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Abstract: The present research aims to identify the efficient combination of drought-tolerance se-
lection criteria and associated quantitative trait loci. A panel of 197 bread wheat genotypes was
evaluated for yield- and drought-tolerance-related traits in two environments (favorable and semi-
arid) for 2 years (2015-2016). Grain number, biomass, number of fertile spikes per plant and ground
cover exhibited a significant correlation with grain yield and constitute potential secondary selection
criteria for yield under drought conditions. About 73 significant marker—trait associations were
detected along various chromosomal positions. The markers “wsnp_Ex_Rep_c67786_66472676” and
“ExcalibuR_c24593_1217" exhibited important genetic gains associated with yield increase under
drought (11 and 7%, respectively). The markers “KukRi_c94792_127" and “wsnp_Ex_c298_580660"
showed a significant correlation with grain yield, biomass and grain number and were associ-
ated with a significant increase in yield performance at the semiarid site (+6 and +7%, respec-
tively). The ground cover was found associated with grain yield and biomass through the mark-
ers “wsnp_Ex_Rep_c67786_66472676" (+11%) and “KukRi_c49927_151" (+10%). One marker “Tdu-
RuM_contig25432_1377" on chromosome 5B at 20 cM was consistently correlated with the number
of fertile spikes across both environments. Further research should be considered to validate the
efficiency of these markers to undertake selection for drought tolerance under various environments
and genetic backgrounds.

Keywords: Triticum aestivum L.; drought tolerance; selection criteria; quantitative trait loci; GWAS

1. Introduction

Bread wheat (Triticum aestivum L.) is one of the most important staple crops in the
world. It represents an important source of calories and proteins in most developing
countries. Drought remains one of the main stresses threatening wheat production, espe-
cially under climate change conditions [1-3]. From this perspective, the release of high
yielding and drought resilient varieties may help to improve wheat productivity and sta-
bility under climate change conditions [4-6]. However, breeding for drought tolerance is
generally hampered by the high variability of drought scenarios in line with the genetic
complexity of drought tolerance and associated plant response mechanisms. Grain yield
has low heritability (<20%) over variable stress intensities and unpredictable environmen-
tal conditions [7-9], which necessitates the identification of reliable secondary indirect
selection criteria to improve the efficiency of selection for drought tolerance [10]. Yield
components and some morphological and physiological traits have been considered as
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relevant traits to screen germplasm for drought tolerance since these traits have usually
shown significant correlation with grain yield. Grain number, number of productive spikes,
biomass and thousand kernel weight [11], plant height [11,12], early ground cover [13],
stomatal conductance [14], chlorophyll content [15], carbon isotope discrimination [16],
and canopy temperature [17] are some of the traits reported to have significant correlations
with grain yield.

For millennia, plant breeding has played a key role in developing high yielding
and stress tolerant varieties using conventional technologies. During the last century, a
wide range of molecular marker technologies and big data association software have been
developed to assist breeding programs to study and separate the confounding effects of the
environment during selection [11].

Genome wide association studies (GWAS) have been an effective and powerful tool
in identifying candidate genes and mapping complex quantitative traits for many species.
Taking advantage of the available large populations and high throughput sequencing
technology, association mapping has gained importance over linkage mapping for the
identification and mapping of marker trait associations (MTAs) without the need to develop
a bi-parental mapping population [18-20]. To date, several association mapping studies
were carried out in wheat for drought tolerance [11,19,21,22]. Initially, SSR markers were
widely used, and stress-related QTLs have been reported [23,24]. Recently, advances in
DNA sequencing have enabled the development of more suitable markers for the dissection
of complex traits on complex genomes [11,20,25,26]. Through next-generation sequencing,
several high-density automated genotyping platforms have been developed for staple crops,
enabling a better coverage of the genome with high quality markers and cost effectiveness
per data point [27-29]. Several consensus maps in wheat have been developed, such as
9Kk, 35k, 90k and 660k SNPs arrays [30-33]. From these arrays, wheat 50k and 15k SNP
platforms are now available for selecting important traits in wheat breeding programs [20].

In the current study, a large panel of 197 diverse bread wheat lines from ICARDA
germplasm is phenotyped and sequenced using 15k SNP markers derived from the 90k
Ilumina iSelect arrays [31]. Our hypothesis is that the large diversity of both the genetic
panel and SNP markers could reveal interesting associations with drought-related traits
under Moroccan environments. This study aims to (i) identify the best combination of
secondary traits for drought tolerance screening, (ii) detect relevant MTAs related to these
traits and to (iii) select the best high yielding and drought-tolerant genotypes.

2. Results

Both locations experienced periods of drought, especially in 2016 season. The humid
site “Taoujdate” showed higher average yield with 3.87 t ha=! (3.8 and 4.1 ha~! in 2015
and 2016 seasons, respectively) compared to 3.02 t ha~! (3.3 and 2.8 ha~! in 2015 and
2016 seasons, respectively) for the semi-arid site “Sidi El Aidi”. ANOVA showed highly
significant effects of genotypes for all traits at both stations. Similarly, significant genotypes
x year interactions were observed, especially at the Sidi El Aidi experimental site.

2.1. Pearson Correlation Analysis

Grain yield expressed significant positive correlation with biomass (BM), grain num-
ber (GN) (r > 0.83; p < 0.001), and number of fertile spikes per plant (NFSP) for both
experimental sites. The ground cover (GC) showed high positive correlation with grain
yield at the semi-arid station (r = 0.75; p < 0.001), while it was very weak (r = 0.16; p = 0.026)
at the optimum conditions. There was no significant correlation observed between days to
flowering (DTF) and grain yield (Table 1).
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Table 1. Pearson’s correlation among traits at Taoujdate (below diagonal) and Sidi El Aidi (above

diagonal) experimental stations.

