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Abstract:
An isogenic pair of 'Betzes' and an early heading backcross isogenic of Betzes, and 'Erbet', were grown
in 214 environments. Consistent eight day reductions of heading dates between the pairs caused
significant decreases in mean yields, plant heights, and percent thin kernels and increases in mean test
weights, percent plump kernels, kernel weights, and percent protein. Regression analysis of the Erbet
response on the Betzes response revealed that differences in plant heights and yields increased with
increased means due to reduced stress levels. Differences in kernel characters increased with decreased
mean responses due to increased stress levels. These genotype x environment interactions for plant
heights and yields are hypothesized to be due to the pleiotropic effects of increased growth duration
allowing more growth. The kernel character's genotypes x environment interactions are probably due to
the drought avoiding nature of early heading cultivars.

Yield trials of the possible homozygous lines for the 2-row, 6-row (V,v), lateral spike fertility (I,i), and
maturity (Ea,ea) genes in isogenic lines (BC7) in three varietal backgrounds were grown in six
Montana environments. Yield, yield components, and morphological character data were collected on a
replicated basis in each environment. Correlations between characters revealed a strong pattern of yield
component compensation, but few significant correlations between the components and heading dates
or yield. The 23 factorial analysis revealed strong main effects of the row type (v) gene and the
maturity gene (ea) on yield and yield components over most of the environments studied. This and
previous research have revealed a stront pleiotropic control of kernels/spike dependent upon genetic
heading dates and row types (V,I) of barley. Tillering response is less strongly controlled and expresses
a. strong genotype x environment interaction, implying strong genetic control on the differences in
kernels/spike between isolines and an environmentally induced control for kernel weight.

Kernel weights are probably affected by compensation of kernels/spike and tiller number interacting
with the environment.

Twenty-six heading date isotypes in seven 2- and 6-row barley cultivars were planted in replicated
yield trials in three Montana environments. Post-harvest soil moisture data were collected on a plot
basis in 30 cm increments to a depth of 180 cm. These estimates of physiological root activity at a
given soil depth were releated to heading date, yield, yield compoents, and quality components.
Significant negative correlations were obtained for isotypic heading date responses and mean soil
moisture withdrawal for all but one of the varietal backgrounds. Kernels/spike" and kernel weights
were significantly correlated to heading dates. Kernels/spike were negatively correlated to kernel
weight and spikes/meter in a compensating pattern in several stressed environments. Path analysis
revealed that spikes/unit area expressed the strongest direct effect on yield of the three yield
components. From these findings, a pattern of cause and effect on yield and yield component responses
was postulated to be due to the differences in residual soil moistures, induced by genetically controlled
differences in maturation rates.



Diethylsulfate mutagenesis and backcrossing were used to develop 14 heading date isotypes ranging
over a 20 day period in 2-day increments. This isotypic series was grown in a replicated yield trial at
Bozeman, MT in 1980. Analysis of variance revealed significant isotypic differences in heading dates,
kernel weights, kernels/spike, yield, and spikes/30 cm2. Correlation analysis of the earliest seven
isolines revealed positive correlations of heading dates to spikes/ 30 cm2 and yield, implying low early
season stress. Correlations of heading dates to kernels/spike and kernel weights between the six latest
isolines implies a pattern of late season stress avoidance due to the heading date differences. Strategies
for improving the yield performance and stability of early lines utilizing this and previously reported
data are presented. 
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ABSTRACT

An isogenic pair of fBetzes' and an early heading backcross iso
genic of Betzes, and yErbet', were grown in 214 environments. Consis
tent eight day reductions of heading dates between the pairs caused 
significant decreases in mean yields, plant heights, and percent thin 
kernels and increases in mean test weights, percent plump kernels, 
kernel weights, and percent protein. Regression analysis of the 
Erbet response on the Betzes response revealed that differences in 
plant heights and yields increased with increased means due to reduced 
stress levels. Differences in kernel characters increased with de
creased mean responses due to increased stress levels. These genotype 
x environment interactions, for plant heights and yields are hypothesized 
to be due to the pleio.tropic effects of increased growth duration 
allowing more growth. The kernel character's genotypes x environment 
interactions are probably due to the drought avoiding nature of early 
heading cuItivars.

Yield trials of the possible homozygous lines for the 2-row,
6-row (V,v), lateral spike fertility (I,i), and maturity (Ea,ea) genes 
in isogenic lines (BC7) in three varietal backgrounds were grown in 
six Montana environments. Yield, yield components, and morphological 
character data were collected on a replicated basis in each environ
ment. Correlations between characters revealed a strong pattern of 
yield component compensation, but few significant correlations between 
the components and heading dates or yield. The 23 factorial analysis 
revealed strong main effects of the row type (v) gene and the maturity 
gene (ea) on yield and yield components over most of the environments 
studied. This and previous research have revealed, a stront pleiotropic 
control of kernels/spike dependent upon genetic heading dates and row 
types (V1I) of barley. Tillering response is less strongly controlled 
and expresses a. strong genotype x environment interaction, implying 
strong genetic control on the differences in kernels/spike between iso
lines and an environmentally induced control for kernel weight.
Kernel weights are probably affected by compensation of kernels/spike 
and tiller number interacting with the environment.

Twenty-six heading date isotypes in seven 2- and 6-row barley 
cultivars were planted in replicated yield trials in three Montana 
environments. Post-harvest soil moisture data were collected on a 
plot basis in 30 cm increments to a depth of 180 cm. These estimates 
of physiological root activity at a given soil depth were releated to 
heading date, yield, yield compoents, and quality components. Signifi
cant negative correlations were obtained for isotypic heading date
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responses and mean soil moisture withdrawal for all but one of the 
varietal backgrounds. Kernels/spike" and kernel weights were signifi
cantly correlated to heading dates. Kernels/spike were negatively 
correlated to kernel weight and spikes/meter in a compensating 
pattern in several stressed environments. Path analysis revealed that 
spikes/unit area expressed the strongest direct effect on yield of the 
three yield components. From these findings, a pattern of cause and 
effect on yield and yield component responses was postulated to be due 
to the differences in residual soil moistures, induced by genetically 
controlled differences in maturation rates.

Diethylsulfate mutagenesis and backcrossing were used to develop 
14 heading date isotypes ranging over a 20 day period in 2-day incre
ments . This isotypic series was grown in a replicated yield trial at 
Bozeman, MT in 1980. Analysis of variance revealed significant iso
typic differences in heading dates, kernel weights, kernels/spike, 
yield, and spikes/30 cm^. Correlation analysis of the earliest seven 
isolines revealed positive correlations of heading dates to spikes/
30 cm2 and yield, implying low early season stress. Correlations of 
heading dates to kernels/spike and kernel weights between the six 
latest isolines implies a pattern of late season stress avoidance 
due to the heading date differences. Strategies for improving the 
yield performance and stability of early lines utilizing this and 
previously reported data are presented.



INTRODUCTION

Barley (Hordeum vulgare L.) is a major food crop for semi-arid 
and marginal growth environments. Its high yield stability and high 
nutritive quality make it an ideal feed source in Montana, the United 
States, and the world; It is also used to produce beer in most parts 
of the world. With a projected trend toward drier climates, a clearer 
understanding of the factors governing barley's excellent yield 
stability is essential. Heading dates, photoperiod sensitivity, and 
row types are recognized as the major factors controlling adaptation 
to specific regions, but little specific research has been done on 
how these factors affect adaptation. The purpose of this thesis is 
to determine through isogenic analysis the effects of heading date 
and row type genes on barley yield stability, yield component develop
ment, and rooting patterns. The results will be applied to the 

specific problem of incorporating these hormonal characters into high 
yielding barley lines for adaptation in specific regions.



LITERATURE REVIEW

The Genetic Control of Barley Yield Levels and Stability

Yield and yield stability have traditionally been considered to 
be under complex genetic control. Numerous quantitative studies have 
shown redundant yield and yield components to be under strong addi
tive control with minor inconsistent effects from dominant genetic 

components (Qualset, 1979; Tseng and Poehlman, 1974; Yap and Harvey,
1972). Very rarely has this type of information actually been 
utilized in breeding programs for yield selection (Qualset, 1979).

During the past decade reports have combined heritability 
estimates with genotypic and phenotypic correlations between morpho
logical traits and yield. Positive genotypic correlations between 
yield and flag leaf areas, tiller number, kernel weights, plant 

heights, culm diameters, flag leaf area durations, and leaf angles 
have been reported (Dixit, 1973; Yap and Harvey, 1972; William and 
Hayes, 1979; Tseng and Poehlman, 1974; and Tewari, 1976). Positive 

correlations between heading dates and yield, plant height, kernels/ spike, 
and leaf areas have also been reported (Williams and Hayes, 1979; and 

Tewari, 1976). All of these characters except yield are under strong 
genetic control and each affects the adaptation of the plant to a 
particular environment.
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Dixit (1973) has shown associations between heading dates and 
plant heights, implying that plant heights in this study are pleio- 
tropically determined by the hormonally mediated heading date char- . 
acters (Qualset, 1979). Small (1979) revealed strong positive corre
lation between progressively later heading dates and plant heights 
consistent over 15 environments. Using a 'Titan' isogenic series he 
showed that early heading dates pleiotropically reduce plant heights 
by reducing the growth duration. Early heading dates, reduced leaf 

areas, number of rachis internodes, and kernels/spike. Kernel 
weights, tillers/30 cm, and percent plump kernels were increased by 
the stress avoidance character of the early heading dates depending 
upon the level of stress.

Quimby (1975) noted the strong pleiotropic importance to adap
tation of heading date and plant height genes in sorghum cultivation. 
Qualset (1979) noted that plant height and maturity genes, both 
hormonally controlled factors, directly affect the adaptation of 
modern "green-revolution" wheats. These authors support Went's 
(1974) statement that

. . .quantitative characters under genetic control are ex
pressed through hormones, transmissable from organ to organ. 
Qualitative characters are expressed through intercellular 
processes and are not hormonally controlled.

Qualset (1979) claims two levels of plant development control in
wheat: (I) a small number of hormonal genes with major effects on
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plant development and (2) a large number of minor genes involved in 
basic essential.metabolic pathways, each having small effects.

Qualset (1979) describes three methods to determine which char
acters are controlled or affected by, the major genes: (I) The envi
ronmental variable can be reduced by growth chamber studies to allow 
the expression of these genes without confounding genotype x environ
ment interactions. Numerous studies on photoperiod sensitivity, 
heading date effects, stress responses, and photosynthetic efficiency 
have utilized this approach. (2) Simplifying genetic segregation 
ratios by reducing the number of segregating genes in crosses. This 
allows a clearer understanding of the phenotypic effects major genes 
have on morphological development by reducing the confounding effect 
of other major genes. The studies by Hockett and Standridge (1974) 
and Small (1979) revealed numerous pleiotropic effects of two- and 
six-row genes and heading date isogenic lines, respectively, on yield 
component and morphological development. Simple culling of 
segregating populations for uniform plant heights, heading dates, and 

row types in barley will also eliminate major hormonal genes which 

may mask the effect of other major genes (Qualset, 1979; Eslick and 
Hockett, 1974). (3) Partitioning the character into more simply
defined phenotypic divisions is accomplished by the development of 
specific assays for the separate components of a phenotypic expres

sion. Ullrich and Eslick (1978) reported a high lysine bioassay
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allowing them to effectively isolate the shrunken endosperm barley 
mutants into those with high lysine and those with other kernel 
mutational events. The development of accurate, rapid assays for 
biochemical events governing plant phenotypes is a major need for 
future breeding efforts and is the object of many breeding projects 
(Eslick and Hockett, 1974; Hall, et al., 1980).

Studies reporting simple genotypic and phenotypic correlations 
or genetic variances cannot isolate the direct effects of these major 
genes on the correlations between characters (Qualset, 1979) because 
they do not approach the problem in one of these three manners.
Small (1979), using a heading date isogenic series, hypothesized a 
control of yield component development that is crucial to an under
standing of yield stability. This theory claims a stronger genetic 
control of kernels/spike mediated by a preferential hormonal allo

cation of nutrients to the developing spike, allowing the attainment 
of near genetic maximum expression of this character even under 

moderately stressed conditions. The competitive allocation of nutri
ent to the spike causes suppression of tiller development resulting 
in yield component compensation in stressed barley. The uniform 
yields between the Titan heading date isogenic lines in most environ
ments implied that yield control was dependent upon the genotypic 
background rather than on the expression of the major genetic char

acters. Hockett and Standridge (1975) also reported similar uniform
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yield levels between two- and six-rowed isogenic lines of barley.
This contrasts with statements by Qualset (1979) and Quimby (1975). 
Major genes may control adaptation to a region, but minor genes, 
controlling basic metabolic and photosynthetic activity, seem to 
control the ultimate genetic yield ceilings. Barley lines with known 
high yield levels can be adapted to specific regions by incorporating 
essential major genes for adaptation into these lines. Grafius, et 
al.. (1976) reported one such line which out yielded all previous 
lines by approximately 15 % even though it was adapted to Michigan 
environments.

The Genetic Control of. Heading Dates in Spring Barleys 
Photoperiodism was first defined as the elicitation of specific 

responses by the length of day and night periods (Garner and Allard, 
1920). Physiological and morphological responses subject to 
photoperiodism are classed as photoperiod sensitive, while those 
characters not so controlled are classed as photoperiod insensitive 

(Aspinall, 1966). Genetic sensitivities to photoperiods cause marked 

differences in time to heading among spring or vernalized winter 
barleys when grown under differentially shortened photoperibds 

(Takahashi and Yasuda*, 1971). Variations in sensitivity from very 

photoperiod sensitive to photoperiod insensitive have been reported 
(Aspinall, 1966). The ranking of heading dates among photoperiod
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insensitive varieties are consistent regardless of the photoperiod, 
whereas rankings in heading dates among differentially photoperiod 
sensitive cultivars can vary drastically with the photoperiod (Bell, 
1939; Takahashi and Yasuda, 1971).

Inheritance of heading dates in barley involves both dominant 
and recessive genes, controlling early and late heading responses and 
can vary from simply to complexly inherited, depending upon the 
number of genes (Frey, 1954; Johnson and Ennis, 1964; Nilan, 1964; 
Smith, 1951). Recently, Fejer and Fedak (1979) reported the isolation 
of separate genetic controls of photoperiod sensitivity and earliness 
in a diallel of 1Olli' (insensitive), 'Mari' (insensitive), 'Conquest' 
(moderately sensitive) and three introductions. Small (1979) reported 
similar findings by analyzing the heading date cultivar x environment 
interactions of isogenic lines of barley varying in relative heading 
date responses. Other researchers have presented evidence to support 
the concept of separate genetic controls for relative heading dates 
(earliness in a narrow sense) and photoperiodic responses in barley 

(Yasuda, 1978; Takahashi and Yasuda, 1971; Ha and Yasuda, 1977) and 
in wheat (Chinoy, 1950; and Keim, et al., 1973).

The pleiotropic effects of these two separate systems of genetic 
control on heading dates has created a great deal of confusion in the 
literature as to the character most strongly controlling spring
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barley heading dates (Aspinall, 1963; Ha and YasUda, 1977; and Ormrod 
1963). Confounded with the photoperiod response is the effect of 
longer exposures to light, greater light intensity, and higher tem
peratures, all of which have been shown to increase the phasic develop
ment of barley (Paris, Krahn and Guitard, 1969; Aspinall and Paleg,
1964; Williams, 1974). There is little if any difference among 
cultivars in response to temperature increases of phasic development, 
due to a common enzymatic increased reaction rate (Takahashi and 
Yasuda, 1971). Williams (1974) has developed a maturity model for 
barley based on a biophotothermal timescale which is adequately 
predictive for most Canadian grown barley. However, this depends 
upon the cultivars having moderate photoperiod sensitivity.

Barleys and other cereals originating from northern latitudes 
have greater photoperiod sensitivity than those found in the central 
latitudes (Carder, ,1957; Francis, 1970). Photoperiod sensitivity 
allows spring planted barleys in the northern latitudes to compensate 

for differences in planting dates and still attain maximum yields 
(Small, 1979). In contrast, the recent "green-revolution" cultivars 
of wheat have been notably day length insensitive since these new 

cultivars are recommended for central latitudes, and have been de
veloped to most efficiently utilize high fertilization and irrigation
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levels, making photoperiod compensation unimportant (Qualset, 1979). 
These homogeneous crop cultivars although highly suited to manipu
lated environmental parameters are not suited to nonmanipulated 
environments (Qualset, 1979).

The Effect of Maturity Differences on Barley Yield Responses 
To reduce the environment x cultivar interactions which create 

confusing and inconsistent heading date responses among cultivars, 
most research on the effect of heading dates has been carried out in 
controlled growth chamber environments, effectively eliminating 
potential differences in varietal photoperiod and thermal responses 

(Paroda and Hayes, 1971). Reduced growth duration.(Kirby and Eisenberg, 
1966; Aspinall and Paleg, 1964; Guitard, 1970; and Downs, et al.,
1959) in growth chamibers produces correlated pleiotropic changes in 
plant heights, kernel weights, and kernels per unit area (Grafius,

1956; Hellish, et al., 1978; Riggs and Hayter, 1975; Tewari, 19,76). , 
The environmental variable most strongly controlling yield and 

yield component interaction in the Northern Great Plains is plant 

available water (Ferguson, et al., 1970; Brown, 1971). Stored soil 
water oh fallow ground from early spring rains supplies most of the 
plant available water for dryland crop development. There is a 

subsequent pattern of decreasing available water during the growing 

season. A similar pattern occurs, following irrigation for the
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duration of the growing season. These decreasing patterns of water 
availability approximate the convergent patterns of nutrient avail
ability described by Grafius and Thomas (1971). The point at which 
the developing plants become stressed depends upon the genetic heading 
date and developmental rate of the plant. Early heading dates are 
therefore crucial to a plant's adaptation to dryland environments, 
due to stress avoidance (Smith, 1951).

Genetically controlled early heading has been shown to prevent 
the full expression of potential tillering capacity in nonstressed 
six-row barley (Grafius, 1956) by limiting vegetative development 
duration. Negative correlations between spike number and kernel 
weights, kernel number, and heading dates and positive correlations 
of heading dates with kernels/spike and plant heights have been 
reported in two separate diallel analyses of barley cultivars.varying 

in heading dates (Riggs and Hayter, 1975). Specific pleiotropic 
responses due to genetic earliness were not reported in this study, 
possibly due to genotype x environment interactions.

A few studies have reported the effects of isogenic heading date 
differences on barley development (Hellish, et al., 1978; Yasuda,
1978). Yasuda (1978) found reduced culm length, spike length, kernels/ 

spike, and grain yield and increased spikes/unit area with early 
isotypes compared to their recurrent parent in one environment.

Similar findings were reported in a study utilizing 19 sib-lines
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each with an early and a late pair (Eak1Eak) grown at three latitudes 
(Hellish, et al., 1978).

The Effect of Row Type Genes on Barley Yield Responses
Woodward (1949) described two loci which control spike types in 

commercial barley. Lateral fertility (I) and infertility (i) of the 
lateral florets and two-rowed (V) and six-rowed (v) barley characters 
interact to create four homozygous spike types: VVii, two-rowed with
small flattened lemmas on infertile lateral florets (commercial two 
rows); VVII, two-rowed with large, rounded top lateral lemmas with 
approximately 3% of the laterals fertile; yvll, six-rowed with stami- 
nate fertile sessile laterals (commercial six rows); vvii, six-rowed 
with pedicellate fertile laterals (Hockett and Standridge, 1975).

Two- and six-rowed barleys comprise the two major classifica
tions of spring barleys grown in the world. Traditionally two-rowed 
barleys are grown in the Intermountain West, Pacific Coast and 
Northern Great Plains regions while six-rowed barleys are grown in 
the California-Arizona regions, the Midwest Plains, and eastern 

states (Reid and Weibe, 1979). Though only two loci control this 
character, barley breeders traditionally have concentrated on only 

the row types common to their region and utilize the other types only 

for exotic germplasm. Eslick and Hockett (1974) reported that only 

11 outside germplasms were added to the six-rowed North Dakota
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pedigree breeding system since 1900. All of these were six-rowed 
cultivars. The reason for this hesitation to utilize different row 
types is probably due. to a reported synergistic reduction in yield of 
lines selected from 2 x 6  row crosses (Harlan, et al., .̂940).

Several authors have tried to determine whether th$ supposed 
superiority of six-rowed varieties is actually due to the gene con
trolling spike type or to broader genotypic differences, The more 
moist environments in which six-rowed genotypes are typically grown 
may have produced higher yielding phenotypes and developed different 
modes of adaptation than two-rowed genotypes (Hockett and Eslick, 
1968; Hockett and Standridge, 1975; Wells, 1962; Wiebe, 1957; and 
Wiebe, et al., 1961).

