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Summary. Recombinant inbred lines (RILs) derived by
single plant descent to Fg from a hybrid of Anza, a
low-quality cultivar, and Cajeme 71, a high-quality culti-
var, differed in alleles at three high-molecular-weight
glutenin (HMW-glu) seed storage protein loci. The 48
RILs were classified by SDS-PAGE for the Anza alleles
Glu-Alc (null), Glu-B1b (subunits 7+8), and Glu-Dia
(subunits 2+ 12) and for Cajeme 71 alleles Glu-A1a (sub-
unit 1), Glu-B1i (subunits 17+ 18), and Glu-D1d (sub-
units 5+ 10). All RILs and parents were grown in a repli-
cated field trial with three levels of nitrogen (N) fertiliza-
tion. Additive and additive x additive gene effects for
the three loci were detected by orthogonal comparisons
of means for each of six wheat end-use quality traits.
Each HMW-glu genotype was represented by three to ten
RILs so that variability among RILs within each HMW-
glu genotype could be examined. N effects were consis-
tently small. All traits except flour yield were highly cor-
related with predictor traits studied earlier. Flour protein
content, baking water absorption, dough mixing time,
bread loaf volume, and bread loaf crumb score were all
correlated, suggesting similar gene control for these
traits; however, specific additive locus contributions were
evident: ag for flour yield; oy and op for flour protein;
and oy for absorption, but differing in sign; all three loci
for mixing time, but « was negative; and all three loci
were positively associated with loaf volume. Digenic
epistatic effects were significant for flour yield (),
flour protein («,5), and absorption and mixing time (o, ,,
ogp). Only flour yield showed a trigenic epistatic effect.
Six of seven epistatic effects were negative, thus showing

* To whom correspondence should be addressed

how progress in breeding for high quality may be im-
peded by interaction of genes which, by themselves, have
strong positive additive effects. Considerable genetic
variance among RILs within a HMW-glu genotype was
detected for all traits, and the summation of « effects
accounted for a mean of 13% of the parental differences
for the six traits examined in this study. Clearly, further
resolution of the genetics of wheat quality would be de-
sirable from a plant breeding point of view.

Key words: Triticum aestivum L. — Protein content — Ad-
ditive gene action — Epistasis

Introduction

Improved flour quality is a major goal in wheat (Triticum
aestivum L.) breeding programs. A clearer understanding
of the genetic control of flour and bread-making quality
would increase the probability of identifying superior
genotypes and make possible the subsequent develop-
ment of improved cultivars. Earlier we reviewed previous
research on the relationships of wheat quality to gluten
proteins (Carrillo et al. 1990). We studied random recom-
binant inbred lines (RILs) from a cross of two spring
wheat cultivars having widely divergent flour quality fac-
tors (Carrillo et al. 1990). Several predictor tests were
examined in relation to HMW glutenin protein subunits.
Other workers used small-scale prediction tests, includ-
ing the Brabender extensograph (Lawrence et al. 1987)
and the Chopin alveograph (Branlard and Dardevet
1985). Lagudah et al. (1988) studied the relationship of
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the Glu-1 loci with Brabender farinograph and exten-
sograph dough properties in a F4 population. Lawrence
et al. (1987) found that HMW glutenin subunits 5+ 10 at
the Giu-D1 locus and subunits 17+ 18 at the Glu-Bf had
significantly greater effects on mixograph time to peak
than loss of subunit 1 at the Glu-41 locus, Only a few
studies have evaluated actual bread-baking performance
in relation to HMW glutenin subunit composition
(Campbell et al. 1987; Cressey et al. 1987).