Traits + GY TKW BM GN NFSP GC DTF

GY 1 024*  0.88*%*  083**  043** 075 002

TKW 024 1 0.08 —0.17%  —0.00 003  —025%
BM 0.89 ** 0.11 1 0.85*%  0.69** (.54 *** 0.01
GN 0.90**  —025%*  (.82%** 1 0.66**  046**  015%

NFSP  0.69**  —001  043**  044** 1 0.46 ** 0.01
GC 0.16 * 0.01 020%  019*  027* 1 0.14*
DTF —0.05  —028** 012 0.05 002  —019* 1

*, #* % Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. T GY: Grain yield; TKW: thousand
kernel weight; BM: biomass; GN: number of grains per m?; NFSP: number of fertile spikes per plant; GC: ground
cover; DTF: days to flowering.

2.2. Regression Analysis

The regression model was performed to determine the weight of each trait on yield
performance. GN and BM constitute the best predictors, explaining a range from 70 to
80% of the yield variation. Furthermore, NFSP and GC explained a significant part of
yield variation, especially at the dry environment (47 and 56%, respectively for NFSP
and GC) (Table 2).

Table 2. Regression model analysis for grain yield prediction through secondary traits.

Sites Traitst Fpr R%at SEE ‘]?V‘;::;E Intercept b § SE B 1 Fpr
- NFSP <0.001 047 0.48 1.95 1.15 0.86 0.06 0.69 <0.001
= BM <0.001 0.79 0.31 1.50 0.03 0.004 0.000 0.89 <0.001
E TKW 0.001 0.05 0.65 1.79 1.55 0.05 0.014 0.24 0.001
- GN <0.001 0.80 0.30 1.72 0.29 0.000 0.000 0.89 <0.001
e DTF 049 —0.003 0.67 1.76 449 —0.008 0.011 —-0.05 —-0.49
2 GC <0.001 0.56 0.35 1.80 —5.00 0.09 0.01 0.75 <0.001

NFSP  <0.001 0.18 0.45 1.60 1.83 0.70 0.10 043  <0.001

% BM <0.001 0.78 0.24 1.61 —0.52 0.003 0.000 0.88 <0.001
el TKW 0.001 0.05 0.49 1.51 1.87 0.05 0.013 0.24 0.001

2 GN <0.001 0.69 0.28 1.74 0.72 0.000 0.000 0.83 <0.001
= DTF 0.80 —0.005 0.50 1.46 3.98 —-0.004 0.02 —-0.02 0.80
GC 0.024 0.021 0.50 1.48 —0.08 0.04 0.02 0.16 0.02

t NFSP: number of fertile spikes per plant; BM: biomass; TKW: thousand kernel weight; GN: number of grains
per m?2; DTF: days to flowering; GC: ground cover; 1 R2a: adjusted R?; SEE: Standard error estimated; b §:
Standardized regression coefficient; SE: Standard error; 3 {: Non-standardized regression coefficient; Fpr:
Probability of the model.

Path analysis showed that GN had the highest direct effect on both environments
(0.61 and 0.55, respectively at Sidi El Aidi and Taoujdate). Under the dry environment,
the GC also had a significant direct effect on grain yield (0.31), whereas NFSP and BM act
indirectly supporting GN effect. On the other hand, only BM had an important indirect
effect through GN at Taoujdate conditions (0.58) (Table 3).

Table 3. Direct and indirect effects of each variable on grain yield under favorable and dry environments.

Direct and Indirect Effects .
Site Traits Total Indirect

NFSP BM TKW GN GC Effects
NFSP 0.005 0.07 0.001 0.36 0.001 0.43
S BM 0.03 0.02 0.03 0.59 0.003 0.65
S ] TKW 0.000 0.003 0.12 0.03 0.02 0.05
F < GN 0.04 0.12 0.05 0.61 0.001 0.21
GC 0.001 0.001 0.03 0.001 0.31 0.03
o NFSP 0.004 0.04 0.001 0.14 0.002 0.18
5 BM 0.006 0.05 0.04 0.53 0.004 0.58
i) TKW 0.000 0.006 0.17 0.05 0.000 0.06
S GN 0.005 0.16 0.09 0.55 0.003 0.26
= GC 0.001 0.015 0.01 0.04 0.000 0.07

NEFSP: number of fertile spikes per plant; BM: biomass; TKW: thousand kernel weight; GN: number of grains
per m?. Bold numbers on diagonals refer to direct effects, whereas the other values represent indirect effects.
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Additionally, GC was also able to explain a great percentage of BM, GN and NFSP
variations (79, 80 and 47%, respectively) at the Sidi El Aidi station as compared to the low
variations under Taoujdate conditions (Table 4).

Table 4. Regression model analysis for ground cover prediction estimation of yield and yield components.

Durbin

Site Traits 1 Fpr R%at SEE Watson Intercept b§ SE B 1 T Sign
_ NEFSP <0.001 0.47 0.48 1.95 1.15 0.86 0.06 0.69 13.42 <0.001
ks BM <0.001 0.79 0.31 1.50 0.03 0.004 0.000 0.89 27.32 <0.001
g < TKW 0.001 0.05 0.65 1.79 1.55 0.05 0.014 0.24 3.39 0.001
GN <0.001 0.80 0.30 1.72 0.29 0.000 0.000 0.90 28.16 <0.001

] GN 0.007 0.03 1509.16 1.74 —27159  132.18 48.75 0.19 2.71 0.007
ﬁ NFSP <0.001 0.07 0.296 1.93 —1.39 0.04 0.10 0.27 3.96 <0.001
2 TKW 0.902 —0.005 272 2.00 33.66 0.01 0.09 0.009 0.12 0.902
= BM 0.004 0.04 127.74 1.67 5.39 12.01 413 0.203 2912 0.004

t NFSP: number of fertile spikes per plant; BM: biomass; TKW: thousand kernel weight; GN: number of grains
per m?; t R%a: adjusted R%; SEE: Standard error estimated; b §: Standardized regression coefficient; SE: Standard
error; 3 {: Non-standardized regression coefficient; Fpr: Probability of the model.