Hockett and Standridge (1975) suggested that to truly understand 
the effect of the row type genes on plant adaptation, the four 
possible genetic combinations (WII, W i i , w l l , and wli) be 
established as isogenic lines in both six-rowed and twotrowed culti

vars and analyzed for yield adaptation. This type of study should 

clarify the factors controlling the yield component responses of 
barley, and possibly those which should be improved for a given 
combination of genes and genotypes to enhance yields.
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The Use of Residual Soil'Moisture to Estimate 
Physiological Root Activity

Much research has been reported on yield and yield component 
development of barley, little has been reported on the association of 
these characters to the rooting patterns of plants. Conrad (1937) 
related the amount of residual soil moisture in the soil following 
barley crops with the longevity of the growth cycle and the size of 
the crop yield. He revealed that the larger the crop yield, the 
deeper the dryland crop withdrew its soil moisture and dried out the 
soil profile. Brown's (1970) research in Montana environments 
revealed that most plant available water on dryland environments is 
deposited by the middle of June, implying that a cultivar's rooting 
patterns greatly determine the degree and type of stress imposed on a 
barley crop (Brown, 1981; Wells and Dubetz, 1966).

The type and fertility of the soil is a major concern in studies 
involving soil moisture stress, rooting patterns, and plant develop
ment. Higher fertility, limited soil water, warm temperatures, and 
lower soil bulk densities tend to enhance the rooting activity of 

barley crops (Brown, 1970; Conrad, 1937; Ferguson, et al., 1970; 
Hockett and Brown, 1981; Kirby, 1970; and Wells and Dubetz, 1966). 
Cultivar rooting differences and genotype x soil interactions have
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been reported in response to differential stresses when three culti- 
vars were tested on two soil types (Wells and Dubetz, 1966).
'Hannchen' and 'Betzes1 were shown to have a higher resistance to 
soil moisture stress on a fertile loam versus a loamy-sand soil. 
Consequently, comparison of barley cultivar rooting patterns should 
be conducted on soils which allow the clear expression of genotypic 
rooting pattern differences.

Kirby (1970) and others (reviewed by Donald, 1963; and Pelton, 
1969) have related increased evapotranspiration to increased plant 
densities due to increased rooting density. The increased rooting 
density increases the rate of soil moisture depletion at different 
periods of growth. The greater use of soil moisture early in the 
season was related to stresses at the grain filling stage, causing 
reduced kernel size.

Derera, et al. (1969), Hurd (1968 and 1974), and Cholick et al.
(1977) have investigated differences in rooting patterns in wheat.
Ries (1978) and Irvine, et al. (1980) have investigated the rooting
and soil moisture withdrawal differences between plant height iso-
genics of semidwarf and tall genotypes of barley. Irvine, et al.

32(1980) used P uptake and labelling as an indication of rooting 
capacity while Ries (1978) utilized residual soil moisture. No 
differences in soil moisture withdrawal due to the height difference 

were found over most of the rooting profile in either study.
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The one exception was a very short isogenic barley line which 
withdrew less moisture in the 150 cm portion of the soil profile 
(Ries, 1978).

Brown (1981) has completed extensive research on patterns of 
soil moisture withdrawal with barley crops at Montana State Uni
versity. neutron soil moisture probes and residual soil using 
moisture. In one 2-year study utilizing residual soil moisture, 
several isogenic lines varying in both plant height and maturity at 
different fertility levels (Hockett and Brown, 1970) had increased 
numbers of adventitious roots (AR) as fertility levels increased.
The earliest isogenic line had poorer water use efficiency than the 
other isotypes at the highest yield and fertility levels. Six-rowed 
cultivars produced more roots than two-rowed cultivars and signifi
cant positive correlations between AR activity and yield, tiller 
number, total water use, and residual soil moisture were reported. 
This study utilized only two isotypic pairs varying in heading date 
(Betzes and Titan).



SECTION I: THE EFFECTS OF GENETICALLY INDUCED HEADING DATE
DIFFERENCES ON YIELD AND STABILITY OF MORPHOLOGICAL 

DEVELOPMENT OF AN ISOGENIC BARLEY 
(H. VULGARE) PAIR

Introduction
The genotype x environmental interaction of heading date re

sponses due to different varietal photoperiod and thermal sensitivi
ties is a universal hindrance in ascertaining the pleiotropic morpho
logical effects of different heading dates on barley cultivars 
(Bell, 1939). This study was undertaken to determine the effect of 
an isogenic early heading date on the associated morphological and 
agronomic traits of barley, and to determine whether the effects were 
pleiotropic or stress induced.

Materials and Methods
An isogenic line of Betzes barley, Erbet, was developed by back- 

crossing the early gene from 'Prior', which is 8 days earlier than 
Betzes in flowering and heading date, into Betzes (Hockett and Eslick 
1972). The isoline was recommended for use in areas of short growing 
seasons, limited moisture, or late planting.

Since 19.66, the isogenic pair of Erbet and Betzes has grpwn
simultaneously in 214 yield trial environments. The pair has been
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included in Montana Intra-State Yield nurseries, the Western Regional, 
the Mississippi Valley and the Great Plains Regional Yield Nurseries. 
The plot arrangement in most nurseries is a randomized complete block 
design of all nursery entries including the Erbet-Betzes pair. 
Typically four replications of four row, 3.3 m long plots were used 
for each entry. Rows were spaced 30 cm apart. Mean responses of all 
replications of.Erbet and Betzes at a specific environment were 
treated as a pair. The paired statistical comparisons include paired 
T-tests, regression, and correlation analysis of Erbet versus Betzes 
mean responses at each environment (Snedecor and Cochran, 1967).

Stepwise (step-up) regression analysis (Snedecor and Cochran, 
1967) was performed on the overall analysis for Betzes and Erbet 
separately by two methods. The first analysis included the yield 
components, kernels/unit area, and kernel weights, as well as test 
weights, plant heights, percent plump and percent thin kernels, and 
heading dates. The second analysis did not include kernels/unit area 
or kernel weights. The analysis was performed by the SPSS stepwise 
regression analysis program (Nie, et al., 1975).

The methods of determining the separate traits studied on these 
two isogenic lines are described in detail by Hockett (1981). With 
few exceptions yields were determined by harvesting 480 cm of the 
central two rows of each plot and converting to a quintals/hectare 

(q/ha) basis. Heading dates are recorded as the Julian days at which

jr-ri
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50% of the plants in a plot extrude the first floret from the collar. 
Plant heights (cm) are determined from ground level to the topmost 
floret, excluding the awn.

Results and Discussion

Compared to Betzes its early isotype, Erbet, was eight days 
earlier to head, three days earlier to mature, lower yielding (-5%), 
had fewer thin kernels and more plump kernels with a higher kernel 
weight, test weight, and protein content (+0.9%), and the plants were 
shorter. No significant differences in kernels per hectare or per
cent lodging were noted between the two isotypes (Table 1-1).

Typically, analysis of variance (ANOV) would be used to isolate 
the genotype x environment interaction. However, ANOV often falsely 
assumes similar variances among environments (Finlay and Wilkinson,

1963; Paroda and Hayes, 1971).and does not reveal actual patterns of
2interactions. Correlations, the coefficient of determination (r ),

and linear regression (byx) indicate both the pattern and degree of
genotype x environment interaction.

The consistency of Erbet responses compared to Betzes over the
2environments, as indicated by the coefficient of determination (r ),

is shown in Table 1-1. If the erbet response closely approximates
2the Betzes response over the environments, the r value is high



Table 1-1: Comparison of means, range, regression, and correlation analysis between Erbet
and Betzes grown in a number of environments.

Trait
Environments

(no.)
Betzes

X
Erbet

y
Differenced

x-y
Regression Analysis

r2 byx
Total
Range

Yield
(Q/ha)

214 31.5 29.6 1.9** .83** .89** 64.6
Test wt. 
(kg/hl)

201 65.5 67.6 -1.8** .59** .63** 28.3
% Plump
(on 2.4 mm sieve)

155 56.0 68.5 -12.5** .66** .73** . 99.4
% Thin
(thru 2.2 mm sieve)

102 23.3 15.7 7.6** .65** .70** 98.6
Kernel wt. 
(mg)

27 34.5 36.6 -2.0** .81** .83** 40.3
Kernels/ha 
(xlO6)

27 10.02 9.08 .94 .89** . 89** 10.7
Plant ht 
(cm)

173 73.2 66.7 6.5** .84** . 82** 71.1
Heading date 
(Julian day)

150 182.0 174.0 8.0** . 93** .98 104.0
Lodging
(%)

67 48.3 42.3 6.0 .32* .78* 99.0
Protein
(%)

14 12.9 13.8 -0.9* .8 4 * * .99 7.8
Maturity date 
(Julian day)

16 213.6 210.5 3.1** .84** .94 38.0

+ AASigiiificant at p = .05, p = .01, respectively.
fA,AAIndicate significant correlations (r) and byx f 1.00 at p = .05, p = .01, respec

tively.
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(Schmidt, et al., 1973). The greater the influence of small environ
mental fluctuations and error on either of the isotypes, the lower
the coefficient of determination will be. Under certain conditions 

2the low r values and nonsignificant slopes can indicate that the 

isogene is modifying the response of a character from that observed 
with the normal genotype.

Significant r values were found for all paired comparisons made.
2The lowest coefficients of determination (r ) were obtained for

percent lodging, test weight, percent thin, and percent plump. The 
2low lodging r may be an artifact caused by the reduced plant heights

associated with the early line preventing any lodging in environments
where the Betzes maturity type may lodge slightly, resulting in a

2skewed distribution. The low r for test weights, percent plump, or 
percent thin kernels may be due to differences in seed cleaning or 

cylinder speed threshing which drastically alter kernel determinations 
due to differential cleaning and cracking of kernels. High coef
ficients of determination reveal a similar response pattern between 

the two isotypes for the other characters analyzed.
The pattern of a genotype x environment (g x e) interaction is 

indicated by the slope (byx) and its position. A regression signifi
cantly different from a unit slope implies significantly different 
patterns of GxE interaction between the pairs induced by the single 

different gene. A unit slope would be obtained if the two cultivars
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tresponded exactly the same in each environment. Instead of an envi

ronmental mean (Finlay and Wilkinson, 1963; Paroda and Hayes, 1971) 
or a gene-pool mean (Pederson, et al., 1978) used to classify the 
environments, the mean response of the parent isotype is the reference 
represented by the unit slope. The estimation of the associated 
effect of an isogene on a given trait's stability and degree of
interaction in a given cultivar or isotype is possible by the use of

2the coefficient of determination (r ), and deviation of the regres
sion slope (byx) from the unit slope.

The regression analysis of heading date responses (Figure 1-1)
reveals a very consistent 8-day mean difference in heading date

2between the isogenic pairs (r = .94**), regardless of the heading
date at an environment (range = 104 days), Table 1-1. The high

2coefficient of variation (r ) combined with the parallel slopes 

reveals that Erbet has a normal Betzes genotype x environment inter
action. The large range in heading dates is induced by differences 
in planting dates, causing differences in photoperiods and tempera
tures, all of which are uncontrolled in this study. This pattern 

reveals the isolation of isotypic genetic earliness from genotypic 
photothermal sensitivity. The consistent 8-day difference is due to 
the single recessive earliness gene (Hockett, 1980) and its assoc
iated linkage block acquired from Prior (Hockett and Eslick, 1972).
The confounding (g x e) interactions previously associated with



Betzes

f  Erbet

160 180 
BETZES HEADING DATE 

(DAYS JULIAN)
Regression analyses of Erbet (y) on Betzes (x) heading dates 
when grown in 150 environments
*,**Indicate significant correlations (r) and byx ^ 1.00 at 

p = .05, p = .01, respectively.

Figure 1-1.
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cultivar differences in photoperiod sensitivity (Bell, 1939) have 
been removed, allowing the.direct comparison of simple genetic 
heading date differences on plant morphology and adaptation.

A genetically reduced growth period will affect the morpho
logical responses of a plant in two ways. Reduced growth juration 
limits the time for, cell production and expansion, limiting |:Jxe size 
of organ development, such as culm length, leaf areas, and rppting 
patterns. Confounded with the pleiptropy will be the drought evading 
effects of the earliness character. Plant water stress has been shown 
to severely alter morphological growth of barley. The structure or 
response affected depends upon the stage of growth at which the 
stress occurs (Day and Thompson, 1975; Wells and Dubetz, 1966).

The regression analyses and mean responses (Table 1-1) indicate 
morphological responses due to reduced growth duration and those due 

to reduced stresses. For example, the pattern of regression of test 
weights, percent plump kernels, and kernel weights (Figures 1-2, 1-3 
and 1-4) reveal that environments with low means, or high stress, 
environments, produce large differences between the early and late 
pair. Grafius (1978) described two factors controlling kernel size: 
(I) the genetic maximum set by the palea and lemma, and (2) the 

capacity under stress to reach this maximum. Consequently, the
, ' • • r

environments producing small kernel sizes and low weights are
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Erbet

65.5
67.6 Betzes

- 1.00

BETZES TEST WEIGHT (kg/hl)

Figure 1-2. Regression analysis of test weight responses
of Erbet (y) on Betzes (s) grown in 201 environ
ments.
*,**Indicate significant correlations (r) and

byx f 1.00 at p = .05, p = .01, respectively.
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Erbet 
Z Plump

.73**

.66**

Betzes

b -1.01 Z Thin

.70**

.65**

AO 50 60PERCENT OF BETZES

Figure 1-3. Regression analysis of Erbet (y) on Betzes (x) 
percent plump and percent thin responses when 
grown in 155 and 102 environments, respectively.
*,**Indicate significant correlations (r) and

byx f 1.00, p = .05, p = .01, respectively.
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Erbet f

Kernel Weight Betzes

.83**

.81**
- 1.00

BETZES KERNEL WEIGHT (gm/1000)

Regression analysis of Erbet (y) on Betzes (x) 
kernel weight response when grown in 27 environ
ments .
*,**Indicate significant correlation (r) and

byx f 1.00 at p = .05, p = .01, respectively.

Figure 1-4.
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probably highly stressed (Figures 1-3 and .1-4). In these highly 
strssed environments, the stress avoidance of the early lines is 
greatest and causes increased response differences in kernel weights 
and sizes between the isogenic pair. The percent thin kernel 
response, as revealed by the significant negative correlations to the 
percent plump kernel response, is a product of the same stress 
patterns. The strong correlations between these kernel characters 
(Table 1-2) for both Betzes and Erbet reyeal that environments pro
ducing low.kernel weights also produce fewer plump kernels and lower 
test weights. Hellish, et al. (1978) and Small (1979) have reported 
similar increases in kernel weights with.early heading isogenic lines 
grown in the Northwest.

Day and Thompson (1975) reported that water stresses reduce 
plant heights. If the reduction in plant heights shown here are 
strictly stress-induced, then reduced plant height environments 
early-season stress should allow maximizing the differences in plant 

heights between early and late types, as occurred with the kernel 
characters. However, the early lines in this study, as in the 

studies by Hellish, et al. (1978), at most stages of development, had 
reduced plant heights (Figure 1-5) even with reduced stress levels. 

The plant height regression pattern is, therefore, probably due to 
pleiotropic reductions in plant height from genetically reduced 

growth durations. In low stressed, (high mean response) environments



Table 1-2. Correlation matrix between each character analyzed for Erbet and Betzes 
over all environments studied (Variable N).

^\Betzes
Erbet

Yield Test
Weight

Percent
Plump

Percent
Thin

Plant
Height

Heading
Date

Kernel
Weight

Percent
Protein

Kernels/
ha

Yield .91** .45** .53** — • 46** .72** -.02 .79** .37 .88**
N pairs 214 201 155 100 172 150 27 14 27
Test weight .34** .77** .65** -.64** .21** .02 .66** -.24 .52**
N pairs 201 201 146 93 163 139 27 14 27
Percent plump .36** .45** .81** -.70** .34** .04 .87** -.13 .52**
N pairs 155 146 155 100 130 111 21 13 21
Percent thin -.29** -.59** -.83** .81** -.39** .03 -.71** .27 -.70**
N pairs 100 93 100 100 82 67 13 8 13
Plant height .55** -.02 .13 -.10 .92** -.07 .35 .08 .79**
N pairs 172 163 130 82 172 132 19 10 19 S
Heading dates -.06 -.09 -.06 .10 -.07 .96** .02 .26 —. 40
N pairs 150 139 . Ill 67 132 150 16 9 16
Kernel weight .67** .55** .83** -.69** .24 .05 .90** .20 .50**
N pairs 27 27 21 13 19 16 27 9 27
Percent prot. .22 -.30 -.38 .52 .06 .17 -.29 .92** .13
N pairs 14 14 13 8 10 9 9 14 9 .
Kernels/ha .97** .57** .72** -.76** .74** -.34 .65** .17 .94**
N pairs 27 27 21 13 19 16 27 9 27

- Underscored diagonals are Betzes and Erbet correlations. The upper right matrix is 
within Betzes correlations. The lower left matrix is within Erbet correlations.

_ Bottom numbers equal (N) numbers of pairs for the appropriate correlations.
*,** Indicate significant correlations (r) at p = .05, p = .01, respectively.
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Figure 1-5. Regression analysis of Erbet (y) on Betzes (x)
plant height response when grown in 173 environ
ments .
*,**Indicate significant correlations (r) and

byx / 1.00 at p = .05, p = .01, respectively.
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the late isotype is capable of producing a much taller plant than the 
early line since it is not being restricted by stress maximizing the 
differences. In stressed (low mean) environments, the potential to 
produce a taller plant is minimized for both the early and late 
isotypes, reducing the differences.

Environments producing the tallest plants also tended to produce 
high kernel weights and plumper kernels (Table 1-2), implying reduced 
stresses over the entire season. Therefore, the differences in plant 
heights due to reduced growth durations between Erbet and Betzes are 
greatest in the same low stressed environments that produced high 
mean kernel weights but minimal kernel weight differences. This 
supports the findings involving photoperiodically reduced growth 
durations causing reduced plant heights (Kirby and Eisenberg,.1966; 
Riggs and Hayter, 1975; Small, 1979).

Day and Thompson's (1975) study revealed that plant heights are 
most strongly affected by stress during the jointing and flowering 

stages, that none of the stress treatments produced differences in 
kernels/unit area due to tiller and kernels/spike compensation. 
Stresses at flowering have been shown to create reduced kernel weights 
(Hamid and Grafius, 1978; Grafius, 1978). There were no differences 
in kernels/unit area reported here as well, implying strong yield 
component compensation. The yield differences must come from kernel 

weight or plant height differences. The correlations between yield
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with plant heights and yield with kernel weights found in this study 
are therefore probably due to different levels of stress at jointing 
and post-flowering, respectively (Table 1-2).

The yield regression analysis (Figure 1-6) revealed similar 
yield responses in low yielding environments due to a stress induced 
yield ceiling preventing Betzes from developing its greater genetic 
yield potential. Betzes did outyield the Erbet in the high yielding 
environments since it had more time for development without being 
constricted by stress. To clarify this response, the environmental 
yield levels of the pairs were grouped approximately into 10 q/ha 

increments, and regression and correlation analyses completed on each 
of these increments (Figure 1-7). Each regression coefficient was 
tested against a zero slope. Erbet very closely approximates the 
Betzes yield in the yield environments below 40 q/ha. However, this 
close relationship is not maintained in the higher yielding environ
ments. The early heading type does not consistently maintain the 
same yield level as the later heading type. The restricted genetic 

yield ceiling is probably due to the reduced duration of vegetative 
growth similar to that reported by Grafius (1956), however the 

specific morphological traits most affecting yield is not known.
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Beczes

f  Erbet=  1.00

f  Plant Height

.83**-31.50-29.60

35 40 45
BETZES YIELD (q/ha)

Regression analysis of Erbet (y) on Betzes (x) 
yield responses when grown in 214 environments.
*,**Indicate significant correlation (r) and 

byx f 1.00, respectively.

Figure 1-6.
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- 1 .0 0
Erbet

Betzes

30 40
BETZES YIELD (q/ha)

Figure 1-7. Regression analysis of Erbet (y) on Betzes (x) yield 
response when the 214 environments are divided into 
10 q/ha yield response increments.
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Stepwise regression analyses were used to detect those char
acters most affecting the yield responses in the different environ
ments. Stepwise regression analysis (Table 1-3) utilizing yield 
components reveals that kernels/unit area expressed the strongest 
effect (B = .80** for Betzes, B = .81** for Erbet) on yield 
accounting for a major portion of the yield response in all envi
ronments studied for this character (Figure 1-8, Table 1-2, multiple

;94 for Betzes and multiple = .93 for Erbet). However, there 
were ho significant differences between the pairs for this component 
of yield, implying compensation for tillers and kernels/spike.
Kernel weights, as expected by the reduced correlations (r = .67** 
and .79**, respectively) to each isotype's yield (Table 1-2), 
expressed less of an effect (B = .27** for Betzes and Erbet) on the 
yield response for either Betzes or Erbet.

