prex 0.7352

73-29 515 LS P** kg/hl** (kg/hl)2** 0.7669
73-31 515 LP pr* p2x 0.2609
73-33 515 LP P** kg/hl** (kg/hly?e: 0.3514
73-35 515 Lp P* P2 kg/hl** (kg/hly2%*  (.354]

Lines with 73-36 512 P Yield** kg/hl KWT** 0.1194

yields = 100g

and on which

KWT and kg/hl

were measured

AP = G Protein; 1S = Lysine (% of samplel; LP = Lysine (% of protein); KWT = 1000 kernel weight (g).
bsamples include 6 check cultivars ch»Ii( ated {4 times.
*Indicates signiticance at the 05 leve) of probability of the partial regression coefficient and the partial sum of
squates for regression.
**[ndicates significance at the 01 level of prohatatity.

determination (r?) value for the multiple regression of protein on
kernel weight, yield, and test weight was 0.11 in 1972 and 0.12 in
1973 (Models 72-39 and 73-36). Cocfficient of determination values
are the proportion of the sum of squares of the dependent variable
that can be auributed to variation of the independent variables,
Thus, only about 10% of the total within-year variation for protein in
this set of wheats can be attributed to the combined variation of yield,
test weight, and kernel weight,

Regression models that provided the best fit for lysine (% of sam-
ple) and lysine (% of protein) were the same in 1972 and 1973. Con-
sidering only the effect of protein, the linear regression of lysine (%

14



of sample) on percent protein gave the best fit (Models 72-1 and
73-1). The coefficients of determination for the linear regressions of
lysine (% of sample) on yield, test weight, and 1000-kernel weight
were small. In 1972, test weight was the more important of these
factors while in 1973 kernel weight and yield accounted for slightly
more variation of lysine (% of sample) than did test weight.

The model (72-32 and 73-29) that gave the best overall fit for
lysine (% of sample) was the regression on percent protein, test
weight, and test weight squared. The coefficients of determination
for these regression models were r2 = 0.70 and 12 = 0.77 for 1972 and
1973 respectively. On the same set of samples, the coefficients of
determination for the linear regression of lysine (% of sample) on
percent protein were r2 = 0.61 (Model 72-30) and r? = (.74 (Model
73-27). Including test weight in the regression model improved the
predictability of lysine (% of sample; After accounting for the varia-
tion in lysine (% of sample) attributable o percent protein and test
weight, yield had no efiect. Kernel weight had no effect in 1972 and
only a very slight effect in 1973.

Results of the regression analysis indicate percent protein and test
weight affected the lysine (% of protein) content of the wheats
analyzed. Kernel weight and yield had no significant effect on lysine
(% of protein). The second degree polynomial models (Model 72-4
and Model 73-4) gave the best fit considering only the effect of pro-
tein. The models (Model 72-36 and 73-33) for the regression of lysine
(% of protein) on percent protein, test weight, and test weight
squared gave the best fit of all the models tested. The coefficients of
determination for these regressions were r? = 0.42 and 12 = 0.35 for
1972 and 1973 respectively. The coefficients of determination for the
regression of lysine (% of protein) on percent protein and percent
protein squared were 12 = 0.25 (Model 72-34) and r* = 0.26 (Model
73-31) for the same group of samples. These results indicate that
between 35-12% of the variability within years for lysine (% of pro-
tein) of the wheats studied can be attributed to variation of percent
protein and test weight with percent protein having the greater influ-
ence,

The means of the independent variables, regression coeflicients,
‘" values from the 't test of the regression coefficients, intercept val-
ues, and the standard partial regression coefficients for the regression
of lysine (% of sample) and lysine (% of protein) on percent protein
and on percent protein squared and test weight are given in Tables 7
and 8. The standard partial regression coefficients for test weight and
test weight squared are larger in magnitude than the standard partial
regression coefficients for percent protein. However, the standard
partial regression coefficients for test weight and test weight squared
are opposite in sign. The net effect of test weight on lysine (% of
sample) and lysine (% of protein) is less than that of percent protein.
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Table 7. Means, regression coefficients, ‘t’ values for the regression coefficients, and intercept values for the regression models
used in adjusting the lysine (% of sample) and lysine (% of protein) values for the 1972 Yuma World Wheat Collection Spe-
cial Study Nursery.

Standard
Mean of partial

Dependent Independem independent Regression ‘v regression

Model variable variable variable coefficient Value Intercept coeflicient
72- 1 Lysine (% of % Protein 17.78 by = .020277 34.00** 0.12722

sample)

72-32 Lysine (% of % Protein 17.55 b1 = .017912 26.69** - 91459 0.720

sample) kg/hl 75.69 bz = .031396 6.11** 4.054

(kg/h? 5747.80 bs = -.000225 - 6.48** -4.305

72- 4 Lysine (% of % Protein 17.78 b1 = -224173 - 3.70** 5.15102 -2.373

protein) (% of Protein)? 318.195 b: = .005049 2.99*+ 1.918

72-36 Lysine (% of % Protein 17.55 b = ~.058055 ~15.41%* -2.52088 -0.578

protein) kg/hl 75.69 b* = .183306 6.35%* 5.858

(kg/hl? 5747.80 = -.001315 6.74%* -6.224

**Indicates significance at the .01 level of probability.
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Table 8. Means, regression coefficients, ‘t' values for the regression coefficients, and intercept values for the regression models
used in adjusting the lysine (% of sample) and lysine (% of protein) values for the 1973 Yuma World Wheat Collection Spe-
cial Study Nursery.