2.3. Genetic Analysis
2.3.1. Marker—Trait Associations

A total of 73 significant marker—trait associations (MTAs) was detected along various
chromosomes for yield- and drought-related traits at p < 0.001 (Supplemental Tables S1 and S2).
Most of these MTAs were located on the B genome (13 MTAs for the Taoujdate and 28 MTAs
for the Sidi El Aidi sites), and the A genome (9 and 7 MTAs, respectively, for Taoujdate
and Sidi El Aidi sites). The least number of associations (four and two MTAs for Taoujdate
and Sidi El Aidi sites, respectively) were located on the D genome. The highest number of
MTAs was located on chromosomes 2B (26), followed by nine MTAs on chromosome 5B,
four MTAs on chromosomes 3A and 5A, and three MTAs on chromosomes 1A, 6A and 7B.

For grain yield (GY), three highly significant markers were located on chromosomes
4B (BS00067775_51) at the favorable rainfed station “Taoujdate” with significant increase
in yield (+0.26 t/ha, +6.5%), in addition to the markers “TduRuM_contig14482_1013" and
“RAC875_c78248_154" (Figure 1). At Sidi El Aidi, the lines carrying the T base from
the marker “ExcalibuR_c24593_1217" (7A, 42cM) showed a significant yield increase of
10% (+0.32 t/ha) under drought conditions. Moreover, the lines carrying the G base at
the marker “wsnp_Ex_Rep_c67786_66472676" (3A, 110 cM) increased their yield by 11%
(3.08 t/ha; +0.38 t/ha) at the dry site. All these markers accounted for 5 to 7% of the
variance (Figure 2).

Regarding yield components, six MTAs were associated with BM on chromosomes 1A,
5D and 3A at the Taoujdate station, while six significant associations were identified at the
Sidi El Aidi site on chromosomes 1D, 2B and 2D, at p < 0.001. One association was common
on chromosome 1A at 38 cM, related to the marker “TduRuM_contig42479_3800" for the
semi-arid site and the marker “tplb0043h23_1346" for the favorable rainfed environment.
The GN had one significant association at p < 0.001 related to the marker “CAP12_c3807_144"
at the Taoujdate station, while seven MTAs were detected at Sidi El Aidi on chromosomes
1A, 1D, 2B, 2D, 3A, 5B and 7B (p < 0.003). The marker “RAC875_c34888_65" (1A, 35 cM)
identified at Taoujdate is only 3 cM far located from the marker “TduRuM_contig42479_3800"
(1A, 38 cM) at the Sidi El Aidi site. Twelve MTAs were detected for NFSP on chromosomes
5B, 7B, 7D and 2B for Taoujdate at p < 0.001, whereas seven MTAs were associated with
the chromosomes 5B and 7B at Sidi El Aidi at p < 0.003. One marker on chromosome 5B at
20 cM (TduRuM_contig25432_1377) was consistent across both the Taoujdate and Sidi El
Aidi locations.
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Figure 1. Manhattan plots showing SNP markers associated with grain yield at (A) Sidi El Aidi and
(B) Taoujdate.
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Figure 2. Average grain yield (t ha~!) depending on the base pair of single nucleotide polymorphism

of the two markers “ExcalibuR_c24593_1217" (7A, 42 cM) and “wsnp_Ex_Rep_c67786_66472676" (3A,
110 cM) at the Sidi El Aidi station.

Finally, TKW recorded the lowest number of MTAs. One MTA was detected on
chromosome 3B at Taoujdate, while one MTA was linked to the chromosome 1B (96 cM) at
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the Sidi El Aidi site. The highest number of significant MTAs were detected for GC on the
chromosomes 7B, 1D, 5A, 7A for Taoujdate and on the chromosomes 2B, 3A, 6A and 6B for
Sidi El Aidi at p < 0.001 (Supplemental Figure S1).

2.3.2. Common Markers

Many common chromosomes positions and/or markers were found among the stud-
ied traits at the dry site. Regarding makers and chromosome positions implying grain
yield and other traits, a common marker “KukRi_c94792_127" was linked to GY, BM and
GN on chromosome 2B (153 cM). This marker allowed a yield increase of 7% (+0.22 t/ha)
for the genotypes holding the “G” base in comparison with the “A” base. At the same
chromosome, the marker “wsnp_Ex_c298_580660" (154 cM) was detected for the same traits
and exhibited a significant yield increase of 11% (Figure 3).

0 wsnp_Ex_c298 580660

=]
A *KukRi_c94792_127
fa.
A ®
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w a! } A
0 r
A N ¢
" 4 ! @
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g .
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50 100 150

SNP Positions at chromosome 2B (cM)

Figure 3. Genome-wide association study results using 940 single nucleotide polymorphism (SNP)
markers on chromosome 2B in a 197 spring bread wheat population, showing pleiotropic effects
for grain yield (triangle), biomass (dots) and grain number (square) in the Sidi El Aidi station.
The horizontal line shows the —log10 (p) = 2.5 threshold.

On the chromosome 3A, GC was linked to GY and BM at 110 cM with the
“wsnp_Ex_Rep_c67786_66472676" marker. The A allele has a negative effect on GY and a
positive effect on GC and BM. GY was also associated with GC at 138 cM with the marker
“KukRi_c49927_151", leading to a yield improvement of 0.37 t/ha (+10%) when holding the
T allele (Figure 4).

Grain yield was associated with GN through the marker “ExcalibuR_c24593_1217"
on the chromosome 7A at 42 cM. The effect of the allele C was positive on all traits. The
GN and BM have also several common markers on chromosome 1A, 2B, 2D, and 7B
(Supplemental Table S1).

At the “Taoujdate” site, grain yield and GC shared the same position on chromosome
6B. The grain number trait shared common markers on chromosomes 1A, 1B and 5B with
BM, and on chromosome 7B with NFSP. The GC and TKW shared also a common position
on chromosome 5A. GY was associated with NFSP and TKW at the same position on
chromosome 5A (Supplemental Table S2).
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Figure 4. Genome-wide association study results using 425 single nucleotide polymorphism (SNP)
markers on chromosome 3A in a 197 spring bread wheat population, showing pleiotropic effects
for grain yield (square), biomass (dots) and ground cover (triangle) in the Sidi El Aidi station.
The horizontal line shows the —log10 (p) = 2.5 threshold.

