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Abstract

Drought is one of the major constraints to wheat production and productivity globally. Developing drought-adapted wheat cultivars
is paramount to increase wheat productivity under variable rainfall conditions. Understanding the genetic variability and trait
association is key to the development of improved wheat cultivars. The objective of this study was to determine the extent of the
genetic parameters and associations of yield and yield components of bread wheat genotypes, in order to design appropriate
breeding strategies for yield improvement in wheat. One hundred and twenty genotypes were evaluated at five test sites in the
2018/19 cropping season using a 10 x 12 alpha lattice design with two replications. Different sowing dates were used to impose
contrasting drought stress levels based on the onset of the main seasonal rains at each site. Data were recorded on agronomic traits
such as days to heading (DH), days to maturity (DM), plant height (PH), spike length (SL), spikelet per spike (SS), kernel per spike (KS),
1000 kernel weight (TKW) and grain yield (GY). There was significant (p<0.01) genetic variation for all agronomic traits studied under
both drought-stressed and non-stressed conditions. The highest estimates for genetic variance were obtained for DH (54.0%),
followed by SL (38.3%). The high heritability estimated for DH (94.4%), SL (90.2%) and SS (85.2%), coupled with a high rate of genetic
advance, suggest that direct selection for these traits would be effective under drought-stressed conditions. GY exhibited low genetic
advance (9%) and heritability (41.5%) estimates, which were concomitant with its polygenic and complex inheritance pattern.
Correlation and path analyses revealed that TKW was the most important contributing trait for improving grain yield under drought-
stressed conditions.
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Introduction

Wheat (Triticum aestivum L., 2n=6x=42, AABBDD) is an stress curtailing wheat productivity in sub-Sahara Africa
important source of food for more than 30% of the global including Ethiopia (Tadesse et al., 2019). Breeding wheat
human population (Lobell and Gourdji, 2012; Pfeifer et al., varieties that are resilient to adverse environmental
2014). Its importance as a staple food in the sub-Sahara conditions and then cultivating them with improved
African region has increased rapidly due to socio-economic production technologies will ensure high productivity and
changes including urbanization, rapid population growth, more sustainable production of wheat in Ethiopia (Negassa et
changes in income per capita and changing lifestyles (Abate al., 2013).

et al., 2018). Wheat is one of the most abundant and widely Developing drought tolerant cultivars that can withstand
cultivated crops in the world, with about 214 million hectares terminal drought, which is prevalent in low-lying areas of
cultivated annually (FAO, 2019). In the 2018 cropping season Ethiopia, is key to improving wheat productivity. The success
in Ethiopia, the wheat production area exceeded 1.7 million of any attempts to improve drought tolerance in wheat will
hectares, and this produced more than 4.2 million tons of depend on the amount of genetic variation available.
grain (FAO, 2019), making the country one of the major wheat Semahegn et al. (2020) reported the presence of significant
producers in sub-Saharan Africa. However, domestic genetic variation for yield and related traits in bread wheat
production falls short of national demand for self-sufficiency. genotypes evaluated under drought-stressed and non-
As a result, wheat has to be imported (Rashid and Lemma, stressed conditions, which would provide important genetic
2014; Abate et al., 2018). resources for a drought tolerance-breeding program.
The productivity of wheat in Ethiopia is about 2.4 tons ha™! However, there is a need to investigate the genetic basis and
compared to 3.4 tons ha! world average (FAO, 2019). The association among yield and yield components to design
relatively low productivity of wheat in Ethiopia has been suitable breeding strategies for yield and drought tolerance
attributed to biotic and abiotic stresses. Drought stress, which improvement.

is exacerbated by climate variability, is the major abiotic
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Heritability estimates help to predict performance of
progenies and to forecast potential genetic gains from
selection (Ali et al., 2010). Traits with high heritability
estimates accompanied with high genetic advance can be
selected more effectively via direct selection (Ali et al., 2009b;
Ali et al.,, 2010; Farshadfar et al., 2014; Okechukwu et al.,
2015; Abraha et al., 2017). Yield components have been
reported to have higher heritability estimates than grain yield
per se, which facilitates indirect selection for grain yield under
variable environments (Mathew et al.,, 2018). Hence,
selection of agronomic traits with favourable correlations
with grain yield is used to indirectly improve grain yield and
drought tolerance in most crops, including wheat (Dodig et
al., 2012; Asfaw and Blair, 2014; Lopes et al., 2015; Abraha et
al., 2017; Mathew et al., 2018). Mwadzingeni et al. (2017) and
Mathew et al. (2018) evaluated variance components in
wheat and found that grain yield had the least genetic
variance, heritability and genetic gain estimates, and
recommended indirect selection using highly heritable and
yield-influencing agronomic traits. However, other reports
cite different estimates for the variance components,
showing that variance components evaluated in different
populations may only serve as a guide, and that evaluating
each population individually is needed for practical breeding
purposes.