Standard
Mean of partial

Dependem Independent mdependent Regression v regression

Model varniable variahle variable coefficient Value Intercept coefficient
73- 1 Lysine (% of % Protein 16.34 b = .022451 45.35%% -10090

sample)

73-29 Lysine (% of % Protein 16.10 b = .020898 37.81** -~ 64270 0.823

sample) kg/hl 77.82 bz = 021912 2.59%* 1.908

(kg/hl)? 6067.56 bz = -.000154 - 2.82% -2.079

73- 4 Lysine (% of % Protein 16.34 b = -167233 - 3.63%* 4.59330 -1.922

protein) (% of Protein)? 269.636 b: = 003836 2.74%> 1.451

73-33 Lysine (% of % Protein 16.10 b1 = -.051978 —15.57** -1.86802 -0.565

protein) kg/h! 77.82 b = 157792 3.00%+ 3.794

(kg/hl)? 6067.56 b? = ~.001100 —3.33* —4.090

“*Indicates significance at the 01 level of probabulity



The net effect of test weight on both lysine (% of sample) and lysine
(% of protein) is negative, i.e., as test weight increases lysine content
tends to decrease.

Regression curves for the regression of lysine (% of sample) on
percent protein are shown in Figure 1 for the 1972 and 1973 Yuma
nurseries and for the entire USDA World Wheat Collection. The
increase in lysine (% of sample) with increase in protein content is
clearly illustrated. The length of the curves corresponds to the range
of protein values for each set of samples. In the World Wheat Collec-
tion analyses, the wheats grown at Yuma in 1972 and 1973 rep-
resented the entire range of protein values in the World Collection.
The mean protein percent of the wheats in the World Collection
analyses was 12.97%. The mean protein percentages for the 1972 and
1973 Yuma nurseries were 17.78% and 16.33% respectively. The
heights of the regression curves are in inverse order of the mean
protein rank.

Regression curves for the regression of lysine (% of protein) on
percent protein are shown in Figure 2 for the 1972 and 1973 Yuma
nurseries and for the entire USDA World Wheat Collection. The
regression curves for the wheats grown in the 1972 and 1973 Yuma
nurseries indicate that lysine (% of protein) is negatively related to
percent protein for protein levels greater than 15%. The slopes of the
regression curves are slightly different for the 1972 and 1973 Yuma
nurseries indicating that the magnitude of the inverse relationship
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Figure 1, Regression lines for the regression of lysine (% of sample) on % protein for
the USDA World Wheat Collection (W, W, Coll.), 1972 Yuma nursery, and the 1973
Yuma nursery. World Wheat Collection line from Vogel et al., (42); 1972 and 1973
Yuma lines computed using regression models 72-1 and 73-1, respectively.
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Figure 2. Regression curves for the regression of lysine (% protein) on % protein for
the USDA World Wheat Collection, 1972 Yuma nursery, and the 1973 Yuma nursery.
World Wheat Collection line from Vogel et al., (42); 1972 and 1973 Yuma lines
computed using regression models 72-4 and 734, respectively.

between percent protein and lysine (% of protein) varies with envi-
ronments. The heights of these regression curves also are in inverse
order of the mean protein rank.

Since the regression analysis indicated that percent protein and
test weight affect lysine content, lysine (% of sample) and lysine (% of
protein) values for each Yuma nursery were adjusted to the nursery
mean protein and test weight values in order to make valid lysine
comparisons among wheats differing in protein content and’ test
weight. Lysine values also were adjusted only for percent protein to
make comparisons with the adjusted lysine values of the original
World Collection in which lysine values had been adjusted only for
percent protein. The mean, range, and standard deviation of the
adjusted lysine values are listed in Table 2. Removing the variation
attributable to percent protein and test weight reduced the standard
deviations. The regression coefficients and mean of the independent
variables used in the adjustment equations are listed in Tables 7 and
8.

Six check varieties were grown in an augmented randomized
complete block design with the World Collection Wheats in the 1973
Yuma nursery to test for within nursery environmental variation.
Protein and lysine contents of the check varieties were analyzed using
analysis of variance procedures for the randomized complete block
design. Means, F ratios, coefficients of variation, and LSD values for
the analysis of the 1973 Yuma check varieties are listed in Table 9.
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Table 9. Means, LSD values, and coefficients of variation for 1000 kernel weight (g),
yield (g/plot), % protein, lysine (% of sample), and lysine (% of protein) for
the check varieties in the 1973 World Wheat Collection Special Study nur-

sery.
x x x X
1000 kernel x % lysine lysine
weight yield protein (% of sample) (% of protein)
Check lines
Adas 66 34.7 386.0 19.05 52 2,76
Triumph 64 40.1 251.5 1745 49 2.83
Scout 66 42.2 3772 14.55 43 2.99
Inia 66 50.5 427.7 1640 46 2.83
Centurk 36.0 466.2 13.92 43 3.12
Nap Hal 26.4 318.0 * 18.48 57 3.09
Statistics
‘F* ratio for blocks 331+ 93 2.8l 2.04 2.57
'F’ ratio for lines 140.02** 261 1836 ** 19.35%* 12.00%*
Coefficient of variation (%) 3.56 2520 5.83 3.00 2.91
LSD .05 2.06 142,75 1.463 .04 0.13
LSD .01 2.84 198.13  2.023 .05 18

AYield measured on 3 plots.
*,**Indicates significance at the .05 and the .01 level respectively.

