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Genotype-environment interaction (GxE) has a great impact on wheat physiology, morphology and grain yield
(GY). We evaluated an association mapping panel of spring wheat advanced lines for chlorophyll content, canopy
temperature (CT), and yield-related traits under three different watering regimes in two consecutive growing
seasons. Genome-wide association mapping identified 457 SNPs, with significant effects that varied with the
watering regimes and growing seasons, of which 199 and 69 SNPs showed pleiotropic and conditionally neutral
effects, respectively, on the measured traits. We mapped 61 SNPs with effects higher than 10% on all traits,
showing antagonistic pleiotropic effects on CT, corresponding to 46 genes; some of these genes represent good
candidates to control wheat response to water availability. Surprisingly, no significant SNPs were mapped in the
semi-dwarfing genes, Rht-B1b or Rht-D1b. However, haplotype analysis of the SNPs located at the positions of
both genes revealed significant interactions of GY with the watering regimes for Rht-B1b and with the growing
season for Rht-D1b. We selected genotypes that outperformed two local check cultivars; some of them overlapped
across the three watering regimes and could be used to create a multi-parent population to further unravel the
genetic factors underlying yield component traits across drought stress. Our results demonstrate the importance
of incorporating GxE in mapping models to better understand wheat response to different watering regimes and
to select stable markers for selection.

1. Introduction

Wheat (Triticum aestivum L.) is one of the world’s most important
crops with a global production of 761.5 million tons (FAOSTAT 2019). It
has been predicted that wheat production would need to reach 858
million tons by 2050 in order to meet the predicted global food demand
caused by the increase in the world population (Alexandratos and
Bruinsma, 2012). However, wheat production and productivity are
threatened by biotic and abiotic stresses. Drought is the most significant
of these stresses and is being exacerbated by climate change (Edae et al.,
2014; Shahinnia et al., 2016; Mathew et al., 2019; Reynolds et al.,
2021). Therefore, breeding drought-tolerant wheat genotypes with
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relevant agronomic and adaptive traits by discovering the underlying
genes and alleles is critical for increasing grain yield (GY) (Shahinnia
et al., 2016).

Drought-tolerant and agronomically superior wheat lines are
continuously being developed for evaluation and use in breeding pro-
grams by the International Maize and Wheat Improvement Center
(CIMMYT) and other national and international breeding programs
(Manes et al., 2012; Reynolds et al., 2021). Several studies have
genetically dissected wheat yield and its components such as plant
height (PH), spike length (SPKL), number of spikes (SPKN), and number
of tillers (TN), in response to drought stress (Edae et al., 2014; Mwad-
zingeni et al., 2016). Yield-component traits and biological yield (BY),
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whole plant dry biomass, are positively correlated traits with GY under
water limiting conditions (Chen et al., 2012; Mwadzingeni et al., 2016).
Chlorophyll content (Chl) has been found to be positively correlated
with GY, (Pinto et al., 2010; Sid’ko et al., 2017), while canopy tem-
perature (CT), measured at the vegetative and grain filling stages, was
negatively correlated with GY (Pinto et al., 2010; Lopes et al., 2013).

In general, the expression of any morphological or physiological trait
is influenced by the underlying genetic make-up (G), the surrounding
environment (E), and their interactions (GXE). Yield and its related traits
are quantitative and polygenic, or complex traits. They are continuously
distributed, controlled by quantitative trait loci (QTL), genomic regions
that contain the associated genes, and heavily influenced by the envi-
ronment. As a result, QTL or genes affecting physiological traits, yield
and its components are environmentally sensitive, or have different ef-
fects in different environments and therefore exhibit QTL-environment
interaction (QTLXE). For example, QTL can have synergistic pleio-
tropic effects, i.e. a QTL with positive effects on two or more traits, or
antagonistic pleiotropic effects, i.e., a QTL with opposite effects on two
or more traits. In addition, they can show conditionally neutral effects, i.
e. a QTL with a significant effect on a trait in one environment, but no
effects in other environments. The overall pattern of QTL x E effects can
constrain or facilitate responses to artificial selection (Falconer, 1952).
Therefore, these effects are critical and should be carefully addressed in
breeding programs (Des Marais et al., 2013; El-Soda et al., 2014).

Two approaches can be used to map QTL and to identify genes with
underlying natural variation affecting phenotypes: traditional QTL
mapping, and genome-wide association mapping (GWAM). Traditional
QTL mapping approach relies on using the offspring of structured
crosses, such as recombinant inbred lines (RIL), backcrosses (BC), and
doubled haploids (DH). GWAM uses panels of genotypes collected from
naturally evolved and adapted populations, or breeding lines, and can
often identify smaller QTL intervals by making elegant use of the his-
torical recombination events that have occurred over thousands of
generations. To obtain finemapping resolution, it is critical to use a large
number of diverse and densely genotyped accessions in GWAM studies.
In high recombination regions of the genome, this can narrow the
associated region to one or a few genes, eliminating the need for further
fine-mapping (Alqudah et al., 2020; El-Soda and Sarhan, 2021). These
associations and candidate genes may provide key markers for trait
introgression, marker-assisted selection, or targets for functional
manipulation for crop improvement.