The amount of genetic gain observed in grain yield after
indirect selection via yield components is influenced by the
association between the trait and grain yield. Thus, evaluating
correlations among grain yield and its components would be
helpful in selecting the target traits for simultaneous selection
for high yield and drought tolerance (Ali et al., 2009a; Kandic
et al., 2009; Ali et al., 2011; Baranwal et al., 2012; Seher et al.,
2015). Simple correlations may be inadequate in quantifying
the importance of each yield component where there are
several components directly and indirectly contributing to the
final yield (Bizeti et al., 2004; Sreckov et al., 2011). Therefore,
there is a need for a more in-depth analysis such as the path
coefficient analysis, which partitions the observed correlation
into direct and indirect contributory effects (Garcia del Moral
et al., 2003; Ali et al., 2009a; Kandic et al., 2009; Baranwal et
al.,, 2012). The variations in path coefficients of vyield
components in relation to grain yield have been reported by
several studies (Subhani and Chowdhry, 2000; Khaliqg et al.,
2004; Anwar et al., 2009; Khan et al., 2010; Baranwal et al.,
2012). These show that correlations and path coefficients are
specific to a population under investigation and the prevailing
environmental conditions. Therefore, there is a need to
deduce the associations among yield and yield components
for each population and environment to serve as a guide
during the designing of a breeding program. Given the above
background, the present investigation was undertaken to
estimate genetic parameters and association of yield and
yield components of bread wheat genotypes evaluated under
drought-stressed and non-stressed conditions to guide for
drought tolerance breeding for enhanced vyield gains in
moisture stress areas of Ethiopia.

Results

Analysis of variance

Separate and combined analyses of variance showed that the
test genotypes were significantly (p<0.01) different for all the
traits measured under drought-stressed and non-stressed
conditions (Table 1). Under the non-stressed conditions,
genotype by site interaction was significant for all traits
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except KS. In contrast, the genotype by site interaction effects
were significant for DH, DM, PH, TKW and GY under the
drought-stressed conditions. Across all sites and water
regimes, the three-way (genotype x water regime x site)
interaction effect had a significant impact on DH, DM, SL and
TKW. The genotypes also exhibited differential response
under different moisture regimes, as indicated by the
significant genotype by water regime interaction effects for
DH, DM and SL.

Variance components, heritability and genetic advance

The results from the separate and combined variance
component analyses indicated that phenotypic variances
were higher than genotypic variances in all the measured
traits (Table 2). Under the non-stressed conditions, the
highest genotypic variance was recorded for DH (68.1%),
followed by SL (55.3%) and SS (31.3%). Similarly, DH recorded
the highest genetic variance of 62.3% under drought- stressed
conditions followed by DM (35.9%) and SL (27.7%). Genetic
variance decreased under drought-stressed conditions
compared to non-stressed conditions for traits such as DH, SL,
SS and KS. The genetic variance for grain yield was 4.4% under
non-stressed conditions as compared to 8.9% under drought-
stressed conditions. A combined analysis of variance across
all test environments was conducted to test the consistency
of genetic and environmental effects on traits performances.
Overall, the highest genotypic variance was also recorded for
DH (54.0%) followed by SL (38.6%), while GY (4.5%) had the
lowest. Broad sense heritability values ranged from 28.1 to
94.2% under non-stressed conditions while a range of 44.6 to
91.5% was observed under drought-stressed conditions.
Across the test environments, broad sense heritability values
ranged between 41.5 and 94.4%. DH, SL and SS had high
heritability estimates (above 79%) under both drought-
stressed and non-stressed conditions. GY had the lowest
heritability (<45%) under both conditions. The maximum
genetic advance was recorded for SL (15.1%) followed by DH
(14.6%), SS (12.7%) and KS (11.8%) under non-stressed
conditions while GY (14.9%) showed the maximum genetic
advance followed by SL (11.9%), TKW (10.9%) and SS (10.7%)
under drought-stressed conditions. Across test
environments, the maximum genetic advance was observed
in SL (13.4%) followed by DH (12.2%), KS (12.2%) and SS
(11.6%). Concomitant with high genetic variance and
heritability estimates, the highest genetic advance (>12%)
was achieved in DH and SL under both non-stressed and
drought-stressed conditions.