Table 10. Means, coefficients of variation, LSD values, and range values from the
analysis of variance considering years as replications for the 1972 and
1973 Yuma, Arizona World Wheat Collection Special Study Nurseries.*

Range of
Variable Mean Cv 1L.SD .05 L.SD .01 means
% Protein 17.058 6.61 2.21 2.91 14.10- 20.95
Lysine (% of sample) 0.478 5.76 0.05 0.07 38~ .59
Lysine (% of sample) 0.478 3.18 0.03 0.04 43- 54
adjusted for % protein
Lysine (% of protein) 2.832 3.69 0.21 0.27 2.50- 3.13
Lysine (% of protein) 2.832 3.11 0.17 0.23 254~ 3.19
adjusted for % protein
Yield (lines with = 339.13 36.01 239.8 315.6 127.0 -719.0
100g yield)®
1000 Kernel weight (g)® 3943 6.48 5.02 6.61 24.10- 56.85
Test weight (kg/hl)® 76.78 2.22 3.35 441 66.76- 84.17
Lysine (% of sample) 471 3.13 0.03 0.04 43~ .51
adjusted for % protein
kg/hl, (kg/hl)*®
Lysine (% of sample) for 471 5.72 0.05 0.07 41- .56
above set of wheats®
Lysine (% of protein) 2.842 2.50 0.14 0.18 2.59- 3.04

adjusted for % protein,

kg/hl, (kg/hh?®

Lysine (% of protein) 2.842 3.09 0.17 0.22 2.56- 3.06
for above set of wheats®

AF ratios for years and lines were significant at the .01 level for all variables.

bResults of unweighted ANOVA since all wheats not represented in both years. Range of means values are for
wheats represented in both years.
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Although the check varieiies differed significantly for percent pro-
tein, lysine (% of sample), lysine (% of protein), and kernel weight, the
F ratios for blocks were not significant for protein or lysine content.
The F ratio for blocks for kernel weight was significant at the .05 but
not at the .01 level of probability. Except for yield, the coefficients of
variation were small. Analysis of variance for test weight was not
conducted because 3 of the 24 check plots did not produce sufficient
seed for test weight measurements.

Means, coefficients of variation, and LSD values from the analysis
of variance, with years as replicatons, for the World Collection
wheats in the 1972 and 1973 Yuma nurseries are listed in Table 10,
Range values for the traits studied also are listed. Results of unweigh-
ted analysis of variance are given for yield, kernel weight, test weight,
and for lysine content adjusted for percent protein and test weight
since yield, kernel weight and test weight were not measured on all
wheats in both years.

Coefficients of variation were low for all variables except vield.
Yield measurements on single-row plots analyzed over years are sub-
Jjectto large experimental error. The low coefficients of variability for
percent protein, lysine (% of sample), lysine (% of protein), kernel
weight, and test weight indicate that single-row plots are suitable for
testing these variables in the Yuma environment.

The F ratios from the analysis of variance over years were signifi-
cant at the .01 level of probability for vears and lines for all traits
tested. There were significant differences among wheats for lysine (%
of sample) and lysine (% of protein) even after lysine values were
adjusted to the mean protein and test weight values for each vear
indicating that genetic differences do exist among the wheats used in
this study for lysine that are independent of the protein content and
test weight of the wheats. Although vears had a significant effect, the
variability atiributable to lines was of much greater magnitude for all
traits.

Protein and unadjusted lysine values for the wheats that had the
highest and lowest mean protein values over years are listed in Table
11. The high protein wheats are five percentage points higher in
percent protein than the low protein wheats.

Wheats with the highest and lowest mean values over years for
lysine (% of protein) adjusted for percent protein are listed in Table
12. Wheats that had the highest and lowest lysine (% of protein)
values adjusted for percent protein and test weight are listed in Table
13. Including test weight in the adjustment equation changed the
rankings of the wheats.

The effect of adjusting lysine (% of protein) values for percent
protein was to adjust the lysine values up if protein percent was grea-
ter than the mean protein level and down if protein percent was less
than the mean. The net effect of the adjustment for test weight was to
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Table 11. Protein, lysine, and 1000 kerne! weight mean values for the wheats that
had the highest and lowest mean protein values for the common wheats of
the World Wheat Collection Special Study.

Cereal Investigation No. 1000-kernel Lysine Lysine

Rank Plant Introduction No. wi g % Protein % of simple % of protein
1 6225 25.50 20.95 .58 2.80
2 11028 24.75 20.20 .54 2.70
3 173438 24.50 20.20 .55 2.76
4 8681 28.20 20.15 .56 2.78
5 174680 31.75 20.10 .56 2.84
6 298580 43.65 20.05 .52 2,62
7 286000 29.20 19.95 .54 2.70
8 284666 34.70 19.90 .54 2.76
9 166788 28.50 19.85 .54 2.75
10 268542 40.60 19.75 .52 2.66
11 7695 32.05 19.75 .52 2.64
12 185349 49.20 19.75 .52 2.66
18 9178 28.75 19.75 .52 2.66
14 285880 40.35 19.70 .-bb 2.80
15 192014 52.85 19.70 .54 2.76
632 231308 37.70 14.40 41 2.90
633 304390 39.10 14.30 44 3.09
634 166182 39.50 14.30 43 3.00
635 6836 41.10 14.20 43 3.06
636 131276 50.95 14.10 42 3.06

adjust lysine (% of protein) values up if test weight was greater than
the mean test weight and down if test weight was less than the mean.
A 0.4 10 0.5 percentage point spread exists between the wheats with
the highest and lowest mean adjusted lysine (% of protein) values.
Wheats with the highest and lowest mcan values over years for
lysine (% of sample) adjusted for percent protein and test weight are
listed in Table 14. The effect of adjusting lysine (% of samplc) values
for percent protein was opposite that of adjusting lysine (% of pro-
tein) values. Lysine (% of sample) values were adjusted down when
percent protein was greater than the mean and up when less than the
mean percent protein. The net effect of the adjustment for test
weight on lysine (% of sample) was the same as for lysine (% of
protein). The correlation of lysine (% of sample) and lysine (% of
protein) after both were adjusted for percent protein and test weight
was r = 0.98 for both 1972 and 1973. Thirteen of the 15 lines that had
the highest lysine (% of protein) values after adjusting for test weight
and percent protein were among the top 15 lines that had the highest
lysine (% of sample) values after adjustment for the same factors.
The simple correlation coefficients for protein, lysine, test weight,
kernel weight, and yield of individual lines correlated over years are
listed in Table 15. The simple correlation coefficient for a trait over
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Table 12. Protein, lysine, and test weight mean values for wheats that had the high-
est and lowest mean lysine (% of protein) values adjusted for percent
protein for the common wheats of the World Wheat Collection Special

Study.