The total wheat production in Egypt does not meet the current de-
mand, and due to the limited area available for agricultural use, there is
a need to expand wheat production into newly reclaimed areas that
suffer from abiotic stresses such as drought. Here, we map the genetic
factors underlying Chl, CT, PH, TN, SPKL, SPKN, BY, GY, and harvest
index (HI) and their interaction with water availability in order to select
genotypes that outperform local, drought-tolerant, and high-yielding
check cultivars.

2. Materials and methods
2.1. Plant material and experimental setup

We used the wheat association mapping initiative (WAMI) popula-
tion (Lopes et al., 2015), a set of 287 diverse advanced wheat lines,
genotyped with 26814 SNPs (Ahirwar et al., 2018) and released by the
International Maize and Wheat Improvement Center (CIMMYT). In
addition, two local Egyptian check cultivars were used: Sahel-1, a
drought-tolerant cultivar, and Shandweel-1, a local commercial cultivar
adapted to the Sohag governorate. All plant materials were evaluated in
two field experiments during the two consecutive growing seasons
2017/2018 (17/18) and 2018/2019 (18/19) at the Experimental Farm
of Faculty of Agriculture, Sohag University, Egypt. Both experiments
were sown in November and harvested in April. As a newly reclaimed
soil, the texture of soil was sandy clay loam, from O to 30 cm, followed
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by sandy loam soil, from 30 to 45 cm at the experimental farm. The
experimental design was a complete randomized block design in a strip
plot arrangement with three replicates per watering regime. Each irri-
gation strip was surrounded by a dry strip of 3 m width and two dry
canals of 50 cm depth to maintain the desired watering level and prevent
groundwater from flowing between treatments. Watering regimes were
arranged horizontally and genotypes were arranged vertically. All ge-
notypes were represented in each experimental block and each genotype
was grown in two rows, spaced 20 cm apart. Each row was two meters in
length with a space of 10 cm between plants within each row. Each
experiment received 238 kg ha~! ammonium nitrate (33.5% N), 75 kg
ha™?! calcium superphosphate (15.5% P20) and 58 kg ha™! potassium
sulfate (48% K20).

The two physiological traits, Chl and CT, were measured on the flag
leaf after the anthesis stage, using a SPAD-502 chlorophyll meter
(Minolta, Japan) and infrared thermometer, Model 8866, JQA Instru-
ment, Inc. (Tokyo, Japan), respectively. Yield component traits were
measured at harvest. For each replicate, 10 plants were randomly cho-
sen for phenotypic evaluation.PH was measured in centimeters (cm)
from the ground to the tip of the spike. In addition, TN, SPKL, SPKN, BY,
GY and HI were measured at maturity for each plant.

2.2. Watering treatments

The amount of evapotranspiration (ETp) during each watering cycle
was calculated for a soil depth of 45 cm as the difference between soil
moisture contents after watering and before the next watering. For an
area of 4200.8 m? (one feddan = 0.42 hectare), ETp in m? can be
calculated using the following equation:

ETp = (62— 01)/100x Bd x(D/100) x 4200.8

Where 65 is the percent of soil moisture after irrigation, 0; is the percent
of soil moisture before the next irrigation, D is the soil depth, and Bd is
the bulk density of the soil (g/cm3).

Soil samples were collected at three depths directly before watering
and 48 h after. The amount of water (Q), in rn3, for each watering
treatment was computed according to the following formula:

Q=R x D x Bd x(F.C.—S.M.)/100

Where Q is the amount of water, R is the area to be watered, D is the soil
depth to be watered, Bd is the bulk density of the soil (gm/cm3), F.C is
the field capacity in percent, and S.M.I. is the percentage of soil moisture
before irrigation.

A water meter was used to measure the amount of water, in cm?,
needed to raise the soil moisture of the upper 45 cm layer to the field
capacity (FC). Water applied to the plots at each watering treatment was
equal to the difference between the soil moisture at the FC and at irri-
gation time plus 10% of water to ensure a good uniform distribution of
water through the plots (Table 1). As reported earlier (Allen et al.,
1998), the three watering treatments used here were; well--
watered = 0.8 of the ETp, mild drought stress = 0.6 of the ETp, and
severe drought stress = 0.4 of the ETp.

2.3. Statistical analysis

The raw data of each experiment was used for statistical analysis
using SPSS v21. Analysis of variance (ANOVA) was used to test for
significant differences between genotypes (G), irrigation treatments (T),
and their interaction (G x T). Broad-sense heritability (Hz) was esti-
mated for each trait as the ratio between the genetic variance (62g) and
the total phenotypic variance (5%ph) as follows;

H® = 8°g/8ph

5 ph = &g+ &e
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Table 1
Seasonal evapotranspiration, seasonal irrigation requirements, and number of irrigation for the three treatments in the two seasons (17/18 and 18/19).