In this analysis kernels/unit area were calculated by dividing 
each environment's yield by the kernel weight (mg). The author 
recognizes the confounding nature of this multiple regression. 

However, the analysis is valid in revealing that a large portion of 
the yield response is not dependent upon the determined kernel weight 
response (Figure 1-8), but is dependent instead upon the estimated 

kernels/unit area response. Plant heights, percent plump and thin 

kernels, arid test.weights contributed a major and significant effect 
on yields when analyzed without the yield components in a large
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Table 1-3. Stepwise regression analysis of Betzes and Erbet yield
responses (y) versus the other traits analyzed (x), over 
27 environments

Trait Multiple 
R R2 R2 B E

Betzes overall 
Kernels/ha (no.) .97** .94 .94 .80 162.9**

Kernel wt (mg) .99** .99 .04 .27 18.8**

Erbet overall
Kernels/ha (no.) .96** .93 .93 .81 429.8**
Kernel wt (mg) . 99** .98 .06 .27 48.6**
All other traits were nonsignificant in this analysis.
R-Multiple correlation value for each additional character regressed 
with yield.

R2 - Incremental change in the value of the multiple coefficient of
determination (R*) value with each additional character regressed 
with yield.

B-Standardized regression coefficient (byx x/y) showing the direct 
effect of each character on yield.

F-Testing the significance of each added character's contribution 
to the total variation in yield response.

*,**Indicate significant at p = .05, p = .01, respectively.



36

=  10.02
9.08
.89**

8 9 10 11 12 13 14
KERNELS/HECTARE (x IO6)

Figure 1-8. Regression analysis of Erbet (y) on Betzes (x) kernels per 
hectare response when grown in 27 environments 
*,**Indicate significant correlations (r) and byx / 1.00 

at p = .05, p = .01, respectively.
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number of environments (Table 1-4). Since these responses are 
strongly affected by stress variation, their effect on yield is 
probably dependent upon the specific stress levels of an environment. 
The mean environmental heading dates, determined primarily by vari
ations in photoperiod and temperature at each environment, expressed 
no significant effects on yields. This is probably due to the lack 
of any significant correlations of heading dates to the other char
acters affecting isotype yield (Table 1-2).

Allen, et al. (1978) reported increased genotypic and error 
variances in high yield environments. In the data reported here, the 
high yield environments produced the greatest genetic yield dif
ferences between the isolines (Table 1-5). It could therefore be 
concluded that these high yield environments would be optimal for the 

selection of high yielding early cultivars. The regression pattern 
(Figure 1-6) reveals that selection of the early heading isotypes in 

high yield environments would not necessarily produce significant 
yield increases for early lines in the most stressed environments, 
due to the large genotype x environment interaction. The incon
sistent pattern of yield responses for Erbet in the high yield envi

ronments (Figure 1-7) may also make selection in the high yield and 
more variable environments inefficient. Figure 1-7 reveals that in 
average environments, late lines still express a genetic advantage in 

yield, and the early line yield response is still relatively



Table 1-4. Stepwise regression of Betzes and Erbet yield responses at all environments
to all characters studied except kernels/unit area and kernel weights.

Multiple
Trait N R R2 R2 ■ B F
Betzes overall
Plant height (cm) 173 .67** .44 .44 .59 61.33**
Test weight (kg/hl) 201 .79** .63 .03 .38 11.53**
Plump kernels (%) 155 .78** .60 .16 .55 14.03**
Thin kernels (%) 102 .82** .67 .04 .47 8.19**
Heading date 150 .82** .68 .00 .00 . 06

Erbet overall
Plant height (cm) 173 .70** .49 .49 .68 62.6**
Test weight (kg/hl) 201 . 75** .57 .08 .36 9,3**
Plump kernels (%) 155 . 75** .56 . .00 .52 5.5*
Thin kernels (%) 102 .78** .60 .03 .57 5.3
Heading date 150 . 78** .60 .00 .00 .02

All other traits were nonsignificant.
N-Number of environments (pairs) included in the regression for each additional 

character.
R-Multiple correlation value for each additional character regressed with yield.
r 2 - Incremental change in the value of the multiple coefficient of determination 

(R2) value with each additional character regressed with yield.
B-Standardized regression coefficient (b x/y) showing the direct effect of each 

character on yield.
F-Testing the significance of each added character's contribution to the total vari

ation in yield response.
*,**Indicate significant at p = .05, p = .01, respectively.

CoOO



Table 1-5., Comparison of Betzes and Erbet yield responses when the 214 environments 
are divided into 10.7 q/ha increments.

Yield 
Level■

Number 
of Pairs

X
• Betzes

y
Erbet 2r byx

3.2 - 13.9 26 10.9 . 11.4 .28** .86**
14.0 - 24.7 50 19.8 18.4 .40** .89**
24:8 - 35.5 62 30.1 29.4 .25** 1.08**

35.6 - 46.3 40. 41.4 38.6 .07 .50

46.4 - 56.9 25 49.9 45.6 .00 .00
57.0 - 67.9 11 61.9 56.6 ' .00 -.23

*,**Indicate significant correlations (r) and byx f 0.00, at p = .05, p = .01,
respectively.



40

consistent with the Betzes yield response. Selection for early line 
mean improvement may therefore be more efficient in the average 
environment in which the variety will be grown, as suggested by Frey 
(1954) in oats and Allen, et al. (1978) in barley and four other 
crops. This would potentially raise the Erbet mean by raising the 
overall regression line toward the Betzes mean and enhance the early 
line performance in all environments.

A cultivar should optimally be selected in those environmental 
conditions in which it will be grown to avoid the confounding and 
potential masking effect of a strong GxE interaction (Allen, et al., 
1978). However, consideration should also be given to the cause of 
limited yields. Most traits are either genotypically or environ
mentally limited. Selection must therefore occur in environments 
that allow the recognition of these two controlling factors. Factors 
determining the limits of any character in stressed environments are 
different from those determining the limits in non-stressed environ
ments, as this comparison of isogenic lines has shown for plant 
height versus kernel weight controls. Genetic ceilings for plant 
heights and kernel characters are best detected in the least stressed 

environments. Differences in stress resistant cultivars, as indicated 

by shrunken kernels or reduced plant heights, are best detected in 
stressed environments. The degree of early season stress to which a
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cultivar is exposed in a given environment can be calculated by the 
following ratio: Environmental mean plant height maximum (genetic)
plant height ever obtained. The degree of late season stress can be 
determined by the same ratio, but substituting kernel weights for 
plant heights. These stress indices can then be used to select for 
cultivars with ratios consistently approaching one. These lines will 
potentially contain the greatest degree of drought tolerance for 
either early season or late season stress. Seed from stressed
segregating populations can be sieved to select the plumpest kernels.

/

If heading dates are kept uniform in these populations, stress 
resistant plants should be producing the plumpest kernels.
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SECTION II: THE EFFECT OF ROW TYPE AND MATURITY ISOGENICS
ON YIELD AND YIELD COMPONENT DEVELOPMENT 

IN BARLEY (HORDEUM VULGARE L.)

Introduction
The row character of barley strongly determines the area of 

adaptation of a cultivar. This section describes the effect on the 
yield and yield component development and stability when substituting 
the six-rowed character and earliness into three two-rowed genotypes. 
The results can be used to Verify whether direct genetic control of 
kernels/spike affects the tillering response. The results also 
indicate the magnitude of control of the genotype versus the isogene 

character on the development of the yield components. In addition, 
the components most limiting yields in the isotypic combinations 

should indicate methods to overcome reduced yields of early heading

and two-row lines in high or low yielding environments./

Materials and Methods

The two-rowed backcross parents,lFreja1 and 'Hannchen', and the 

six-rowed cultivar, 'Titan', are all adapted to Montana growing 
conditions. Two-rowed 'Carlsburg II' and six-rowed 'Vantage' have

I T .

been grown under irrigation in both Montana and North Dakota environ
ments. Table 2-1 summarizes the crosses made to derive the four
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Table 2-1. Varieties and row types involved in crosses to derive 
the three isotypic series.

Donor Parent Recurrent Parent
vvll. late______________ W i i , early

Cultivars .Vantage 
Vantage 
Titan

/7* Carlsburg II
/7* Freja
/I* Hannchen
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possible two- and six-row genotypes after seven backcross genera
tions. Also, a single recessive character (ea), imparting a mean 
8-day reduction in heading date from the parent, was segregated in 
the seventh generation plots of each of the crosses (except Hannchen,

' qwiieaea) making it possible to isolate the eight (2 ) possible 
isotypes (Table 2-2) for each recurrent parent.

The only exception was the Hannchen series, consisting of seven
!isogenic lines and Hannchen, grown as a check. This series and this 

eight possible lines of Freja and Carlsburg II, plus Freja and : 
Carlsburg II grown as checks, were tested in up to eight Montana 
 ̂environments. A randomized, complete block design replicated four 

times was grown in each environment for each isoseries. The center 
two rows of the four row, 3 m plots were harvested for yield, after 
trimming to 2.4 m long. The rows were spaced 30 cm apart. Ten 

spikes were collected at random from the two border rows prior to 
harvest. Yield components were then calculated according to the 

method described by Hamid and Grafius (1978). Heading date of each
plot was recorded as 50% of the plants heading in the plot.

. \

A space planted nursery of all the isotypic lines was grown in 
Bozeman in 1977, using a randomized, complete block design with two 

replications. Each plot consisted of four rows, 3.3 m long and 30 cm 
apart. The plants in a row were spaced 30 cm apart. Ten random 
plants were selected from the center two rows of each plot.



Table 2-2. Isogenic combinations forming the 2 factorial com
parisons selected in each recurrent parent after 
seven backcross generations

3

Isotypes ------ Spike Character--- ----Row No. Lateral Florets

WII early 2 inflated
WII late 2 inflated

Wi i  early 2 sterile

Wii late 2 sterile

w l l  early 6 sessile

wll late 6 sessile

w i i  early 6 pedicilate

wii late 6 pedicilate
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Seed bearing spikes were counted on each plant and the number of 
kernels per spike were counted on the main culm of each plant. Yield 
and kernel weights were determined from the bulk harvested seed of 
all 10 plants per plot..

Values for the missing combination, wii-eaea, in the Hannchen 
isotypic series were estimated using a least squares regression 
technique. This involved regressing the seven observed isotypic 
responses against the six possible single degree of freedom com
parison (with the loss of the V x I x Ea interaction) to obtain a

3multiple regression equation to estimate the 2 factorial response 
surface (Table 2-3). The appropriate orthogonal comparison coef
ficients for the Wiireaea combination in the regression formula were 
used to estimate the missing value, (Snedecor and Cochran, 1967, pp. 
354-369). This analysis was completed on all of the responses at each 
environment and on the mean responses of all environments for each
character studied. The estimated values for wii-eaea were then

3substituted in the standard 2 factorial analysis (Table 2-3). The 
sums of squares for isotypic effects and the single degree of freedom 

sums of squares were calculated using the estimated responses. The
I

replication, environmental, and error sums of squares were calculated 
using the check responses since the error estimates are not valid for 
the substituted value. The estimated wii-eaea value was also used in
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Table 2-3. The seven orthogonal comparisons used to isolate the „ 
. main genetic effects and their interactions in each 
factorial isogenic series analysis of variance.

Main
Genetic
Effects

Row type 
(V vs v) 
laterals 
(I vs i)V x I
Heading date, 
(Ba vs ea)
V x Ea

I x Ea

Isotypic genetic combinations
V=2-■row v=6--row

I=Infertile i = fertile I i
Ea=Iate ea=early Ea ea Ea ea Ea ea

I I I I -I -I -I -I

I I -I -I I I -I -I
I I -I -I -I -I I I

I -I I -I I -I I -I

I -I I -I. -I I -I I

I. -I -I I I -I -I I

I -I -I I -I I I -IV x I x Ea
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all subsequent analyses of plant responses for each character studied 
in the Hannchen series. Correlation regression and path coefficient 
analyses were calculated on all three isotypic series results in both 
yield and space planted nurseries.

RESULTS AND DISCUSSION

Analyses of variance (ANOV) revealed significant environmental
2 'variation for the heading date, yield, and tillers/30 cm responses 

of the Carlsburg II, Freja, and Hannchen isotypes (Tables 2-4, 2-5, 
and 2-6). All of the characters analyzed for the Carlsburg II series 
and all, except the yield response, for the Freja and Hannchen series 
had significant isotype x environment interactions. Significant 
isotypic variations were found for Freja heading date response, 
Hannchen yield and kernels/spike response, and Carlsburg II kernels/ 

spike response, when tested with significant isotype x environment 
interaction mean squares (Snedecor and Cochran, 1967).

The significance of the orthogonal single degrees of freedom
comparisons was estimated using the error mean square instead of the
isotype x environment.interaction mean square, since a significant G

x Ea interaction for all of the isotypes does not imply a similar
interaction for each genetic character when analyzed singly (Snedecor
and Cochran, 1961, p. 376). The yv character produced significant

2mean response changes in spikes/30 cm , kernels/spike, and kernel
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Table 2-4. Mean squares of the 2 factorial analysis of variance of tow type and

heading date genetic effects on the Carlsburg II isotypes grown in
several Montana yield trial environments.

Source DF
Heading
Date DF

Yield
q/ha

Tillers/ 
30 cm^

Kernels/
Spike

Kernel
Weight

Rep/Env 15 3.44 18 59.90 66.97 20.67 7.97
Environment 4 650.80** 5 1348.20** 1566."92** 28.52 68.82
Isotypes 8 114.60 8 •140.73 203.31 854.34** 190.51
V vs v I 3.13 I 147.21** 706.21** 5104.83** 1365.61**
I vs i I 6.55* I 70.24* 104.24 83.64* 19.80
Ea vs ea I 897.00** I 89.20* 680.43** 874.20** 55.86
V x ! I 3.40 I 16.92 7.52 196.86** 11.71
V x Ea I .90 I 1.17 17.52 152.52** .57
I x Ea I 10.60** I 13.36 1.47 35.04 2.91
V x I x Ea I .68 I 101.00** 16.11 12.24 5.51
Parental I 109.30** I 781.43** 97.00 375.21** 61.95
Iso. x Env. 32 86.21* 40 71.13** 106.10** 99.34** 179.82**
Error 120 1.52 144 ■ 14.22 28.73 18.43 18.48
Mean 179 170.7 217 31.90 30.43 31.21 33.70
*,**Indicate significant F-tests at p = .05, p = .01, respectively.



Table 2-5. Means squares of the 2^ factorial analysis of variance of row types and
heading date genetic effects of the Freja isotypes grown in several
Montana yield trial environments.

Source DF
Heading
Date DF

Yield
q/ha

Tillers/ 
30 cm^

Kernels/
Spike

Kernel
Weight

Reps/Env 12 2.08 21 37.92 66.98 38.83 4.61
Environment 3 2840.61** 6 1386.81** 1423.00** 78.91 91.32 .
Isotypes 8 263.71** 8 79.81 148.80 513.72 214.43
V vs v I 4.48** I .12 813.40** 2739.83**I 1129.04**
I vs i I .48 I .00 12.90 37.42 47.72**
EA vs ea I 1856.00** I 116.00** 147.20** 369.10** 222.33**
V x I I 18.00** I 1.53 20.20 135.41 45.61**
V x Ea • I .48 ■ I .00 37.80** 129.42. 10.13
I x Ea I • .48 I .12 99.40** 2.65 46.81**
V x I x Ea I 2.08 I .03 37.80** 11.43 . .81
Parental I 228.01** I 40.41 19.40* 684.71** 213.20**
Iso. x Env. 24 7.12** 48 53.82 178.90** 303.51** 114.83**
Error 96 .70 168 37.21 3.40 43.22 3.47
Mean 143 172.21 251 39.71 34.9 • 28.91 33.31

*,**Indicate significant F-tests at p = .05, p = .01, respectively.



Table 2-6. Mean squares of the 2^ factorial analysis of variance of row type and
heading date genetic effects of the Hannchen isotypes grown in several
Montana yield trial environments.

Source DF
Heading
Date

Yield
q/ha DF

Tillers/ 
30 cm^

Kernels/
Spike DF

Kernel
Weight

Reps/Env 24 7.03 89.51 18 41.91 31.80 21 3.51
Environment 7 936.50** 2426.01** 5 412.22** 1714.01* 6 10.71
Isotypes 7 100.45 125.56** 7 177.45 1350.31** 7 290.06
V vs v I 18.81 37.62 I 997.81** 9303.33** I 1871.12**
I vs i I 3.86 40.21 I 13.41 23.00 I 6.35
Ea vs ea ' ■ I 659.30** 354.10** I 114.21* 83.64 I 136.20**
V x I. I 0.00 32.24 I 117.83* 0.77 I 2.96
V x Ea I 14.14 421.03** I 68.84 39.11 I 7.34
I x Ea I 6.83 3.89 I 38.13 2.15 I 6.55
V x I x Ea I ,0.00 0.00 I 0.00 Q . 00 I 0.00
Iso. x Env. 49 65.60** 33.68 35 121.31** 673.11** 42 156.61**
Error 168 8.50 35.90 126 26.56 25.11 147 17.82
Mean 255 172.9 33.21 191 24.47 32.71 223 33.31

*,**Indicate significant F-test at p • 05, p .01, respectively.
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weights for all three cultivars and in yield in the Carlsburg'II
■ * ' J

series. The H  character produced slight but significant effects on 
heading date, yield, and kernels/spike in Carlsburg II and on kernel 
weights in Freja when substituted for the parental ii character. The 
early gene (ea) altered every trait except kernels/spike in Hannchen 
and kernel weights in Carlsberg II. There was also a significant 
row-type x maturity interaction for yield detected in the Hannchen 
isogenic series. Other significant gene-tb-gene interactions were 
found primarily with Carlsburg II and Freja (Tables 2-4 and 2-5). It 
appears that single gene substitutions of these traits can signifi
cantly alter the yield and yield component responses crucial to 

adaptation. These data support Qualset1s hypothesis (1979) of two 
levels of genetic control for plant adaptation and morphology.

Histograms of the mean main effect of each gene on each trait's 

responses averaged over the environments studied are presented as a 
percentage of the overall mean response of all the isotypic responses 
for each trait (Figures 2-1, 2-2, and 2-3). This is a modification 

of Grafius1 paralleliped method (1956) which allows the comparison of 
the magnitude and direction of response within and between traits by 
placing all values on a percentage of 1 .00.

Significant yield differences were detected between the row 
types in the Carlsburg II series but not for the Freja or Hannchen 

isolines. Slight yield differences of all the lines compared to
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the large differences in the yield components for all three series 
reveal a strong pattern of yield component compensation as shown in 
the mean response histograms created by the difference in row types 
(Figures 2-1). In all three isoseries the early heading date gene 
created a significant but slight yield difference presumably due to a 
reduced pattern of compensation between the yield components. Com
pensation occurred due to the heading date difference (Figure 2-3). 
These patterns of strong compensation agree with those of the two- 
rowed cultivars described by Wells (1962), which produced sufficient 
tillering and kernel weight responses to compensate for the geneti
cally increased kernels/spike development induced by the six-row 
substitution. Since previous research has shown that six-rowed iso
types do not seem to have adequate tillering to compensate for geneti 
cally reduced kernels/spike when twb-rowed genes are incorporated 

into these backgrounds (Hockett and Standridge, 1974; Hockett and 
Eslick, 1968; Wiebe, et al., 1961), other genotypic factors must 
differ between two- and six-rowed genotypes to reduce the degree of 
yield component plasticity found in the six-rowed genotypes (especi 
ally the tillering response), as postulated by Hockett and Standridge 

(1974) and Wells (1962).
Research on uniculm barleys at Waite, Australia, and in Israel 

have shown that a single genetic control for tillering plasticity 

does exist (Donald, 1968). Other alleles or other loci exist to
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control tillering as strongly as the row type alleles control the 
kernels/spike response. Six-row genotypes may possess several low 
tillering alleles selected to enhance maximum spike development under 
irrigated conditions. However, this data, a previously reported study 
(Small, 1979), research by Wells and Dubetz (1966) with wheat, and 
Kirby and Faris (1972) with barley, all reveal that spikes/30 cm^ is 
generally the component with the greatest degree of environmental 

plasticity and is most crucial for adaptation. Land races strongly 
favored by the small acreage farmers in the mideast area provide good 
yield stability and may prove to be examples of high-tillering, 
six-rowed genotypes.