Correlation of yield and yield components

GY exhibited the strongest association with TKW under both
drought-stressed and non-stressed conditions (Table 3).
Under drought-stressed conditions, the coefficient of
correlation between GY and TKW was 0.49 (Table 3, above
diagonal) compared to 0.45 under non-stressed conditions
(Table 3, below diagonal). GY also exhibited stronger
associations with PH (r=0.49; p<0.01) and SL (r=0.24; p<0.01)
under drought-stressed conditions. Likewise, there were
significant correlations between GY with PH (r=0.26; p<0.01)
and KS (r=0.28; p<0.01). GY exhibited negative correlations
with DH (r= -0.27; p<0.01) and DM (r= —0.19; p<0.05) under
non-stressed conditions while these traits showed non-
significant association with GY under drought-stressed
conditions. DH and DM showed strong positive correlations
with each other (r=0.80; p<0.01) under both drought-stressed
and non-stressed conditions.



Path coefficient analysis

Under non-stressed conditions, TKW, SS and KS recorded
strong and positive direct effects with values of 0.51, 0.23 and
0.20 on GY (Table 4, boldfaced text). In comparison, PH (0.37),
TKW (0.26) and KS (0.23) exhibited strong positive direct
effects on GY under drought-stressed conditions. SS (—0.44)
showed the highest but negative direct effect on GY under
drought-stressed conditions. The highest positive indirect
effects on GY were 0.14 and 0.13, under non-stressed and
drought-stressed conditions, respectively, exhibited by PH
through TKW. Similarly, the high but negative indirect effects
on GY under non-stressed conditions were exhibited through
TKW by DH (-0.24) and DM (-0.18). Under the drought-
stressed conditions, DH (—=0.27), DM (-0.25), SL (-0.26) and KS
(—0.28) had substantial indirect reducing effects on GY
through SS.

Discussion

The analysis of variance showed that genotypic effects were
significant for all the traits under the different environmental
conditions, which confirmed the presence of genetic variation
for wheat improvement. Mwadzingeni et al. (2017) and
Mathew et al. (2018) reported the presence of significant
genetic variation in yield and yield components of wheat
under drought-stressed and non-stressed conditions
evaluated in the field and greenhouse. Useful genetic
variability among the test bread wheat genotypes for traits
related to drought tolerance is of paramount importance for
successful breeding aimed to develop wheat cultivars
adapted to a range of stress environments. The performance
of the different genotypes varied with changes in
environmental conditions. The significant impact of the
environment on genotypic performance can present both
opportunities and challenges during selection (Kang, 2002).
Environmental influence can allow selection of genotypes
with superior performance for specific or broad adaptation
(Annicchiarico, 1997; Kang, 2002; Badu-Aprku et al., 2017;
Mafouasson et al., 2018). On the other hand, environmental
influence can also confound selection and increase the
number of selection cycles to identify superior genotypes.
The increase in requisite selection cycles has high cost
implications during breeding leading to premature
abandonment of some wheat breeding programs.
Environmental influence on genotype performance is widely
reported in wheat (Marti and Slafer, 2014; Mwadzingeni et
al., 2017; Mathew et al., 2018).

The higher estimates for phenotypic variance compared to
genotypic variance showed that the environment had greater
effects on conditioning phenotypic traits than the genetic
constitution of the test genotypes. The high environmental
variance was expected since quantitative traits such as grain
yield are known to be significantly affected by changes in
environmental conditions such as water availability
(Mwadzingeni et al., 2017; Mathew et al., 2018). This
condition varied between the drought-stressed and non-
stressed conditions, and from one site to another. The
differential performance of the genotypes necessitates the
need to separate the genetic from environmental variance
components, and quantify the contribution of each
component in order to devise efficient breeding strategies for
target environments (Farshadfar et al., 2014). The genetic
component is the most important for breeding purposes
because it affects the portion of variation that is passed to
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offspring during the breeding process. The high genetic
variance estimates for traits such as DH and SL, implied that
these traits were less influenced by environmental factors
and can be effectively and directly selected based on their
phenotypic expression (Shimelis and Shiringani, 2010).
Similarly, Mathew et al. (2018) found high genetic variance
estimates, above 75%, for DH under drought-stressed and
non-stressed conditions and concluded that water availability
had less impact on flowering compared to grain yield, which
had lower genetic variance. The overall genetic variance for
GY of 4.5% found in this study was also comparable to 3.95%
reported by Mathew et al. (2018). Traits with low genetic
variance such as GY will be difficult to improve by direct
selection under various environments since their selection
would be confounded by large variation across the different
test environments.