Treatments Seasonal evapotranspiration (mm) Seasonal irrigation requirement (m>/fed) Number of irrigations
17/18 18/19 mean 17/18 18/19 mean 17/18 18/19
Well-watered 523.1 580.7 551.9 1675.6 1867.2 1771.4 11 12
Mild stress 391.8 435.6 413.7 1194.4 1385.1 1289.8 8 9
Severe stress 260.5 290.4 275.5 970.5 1081.4 1026.0 5 6

&g = (MS,—MS.)/r
&e = MS,

Where 8% is the error variance, MSg is the mean square of genotypes,
MSe is the error mean square, and r is the number of replications. Ge-
notype means were compared using the Revised Least Significant Dif-
ferences test (RLSD).

2.4. Genome-wide association mapping

We analyzed SNP effects determined using univariate GWAS on
phenotypes using multivariate adaptive shrinkage (mash) analysis
(Urbut et al., 2019) to find genomic associations with significant effects
on one or more phenotypes. For the majority of genotypes, one pheno-
typic measurement was taken for three replicates for each treatment and
year. Outlier phenotypic values were removed before analysis for Chl
and CT. Using the remaining data, BLUPs for each combination of
phenotype, treatment, and year were calculated in the rrBLUP package
in R, using a kinship matrix. The kinship matrix was calculated using
default methods in GAPIT. Univariate GWAS analyses were performed
using the ‘big univLinReg’ function in bigsnpr using principal compo-
nents for population structure correction computed using the ‘snp_au-
toSVD’ function (Privé et al., 2018, 2020; MacQueen et al., 2021). The
optimum number of principal components (PCs) to account for popu-
lation structure was determined using model selection, by selecting the
number of PCs that caused the genomic inflation factor (Agc) to be
closest to 1 (Supplementary Table 1). To test the significance of SNP
effect estimates in many conditions (for example, across multiple years
and phenotypes) we used mash, a flexible, data-driven method that
shares information on patterns of effect size and sign in any dataset
where effects can be estimated on univariate conditions for many con-
ditions and SNPs (Urbut et al., 2019). Mash was run in three stages
following mash documentation (https://stephenslab.github.io/mash
r/articles/eQTL_outline.html): first, 10K SNPs were used as a 'random’
set to learn the correlation structure among null tests; second, 1K SNPs
with the maximum -log;o(p-values) from the univariate GWAS were used
to construct data-driven covariance matrices; third, the random set was
used to fit the mashr model; fourth, posterior summaries using the model
fit on the random set were computed on all 26K SNPs in the dataset. To
allow mash to converge effectively on effect estimates, the effects for
each phenotype were scaled, or standardized to fall between — 1 and 1
with a mean of 0. To assess when a SNP had evidence of a significant
effect on a condition, we used local false sign rates (Ifsr), which are
analogous to false discovery rates but more conservative (in that they
also reflect the uncertainty of the estimation of the sign of the effect)
(Stephens, 2016). We used Ifsr to find SNPs with log;o-transformed
Bayes factors > 2 in the mash model. Here, the Bayes factor is the ratio
of the likelihood of one or more significant condition-specific SNP effects
to the likelihood that the SNP had only null effects. We used a threshold
of log10BF (Bayes Factor) = 1.3 (equivalent to a FDR-adjusted p-value
of 0.05). Code and data necessary to replicate this analysis are available
at: https://github.com/Alice-MacQueen/WAMIGXE.

2.5. Candidate genes identification

We identified candidate genes corresponding to the significant SNPs

with effects higher than 0.1 (10% of the total trait variation for stan-
dardized effects) on at least two traits in all watering regimes. First, the
flanking sequences corresponding to each of these SNPs (Wang et al.,
2014) were used for BLAST searches using the wheat database URGI http
s://urgi.versailles.inrae.fr/blast/aboutBlast.php (Alaux et al., 2018),
and the wheat IWGSC RefSeq v2.1 (Zhu et al., 2021). Next, we used the
KnetMiner gene discovery platform (Hassani-Pak et al., 2021) htt
ps://knetminer.org to search for large genome-scale knowledge graphs
and to visualize interesting subgraphs of connected information about
the biology and functions of genes, gene networks, and traits. We did not
map any significant SNPs associated with PH or GY that were mapped to
the position of Rht-B1b, at the top of chromosome 4B, or Rht-D1b, at
70cM on chromosome 4D. Therefore, we analyzed the possible haplo-
types using the 4 and 7 SNPs associated with these genes, respectively, at
both positions using HAPLOTYPE ANALYSIS (Eliades and Eliades, 2009)
to validate the effect of Rht-B1b or Rht-D1b on both traits.