The fact that two-rowed genotypes appear to have the greatest 
degree of tillering plasticity may explain their preferred use as . 
dryland malting barleys in the Intermountain and Pacific Northwest, 
regions where yield stability combined with plumpness is required 

(Reid and Weibe, 1979) . It seems logical that two-rowed cultivars 
may thus serve as excellent sources of germplasm for increased 
drought and yield stability of six-rowed cultivars, if they are used 
as the recurrent parent. Use of high tillering land races may also 

serve as potential sources of yield stability for addition to modern 

barley gene pools.
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The differences in spikes/30 cm between the row type and the 
heading date isotype were reduced in the space planted nursery 
(Tables 2-7 to 2-9 and Figures 2-4 to 2-6) as compared to those in 
the yield trial environments. Later heading types produced more 
spikes in the space planted nursery Compared to the yield trial 
environments. This response is similar to those observed in Section I 
and by Smail (1979). Longer growth durations and minimal stress 

allow a large number of spikes to be developed, but due to the 
susceptibility of tiller primordia to stress, the expression of this 
genetic potential is environmentally plastic.

The relieving of stress by planting in the space planted nursery 
revealed the same strong difference as found in the yield trials for 
the kernels/spike response due to the V and e§_ genes (Tables 2-7 
through 2-9 and Figures 2-4 through 2-6). The fact that the y and Ea 
genes still result in large increases in kernels/spike emphasizes the 

dominant genetic control these loci have on this trait compared to 
the environmentally variable tiller response.

Kernel weights were more alike in the early and late types in 

the space planted than in the yield trial environments (Figures 2-6,
2-3), probably.due to the ability of both lines to attain their 

genetic potential because of reduced stresses. Increased kernel 
weights in the two-rowed isotypes versus the six-rowed isotypes when

2
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Table 2-7. Mean squares of the 2^ factorial analysis of variance of 
row type and heading date genetic effects on the Carls- 
burg II isotypes grown, in a space planted nursery.

Source DF Yield
Kernel
Weights DF

Spikes/
Plant

Kernels/
Spike

Replication I 118.9 .60 I 908.4* 7.4
Isotypes 8 184.31 91.22 ' 8 2614.91** 12 800.63**
V vs v I .05 475.21** , I 5452.01** 89200.00**
I vs i I 3.02 36.04 I 2.23 180.63
Ea vs ea I 35.05 115.67 : 55.15 680.62**
V x I, I 40.50 1.63 i 265.10 27.21
V x Ea I 244.21 52.62 i 140.64 570.01**
I x Ea I 446.26 6.03 i 931.23 3516.03**
V x Ea I 77.81 25.66 i .02 2236.01**
Parental I 627.43 16.94 i 14073.93** 5994.75**
Error 8 220.62 49.91 8 371.9 . 166.10
Within Plot - - - 162 242.0 14.56

*,**Indicate significant F-tes.ts at P = .05, p = .01, respectively.
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Table 2-8. Mean squares of the 2^ factorial , 
row type and heading date genetic 
isotypes grown in a space planted

analysis of 
effects on 
nursery.

variance of 
the Freja

Source
Kernel

DF Yield Weights DF
Spikes/
Plant

Kernels/
Spike

Replication I 7.53 .40 I 74.01 1.27
Isotypes 8 774.11** 151.01** 8 2115.61* 11633.21**
V vs v I 580.20* 809.41** I 893.03** 74640.03**
I_.VS JL I 152.95 20.26** I 149.04 2434.04**
Ea vs ea I 4536.03** 100.00** I 12780.00** 2074.03**
V x !_ I .01 1.56 I .01 1587.60**
V x Ea_ I 212.94 . 21.61**' I 65.03 129.60
I x Ea I 16.05 27.36** I 1.22 48.45
V x I  x Ea I 147.21 4.62 I 319.21 25.55
Parental I 552.03* 237.00** I 2718.05* 12126.61**
Error 8 86.10 1.61 8 543.72 619.53
Within Plots - - - .162 108.45 12.63

*,**Indicate significant F-■tests at p = .05, p =  .01, respectively.
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Table 2-9. Mean squares of the 2  ̂factorial analysis of variance 
of row type and heading date genetic effects on the 
Hannchen isotypes grown in a space planted nursery.

Source . DF
Yield/

■ 10 Hants
Kernel 

. Weights DF
Spikes/
Plant

Kernels/
Spike

Replication I 20.5 .5 I 297.22 .01
Isotypes 7 452.0 106.31** 7 3730.62** 17139.71**
V vs v I 86.13 710.61** I 6874.61** 116740.40**
I VS  JL I 926.61 40.71** I 399.53 313.65*
EA vs ea I 1275.26* 20.01** I 18552.40** 2164.01**
V x l I 175.84 .20 I 285.82 672.42**
V x Ea I 469.82 1.29 I 4.01 26.02
I x Ea I 222.12 .056 I 4.56 14.41
V x I x  Ea I .00 ' .00 I .00 .00
Error 7 225.90 .61 7 1414.20 73.87
Within Plots - - ■ - 144 334.29 25.48

*,^Indicate significant F-tests at p = .05, p = .01, respectively.
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space planted (Figure 2-4) or drilled (Figure 2-1) indicate increased 
potential in the two-rowed type. This increase is probably due to 
reduced intraspike competition in two-rowed spikes allowing each 
floret to attain maximum development. Similar patterns of intra
spike competition have been reported (Kirby and Rymer, 1974). This 
difference in two-row and six-row kernel weights will occur across 
most environments, because the reduction of the six-rowed types is 
greater than the reductions imposed by stresses, as shown by the 
similar kernel weight response patterns between the space-planted and 
the yield trial environments. This consistency will cause a constant 
kerhels/spike to kernel weight compensation to occur, which is 
established prior to flowering. This is in contrast to the more 
variable kernels/ spike to kernel weight compensation between the 
early and late types, which is established by post flowering stresses.

The nonsignificant yield differences for the V v comparison in ; 
the space planted Carlsburg II and Hannchen isolines is probably due 

to the compensation of kernels/spike and kernel weights. The reduced 
compensation in the Freja space planted series explains the signifi

cant effect of the row type genes on Freja1s yield (Figure 2-4). As 
in the yield trials, the I i genes produced fewer yield differences 
and only minor yield component differences (Tables 2-7 through 2-9; 
Figure 2-5).
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Correlated responses among the heading date, yield, and yield 

component response caused by the genetic differences between the 
isotypes of each series quantify the patterns presented in the paral
lelepiped analysis (Small, 1979). Correlation matrices for the 
isotypic mean responses averaged over all environments and the space 
planted nursery in (Tables 2-10 through 2-12), are synonymous with 
the stress matrix described by Graffus (1978). In all three isotypic
series, the genetic differences created strong negative correlations

2of kernels/spike to spikes/30 cm and kernel weights, implying strong 
compensation at each yield trial (stressed) environment (Figures 2-7 
to 2-9). In the space planted environment only the Carlsburg II 
isoseries developed a significant compensation between spikes/plant 
and kernels/spike. However, all three isoseries developed strong 
compensation between kernels/spike and kernel weights.

The row type and early genes express strong genetic control on 
the kernels/spike response. This pattern of compensation among the 
three yield components must originate with the development of the 

spike due to the strong isogenic control of the row type genes on 
this character, and not with the establishment of tiller number as 
postulated by Hamid and Grafius (1978). The strength of the com
pensating response through tillering is partially dependent upon
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Table 2-10. Correlation matrices of the mean responses of the
Carlsburg II series averaged over all
environments and the space planted nursery, N = 9.

•t^Space 
'̂■’S^lanted t 

YieldfsNx ^ 
Trial ^ N ^

Heading
Date Yield

Spikes/ 
30 cm^

Kernels/
Spike

Kernel
Weight

Heading Date 1.0 a a a a

Yield - .05 1.0 .16 .16 - .72*

Tillers/ 
30 cm^ - .40 .79* 1.0 - .79* .77*

Kernels/
Spike .20 - .62 - .88** 1.0 - .77*

Kernel
Weight - .86** .62 .83* - m96** 1.0

Correlation matrix of mean yield trial responses shown on lower left

^Correlation matrix of mean space planted nursery responses shown on 
upper right•
aNot available.

*,**Indicate significant correlations (r) at p = .05, p = .01,
respectively.
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Table 2-11. Correlation matrices of the mean responses of the Freja
series averaged over all environments and
the space planted nursery.

-x. Space .
^x^Planted^

Yield^'"".
Trial+

Heading
Date Yield

Spikes/ 
30 cm?

Kernels/
Spike

Kernel 
'Weight

Heading Date 1.0 a a a a

Yield .32 1.0 .89** .49 - .63
Tillers/ 
30 cm2 .30 - .42 1.0 H O - .25
Kernels/
Spike - .33 .42 - .95** 1.0 - .97**

Kernel
Weight - .36 .24 .86** - .96** 1.0

t Correlation matrix of mean yield trial responses shown on lower 
left.

f Correlation matrix of mean.space planted nursery responses shown 
on upper right.
aNot available.

*,**Indicate significant correlations (r) at p = .05, p =
respectively.

.01
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Table 2-12. Correlation matrices of the mean responses of the
Hannchen series averaged over all environments'
and the space planted nursery.

"X. Space
vXvPlanted  ̂

TrialJ^vXv 
Yield + ^ vXv

Heading
Date Yield

Spikes/ 
30 cm^

Kernels/
Spike

Kernel
Weight

Heading Date 1.0 a a a a
Yield - .40 1.0 .50 .02 - .16

Tillers/
30 cm^ - .66 .21 1.0 - ,44 .44

Kernels/
Spike .32 - .18. - .92** 1.0 - .98*'

Kernel
Weight - .42 .29 .92** - .97** 1.0

tCorrelation matrix of mean yield trial responses shown on lower 
left*

tCorrelation matrix of mean space planted nursery response shown on 
upper right.

aNot available.
*,**Indicate significant correlations (r) at p = .05, p =

respectively.
.01,
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burg isotypes (N = 9) at each environment.
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the range of responses in the number of kernels/spike between the 
isotypes and the stresses of the environment. The kernel weight 
response is probably less influenced by environmental stress, and 
more determined by intraorgan competition as reported by Kirby and 
Rymer (1974) and is related to the consistent kernels/spike response 
in both the mean yield trial and the space planted nurseries.

The calculated mean main effects of the isotypic genes (v,
and ea) were regressed against the parental mean main genetic effects
for each trait's response at each environment, allowing a delineation
of the gene x environment interaction for each isogene (Figures 2-10
through 2-24). If the gene severely alters the normal response
pattern of the cultivar's gene x environment interaction, the slope
will be significantly different from the unit of slope. The unit
slope reveals the pattern of response if the gene does not dominate
the parental genotypic mean responses. A strong alteration in
genotype x environment interaction by a single genetic character will

2also cause reduced coefficients of determination (r ), since the 
responses of the isotype and the parental genotype will no longer be 
associated. This type of regression analysis also estimates the 
environmental plasticity of a character as affected by the substi
tuted gene over the test environments, by the degree and pattern of 
the gene x environment interaction for each series.
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.99**

.99**1.03I vs I
ea vs Ea 1.03 .99**

=  1.00

170 175 180 185
PARENTAL HEADING DATE (DAYS JULIAN)

(VVllEaEa)

Figure 2-10. Regression analysis of the mean main effect of 
each isogene (v, and ea) on the heading date 
response of the Carlsburg II genotypes grown 
at 6 environments.
*,**Indicate significant correlations (r) and

byx f 1.00 at p = .05, p = .01, respectively.
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v vs V
I vs I 1.0 *•

.99"«vs Ea

yx

165 170 175
PARENTAL HEADING DATE (DAYS JULIAN)

(WiiEaEa)

Figure 2-11. Regression analysis of the mean main effect of each 
gene (v, I, and ea) heading date response of the 
Freja genotypes grown in 6 environments.
*,**Indicate significant correlations (r) and

byx f 1.00 at p = .05, p = .01, respectively.
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V vs v 1.03
I vs I .99 1.00**
ea vs Ba.90 .95**

OZ Z

M  <O  O

PARENTAL HEADING DATE (DAYS JULIAN)
(VViiEaEa)

Figure 2-12. Regression analysis of the mean main effect of each 
gene (v, I, and ea) on the heading date response of 
the Hannchen genotypes grown in 6 environments.
*,**Indicate significant correlations (r) and

byx f 1.00, p = .05, p = .01, respectively.
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v vs V
I V S  I
ea vs Ea

PARENTAL YIELD (q/ha) (VVllEaEa)

Figure 2-13. Regression analysis of the mean main effect of 
each isogene (v, and ea) on the yield response 
of the Carlsburg II genotype grown in 6 environments.
*,**Indicate significant correlations (r) and

byx # 1.00 at p = .05, p = .01, respectively.
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v vs V
Ivsi
vs Es .90

PARENTAL YIELD (q/ha) (WliEaEa)

Regression analysis of mean main effect of each isogene 
(v, and ea) on the yield response of the Freja genotype 
grown in 6 environments.
* ,**Indicate significant correlations (r) and byx Js 1.00

at p = .05, p = .01, respectively.

Figure 2-14.
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.b =1.00.91**v vs V
.95 .91**I vs I

ea vs Ga 1.00

PARENTAL YIELD (q/ha)
(WllEaEa)

Figure 2-15. Regression analysis of mean main effect of each 
isogene (v, and ea) on the yield response of 
the Hannchen genotype grown in 6 environments.

*,**Indicate significant correlations (r) and
byx f 1.00 at p = .05, p = .01, respectively.
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v vs V
I vs i
ea vs Ea

byx = 1.00

PARENTAL TILLERS/30 cm 
(VVliEaEa)

Figure 2-16. Regression analysis of the mean main effect of each 
isogene (v, and ea) on the tillers/30 cm response 
of the Carlsburg II genotype grown in 6 environments.

*,**Indicate significant correlations (r) and byx ^1.00 
at p = .05, p = .01, respectively.
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- 1.00
.78** .95**v vs V
.77** .97**I VS I

PARENTAL TILLERS/30 cm (WllEaEa)

Figure 2-17. Regression analysis of the mean main effect of each iso
gene (v, Jl, and ea) on the tillers/30 cm response of the 
Freja genotype grown in 6 environments.
*,**Indicate significant correlations (r) and byx f 1.00

at p = .05, p = .01, respectively.
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= 100.90**
.94**I vs I

ea vs Ea

PARENTAL TILLERS/30 cm (WllEaEA)

Figure 2-18. Regression analysis of mean main effect of each isogene 
(v, J[, and ea) on the tillers/30 cm2 response of the 
Hannchen genotype grown in 6 environments.
*,**Indicate significant correlations (r) and byx / 1.00

at p = .05, p = .01, respectively.
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I vs i

PARENTAL KERNELS/SPUE (VVllEaEa)

Regression analysis of the mean main effect of 
each isogene (v, and ea) on the kernels/spike 
response of the Carlsburg II genotype grown in 
6 environments.
*,**Indicate significant correlations (r) and
byx f 1.00 at p = .05, p = .01, respectively.

Figure 2-19.
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v vs V
I vs i
ea vs Ea

PARENTAL KERNELS/SPIKE 
(Wii EaEa)

Figure 2-20. Regression analysis of the mean main effect of each iso
gene (v, I, and ea) on the kernels/spike response of the 
Freja genotype grown in 6 environments.
*,**Indicate significant correlations (r) and byx f 1.00 

at p = .05, p = .01, respectively.
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v vs V 2.72**
I vs I 1.01
ea vs Ea1.27

byx=1.00

30 40
PARENTAL KERNELS/SPIKE

(VVliEaEa)
Figure 2-21. Regression analysis of the mean main cTfccL of 

each isogene (v, I, and ea) on the kernels/spike 
response of the Hannchen genotype grown in 
6 environments.
*,**Indicate significant correlations (r) and

byx ^ 1.00 at p = .05, p = .01, respectively.
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v vs V -.23
I v s l 1.21*ea vs Ea 1.21*

byx -

PARENTAL KERNEL WEIGHTS (gm/1000)(WliEaEa)

Figure 2-22. Regression analysis of the mean main effect of each
isogene (_v, I_, and ea) on the kernel weight response 
of the Carlsburg II genotype grown in 6 environments. 
*,**Indicate significant correlations (r) and

byx i 1.00 at p = .05, p = .01, respectively.
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PARENTAL KERNEL WEIGHTS (gm/1000) (WllEaEa)

Figure 2-23. Regression analysis of the mean main effect of each 
isogene (v, I, and ea) on the kernel weight response 
of the Freja genotype grown in 6 environments.
*,**Indicate significant correlations (r) and byx f 1.00

at p = .05, p =  .01, respectively.
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v vs V -2.06
Ivs i
ea vs Ea

0 PARENTAL KERNEL WEIGHTS (gm/1000) 
(WiiEaEa)

Figure 2-24. Regression analysis of the mean main effect of 
each isogene (v, Î, and ea) on the kernel weight 
response of the Hannchen genotype grown in 
6 environments.
*,**Indicate significant correlations (r) and

byx f 1.00 at p = .05, p = .01, respectively.
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The early gene (ea) caused a consistent 6-8 day reduction in 

heading date from the normal type at each environment, regardless of 
the mean heading date of the normal genotype (Figures 2-10 through 
2-12). However, the photothermal sensitivity was not affected since 
both slopes were parallel. These unmapped early heading genes, 
behave exactly as the dominant earliness genes reported for the 
Betzes early isotype Erbet (Section I) and similarly to the early 
genes in the Titan isotypic series (Small, 1979). Since the photo- 
thermal sensitivity of the genotypic background was not affected by 
the early gene, it is probably under separate genetic control. The 
row-type genes (v and ![) had no significant effect on the genotypic 
heading date response over the environments for any of the three 
isotypic series.

2Yield adaptation (byx) or stability (r ) was not reduced by any 
of the isogenic characters in the three cultivars (Figures 2-13 
through 2-15). This was expected because of the consistent patterns 
of compensation over the environmental range (Figures 2-7 through 

2-9) and the lack of significant genetic effects (Tables 2-4 through 
2-6). The six-row gene (v) in all three isotypic series, and the
lateral gene (1̂ ) in Freja, produced slight but significant spikes/

2 \ '

30 cm gene x environment interactions (Figures 2-16 to 2-18). The
gene (ea) in the Hannchen series also produced a significant spikes/

230 cm gene x. environment interaction (Figure 2-18). The coefficients
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2of variation (r ) for tillering response in the isotypic series,

except Freja, reveals that the isogene and the parental genotypes
responded similarly over the different environments. The genotype x

2environment interaction for both yield and tillers/30 cm response of 
the parent is not seriously altered by these genes. The overall mean 
tillering response may be altered, as in the heading date response, 
but there is a separate genotypic control of the environmental plas
ticity of tillering.

The kernels/spike regressions were not significant. The isogene 
therefore strongly altered the kernels/spike responses and removed 
any similarities between the isogene and the parental gene x environ
ment interactions (Figures 2-19 through 2-21). These data and pre
vious research (Wells, 1962; Wiebe, et al., 1961; Hockett and 
Standridge, 1974; Small, 1979), reveal that kernels/spike appears tp 
be under the strong genetic control of both row type and maturity 
genes. This control (hormonal) dominates and masks any basic geno
typic factors that might otherwise control kernels/spike development, 

such as indigenous metabolic rates and efficiency.
The Hannchen isotypic response was not consistent with the other 

two. isotypic series (Figure 2-21). . There is a similar pattern of 
response between the mutant V and ea isogenes when compared to the
parental genotype (V and Ea) responses as shown by the significant 
2r . The range of environmental response is, however, very small,
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possibly revealing a limited potential plasticity of environmental 
response in the kernels/spike component. In fact, the small environ
mental range in all three isotypic series for kernels/spike responses 
compared to the larger environmental ranges in heading date, yield, 
and tillering responses is evidence of a strong genetically con
trolled allocation of nutrients to the developing spike, ensuring a 
fairly consistent genetic response in most environments. A prefer
ential allocation of nutrients to developing spikes may ensure that 
the kernels/spike genetic maximum is reached in most environments by 
reducing many of the stresses to which the other components are 
normally exposed (Aspinall, 1963; Jones and Kirby (1977). It is, 
however, possible to obtain significant degrees of environmental 
kernels/spike responses for a specific cultivar given a sufficient 
range of stresses (Small, 1979), or genetic reductions in tiller 
numbers as with uniculm barleys (Donald, 1979), or by surgical, 
tiller removal (Jones and Kirby, 1974).

The small range of kernel weight responses found in this study 

relative fo the other yield components is similar to that reported by 

Grafius (1956). Environmental mean kernel weights throughout the 
experiments ranged from 27.8 mg to 36.9 mg. The v and ea gene in the 
Freja genotype and the ea and I genes in Carlsburg II produced slight 
but significant gene x environment interactions (Figure 2-23). The
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significant r values for all three genes reveal that with the small 
range of responses the isogenes consistently altered the mean kernel 
weight responses, but did not alter the kernel weight stability of 
the genotype x environment interaction of the parents Freja or 
Carlsburg II, Hannchen isogenic responses were not significantly 
correlated or regressed with the parental type (Figures 2-24).