The heritability estimates ranged from moderate (41.5%, GY)
to high (94.4%, DH), which is concomitant with variation in
genetic control of different traits. Variation in heritability
estimates imply that the different traits cannot be improved
through the same breeding strategy. Similar ranges of
heritability estimates (between 30 and 95%) for agronomic
traits in wheat have been reported (Okechukwu et al., 2015;
Mwadzingeni et al., 2016; Mathew et al., 2018). Baranwal et
al. (2012) also reported high broad sense heritability
estimates for DH, PH and KS. Similarly, Kandic et al. (2009)
reported high broad sense heritability for DH. The heritability
estimates for GY were moderate, which is attributable to the
polygenic nature and complexity of GY. The heritability
estimates for GY were comparable to 22.1, 38.9 and 39.0%
reported by Ali et al. (2010), Mwadzingeni et al. (2016) and
Okechukwu et al. (2015), respectively. However, heritability
estimates as high as 74% have also been reported previously
(Kandic et al., 2009; Farshadfar et al., 2014). High heritability
estimates along with high genetic advance were calculated
for DH, SL and SS, suggesting that these traits were under the
influence of additive genes, which favours their improvement
via direct selection, even under drought stress conditions (Al
et al., 2009b; Farshadfar et al., 2014). Several other studies
have reported high heritability and genetic advance for traits
such as DH, PH, SL and TKW (Ali et al., 2010; Gashaw et al.,
2010; Riaz-ud-din et al., 2010). The high heritability and
genetic advance of these traits would increase their
importance in the improvement of drought tolerance and GY.
Traits with poor genetic advance and low heritability
estimates are difficult to select directly and should be
indirectly selected via related traits. Indirect selection for
positively associated traits with high heritability and genetic
advance values will enhance genotypic response to selection
under various environmental conditions (Okechukwu et al.,
2015; Mwadzingeni et al., 2017). The yield-related traits
exhibited various levels of associations with GY in line with
their genetic relationship and environmental impact. The
associations showed variation between the different
environments showing that the level of association between
traits is influenced by prevailing conditions such as water
availability. Therefore, selection strategies must account for
these changes in trait association. TKW and PH exhibited the
strongest positive direct associations with GY, which
corroborated previous studies (Kandic et al., 2009; Lopes et
al., 2015; Okechukwu et al., 2015). Thus, selecting for taller
plants with heavier seed weight would potentially improve
GY. However, increased PH is often associated with lodging
under particular circumstances (Tadesse et al.,, 2010;
Okechukwu et al., 2015). Baranwal et al. (2012) reported



Table 1. Analysis of variance for eight agronomic traits of 120 wheat genotypes evaluated across five sites under drought-stressed and non-stressed conditions.

Source DF DH DM PH SL SS KS TKW GY

Genotype (G) 119 | 163.69** 29.28%* 112.80%* 3.75%* 14.96** 140.47** 42.70%* 3892054**
Site (S) 4 9582.91** 49046.03** 63899.16** 197.42** 996.19** 56793.72** 5485.97** 3839403937**
GxS 475 10.21** 7.25%* 40.14** 0.36** 3.18* 43.54ns 18.94%* 2871349**
Residual 471 5.53 5.39 29.13 0.25 2.64 39.62 10.73 2042798

CV (%) 4.12 2.38 8.32 6.19 9.59 14.33 11.37 25.71
Drought-stressed conditions

Source DF DH DM PH SL SS KS TKW GY

Genotype (G) 119 | 50.07** 52.73%* 72.09%* 2.01%* 6.12%* 73.34%* 31.36%* 1566950**
Site (S) 4 2313.14%** 10416.08** 26536.53** 126.40** 594.05** 16252.06** 4358.83** 596074218**
GxS 292 7.07** 16.56** 30.02* 0.70ns 2.21ns 45.18ns 16.57** 1128435**
Residual 206 2.68 9.25 23.65 0.73 1.81 41.42 11.79 816533

