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Abstract:

Increasing grain protein content is an important wheat breeding goal. A previous study by Noaman and
Taylor (1988b) showed the combination of protein content in the head, peduncle, and flag leaf of
winter wheat at heading provided a good estimate for grain protein. The objectives of this research
were to study the heritability of protein content in these plant parts and to apply these results in indirect
selection scheme for grain protein improvement.

Two random populations of winter wheat from four parents in double crosses were used in this study.
Sixty random F2-derived F5 and F6 lines were grown in randomized complete block experiment with 3
replicates in two years.

Significant differences for grain yield, grain protein, and vegetative protein content were detected
among F5 and F6 lines in both populations. The genotypic and phenotypic correlations between grain
protein and protein content in different plant parts were in agreement. Estimates of narrow sense
heritability of protein content using variance components method ranged from 0.46 to 0.94 for leaf 2 at
anthesis and head at heading, respectively, in population 1, and, from 0.63 to 0.89 for peduncle and
head at heading, respectively, in population 2. The parent offspring regression method for calculating
the heritabilities gave similar results. Correlation coefficient (r) between predicted and observed grain
protein ranged from 0.50 to 0.88 and from 0.37 to 0.84 in populations 1 and 2, respectively. The
highest r was obtained from the combination of head, peduncle, and flag leaf protein at heading.
Correlation between protein in plant parts and grain yield was very small and not significant.

The high heritability of vegetative protein at heading allows the identification of genotypes before
pollination which are likely to produce high grain protein. These can be intercrossed in a recurrent
selection scheme to increase grain protein content. Indirect selection for head, peduncle, and flag leaf
protein should result in increased grain protein without yield reduction noted in other breeding
schemes.
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ABSTRACT

Increasing grain protein content is an important wheat breeding
goal. A previous study by Noaman and Taylor ({1988b) showed the
combination of protein content in the head, peduncle, and flag leaf of
winter wheat at heading provided a good estimate for grain protein. The
objectives of this research were to study the heritability of protein
content in these plant parts and to apply these results in indirect
selection scheme for grain protein improvement.

Two random populations of winter wheat from four parents in double
crosses were used in this study. Sixty random F2-derived F5 and F6 lines
were grown in randomized complete block experiment with 3 replicates in
two years.

Significant differences for grain yield, grain protein, and
vegetative protein content were detected among F5 and F6 lines in both
populations. The genotypic and phenotypic correlations between grain
protein and protein content in different plant parts were in agreement.
Estimates of narrow sense heritability of protein content using variance
components method ranged from 0.46 to 0.94 for leaf 2 at anthesis and
head at heading, respectively, in population 1, and, from 0.63 to 0.89
for peduncle and head at heading, respectively, in population 2. The
parent offspring regression method for calculating the heritabilities
gave similar results. Correlation coefficient (r) between predicted and
observed grain protein ranged from 0.50 to 0.88 and from 0.37 to 0.84 in
populations 1 and 2, respectively. The highest r was obtained from the
combination of head, peduncle, and flag leaf protein at heading.
Correlation between protein in plant parts and grain yield was very small
and not significant. ’

The high heritability of vegetative protein at heading allows the
identification of genotypes before pollination which are likely to
produce high grain protein. These can be intercrossed in a recurrent
selection scheme to increase grain protein content. Indirect selection
for head, peduncle, and flag leaf protein should result in increased
grain protein without yield reduction noted in other breeding schemes.




INTRODUCTION

It is necessary to increase protein productivity of grain crops to
meet present and future world protein requirements. Grain protein
content of wheat is a major contributor to nutritional quality and plays
a decisive role in the baking performance of wheat flour (Sampson et al.,
1983). Grain protein content is fhe end result of compiex physiological

>processes and is controlled by many genes. Recent emphasis on'improyiﬁg
"the nutritive vélue of wheat hég'resulted in greater efforts to increaée
grain protein content. Plant scientists are searching for germplasm and
for fechniques that help maiﬁtain 6; enhance grain protein content as
grain yields are increased. Unfortunately, the negative relatioqghip
between'grain yield and'grain protein presents a challenging broblem. At
least two aﬁproaches may be used to overcome or reduce this‘inGérse
relationship. First, increasing both N uptake and carbohydrate synthesis
simhltaneously which requires unde:sténding N movement before grain»
formation. Second, by iﬁdirect seiection for characteré which arel
positively correlated to both érain yield and grain protein.

Noaman and Taylor (1988b) showed the combination of protein content
in the head, peduncle, and f1a§ leaf at heading provided good.predictioﬁ
for grain protein. The objectives‘of this study were; 1) to apply these
results fo test the validity of using these relationshiﬁs as an 'indirect
selection technique to predict grain'protein,‘and, 2) to estimate the

heritability of protein content in these plant parts.




LITERATURE REVIEW .

Relationship Between Grain Protein and Vegetative Protein

Carbohydrates and proteiﬂ comprise more than 90% of grain dry
weight, with carbohydrates comprising the larger fraction. Nitrogen is
absorbed by plant roots, stored in stems and leéves, and then
translocated to the developing grain where it is incorporated into
protein. Carbohydrates, on the other hand{ are photosynfhesized by the
. plant and then translocated td the grain. Haunold ét al. (1962bf
reported that protein in the grain 6f wheat results from the
franslocation of nitrogenous comﬁounds from other parts of wheat plant.
Presumably, the level of nitrogen in the plant influences the amount
ultimately translocated to the wheat grain. Thenlevel of nitrégen'in the'
wheat plant, in turn, is affectgd by the availability of nitrogen in the
soil in which fhe wheat grows.