2.4. Best Performing Genotypes

The derivative synthetic lines “OPATA /RAYON//KAUZ/3/2 * MILAN/DUCULA”
and “PFAU/MILAN" achieved the highest yield performances under stressed and opti-
mum conditions. Their grain yield varied from 4.5 to 4.7 t/ha under drought conditions
and from 4.7 to 4.5 t/ha under a favorable environment with a respective genetic gain of
35 and 26%. These lines incorporated five to six of the main identified markers, namely

“wsnp_BG263521B_Tu_2_1" (T), “ExcalibuR_c24593_1217" (T), “wsnp_Ex_Rep_c67786_66472676"

(G), “wsnp_Ex_c3145_5812670" (T), “wsnp_Ex_c298_580660" (A) and “KukRi_c49927 151"
(T), and enabled a high yield over drought and optimum conditions.

3. Discussion

Breeding for drought tolerance is one of the top priorities in most wheat breed-
ing programs worldwide. A number of important yield-related traits play an impor-
tant role in drought resistance mechanisms and influence either directly or indirectly
grain yield [22,34,35]. Therefore, the present research was carried out to identify an ef-
ficient combination of phenotypic secondary selection criteria and linked markers for
drought tolerance.

3.1. Grain Yield and Related Traits

Phenotypic correlations showed that grain yield is positively correlated with grain
number at both sites, Sidi El Aidi (semi-arid) and Taoujdate (favorable rainfed). These
results are in agreement with many previous studies that highlighted the importance of
grain number as a critical determinant of yield in wheat [22-36]. On the other hand, the
correlation of yield with thousand kernel weight was very moderate. Grain weight is
less plastic and more heritable than grain number [37,38]. Peltonen-Sainio et al. [39] and
Sadras [40] linked the small variation in grain weight to the large number of primordia
produced for grain reception compared to the number of grains actually existing. Moreover,
grain weight is dependent on the limited reserves remaining at the grain filling and maturity
stages. Thus, the greater the number of grains produced per unit area, the lower the
availability of dry matter per grain, resulting in a reduced grain weight under stress.
Therefore, yield is far more related to grain number than to grain weight [34]. Accordingly,
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it is mostly assumed that increases in grain number directly result in a net increase in yield
potential. However, the capacity of the source to fill the potential sink is an important
approach to improve yield potential further [41,42]. Breeding directly for high thousand
kernel weigh is complex given the negative association between these traits. Alternative
strategies have been proposed to achieve the best balance between these major yield
components, namely through the selection of higher number of spikelets per spike [43], or
higher grain weight at specific positions within the spikelets [44].

In addition, grain yield was positively correlated with biomass and number of fertile
spikes per plant under optimum and stressed conditions. These two parameters contributed
indirectly through grain number on yield improvement, especially under a drought envi-
ronment. An important above ground biomass enables an active photosynthesis process
and presents a positive correlation with root biomass and length to meet the nutrient
requirements of the plant [45]. Additionally, maintaining a large number of fertile spikes
would ensure a large number of kernels under stress. Therefore, preventing floret mortality
at a pre-flowering stage can hinder significant reductions in yield [46,47].

On the other hand, our results show that grain yield expressed a strong positive
correlation with ground cover, especially under the dry environment. This physiological
trait was able to explain a great part of yield variation through its impact on biomass,
grain number and to a lesser extent the number of fertile spikes per plant. Indeed, early
development contributes to a rapid coverage of the soil surface, thereby conserving soil
moisture and promoting root development. Identifying new sources of germplasm with
early vigor and early ground coverage is therefore of outmost importance [48].

3.2. Marker-Trait Associations

Association mapping yielded a total of 73 significant MTAs (p < 0.001) at the Taoujdate
and Sidi El Aidi stations. In line with earlier studies [49-51], most of these associations are
positioned on the genome B and A (essentially 2B and 5B followed, respectively, by 3A
and 5A), while on the D genome, the number of detected associations was very low. The
higher diversity of MTAs observed in the A and B genomes could be the result of their older
evolutionary background [52,53]. Moreover, the strong selection among ancestral hexaploid
synthetic lines in modern breeding programs may have led to a higher proportion of rare
alleles from the D genome [54].

Given its polygenic character, grain-yield-related QTLs have been reported on different
chromosomal positions [18,55-58]. The identified MTAs revealed environment-specific
QTLs on chromosome 4B for the rain-fed favorable site and on chromosome 7A for the
semi-arid site with an average phenotypic contribution of 6.5% (p < 0.001). Previous studies
have reported drought-resistance genes on the same chromosomes [19,58-61]. Most MTAs
for grain yield showed a poor genetic stability in different environments as reported by
Tadesse et al. [22] and Qassem et al. [62]. The markers “wsnp_Ex_Rep_c67786_66472676"
(3A, 110 cM) and “ExcalibuR_c24593_1217" (7A, 42 cM) detected for Sidi El Aidi had
a significant impact on yield improvement (+0.38 and +0.32 t/ha, respectively). The
marker “wsnp_Ex_Rep_c67786_66472676" has been aligned to the scarecrow-like protein
1, a transcriptional regulator mastering growth repressors [63,64], whereas the marker
“ExcalibuR_c24593_1217", also known by the names “BS00128708” and “IWB24184”, was
related to Yr genes and was linked to plant-drought adaptability related traits [65].

Additionally, twelve MTAs associated with fertile spikes number were identified in the
present study on chromosomes 2B, 5B, 7B and 7D [55,56,61] at the rain-fed favorable site,
with an average phenotypic contribution of 8% ranging from 6% “Ra_c4397_542" to 10%
“KukRi_Rep_c109397_59”. On the other hand, seven MTAs were identified for the semi-arid
environment on chromosomes 5B and 7B [56-61] with an average phenotypic variation
of 5%. One marker on chromosome 5B at 20 cM was consistent across both the Taoujdate
and Sidi El Aidi stations. This marker “TduRuM_contig25432_1377" is linked to tauschii
probable polyamine transporter Atlg31830 [66]. One common chromosomal position
between favorable and dry site was also detected for BM on chromosome 1A at 38 cM.
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Additionally, the same marker identified at the Sidi El Aidi site was associated with GN
and was only 3 cM far from the marker “RAC875_c34888_65" linked at the Taoujdate site.