While there are limitations of all approaches to the
evaluation of HMW glutenin subunit effects on quality,
the effects of heterozygosity in segregating populations
and comparisons of unrelated cultivars having different
HMW glutenin alleles present rather severe confounding
effects. Whole chromosome substitution lines (Zemetra
et al. 1987; Mansur et al. 1990) and homozygous back-
cross-derived lines congenic for HMW glutenin subunit
alleles (Payne et al. 1987) provide direct comparisons and
thus inferences about allelic effects, at least to the extent
that linkage blocks are unimportant. Intracultivar vari-
ants also have been used (Lawrence et al. 1987), but the
biotypes may not be isogenic for the background geno-
type, thereby confounding comparisons. An additional
approach, used in the present study, is to examine RILs
from a hybrid between two inbred cultivars. Such lines
permit the estimation of genetic effects of particular loci
in numerous related lines. Mean effects over all lines
most probably estimate associations or direct effects of
major loci, such as the HMW glutenin loci on the long
arms of chromosomes 1A, 1B, and 1D of hexaploid
wheat. At the same time, these gene effects or associa-
tions can be examined among a group of genetically
different lines with the same major gene allelic composi-
tion, to infer whether or not the traits under investigation
are controlled by widely dispersed loci. Thus, the con-
genic line approach provides an accurate assessment of
direct effects of marker alleles, while the random recom-
binant inbred line approach detects average effects of
marker loci as well as an estimate of the influence of
additional unknown genes. Further refinements in this
approach call for a large number of marker loci, prefer-
ably mapped throughout all of the chromosomes. Thus,
the restriction fragment length polymorphism approach
(Beckman and Soller 1986) may give much improved
resolution of the genetics of quantitative traits. This will
be especially useful for genetic analysis of wheat flour
quality.

The present paper is an interim approach to that goal.
A set of recombinant inbred lines (RILs) have been well
characterized for numerous flour quality and environ-
mental factors (Carrillo et al. 1990; W. Kelman and C.
Qualset, unpublished results), which have been used to
increase our understanding of the genetic basis of wheat
flour quality, as well as to examine a method of assessing
quantitative genetic variation.

Materials and methods
Genotypes

Anza (poor quality) and Cajeme 71 (good quality) were hy-
bridized and recombinant inbred lines were derived from single-
plant progenies in the Fy generation. After the last generation of
selfing, each RIL was bulk-harvested to provide seed for repli-
cated field trials and for electrophoretic analysis, to classify each
RIL and the parents for high-molecular-weight glutenin
(HMW-glu) protein subunits. The parents had subunit composi-
tion as follows, according to Payne and Lawrence’s (1983) des-
ignations of alleles and subunits (in parentheses): Anza Glu-Alc
(null), Glu-B1b (7/8), and Glu-Dia (2/12); Cajeme 71 Glu-Ala
(1), Glu-B1i (17/18), and Glu-D1d (5/10). Anza and Cajeme 71
were assigned the codes 111 and 222, respectively, for the alleles
on the homoeologous chromosomes 1A, 1B, and 1D. Each RIL
was similarly coded for specific allelic composition by SDS elec-
trophoresis (Carrillo et al. 1990). All eight digenic genotypes
were represented among the 48 RILs in the frequencies: 10, 7, 9,
3,4, 4, 6, and 5 for the respective genotypes 111, 112, 121, 122,
211, 212, 221, and 222. Cajeme 71 alleles were assigned code 2
because, for most traits, this cultivar had the most favorable
values,

Field experiment

Details were presented earlier (Carrillo et al. 1990) and only the
main features are recounted here. The parents and RILs were
grown in the winter crop cycle, in a three-replicate field experi-
ment at Davis, California, using common field-plot manage-
ment techniques. The experiment included 56 entries (48 RILs,
Anza repeated six times in each replicate, and Cajeme 71 and
Yecora Rojo). The experimental area had been previously
cropped with Sudan grass to deplete soil nitrogen (N). Three N
fertilization levels were included as main plots (N40, N80, N120)
for 40, 80, and 120 kg ha™! N applied. One replicate was atyp-
ical because of winter flooding damage and was not included in
the analysis. After individual plot data were recorded, the grain
from the two replicates was composited for each parent and RIL
for quality evaluation.

Milling and baking tests

All wheat quality factors reported in this paper were evaluated
at the USDA Western Wheat Quality Laboratory at Pullman/
WA, according to AACC (1983) approved methods. Rationale
for the methods used was reviewed by Finney et al. (1987) and
details are presented in annual laboratory reports. Six of the
most important parameters evaluated were selected for presen-
tation here. Flour yield, as percentage recovery of flour from the
whole-grain sample, was taken as an indicator of milling perfor-
mance. Flour protein on 14% moisture basis was determined by
near-infrared spectroscopy and can be compared to Kjeldahl-
method, whole-grain protein concentrations presented in the
previous paper. Water absorption (%) during dough mixing and
mixing time (min) are indicators of dough handling properties.
Finally, bread-baking performance was evaluated as volume of
a baked loaf of bread (cc) and a visual estimate of bread crumb
quality based on a 1 to 9 score, where 1 is desirable and 9 is
undesirable. Analyses of variance were conducted to detect dif-
ferences among genotypes and N levels, using the genotypes x
N levels mean square as an error term. Because grain samples
from all replicates were pooled, no plot error mean square could
be estimated and, hence, neither could tests for genotypes x N
levels interactions. This interaction proved to be negligible for
the grain parameters studied previously (Carrillo et al. 1990),
and is likely to be the situation for the data presented here, since
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Table 1. Mean squares and coefficients of variation from the analysis of variance for recombinant inbred lines (RILs) and parents

in a field experiment at three nitrogen fertilization levels

Source df Flour Flour Baking Mixing Loaf Crumb
yield protein absorption time volume score