The relgtionship between plant N and grain protein has been the
subject of much research. - Grain.protein content appears to act as a
highly heritable trait when studied independently of other plant
characteristics (Haunold et al., 1962a; Chapman and McNeal, 1970).
However, when studied in conjunction with related characteristics, grain .
protein coﬂtent seens to be larggly determined by plant‘growth processes
(Army and McNeal, 1958; McNeal et al., 1968, 1971). McNeal et al. (1968)

reported a close relationship between grain N content and the - amount ofA.
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top growth. McNeal et alf (1972) found that grain N yield ié closely .
related to the amount of N in the plant (r = 0.96). They postulated that
grain protein content would then be dependent on the amount of . :
carbohydrates photosynthesized and'diétributed to,grain,‘which in ¥urn
would be influenced by kernel size and kernel numbef per plant. Woodruff
(1972) concluded that breeding cultivarsvwith more prolonged leaf area.
development and similar, orzlowef harvest index would increase grain
nitrogen concentrations for a given yield level. Cox et al. (1985)
showed that total N assimilation was correlated (r = 0.68 to 0.86; P «
0.01) with grain and grain protéin yiélds. Nair and Abrél {1978)
suggested that for genotypic imprpvement 6f grain N, the capacity of the
upper leaf blades for NO3-assimilation and mobilizatipn gf reaucéd ﬁ is
important. Rao et al. (1977)'sug§ested thaf no single_identifiablé
factor caﬁ be used as a physidlogical‘criterion in selecting wheat
geno;ypes for efficient N utilization. Selection must consider several
factors simultaneously, including long-term capacity for N absorption, in
vivo reduction of nitrate, and efficient translocation-of vegetative N to
the developing grains. The synthesis of more protein or more
carbohydrate in thé grain requires the availability of additional
photosynthesis to developing grains. Furthermore, an increment in
nitrogen input is needed to produce additional proteiﬁ. Alternatively,
more efficient utilization of assimilates towards grain productiqn would
achieve the same results. In a étudy ofA13 soft red winter wheat
cultivars, no association was found between protein content and grain

yield, espec1ally among cultivars with 'Frondosa'’ and 'Fronteira' in
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their parentage (Middleton et al., 1954). Close relationship between
grain protein and vegetative protein at heading was found by Noaman and
Taylor (1988b). They established five prediction equations for grain
protein using vegetative protein as independent variables. They
concluded that the combination of head proteih, peduncle protein, and
flag leaf protein at heading provided a good prediction for grain protein

content in winter wheat.

Inheritance of Grain and Vegetative Protein Content

The first published report in the United States of genetic
investigation of the quantity of protein in the grain of wheat date to
the work of Clark k1926). Since then, grain protein content in wheat has
been studied by various investigators, who have postulated the genetic
control of protein by gene numbers ranging from one to eight factor pairs
(Ramondt and Torrie, 1935; and Warner, 1952). Most of wheat studies have
concluded that grain protein is genetically controlled and heavily
influenced by environmental factors. Multigenic control of the high
grain protein characteristic was iﬁdicated (Haunold et al, 1962b).

Kuspira and Unrau (1957) studying chromosome substitution lines of
Thatcher spring wheat in a Chinese Spring background, indicated that
genes oh at least five different chromosomes were associated with the
expression of grain protein content of Thatcher.

Most of the characteristics with which the plant breeder works
exhibit the continuous variation generally explained by the multiple

factor hypothesis. An understanding of the nature of the hereditary
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mechanism controlling these characters should enhance the development of
superior cultivars. Heritability has‘been defined‘by Lush (1940) as that
fraction of total variance within a seéregating populafion attribu&able
to additive genetic effects. Heritability estimates of gfain protein as
high as 0.86 have been calculated (Stuber et al., 1962). Johnson et al.
{1963) obtained F2 derived families from an 'Atlas 66' x 'Comanche'

cross that were more productive and had higher grain protein éhan
Comanche, the lower protein parent. This suggesté signifiéant potential
for progress in selecting for high grain protein content. Using ;he'
regression of F3 lines on F2 plants, Sunderman et al. (1965) obtained
estimates of heritability of grain protein of from 0.15 to 0.26. Davis
et al. (1961) obtained broad sense heritability estimates of 0.54 to
0.69. Héunold et al, (1962a) obtained heritability estimates as high as
0.65 for grain protein content by using parent offspring regression
techniques for several selfed generations. Baker et al. (1971) obtaiped

heritability for grain protein of 0.89 using variance components.




MATERIALS AND METHODS
Genetic Materials

Two winter wheat populations used in this study involved parents
diffe;ing in grain protein content, grain yield, énd other agronomic
characters'(Table 1). Population 1 waé formed from the éross‘(ID iO3{MT
7811//PLV/Manning). All are hard red wintef wheats except MT 7811 which
is a hard white winter wheat. Population 2 was formed frbm the cross (MT
8001/MAR-5//ID 103/MT 7840). Rll are hard red winter wheats. The four
parents‘and 60 random F2-derived F5 and F6 lines‘from each population
.plus a hard red winter wheat with high grain protein 'Redwin' and one
with low grain protein 'Bruie' as check cultivars %ere ﬁseq. In 1986 the
F5 and in 1987 the F6 lines were planted at one location and two
locations, respectively. ﬁo selection was practiced for grain protein _

during the testing period.

Experimental Design

The 66 entries were grown in randomized complete block experiments
each with 3 replicates in each environment. Plots were 3.5 m long and
consisted of 3 rows 30.5 cm apart (each plot consisted of a single
entry). The middle row was used for yield evaluation and the outer two
rows for plant sampling. The p1antin§ rate was 8 § of seed per 3.5 n