CV (%) 2.71 3.09 8.91 10.45 8.54 16.24 12.49 30.9
Combined

Source DF DH DM PH SL SS KS TKW GY

Genotype (G) 119 169.69** 74.76** 157.80** 4.43%* 15.56** 153.71** 52.39%* 3563640**
Water regime (WR) 1 941.99** 1989.85** 47047** 14.43** 669.31** 18413.3** 739.90** 2017521970**
Site (S) 4 10136.7** 46284.5** 79858.5%* 222.42** 837.44** 54672.6** 5300.01** 2928323307**
G x WR 119 11.72** 13.34** 35.26" 0.60113** 2.89ns 50.81ns 14.33ns 1518069"
GxS 476 8.67** 12.17** 41.51** 0.46ns 3.03* 45.22" 19.65** 2417996**
WR x S 4 736.54** 3416.88** 6904.42** 90.49** 548.27** 9039.31** 2105.12** 365811796**
GxWRxS 301 13.87** 10.54** 32.08" 0.52* 2.74n 47.19" 16.07** 1961002"s
Residual 747 6.47 7.52 30.78 0.43 2.56 42.53 11.77 1725414

CV (%) 4.4 2.8 9.1 8.1 9.7 15.4 12.1 28.8

*p<0.05; ** p<0.01; " non-significant. DF=degree of freedom, DH= days to heading, DM= days to maturity, PH= plant height, SL= spike length, SS= spikelet per spike, KS= kernel per spike, TKW= 1000
kernel weight, GY= grain yield, CV= coefficient of variation.
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Table 2. Variance components, broad sense heritability and genetic advance for eight agronomic traits of 120 wheat genotypes evaluated across five sites under non-stressed and drought-stressed
conditions.

DH DM PH SL SS KS TKW GY

var % var % var % var % var % var % var % var %
Genotype (G) 17.52 68.1 2.51 28.0 8.29 19.0 0.39 55.3 1.34 31.3 9.92 17.3 2.71 15.0 116497.6 4.4
G x Site 2.67 104 1.06 11.8 6.27 14.4 0.06 9.0 0.31 7.2 7.93 13.8 4.68 25.8 472001.3 17.9
Residual 5.53 21.5 5.39 60.2 29.13 66.7 0.25 35.7 2.64 61.5 39.62 68.9 10.73 59.2 2042798 77.6
Total variance 25.71 8.96 43.70 0.70 4.29 57.47 18.12 2631297
6%p 18.60 3.27 12.46 0.42 1.67 15.45 4.72 415177.6
Heritability (%) 94.2 77.0 66.6 91.2 80.5 64.1 57.5 28.1
GAM (%) 14.6 2.9 7.4 15.1 12.7 11.8 8.9 6.7

Drought-stressed conditions
Genotype (G) 9.44 62.3 8.00 35.9 9.28 24.8 0.28 27.7 0.86 29.2 6.20 12.3 3.30 17.9 100556.3 8.9
G x Site 3.04 20.0 5.06 22.7 4.41 11.8 0 0 0.28 9.4 2.60 5.2 3.31 18.0 216013.6 19.1
Residual 2.68 17.7 9.25 41.4 23.65 63.3 0.73 72.3 1.81 61.6 41.42 82.5 11.79 64.1 816533 72.1
Total variance 15.17 22.32 37.34 1.01 2.94 50.22 18.40 1133103
6%p 10.32 9.94 12.52 0.35 1.1 10.86 5.14 225412.4
Heritability (%) 91.5 80.5 74.1 79.2 78.4 57.1 64.2 44.6
GAM (%) 10.0 5.3 9.9 119 10.7 9.8 10.9 14.9