3. Results
3.1. Population performance and statistical analysis

A total of 9 physiological and yield related traits were analyzed
under three watering regimes. Broad sense heritability ranged from 0.48
to 0.97, obtained for Chl and BY, respectively, measured in the well-
watered treatment in the 2018-2019 growing season. Our results
revealed substantial phenotypic variation for the measured traits within
and between the three water regimes (Table 2). For example, the
average plant heights were 91.5 and 90.7 cm under well-watered, 78.1
and 75.9 cm under mild stress, and 66.3 and 60.6 cm under severe stress
conditions in 17/18 and 18/19 growing seasons, respectively. Average
BY across all genotypes was reduced by 38.9-55.9% in the mild and
severe drought treatments, respectively. Average GY across all geno-
types was 16.35 g in well-watered conditions and reduced to 11.55 g in
mild stress conditions and 8.19 g in severe stress conditions. Nine ge-
notypes, 294568, 3597332, 346403, 1706327, 393392, 4314513,
4342318, 4885594, and 5535482, out-yielded the check cultivars in the
well-watered conditions (Supplementary Table 2). Three genotypes,
4314513, 4342318, 4885594, out-yielded the check cultivars in the mild
stress conditions. Three genotypes, 3597332, 4314513, 4342318, either
out-yielded or were very close to the check cultivars in the severe stress
conditions. Frequency distributions of some of the measured traits over
the whole population showed transgression beyond both Egyptian check
cultivars (Fig. 1) in the three watering regimes. Significant genotype by
treatment (GxT) interactions were observed for all traits (Table 3).

Phenotypic correlation analysis (Fig. 2) showed significant positive
correlations between the same trait when measured in the similar
treatment in both growing seasons 17/18 and 18/19. Comparing the
same watering regime in both growing seasons revealed significant
positive correlations between GY, PH, SPKL, SPKN, TN, and BY. Harvest
index showed a negative correlation with all traits, except for Chl and
GY, under the three watering regimes. Negative correlations were
observed between CT and both Chl and GY under the three watering
regimes in both growing seasons.

3.2. Multivariate genome-wide association mapping

In total, 457 SNPs had significant effects on one or more measured
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Table 2

Estimation of the minimum (Min), maximum (Max), average (Avg), and heritability (H?) of the studied traits under well-watered, mild stress, and severe stress conditions. Sa and Sha represent the two Egyptian check

cultivars Sahel-1 and Shandweel-1, respectively. Chlorophyll content (Chl), Canopy temperature (CT), Plant height (PH) in centimeters (cm), number of tillers (TN), spike length (SPKL), number of spikes (SPKN),

biological yield (BY), grain yield (GY) per plant, and harvest index (HI).

Sever stress

Mild stress

Well-watered

Min Max Avg H2 Sa Sha Min Max Avg H2 Sa Sha

Sha

H2 Sa

Avg

Max

Min

Trait / units

Season

36.1 37.0

0.50
0.73
0.96
0.59
0.57
0.67
0.74
0.68
0.78
0.70
0.58
0.93
0.75
0.58
0.69
0.83
0.86
0.80

42.4 45.9 29.9 48.3 38.0

0.62
0.74
0.96
0.63
0.64
0.62
0.82
0.52
0.59
0.57
0.67
0.91
0.69
0.58
0.67
0.77
0.85
0.78

59.8 38.4 53.2 45.2

57.3

0.75
0.73
0.73
0.77
0.71
0.74
0.92
0.82
0.85
0.48
0.63
0.92
0.57
0.81
0.84
0.97
0.90
0.91

63.4 53.3

41.8

2017

25.0

24.4

23.5 22.8 38.2 29.6

22.6

20.6 21.3 32.3 26.4

9

21.2

29.9 23.1

18.7

CT (°Q)

73.1
7.6
5.5
7.0

75.6
7.8

66.3
7.5

91.0

37.7
5.0
1.7
2.0

87.3
8.3
6.0
7.5

87.6
8.8
6.0
7.2

78.1
9.2
4.6
6.3

103.0
13.0
7.3

58.0
6.0
2.3
3.7

9.8

101.0
10.3
7.5
8.0

91.6

115.0
14.9
9.8

61.0
8.0

3.2

PH (cm)

11.7
6.7
8.0

9.2
8.1

11.1
7.0
7.9

SPKL (cm)
SPKN
N

5.5

3.7
4.9

6.7

9.0

9.4

12.0

4.7

56.9 18.6 52.7 33.7 41.7 45.2
4.8 8.6

53.9

28.9 76.6 47.0
6.7

87.9

81.1

76.5

127.7
28.8

41.8
9.2

BY (g)
GY ()
HI

12.2

12.0

15.2

15.8

15.6

12.4

17.6

22.3

19.9

16.4

31.0

29.8

29.7 13.2 44.1 26.4

30.2

28.5 13.5 40.4 27.0

31.2

47.7 22.6

10.1

38.8

38.3

47.8 20.1 42.2 30.8

46.8

60.3 28.3 66.9 39.8

59.7

53.2

72.1

37.5

2018

26.9

26.6

22.8 22.7 46.2 30.6

24.2

23.2 20.2 333 26.2

23.3

29.4 23.0

18.2

CT (°Q)