The nonsignificant Hannchen kernel weight regression analysis 
may be due to reduced genetic maximums of kernel size, caused by the 
environmentally responsive kernels/spike development, utilizing 
nutrients which in the other two more consistent cultivars would be 
allocated to kernel development. This plastic kernels/spike response 
(Figure 2-21) may alter.the intraspike competition for nutrients and
create a genetically limited kernel size.

: ■ 'The Malting Barley Improvement Association (MBIA) handbook 
(1974) describes the Hannchen genotype as a dryland variety producing 
medium to small kernels acceptable for malting. The tillering 
response is described as good in high yield environments, which is 

supported by the data. Carlsburg II is, however, described as being 
a high tillering cultivar with large kernels adapted to high yield 
environments. Freja is described as a feed barley due to its low 
diastatic power (Aufhammer, et al., 1958). These differences in 
basic plant type between the cultivars may serve to explain the 

different yield component responses in regression patterns between

2
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the Carlsburg II and Freja series, and the Hannchen isotypic series. 
The greater environmental plasticity of the kernels/spike response 
may explain the large effect kernels/spike express on yield in the , 
Hannchen isotypic series (Table 2-13). The yield of the other two 
isotypic series was strongly controlled by an environmentally respon
sive tiller development.

The question has been posed as to how to improve the maximum
yield response of early heading cultivars in Section I. Most breeders
have found that in selecting for increased component response, the
compensating patterns seen in these isogenic studies and in other
reported studies, eliminate any yield advances (Hamid and Grafius,
1978; Grafius, 1972; Rasmussen and Cannell, 1970). Grafius (1972)
and Thomas, et al. (1970) have presented statistical methods to try
to estimate methods of overcoming these problems. Grafius (1972)
stated that a component that competes more severely with itself than
with the other traits finds a stable equilibrium with the other
components. However, component which creates larger decreases in the
other components will not allow stable equilibria among the com-

2ponents to be established. In our studies, tillers/30 cm seems to 
be a trait of the former type and kernels/spike seems to strongly 
affect tiller development in the latter sense. As shown with the 
isogenic analysis, increases in kernels/spike response, due to both 

pleiotfopic and direct genetic control, causes strong tiller and
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Table 2-13. A comparison of the total direct effects t of the mean 
yield component responses on the yield response of 
each isotypic series averaged over the yield trials 
analyzed.

Variety Spikes/ 
30 cm^

Kernels/ 
. Spike

Kernel
Weight Unknown F

Value

Frej a .510 .179 .321 .011 . .04*

Carlsburg II .663 .139 .073 . 123 .03*
Hannchen .047 .410 .502 .135 .06

+Percentage of total direct effect determined on the path coefficients 
of each character to yield and the unexplained portion (1-r ) of the 
path analysis (Hamid and Grafius, 1978).
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kernel weight compensations resulting in a uniform yield response. 
Although the components seem to be competing for a common pool of 
resources, it is possible that a hormonal allocation of nutrients to 
the spike imparts a competitive advantage to spike development to the 
detriment of tiller and kernel weight development. The size of the 
nutrient pool may not be affected by these genes, however, if they 
have no effect on root development. This would explain the uniform 
yields.

Grafius, et al. (1976) disassociated the compensation between
tiller and spike development by crossing parental lines with wide

2ranges in spikes/30 cm and kernels/spike responses. An outlier from 
2a spikes/30 cm and kernels/spike regression line (P4) was found 

which outyielded any of the parents through increased tiller and 
kernels/spike components, with minimal reduction in kernel weights. 
This implies either a potentially greater rate of metabolic activity 
or greater available nutrient pool.

The increase in the kernels/spike with later heading dates is 
identical to the responses reported by Small (1979). Keim, et al. 
(1973) have also shown a definite increase in kernels/spike with

\

photoperiodically delayed heading dates. Interestingly, Keim1s study 
also showed a compensatory reduction in tillers with added kernels/ 

spike responses. The compensating tillers came from 2° and 3° tiller
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development, over and above the four primary tillers produced by the 
normal Fergus barley cultivar in all photoperiods. This supports the 
postulated effect of increased spike development preventing develop
ment of later tillers.

Progressive time reductions in growth reduces the leaf number 
(Kirby and Eisenberg, 1966), leaf areas and lengths (Small, 1979), 
and plant heights (Section I), and cause strong adjustments in the 
yield component responses in both wheat and barley with either photo- 
periodically reduced (Guitard, 1960; Downs, et al., 1959) or geneti
cally reduced growth durations (Small, 1979). The environmentally or 
genetically reduced growth durations reduce the number of cells 
produced, and therefore the size and number of organ primordia 
(Aspinall and Paleg, 1963; Small, 1979). This implies an equal rate 
of cell division and differentiation among the lines in these studies 
since the reduction in organ sizes appear to be linearly related to 
the reduced growth duration in this arid a previously reported Titan 
isogenic study (Small, 1979).

The results of this and the previous studies reveal that under 

some conditions of stress, the yields and therefore total carbo

hydrate production and dry matter production, of the early types are 
equal to, or greater than, the later heading types. Hayes and 
McCollum (1976) have reported similar responses with an early
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heading Barley variety, 'Akka'. It seems possible that certain high 
yielding early lines may also have a greater photosynthetic and 
metabolic rate than later heading types. Vavilov and Kabish (1971) 
have reported an earlier attainment of maximum photosynthetic poten
tial with early heading barley cultivars. Significant increases in 
plant heights, total dry matter, and leaf areas with the earlier 
maturing lines have been reported (Hayes and McCollum, 1971). These 
responses were assumed to imply an increased metabolic as well as 
developmental rate in early lines.

The responses noted in the Erbet isoline, the Titan isolines 
(Small, 1979), and the three isogenic lines reported here all reveal 
a reduced organ size with genetic earliness. This is probably due to 
a reduced duration of growth because the isogenic early gene, with no 
subsequent increase in the basic genotypic metabolic rate throughout 
the isogenic series. The fact that a genetically induced kernels/ 
spike increase can cause a consistent reduction in tillering also 
implies a specific metabolic limit for a given genotype. Selection 
for increased yields through yield component selection must simul
taneously recognize lines with increased metabolic activity that is 

reflected in increased yield levels.
Several authors have noted that yield component selection is not 

an accurate method of. recognizing increased metabolic activity 
(Stoskopf and Reinberg, 1966; Watson, 1959; and Yasuda, 1972).
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data reveal that although row type and maturity genes express a 
dominant pleiotropic effect on plant morphological development, they 
have little effect op the final yield levels attained by a given 
genotypic background under all but the highest yielding environments.

These studies and those of Stoskopf and Reinberg (1966) have
shown a large genotype x environment interaction for the tillering
response selection of increased kernels/spike within gene so that
pools having genetic variation for this character should give the
greatest heritable advance in yield improvement. Since early heading
causes reduced kernels/spike and increased tillering, increases in
the yield of early cultivars might be obtained by selecting for
increased spike size while maintaining a normal tillering capacity.
Backcrossing an early genetic factor into the lines with the usual 

2spikes/30 cm to kernels/spike correlation already broken would lead 
to the most rapid development of a high yielding early line. Simple 
selection for these two characters would eliminate the need for 
determining nonyield component characters such as leaf areas and 
metabolic and photosynthetic efficiency suggested as being necessary 

by several authors for adequate yield improvement (Stoskopf and 
Reinberg, 1966; Watson, 1959; Hayes and McCollum, 1966; and Yoshida, 

1972).
Male sterile, facilitated, recurrent selection populations are 

ideally suited for this type of selection. Populations varying in
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heading dates can be easily concentrated for early genes similar to 
those investigated here, effectively reducing the mean population 
heading date. This has been donev at Montana State University by the 
author in three generations of selection. Within these populations 
the plants expressing a large number of kernels/spike and/or a high 
spike weight can be selected and grown in a typical pedigree system 
or used in recycling generations from which early, high yielding 
lines can be selected. If a basic level of tillering is assured by 
visual selection or by actual determination, significant yield 
improvements should be obtained.

i
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SECTION III: THE EFFECT OF HEADING DATE AND ROW-TYPE
ISOGENIC LINES ON RESIDUAL SOIL MOISTURE 

PATTERNS AND THEIR ASSOCIATION WITH.
YIELD.STABILITY AND DEVELOPMENT

Introduction
The purpose of this study was to determine the effect of row- 

type and heading date isogenes on rooting patterns, as measured by 
residual soil moisture following harvest and to determine the effect 
of these rooting patterns on yield and yield component development. 
This method was selected because its ease of determination allows the 
collection of large numbers of samples, and because it integrates the 
patterns of root activity over a whole growing season. A large 
number of isogenic lines were selected to represent several genotypic 
backgrounds and sources of earliness, to ensure representative associ
ations of rooting patterns to yield and yield component development

i

of barley, and to broaden the application of the results.

Materials and Methods
The 37 heading date, isogenic barley lines selected from the 

isogenic collection established at Montana State University (Eslick 
and Hockett, 1974) for use in this investigation are described in 
Tables 3-1 and 3-2. The two isogenic series described in Table 3-1 
were grown in two separate experiments at both the Bozeman (I) and
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Table 3-1. Description of the pedigrees of the isotypic lines of each 
varietal background studied at Bozeman (I) and Ft. Ellis 
(2), MT (Amsterdam and Bozeman silt loam soils, respec
tively.

Pedigrees
Heading Date

Typet Symbol Difference
TITAN (T) (all wll - six row)
Titan Parental T 0
Munsing/7* Titan (Composited ■E —3 IGatway/7* Titan Early)
B57G/7* Titan (Composited >
Munsing/7* Titan Derived D ■ - .7
Gatway/7* Titan Parental)
Munsing/7* Titan Medium Late M - +4.2
B570/7* Titan Late L +6.3
Munsing/7* Titan Very Late VL +8.3

HANNCHEN (H)
Hannchen Wi i Parental L 0
Titan/7* Hannchen, Wi i Early ■E -8.0
Titan/7* Hannchen, WII Early E -8.0
Titan/7* Hannchen, wll Early E ■ -8.0
Titan/7* Hannchen, Wi i Parental L 0
Titan/7* Hannchen, W I I Parental, L 0
Titan/7* Hannchen, wll Parental L 0
Titan/7* Hannchen, wii Parental . ■ L 0

^ Relative to the parental heading, date response.
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Table 3-2. Pedigrees and heading date ranking of the 2-rowed
isogenic lines analyzed at Huntley, MT (+) (Vanadium clay. 
soils)

Heading Date
Pedigrees Pairs Type Rank Difference

(early to late) (days)

ISOGENIC PAIRS (VP) 
Carlsburg II A ' Parental 8 - 8
Vantage/7* Carlsburg II A Early I ,

Titan/7* Hannchen B Parental 7 5
Titan/7* Hannchen B Early 2
Vantage/7* Freja C Parental 6 - 7
Vantage/7* Freja C • Early 3
Betzes/7* Shonupana D Early 10 7
Betzes/7* Shonupana D Parental 4
Bonus . E Parental 9 - 4
Mari (Mutation from Bonus) E Early 5.

BETZES ISOLINES (B) .
Priori Parental I -13
Compana dwarf/4* Betzes Early 2 -11
Orange lemma/7* Betzes Early 3 - 9
Erbet (Prior/7* Betzes) Early 4 — 8
gljgll/A* Betzes Early 5 - 8
Orange lemma/7* Betzes Early 6 - 7
Des, RM dwarf/4* Betzes Early 7 - 6
Hannchen dwarf/4* Betzes Early 8 - 4
gl-|gl]/4* Betzes Early 9 - 4
Betzes Parental 10 0

The Titan isotypic series summarized in Table 3-1 were also included
at this location.

f Prior is not an isotype of Betzes, but was included due to its 
parentage to Erbet.
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Ft. Ellis (2) research sites in 1977. The isogenic series described 
in Table 3-2 were originally grown as an intrastate experiment at the 
Southern Research Station at Huntley, Main Research Station at Bozeman, 
and the Northwestern Research Station at Kalispell, Montana. However, 
the latter two environments were hailed out and rained out, respec
tively. A randomized, complete block design with four row, 3.3 m 
plots, and four replications was used at each of the three environ
ments. The experiments analyzed are summarized in Table 3-3.

Fertilizer was applied to each test site according.to the recom
mendations based on soil sample analysis. The soil profile at each 
site was assumed to be saturated at planting time due to snow pack 
melt and heavy spring rains. Additional moisture from precipitation 
was added to the soil moisture during the growing season (Figures
3-1, 3-2). Soil samples were collected from the center of each plot 
with a "Giddings deep-soil sampler." Two-inch diameter cores were 
taken to a 180 cm depth and divided into 30 cm increments. Each 
increment sample was then placed in a I kg plastic lined soil sample 

bag. Following determination of the wet weight of the soil, each 
sample was oven dried at 55 C for 48 hours. The bags were immedi
ately reweighed to prevent atmospheric moisture absorption. Percent 
moisture was calculated for each sample according to the following 
equation:

(wet weight-dry weight) ? dry weight„
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Table 3-3 Summary of the experiments analyzed for residual soil 
moisture levels included in this investigation.

Isotypes-
Isotypic
Series

Isotypic
Code

Environment
Codet No.

Maximum 
Heading Date 
Range - Days

5 varietal VP 3 10 8.0
pairs
Betzes B . 3 .10 13-0

Titan . T 1,2,3 6 8:.3

Hannchen _H ' . 1,2 8 8.0

Total 4 7 54 x - 9.3

^ I, Bozeman, MT, 1977 ; 2, Ft. Ellis, MT, 1977; 3, Huntley, MT, 1978.



EVAPORATION 
(BOZEMAN)

H 16

g 12

/ ^ F T . ELLIS PRECIPITATION

BOZEMAN PRECIPITATION

AUGUST SEPTJULY
MONTH

JUNEAPRIL

Figure 3-1. Summary of monthly totals of precipitation and evaporation 
from a free water surface at Ft. Ellis and Bozeman, MT, 
1977.
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Figure 3- 2. Summary of monthly totals of precipitation and evaporation 

from a free water surface at Huntley, MT, 1978.
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Yield, yield components, heading date, percent plump and thin 
kernels, and plant heights were determined according to the methods 
described by Grafius (1978) and in Section II. Analysis of variance, 
Duncan's multiple range tests when appropriate, and correlation 
matrices were calculated for each soil depth and all characters 
analyzed at each environment. The correlation of the association of 
each yield component and heading date for each soil moisture depth 
were used to isolate those characters that were similarly associated 
to residual soil moistures.

Results and Discussion 1

The field capacity and wilting point, of the soils under study 
are summarized in Table 3-4. These were estimated by the "saturation 
percentage" determination for field capacity and wilting points were 

determined by flooding the soil profile and testing moisture content 

after 5 days of drainage (Brown, 1981; Campbell, 1959). The Ft.
Ellis soil field capacity was. determined by a laboratory determi
nation of saturation percentages based on 10 samples at each depth 
(Montagne and Ford, 1978). This is an approximate method of determi
nation, that the soil at that environment. The residual soil moisture 

in the 0-30 cm level for both experiments grown at Ft. Ellis is due 
to a late season rewetting of the upper soil. The fact that all 
other soil samples were near or below calculated wilting points



Table 3-4. Summary of soil types and percent moisture at field capacity and wiltingt
point, and bulk density of the soils included in this study.

Soil Depth
0-30 30-60 60-90 90-120 120-150

Field Capacity (V= .3 bar, g/g) 45.0

Huntley - Vananda Clay 

48.6 40.0 30.0 27.6
Wilting Point (Y= .3 bar, g/g) 22.5 24.3 20.0 15.0 13.8
Bulk Density (g/cc ) 1.6 1.6 1.6 1.6 1.7

Field Capacity (V= .3 bar, g/g) 22.4

Bozeman -

22.4

Amsterdam

22.4

Silt-loam

24.0 23.0
Wilting Point (Vz= .3 bar, g/g) 11.2 11.2 11.2 12.4 11.5
Bulk Density (g/cc^) 1.3 1.3 1.3 1.3 1.2

Field Capacity (V= .3 bar, g/g) 24.0

Ft. Ellis. 

25.0

- Gallatin 

22.6

Silt-loam

18.6 12.8 .
Wilting Point ( .3 bar, g/g) 12.0 12.5 11.3 9.3 6.9
Bulk Density (g/cc^) 1.3 1.3 1.3 1.6 1.8

t Wilting points calculated as field capacity * 2 (Ford and Montague, 1978)
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late season rewetting of the upper soil. The fact that all other 
soil samples were near or below calculated wilting points implies 
that all plants were exposed to some level of stress during the 
growing season. Since the residual soil moisture at the Huntley 
research station is far below the estimated wilting point, these 
plants may have been under the greatest stress especially in the 
upper soil depths. The higher yields (Table 3-5) were due to the 
greater amount of plant available water shown by the differences 
between the field capacity and the wilting point. The low mean yield 
levels obtained in both the Hannchen and the Titan experiments at Ft. 
Ellis (Tables 3-5 and 3-9) are probably due to the reduced plant 
available.moisture in the 90-150 cm soil depth created by a hard pan 
formation possibly restricting the rooting penetration in this level 
(Table 3-4).

The means number of observations, and the ANOV for each plant 
trait and residual soil moisture analyzed for each experiment are 
summarized in Tables 3-5 through 3-7 and 3-8 and 3-9, respectively. 
Significant isotypic differences were detected for most morphological 
plant characters analyzed. Exceptions were test weight and percent 

protein in the kernel weight response of Titan in the Ft. Ellis 
experiment, and the percent protein response of the Hannchen at 
Bozeman. Significant differences in residual soil moisture between 
the isotypes were detected only in the level for Hannchen isotypes in



Table 3-5. Mean responses and analysis of variance for the traits determined in. the experi
ments grown at Huntley and the Titan isotypes grown at Bozeman and Ft. Ellis.

DF
Heading
Date

Yield
(q/ha)

Spikes Kernels/ 
30 cm^ Spike

Kernel
Weight
(mg)

Test Plant Plump 
Weight Heights Kernels 
(kg/hl) (cm) (%)

Thin
Kernels
(%)

Mean (N) 104 173.2 51.7
All Isogenic Types - Huntley 

29.5 26.1 38.9 52.0 61.9 64.4 11.4
Isotypic
M.S. 25 79.1** . 528.4** 321.6** 475.5** 76.1** 12.4** 18.0** 1538.9** 340.9**
Error
M.S. 75 1.3 12.4 11.7 45.2 11.1 .64 5.7 69.3 17.3

Mean (N) 24 177.5 32.5
Titan - Bozeman 

20.1 41.2 33.6 67.1 117.0 56.1 18.9
Isotypic
M.S. 5 137.0** 141.0** 144.9** 255.7** 72.4** 27.4** 104.4** 1903.0**

I
I

976.6**
Error
M.S. 15 1.1 17.7 18.1 40.4 1.7 2.7 4.9 47.5 27.9

Mean (N) 24 188.9 17.5
Titan - Ft. 

9.5 49.2
Ellis
33.2 63.6 85.1 58.7 10.4

Isotypic
M.S. 5 161.5** 51.6** 15.0** 62.6** 16.4** 2.0 62.2** 984.1** 153.3**
Error
M.S. 15 .2 6.2 2.3 11.9 .7 1.1 20.0 21.4 3.4

*,**Indicate significant isotypic mean differences at p = .05, p = .01, respectively.

o
n



Table 3-6. 3Mean response and the 2 factorial analysis of variance of the 
Hannchent series grown at Bozeman, MT.

DF
Heading
Date

Yield
q/ha

Spikes/ 
30 mn

Kernels/
Spike

Kernel
Weight
(mg)

Test
Weight

Plant Plump 
Heights Kernels 
(cm) (%)

Thin
Kernels
(%)

Protein
(%)

Mean 192.30 20.62 17.41 36.37 31.65 66.57 121.38 36.59 45.31 16.09

Isotypic 7 136.00** 52.12* 175.67** 1954.00** 269.40**121.02** 73.93** 5590.63** 985.41** 1.53

V vs v I .50 6.84 135.90** 1649.01** 243.9** 85.71** .21 4049.00** 278.60* 1.22

I v s i I 4.00 8.27 15.76 2.69 .00 1.47 24.50 296.70* 108.40 .00

V x I I .50 12.60 10.83 .46 3.30 .10 .18 379.20* 110.30 .00

Ea vs ea I 118.00** .57 9.72 25.79* 18.97* 29.79** 45.17* 690.20** 43.48 .13

V x Ea I 8.00 17.11 .35 8.63 2.52 2.43 1.85 116.00 438.20* .07

I x Ea I 5.00 6.73 3.11 .14 .71 1.52 2.01 59.51 6.43 .06

V x I x Esi I ' .05 .00 .01 .03 .00 .00 .02. i02 .01 .05

Error 21 3.02 17.23 22.33 4.51 3.10 2.90 7.01 58.22 55.40 1.40

T , The same least squares regression estimate of wllEaEa described in Section II.was utilized here 
*,** Indicate significance at p = .05, p = .01, respectively.