Adjusted
% of

Fest weight Lysine Lysine Lysine

Rank cupi kg/hl % Protein % of sample % of protein Protein
1 176217 74.8 194 .60 3.10 3.18
2 245604 -—- 17.8 .54 3.12 3.15

3 162008 71.0 17.3 54 3.2 3.14

4 6616 71.0 17.1 .53 3.13 314

5 174702 72.2 17.0 .52 3.08 3.09

6 166859 722 16.8 51 3.06 3.05

7 254829 76.8 17.2 .52 3.04 3.04
8 192701 73.5 16.8 .51 3.06 3.04
9 208587 75.1 16.8 51 3.06 3.04
10 13563 -—- 18.4 .54 2.98 3.4
11 166946 78.4 16.8 .51 3.04 3.04
12 306513 76.4 16.2 .50 3.05 3.03
13 254077 - 19.2 .56 2.94 3.02
14 272427 78.0 18.1 .53 2.96 3.02
15 298568 71.0 175 .52 2.99 3.01
632 164501 81.9 16.7 42 2.58 2.58
633 9041 80.6 18.8 47 2.50 2.57
634 9049 81.9 16.4 42 2.59 2.57
635 9050 82.6 14.6 .38 2.68 2.55
636 9047 81.5 14.7 .38 2.66 2.54

ACereal Investigation Number/Plant Inttodudtion Number

years provides a measure of the repeatability of that trait. A correla-
tion of r = 1.0 would indicate a completely heritable trait, i.e., not
influenced by year-to-year environmental variation.

Adjusting lysine (% of sample) for percent protein, slightly de-
creased the correlations over years as compared to unadjusted lysine
(% of sample). Adjusting lysine (% of protein) improved the correla-
tion of lysine (% of protein) over years. The correlation coefficients
over years of lysine (% of sample) and lysine (% of protein) adjusted
for percent protein are of similar magnitude. The coefficients for the
correlation of the 1972 and 1973 Yuma protein and adjusted lysine
values with the protein and adjusted lysine values of the World Wheat
Collection analyses are approximately the same as the coefficients for
the correlation of the 1972 and 1973 Yuma data. The size and similar-
ity of the correlations over years for protein and lysine adjusted for
percent protein suggests that the rank relationship among wheats for
these traits over environments are reasonably similar.

Test weight and 1000-kernel weight were not measured on the
wheat samples used in the World Wheat Collection analysis. The cor-
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Table 13. Protein, lysine, and test weight (kg/hl) values for the wheats that had the
highest and lowest mean lysine (% of protein) values adjusted for % pro-
tein and test weight for the common wheats of the World Wheat Collection

Special Study.
4 Lysine Lysine b c
Rank Clpl kg/hl % Protein F ol sample % of protein LSAD LPAD
| 166946 78.37 16.85 51 3.04 .51 3.05
2 254829  76.43 17.20 52 3.04 51 3.03
3 192738 78.69 18.25 53 2.94 .50 3.03
4 10907 79.01 17.55 .52 297 .50 3.03
5 155433 80.62 15.55 47 3.04 .50 3.02
6 298587  75.14 16.80 .50 3.06 .50 3.0
7 13846  78.37 15.50 A48 3.08 .50 3.02
8 170900  77.08 17.50 .52 2.98 .50 3.00
9 185380  73.21 19.15 .56 2.92 .50 2,99
10 264953 80.30 14.70 44 3.06 49 2.99
11 366513 76.43 16.25 .50 3.05 .50 2.99
12 185343 79.66 18.25 .52 2.88 50 2.99
13 11875  76.43 16.10 49 3.05 .50 2.99
14 124744 78.04 17.25 51 2.96 .50 2.99
15 109368 79.01 15.70 47 3.02 .50 2.99
354 9041 80.52 18.85 47 2.50 44 2.66
355 9049 81.92 16.45 42 2.59 44 2,66
356 9047  81.59 14.70 38 2.66 44 2.62
357 6477  74.82 18.55 47 2.56 43 2,62
358 225223 68.05 16.95 44 2.64 43 2.59

ACereal tnvestigation Number/Plant Introduction Number

BLSAD = Lysine (% of sample adjusted for % protein, kg/hl, (kg/hl?

CLPAD = Lyune (% of protem) adjusied for % protem, kg/hl, (kg/hh?
relations over years for test weight and kernel weight are high indica-
ting that these traits were highly heritable under the Yuma conditions,
Removal of the variation attributable to test weight and percent pro-
tein by adjusting the lysine values decreased the correlation over years
for both lysine (% of sample) and lysine (% of protein).

The correlations over years for yield was low. This was probably
due in part to the experimental error of measurement for the single
row plots and partly because yield is a trait that is considerably influ-
enced by year to year environmental variation.

The protein values and rank of the wheats in the 1972 and 1973
Yuma nurseries with the highest and lowest mean values and the
protein values and rank of the same 636 wheats using World Wheat
Collection analysis, results are listed in Table 16. With the exception
of PI173438 and C18681, wheats with high and low protein content of
grain in the Yuma nurseries ranked similarly in the World Wheat
Collection analyses even though the protein range was much greater
in the World Collection analysis.

Wheats grown at Yuma with the highest and lowest mean lysine
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Table 14. Protein, lysine, and test weight (kg/hl) values for the wheats that had the
highest and lowest mean lysine (% of sample) values adjusted for % pro-
tein and test weight for the common wheats of the World Wheat Collection
Special Study.