72.5
7.5
5.7
6.7

77.3
7.6

60.6
6.6
3.4
4.7

90.7

38.7
3.9

87.9
8.5

89.7
9.1

75.9

101.8
11.2
7.5

50.5
4.8
2.8
3.4

101.3
9.4
8.0
8.8

103.2
10.9

115.5 90.8
7.9
8.9

14.2

38.6
7.0

PH (cm)

10.2
5.7
7.7

8.2
5.0
5.9

10.8
6.8
7.8

SPKL (cm)
SPKN
NT

5.5

1.7
2.3

6.2

6.1

12.8

3.7

7.0

8.3

7.5

9.7

12.9

4.3

58.7 18.3 51.7 31.8 43.8 43.1
3.7 7.7

56.2

26.9 71.1 43.9
5.7

90.0

83.9

72.4

118.2
30.3

40.4
6.1

BY (g)
GY (g)
HI

12.6

12.4

10.7

16.4

16.1

10.6

19.3

24.0

22.0

16.2

29.6

32.0

31.3 13.6 39.7 25.0

32.0

30.1 12.9 38.0 24.9

33.8

47.3 23.4

10.7
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trait (Fig. 3 and Supplementary Table 3) and had significant interactions
with the water regimes and growing seasons. There were two major and
two minor patterns of phenotypic effects in the data. First, 337 signifi-
cant SNPs had the majority of their posterior weight in mash on the data-
driven model ED_PCA_1. This pattern had positive pleiotropic effects on
GY and its related traits, PH, SPKL, SPKN, TN, BY, and Chl; these SNPs
typically had nonsignificant or significant negative effects on CT or HI.
Second, 52 significant SNPs had significant conditionally neutral effects
on Chl measured under only one water regime. In addition, 14 signifi-
cant SNPs had effects on Chl measured under stressed conditions in
2017, and three significant SNPs ad effects on GY in control conditions
in 2017, and otherwise were conditionally neutral. We mapped 61 SNPs
with effects greater than 0.10 in at least one environment. For example,
2 SNPs, Ku_c18550.1388 and Kukri_c26718_319, located on chromo-
some 3D between 610.3 and 611.1 Mb were significant at
logl0BF = 7.42. The alternate allele of those 2 SNPs increased trait
values for all traits under all water regimes, with the exception that
antagonistic pleiotropic effects were observed for CT and HI. For these
SNPs for CT, negative effects were observed under mild and severe stress
in both growing seasons. In contrast, both SNPs showed negative effects
on HI in all treatment-season combinations; these effects were strongest
under severe stress. Similar effects were observed for 2 SNPs with
loglOBF = 7.42, D_GA8KES401DOK1W_ 269 and D_GDRF1KQO1
AX21.0_245, on chromosome 7D between 188382841 and 188383088,
and 542677391-542677557 bp, respectively. The interval where both
SNPs are located, 188.3 — 625.8 Mb, included an additional 6 significant
SNPs with similar effects as above. On the other hand, some SNPs
showed negative effects on the measured traits, including
BS00045521 51, BobWhite c14508_181, RAC875 rep_c89232.502,
BS00024617_51, and BS00087197_51 on chromosomes 2A, 4A, 5D, 7A,
and 7B, respectively. Those 5 SNPs decreased trait values for all traits
under all water regimes, however, antagonistic pleiotropic effects were
again observed for CT and HI. For CT, positive effects were observed
under mild stress in both growing seasons and under severe stress in the
17/18 growing season. In contrast, SNP effects on HI were positive in all
treatment-season combinations, except in the control treatment of the
17/18 growing season.

3.3. Candidate gene identification

We looked for candidate genes associated with the 61 significant
SNPs with effects higher than 0.1 on at least two phenotypes in all en-
vironments. Our analysis revealed 46 candidate genes (Supplementary
Table 4) of which eleven genes were previously reported to have direct
effects on some of the measured traits. For example, the gene
TraesCS4B02G009900 is reported to control quality traits and grain
weight. The gene TraesCS7D03G1184700 was responsible for semi-
dwarf growth habits. Another gene, TraesCS7A03G0883000, had ef-
fects on plant response to drought, plant height, and days to heading. On
the other hand, haplotype analysis for the 4 SNPs located on the top of
chromosome 4B between 0 and 1 cM (between 0.9 and 5.6 Mb) (Sup-
plementary Tables 4 and 5), where Rht-B1b is located, and for the 7 SNPs
at 70 cM (between 26.1 and 29.0 Mb) on chromosome 4D (Supple-
mentary Tables 4 and 6), where Rht-D1b is located, revealed significant
interaction between GY and both of watering regimes and growing
seasons. For example, in case of Rht-B1b, we found significant differ-
ences in both growing seasons between the following haplotype groups;
GCAA and GCGG in the mild stress regime, ACGG and GCAA in the
control and mild stress regimes, and between ATAA and GCAA in the
control regime. In addition, in case of Rht-D1b, our analysis showed
significant differences between the two haplotype groups CACACCC and
CAAACCC measured under mild and severe stresses but only in the
second growing season 18/19.
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Fig. 1. Frequency distributions of the non-normalized trait values for the WAMI population grown under well-watered (W), mild stress (M), severe stress (S) regimes
in two growing seasons 17/18 (dark gray), and 18/19 (light gray). Vertical axes indicate the number of lines per trait value class, and horizontal axes indicate the
different trait value classes. The two Egyptian check cultivars are indicated as S for Sahil and Sh for Shandwel Trait abbreviations are given in Table 2.