Furthermore, significant MTAs were detected for the remaining drought-related traits
namely TKW and GC. The MTAs detected were environment-specific and genetically
unstable over environments. This demonstrates the presence of a very strong QTL x
environment interaction for yield- and drought-related traits as reported by Edae et al. [21].

3.3. Co-Localization of QTLs/Genes for Yield-Related Traits

Given the polygenic character of drought tolerance expression, pleiotropic effects are
particularly useful in the context of crop improvement, as they allow the breeder to select
simultaneously for multiple traits [21,62]. Many studies have reported interaction effects or
genetic linkages among yield-related traits [67-69].

In the present study, one QTL harbored two markers “KukRi_c94792_127" and
“wsnp_Ex_c298_580660" on chromosome 2B (153 and 154 cM, respectively) associated
with grain yield, biomass and grain number and showed a significant increase in yield
performance at the sem-iarid environment (+7 and +11%) when holding, respectively, the
“G” and “A” nucleotides. Furthermore, ground cover was linked to grain yield and biomass
on chromosome 3A via the marker “wsnp_Ex_Rep_c67786_66472676". This marker showed
an increase of 0.38 t/ha on yield performance. The marker “KukRi_c49927_151" associ-
ated with grain yield and ground cover showed a yield improvement of 0.37 t/ha. Many
studies have reported that chromosome 2B and 3A carry productivity and adaptability
related genes [70,71]. These results support the significant effect of biomass, grain num-
ber, number of fertile spikes and ground cover on grain yield improvement and revealed
the pleiotropy associated with the grain-yield- and drought-related traits based on their
complex relationships [35].

4. Materials and Methods
4.1. Mapping Population

A panel of 197 spring bread wheat genotypes, originating from the ICARDA bread
wheat breeding program, was assessed to identify closely associated markers for grain yield
and various agro-physiological traits related to drought tolerance. This panel consists of syn-
thetic derived lines, cultivars from the Central and West Asia and North Africa (CWANA)
region, and elite lines from ICARDA'’s wheat breeding program (Supplemental Table S3).
This panel has been previously tested for heat tolerance, yield potential and quality traits
and showed large genetic diversity [22].

4.2. Phenotyping

The mapping population was evaluated under contrasting field conditions at the
Taoujdate and Sidi El Aidi experimental stations of the National Institute of Agricultural
Research (INRA-Morocco). The Sidi El Aidi station is located at the semi-arid zone of
Morocco (Settat region) (<300 mm), while Taoujdate station belongs to the favorable humid
agro-ecological zone (Sais region) (>400 mm).

Following an alpha lattice design with two replications, the panel was planted in
6 rows plots of 3 m length and with 0.25 m spacing between rows. The trial was conducted
at both experimental stations (Taoujdate and Sidi El Aidi) during two cropping seasons
(2015 and 2016). The cropping seasons were dry; however, 2016 was drier than 2015 season.
The Taoujdate site received 407 mm in 2015 versus 321 mm during 2016 season. On the
other hand, the Sidi El Aidi site accumulated 258 and 135 mm in 2015 and 2016 cropping
seasons, respectively. The average temperatures were also higher during 2016 season with
21 °C and 18 °C for Taoujdate and Sidi El Aidi, respectively, as compared to 15 and 14 °C
during 2015 season.

Agronomic management was performed according to the recommended practices
at each location. Chemical treatments against foliar diseases and weeds were performed
as needed during the crop cycle. For each trial, days to flowering was recorded for each
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plot when 50% of the plants in a plot reached the Zadoks’ stage 58 (flowering stage). At
harvest, aboveground biomass (BM) was determined by cutting from the ground level the
plants in one linear meter from a central row of each plot. From this sample, the number of
fertile spikes (NFS) and the number of grains per m? (GN) were counted. Thousand-kernel
weight (TKW) was calculated by weighing 1000 grains sample. Grain yield (GY) was
recorded from 4.5 m? of the harvested plot and converted to the standard unit at metric
ton per hectare (t/ha). Moreover, ground cover was represented by soil cover percentage
using digital camera photos and Sigma Scan Pro 5.0 software (Systat, Inc., San Jose, CA,
USA, 1999).

4.3. Statistical Analysis

GenStat 18 (VSN International, 2016) was used to carry out ANOVA and basic statistics
for yield- and drought-related traits across environments. Following the mixed-model
approach for multiyear alpha-lattice designs, the genotype, year, and genotype x year were
considered fixed factors, while the interactions year x replication and year x block were
considered random. Additionally, IBM SPSS version 21 (IBM Corp., New York, NY, USA,
2012) was used to perform Pearson’s correlation and regression analysis.

4.4. Genotyping

The lines were genotyped by a service provider company (TraitGenetics Gmbh; Gater-
sleben) using 15K single nucleotide polymorphism (SNP) from the wheat 90 K Illumina
iSelect SNP array [31]. The genotyping process, linkage disequilibrium (LD) decay rate and
the population structure analysis of the investigated genotypes panel have been already
described in a previous study by Tadesse et al. [22].

The SNP marker location along the chromosomes in terms of genetic distance was
based on the consensus genetic map of wheat [31]. After discarding SNPs with minor
allele frequency of <5% and missing values (>10%), a total of 10,568 SNPs were used
for the analysis. From this set, 5350 markers with known position were randomly se-
lected to perform the LD analysis using TASSEL V5 software [72]. The structure analysis,
performed by Tadesse et al. [22], revealed the existence of three groups. Complementary
analysis was performed to confirm these results using Adegenet package [73] for R software
(Supplemental Figure S2). Pairwise LD was measured using the squared allele frequency
correlation r? according to Weir [74]. Only p-values < 0.001 for each pair of loci were
considered significant. The LD decay was slower in the D genome (7 cM) compared to A
and B genomes (3 cM) (Supplemental Figure S3).