Nitrogen levels 2 8.15%% 2.08%* 9.54 #* 0.60 52,275** 44,79 **

Genotypes 55 4.14** 1.07** 26.03 ** 5.44 %% 8,654 ** 12.29 **

Error (G xN) 110 0.24 0.11 0.81 0.20 1,105 2.18

CV, % 0.7 4.1 1.5 13.2 4.1 21.6

** P<0.01

Table 2. Means over all RILs and parents in the experiment for each nitrogen fertilizaiton level. Standard errors are given for N level

means
Genotype N Flour Flour Baking Mixing Loaf Crumb
level yield protein absorption time volume score
% % % min. ce
RILs N40 70.32° 7.8° 59.9* 3.3 786° 7.6°
N80 69.9° 8.12 59.52 3.4 800° 7.12
N120 70.7° 8.2* 59.1¢# 3.6 847% 5.7°
Mean 70.3 8.0 59.5 34 311 6.8
SE 0.1 0.1 0.1 0.1 5 0.2
Anza N40 71.6" 7.42 56.6* 2.3 725°% 9.0°
N80 71.2° 7.5 55.2*% 2.2% 704° 9.0*
N120 72.2% 7.4° 55.5% 1.9# 770 8.0°
Mean 71.7 7.4 55.8 21 733 8.7
SE 0.2 0.1 0.4 0.2 13 0.6
Cajeme 71 N40 69.6* 8.6* 64.0* 7.2% 907° 2.0°
N80 69.2*% 9.0* 63.6* 7.12 8922 2.5%
N120 69.2* 8.82 62.9* 7.0 902+ 2.5%
Mean 69.3 8.8 63.5 741 901 2.3
SE 0.4 0.2 0.6 0.3 24 1.0

2 For comparisons among N level means, different letters represent significant differences at 5% protection level, Duncan’s multiple

range test

we found that the prediction tests and direct quality measure-
ments were highly correlated.

Genetic effects

The variance among RILs was partitioned into single-degree-of-
freedom orthogonal comparisons for the three HMW-glu loci as
presented by Carrillo et al. (1990), to detect and estimate the
additive (o, o, ap) and additive x additive (.5, %ap, dpp,
o,pp) genetic effects. The genetic effects were estimated as re-
gression coefficients a= 23 ¢,G;/Z c¢;?, where the ¢, are othogonal
coefficients and G, the means for each of the i=1, ..., 8 HMW-
glu genotypes. The G; were each based upon the mean of the
respective number of RILs identified for each HMW-glu geno-
type. Tests for genetic variation among the RIL within each
HMW-glu genotype were made by computing an analysis of
variance for each group. The among-RIL within-HMW-glu
mean squares were tested for significance against the whole-ex-
periment genotypes x N levels mean square.

Resuits and discussion
Genotype and N effects

All milling and bread-making quality characters studied
showed highly significant differences among RILs (Table
1). The effects of N treatments were also significant,
except for mixing time (Table 1). The two parents, Anza
and Cajeme 71, differed substantially in all traits (Table
2). As expected from prior research, Cajeme 71 showed
lower flour yield, higher flour protein, baking absorp-
tion, mixing time, loaf volume, and lower bread crumb
score than Anza. The flour protein contents of the parent
cultivars, 7.4 and 8.8%, respectively, were low, but high
enough to discriminate among genotypes. Finney et al.
(1987) reported quality evaluation on wheat flour rang-



406

Table 3. Phenotypic correlation coefficients between grain and flour quality tests in a field experiment of Anza x Cajeme 71 RILs and

the parents for each N level and mean over all N levels (n=56)

Characters correlated:

Nitrogen level

Grain Flour N40 N80 N120 Mean
Grain protein Flour yield —-0.21 -0.11 —0.21 0.00
Flour protein 0.75%* 0.80 ** 0.79 ** 0.67%*
Baking absorption 0.55** 0.58 ** 0.52** 0.34%
Mixing time 0.28* 0.25 0.36** 0.26
Loaf volume 0.38** 0.56 ** 0.62%* 0.61**
Crumb score —0.39 %+ —0.46%* —0.64** —0.55%*
Pearling index Flour yield —0.54** —0.50%* —0.51 ** —0.46**
Flour protein 0.47 ** 0.48 ** 0.35** 0.45%*
Baking absorption 0.60** 0.69 ** 0.58 ** 0.59**
Mixing time 0.39** 0.41 ** 0.43%* 0.40**
Loaf volume 0.33* 0.51%** 0.33%* 0.42**
Crumb score —0.27* —0.39** —0.32 —0.34%
Yellowberry Flour yield 0.40 ** 0.31* 0.30* 0.22%*
Flow protein —0.78** —0.83%* —0.72%* —0.76**
Baking absorption —0.60** —0.66** —0.53%* —0.49 **
Mixing time —0.41 ** —0.46%* —0.35%+* —0.39%*
Loaf volume —0.49** —0.63** —0.61** —0.64%*
Crumb score 0.45*+* 0.56** 0.56** 0.58**
SDS sedimentation Flour yield —0.32% —0.19 —0.24 —0.16
Flour protein 0.55 %+ 0.55%* 0.54 % 0.56**
Baking absorption 0.70** 0.71** 0.59 ** 0.58 **
Mixing time 0.68 ** 0.69 ** 0.57** 0.62%*
Loaf volume 0.71 *%* 0.81** 0.80** 0.80*+
Crumb score —0.61** —0.56%* —0.64 ** —0.65%*

* P<0.05; ** P<0.01 (df=54)

ing from 6 to 17% protein. The mean values for the RILs
were generally intermediate to the parents (Table 2), ex-
cept for mixing time and crumb score, where the mean
values of the RILs were closest to the Anza values.

The parents and RILs showed relatively little re-
sponse to N fertilization (Table 2); thus, the N levels
served as additional replications in this study. For the
RILs, flour yield, loaf volume, and crumb score showed
small but significant improvement at N120 over the other
two N levels.

Relationships among grain and flour quality parameters

In the study of genetics of wheat quality and in wheat
breeding, the interrelationship of quality estimated from
unmilled grain with milled flour is of great interest. Car-
rillo et al. (1990) reported that grain quality parameters
were under rather strong genetic control. Protein content
is a strong determinant of end-use quality and is usually
estimated to be 1 to 2% higher in whole grain than in
milled flour. This is because the embryo and outer por-
tions of the kernel that are removed by milling are higher
in protein than the endosperm. In this study, grain and
flour protein content were strongly correlated over all

genotypes at each N level (Table 3). Remarkably, how-
ever, the flour protein content showed no response to N
fertilization (Fig. 1). Thus, it appeared that N fertiliza-
tion more strongly influenced N uptake in the embryo
and outer layers of the kernel than in the endosperm.

The grain characteristics were generally well correlat-
ed with flour performance in mixing and baking (Table
3). An exception is flour yield, which was unrelated to
grain protein or SDS sedimentation. Milling yield was
related to both pearling index and yellowberry, both of
these traits being indirect measures of grain hardness and
therefore to bran cleaning during milling. As quality pre-
dictors, pearling index was a satisfactory indicator of
flour yield, while yellowberry was more strongly related
to mixing and bread loaf characteristics. Finally, SDS
sedimentation proved, on the average, to be a good esti-
mator of desirable mixing and baking properties, while
grain protein content was not a good indicator of mixing
time. Thus, the four predictor tests evaluated previously
are complementary in their usefulness for milling and
bread quality evaluation. It must be pointed out that
these analyses were based on wheat of low protein con-
tent, and the discriminating properties of the predictor
parameters may not be the same at higher protein con-
tents.
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Table 4. Phenotype correlation coefficients among flour quality traits in a field experiment at three N levels for Anza x Cajeme 71

RILs and parents (n=>56)

Characters correlated:

Nitrogen level

N40 N80 N120 Mean
Flour yield Flour protein —0.20 —0.10 —0.14 —0.09
Baking absorption —0.57** —0.48 ** —0.65** —0.56%*
Mixing time —0.44** —0.41 ** —0.64 ** —0.48 **
Loaf volume —0.01 -0.13 -0.16 -0.02
Crumb score —0.11 0.03 0.25 0.16
Flour protein Baking absorption 0.60 ** 0.57** 0.55** 0.52%*
Mixing time 0.34* 0.29%* 0.30* 0.31%
Loaf volume 0.59 *#* 0.60 ** 0.70 ** 0.62%*
Crumb score —0.45%* —0.55** —0.54 ** —0.53*%*
Baking absorption Mixing time 0.72%* 0.73** 0.75%* 0.72%*
Loaf volume 0.45** 0.73 % 0.61** 0.51 %%
Crumb score —0.34%* —0.53** —0.59 ** —0.43**
Mixing time Loaf volume 0.44 ** .58 ** 0.45** 0.47**
Crumb score —0.42%* —0.46** —0.44%* —0.44**
Loaf volume Crumb score —0.77** —0.75** —0.79 ** —0.79**

* P<0.05; ** P<0.01 (df=>54)

Grain Flour
A A Anza
L} O Cajeme 71
[ O RIL

Protein, %

D/D\n
8t O/O_'_—_O
e\

40 80 120

Nitrogen Applied, kg/ha
Fig. 1. Relationship of bread wheat grain and flour protein con-
tent to rate of nitrogen fertilization. Standard errors: for Anza

grain (0.48) and flour (0.10); Cajeme 71 grain (0.48) and flour
(0.20); and RIL grain (0.06) and flour (0.10)

Correlations among the flour quality parameters
(Table 4) showed that flour yield was unrelated to protein
content or bread loaf quality, but it was related to both
water absorption and mixing properties of the dough. In
these genetic materials, these relationships were probably
related to grain hardness and yellowberry factors. Flour
protein content was more strongly correlated to loaf vol-
ume than to mixing properties. Loaf volume and crumb

score are the ultimate end-use quality parameters, neither
of which were strongly related to baking water absorp-
tion or mixing time. Thus, there are indications that the
various flour quality parameters are controlled by differ-
ent gene systems in Anza and Cajeme 71.

Associations with HMW-glutenin loci

The RILs were grouped according to HMW-glutenin
genotype and the means over all RILs within a HMW-
glu type were computed for each flour quality parameter
(Table 5). The HMW-glu means showed a range for each
of the six parameters which was within the parental
range. The only exception was flour yield, where the
derived 222 genotype mean exceeded Cajeme 71. Of
course, the individual RIL within a HMW-glu class
showed a range of expression, as illustrated for mixing
time and loaf volume in Figs. 2 and 3. Few of the individ-
ual lines reached or exceeded the values of the high-qual-
ity parent, but several lines had the same quality perfor-
mance attributes as Anza, the lower quality parent (e.g.,
genotype 111 in Fig. 2).

The HMW-glu gene effects are given for each N level
and the mean over N levels in Table 6. The effects for
each N level were remarkably consistent for the three N
levels, lending support to our hypothesis that RIL x N
interaction effects were small in this experiment. Signifi-
cant genetic effects were found for all parameters esti-
mated. In all, 126 tests of significance were made for the
three N levels, six traits, and seven gene action effects. Of
these, 23 of 54 (43%) of the single-locus effects were
significant and only 8 of 72 di- or trigenic epistatic effects
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Fig. 2. Dough mixing times for Anza and Cajeme 71 and indi-
vidual RILs (mean over three N treatments) in each HMW-
glutenin genotype. Open circles are the HMW-glutenin genotype
means. Closed circles are the RIL values
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Fig. 3. Bread loaf volumes for Anza and Cajeme 71 and individ-
uval RILs (mean over three N treatments) in each HMW-
glutenin genotype. Open circles are the HMW-glutenin genotype
means. Closed circles are the RIL values