Combined
Genotype (G) 12.69 54.0 4.85 31.8 9.19 20.5 0.31 38.6 1.00 26.4 8.36 15.4 2.69 14.6 95805.8 4.5
Gx Water regime O 0 0.48 3.2 0.55 1.2 0.01 1.8 0.03 0.7 0.63 1.2 0 0 0 0
(WR)
G x Site 0 0 0.65 4.2 3.59 8.0 0 0 0.11 2.9 0 0 1.41 7.7 175797.7 8.2
G x WR x Site 4.34 18.5 1.77 11.6 0.76 1.7 0.05 6.2 0.10 2.7 2.74 5.0 2.52 13.7 138345.2 6.5
Residual 6.47 27.5 7.52 49.2 30.78 68.6 0.43 53.1 2.56 67.2 42.53 78.4 11.77 64.0 1725414 80.8
Total variance 23.51 15.28 44.87 0.81 3.81 54.25 18.39 2135363
6%p 13.45 5.78 11.80 0.34 1.18 11.07 3.81 231070.5
Heritability (%) 94.4 84.0 77.9 90.2 85.2 75.5 70.6 41.5
GAM (%) 12.2 4.3 9.0 13.4 11.6 12.2 10.0 9.0

DH= days to heading, DM= days to maturity, PH= plant height, SL= spike length, SS= spikelet per spike, KS= kernel per spike, TKW= 1000 kernel weight, GY= grain yield, var= variance, GAM= genetic advance as percent of mean, §2p= phenotypic variance.
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Table 3. Pearson correlation coefficients for eight agronomic traits of 120 wheat genotypes evaluated under drought-stressed and
non- stressed conditions in five test sites.

DH DM PH SL SS KS TKW GY

DH 1 0.86** 0.06" 0.27** 0.61** 0.48** 0.09"s —0.01ns
DM 0.80** 1 0.26** 0.37** 0.56** 0.50** 0.17ns 0.15"

PH —-0.15" 0.00"s 1 0.45** 0.27** 0.14ns 0.48** 0.49**
SL 0.24** 0.31** 0.37** 1 0.58** 0.33** 0.35** 0.24**
SS 0.54** 0.53** 0.12ms 0.53** 1 0.63** 0.10m —0.04ns
KS 0.01ns 0.07ns 0.08"s 0.21* 0.57** 1 —0.02ns 0.09ns

TKW —0.48** —0.35%* 0.28** 0.11ns —0.31** —0.08s 1 0.49**
GY —0.27** -0.19* 0.26** 0.13"s 0.08"s 0.28** 0.45%* 1

Non-stressed conditions
*p<0.05; ** p<0.01; "non-significant. DH= days to heading, DM= days to maturity, PH= plant height, SL= spike length, SS= spikelet per spike, KS= kernel per spike, TKW=
1000 kernel weight, GY= grain yield.

Table 4. The direct (bold-faced values) and indirect effects of seven agronomic traits on grain yield of 120 wheat genotypes evaluated
in drought-stressed and non-stressed conditions across the five test sites.

DH NS -0.04 —-0.08 -0.02 -0.02 0.13 0.00 -0.24 —0.27**
DS 0.00 0.07 0.02 0.03 -0.27 0.11 0.02 —-0.01s
DM NS -0.03 -0.10 0.00 -0.03 0.12 0.02 -0.18 -0.19*
DS 0.00 0.08 0.10 0.05 -0.25 0.12 0.04 0.15ns
PH NS 0.01 0.00 0.11 -0.03 0.03 0.02 0.14 0.26**
DS 0.00 0.02 0.37 0.06 -0.12 0.03 0.13 0.49**
SL NS -0.01 —-0.03 0.04 —-0.09 0.12 0.04 0.05 0.13ns
DS 0.00 0.03 0.17 0.13 -0.26 0.08 0.09 0.24**
SS NS —-0.02 —-0.05 0.01 —-0.05 0.23 0.12 —-0.16 0.08"s
DS 0.00 0.05 0.10 0.07 -0.44 0.15 0.03 —0.04ns
KS NS 0.00 -0.01 0.01 -0.02 0.13 0.20 —-0.04 0.28**
DS 0.00 0.04 0.05 0.04 -0.28 0.23 0.00 0.09ns
TKW NS 0.02 0.03 0.03 -0.01 -0.07 -0.02 0.51 0.49**
DS 0.00 0.01 0.18 0.04 -0.04 0.00 0.26 0.45**

* p<0.05; **p<0.01; " non-significant. NS= non-stressed conditions, DS= drought-stressed conditions, DH= days to heading, DM= days to maturity, PH= plant height, SL=
spike length, SS= spikelet per spike, KS= kernel per spike, GY= grain yield, TKW= 1000 kernel weight, rGY= correlation with grain yield.