row. Each population was planted and treated as a separate experiment.
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The two experiments (populations) were conducted in 1986 and 1987 at the
Montana State University, Post Field Research Laboratory, Bozeman,
Montana. In 1987, in addition to the Post Farm location, they were
planted at Fort. Ellis 5 miles éast of Bozeman. Exierimental design, plof
dimensions, and planting rates were the same for both years and
locations. in the years, 1985-86 and 1986-87, about 110 kg/ha and 150
kg/ha of available N(NO3-N), respectively, were present in the ubper one
meter of the soil profile at the Post Fafm lécation. Consequently, we
added ;00 kg and.140 kg N/ha of ammomium nifrate (34%) as a source of N
in both years, respectively. Abéut 90 kg/ha of available N(ij—N) were
present in the soil profile at Fort Ellis location. We added 100 kg N/ha
of ammonium nitrate in this location for 1986-1987. Adequate P, K, and S
were present in the profile in both locations in both years. Crop year
precipitation {September 1985 to August 1986) was 47.07 cm. The second
year precipitation (September 1986 to August 1987) waé 44;68 cm.“The’
avérage growing season temperafure was 6.706 in the first seaéop and 6.9°
C in the second season. Soil type in both locations was similar (Bozeman
series, Fine-silt, mixed, Argic Pachic Cryoborall)i Random plant samples
were taken from the outer rows, separéted into head, peduncle, flag leaf,
and second leaf (from plant top) at heading and anthesis. These samples
were collected, oven-dried to a constant weight at 60°C, thenvg;ound'in a
Udy Cyclone Mill (0.5 mm screen’. The Technicon Infr%lyzer TM 400
instrumeﬂt was used to estimate protein content in the‘gréund plant
samples (Nbaman et al., 1988a). Data were analyzed by standard analysis

of variance. Least significant difference (LSD) was used to test means
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for significant differenées among genotypes (Steel and Torrie, 1980).
Héritability of each character (as the additive portion of total génetic
variance) was estimated as the ratio of genotypic (G) to the'phenotypié
(G + E) variance, where G was the component of variance due to avérage
differences among cultivars and E was the cohponent due'to deviations
froﬁ average performance (measurement errors and genotype x year and
location interactions). Genotypic variance was computed from the
expected mean squares from the analysis of variancé. Confidence
intervals for heritability eétimates were éomputed using methods
described by knapp et al. (1985).

Table 1. Means of plant height, days to heading, grain yield, and grain
protein of parents involved in the two double crosses.t

Plant .
height Days to Grain yield Grain protein
Parents Origin cm headingt kg/ha g/kg

Population 1
ID 103 Idaho 81.2 160 22217 138
MT 7811 Montana 99.6 157 2479 144
Plainsman V Private 85.5 159 1472 178
Manning Utah 100.8 167 2215 . 130
Population 2
MT 8001 Montana 85.8 160 2049 152
Martonvasar - Hungary 97.5 16l 1196 142
ID 103 Idaho 81.2 160 2233 138
MT 7840 Montana 91.9 159 2117 147
Checks
Redwin Montana 105.6 165 2061 139
Brule Nebraska. 95.3 153 2472 119

1 Average of three locatlons and two years.
The number of days from January 1 until approximately 50% of the
heads had emerged from the flag leaf sheath.
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The other common method of estimating the heritability percentages
is by the progepy—parent regression procedurevproposed by Lush (1940).
This procedure involves regressing of the mean valuequ a character in
the ﬁrogeny of F6 upon the value of the same character in the parent
(F5) . |

Simple correlations among traits were calculated at both genotypic
"and phenotypic levels. Phenétypic‘correlétioné weré computed using éntry

means. The genotypic correlations were estimated using genetic variance

and covariance components isolated from the appropriate mean square or

mean product.
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RESULTS AND DISCUSSION

Variation Among Lines for Grain Yield and Protein Content

Protein content varied greatly in both populations at the three

environments.

Significant differences (P ¢ 0.01) for grain yield, grain

protein content, and protein content in plant parts were detected among

F5s and F6s in all three test environments (Tables 2,

3 & 4).

This

variability, if genetic, should permit genetic advance through selection.

Table 2. Mean squares for protein content in different plant parts at
various growth stages, grain protein (GP), and grain yield (GY)
for the F5 in populations 1 and 2 at Post Farm.

Heading Anthesis . Ripe
Source df Head Peduncle Leafl Leaf2 Leaf2 6P GY
Population 1
Reps. 2 0.32 0.02 3.83 0.59 0.23 0.30 9739
Genotype 65 6.07 ** Q.73 ** 3,62 ** 4.64 **x 0,56 ** 2,43 ** 5030 **
Error 130 0.21 0.17 0.39 0.51 0.25 0.09 2566
Population 2
Reps. 2 0.04 0.05 1.50 0.04 0.08 0.03 4515
Genotype 65 4.19 ** Q.51 **x 5,69 ** 2,98 0.97 ** 3.41 ** 6236 **
Error 130 0.25 0.18 0.33 0.51 0.40 0.11 1097 .

**x Significant at 1% level of probability.
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Table 3. Mean squares for protein content in different plant parts at
various growth stages, grain protein (GP), and grain y1e1d (GY)

for the F6 in populations 1 and 2 at Post Farm.

Heading .Ripe
Source af Peduncle Leafl Leaf2 GP oY
Population 1
Reps. 2 . 0.97  1.20  0.19 0.90 1532
Genotype 65 *% 0,61 %% 3,70 %% 3,17 ** (.40 3.87 *x 5398 *x
Error 130 0.51 0.60 0.36 0.17 - 540
Population 2
Reps. 2 . 0.27 0.21 0.54 0.01 552
Genotype 65 %%k (0,43 ** 3,90 ** 1.68 ** (.94 3.33 ** 8303 *x
Error 130 0.58 . 0.62 0.35 0.13 465

**x Sjgnificant at 1% level of probability.

Table 4. Mean squares for protein content in different plant parts at -
various growth stages, grain protein (GP), and grain yield (GY)

for the F6 in populations 1 and 2 at Fort Ellis.