Table 5. Mean values for quality characters and HMW-glutenin subunit identification for each HMW-glutenin genotype using means

over three N levels

Character HMW-glutenin genotype
Anza 111 112 121 122 211 212 221 222 Cajeme SE*
(111) 7
(222)
Flour yield 71.7 70.4 69.3 70.5 70.5 69.2 70.6 71.2 70.7 69.3 0.2
Flour protein 7.4 7.7 7.9 8.3 8.3 7.8 8.4 8.1 8.3 8.8 0.1
Baking absorption 55.8 51.5 61.5 58.2 60.7 59.6 62.1 59.3 60.3 63.5 0.4
Mixing time 2.1 2.5 4.6 2.6 4.0 3.3 4.6 3.2 4.0 741 0.2
Loaf volume 733 772 787 804 822 815 865 846 841 901 13.6
Crumb score 8.7 7.8 8.1 7.6 5.1 7.1 5.2 5.5 5.4 2.3 0.6
HMW-glutenin subunit
chromosome 1A null null nulil null null 1 1 1 1 1
1B 7/8 7/8 7/8 17/18 17/18  17/8 7/8 17/18 17/18 17/18
1D 2/12 2/12 5/10 2/12 5110  2/12 5/10 2/12 5/10 5/10

* Standard error, assuming means of six lines included for each HMW-glu genotype

were significant. The significance tests based on the
means computed over the three N levels are more reliable
and, of these, 11 of 18 single-locus effects and 7 of 24
epistatic effects were significant.

As in the previous study of grain quality traits, we
have computed the sum of the genetic effects, X «;, and
compared then to the difference, d, between the two par-
ents. The ratios X «;/d, as percentages, were 17 for flour
yield, 13 for flour protein, 9 for baking absorption, 8 for
mixing time, 13 for loaf volume, and 17 for crumb score.
When the o; were compared to ¢, the difference between
the derived 111 and 222 parental HMW-glu genotypes,
the percentages were 136, 30, 24, 27, 32, and 45%, respec-
tively. The anomalous result for flour yield was due to a

high value for the derived genotype 222 and because of
substantial epistasis for this trait. These results were sim-
ilar in magnitude to those of the previous study; that is,
both the quality predictor parameters (Carrillo et al.
1990) and the parameters more directly related to quality
examined in this paper showed that the HMW-glu loci
accounted for an average of 13%, when compared to the
parents, and 32%, when compared to the derived
parental genotypes (flour yield excluded) of the total
difference between the extreme phenotypes. These re-
sults, obtained from a population of lines from a bi-
parental cross, indicated that less of the variation in bak-
ing quality is associated with the Gluf loci than observed
in comparisons of varieties (Payne etal. 1987a, 1988;
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Table 6. Additive (a4, oy, o) and interaction (a,5, %ap, %sp, %app) gene effects based on means of all RILs within each HMW-

glutenin genotype

Character Nitrogen Gene effect
level
L7\ g %p N %aAD %BD %ABD
Flour yield N40 0.20 0.38%* —0.08 0.18 0.26 -0.05 —0.35*%*
N80 0.13 0.48 ** 0.20 0.00 0.28 ** —0.08 —0.45%%
N120 0.05 0.40** —0.20 0.18 0.38** —0.18 —0.30**
Mean 0.14 0.41#* —0.04 0.11 0.26** —0.11 —0.36%*
Flour protein N40 0.06 0.04 0.06 —0.13 0.03 —0.09 —0.02
N80 0.02 0.21** 0.16** —0.19** 0.06 —0.01 —0.09
N120 0.10 0.18** 0.17* —0.04 0.13 -0.10 0.01
Mean 0.06 0.14** 0.13** —0.12%* 0.07 —-0.07 —0.03
Baking absorption N40 0.41 —0.34 1.39%%* —0.26 —0.44 —0.44 0.04
N80 0.49 —0.09 1.24** —0.21 —0.34 —0.26 0.01
N120 0.48* —0.33 1.25%* —0.18 -0.30 —0.30 0.05
Mean 0.46* —0.24* 1.29%* -0.21 —0.34** —0.34** 0.04
Mixing time N40 0.26* —0.16 0.70** —0.05 —0.11 —0.06 0.00
N80 0.13 —0.09 0.67** —0.01 —0.25%* —0.13 0.01
N120 0.20 —0.31 ** 0.75%* 0.09 —0.18 —0.25%* 0.01
Mean 0.19** —0.18** 0.71** 0.01 —0.18** —0.15%* 0.00
Loaf volume N40 28.75** 10.50 —2.25 —0.50 8.75 —5.50 —7.00
N80 22.63** 8.88 18.13%*  —13.38 -6.13 -7.88 —8.13
N120 18.50** 9.25 14.25 —9.50 1.00 —6.75 —6.00
Mean 23.00** 9.50** 10.00 ** —7.75 1.25 —6.75 —7.00
Crumb score N40 —0.64 —-0.77* —0.24 ~0.14 —0.06 0.16 0.69
N80 —0.66 —0.54 —0.46 0.56 0.34 —0.34 0.41
N120 —0.76* —0.41 —0.81** 0.26 —0.24 —0.19 0.64
Mean —0.68 —0.58 —0.53 0.23 0.03 —0.13 0.58

*HE P<0.05; ** P<0.01

Rogers et al. 1989). Thus, bread-making quality is truly
a complex multigenic phenomenon that cannot be re-
solved by the simple effects of the HMW-glu loci.