Lysine Lyune

Rank Cll?l‘ kg/hl % Protein % of sample % of Protein I‘S,»\l)h I.P.—\I)(
1 254829 76.43 17.20 .52 3.03 .5l 3.04
2 166946 78.37 15.85 51 3.04 51 3.05
3 170900 77.08 17.50 .52 2.98 .50 3.00
4 192738 78.69 18.25 .53 2.94 .50 3.03
5 155433 80.52 15.55 47 3.04 .50 3.02
6 10907 79.01 17.55 .52 2.97 .50 3.03
7 306513 76.43 16.25 .50 3.05 50 2.99
8 13846 78.37 15.50 48 3.08 .50 3.02
9 185380 73.21 19.15 .56 2.92 .50 2.99
10 124744 78.04 17.25 .51 2.96 .50 2.99
11 298587 75.14 16.80 .50 3.06 .50 3.01
12 11875 76.43 16.10 49 3.05 .50 2.99
13 185343 79.66 18.25 52 2.88 .50 2.99
14 11986 76.10 16.70 .50 3.02 .50 2.98
15 176223 72.56 18.4 .54 2.94 .50 2.97
354 164501 81.92 16.70 42 2.58 44 2.66
355 189629 75.14 18.30 A48 2.64 44 2.69
356 9041 80.62 18.85 A7 2.50 44 2.66
357 6477 74.82 18.55 A7 2.56 43 2.61
358 225223 68.05 16.95 44 2.64 .43 2.59
ACereal Imestigation Number/Plant Introduction Number
LSAD = Lysine (7 of sample) adjusted tor protem, kg/hl, (hg/hl)?
CLPAD = Lyvsine (7 of protemn adjusied tor G protein, kg/hi, tkg/hh?

(% of protein) and lysine (% of protein) adjusted for percent protein
values and the lysine values and rank of the same wheats using World
Collection analysis results are given in Tables 17 and 18. The adjusted
lysine values and their relative rank are in much better agreement
than the unadjusted lysine values. On the basis of the lysine values
obtained at Yuma, lysine (% of protein) values adjusted for percent
protein would be the better selection criterion for selecting wheats
genetically superior for lysine content from the World Wheat Collec-
tion.

DISCUSSION

The 1972 Yuma mean protein percent was higher than the mean
1973 Yuma protein percent. The higher rate of nitrogen fertilization
used in 1972 contributed to the higher protein content in 1972. This
effect of nitrogen fertilization upon protein content agrees with the
results of Hojjati and Maleki (11), Hunter and Stanford (12), and
Johnson et al. (18).

The high rate of nitrogen fertilization in 1972 resulted in prolific
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Table 15. Correlation coefficients (r) for percent protein, lysine (% of sample),
lysine (% of protein), yield, 1000 kernel weight, and test weight (kg/hl)
over years for wheats grown in the World Wheat Collection Special Study
at Yuma, Arizona in 1972 and 1973 and for the initial USDA World Wheat
Collection analysis results,®

W. W. Collection W. W. Collection

analysis? analysis Yuma 72
vs vs Vs

Varjable Yuma 1972 Yuma 1973 Yuma 73

Percent protein ...................... 439 L 330%+ ..., 424
635 634 635

Lysine (% of sample) ................. A492%> ..., 449% 475
635 634 635

Lysine (% of sample) ................. A04%> .. 246%* ..., 450+
adjusted for % protein 635 634 635

Lysine (% of protein) ................. 340% L. 096 ....... 398+
635 634 635

Lysine (% of protein) ................. 4130 252%+ .. 448+
adjusted for % protein 635 634 635

Yield (lines with = 100g . .............ooo i i, .1947#
yield) 575

1000 kernel weight (8) ... 81j3ne
508

Testweight (kg/hl) ..o 0732
358

Lysine (% of sample) ... .263%*
adjusted for % protein, 358

kg/hl, (kg/hl)?

Lysine (% of sample) for ..., 4324
above set of wheats 358

Lysine (% of protein) . ..........oooiiiiiiiiiiiin e 253+
adjusted for % protein, 358

kg/hl, (kg/hhy?

Lysine (% of protein) for ........ ... 407

above set of wheats 358

aNumber of lines correlated are listed below the ¢ values.

bArljuued lysine values for the World Wheat Collection analysis data adjusted using regression coefficients in:
Vogel, Johuson, Mattern (42).
***Indicates significance ar the .05 and .01 levels of probability, respectively.

vegetative growth. Severe lodging resulted when the wheats were
irrigated late in the growing season. Because lodging hindered nor-
mal grain filling, the yield, test weight, and kernel weight were lower
in 1972 than in 1973. The small negative correlation between percent
protein and yield, test weight, and kernel weight obtained in this
study indicate that these factors also contributed slightly to the higher
protein content for the 1972 nursery. This conclusion is supported by
the results of Terman ef al. (39) :mJJohnson et al. (19) who reported
that the protcein content of wheat grain tends to be lower under high-
yielding conditions than under low-yielding conditions. Johnson et al.
(17, 19) reported that plump kernels tend to be lower in protein
content than shriveled kernels. Ghaderi et al. (6) reported a low
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Table 16. Protein values of the wheats in the 1972-73 Yuma tests with the highest
and lowest mean values and the protein values and rank of the same 636
wheats using World Wheat Collection analysis results,*

w.ow. W.ow.

cypb Yuma Yuma Collection Collection
number rank I Protein % Protein rank
6225 1 20.95 19.5 26
11028 2 20.20 18.5 67
173438 3 20.20 9.0 535
8681 4 20.15 13.20 297
174680 5 20.10 20.6 9
231308 632 14.40 9.1 514
304390 633 14.30 8.8 559
166182 634 14.30 13.9 231
6836 635 14.20 9.12 513
131276 636 14.10 8.8 574

A1972-73 Mean protein % = 17.058

bCereal Investigation Number/Plant Introduction Number.
LSD .05 = 221

positive correlation (r = 0.11) of protein content and test weight. This
positive correlation, however, was obtained with low protein soft
winter wheats that did not differ greatly in protein content.