Heading

Ripe

Head Peduncle

Leafl  Leaf2

GP GY

Source df-
Reps. 2
Genotype 65
Error 130
Reps. 2
Genotype 65
Error 130

x% 0,53 %

2.83 ** 0,42 **

Population 1

1.19 0.89 .
2.93 *% 2,09 ** 0.46 **
0.36 0.51

Poﬁulation 2

0.37  0.76
2.63 X% 1.69 ** 0,97 **
0.36 0.54

0.26 45500

2.14 ** 15450 ** °

0.14 1494

0.17 11610
1.54 ** 15810 *x
0.14 1196

** Significant at 1% level of probability.
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Pooled analyses of variance (Table 5) show genotype (G) x
environment (E) interactions. The G x E interactions were highly
significant for most measurements across the three test environments for
both populations. Peduncle protein at heading in both populations and
leaf 2 protein at anthesis in population 1 showed no G x E interaction.
This indicates that genotypes react differently when evaluated in
different environments. Although the G x E interaction effect was
significant for most of tﬁe measured Qariables,-the magnitude of the mean
square for interactibn compared to those for genotypes was fairly low.
In no instances were these interaction mean squares as large as the
genotype mean squares. It seems that the need for sampling of several
environments (years and locations) in a testing program is important.
For protein content and grain yield, G x E were similar in the two
populations. | |

The means of parents, midparents, and progenies, and the range of
means and standard deviations of the F5 and Fé6 progenieé for grain yield
and grain protein are shown in Table 6. All the means of the progenies
of F5 and'FG in both populations at the three environments exceeded the
means of the midparents for grain yield. Transgressive segregation for
grain yield was apparent where some of the F5 and F6 progeny means
exceeded the highest parents in both populations and some of the progeny
means were lqwer than the low yielding pareﬁt.

Without exception, all the means of the mid-parent in population 1. '
exceeded the mean of the progeny of F5 and Fé6 for graip protein. This

was due to the high protein parent 'Plainsman V' which elevated the mean
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of the parents. Thus,; none of the progeny means exceeded the protein

content of this cultivar.

In population 2, the situation was reversed

where all the means of the progenies exceeded the mean of the parents.

Some of the progeny means exceeded the highest protein parents in all’

environments.

Table 5.

Mean squares for protein content in different plant parts at

various growth stages, grain protein (GP), and grain yield (GY)
for populations 1 and 2 over three epvironments.

" Ripe

Heading Anthesis
Source df Head Peduncle Leafl Leaf2 Leaf2 GP GY
Population 1
Environ.(E) 2 9.16 10.11 4.43 12.18 2.28 261.48 64842
Reps./ E 6 0.44 - 0.23 1.99 0.89 0.17 0.78 6294
. Genotype(G) 65 13.71 ** 1,48 ** 9,11 ** 8,25 ** 0,94 ** (.64 ** 15835 **
G xE 130 0.72 ** 0.19 ns 0.57 * 0.83 ** 0.24 ns 0.74 ** 7191 **
Error 390 0.26 0.20 . 0.42 0.54 0.27 0.12 1518
Pogulation 2
Environ.(E) 2 6.58 4.90 . 9.09 7.72 0.69 256.09 362838
Reps./ E 6 0.87 0.06 - 0.71 0.34 0.29 0.73 5696
Genotype(G) 65 8.78 *% 1.08%x 10.55 ** 4,74 ** 3,00 ** 5,89 ** 16853 *x*
GXE 130 0.59 ** 0.13ns 0.84 ** 0.80 ** (0.44 ** (.93 ** £598 **
Error 390 0.33 0.19 0.42 0.56 0.27 0.12 894

x %% Significant at 5%
~ns Not significant.

No one line in population 1 combined a maximum expression for both

grain yield and grain protein.’

and 1%

levels of probability, respectively.

exceeded both high grain yield and high grain protein parents

simultaneously. ‘In population

2, however, five progeny means had both

In other words, none of the progeny means
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higher gfain yield and grain protein than the highest pafents in the Post -
Farm F5 experiment. These five lines and the other threeilines from
population 2 at Fort Ellis experiment (F6) exceeded the highest parent in
grain yield and grain protein significantly. |

Averaged over two locations, only 3 F6 lines combined high GY with
reasonably high GP but not higher than the'high protein parent in
population 1. None of the progény means. exceeded the combination éf the
highgst GY and GP parents. In populafion-z,'two progeny means combined
both higher QY and higher GP than the highest parents, simultaneously.
These results indicate that selection for high gfain yield and grain
protein simultaneously ¢an be achieved as was suggested b& Stuber et al.
(1962) and Johnson et al. (1971).

In'populétion 1 none of tﬁe lines combined both GY and GP higher
than the highest check cultivar. In.population 2, only one line exceeded
both the check cultivars in GY and GP simultaneously.

It might be possible to seléct for any desired combination of GY and
GP, but some compromise or trade off would have to be made in the lines
selected. The combined experiments indicate potential for selecting
lines with high GY and high GP in these populations. '

In both populations at the three environments the 60 progenies
showed continuous distribution in protein content and grain yield with no
breaks in the distribution (Tables 7 & 8). Differences in protein and
grain yield may result from minor genes whose individual éffécts are
influenced by fﬁe environment.u In general, the most frequent qlass of

each progeny contained, or was close to, the progeny mean. These results
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Table 6. Means, range of means, and standard deviation for grain yield
{kg/ha) and grain protein (g/kg) for parents, F5s, and ‘F6s in
three environments.

Mid-parent

Parent means Progeny
: mean ’
Pl P2 P3 P4 Mgan Range SD
Post Farm (FS)

Population 1 ‘ ‘
Grain yield 4533 5046 3003 4521 4276 4502  3225-5578 365.6
Grain protein 138 144 178 130 148 145 ~ 129-161 18.0 °
Population 2
Grain yield 4171 2438 4228 4312 37817 4241 3000-5441 239.0
Grain protein 152 142 133 147 143 147 124-168 19.0

:Post Farm (F6)
Population 1
Grain yield 5846 5387 3066 5016 4828 4893 3858-5975 167.8
Grain protein 115 124 181 119 135 129 '109f150 24.0
Population 2 ‘ _
Grain yield 3987 2537 5608 4475 4152 4521 2703-6221  155.6
Grain protein 135 140 116 126 129 131 111-155 20.0

Fort Ellis (F6)
Population 1 ' ‘
Grain yield 6041 3900 5233 3946 4780 4916 2616-6558 279.0
Grain protein 118 119 161 110 127 - 122 108-137 22.0
Population 2 ‘