Table 5. Geographic and climatic descriptors of the study sites.

Latitude Longitude Altitude (mm) Minimum Maximum Texture pH

(masl)
Alem Tena 8.3°18'N 38.4°57'E 1611 1054.5 10.4 26.1 Clay loam 7.0
Debre Zeit 8.7°44’'N 39.0°58'E 1920 931.4 11.4 27.5 Clay 7.5
Dera 8.3°20°'N 39.3°19'E 1500 816.1 13.7 29.4 Clay 7.8
Kulumsa 8.0°02'N 39.2°10’E 2200 946 9.9 23.1 Clay 6.8
Melkasa 8.4°24'N 39.3921'E 1500 807.3 14.1 29.9 Clay loam 7.2

masl= metres above sea level.

Table 6. Partial computation of expected mean squares for the wheat genotypes evaluated on five sites and two water regimes.

Genotypes (g) g-1 0% + G2 + MWOZ%5 + 1502y, + 02
Sites (s) s—1 —

Water regime (w) w-1 -

8s (g-1) (s-1) 0% + r0%gs + IS0%w + MW0Zg

gw (g=1)(w-1) 02 + 025w + [S0%w

gsw (8-1)(s-1)(w-1) 0% + ro%gsw

Residual sw(g—1)(r-1) 02

o2.= environmental variance, 6%= genotypic variance, 02,= genotype by site interaction variance, 62%,,= genotype by water regime interaction variance, o%;,= genotype by
site by water regime interaction, r= replication.
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significant and negative correlation between GY and PH,
which would allow for simultaneous GY improvement and
reduction in susceptibility to lodging. Early flowering and
maturity were associated with higher GY under non-stressed
conditions, which might be attributed to shorter vegetative
period (Shavrukov et al., 2017) and an extended grain-filling
period (Dodig et al., 2012).

Materials and Methods

Plant materials and trial conditions

One hundred and twenty bread wheat genotypes comprising
of 115 breeding lines that were being developed for drought
stress areas that had International Maize and Wheat
Improvement Centre (CIMMYT) origin and five standard
checks that were released as drought tolerant cultivars were
tested in five sites in the 2018/19 cropping season using a
10 x 12 alpha lattice design with two replications. Details of
the genotypes along with their pedigree is presented in
Appendix 1. The test sites were Alem Tena, Debre Zeit, Dera,
Kulumsa and Melkasa. The geographic, climatic and soil
properties of the test sites are presented in Table 5. Two
contrasting moisture regimes were imposed using two
different sowing dates (early planting representing non-
stressed, while late planting as drought stressed conditions)
as described in Semahegn et al. (2020).

Data collection and analysis

Data were recorded on days to heading (DH), days to maturity
(DM), plant height (PH), spike length (SL), number of spikelets
per spike (SS), number of kernels per spike (KS), 1000 kernel
weight (TKW), and grain (GY) as described in Semahegn et al.
(2020). Separate and combined analyses of variance were
conducted using the GLM procedure in SAS version 9.3 (SAS
Institute, 2012). Variance components for each trait were
estimated using expected mean squares from the respective
ANOVA results. Site and water regime were considered to be
fixed factors, while genotype was considered as having
random effect. Negative variance estimates were considered
as zero (Robinson et al., 1955; Annicchiarico, 1997). Expected
mean squares were calculated following Shimelis and
Shiringani (2010), as presented in Table 6. The broad sense
heritability values were calculated following Allard (1996).
Genetic advance (GA) was calculated according to Johnson et
al. (1955). Pearson correlation coefficients were estimated
using the Statistical Software for Social Science version 24
(SPSS, 2016). Path coefficient analysis was conducted
following Dewey and Lu (1959).

Conclusion

The tested lines exhibited significant genetic variation for all
traits measured, providing essential genetic resources for
bread wheat improvement and providing opportunities to
identify genotypes and traits that have stability across water
regimes. Traits such as DH, SL and SS exhibited high genetic
variance, heritability and genetic advance, and these traits
could be improved through direct selection under drought
stress condition. TKW had favourable positive and strongest
correlation with GY, which provides a basis for selection and
improvement of GY under drought stress condition. Further
genotyping with selected molecular markers will complement
the present data set to select complementary genotypes for
drought tolerance breeding.
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