Ill



Table 3-7 Mean response and the 2 factorial analysis of variance of the 
Hannchent isotypic series grown at Ft. Ellis, MT.

3

Kernel Test Plant Plump Thin

DF
Heading
Date

Yield 
q/ha-.

Spikes/ 
30 cm2

Kernels/
Spike

Weight
(mg)

Weight
(kg/hl).

Heights Kernels Kernels Protein 
(cm) (%) (%) (%).

Mean 187.50 5.83 14.70 33.96 31.63 64.81 81.10 42.23 39.40 13.50

Isotypic 7 216.12** 28.21**349.61** 1377.12** 412.14**237.52** 115.63** 7881.41** 673.56** 11.50**

V vs v I 8.83 11.93**170.51** 1340.01** 370.51** 80.56** 1.27 6449.36** 254.10** 4.60**

I v s i I .02 .06 .62 .26 8.80** 1.75 8.47 96.91 36.17 .16

V x I I .02 .03 .70 .50 1.91 2.83 4.91 60.93 _ 25.74 .26

E vs ea I 196.01** 14.21**132.83** 23.83** 18.96** 36.43** 56.40* 876.50** 336.10** 2.10*

V x Ea I 8.72 1.73 44.54* 7.54 11.24**110.24* 20.30 396.40** 15.10 .07

I x Ea I 2.41 .02 .31 4.42 .22 5.51** 23.63 1.42 6.35 .07

V x I x Eal .02 .02 .13 .50 . .05 .08 .03 .00 .00 . .11

Error 21 3.01 .92 6.80 ' 4.90 1.10 .72 11.90 47.90 12.60 .40

+ The same least squares, regression estimate of WiiEaEA described in Section II was utilized here. 
*,**Indicate significance at p = .05, p = .01, respectively.
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Table 3--8. Mean, isotype mean square, error mean square, and number 
of observations of the residual percent moisture at each . 
soil depth for each experiment grown at Huntley, MT.

113

_______ Soil Depth Increments (x 30 cm) .
DF 1 2 3 4 5

ISOTYPIC PAIRS
Mean - 13.7 12.7 10.8 14.1 12.9
Isotype M.S. 9 2.2 21.7 3.6 4.4 7.1
Error M.S. 27 1.5 25.5 4.3 2.5 , 4.7
Paired T 4
(early vs late)
No. Obs. 40

5.1** 2 .8** 5.6** 4.5* 10.7**

BETZES ISOSERIES
Mean - 13.8 12.1 10.2 14.4 13.2
Isotype M.S. 9 6 .0** 1.9 2.8 5.4 7.2
Error M.S. 27
No. Obs. 40

1.0 1.0 4.2 3.4 5.5

TITAN ISOSERIES
Mean - 14.3 12.6 10.8 14.9 13.7
Isotype M.S. 5 1.3 3.2 1.8 2.4 5.1
Error M.S. 15
No. Obs.

ALL ISOSERIES
24

2.2 1.5 6.6 2.4 7.7

Mean 13.9 12.4 10.5 14.4 13.2
Isotype M.S. 25 3.4** 9.5 3.0 4.5** 6.5
Error M.S. 75
No. Obs. 104

1.4 10.6 5.6 2.0 5.7

*,**Indicate significant isotypic mean differences at p = .05, 
p = .01, respectively.
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Table 3-9. Mean response, isotype and error mean squares of the 
residual soil moistures at each soil depth for the 
Bozeman and Ft. Ellis experiments.

Experiment Depth Increment (x 30 cm)
DF I 2 3 4 5

HANNCHEN-BOZEMAN
Mean % - 11.4 13.9 16.9 8.6 10.11
Isotype M.S. 7 2.93** 2.87 7.7 3.3 1.11
Error M.S. 21 .80 2.06 5.8 3.0 1.4
N 32
HANNCHEN-FT. ELLIS
Mean % - 20.1 12.5 11.3 9.3 6.9
Isotype M.S. 7 3.9 1.8 4.0 1.6 . 5.1
Error M.S. 21 2.4 2.6 4.6 4.7 3.4
N 32
TITAN-BOZEMAN
Mean % - 14.3 11.0 9.1 9.4 12.6
Isotype M.S. 5 4.1** 4.9** 1 .0* 1.8 9.9
Error M.S. 15 1.1 1.6 1.1 1.3 ' .5 1
N 24
TITAN-FT. ELLIS
Mean % - 19.5 12.3 11.7 9.5 7.41
Isdtype M.S. 5 2.5 .7** .3 3.3 15.5
Error M.S. 15 2.8 .2 .7 2.9 3.0
N 24

*,**Indicate significant isotypic mean differences at p = 
p = .01, respectively.

.05
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isotypes at Ft. Ellis; the first level for Betzes at Huntley and at 
all levels for the isotypic series grown at Huntley (Tables 3-8 and 
3-9). The first and third levels of all the isoseries analyzed 
collectively at Huntley were also significant, but the differences 
detected here are probably in part due to the differences among the 
series. The lack of detectable differences is probably due to the 
minimal mean differences and to the pooling of soil x genotype inter
actions with the isotypic mean square. The coefficients of variation 
x/x are typically less than 10%, revealing a fairly accurate esti
mation of residual soil moisture on a plot basis.

A paired T-test comparing the early versus the late isotype 
responses of the isotypic pairs grown at Huntley was used to remove 
potential genotype x soil interactions, as reported by Wells and 
Dubetz (1966). This more accurately compares the early heading 

isotype with the late heading isotype's soil rooting activity (Table 
3-8). The early pairs withdrew significantly less residual soil 
moisture at each soil depth at Huntley. The findings of Hockett and 

Brown (1981) that early lines produce fewer adventitious roots could 
explain the reduced soil moisture withdrawal of the early lines.

The same Hannchen isoseries described in section II was grown at 
Bozeman and Ft. Ellis. The estimation of the missing vvii-ea geno
typic responses allowed the isolation of main effects on plant
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development due to row type genes (v and I) and to the maturity gene 
(ea) (Tables 3-6, 3-7).

The substitution of the six-row gene (v) created significant 
changes in all characters except heading date, yield, plant height, 
and kernel protein at :Bozeman (Table 3-6). In the lower yielding Ft. 
Ellis environment the v gene effected all the traits except plant 
heights and heading dates (Table 3-7.

The lateral fertility gene (I) altered only the percent plump 
kernels at Bozeman (Table 3-6) and the response at the Ft. Ellis 
environment (Table 3-7).

The early (ea) gene created significant reductions in heading 
date, kernels/spike, and plant heights and significant increases in 
kernel weights, test weights, and percent plump kernels at Bozeman 
(Table 3-6). All of the traits in the highly stressed Ft. Ellis 
environment were affected (Table 3-7).

Gene x gene interactions between the lateral and row genes were 
detected for percent plump and thin kernels similar to those detected 
in both experiments by Hockett and Standridge (1974) No significant 
effects of any genes on residual soil moistures were detected at Ft. 

Ellis and only at the top depth at Bozeman. The abbreviated ANOV 

summary is presented (Table 3-9).
A 3-year soil moisture study in Gallatin Valley, Montana (Brown, 

1970), reported that barley and wheat crops tend to utilize all
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increase yields by 15 Q/hectare. The cultivars analyzed in this 
study are included in the present study. Since the residual soil 
moistures are lower than the wilting point, the detected isotypic 
differences implies a genetic ability of these barley plants to 
deplete soil moisture below the generally accepted 15 bar wilting 
point at the lower soil depths.

Histograms of each experiment have been prepared, however only 
the isogenic pairs grown at Huntley, Montana (Figures 3-3 and 3-4) 
and the Hannchen isoseries (Figures 3-5, 3-6 and 3-7) are presented 
as examples. Exceptions in response patterns found from analysis of 
the histograms not presented will also be described. The isogenic 
pairs (Figures 3-3 and 3-4) are ordered according to their mean 
heading date rank, since this is also the isogenic character.

Duncan's Multiple range analysis of the isogenic pairs grown at 

Huntley revealed two distinct heading date classes, the early heading 

date isotypes and the later heading type of each pair (Figure 3-3). 
The mean heading date of each isogenic pair varied slightly (+ 3 

days) from the other isogenic pairs. But since the mean used for the 
conversion to a percentage was the mean of all pairs, the histogram 
reveals that all the early types headed similarly, as did all the 
late types. 'Mari' (line #5, isotypic pair "E", in Table 3-2 and 
Figure 3-3), yielded exceptionally low. This is a mutant early 

selection of 'Bonus' out of Svalof (Gustaffson, et al., 1974).
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Figure 3-3. Histogram of the percentage of the mean responses for each morpho
logical trait measured for the isogenic pairs grown at Huntley,
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Depth 0-30 cm 30-60 cm 60-90 cm
13 .7 , t  -  5.1** x -  12.7 t 10 .6 , t  -  5.63**

Depth 90-120 cm 120-150 cm x DEPTH

5LinePair

x - 14.1, t 12.9, t  -  10.8** 12.8, t  -  7.2**

Figure 3-4. Histograms of mean percentage residual soil moisture 
at each depth for the isotypic pairs at Huntley,
MT.
*,**Indicate significant mean differences as tested 

by a paired T-test comparing early vs late lines 
of each pair at p = .05, p = .01, respectively.
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Figure 3-5. Histogram showing the mean main effects of the row 
type genes (V,v), the lateral fertility genes (I,I), 
and the heading date genes (ea,Ea) on Hannchen plant 
morphological responses when grown at Bozeman,
MT.
*Represents significant isotypic mean main effects 
of each gene as shown by ANOV (Table 3-8).
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HEADING DATE YIELD SPIKES/30 cm' KERNELS/SPIKE KERNEL WEIGHT
(q/ha)

TEST WEIGHT PLANT HEIGHT PLUMP THIN PROTEIN
(kg/hl)

Figure 3-6. Histogram showing the mean main effects of the row 
type genes (V,v), the lateral fertility gene (I,i), 
and the heading date genes (ea.Ea) on the Hannchen 
morphological plant responses when grown at Ft. 
Ellis, MT.
indicates significant isotypic mean main effects of 
each gene as shown by ANOV (Table 3-9).
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BOZEMAN -AMSTERDAM SILT LOAM

90- 120 cm

Gene

FT. ELLIS-CALLATIN SILT LOAM
M Deptt 120-150 cm

Figure 3-7. Histogram showing the mean main effect of the row 
type genes (V,v), the lateral fertility gene (I,i), 
and the heading date genes on the Hannchen residual 
soil moisture responses at each depth when grown at 
Bozeman and Ft. Ellis, MT.
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'Mari' (line #5, isotypic pair E , in Table 3-2 and Figure 3-3)
yielded exceptionally low. This is a mutant early selection of
'Bonus' out of Svalof (Gustafson, et al., 1974). Mari's yield loss

2is due to decreased spikes/30 cm , kernels/spike, decreased plump
seed, and increased percentages of thin seeds. Both Mari and Bonus
are described as moderately daylength insensitive, while the Betzes
isotypes are daylength sensitive, possibly explaining this reduced
kernel response of Mari and Bonus. The histogram of mean residual
soil moisture responses for each isopair at each depth (Figure 3-4)
reveals that Mari and Bonus both removed similar amounts of soil
moisture, so the reduced kernel size was not due to soil moisture
differences, but may indicate a reduced degree of drought resistance.

Notable exceptions from regular patterns found in the other
experiments include the Betzes ranked isotype 9 (Table 3-2) which

2produced a large spikes/30 cm response and no subsequent decrease in 
kernel weight or kernels/spike response. This line, therefore, 
out-yielded the other Betzes isotypes, including Betzes, by approxi
mately 10 q/ha, or approximately 16%. However, the residual soil 
moisture histograms revealed no significant differences in soil 

moisture removal.
The late Titan isotype (Table 3-1) outyielded the others in the 

series in all three environments through an increased kernels/spike 
response and had an increased percentage of plump kernels over the
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other late heading isotypes. This response suggested the presence of 
an associated linkage block with this gene, altering the basic geno
typic response pattern. The same exception was noted in a previous 
study (Small, 1979) utilizing this Titan heading date isotypic series.

Histograms of the mean responses of the Hannchen series over a 
number of environments have been presented in section II, and include 
the responses from the Bozeman and Ft. Ellis environments. In these 
two environments the ea gene caused a significant reduction in heading 
dates (8 days) at both Bozeman (Figure 3-5) and Ft. Ellis (Figure 3-6), 
similar to that found in section II. The two-row and early genes
both caused greater yields in. the low yielding Ft. Ellis environment,

2but not at Bozeman. Only the spikes/30 cm responses were similarly
affected at Ft. Ellis. The kernels/spike and kernel weight responses
were similarly affected in both environments. The two-row and early
genes caused significant reductions in kernels/spike and significant
increases of similar range in the kernel weight responses.

These responses support the conclusions of the previous studies

that genetically reduced kernels/spike response causes a compensating
2increase in the spikes/30 cm and kernel weight responses. The 

degree of effect that the early gene has on the tillering response is 
dependent upon the stress level of the environment. The higher the 
stress (lower the yield), the greater the importance of the drought 

escaping property of the early gene and the greater its compensating
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tillering response to an environmentally consistent reduction in 
spike size. The overall patterns of response reveal that two-rowed 
types removed more moisture, as did the late genes in the deeper soil 
profiles shown in the histogram (Figure 3-7). Hockett and Brown 
(1981) have reported that two-row cultivars produce fewer roots per 
tiller than six-row types, but still develop a greater rooting 
activity, presumably due to the increased.tillering of the two-row 
types.

The correlation matrix for the isogenic pairs grown at Huntley 
(Table 3-10) reveals that the early heading isotypes tend to produce 
heavier kernels and shorter plants and leave more soil moisture. The 
high yielding lines, which depended more upon the variety and not the 
isotype (Figure 3-3), produced more spikes/30 cm^ and had less resi
dual soil moisture at the three deepest soil depths. The isotypes 
producing high kernel weights also tended to have more residual soil 

moisture at the 30, 90, and 150 cm depths. The residual soil moisture 
patterns were similar at the lower three depths but not in the upper 
two levels of soil.

Nonsignificant negative correlations between the yield com
ponents have been used as indices of low stress by Grafius (1956,
1978), Small (1979), and in section II. The nonsignificant stress

2correlations between spikes/30 cm and kernels/spike for the isotypic 

pairs grown at Huntley probably indicate a lack of early season



Table 3-10 . Correlation matrix of all characters analyzed over the isotypic pairs
grown at Huntley, MT (N = 10).

Heading Yield Spikes/ Kernels/ KernelWeight ResidualSoilMoisture (%) PlantHeights TestWeight PlumpKernels Thin
Trait . Date (q/ha) 30 cm̂ Spike (mg) i 2 3 4 5 (cm) (Kg/hl) (%> (Z)HeadingDate 1.00 '

YieldCq/ha) .38 1.00
Spikes/ 30 cm̂ .14 .66*. 1.00 .
Kernels/Spike .59 .15 .11 1.00
Kernel Weight (rag) - .67* .21 .41 - .50 ■ 1.00
Residual % Moisture I - .92** - .23 .05 - .62* .70* 1.00
2 - .55 .07 .39 - .45 .48 .56 I.00
J - .65* - .71* - .19 . - .45 .66* .55 .53 I.00
4 - .68* - .66* - .27 - .38 .55 .50 .30 .88* 1.00
5 .- .70* - .66* - .05 - .49 .72* .56 .34 .83** .88* 1.00

Plant,Height (era) .61* .30 - .09 .12 ■ - .31 - .57 - .24 - .15 -- .07 - .35 1.00
TestWeight (kg/hl) .09 - .47 - .04 ,33 ’ .40 — .07 - .20 ,38 .47 .54 - .16 ■ 1.00
• Plump Kernels (%) - .35 - .44 .24 - .71* .14 .33 .30 - .09 .02 .01 .08 - .53 1.00
ThinKernels (%) .34 - .33 - .09 .75* - .09 — .30 — .26 - .05 .01 .00 — .08 .55 - .98** 1.00
*,**Indica£e significant correlations (r) at p = .05, p = .01, respectively.
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stress, based on the high mean yields and the larger amount of plant 
available water.

. The correlation matrices for the Betzes and Titan isogenic 
series similarly reveal a lack of early season stress at Huntley 
(Tables 3-11 and 3-12, respectively). Since these latter two series 
cover a gradual range of heading dates in a single genotypic back
ground, it is possible to detect the period in the growing season at 
which stresses start affecting plant responses. The Betzes series
revealed strong positive correlations between heading dates and

2yield, yield and spikes/30 cm , and kernels/spike. Both series had
2positive correlations of kernels/spike to spikes/ 30 cm , implying 

low stress levels in the early stages of development. The stronger 
negative correlations between kernels/spike and kernel weights indi
cate a late season stress. This late season stress is reflected in 

the correlations between heading date, yield, and kernel weights to 
the first and second soil depths for the Betzes isoseries.

Plant height correlations in the Betzes series grown at Huntley 

(Table 3-11) indicate a lack of early season stress. In earlier 
studies (Small, 1979), plant heights were shown to be under a strong 
pleiotropic control with heading date differences when moisture 
stress was minimal which allowed the expression of the genetic reduc
tion in growth. The negative correlation to kernel weights is, in 

part, due to the association plant heights have with plants that are



Table 3-11. Correlation matrix of all characters analyzed for the Betzes isogenic
series grown at Huntley, MT (N = 10)..

T ra it
Heading

Date
Yield Spikes/ 

fa/ha) 30 cm2
K ernels/

Spike

Kernel
Weight

(me)
R esidual S o il M oisture (%)

I  2 . 3 4  5

P lan t
Heights

(cm)

Test
Weight
(kg /h l)

Plump
Kernels

(%)
Thin

Kernels
(%)

Heading
Date 1.00

Yield
(q/ha) .85**. 1.00

Spikes/ 
30 cm % .75* .82** 1.00

K ernels/
Spike .28 .73* .49 1.00 ■

Kernel 
Weight (mg) -  .74* -  .84** -  .60 -  .68* 1.00
R esidual % 
M oisture . 

I -  .76** -  .73* -  .40 -  .44 .83** ’ 1.00

2 -  .64* -  .62 -  .70* -  .42 .74* .61 I .00

3 .24 .31 .21 .27 -  .17 -  .15 - .11 I :00

4 .40 — ,40 — .38 -  .19 .39 /26 - .02 .36 1.00

5 -  .32 .43 -  .65* -  .25 .36 .16 .55 .28 .33 1.00

P lan t
Height (cm) .71* .92** .76* .73* -  .72* -  .48 - .49 .28 -  .34 -  .46 1.00

Test
Weight (kg/h l) -  .41 -  .21 -  .47 .15 .28 .32 .52 .40 .43 ’ .72 -  .07 1.00

Plump
Kernels (%) -  .70* -  .85** -  .63* - .74* T .92** -  .82** .64*- .05 .42 .29 -  .68* .28 1.00

Thin
Kernels (%) .59 .84** .63 .84* ' - .87** - .75*- .63*- .09 -  .45 - .39 .71* -  .24 -  .97** 1.00

*,**Indicate significant correlations (r) at p = .05, p = .01, respectively.
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Table 3-12. Correlation matrix of all characters analyzed for the Titan isogenic
series grown at Huntley, MT (N = 6).

Heading Yield Spikes/ Kernels/ KernelWeight Residual Soil Moisture (%) PlantHeights TestWeight(kg/hl)
Plump ThinKernels KernelsTrait • Date (a/ha) 30 cm̂ Spike (mg.) 1 2  3 4 5 (cm) (%) (%)

HeadingDate . 1.00
Yield(q/ha) .73 1.00
Spikes/ 30 cm2 ~ - .24 .32 1.00 -
Kernels/Spike .40 .43 T .62 . 1.00
Kernel Weight (mg) .42 .37 .15 - .73 1.00
Residual % Moisture I - .62 •- .82* - .28 - .12 - - .18 1.00
2 .69 .25 .18 - .05 .26 - .54 1.00 K
3 .49 .63 .44 - .20 .46 - .94** .64 1.00 VO
4 - .58 - .32 -.71 •31 . - .14 .38 - .74 - .53 1.00
5 - .16 - .36 - .89* .68 — .48 .54 - .27 - .72 .61 1.00

PlantHeight (cm) - .28 .19 - .42 .33 - .15 — .13 — .62 — .07 .83* .23 1.00
TestWeight (kg/hl) - .87* - .40 - .20 — . 18 .11 .48 - .93**-.49 '.76 .15 .63 1.00
PlumpKernels (%) - .29 - .31 ’- .33 - .24 .83* - .23 .37 .39 .04 - .05 - .34 - .04 ' 1.00
ThinKernels- (%) .32 .09 - .25 .62 - .94** .39 - .25 - .62 .22 .61 .09 - .09 - .80* 1.00
*,**Indicate significant correlations (r) at p = .05, p - .01, respectively.
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late heading, high yieldiiig, and producing high numbers of kernels/ 
spike. The opposite pattern of correlations found with the percent 
plump response in the Betzes isoseries reflects a response pattern 
more controlled by late season stress and compensating patterns 
developed early in the season.