Flour yield

This character showed very strong counteracting epistat-
ic effects (xt,p and o,pp ), With the result that o was the
most important single-locus effect in contributing to
higher flour yield (Table 6). The results are enigmatic
since Cajeme 71 had lower flour yield than Anza, and the
derived 222 (=Cajeme 71), 212, and 221 genotypes had
higher flour yield than Cajeme 71. There is no a priori
reason to expect tht HMW-glu alleles are directly related
to flour yield. These results may be due to complex inter-
relations to kernel hardness and/or yellowberry or other
associations, as will be dicussed later.

Flour protein content

Flour protein was positively influenced by Glu-B1 and
Glu-D1 loci, but reduced by the significant «,5 epistatic
effect. The o and o, effects were expressed only at the
highest N level, one of the few gene effect x environment
interactions that was observed in this study. The com-

bined association of protein to HMW-glu loci was small
and probably of little significance for selection of high
quality in a breeding program.

Baking absorption and mixing time

The two parents differed substantially for these traits,
both of which are regarded as very important in bread
manufacture. The traits were strongly correlated (Table
4) and the associations with HMW-glu effects were par-
allel in amount and sign (Table 6). The «, and «p, single-
locus effects positively influenced the traits, while the
additive effect ap and the epistatic effects, o, and agp,
contributed negatively. These results point to similar ge-
netic control of water absorption by flour and its subse-
quent mixing properties. The Glu-1D locus with subunits
5 and 10 from Cajeme 71 had an effect that was approx-
imately three times stronger than the Glu-14 (null) locus.
The Glu-1B locus subunits 17 and 18 of Cajeme 71 were
detrimental or, alternatively, from these results it can be
inferred that subunits 7 and 8 from Anza contributed
positively to water absorption and mixing time. The na-
ture of gene action revealed by RILs for these traits
clearly points to a potential gain in plant breeding by
recombining alleles from these two parents.
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Bread loaf volume and crumb score

These two traits were highly correlated and both repre-
sent the ultimate evaluation of wheat flour for bread
making. Crumb score is a subjectively evaluated visual
score that typically gives a high coefficient of variation.
Loaf volume is more precisely measured, but is some-
what dependent upon the bread-baking process used and
on the skills of the technologist. All three alleles from
Cajeme 71 contributed additively to the improvement of
bread loaf volume (Table 6). In contrast to the other
traits examined here, epistatic effects were not important.
The Glu-A1 alleles of Cajeme 71 had about twice the
effect of the Glu-B1 and Glu-D{ alleles on loaf volume.
These results suggest that bread-making quality is simply
inherited and therefore easy to manipulate by direct se-
lection on loaf volume and crumb texture or by selection
for specific HMW-glu alleles. The situation is not so
simple, however, because all of the other traits examined
are interrelated and complexly inherited. For example,
SDS sedimentation and loaf volume were strongly corre-
lated (Table 3), but the additive effects of the HMW-glu
loci were more important for SDS sedimentation volume
(Carrillo etal. 1990) than loaf volume. Furthermore,
Glu-D1 was more strongly associated with SDS sedimen-
tation and Glu-A 7 was more strongly associated with loaf
volume. The Glu-D1 association with SDS sedimentation
volume decreased with higher N fertilization. The Glu-A1
effect on loaf volume also decreased at higher N fertiliza-
tion.

The relationship of quality and specific gene effects to
grain protein content is also a confounding factor in the
interpretation of the genetics of quality. This can be illus-
trated in the present study by the covariance of flour
protein and loaf volume. Figure 4 shows a very strong
relationship of the HMW-glu genotypes to flour protein
and loaf volume. When this result is assessed in a differ-
ent way (Fig. 5) the gene effects, both single-locus addi-
tive and epistatic, also show a tendency for a linear rela-
tionship of genetic effects from negative epistatic effects
to positive, single-locus additive effects for these two
traits. Flour protein content of the grain can be directly
modified by nitrogen fertilization and other crop man-
agement factors, but the genic composition of the flour
sets limits on the variation end-use quality. Unpre-
dictable environmental effects, such as rainfall and tem-
perature variation, obscure both protein content and the
action of specific genes.