Grain yield 2425 2703 4158 3966 3313 3482 2158-5728 249.6-
Grain protein 118 132 118 121 122 125 111-142 22.0
Average (F6)‘P6st Farm+Fort Ellis

Population 1 o : :

Grain yield 5943 4643 4150 4481 4805 4901 3425-5850 538.0
Grain protein 117 122 171 114‘ S 131 126  111-140 87.0
Population 2 ‘

Grain yield 3206 2621 4896 4220 3736 4000 2737-5965 639.7
Grain protein 126 126 117 123 2123 128

113-145

73.0
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are similar to those of Sampson et al. (1983), Haunold et al. (1962a),
and Stuber et al. (1962). Table 7 shows that in the two populations,
none.of the progeny means had lower grain yields than the low parent. in
either of the two environments. ‘More‘than half of the pfogeniés of F5
and F6 have higher yield than midpafeht values in all environments but
few exceeded the high parent.
Table 7. Frequency distribution of grain yield in progenies of the two

populations, and number of progeny lines with lower and higher

grain yield than the low- and high-parent means in three
environments.

Grain yield (kg/ha) class points - Yield below Yield above

1250- 2501- | 3751- 5001~ 6251- LP{ MP} HP# MP
2500 3750 5000 6250 - 7500 .

Pdst Farm (F5)

Population 1 - 2 48 . 10 - 0 19 9 41
Population 2 --- 11 42 - 7 ——— 0 11 29 49

Post Farm (F6)

Population 1  --- 34 26 -——= 0 24 1 36

Population 2 --- 6 40 14 - 0 13 1 47
Fort Ellis (F6)

Population 1 --—- 5 25 28 2 8 28 5 . 36

Population 2 12 27 18 3 ——— 6 29 - 12 . 31

+ LP Low parent
+ MP Mid parent
# HP High parent
Table 8 shows none of the population 1 lines exceeded the high

protein parent but many exceeded the midparent values. Very few of the

progeny means for -both populati¢ns were lower than the low proteiq'
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parents, but many of them were lowér tﬁan the midparent values,
especially in population 1. 1In population 2, él, 12, and 8 lines in F§,
f6, and F6, respectively, exceeded the high protein parent.

In general, the progeny means for grain protgin content and grain
yield were in the most frequent cl#ss. frequency distributions of F5
and F6 lines resembled a ﬁormal distribution and provided evidencé that
these two traits were under polygenic control. |

No evidence.or'indication was apparent'of dominant genes for either
trait. Variation of GY and GP lines, in general, was slightly greater ‘in
F6 than in F5 in both populations. |
Table 8. Frequency‘distribution of grain protein in progeﬁies of

the two populations, and number of progeny lines with lower and -

higher grain protein than the low- and high-parent means.in
three environments. '

Grain protein (g/kg) class midpoints GP below GP above:

105 115 125 135 -145 155 165 ©LP}- MP{ HP# MP

Post Farm (F5)

Population 1 --- ——- 1 15 27 15 2 1 39 0 21
Population 2 --- --- 2 13 12 26 7 7 21 21 39

Post Farm (F6)

Population 1 3 7 25 18 6 1 --—- .3 43 0 17

Population 2 ~—— 13 9 25 12 1 - 6 19 12 41
Fort Ellis (F6)

Population 1 2 17 29 12 ——— e —em 2 44 0 16

Population 2 --—- 12 29 18 1 == - 8 15 8 45

+ LP Low parent
+ MP Mid parent
# HP High parent
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Genotypic and Phenotypic Correlations of Grain Yield,
Grain Protein, and Vegetative Protein

Progress in breeding is‘conditioned by the maénitude, nature, and
interrelations of genetic and nongenetic,varidtioﬁs in the various
significant plant characters.

Many publications contaiﬁ sections dealing with character
relationships described by correlatién coefficients. Aithough
correlation coefficients measure the degree of relationship between two
characters in a population, they do not indicate how much of the measured
relationship is heritabie. So, we must glimihate some of the
environmental variance by calculating genetic correlation.

The simple genoéypic {rg): and phenotypic (rp) correlatiéns between
grain protein content, and protein content of plant parts were calculated
for both populationshat all locations (Table 9). Due to the large
pépulations, correlation coefficienf.as low as 0.25.was statistically
significant. 1In general, the genotypic correlations agreed élosely with
phenotypic correlations. The‘values of rg were higher than rp because
they did not have any environmentél effect, but only represent the
heritable part of the total cérrelation, In general, the highest
correlations were'found between.GP and- head proteiﬁ_at headiné in both
populations at the three environments. Léaf 1 proteih at heading for
both populations and leaf 2 prétein at anthesis’ for populétion 2 wefe not .
correlated. with grain protein at any environment (Table 9). When used in

a single correlation with grain protein, Leaf 1 (flag leaf) did not
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Table 9. Genotypic (rg) and phenotypic (rp) correlations between grain
protein and protein content in different plant parts at various
growth stages in populations 1 ‘and 2 in three environments..

Heading - Anthesis -

H1+ H2 Pl P2 L1l Li2 L21 L22 L21 " L22

Post Farm F5 '

rg .96*% ,80%* - 95*%* - 92%* _Q9ns -.05ns .T0** ,89%*x - _£2*%* - 08ns-
rp .93%*% [TTkx - 82%k - T4%%x . 08ns -.04ns .65%*  §O** - 44** - _06ns

Post Farm F6

rg .82%% _79%%x - §2%k - 37**% - 05ns  .02ns .39** . 51** - 34**% - .03ns
rp .T9%* [T2%*x - 49*% - 35%k* — 0dns .02ns .35%* 43%*x - 27* - .02ns

' Fort Ellis F6

kg WT1%x [T1l** - 51%* -.20ns -.06ns .07ns .34%*  25% -.25%  -.1ins
rp .64%% _64*%*x - 36%* ~,17ns —.QGns .08ns .28% .2lns -.16ns —-.07ns

* x%x Significant at 5% and 1% levels of probablllty, respectlvely.

ns Not significant.