The stronger pattern of yield, component compensation correla
tions developed in the Bozeman and Ft. Ellis environments reflects a 
greater stress I The negative correlations between heading date and 
yield (Tables 3-13 and 3-16), reveal that stress levels can occur 
that are sufficient to lower yields in the normally higher yielding, 
late heading types, to the point that early heading lines can out- 
yield later heading lines in a manner proportionate to the earliness 
of the heading date. Also, the matrix of the Titan series grown in 
Bozeman (Table 3-13) reveals that early heading isotypes and low 

kernels/spike isotypes removed more residual soil moisture from the 
first and third soil depths. The reduced rooting pattern associated 
with early isolines as shown by Hockett and Brown (1974) is, there
fore, probably dependent upon growth in low stressed environments 

where the genetic expression of a reduced growth duration is 
realized.

Chinoy (1950) concluded that cultivar differences to stress 
levels in wheat were more due to differences in maturation stage than 
to some other stress resistant mechanism. The correlations of heading



Table 3-13. Correlation matrix of all characters analyzed for the Titan isogenic .
series grown at Bozeman, MT (N = 6).

Kernel Plant Test Plump Thin ‘
Heading Yield Spikes/ 

30 cm̂
Kernels/ Weight Residual Soil Moisture* (%) Heights Weight

(kg/hl)
Kernels Kernels Protein

T ra it Date (q/ha) . Spike (mg) I . 2 - 3 4 5 (cm) (%) m . « )

Heading
Date 1.00 =■

Yield
(q /h a )■' -  .87* 1.00
Spikes/ 
30 cm̂  • .88* .95** I.'00
Kernels/
Spikes .92** — . 86* 4 .95* 1.00
Kernel 
Weight (mg)
Residual % 
Moisture

-  .97** .92** .90*

I 
■

1.00

• I ■ .92* . — • 61 -  .62 .76 -  .83* 1.00
2 .41 .03 -  .15 .35 -  .23 .66 I .00

3 ■ .85* -  .56 -  .70 .84* - -  .76 . .89* .79 1.00
4 • 64 -  .19 -  .27 .51 -  .53 - ‘ .88*' .81 .81 1.00

5 .37 .04 . .04 -  .10 -  .20 .61 .50 .36 .76 I..00

Plant
Height (cm) .87* .73 -  .68 .65 .75 .83* .38 .66 .55 .60 . 1.00

Test
Weight (kg/hl) -  .74 .74 ' .70 -  .78 .87* — . 60 .05 -  .49 -  .43 - .16 -  .43 1.00

Plump
Kernels (%) -  .95** .96** . 96** ' -  .96** — .99** -  .75 - .-18 -  .74 -  .42 - .10 .73 .83* 1.00

Thin
Kernels (%) .92** -  .91* -  .91* .95** -  .99* .75 .16 .73 .47 .12 .6 5 / -  .91* -  .98** 1.00 -

, Protein  (%) .52 -  .69 -  .62 .59 — .68 .27 - .44 .14 .05 .04 .30 -  .89* — . 68 .75 1.00

■ *,**Indicate significant correlations (r)’at p = .05, p = .01, respectively.
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Table 3-14 . Correlation matrix, of all characters analyzed for the Titan isogenic
series grown at Ft. Ellis, MT (N = ,6).

Heading 'Yield’•Spikes/ Kernels/ KernelWeight Residual SoilMoisture (%) PlantHeights TestWeight Plump ThinKernels Kernels TroteinTrait Date (a/ha)■30 cm2 Spike (me) I 2 3 4 5 (cm) (kg/hl) (%) (Z) (Z)
Heading Date ’ 1.00
Yield(q/ha) - .02 1.00 •• :
Spikes/ 30 cm2 - .20 .93** 1.00
Kernels/Spike .90* .23 - .05 1.00
Kernel Weight (mg) - .92** . .28 .38 - .73 1.00
Residual % Moisture I - .50 - .37 - .41 - .28 .30 1.00
2 - .38 .15' .15 - .08 • .26 .77 I.00
3 - .65 .53 .43 - .24 .80 .24 .50 1.00
4 .05 - . 48 - .36 .09 ' - .16 .29 .29 - .32 • 1.00
5 - .25 - .46 - .15 - .54 — .08 .19 .20 : .48 .42 1.00

1.00PlantHeight "(cm) .74 .11 - .24 .92** ' - .55 - .13 - .14 - .05 - .09 - .75
Test.Weight (kg/hi).-..74 ' .30 .48 = .55 - .74 .36 .62 .58 .36 ' .25 - .60 . 1.00 •
PluoipKernels'(%) - .93** .33 .46 - .75 - .99** .27 .30 .78 .15.- .01 - .61 .79 1.00
•ThinKernels.(%) .92* - .35 - .46 .69 - .99**- .32 - .37- .83* . 13 .06 .55 - .81** - .99** 1.00
Protein (%) - .28 -• .25 .05. — . 64 .46 - .19 - .24 - .41 - .14 .79 - :80 .02 . .11.- - .02 1.00
*,** Indicate significant correlation's (r) at p .05, p = .01, respectively.
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Table 3-15. Correlation matrix of all characters analyzed for the Hannchen isogenic
series grown at Bozeman, MT (N = 8).

Heading Yield •Spikes/ Kernels/ KernelWeight ResidualSoilMoisture (%) PlantHeights TestWeight(kg/hl)
PlumpKernels ThinKernels ProteinTrait Date (q/ha) 30 cm̂ . Spike (mg) i 2 3 4 5 (cm) m (%) (Z)

HeadingDate 1.00
Yield(q/ha) .07 1.00
Spikes/ 30 cm̂- .15 .85** 1.00
Kernels/Spike .29 - .61 - .90** 1.00
Kernel Weight (mg) - .49 .47 .83* - .96** 1.00
Residual % Moisture I .55 .14 - .17 .37 - .33 1.00
2 - .11 - .86** .70 - .56 - .37 .28 I.00
3 .24 .71* .59 - .22 .15 .36- .44 I.00
4 - .47 . - .20 - .18 .23 .02 .36 .25 - .05 1.00
5 - .31 .04 .03 .05 .15 .39 .24 .21 .80* I.00

PlantWeight (cm) .61 .73* .50 - .27 .08 .20 - .67 .45 - .34 - ;.14 1.00
TestWeight (kg/hl)- .59 .35 .74 - .91** .98**— . 40 — .29 - .03 .04 .09 - .03 1.00
PlumpKernels (%) - .63 .19 .63 - .83* .95**- .32 - .08 - .07 .13 .21 - .16 .97** 1.00
ThinKernels (%) .47 - .45 .82* .94** - .99** .29 .34 ,12 — .08 .14 - .ii .08** - .95** 1.00
Protein (%) .72* .13 .09 - .16 - .08 .01 - .41 - .12 -.69 .70 .56 - .11 .24 .06 1.00
*,**Indicate significant correlations Cr) at p = .05, p = .01, respectively.
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Table 3-16. Correlation matrix of all characters analyzed for the Hannchen isogenic
series grown at Ft. Ellis, MT (N = 8).

Heading Yield Spikes/ Kernels/ Kernel Weigh t Residual SoilMoisture (Z) PlantHeights TestWeight(kg/hi)
PlumpKernels Thin

T"it Date (q/hn) .30 cm* Spike -.-IhiL I 2 3 I- Iui ... Jss}_ (Z) (Z)
/Heading Date . 1.00
Yield(q/lin) - .83* 1.00
Spikes/ 30 cm̂ — .86** .99** 1.00
Kernels/ _Spikes .38 - .80* - i?7* 1.00
KernelWeight (mi;) - .43 .84** .81* - .98** U 00
Residual Z Moisture I .62 - .74* - .70* .48 - .52 1.00
2 '■ - .53 .60 .59 - .34 .44 - .88* I.00
3 - .36 .09 .97 .34 - .21 ■ - .18 .27 I.00
4 - .07 - .17 - .15 /28 - .34 .14 .16 ,26 .1.00
5 - .60 .50 .55 - .42 .37 - .20 .23 - .08 .56 I.00

PlantHeight (cm) .69 - .44 - .53 - .02 .00 .29- .21 - .17 — . 24 — .43 ' 1.00
TestWeight (k|;/h1)- .52 .90** .86** - .97** .99**- .59 .50 - .19 - . 30 .43 - .13 I .00
PlUmpKernels (Z) .30 - .76* - .71* .99** - .99** .45 - ..36 .32 .38 - .32 - .13 - .96** 1.00
ThinKernels (Z) - .67 .91 .91** - .89** .86* - .63 , 44 — .31 - .26 .51 - .34 .90** - .8.1* 1.00
*,** Indicate significant correlations (r) alp= .05, p = .01, respectively.
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date to residual soil moisture yield and the morphological responses 
shown in these Huntley studies indicate a similar effect occurring in 
barley (Tables 3-10, 3-11, and 3-12).

Careful analysis of the yield component correlations to the 
residual soil moistures over all the experiments reveals that if 
yield components are correlated then their correlations to residual 
soil moisture tend also to be related. For example, Figure 3-8 illu
strates this association between correlations to residual soil mois
ture at each depth for heading date, yield, and the yield component 
responses in the Huntley-Betzes' experiment. The first four char
acters were all positively correlated to each other, and kernel 
weights were negatively correlated to the rest (Table 3-12). This is 
reflected directly in the pattern of correlations of each of these 
traits to the residual soil moisture determined at each depth (Figure 
3-8).

The strength of these associations varies according to the 
cultivars and environments studied. However, consistent patterns of 
association to the yield response can be found when analyzed over all 
of the experiments (Figures 3-9, 3-10). To quantify these consistent 

patterns of correlations, the associations of heading dates or yields 
to residual soil moistures (%) at each experiment and each depth 
(N=7 x 5=35) are correlated to the associations of yield components 

to residual soil moisture (r) and presented in Figures 3-11 and 3-12,
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■ HEADING DATE

YIELD

SPIKES/30 cm'

Figure 3-8. Correlation of heading date, yield,and the 
yield components to the residual percent 
soil moisture at each soil depth of the 
Betzes isogenic series grown at Huntley,
MT (N = 10).
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*,** Indicate significant correlations (r) at p = .05, p = 

respectively. .01,
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Figure 3-11. Relationship of heading date to soil moisture correlations to
the kernels/spike and kernel weight to soil moisture correlations over 
all soil depths at every experiment (N = 35).
*,**Indicate significant correlations (r) between the heading date to 

soil moisture and component correlations (df = 33).
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respectively. The yield and tillers/30 cm correlations to soil 
moisture were not significantly correlated with the heading date to 
soil moisture correlations over the range of environments included in 
this study and hence were not graphed. Kernels/spike correlations, 
however, are positively associated (r) with the heading date correla
tions to residual soil moistures, implying that if the later heading 
isotypes removed more moisture from the soil, then so did lines pro
ducing large numbers of kernels/spikes. The opposite pattern is true 
for kernel weights. If early lines removed less residual moisture, 
so did those lines producing the heaviest kernels, probably because 
they have more residual soil moisture at kernel fill. This indirectly 
supports the hypothesis that early types would consistently and 
pleiotropically produce reduced kernels/spikes due to reduce growth 
duration, but produce kernel weights due to reduced late season soil 
moisture stress.

2It appears that the spikes/30 cm effect on residual soil
moisture is strongly associated with the ability of isotypes of

certain yield potential to extract soil moisture (Figure 3-12). This
2consistent pattern implies that the spikes/30 cm response has a 

direct effect on the yield response in all of the experiments.

Using path coefficient analysis (Hamid and Grafius, 1978), a 
summary of the strength of direct effects of the components to yield

2
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at each treatment reveals this to be true (Figure 3-13). As postu
lated by Small (1979), the component most strongly affecting yield is 
dependent upon the stress level of the environment. In the low 
stress environments at Huntley, the pleiotropic reduction in kernels/ 
spike due to earliness is not compensated by an increase in tillering 
(Tables 3-10, 3-11, 3-12), thus kernels/spike expresses a stronger 
effect on yield. In the more stressed treatments (Bozeman and Ft. 
Ellis) where the compensations were stronger (Tables 3-13 to 3-16) 
the environmentally sensitive tiller response expresses the greatest 
effect on yield. However, the yield response is always positively 
dependent upon the tillering response (Figure 3-10).

The correlations with residual soil moisture reveal which char
acters have similar responses over all of the treatments studied, and 
a pattern of cause and effect can be assumed (Figure 3-14). It is 
assumed that the tillering response directly affects the amount of 
moisture drawn from the soil profile. Kirby (1970) has shown that 
increased plant stand density is associated with decreased residual 
soil moistures. Hockett and Brown (1974) have also reported a strong 

root number to tiller number correlation (r = .60*) over several 
environments, implying a strong, consistent increase in root number 
with increased tillering. The same study revealed a strong rooting 1 
increase of two-row cultivars over six-row cultivars, probably due to
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Figure 3-13. Conparison of the direct effect of each component on yield at each 
experiment by path coefficient analysis.
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the two-rowed and high tillering association similar to that shown in
the Hannchen isoseries studied here. The authors concluded that
selection for adventitious roots should lead to increased yields.
This can probably be done by selection of high tillering lines, but
the results in sections II and III reveal that high tillering does

2not guarantee higher yields. Increased densities of spikes/30 cm , 
due to early heading and row type differences, are strongly associ
ated with the ability of a plant to yield by affecting the ability to 
withdraw moisture over the growing season. However, the kernel weight 
responses are also dependent upon the effect of heading date genes on 
residual soil moisture. If early lines removed less soil moisture at 
each developmental stage, then kernel weights were greater for the 
early types regardless of the tiller response. The ability of the 
late isotypes to develop pleiotropically increased numbers of kernels/ 
spike is partially dependent upon the stress level of the environment, 
thus, this character's influence on the yield response is dependent 
upon having reduced stresses to counteract the compensating tillering
response.



SECTION IV: COMPARISON OF THE YIELD AND YIELD COMPONENT ,
DEVELOPMENT IN 15 HEADING DATE ISOGENIC LINES 

DEVELOPED BY DIETHYLSULFATE 
MUTAGENSIS

Objective
The objective of this study was to produce a series of Betzes 

mutants that differed by 2 days over a 20 day heading range. This 
series was then used.to determine if the yield and yield component 
development followed similar patterns as those reported previously 
(SmaiL, 1979, sections I, 2, and 3).

Materials and Methods
The procedures followed in treating I pound of Betzes barley 

seed in 1973 with diethylsulfate (Des) were developed at Washington 
State University, Pullman, and are outlined in the Appendix. Figure
4-1 outlines the procedure followed in selecting the final 12 heading 
date mutants of Betzes barley. Of the 1,000 rows grown at Bozeman 

in 1977, one hundred and fourteen rows were selected as having 
mutant heading date responses. Seeds from the four plants selected 

from each of these rows were grown in plant rows with two randomized 
check rows of Betzes and Shabet included in each 36-row range. In 
addition, nine backcross derived isotypic lines of Betzes with 

variable heading dates were planted simultaneously with the above
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Figure 4-1. Outline of procedures followed to develop the Betzes isogenic heading date 
series grown at Bozeman, 1980.
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selections. From both of these sources, 187 rows comprised of
mutants and backcross derived isotypes were selected to be replanted
in the 1979 two-row nursery. The heading date response and Betzes
plant type were reverified on each plot in 1979. After comparison
with the 1978 data, the 12 most consistent heading date lines were
selected for use in the 1980 replicated yield trial grown at Bozeman

The same experimental design utilized in the yield trials of
sections II and III were utilized in this study. Heading dates,
yield, and yield components were also analyzed in the same manner.
In addition, three harvests were performed on the border, rows of
each plot at approximately 50, 35, and 15 percent moisture in the
kernels. Twenty-five random spikes were collected per plot and the
percent moisture was determined on a plot basis by determining the
weight after awn removal, and again after a 48-hour oven drying time

at 60°C. These harvests allowed a comparison of heading date and
maturation rate of each line. Analysis of variance, regression
analysis,and correlation matrices were calculated on heading dates,

2yield, kernel weights, kernels/spike, spikes/30 cm , and percent 

moisture at each harvest.



149

Table 4-1. Pedigrees of the selected Betzes mutants grown in a 
replicated yield trial at Bozeman, 19801.

Plot
Number____________________;_____ Pedigree

I Orange lemma/7* Betzes/4* Betzes, early, normal, I
4 Orange lemma/7*Betzes/4* Betzes, early, normal,2
2 Compana dwarf/4* Betzes, early, normal
3 Erbet (foundation seed)
5 Des Mutant, early
7 Des Mutant, early
6 Des Mutant, early
15 Betzes (foundation seed)
8 Shabet (foundation seed)
9 Des Mutant, medium late

11 Des Mutant, late
10 Des Mutant, late
12 Des Mutant, late ••
13 Des Mutant, very late
14 Des Mutant, very late

t Ranked according to mean heading date in the 1980 nursery.



150

Results and Discussion

The entire heading date range was found in the 1978 nursery 
(Figure 4-2) and again in the 1979 nursery (Figure 4-3). Lines were 
consistent between the two environments. The three lines earlier 
than Erbet are isogenic backcross early lines (Table 4-1). Since no 
mutated lines were found with this early heading date, it seems that 
the backcross lines may contain more than one loci causing a syner
gistic earliness greater than Erbet. The rest of the mutants were 

selected from the Des mutation series (Table 4-1). The number of 
mutated loci in these lines is unknown but the heading date 
responses are homogeneous within a line.

Analysis of variance reveals a significant isotypic effect for 
each analyzed character (Table 4-2). The mean heading date response 
has a 12-day heading date range in increments of I or 2 days over 
this range. The only exception is a 4-day shift from 184 to 188 
Julian Days. Therefore, a new line to fill this gap should be 
selected. The earliest two mutants are redundant, consequently, it 

is advisable to substitute 'mutant 4' with another isogenic back- 
cross line tested in 1979 (Figure 4-2). The ranking of the first 
two sets of percent moisture determinations agrees with the heading 

date response in most cases (Tables 4-3 and 4-4). The last moisture 
determination reveals that all except the latest two lines had 

reached similar harvestable moisture percentages, explaining the



KEY
B = BETZES
S = SHABET
E = ERBET

10- I = ISOLIME
X = DES MUTANT X

O
Z X
UJ
Z) X
UJa: I Xu- 5- I I X

E X X
E I X X
E I X X

I E I I X X X

I
B X
B X
B X
BS I X XBS X X X X
BS X X X X

X BS X X X X X X
X BS X X X X X X
X BS X X X X X X X

6/15 6/20 6/25 7/1
HEADING DATES

Figure 4-2. Distribution of Betzes heading date mutants and Betzes backcross derived 
types in the Bozeman 1978 nursery.
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Figure 4-3. Distribution of heading dates of the 1978 selected rows grown in the Bozeman 
1979 nursery.

152



Table 4-2. Mean squares for each trial determined on the heading date isogenic Betzes series 
when grown at Bozeman, 1980.

Source DF
Date
Headed

Kernel
Weight

Kernels/
Spike

Spikes/ 
30 cm ̂

Yield/
q/ha

Percent Moisture 
Aug. 10 Aug. 18 Aug. 28

Blocks 3 1.9 4.1 5.0 17.2 23.7 44.2 68.7 28.8

Isotypes 14 156.6** 15.8** 20.5** 98.7** 189.6** 119.5** 225.1** 135.5**
Error 42 3.0 4.5 5.0 17.8 15.9 . 13.2 21.3 11.5

*,**Indicate a significant isotypic -effect at p .05, p = .01, respectively.
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Table 4-3. Agronomic performance of Betzes heading date series when grown at Bozeman 
without irrigation, 1980.

Variety or 
Mutant

Date
Headed

Kernel
Weight

Kernels/
Spike

Spikes/ 
30 cm ̂

Yield/
q/ha

Percent Moisture 
Aug. 10 Aug. 18 Aug. 28

Mutant I 173 44.3 20.8 29.9 29.6 . 44.8 28.1 10.7
Mutant 4 173 42.4 21.4 - 33.0 32.2 46.0 23.9 12.2
Mutant 2 174 46.4 23.1 28.6 32.5 45.0 27.5 9.5
Erbet (check) 176 42.5 17.1 37.5 33.3 47.3 27.4 11.1
Mutant 5 177 45.1 21.1 43.2 44.1 49.8 28.6 9.6
Mutant 7 178 43.9 24.7 38.0 44.1- 49.3 37.0 12.4
Mutant 6 179 44.1 24.2 ' 41.7 44.6 48.4 32.0 10.4
Betzes (check) 180 40.8 22.7 35.8 35.7 48.7 31.5 10.2
-Shabet (check) 181 43.9 24.8 39.6 47.5 55.6 . 39.6 11.4
Mutant 9 183 45.4 23.3 44.2 50.1 53.2 40.8 . 16.1
Mutant 11 184 43.7 23.6 32.9 45.8 52.1 36.0 11.4
Mutant 10 184 47.8 24.1 37.1 45.1 51.3 . 39.6 11.2
Mutant 12 188 42.5 25.4 36.2 41.9 54.7 39.6 12.9
Mutant 13 189 40.6 24.0 34.6 36.3 60.2 45.7 21.2
Mutant 14 194 40.6 26.2 43.4 49.8 63.8 50.0 31.6

X 180.9 43.6 23.1 37.8 41.0 51.4 35.7 13.6



Table 4-4. Correlation matrix comparing the responses of each agronomic character deter
mined on the Betzes maturity series grown at Bozeman, 1980, without irri
gation '(DF = 14).