Table 3

ANOVA table representing mean squares of the measured traits, Chlorophyll content (Chl), Canopy temperature (CT), Plant height (PH) in centimeters (cm), number of
tillers (TN), spike length (SPKL), number of spikes (SPKN), biological yield (BY), grain yield (GY), and harvest index (HI). S.0.V = source of variation, DF = degree of
freedom, Y = year, E = error, T = treatments, G = genotype, and x = the interaction between different S.0.V.

S.0.V. D.F. Chl CT PH TN SPKL SPKN BY GY HI

Y 1 24552.21** 77.93%* 10047.43** 5940.07** 780.55** 12.38** 1088036.26** 47289.34** 1542.55%*
E (a) 2 40.39 97.03 424.27 2.12 21.04 1.69 152.29 46.07 77.29

T 2 150571.76** 21518.61** 334025.17** 5531.03** 6890.02** 4908.47** 193650.42** 5554.18** 2265.01**
YxT 2 5225.90** 191.94**4 3128.64** 212.30%* 42.70%* 59.34**5 63919.48** 842.62%* 3242.21**
E (b) 4 167.9451 39.41 117.19 0.518 5.914 39.27 19.90 8.72 34.81

G 288 141.45** 90.22%* 703.44** 8.40%* 16.68**6 10.03** 910.34** 56.37** 267.76**
YxG 288 43.15%* 15.21%*3 90.84** 6.10%* 3.95%* 0.919%* 580.00%* 26.63** 121.93**4
E (o) 576 16.95 4.73 9.92 0.491 2.56 0.531 17.63 2.38 11.49
TxG 576 51.64** 21.61%* 273.11%* 1.95%* 4.71%* 2.61%%4 181.83** 10.34** 66.80**
YxTxG 576 20.29%* 9.32%* 76.61%* 1.50%* 2.71%* 0.538** 183.93** 7.45%* 74.08**
E( 3456 10.62 3.07 7.19 0.422 1.24 0.244 13.97 1.51 8.34
C.V.% 8.92 7.7 3.96 9.22 16.96 11.92 7.49 10.16 11.95

4. Discussion

Wheat is the most widely grown crop on the planet, however,
research investments in wheat lag behind those of other staple crops. It is
expected that the global yield gains will not meet 2050 demands, and
that climate stresses will further exacerbate this problem (Reynolds
etal., 2021). This critical situation has an outsized impact on developing
economies such as Egypt. Indeed, Egypt is one of the world’s leading
wheat importers, importing 12 million tons/year, a figure that is ex-
pected to increase to over 15 million tons by 2028 (FAO, 2020). To

address this issue within Egypt, two parallel approaches have been
taken: 1) cultivating wheat in new areas by reclaiming desert, which
accounts for 96% of Egypt’s landscape and is subjected to abiotic
stresses, such as drought (Abdelaal and Thilmany, 2019), and 2)
selecting high yielding wheat varieties in current cultivation areas.
Given that water scarcity hinders any plans to cultivate large reclaimed
areas, breeding efforts should be directed toward selecting for high
yielding, drought tolerant wheat varieties. Therefore, we aimed to select
genotypes that perform better and yield higher than the two adapted
local Egyptian check cultivars under both well-watered and drought
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Fig. 2. Heat map showing the correla-
tion between the measured traits under
three watering regimes, well-watered
(W), mild stress (M), and severe stress
(S) in each growing season 17/18 and
23 24 25 26 27 18/19. Chlorophyll content (Chl), Can-
32 33 34 35 36 opy temperature (CT), Plant height (PH)
41 42 43 44 45 in centimeters (cm), spike length
50 51 52 53 54 (SPKL), number of spikes (SPKN),
number of tillers (TN), biological yield
(BY), grain yield (GY), and harvest
index (HI). Each colored and numbered
square represents a trait, and all com-
binations of traits, growing seasons, and
treatments are explained in the key. A
color scale showing the correlation
values ranging from dark blue, — 1, to
green, 0, to 1, dark red is shown below
the heat map. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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stress regimes. Our results revealed nine, three, and three genotypes that
out-performed the GY of the two check cultivars under the control, mild
and severe stress regimes, respectively. We observed GxE for these ge-
notypes, as six genotypes were selected under the well-watered regimes
but failed to out-yield the two check cultivars under mild and sever
stress regimes. The three stable genotypes can be further used for future
crossing to provide information on the genetics controlling yield and its
related traits or as parents in new breeding efforts. In addition, as the
experimental site consists of newly reclaimed soil, we propose those
high-yielding genotypes should be further evaluated and distributed in
similar Egyptian reclaimed areas under drought stress conditions.
Upon screening the morphological and physiological performance of
the 287 diverse advanced wheat lines, positive phenotypic correlations
were observed between the same trait measured under the same water
regime in both growing seasons, indicating reproducible results over
growing seasons. We also observed significant positive correlations be-
tween GY and PH, TN, SPKL, SPKN, and BY under all water regimes
highlighting their positive role in improving GY. This is a similar finding
to the results of earlier studies under drought, heat, and combined
stresses (Chen et al., 2012; Lopes et al., 2015; Mwadzingeni et al., 2016).
However, we observed significant G x E between the three watering
regimes for all phenotypes. This G x E was reflected in QTL x E that was