+ 1 and 2 at the end 1n§1cate populations 1 and 2.
correlate with grain protein, but wheﬁ it was used in combination with
head and peduncle protein in a mgltiple regression, as discussed later,
gave the highest R . Peduncle pfotein waé consisteqtly negatively
correlated (P ¢ 0.01) with grain protein in both populations at all
environments, except fbr population 2 at Fort Eilis where‘it was also
negative but not significant. »

The high positive corrélation between head protein at heading and

grain protein indicafes that this character might be used as a ‘predictor
for Qrain protein to differentiate among genotypes at heading.

Genotypic correlation coefficients provide a measure of the
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"genotypic associations between characters and give an indication of a
charactér thaf‘may be useful as an indicator of the more important ones
under consideration. They also may help to identify éharacters that have
little or no importance in the selection program. In any event, they
provide basic information extremely useful to the breeder in
understanding the species with which he works.

The practical utility of selection for a givén indicator character
as a means of improviﬁg another major character depends on the extenf to
which improvement in the major char#cter is facilitated by seiectiop for
the'indicator. Such improvement depend; not only.én fhe genotypic-
éorreiatioﬁ but also on the phenotypic correlation and the variances,
both genotypic and phenotypic, of all characters included in the
selection scheme or index. Characters which have no value in themselves
and are not normally measured in the ;election program are worthy of
inclusion in the selection scheme if their inclusion results in cost
and/or time efficient improvement of the impogtant character.

In addition, correlations between indicator characters and those of
major importance must-be in the same direction in diffeérent populations
if selection for the indicators is to be useful. Negative genotyﬁic
correlation between charactérs selected for in a brgeding prodrém may
reéult in slower imp;ovement for some of‘tﬁé charaétefs than could be
‘attained if the correlation were pbsitivé’pr non—exis;ent.

The genotypic correlations were appreciable in magnitude in both
populations and may be of practica} value in selection for increased

‘grain protein content.
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Heritabilities of Plant and Grain Protein

The wheat breeder needs a test whigh does not require a defined
climate to differentiate among cultivars. Respénse to selection for a
quantitative trait is directly proportional to its heritability and its
genetic variance. Heritability is a measure of the ability of the plant
breeder to recognize genetic differences ;mong cultivars, and genetié
variation indicates the potential for improvement in a population. 1In a
given population successful selection is dependent upon a high
heritability.. Plant breeders, therefore, strive to improve their ability
to estimate heritability by wise choice of testing procedﬁres. Thél
evaluation of a cultivar over several years will give a more accurate
estimate of its potential. In other words, heritability is increased by
testing over multiple years and/or locations. However, if genotype x
year interaction is negligible, the same increase in heritgbility can be
realized by nore extensive testing in a single year. The latter approach
would be more desirable in a breédiﬁg program. One must havé'ﬁoth an |
éstimate of tﬁe genotype x environmenf interaction apd of the error of
each analytic measurement to ﬁlan effective selection progress for a
particular character or groups of characﬁers. Special experiments must
be designed to provide this type of information. .

Heritability can be thought of as a measure of thg aegree to which
the phenotype reflects the genotype. This is a nonrestricﬁive definition
(Rasmusson, 1967). In this case,_heritability rafio could be estimatéd

in 1) the broad sense where the numerator of the ratio contains the total
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of the genetic variance, 2) the narrow sense where the numerator contains
only additiye genetic variance, or 35 as a ratio whose numerator contains
less than total genetic variance, yet more tﬁan the additive éenetic
variance. The estimates obtained in this study are of the iatter“type,
as are most éstimates'obtained by geneticists énd breeders concerned with
self pollinated crops. éenerally, these estimates are not directly
comparable because they are not-estimates‘of the same thing. Neverthless,
they have become an integral part of the literature and are ﬁidely used.
The most cogent objections to a nonrestrictive definition are overcome if
the experimental procedﬁres and méthod‘of heritability estimation are
carefully described. The usé of the various kinds of heritability '
estimates, in conjunction with the selection differential, to predict
advance from selection for hypothetical testing programs appears
advantageous.

Narrow sense heritabilities of all measurements determined from both
populations over the three environments using components of variance
mgthod are presented in‘Table iO: |

The heritabilities for all measufements, including grain yield and
grain protein content and protein content ip plant parts, were high. The
highest heritability was obtained from head protein of populatiop.l at
heading and the lowest, but still significant one (P < 0:05) was obtained
from leaf 2 of population 1 at anthesis. This low hgritability wés
probably due to large genotype X envirpnment interaction at this stage.
Grain protein and grain yield were highly‘heritable characters in both

populations.
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Table 10. Heritability estimates (h ) and confidence intervals (CI) for
protein content in different plant parts at various growth
stages, grain yield, and grain protein using variance
components method for populations 1 and 2 over three
environments. : - .

‘Headind _ Anthesis : Ripe

HlT' H2 P1 P2 L11 L12 L21 'L22 L21 L22 GYl GY2 GP1 GP2

Vg 1.44 .91 .14 .11 .95 1.08 .82 .44 .08 .28 960 1139 .66 .55
Vp 1.53 1.02 .21 .17 1.09 1.22 1.00 .62 .17 .37 1466 1437 .94 .69
h .94 .89 .67 .63 .87 .87 .82 .70 .46 .75 .65 .79 .69 .79

%% * %k *% x%k *%k X% X% *% * *% *%k * % * & * %

cI .03 .04 .06 .06 .04 .04 .03 .05 .07 .05 .06 .03 .05 .03

*,%% Significant at 5% and 1% levels of probability, respectively.
4+ 1 and 2 at the end indicate populations 1 and 2.
Vg & Vp Genotypic variance and phenotypic variance, respectively.