Date .Kernel Kernels/ Spikes/ Yield Percent Moisture
Headed Weights Spike 30 cm2 q/ha Aug. 10 Aug. 18 Aug. 28

Date Headed 1.00
Kernel Weight - .39 1.00
Kernels/Spike .68** - .05 1.00
Spikes/30 cm^ .48 - - .02 .25 1.00 ■
Yield q/ha .62* .17 .63** .87** 1.00
Aug. 10 .94** - .45 .62* .48 .60* 1.00
Aug. 18 .94** - .26 .74** .44 .67** .93** 1.00
Aug. 28 .77** - .50* .46 .29 .36 .84** ■ .78** 1.00

*,**Indicate a significant correlation at p = .05, p = .01, respectively.
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lower correlation with heading dates in Table 4-4 the nonsignificant 
r in Table 4-5, and the significant correlations, between heading 
dates and the first two harvests in Table 4-6.

The isogenic lines produced fairly uniform and high kernel
weights, with the exception of mutant 10 (Table 4-3). This line may
be a plump kernel mutant and will be tested for this character in a
separate study. The kernels/spike responses covered a greater range
over the isotypes studied with no notable exceptions to the overall
pattern. Mutant 4 produced a large tillers/30 cm^ response when
compared to the other early isotypes. Although there was a large

2range of response in tillers/30 cm and the mean response was larger 
than that obtained in the Betzes-Huntley experiment (Section III), 
there was no consistent pattern to the tiller response.

The yield level was also high compared to either the Erbet- 

Betzes comparison or the. Betzes-Huntley experiment (Sections I and 
III). Betzes yielded less than its shatter resistant isotype 
(Shabet) or the isogenic lines most similar heading date to Betzes. 
The lower yield is due to reduced yield component responses, and may 

be caused by improper treatment with vitavax. The latest heading 
date mutant was an exception to the general pattern of responses. 
There was 3.3 cm of rainfall between the August 10 and August 18 
percent moisture determinations. This additional moisture may 

explain the differences in tillering response and the change in



Table 4-5. Correlation matrix comparing the responses of each agronomic character deter
mined on the isotypic series heading the same as Shabet- ,and earlier , when
grown at Bozeman, 1980 (DF =7).

Date
Headed

Kernel / 
Weights

Kernels/
Spike

Spikes/ 
30 cm2

Yield Percent Moisture
q/ha Aug. 10 Aug. 18 Aug. 28

Date headed 1.00 .

Kernel weight - .25 1.00
Kernels/spike .52 -24 1.00
Spikes/30 cm^ .69* - .09 .14 1.00
Yield q/ha .81** .18 .61 .84** 1.00
Aug. 10 .87** - .84 .45 .69* .84** 1.00
Aug. 18 . 84** . ,02 .69* .45 .77*.. .82** 1.00
Aug. 28 - .02 - .39 .10 .02 .08 .18 .26 I ..00 .

*,**Indicate a significant correlation at p = .05, p = .01, respectively.
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Table 4-6. Correlation matrix comparing the responses of each agronomic character deter
mined on the Betzes isotypes heading later than Shabet when grown at Bozeman,
MT (CF = 4).

Date
Headed

Kernel
Weight

Kernels/
Spike

Spikes/ 
30 cm ̂

Yield Percent Moisture
q/ha Aug. 10 Aug. 18 Aug. 28

Date headed 
Kernel weight 
Kernels/spike 
Spikes/30 cm 2

1.00 
- .82* 

.87* 
- .12

1.00 
- .54 

.09 .
1.00 
- .09 1.00

Yield q/ha - .12 .36 .72 .87* 1.00
Aug. 10 .94** - .85* . 66 - .04 - .13 1.00
Aug. 18 .86* - .64 .61 - .05 — . 06 .95** 1.00
Aug. 28 .87* - .69 .62 .19 .15 .95** .96**

*,**Indicate a significant correlation at p .05, p = .01, respectively.

158



159

kernel moisture from the second harvest to the third harvest between 
mutants 13 and 14.

The high level of response for the yield components and yield
little stress. The correlation matrix involving the entire range of
heading date isotypes (Table 4-4) reveals a similar lack of stress
averaged over the entire heading date range. In previous studies,
strong negative correlations between kernels/spike and tillers/

230 cm served as early season stress indicators. Negative corre
lations between kernel weights and heading dates implied late season 
water stresses. Neither type of correlation exists in the overall 
analysis (Table 4-4). The positive correlation of heading, date to 
kernels/spike supports the postulated preferential hormonal allo
cation of nutrients for a longer duration, causing increased spike 

size. The correlation between heading dates and yield is probably
due to the correlations of both characters to kernels/spike.

. 2. Spikes/30 cnr are strongly correlated to yield as reported in 

Section III.
Comparison of the yield response patterns among the isotypes 

(Table 4-3) reveals a reduction in yield of the late heading iso
types, implying a late season stress. Two separate correlation 
matrices were therefore calculated to estimate the stress patterns 
among the early heading lines (Table 4-5) and those among the late
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heading lines (Table 4-6). The early lines had significant heading
2date to tiller/30 cm correlations. As shown in the Titan (Small, 

1979) and 2-6 row, early-late isoseries (Section II). this typically 
occurs only under nonstressed environments. This tiller response 
probably results in the yield to heading date correlation. The 
kernels/ spike determinations were not correlated to heading dates 
because of the small range of heading date variation (6 days versus 
14 days), reducing the kernels/spike response among the early types 
(Table 4-3).

The late lines developed a greater degree of late season stress 
as shown by the strong, negative kernel weight to heading date cor
relation. As shown in stress matrices (Tables 4-4 and Table 4-5) 

and in the previously discussed isogenic studies, yield was strongly 
associated with the tiller response (Tables 4-3 and 4-6).

Path analysis (Table 4-7) of each correlation (Tables 4-4 
through 4-6) reveals that the tillers/30 cm^ response maintains a 
strong control on yield in both the early nonstressed isotypes and 
the stressed isotypes, which head later in the season. Kernel 
weights developed a more dominant control on the yield response in 

the late heading mutants. This indicates that the nonirrigated 
nursery was becoming depleted in plant available moisture, reducing 

kernel weights (Table 4-6) and yields.
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Table 4-7. Path analysis+ of the main effects of yield components on 
yield when analyzed using all the isotypes, the isotypes 
earlier, or the same maturity as Shabet5 and the isotypes 
later than Shabet.

Main effect 
or yield

All
Isotypes

Early
Isotypes

Late
Isotypes

Spikes/30 cm? .507 .553 .471

Kernels/spike .297 .324 .233

Kernel weights .139 .099 .275

Unexplained .059 .022 .020

+Represented as a percentage of the total effect on yield.
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The patterns of yield component responses among this mutant 
series reveal that whether the earliness factor is mutated or back- 
crossed, or whether 2 or 6 row genes are present), isogenic lines 
directly affecting kernels/spike have similar patterns of yield 
component development. The pattern of response is, however, depen
dent upon the.stress levels of an environment.

This isotypic series expressed a sufficient range of heading 
dates that it was possible to find water stresses in the later 
heading lines that would not appear in normal barleys. This reveals 
that evapotranspiration continues to deplete the soil moisture, 
whether a plant is in the tillering stage, developing spikes, or 
filling kernels. Thomas, et al. (1972) postulated a demand for soil 
moisture and nutrients that fluctuated, depending on the growth 
cycles. These data imply that the depletion of moisture and nutri

ents may be more continuous than their hypothesis implied. The 
patterns shown here appear to follow a linear increase in the degree 
of stress with the progression of development into the growing 

season, caused by the continuous heading date stages.



CONCLUSIONS

The transfer of the early gene from Prior into Betzes to create 
the Erbet isoline effectively caused a consistent 8 day reduction in 
heading date from the photothermal sensitivity genes inherent in the 
Betzes genotype. This isogenic reduction in growth duration caused 
reduced plant heights and yields, and increased kernel weights and 
sizes. Regression analysis of the Erbet response on the Betzes 
response revealed that differences in plant heights and yields 
increased as Betzes means increased, due to reduced stress levels. 
Low levels of stress pllowed the later line to pleiotropically 
develop taller plants and higher yields. High levels of stress 
limited this pleiotropic response, reducing the differences between 

Erbet and Betzes.
High stress levels reduced kernel weights and sizes as well as 

plant heights. However, the differences between Erbet and Betzes 
became greater with increased levels of stress. The heavier kernel 
weights of the early heading line indicate the stress avoidance 
typical of early heading cultivars. Low stress environments pro
duced plumper and heavier kernels, but the differences between Erbet 
and Betzes were minimal, implying similar genetic, maximum kernel 

sizes postulated to be due to similar palea and lemma sizes.
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Selection for increases in any of these traits must be per-
- .formed in environments that allow the recognition of genetic dif

ferences among cultivars. Isogenic analysis has allowed the iden
tification of genetic and environmental factors controlling the ex
pression of morphological traits important to plant adaptation.

The ratio, plant heights/maximum observed plant height indi
cates the degree of response of a line to early season stress at a 
particular environment. The ratio, kernel weight/maximum kernel 
weight observed, indicates the degree of response of a line to late 
season stress. Selection for lines with ratios consistently 
approaching one should be the most resistant for a given type of 
stress. Selection of early lines adapted for higher yielding envi
ronments should be accomplished by selecting taller, earlier plants, 
with maximum yields in medium to high yielding environments. Selec
tion of drought resistant plants in a segregating population may be 
accomplished by ensuring medium to late maturity and sieving for the 

plumpest kernels.
To verify the hypothesis that kernels/spike is under the strong

est genetic control and, therefore, controls the pattern of yield 

component compensation, three two-rowed isogenic series, differing
in genes controlling two- versus six-rowed and early versus Iate-

3heading dates, were grown in six environments. A 2 factorial 
analysis allowed the isolation of the specific effect of each
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substituted gene. The two-rowed (V) and early (ea) genes produced 
fewer kernels/ spike, more spikes/30 cm ’ and plumper kernels than 
the six-rowed lines or the normal heading parental isotypes. Due to 
yield component compensation, yield differences were minimal over 
most environments. Regression analysis revealed that substituted 
six-rowed genes (v) and early genes (ea) in two of the three two- 
rowed genotype backgrounds did not alter the genotype x environment 
interactions for tiller, kernel weight, heading date, or yield 
responses, although mean differences in responses may or may hot 
have been produced. The genotype x environment interactions for 
kernels/spike were not similar between the parental and the isogenic 
lines, apparently due to the strong genetic control the row type and 
maturity genes have on the kernels/spike response. This strong 
control appears to dominate any effect of the parental genotype on 
the expression of this character, and drastically alters the environ 
mentally induced plasticity of the kernels/ spike and environmental 
adaptation of the genotypes. The Hannchen genotype expressed a 
stronger control on the kernels/spike response, but the isogenic 

characters seemed to dominate the kernel weight response.
Since yield component compensation caused consistent yields

among the isogenic lines, the genotype appears to determine general
yield levels in stressed environments. Path analysis revealed that 

2spikes/30 cm responses had the greatest mean direct effect on
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2yield. Kernels/spike controls the number of spikes/30 cm required 
to attain the yield levels of a given genotype. This implies either 
a genotypically controlled, consistent metabolic rate, or a uniform 
nutrient pool limiting the yield potential of a genotype, regardless 
of the major isotypic genes involved in this study.

To select for improved yields, therefore, the compensation 
between the components must be broken, leading to higher yielding 
lines. For example, selection for early cultivars with increased 
kernels/spike levels in medium to high yielding environments while 
maintaining normal tillering capacity should lead to improved yield
ing, early genotypes.

The uniform yield levels in moderately stressed environments 
among isotypes reported in sections ,I and II imply similar rooting 
patterns among the isolines, limiting growth, regardless of the 
major genes present in a genotype. Analysis of the rooting patterns, 
by residual percent soil moisture determinations of 30 cm to 180 cm 
increments revealed that in a low stress environment, early heading 
lines removed less moisture at each soil depth. Correlation analysis 
revealed that plant heights and yield were negatively correlated. 

Kernel weights were positively correlated to residual soil moistures 
at several depths, due to the effects of earliness on these characters 
A range of heading dates in two isotypic series were also correlated
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to residual soil moistures in the upper levels, implying that earlier 
heading lines removed less moisture from these depths.

In two other stressed environments, correlation analysis revealed 
that a series of early heading isotypic lines removed more moisture 
than the late types in the first and third 30 cm increments. It 
appears, therefore, that the effect of a gene on residual soil 
moisture is dependent upon environmental stresses and the concurrent 
effect of these genes on yield and aerial growth of the plant.
Similary to yield and plant height responses in section I, of the 
late lines in section III, under stressed environments, are pleio- 
tropically deeper and are more active at all depths than the,early 
isogenic lines.

Correlation analysis comparisons of the association of heading 
dates, yield, and yield components to residual soil moistures reveals 
that heading dates and kernels/spike responded similarly, and kernel 
weights responded oppositely to residual soil moisture variations. 
Since heading dates are the isogenic character evaluated, the heading 

date induced rooting differences must affect the kernels/ spike and 
kernel weight development. Path analysis revealed that in low 

stressed environments, with three separate isotypic series, the 
kernels/spike response expressed the greatest direct effect op* 1 

yield. The late heading lines producing the largest number of
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kernels/spike also produced the highest yields and the lowest kernel 
weights.

Yield associations to residual soil moisture were associated 
2with spikes/30 cm associations to residual soil moisture. Path

analysis revealed that in the moire stressed environments, tillers/
230 cm expressed a stronger effect on yield, due to a compensatory

response with the genetically controlled kernels/spike response.
Early lines produced fewer kernels/spike but more tillers, causing
increased soil moisture withdrawal in these environments.

The 14 isotypes of Betzes ranged in heading dates over a 20-day
period in 2-day increments, when grown in a single environment. The
yield components were not strongly correlated over the entire heading
date range, implying a low level of stress induced compensation, and
caused generally increased yields with later heading isotypes. By

dividing the heading date series into early heading and late heading
isotypic lines, two separate patterns of correlated, yield component
responses were found. The early heading group had significant

2heading date to tillers/30 cm correlations, implying reduced early 
season allowing stresses the later lines of this group to produce 
more tillers and higher yields.. The late heading group developed a 
greater degree of late season stress as shown by the positive correla
tions of heading date to kernels/spike and the negative correlation
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to kernel, weights. In both groups spikes/30 cm^ were positively
correlated to the yield response.

Whether backcrossed or mutated, isogenic lines for heading
dates followed consistent patterns of correlation in low and highly
stressed environments. Selection for cultivars with high kernels/

2spike responses and normal spikes/30 cm levels should lead to the
greatest genetic gain in yield. However, selection of cultivars

2with a very environmentally sensitive spikes/30 cm response, or
2those with the largest spikes/30 cm response in low stressed

environments, should produce lines with very stable yield responses.
Any cultivars that are found with the compensation between the

2kernels/spike and spikes/ 30 cm broken, causing increased yields, 
will probably serve as a genotypic source of improved metabolic or 
photosynthetic efficiency. Cultivars which maintain a consistent 
plant height response should be resistant to midseason moisture 
stresses, while cultivars which maintain a consistently plump kernel 
should be resistant to, or avoid, late season stresses. All of the 

characters can effectively be used in selecting cultivars from 
segregating populations, or in the more typical pedigree breeding
programs.
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APPENDIX

TREATMENT PROCEDURES FOR MUTAGEN TREATMENTS ON BARLEY 
USED AT WASHINGTON. STATE UNIVERSITY 

PULLMAN, WASHINGTON ■

These treatments have been successfully used on Himalaya barley 
which is a hulless variety. Adjustments should be made for use on a 
different organism or on a hulled variety of barley.

. I. Presoak - The seeds should be flooded with water at 0 C for at 
least 12 hours to remove any growth inhibitors and to completely hydrate 
the system. The same effect can be obtained by soaking about 6 hours 
at 20 C. Allow about I ml of distilled water per seed and either use 
a running water wash or change the water periodically.

2. Pretreatment - This step is designed to get the mutagen into 
the system without much metabolic activity., The seeds are soaked in 
the mutagen solution prepared in 0.1 M pH 7 phosphate buffer for 6 hours 
at 0 C. The concentrations and approximate amount of seedling injury 
which will be obtained for the three common mutagens are given below:

iPMS - 0.025 M gives about 5% seedling injury and increases
gradually up to 0.050 M which gives about 50% seedling 
injury.

DES - 0.005 M gives about 5% seedling injury and increases 
gradually up to 0.010 M. Increases to 80% injury at 
0.020 M.

EMS - 0.05 M gives about 5 - 10% seedling injury which increases 
to about 50% seedling injury at 0.25 M .

To prepare the mutagen solution, the mutagen is pipetted into a 
flash and the buffer is added. This mixture must be shaken very 
vigorously to get the mutagen into solution. It should be prepared and 
immediately put on the seeds since the. mutagens hydrolyze in the buf
fer. About 0.5 to 1.0 ml of mutagen solution should be allowed per 
seed.
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3. Treatment - The pretreatment solution should be poured off 
and a fresh solution added to the seeds. The seeds are then allowed 
to sit in the mutagen solution for about 2 hours at 20 C. The same 
solution concentration is used that was. used in the pretreatment.

4. Aftertreatment - The seeds are rinsed three to four times with 
distilled water and then.soaked- in distilled water for 12 hours at 0 C. 
This will leach out any unreacted mutagen which would otherwise in
crease the physiological damage. A. running water aftersoak, or 
changing the water during the aftertreatment time is helpful.

5. The seeds may be planted immediately either in the lab or the 
field.. For field experiments, the maximum amount of seedling damage 
that will have a good survival in the field is about 30%. The seeds 
may also be dried and planted at a more convenient time. In this case, 
an additional 10 - 15% damage can be expected.

These times and concentrations of mutagens must be varied tq fit 
ydur needs. These are approximations qf damage obtained from our 
results, but they may not hold true with varied conditions.
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iPMS - molecular weight - 138.19; density at O C -  1.163 g/ml
10 C - 1.152 g/ml 
20 C - 1.140 g/ml 
30 C - 1.129 g/ml

Hydrolysis halfrlife 0 C - 38 hours • '
10 C - 8.5 hours 
20 C - 130 minutes 
30 C - 35 minutes

EMS - molecular weight - 124.16; density at 5 C - 1.220 g/ml
25 C - 1.203 g/ml

Hydrolysis half-life 0 C - 1716 hours
10 C -T 379 hours 
20 C - 93 hours 
30 C - 26 hours

DES - molecular weight - 154.19; density at 25 C -  1.18 g/ml
Hydrolysis half-life O C -  59 hours .

10 C - 13 hours 
20 C - 3.3 hours 
30 C - I hour

Phosphate buffer solution:
Dissolve 13.92 g of K2HPO4 plus 2.72 g of KHgPO^ in 
distilled water and make up to I liter with distilled water.

C
0.01 M solution of DES:

154.19 molecular weight of DES
.01 molar concentration desired 

1.5419 * 1.18 (density of DES at 25 C)
= 1.31 ml made up to I liter.



192

Procedures

7:00 PM and 10:00 PM. Pour off water and replace with
distilled water at about 0 C. Replace in refriger 
ator.

Day 2 8:00 AM Rinse with distilled water at about 0 C. Replace
rinse water with a 0.01 M solution of DES at 
about 0 C. Place in refrigerator.

2:00 PM Pour off DES solution and replace with a 0.01 M 
solution of DES at room temperature.

4:00 PM Pour off DES solution and rinse four or five
times with distilled water. Replace rinse water 
with distilled water at about 0 C. Place in 
refrigerator.

6:00 PM, 8:00 PM and 10:00 PM. Pour off water and replace 
with distilled water at about 0 C. Replace in 
refrigerator.

Day 3 8:00 AM Pour off water and rinse two or three times with
distilled water. Pour off rinse water. Plant 
immediately or dry seeds for later planting.

Day I 5:00 PM Place I kg of seed In a 2-liter plastic jar.
Fill with distilled water at about 0 C . Place
. in refrigerator and hold at about 0 C.
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