0.50

detected using the 26814 SNPs (Ahirwar et al., 2018) and mash (Urbut
et al., 2019). Mash enabled us to find SNPs that had similar or opposite
effects on several traits in different water regimes, i.e. synergistic or
antagonistic pleiotropic effects, respectively. Both effects are of great
importance in breeding programs and should be carefully taken into
account, because breeding for one trait might negatively affect other
traits (Des Marais et al., 2013; El-Soda et al., 2014). For example, our
analysis revealed two major QTLs on chromosomes 5D and 7D, spanning
four SNPs in each of the intervals between 549.6 and 569.2 Mb and
193.4 and 476.0 Mb, respectively. Both QTLs affected all traits posi-
tively, except for CT under mild and severe stress regimes and HI under
all treatments, where effects were antagonistically pleiotropic. There-
fore, both QTLs are favorable in breeding programs as they increase GY
and its related components, in addition, they keep CT as low as possible
under stress regimes, an adaptive strategy to cope with drought (Lopes
et al., 2013). Similar major effects were observed for the marker mapped
on chromosome 7B between 213497302 and 213497384 bp. In contrast,
non-favorable effects were observed for the QTL spanning 3 markers on
chromosome 7B between 137.4 and 139.2 Mb with negative effects on
all traits, and no effects on CT and HI in mild and sever stresses. We also
detected conditional neutrality, where a QTL shows an effect on one trait
in one environment but no effects in other environments. We observed
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Fig. 3. Results of genome wide association mapping. A) Manhattan plot showing significant SNPs at Bayes factor log10 (log10BF) of 1.3, presented by a horizontal
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driven model generated by mash. C) SNP effects on all combinations of phenotype, treatment, and year for the most significant SNP in mash. This pattern of SNP
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several QTLs with minor conditionally neutral effects that were mainly
associated with Chl. For example, 11 SNPs distributed over chromosome
1A showed negative effects on Chl in the well-watered regime of the
growing season 18/19.

Several SNPs mapped here were reported in earlier studies to be
associated with the same or related traits under similar stresses. For
example, wsnp_BF291549B_Ta_l1_1, mapped on 1B, decreased PH under
drought stress (Lopes et al., 2015) which is similar to our observation
with negative effects not only on PH but also on Chl, TN, SPKL, SPKN,
BY, and GY under all watering regimes. The same authors mapped
another SNP, wsnp_Ex_c621_1230852, with a negative effect on heading
dates (HD) under heat stress. We found negative effects of this SNP on
GY in all water regimes, on SPKL under severe, and on SPKN and TN
under moderate and severe stresses. Preferably, HD and GY correlate
negatively thus we would expect this SNP to have a positive effect on GY,
however, its negative effect on GY here would not be favorable in
breeding programs. Another study that used the same 90K SNP array in a
winter wheat population (Schulthess et al., 2017) found associations
between Ra_c18630284 and both GY and HD and between
RAC875_c42715_856 and both GY and thousand-grain weight. We found
that Ra_c18630_284 had significant effects on the yield components
traits SPKN, TN, and BY under severe stress. RAC875_¢42715_856 had
significant effects on all traits. A recent study mapped a QTL for GY on
chromosome 7B at 72.74 ¢cM (Muhu-Din Ahmed et al., 2020); here, we
mapped a SNP marker, CAP7_c1748 201, at this position, between
414036071 and 414036171 bp, with significant effects on all traits.