The average protein content of the wheats in the Yuma nurseries
was much higher than the average protein content of the same group
of wheats in the World Collection analysis but the range in protein
values was smaller. The high protein percentages of the Yuma nur-
series can be attributed to fertilization, absence of discases, and irriga-
tion. The range in protein values was larger for the World Collection
analyses because not all wheats had been grown during the same year.
Much of the variation in protein content reported by Vogel et al. (492)
for the World Collection, thus was non-genetic in origin,

Table 17. Lysine values (% of protein) of the wheats in the 1972-1973 Yuma tests

with the highest and lowest mean values and the lysine values and rank of
the same 636 wheats using World Wheat Collection analysis results,®

Wwow wow
cypb Yuma Yuma Collecuen Collecnion
number tank “© Lyane G Lysne rank

6616 1 313 2.98 411
162008 2 3125 3.5 259
245604 3 3.120 3.04 356
268449 4 3.115 3.97 8
142521 5 3.105 3.29 206

6477 632 2.56 2.44 628

9053 633 2.56 2.71 548

9393 634 2.56 2.78 528

9045 635 2.56 2.75 536

9041 636 2.50 2.60 606

41972-73 Lysine (% of protemn) x = 2842

beereat Investigation Number/Plant tntroducnon Number
LSD .05 = 24
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Table 18. Lysine (% of protein) values adjusted for percent protein in the 1972-73
Yuma tests with the highest and lowest mean values and the adjusted
lysine (% of protein) values of the same 636 wheats using World Wheat
Collection analysis results,*

W W

Yuma Collection W. W, W. W,
cupIb Yuma % Lysine % Lysine Collection Collection
Number rank (adjusted) tadjusted) % _Lysine rank
176217 ) | 3.18 3.27 3.06 150
245604 2 3.15 3.23 3.04 208
162008 3 3.14 3.36 3.15 51

6616 4 3.4 3.19 2,98 267
174702 5 3.09 3.25 3.04 180
164501 632 2.58 2.71 3.29 528

9041 633 2.57 2.66 2.60 553

9049 634 2,57 2.56 2.69 601

9050 635 2.66 228 2.60 636

9047 636 2.54 2.51 2.99 620

41972-73 Adjusted lysine N = 2.842

bereral Investigation Nwmber/Plant Introduciion Number.
LSh .05 =17

The multiple regression of percent protein with yield, kernel
weight, and test weight indicated that only about 10% of the variabil-
ity for protein among wheats within a nursery could be attributed to
variation among wheats for these factors. This indicates that variation
for protein content among wheats in the same environment is not in-
fluenced to any great extent by seed size or percent endosperm of
samples. Variation for protein content for a given wheat over environ-
ments is probably influenced by these factors.

In both the 1972 and 1973 Yuma nurseries, high positive correla-
tions existed between lysine (% of sample) and percent protein. This
relationship was reported by Vogel et al. (42) for the entire World
Wheat Collection and is to be expected since lysine is a constituent of
protein. The mean for lysine (% of sample) was higher in the 1972
nursery than for the 1973 nursery and the mean lysine (% of sample)
of both nurseries was much higher than for the same wheats in the
World Collection analyses. The mean lysine (% of sample) values
ranked in the same order as the protein means for the three sets of
data indicating that the lysine (% of sample) values of wheats will be
higher in high protein than in low protein environments. However,
the ordinates of the regression curves at common protein levels are in
inverse order of the mean protein levels. This means that the average
lysine (% of sample) for wheats that had 18% protein was lower for
the wheats of the 1972 Yuma nursery than for wheats of the 1973
nursery that had 18% protein. This inconsistency can be explained if
proportionately more gluten proteins are produced in high protein
environments than in low protein environments. The results of
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Ulmer (40) show that more gluten proteins are produced under high
protein than under low protein environments by the same wheats,

The inverse relationship between protein and lysine (% of pro-
tein) among wheats of the Yuma nurseries was similar to that of the
entire World Wheat Collection. This relationship was also reported by
Lawrence et al. (21), Villegas et al. (41), Simmonds (33), and McDer-
mott and Pace (26) and probably exists among wheats in all environ-
ments. ‘The Yuma results differed from those of the World Wheat
Collection in that the curvilinearity was not as pronoune . and the
negative relationship between protein and lysine (% of protein) ex-
isted for wheats with more than 15% protein. These differences were
probably due to the high mean protein levels of the Yuma nurseries
and to the narrower protein range.

The inverse rcluli()nship between lysine (% of protein) and per-
cent protein for wheats within a nursery can be atributed to high
protein wheats having proportionally more gluten proteins on the
average than low protein wheats (24, 26, 32, 33, 40). The relative
heights and slopes of the regression curves for the regression of lysine
(% of protein) vary with environment, indiciating that environment
affects the albumin-globulin-gluten ratio of wheat proteins. The or-
dinates for the regression curves at common protein levels are in
inverse order of the mean protein levels for the regression curves in
Figure 2. The mean lysine (% of protein) values are also in inverse
order of the mean protein levels, McElroy et al., (27), Hojjati and
Maleki (11), Gunthardt and McGinnis (7) and Stroike and Johnson
(36) have reported an inverse relationship between percent protein
and lysine (% of protein) for a given variety over environments. This
suggests that proportionally more gluten proteins are produced by a
wheat variety in a high protein environment than in a low protein
environment. The inverse effect of protein on lysine (% of protein)
cannot be attributed to different proportions of bran and endosperm.
Higher protein contents due to shrivelled seeds would result in
higher, not lower, lysine (% ot protein) values because the non-endo-
sperm proteins are much higher in lysine content that the endosperm
protein.

Although yield and kernel weight were negatively correlated with
lysine percent of sample, the regression analysis indicated that these
factors did not have any significant effect on either lysine (% of sam-
ple) or lysine (% of protein) among wheats within a nursery after
accounting for the variation attributable to percent protein and test
weight. Yield probably indircetly influences lysine content by its effect
on percent protein and test weight.