4.5. Association Mapping

The GAPIT program was used to identify the best model and find marker trait associ-
ations (MTAs) for each trait. Based on Bayesian Information Content (BIC), the model with
the highest value was the simplest one using only the kinship model (MLM+PCA). Best
linear unbiased estimations for the genotypic factor and the corresponding marker data
were used to perform GWAS analysis. All the detected MTAs at a critical p-value of 0.001
were considered as a significant association and the Manhattan plots were generated using
GAPIT under R software (Supplemental Figure S3).

5. Conclusions

In light of these results, the grain number and biomass supported by the number of
fertile spikes per plant and ground cover have a significant impact on yield improvement
under dry conditions and constitute potential secondary selection criteria for drought
resistance. The GWAS analysis identified significant associations between markers and
target traits at various chromosomal positions, especially on chromosomes 2B and 5B
followed by 3A and 5A, respectively. Some linkage groups involved multiple traits of
interest reflecting eventual pleiotropic effects, which are of great interest for gene pyramid-
ing. Our results indicated that the genotypes holding the positive allele of the markers
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“ExcalibuR_c24593_1217" (T), “wsnp_Ex_Rep_c67786_66472676" (G), “wsnp_Ex_c298_580660"
(A), “KukRi_c49927_151" (T) and “Kukri_c94792_127" (G) were the most important ones
showing significant mean yield increase varying from 7 to 11%. Further investigations
should be carried out to validate the efficiency of these markers in the selection for drought
tolerance under various environments and genetic backgrounds. The top high yielding
lines identified from the current study will be considered for potential release targeting the
semi-arid lands in Morocco after agronomic validation trials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11070986/s1. Figure S1: Manhattan plots showing SNP
markers associated with efficient secondary traits (A,A’) grain number; (B,B") Biomass; (C,C’) num-
ber of fertile spikes per plant and (D,D’) ground cover at the Sidi El Aidi and Taoujdate stations,
respectively; Figure S2: Population structure (A) plot of the Bayesian information criterion (BIC)
for each population number from 1 to 10 using a K means cluster, (B) biplot of the first two prin-
cipal components (PCs) of the genotypic data, (C) population density, and (D) the assignment of
each individual to the corresponding subpopulation; Figure S3: Linkage desequilibrium (r?) plot in
197 wheat genotypes across (A) genome A, (B) genome B and (C) genome D; Table S1: Summary of
main MTAs identified at p < 0.001 for the average grain yield- and drought-related traits in Taoujdate
environment during 2015 and 2016 seasons; Table S2: Summary of main MTAs identified at p < 0.001
for the average grain yield- and drought-related traits at the Sidi El Aidi environment during 2015
and 2016 seasons; Table S3: List of the genetic panel and lines pedigrees.

Author Contributions: All authors contributed to the revision of this work critically for important
intellectual content and editing. S.B.: Conceptualization and design analysis; Data collection and
interpretation; Data analysis; and Writing the original draft of the manuscript. W.T.: Conception and
design analysis; Contribution to data interpretation; supervision; and edition of the manuscript. A.B.,
M.J. and N.N.: Contribution to data interpretation and supervision; M.S.-G. and E.G.: Contribution
to molecular data analysis and interpretation. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work could not have been accomplished without the contribution of experi-
mental station staff of Sidi El Aidi and Taoujdate. The genetic material and data were provided by
the International Center for Agricultural Research in the Dry Areas.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mahmoudi, TR; Yu, ].M,; Liu, S.; Pierson, L.S., III; Pierson, E.A. Drought-Stress Tolerance in Wheat Seedlings Conferred by
Phenazine-Producing Rhizobacteria. Front. Microbiol. 2019, 10, 1590. [CrossRef] [PubMed]

2. Fatima, Z.; Ahmed, M.; Hussain, M.; Abbas, G.; Ul-Allah, S.; Ahmad, S.; Ahmed, N.; Ali, M.A,; Sarwar, G.; Igbal, P; et al.
The fingerprints of climate warming on cereal crops phenology and adaptation options. Sci. Rep. 2020, 10, 18013. [CrossRef]
[PubMed]

3. Khadka, K.; Earl, H].; Raizada, M.N.; Navabi, A. A Physio-Morphological Trait-Based Approach for Breeding Drought Tolerant
Wheat. Front. Plant Sci. 2020, 11, 715. [CrossRef] [PubMed]

4. Benassi, M. Drought and climate change in Morocco. Analysis of precipitation field and water supply. In Drought Management:
Scientific and Technological Innovations; Lépez-Francos, A., Ed.; Zaragoza CIHEAM: Zaragoza, Spain, 2008; pp. 83-86; (Options
Méditerranéennes: Série A. Séminaires Méditerranéens n. 80).

5. Jlibene, M. Amélioration Génétique du Blé Tendre AU Maroc a L’ Aube du 21Eme Siécle; Editions INRA: Rabat, Morocco, 2009; 80p.

6.  Balaghi, R; Jlibene, M.; Tychon, B.; Eerens, H. La PRédiction Agro Météorologique Des Rendements Céréaliers AU Maroc. Division de
L'Information ET de la Communication; INRA-Edition: Rabat, Morocco, 2012.

7. Farshadfar, E.; Pour, M.M.; Pour, A.A.R. Repeatability of drought tolerance indices in bread wheat genotypes. Int. J. Agric. Crop
Sci. 2012, 4, 891-903.