In general, the heritabilities indicate the presence of considerable
genetic vafiability for protein content in both populations. The
standard deviations and heritabilities indicate the differences can be
detected. | |

Another method of dete;mining the heritability percentages of
attributes in plants is by thé parent—offspring.regreSSiop procedure
‘proposed by Lush (1940). ' This procédure was used to regress the mean
value of characters in the progenf of F6 upon the value of the sgme
characters in the parent (F5).  Narrow sehse heritability for protein
content and grain yield for différent locations using parent—offspring
method are given in Table il. All measured ﬁarameters had high
heritability at all environments in both popﬁlations excépt for grain
yield of both populations when the Fé6 at Fort Ellis was regressed on F5'

at Post Farm. 1In general, the two methods of estimating heritability'




24

closely agreed in the trend of the values but not in the magnitude.. This
assumed that both estimate narrow sense heritability and that no
dominance variance is involved in the total génetic variance. dniy
additive variance in those advanced generations (F5 and F6) is involved.
Estimates of heritability calculated by the vériance components method
" for all characters in both populations were hiéher than fhose calculated
by the régression nmethod.
Table 11. Heritability estimates (h*) for protein content in different

plant parts at various growth stages, grain yield, and grain

protein usifng the parent offspring regression method for
populations 1 and 2 in. three environments.

Heading Anthesis ‘Ripe

Hit+ H2z P1 P2 L11 1L12 L21 L22 L21 L22 GYl GY2 GPL GP2

- Post Farm (F6) on Post Farm (F5)

h* 0.72 0.73 0.66 0.71 0.90 0.74 0.71 0.61 0.46 0.53 0.54 0.82 0.74 0.67

kk %k *% k% * % k% Kk KX * * % * % k% %% *x %

SE 0.06 0.06 0.08 0.07 0.06 0.05 0.05 0.06 0.09 0.06 0.11 0.10 0.08 0.07

Fort Ellis (F6) on Post Farm (F5)

h? 0.70 0.63 0.47 0.52 0.69 0.51.0.44 0.36 0.32 0.41 0.22 0.26 0.67 0.36

*x%k  kk  kk  kk  kk _kk k% *%k % *%x pns ns k% %%

SE 0.06 0.0670.09 0.09 0.08 0.06 0.06 0.08 0.11 0.07 0.22 0.20 0.08 0.07

Average of Post Farm+Fort Ellis (F6) on Post Farm (F5)

W 0.71 0.68 0.57 0.61 0.79 0.63 0.57 0.49 0.40 0.47 0;38 0.54 0.59 0.51

*%k * % *%k * % *% * % * % Tkk * % * % *% *k%k k% . k%

SE 0.06 0.06 0.08 0.07 0.07 0.05 0.05 0.06 0.09 0.06 0.12 0.12 0.06 0.06

*,%% Significant at 5% and 1% levels of probability, respectively.
ns Not significant at 5% level of probability.
+ 1 and 2 indicates population 1 and 2.
SE Standard error.
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In a selection pfogram, a plant breeder can uée only the genetic
diffe;ences among the lines. 1In Qeneral, heritabilities reported in this
study suggest that tﬁe.inheritance of these protein measurements may be
more simple than was supposed. When several tréits are involved in
evaluafion of quality, it is &esirable to determine genotypic and .
phenotypic correlations among'these traits. Wﬁen two characters are
highly correlated and a-choice is to be madeé, the one with the highest'.

heritability should be the preferred measurement.

Prediction for Grain Protein Using‘Vegetative Protein

Table 13 summarizes the correlationé between observed and predicted
protein content using différent combinations of plant part protein
content for both populations in thé thrée environments. The predictgd
values wefe calculated from the prediction equations -(Noaman and Taylor,
1988b) in Table 12. The highest éorrelafion coefficient (r) was obtained
when the combination of heéd, peduncle, and leaf 1 protein content<at
heading for both populations was used in a muitiple regression withAgrain
protein. This was true for all-three environﬁents‘in both yeafs excépt
for'population 1 at Fort Ellis when the highest f was obtained from head
protein at heading kTable 13). | |

The same variables included in the prediction equation; for grain
protein were used in a multiple regression for grain yield (Téble 14).

It is significant that correlations of protein content in plant parts and
vgrain yield are very small and not significant. This indicates that |

within the populations studied no strong genetic association was found




26

Table 12. Multiple regression equations expressing grain protein content
as a function of protein content in different plant parts and
growth stages (Noaman and Taylor, 1988b). .

Heading : - . Anthesis

¥ = 11.60 + HPC (0.51) + L1PC (-0.14) + L2PC (0.48) + L2PC (-0.50)
Y = 11.43 + HPC (0.35) + LIPC ( 0.18) + PRC (-0.43)

Y = 5.86 + HPC (0.44) + L2PC ( 0.23)

Y = 9.45 + HPC (0.56)

-

Y Predicted grain protein.
HPC Head protein.content.
PPC Peduncle protein content.
L1PC First leaf protein content.
L2PC Second leaf protein content.

Table 13. Correlation coefficient (r) between predicted and observed
grain protein using multiple regression equations for F5 and F6
of the two populations in three environments.

Post Farh (F5) Post Farm (F6)7 Fort Ellis (F6)

Popn.1 Popn.2  Popn.l Popn.2 Popn.1 Popn.2

HH+L1H+L2H+L2A 0.81 **- 0,79 ** 0.74:** 0.72 **¥ Q.50 ** 0,37 **

HH+L1H+PH 0.88 ** (.84 **x .86 ** 0.84 ** 0.66 **x (.75 **
HH+L2H 0.86 %% 0.81 **x 0.79 %% .76 ** 0.50 **x .42 *x
HH ©0.86 %% (.59 %% (.81 %% 0.76 ** 0.70 **x (.71 **

** Significant at 1% level of probability.
HH Head protein at heading.
PH Peduncle protein at heading.
L1H Leaf 1 protein at heading.
L2H Leaf 2 protein at heading.’
L2A Leaf 2 protein at anthesis.. .
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which would prevent selection for high grain protein. There would be
little or no effect on grain yield. This is in contrast to the negative
relationship between grain protein and grain yield found by otﬁer
researchers. It appears that no serious barriers exist in breeding high
protein cultivars'of winter wheét with relatively high grain yield.
.Table 14. Coefficient of multiple determination (R*) be£ween grain yield

and protein content in plant parts at heading and anthesis for
F5 and F6 of the two populations in three environments.