Plant height affects plant architecture, lodging resistance, and yield,
and is one of the most significant agronomic variables in production
(Allan, 1989; Wang et al., 2017). Twenty-two dwarfing genes or reduced
height (Rht) genes were discovered in hexaploid wheat (Chai et al.,
2021). Of these, Rht-Bla and Rht-D1a are wild-type alleles that encode

DELLA proteins, that have previously been proposed to be involved in
plant acclimation responses to some stress conditions (Harberd et al.,
2009). The introduction of the reduced stature semi-dwarfing genes,
Rht-B1b and Rht-D1b, showed pleiotropic effects that significantly
increased wheat GY (Hedden, 2003; Van De Velde et al., 2017; Gao
et al., 2020), and reduced photosynthetic rates, evapotranspiration, and
stomatal conductance (Jobson et al., 2019). Rht-B1b and Rht-D1b are on
chromosomes 4B and 4D, respectively (Ellis et al., 2002), and similar to
our results, both were not associated with PH when the WAMI popula-
tion was evaluated under well-watered or drought regimes (Edae et al.,
2014). Rht-B1b is located on the top of chromosome 4B (Lopes et al.,
2015; Chai et al., 2021). However, we did not map any significant SNPs
at this position, which could be due to the low minor allele frequency of
SNPs at this candidate in the WAMI. Therefore, we performed a sec-
ondary haplotype analyses using the 4 SNPs located between 0.9 and
5.6 Mb on 4B. We found significant differences between two haplotype
groups in each of the control, control and mild stress, and mild stress
regimes. This result indicates that the role of Rht-BIb in controlling GY
under drought stress is different from its role under the well-watered
condition which is similar to an earlier observation (Jatayev et al.,
2020). This observed GxE effect of the Rht-B1b was similar to the earlier
report (Lopes et al., 2015) where Rht-B1b was responsible for the major
G x E interaction for GY in the four different environments where the
WAMI was tested. Rht-DIb was mapped to wsnp_Ex -
rep_c107564_91144523 (Lopes et al., 2015), which is located at 70 cM,
27084935 — 27085135 bp, (Ahirwar et al., 2018), and was associated
with PH under drought stress (Lopes et al., 2015), contradicting our
results as none of the 7 SNPs in the interval between 26.1 and 29.0 Mb
were associated with PH. The haplotype analysis of these SNPs revealed
significant interaction with the growing seasons and watering regimes
where GY was significantly different between two haplotype groups only
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under mild and severe stresses in the second season 18/19.

We used gene annotation analysis of the sequences flanking the
significant markers to propose candidate genes that might underlie GY
and its related traits responses to drought stress. No genes were mapped
to the position of the SNP D_F5XZDLF01CSICV_77. Therefore, we an-
notated the flanking sequences of the other 6 SNPs located between 26.1
and 29.0 Mb and found that wsnp_Ex rep_c107564_91144523 was
mapped in TraesCS4D03G0092300, a UDP-glucose 6-dehydrogenase,
which was reported to enhance Arabidopsis growth and cold tolerance
(Li et al., 2017). As none of the genes associated with the 6 SNPshad a
direct effect on PH or GY, it could be that other genes in linkage
disequilibrium are affecting those traits. Additional gene annotation
analysis showed that the SNP Tdurum_contig31496_79 mapped to the
gene TraesCS7B02G116000, ALUMINUM ACTIVATED MALATE
TRANSPORTER4 (ALMT4) which was reported to be involved in the
Arabidopsis stomatal closure in response to drought (Eisenach et al.,
2017). Another SNP wsnp_Ex c14622 22670594 was mapped to
TraesCS3A02G143300, also known as ARABIDOPSIS TRITHORAX4
(ATX4). and its loss-of-function mutants in Arabidopsis showed drought
stress-tolerant (Liu et al., 2018). The effects of both SNPs reduce GY and
its components and increase CT under drought stress, two traits that are
not favorable in breeding programs. In contrast, we mapped a significant
SNP with loglOBF =7.4 in TraesCS3D03G1167800 (E3 ubiquitin
transferase or PUB12) with favorable positive and large effects on GY
and its related traits, and negative effects on CT under stress treatments.
The Arabidopsis pub12, publ3, and publ2 publ3 mutants lost more
water and were more sensitive to drought stress than the wild type
plants (Lim et al., 2017).

5. Conclusion

We screened the WAMI population for 9 GY related traits with
moderate to high heritability, indicating great potential for selection
and GY improvements under the three examined watering regimes in
Egypt. For example, we selected four genotypes with high GY that out-
performed the two local check cultivars. Those six genotypes could be
further evaluated all over the Egyptian governorates to select the highest
yielding genotype in each governorate. In addition, they could be used
to create a multi-parent population to further unravel the genetic factors
underlying yield component traits. In addition, the data presented here
can be further used for genomic selection and modeling wheat response
to different watering regimes. The mapped main effect SNPs are good
candidates to be used in marker assisted breeding programs that aim to
improve wheat GY under non-stressed as well as drought conditions. The
candidate genes identified here using the recently updated IWGSC
RefSeq v2.1 need to be further validated as the genes underlying the
observed phenotypic variation.
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