8.  Bennani, S.; Nsarellah, N.; Jlibene, M.; Tadesse, W.; Birouk, A.; Ouabbou, H. Efficiency of drought tolerance indices under different
stress severities for bread wheat selection. Austr. Agric. Crop Sci. 2017, 4, 395-405. [CrossRef]

9.  Mathew, I; Shimelis, H.; Mwadzingeni, L.; Zengeni, R.; Mutema, M.; Chaplot, V. Variance components and heritability of traits

related to root: Shoot biomass allocation and drought tolerance in wheat. Euphytica 2018, 214, 225. [CrossRef]


https://www.mdpi.com/article/10.3390/plants11070986/s1
https://www.mdpi.com/article/10.3390/plants11070986/s1
http://doi.org/10.3389/fmicb.2019.01590
http://www.ncbi.nlm.nih.gov/pubmed/31354678
http://doi.org/10.1038/s41598-020-74740-3
http://www.ncbi.nlm.nih.gov/pubmed/33093541
http://doi.org/10.3389/fpls.2020.00715
http://www.ncbi.nlm.nih.gov/pubmed/32582249
http://doi.org/10.21475/ajcs.17.11.04.pne272
http://doi.org/10.1007/s10681-018-2302-4

Plants 2022, 11, 986 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Monneveux, P; Jing, R.; Misra, S., II. 1.2 Phenotyping wheat for adaptation to drought using physiological traits. Front. Physiol.
2012, 3, 429. [CrossRef]

Mwadzingeni, L.; Hussein, S.; Ernest, D.; Mark, L.D.; Tsilo, T.J. Breeding wheat for drought tolerance: Progress and technologies.
J. Integr. Agric. 2016, 15, 935-943. [CrossRef]

Slafer, G.A.; Araus, ].L.; Royo, C.; Del Moral, L.F.G. Promising ecophysiological traits for genetic improvement of cereal yields in
Mediterranean environments. Ann. Appl. Biol. 2005, 146, 61-70. [CrossRef]

Parry, M.A.].; Reynolds, M.; Salvucci, M.E.; Raines, C.; Andralojc, PJ.; Zhu, X.G.; Price, G.D.; Condon, A.G.; Furbank, R.T. Raising
yield potential of wheat. II. Increasing photosynthetic capacity and efficiency. J. Exp. Bot. 2011, 62, 453-467. [CrossRef]

Fenta, B.A.; Driscoll, S.P,; Kunert, K.J.; Foyer, C.H. Characterization of drought tolerance traits in nodulated soybeans: The
importance of maintaining photosynthesis and shoot biomass under drought-induced limitations on nitrogen metabolism. J.
Agron. Crop Sci. 2012, 198, 92-103. [CrossRef]

Lopes, M.S.; Reynolds, M.P. Stay-green in spring wheat can be determined by spectral reflectance measurements (normalized
difference vegetation index) independently from phenology. J. Exp. Bot. 2012, 63, 3789-3798. [CrossRef] [PubMed]

Condon, A.G.; Richards, R.A.; Rebetzke, G.].; Farquhar, G.D. Breeding for high water-use efficiency. J. Exp. Bot. 2004, 55, 2447-2460.
[CrossRef]

Munjal, R.; Rana, R.K. Evaluation of physiological traits in wheat (Triticum aestivum L.) for terminal high temperature tolerance.
In Proceedings of the Tenth International Wheat Genetics Symposium, Poestum, Italy, 1-6 September 2003; Volume 2, pp. 804-805.
Sukumaran, S.; Dreisigacker, S.; Lopes, M.; Chavez, P.; Reynolds, M.P. Genome wide association study for grain yield and related
traits in an elite spring wheat population grown in temperate irrigated environments. Theor. Appl. Genet. 2015, 128, 353-363.
[CrossRef] [PubMed]

Tadesse, W.; Ogbonnaya, F.C.; Jighly, A.; Sanchez-Garcia, M.; Sohail, Q.; Rajaram, S.; Baum, M. Genome-wide association mapping
of yield and grain quality traits in elite winter wheat genotypes. PLoS ONE 2015, 10, e0141339. [CrossRef]

Li, E; Wen, W,; Liu, J.; Zhang, Y.; Cao, S.; He, Z.; Rasheed, A.; Jin, H.; Zhang, C.; Yan, J.; et al. Genetic architecture of grain yield in
bread wheat based on genome-wide association studies. BMC Plant Biol. 2019, 19, 168. [CrossRef]

Edae, E.A.; Byrne, P.F.; Manmathan, H.; Haley, S.D.; Moragues, M.; Lopes, M.S.; Reynolds, M. Association Mapping and
Nucleotide Sequence Variation in Five Drought Tolerance Candidate Genes in Spring Wheat. Plant Genome 2013, 6, 2. [CrossRef]
Tadesse, W.; Suleiman, S.; Tahir, I.; Sanchez-Garcia, M.; Jighly, A.; Hagras, A.; Sherif, A.; Baum, M. Heat-Tolerant QTLs Associated
with Grain Yield and Its Components in Spring Bread Wheat under Heat-Stressed Environments of Sudan and Egypt. Crop Sci.
2019, 59, 199-211. [CrossRef]

Ahmad, M.A_; Khan, S.H.; Khan, A.S.; Kazi, A.M.; Basra, S.M.A. Identification of QTLs for drought tolerance traits on wheat
chromosome 2A using association mapping. Int. . Agric. Biol. 2014, 16, 862-870.

Dolferus, R.; Thavamanikumar, S.; Sangma, H.; Kleven, S.; Wallace, X.; Forrest, K.; Rebetzke, G.; Hayden, M.; Borg, L.; Smith, A,;
et al. Determining the genetic architecture of reproductive stage drought tolerance in wheat using a correlated trait and correlated
marker effect model. Genes Genomes Genet. 2019, 9, 473-489. [CrossRef]

Sabiel, S.A.L; Huang, S.; Hu, X,; Ren, X,; Fu, C.; Peng, J.; Sun, D. SNP-based association analysis for seedling traits in durum
wheat (Triticum turgidum L. durum (Desf.)). Breed. Sci. 2017, 67, 83-94. [CrossRef] [PubMed]

Ballesta, P.; Freddy, M.; Del Pozo, A. Association mapping of drought tolerance indices in wheat: QTL-rich regions on chromosome
4A. Sci. Agric. 2019, 77, 20180153. [CrossRef]