MacMasters ef al. (22) have reported that the endosperm contains
over 70% of the protein of the wheat kernel but only 50% of the
lysine. On the basis of these data, percent endosperm of sample
would be expected to influence the lysine content of wheat, Test
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weight and kernel weight can both be used as indexes in estimating
endosperm percent of a sample of wheat. Test weight probably pro-
vided a better measure of the percent endosperm of sample than
kernel weight for the wheats analyzed and consequently had more
influence on lysine content than kernel weight, particularly when
used with protein in a multiple regression anaylsis. The simple corre-
lation coefficients and standard partial regression coefficients indi-
cate that although test weight, i.c., percent endosperm of sample,
contributes to the variability among wheats for lysine content, its ef-
fect is much less than that of percent protein.

Adjusting lysine values to the mean protein content of each nur-
sery permits comparisons to be made among wheats differing in pro-
tein content. It is not possible to make valid comparisons for lysine
content among wheats differing in percent protein because of the
strong influence of protein on lysine. Adjusting lysine values to the
mean protein percent and test weight allows valid lysine comparisons
among wheats differing for both protein content and test weight.
Because environment affects the relationship of protein and lysine,
lysine values for each year were adjusted using regression coefficients
and mcans from the regression analysis for that year. Using a com-
mon adjustment equation to adjust lysine values for wheats grown in
different environments is statistically unsound and may result in dis-
torted lysine values for wheats in some years.

Unadjusted lysine (% of sample) and lysine (% of protein) values
were not correlated in 1973 and only slightly correlated in 1972, The
use of Iysine (% of sample) as a selection criterion would produce
results inconsistent with the use of lysine (% of protein) as a selection
criterion. The use of either lysine (% of sample) or lysine (% of pro-
tein) adjusted for percent protein and test weight would produce the
same results because, after adjustment, their correlation is r = +.98
and they both provide the same relative measurement of lysine con-
tent of wheat grain. However, adjusted lysine expressed as a percent
of protein provides a more magnified display of lysine differences
among wheats.

The results of the analysis of variance for the protein and lysine
content of the check varieties in the 1973 nursery indicate that there
was no significant within nursery environmental variation for these
traits in 1973, Within-nursery environmental variation also was prob-
ably not significant in 1972 because the nursery did not cover a large
land area and was fertilized and irrigated uniformly. Consequently,
within-nursery environmental variation probably did not contribute
significantly to the differences found for protein and lysine content
among wheats within a nursery.

Only 10% of the total variation for percent protein within a nur-
sery was attributable to variation in yield, test weight, and kernel
weight. Since the within-nursery environmental variation for percent

30



protein was not significant, within-nursery variation for percent pro-
tein must have been due largely to genotype and genotype x envi-
ronment interaction effects.

About 40% of the variability for lysine (% of protein) and 70% of
the variability for lysine (% of sample) within a Yuma nursery could
be attributed 10 variation in protein content and test weight. Adjust-
ing the lysine values for protein content and test weight removed this
variability. Within-nursery variation for adjusted lysine also must
have been largely due 1o genotype and genotype x environment in-
teraction effects.

The analysis of variance over years for protein and adjusted lysine
showed that, even though the effect of years was significant, most of
the variation for protein and lysine content was due to differences
among the lines tested. This indicates that significant genetic differ-
ences exist among the wheats tested for protein and lysine content.
Part of the variability among wheats for protein and lvsine content is
due to the different degree of adaptability of the wheats to the Yuma
environment (genotype x location interaction eftects).

The genetic sources for high protein that have been identified to
date, i.e., the Atlas 66 materials, are capable of maintaining their
protein superiority over years and locations (14, 15, 18, 36). The
wheats with the highest mean protein levels in the Yuma World Col-
lection nurseries had protein levels equivalent to that of Atlas 66, and
they maintained these protein levels over a two-year period. Although
testing in different locations may indicate that some of the wheats are
high in protein content because of specific adaptability to the Yuma
environment, it scems reasonable to assume that at least some of the
wheats may possess genes for high protein content of wheat grain and
that these may be different from those of Atlas 66. 1f so, considerable
improvement in the protein content of wheat can be expected to be
made by wheat breeders.

The wheats with the highest adjusted lysine values also maintained
their superiority over the two years of the test. The wheats with the
highest adjusted lysine values were two LSD values higher in lysine
content than the wheats with the lowest adjusted lysine values. “This
strongly suggests that wheat breeders should be able to use their lines
for improving the lysine content of wheat. These wheats are diverse
in origin and they may contain different genes for high lysine. In that
case, high lysine x high Ivsine crosses should result in transgressive
segregates that have higher lysine content than either parent. John-
son et al. (19) have reported evidence of transgressive segregation for
lysine.

If the high lysine effect is due to an alteration of the albumin-
globulin:gluten ratios, only small numbers of genes may be involved.
However, if the high lysine effect is due to the gluten proteins having
more lysine residues than normal, then many genes would be in-
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volved, each having a very small effect. Both situations prob-
ably exist. Because wheat is a hexaploid it is doubtful that single
gene differences for lysine content exist as in corn (28), sorghum (34),
and barley (30).

The correlation of a homozygous line with itself provides a mea-
sure of the repeatability of a trait such as protein content. The correla-
tions over years for recent protein were fairly high considering the
effect environment can have on protein content.

Correlation coefficients for unadjusted lysine (% of protein) are
lower than for lysine (% of protein) adjusted for percent protein.
Adjusting for percent protein removed some of the environmental
variation affecting lysine (% of protein). Adjusting lysine (% of sam-
ple) values for percent protein decreased the correlation over years,
After adjustment for percent protein, lysine (% of sample) correla-
tions over years are of the same magnitude as the correlation for
adjusted lysine (% of protein). Lycine (% of sample) measures both
lysine (% of protein) and percent protein. Adjusting lysine (% of
sample) values removed the effect of protein and provided a more
valid estimate of the lysine content of the sample that was independ-
ent of percent protein and this caused the reduction in the correla-
tion over years.