Genetic variation among RILs within HMW-glu classes

The F-values are presented in Table 7 for tests for genetic
differences among lines within each MWM-glu genotype.
There were multiple replicates of Anza and Cajeme 71
(and its sib Yecora Rojo) in the experiment, and these
were analyzed for within-Anza and within-Cajeme 71
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Fig. 4. Relationship of flour protein and bread loaf volume for
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Fig. 5. Relationship of flour protein and bread loaf volume for
additive and epistatic gene effects (« symbol omitted)

differences to give a degree of measure of chance effects,
since no genetic variability exists among the Anza or
Cajeme 71 parental entries. Three of 12 (25%) of the
parental tests were significant at P=0.05 (Table 7). For
the HMW-glu genotypes, 35 of 48 (73%) tests were sig-
nificant, thus showing that genetic variation for the qual-
ity traits was distributed among the RILs independently
of the HMW-glu alleles. These results were especially
notable for flour yield and flour protein, where among-
RIL effects were significant for all HMW-glu genotypes,
except for flour yield for genotype 211. It could be argued
that these traits are not directly influenced by HMW-glu
subunit size, composition, or configuration so that the
genes should be randomly distributed among the HMW-
glu genotypes, even though significant oy (flour yield)
and ay and o, (flour protein) effects were detected.
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Table 7. F-ratios for tests of significance of genetic variation among RILs in each HMW-glutenin genotype group and among
replicates for Anza and Cajeme 71 within HMW-glu genotypes. Significance tested against error mean squares from Table 1

Character HMW-glutenin genotype
111 112 121 122 211 212 221 222 Anza Cajeme
a7
(222)
Flour yield 22.46*%%  6.58** 10.46**  6.33%F 192 22.23**%  18.50** 12.96** 1.26 0.03
Flour protein 4.09**  8.18** 10.80** 18.27**  564* 13.13%F  427* 1636** 0.93 0.14
Baking absorption 24.35%  11,99%*% 24.51** 24.00** 14.40** 16.30** 30.90** 28.60** 3.46* 1.00
Mixing time 7.25%*%  17.20%*  532%% 125 6.60* 1.35 10.60** 24.90**  0.69 21.67*
Loaf volume 6.35%%  2.66 4.06**  6.56 1.75 1.18 3.18 2.35 3.54% 0.46
Crumb score 1.83 0.91 417%*  7.52% 0.55 1.89 6.65**  5.77*%  0.18 0.00

* P<0.05; ** P<0.01

For baking absorption and mixing time, genetic vari-
ation also was detected among RILs for eight of eight
and seven of eight HMW-glu genotypes, respectively.
For these traits, the properties of HMW-glu subunits
might be expected to be directly related to flour handling
properties. The results in Table 6, which show strong o,
effects and lesser, but significant, a, and oy effects, sup-
port that suggestion. Finally, loaf volume and bread
crumb score gave different results, where only 6 of 12
(50%) of the among-RIL within-HMW-glu variances
were significant. The «,, oy, and o effects for loaf vol-
ume and crumb score were all significant and quite large
If the Glu-1 loci effects are pleiotropic with these proper-
ties, then little among-RIL variation would be observed.

Conclusion

Taken together, these results clearly show that: (1)
HMW-glu loci account for only a part of the variation in
quality traits, (2) both additive and epistatic effects are
important, and (3) there are substantial associations of
traits with the Glu-7 loci which may be due to linkage of
genes to the Glu-A1, Glu-B1, and Glu-D1 loci, to random
chance associations, or to pleiotropy. In the latter case,
pleiotropy could be incomplete because of environmental
influence on genes having small effects on the measured
traits. These various issues may be resolved by studying
marked segments of the whole wheat genome by RFLP
analysis. This is a goal of current research.

The rather weak relation of the HMW-glu loci to
quality is still large enough that breeders can make sub-
stantial gains by using electrophoretic selection for
specific glutenin protein subunits. Further refinement by
the classifications of the RILs for low-molecular-weight
glutenins and gliadins (Payne et al. 1987 b; Gupta et al.
1989; Metakovsky et al. 1990) may improve the genetic
resolution of wheat quality as an aid in plant breeding.
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