HE  HE+L2H HH+L1H+PH HE+L1H+L2H+L2A

Post Farm F5 _

Popn. 1 0.11 ns 0.14 ns 0.11 ns ~ 0.20 ns
Popn. 2 0.11 ns 0.12 ns 0.16 ns 0.14 ns
Post Farm F6 B

Popn. 1 0.12 ns  0.13 ns 10.19 ns © 0.18 ns
Popn. 2 0.08 ns 0.12 ns 0.12 ns 0.14 ns
Forf Ellis F6

Popn. 1 . 0.01 ns 0.0l ns 0.08 ns © 0.04 ns

Popn. 2 0.01 ns 0.03 ns 0.03 ns 0.04 ns

ns Regression is not significant at 5% level of probability.
HH Head protein at heading. :
PH Peduncle protein at heading.
L1H Leaf 1 protein at heading.
L2H Leaf 2 protein at heading.
L2A Leaf 2 protein at anthesis.
The correlation coefficients of grain yield and grain protein for
the original population progeny lines and top 10 progeny lines resulting
from indirect selection for grain protein at heading are in Table 15.

‘The top 10 lines were selected on the basis of their vegetative protein

at heading which predicted the grain protein at ripe. Indirect selectioh
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for grain protein using vegetative protein reduced the negafive
relationship between grain protein and grain yield tb nén—significance
in both populations at ail thfee-environments (P < 0.05). Five of the
six correlations between grain yield and actual grain protein were both
negative and highly significant (Table 15). None of the six correlations
Table 15. Correlation coefficients (r) betweeﬁ GY and GPC, mean grain

yield (GY), kg/ha, and mean grain protein content (GPC), g/kg,

in the original 60 progeny lines and the top 10 lines resulting
from indirect selection for grain protein at heading

F5 Post Farm F6 Post Farm F6 Fort Ellis

Popn.1 Popn.2 Popn.1 Popn.2 Popn.l Popn.2

N

Correlation (r) between GY and GPC

Progeny lines - 0.36 - 0.43 - 0.55 - 0.57 - 0.15 - 0.33

(60) k% kK * % *% ns %%
Indirect selected - 0.19 - 0.27 0.02 - 0.16 - 0.23 - 0.18
top 10 lines ns - .- ns ns ns - ns ns

| Mean GPC
(60 lines) 145.0 147.0 136.0 131.0 " 123.0 125.0
(10 lines) 154.0 161.0 155.0 159.0 157.0 160.0
% GPC increase in ’
10 selected lines 6.2%  9.5% 19.2% 21.4% 27.6% 28.0%
.Mean éY
(60 lines) 4500.0 4538.0 4888.0 4550.0 4913.0 3550.0
(16 lines) 4363.0 3925.0 4663.0 4200.0 4887.0 3213.0

% GY reduction in
10 selected lines 3.1% 7.4% 4.6% 7.7% 0.5% 9.5%
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between grain yield and grain protein were significant for the top 10
progeny group in which indirect selection for grain protein at heading
was applied. This indicates that indirect selection for grain protein
using vegetative protein at heading can fesult in'increased'grain protein
without significant reductiop in grain yield.

Mean grain protein.content for the selected lines exceeded that of
the original progeny lines in all three environments for both.populations
(Table 15). However, the mean grain yield of these selected 1ines were
less than the original 60 lines. The percent increased grain protein in
the selected lines ranged from 6.2% to 28.0%. The percent reductién in
grain yield ranged from 0.5% to 9.5%. Although the inverse relationship
between grain protein and grain yield was not negated, iﬁdirect selection
for grain protein at heading time greatly reduced the usuwal negative

correlation to a point of non-significance.




.30

SUMMARY

A large amount of variation exiéts among genotypes in the populatiohs
studied Vith high heritability of grain protein and protein content in
plant parts. This indicates selection among lines for these &ariables
would permit genetic advance. Evaluating breeding lines over sevéral
epvironments should give more accurate estimate of their potential for
increased grain protein. Although G x E interéction effect was
significant for most of the measured variables the magnitude of variance
compared to that of genotypes was fairly low. Transgressive segregation
for both grain yield and grain protein content was observed. Three 1iﬁes~
of population 2 combined high grain yield and high grain protein |
simultaneously while exceeding the highest parenfs for these two traits.
These results are very encouraging and indicate that simultaneous -
selection for grain yield and grain‘protein in a bréeding program is
possible.

In both populations at the three environments the 60 progenies
showed continuous distribution invprotein coptent‘and grain yield. High
correlation was observed between protein content of the combination of
the head, flag leaf, and pedunéle at heading and grain prqtein és was
reported by Noaman and Taylor (1988b). Heritability estimates of these
plant part-protein contents were high and significant (P < 0.01) in both
populations which indicates that these variables can be used-as

indicators fof grain protein prediction. The correlation between the

v
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observed and the predicted values for grain protein was very high using
these three plant part-protein contents at heading. The very low N
correlations between these variables and grain yield indicates there is
no strong genetic association that would prevent indirect selection for
. high grain protein with no effect.on grain yield. It appears from this
study that no serious barriers exist in breeding high protein cultivars
of winter wheét with high:grain yieid. ‘
‘Improving both grain yield aﬁd'grain protein content in wheat could .
include: |
{1) A survey of wheat cultivars for plant part protein content at heading
and mature grgin protein in order to determine which parents to be |
used in making crosses for recurrent selection.population.'
(2) Identify and intercross poteptially high grain protein segregants at
.-heading. | .
(3)'Repeat steps (1) and (2) in a recurrent selection scheme including
indirect selection for grain protein content and grain yield by
selecting progenies with the'appropriate planf part'protein-content.
(4) ﬁecombination and concentration of desired grain protein and yield
genes by use of genetic male sterility ot malé gametocides.
(5) Evaluation of wheat lines for .agronomic and qﬁality traits at any
point. Superior lines could be. recycled into the confinuing

recurrent selection program.
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