The correlation coefticients for lysine adjusted for percent pro-
tein are either slightly lower or of the same size as the correlation
coefficients over years for percent protein. This indicates that the
effect of environment on adjusted lysine is as large or slightly larger
than its effects on protein. Heritability values for adjusted lysine
would be expected to be almost as large as for percent protein. The
genetic studies of Diehl (3) and Kuhr (20) support this contention.
Their results show that for seven different crosses the heritability of
adjusted lysine (% of protein) was almost as high as for percent pro-
tein.

‘The correlations over years for test weight and kernel weight were
very high indicating that they are highly heritable traits. The herita-
bility estimates of Ghaderi and Everson (5) for test weight and Sun et
al. (38) for kernel weight were high. The low correlation obtained in
this study between kernel weight and test weight indicates that these
traits are largely independent of each other. Ghaderi and Everson (5)
obtained no genctic correlation between these traits. A low genetic
correlation between these traits would be expected because density is
the only factor they have in common.

The correlation over years for lysine adjusted for percent protein
and test weight were lower than the unadjusted lysine values. Both
lysine (% of sample) and lysine (% of protein) are influenced by test
weight. Test weight in the Yuma environment was highly heritable,

Removal of the lysine variation due to this heritable trait would be
expected to lower the correlation coefficient between years and this is
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what happened. Adjusting for test weight did not remove all of the
lysine variability among wheats due to different percentages of en-

osperia because the utility of test weight as an index for estimating
percent of endosperm varied with wheats. Because most wheat-cating
societies eat the starchy endosperm portion of the kernel, protein and
lysine analysis of the starchy endosperm should be tested 1o deter-
mine the relationship between whole kernel and starchy endosperm
protein and lysine content.

The size and similarity of the correlations over years for protein
and lysine adjusted for percent protein suggest that the rank relation-
ship among the wheats in the World Wheat Collection analyses are
similar to the rank relationship of the same wheats grown at Yuma
over a two-year period. Examination of Tables 16 and 17 show that,
with a few exceptions, the wheats with high and low protein and
adjusted lysine values in the Yuma nurseries ranked in the top and
bottom one-third respectively in the World Collection analyses. Be-
cause of the large effect of protein on unadjusted lysine (% of pro-
tein), there is no similarity in the rank relationship of the unadjusted
lysine (% of protein) values of the Yuma nurseries with those of the
World Collection analyses. Unadjusted lysine values are not useable as
a selection criteria for identifying high lysine wheats,

Most of the wheats that had high protein and adjusted lysine
values in the World Wheat Collection analysis were not included in
this study. The favorable comparision of protein and adjusted lysine
values of the wheats grown at Yuma with the protein and adjusted
lysine values of the same wheats in the World Collection analysis
indicates that wheat breeders can use the results of the World Collec-
tion analyses with reasonable assurance of selecting at least some lines
genetically superior for protein content and for lysine content if ad-
Justed lysine values are used. However, some of the high lysine lines
may be high in lysine due to low test weights.

Several hundred of the wheats that had high protein and adjusted
lysine values in the World Wheat Collection analyses which were not
included in this study should be regrown to specifically identify those
wheats that are genctically superior for protein and lysine content
and to eliminate those that are not before they are used in a breeding
program. The high protein and high lysine lines of the Yuma tests
should supply wheat breeders with usable germ plasm for improving
the nutritive quality of wheat.

SUMMARY

The analysis of the 12,000 common wheats of the USDA World
Wheat Collection indicated significant differences among wheats for
grain protein and lysine content (42). Much of the variation for pro-
tein and lysine content was non-genetic in origin since the wheats
analyzed were not all grown during the same year.
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To test the validity of the World Wheat Collection results and to
develop selection criteria to use in selecting high protein and lysine
lines in a breeding program, over 600 wheats were selected from the
World Wheat Collection which represented the range of protein and
lysine that existed among the common wheats. These wheats were
grown at Yuma, Arizona in 1972 and 1973. The Yuma nursery was
used because spring and winter wheats could be grown in the same
nursery.

Protein content was slightly influenced by yield, test weight, and
1000-kernel weight. In a multiple regression analysis only 10% of the
total variation for percent protein could be attributed to those factors.
Although the effect of years was significant, most of the variation in
percent protein was due to genetic differences among the wheats
tested. The wheats with the highest mean protein percentages were
five percentage points higher in protein than the low protein wheats.
Wheats that should be useful to wheat breeders as genetic sources for
high protein are identified.

Lysine expressed as a percent of sample was positively correlated
with percent protein but lysine expressed as a percent of protein was
negatively correlated with percent protein. Selection for lysine using
both criteria would produce conflicting results. ’

Results of other researchers indicate that the complex relationship
between lysine and protein is due to high protein wheats having more
gluten proteins which are low in lysine than low protein wheats. In
order to make valid lysine comparisons among wheats differing in
protein content, lysine values were adjusted to nursery mean protein
values using regression procedures. After adjustment for percent
protein the correlation of lysine (% of sample) and lysine (% of pro-
tein) was r = .98 indicating that both adjusted lysine values provide
the same relative measure of lysine content of wheat protein.

Test weight had some influence on lysine content. This is due to
bran proteins being much richer in lysine than endosperm proteins.
Yield and kernel weight had no significant effect on lysine content
after accounting for the effect of protein and test weight. Lysine
values were adjusted for percent protein and test weight and com-
pared over years. Much of the variation for adjusted lysine was due to
genetic differences among the lines tested. Results indicate that sig-
nificant genetic differences exist among wheats for lysine content that
are independent of percent protein and test weight. Comparison of
the results of the Yuma nurseries with the results of the World Wheat
Collection analyses indicate that adjusted lysine values are a useful
selection criteria but unadjusted lysine values are not.
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