Wang, S.-B.; Feng, ].-Y,; Ren, W.-L.; Huang, B.; Zhou, L.; Wen, Y.-].; Zhang, J.; Dunwell, J.; Xu, S.; Zhang, Y.-M. Improving power
and accuracy of genome-wide association studies via a multi-locus mixed linear model methodology. Sci. Rep. 2016, 20, 19444.
[CrossRef] [PubMed]

Rasheed, A.; Hao, Y.; Xia, X.; Khan, A.; Xu, Y.; Varshney, R.K.; He, Z. Crop Breeding Chips and Genotyping Platforms: Progress,
Challenges, and Perspectives. Mol. Plant 2017, 10, 1047-1064. [CrossRef] [PubMed]

Alqudah, A.M.; Sallam, A.; Baenziger, P.S.; Borner, A. GWAS: Fast-forwarding gene identification and characterization in
temperate Cereals: Lessons from Barley—A review. . Adv. Res. 2020, 22, 119-135. [CrossRef]

Cavanagh, C.R,; Chao, S.; Wang, S.; Huang, B.E.; Stephen, S.; Kiani, S.; Forrest, K.; Saintenac, C.; Brown-Guedira, G.L.; Akhunova,
A.; et al. Genome-wide comparative diversity uncovers multiple targets of selection for improvement in hexaploid wheat
landraces and cultivars. Proc. Natl. Acad. Sci. USA 2013, 110, 8057-8062. [CrossRef]

Wang, S.; Wong, D.; Forrest, K.; Allen, A.; Chao, S.; Huang, B.E.; Maccaferri, M.; Salvi, S.; Milner, S.G.; Cattivelli, L.; et al.
Characterization of polyploid wheat genomic diversity using a high-density 90000 single nucleotide polymorphism array. Plant
Biotechnol. ]. 2014, 12, 787-796. [CrossRef]

Winfield, M.O.; Allen, A.M.; Burridge, A.; Barker, G.L.A.; Benbow, H.R.; Wilkinson, P.A.; Coghill, J.; Waterfall, C.; Davassi,
A.; Scopes, G.; et al. High-density SNP genotyping array for hexaploid wheat and its secondary and tertiary gene pool. Plant
Biotechnol. ]. 2016, 14, 1195-1206. [CrossRef]

Allen, A.M.; Winfield, M.O.; Burridge, A.J.; Downie, R.C.; Benbow, H.R.; Barker, G.L.A.; Wilkinson, P.A.; Coghill, J.; Waterfall, C.;
Davassi, A.; et al. Characterization of a Wheat Breeders’ Array suitable for high-throughput SNP genotyping of global accessions
of hexaploid bread wheat (Triticum aestivum). Plant Biotechnol. J. 2017, 15, 390-401. [CrossRef]

Slafer, G.A.; Savin, R.; Sadras, V.O. Coarse and fine regulation of wheat yield components in response to genotype and
environment. Field Crop. Res. 2014, 157, 71-83. [CrossRef]


http://doi.org/10.3389/fphys.2012.00429
http://doi.org/10.1016/S2095-3119(15)61102-9
http://doi.org/10.1111/j.1744-7348.2005.04048.x
http://doi.org/10.1093/jxb/erq304
http://doi.org/10.1111/j.1439-037X.2011.00491.x
http://doi.org/10.1093/jxb/ers071
http://www.ncbi.nlm.nih.gov/pubmed/22412185
http://doi.org/10.1093/jxb/erh277
http://doi.org/10.1007/s00122-014-2435-3
http://www.ncbi.nlm.nih.gov/pubmed/25490985
http://doi.org/10.1371/journal.pone.0141339
http://doi.org/10.1186/s12870-019-1781-3
http://doi.org/10.3835/plantgenome2013.04.0010
http://doi.org/10.2135/cropsci2018.06.0389
http://doi.org/10.1534/g3.118.200835
http://doi.org/10.1270/jsbbs.16074
http://www.ncbi.nlm.nih.gov/pubmed/28588384
http://doi.org/10.1590/1678-992x-2018-0153
http://doi.org/10.1038/srep19444
http://www.ncbi.nlm.nih.gov/pubmed/26787347
http://doi.org/10.1016/j.molp.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28669791
http://doi.org/10.1016/j.jare.2019.10.013
http://doi.org/10.1073/pnas.1217133110
http://doi.org/10.1111/pbi.12183
http://doi.org/10.1111/pbi.12485
http://doi.org/10.1111/pbi.12635
http://doi.org/10.1016/j.fcr.2013.12.004

Plants 2022, 11, 986 13 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang, S.X.; Zhu, Y.L.; Zhang, D.X,; Shao, H.; Liu, P; Hu, ].B.; Zhang, H.; Zhang, H.P.; Chang, C.; Lu, J.; et al. Genome-wide
association study for grain yield and related traits in elite wheat varieties and advanced lines using SNP markers. PLoS ONE
2017, 12, e0188662. [CrossRef] [PubMed]

Slafer, G.A. Genetic basis of yield as viewed from a crop physiologist’s perspective. Ann. Appl. Biol. 2013, 142, 117-128. [CrossRef]
Sadras, V.O,; Slafer, G.A. Environmental modulation of yield components in cereals: Heritabilities reveal a hierarchy of phenotypic
plasticities. Field Crop. Res. 2012, 127, 215-224. [CrossRef]

Serrago, R.A.; Alzueta, I; Savin, R.; Slafer, G.A. Understanding grain yield responses to source-sink ratios during grain filling in
wheat and barley under contrasting environments. Field Crop. Res. 2013, 150, 42-51. [CrossRef]

Peltonen-Sainio, P.; Kangas, A.; Salo, Y.; Jauhiainen, L. Grain number dominates grain weight in temperate cereal yield determina-
tion: Evidence based on 30 years of multi-location trials. Field Crop. Res. 2007, 100, 179-188. [CrossRef]

Sadras, V.O. Evolutionary aspects of the trade-off between seed size and number in crops. Field Crop. Res. 2007, 100, 125-138.
[CrossRef]

Xiao, Y.G.; Qiang, Z.G.; Wu, K,; Liu, ].J.; Xia, X.C.; Ji, W.Q.; He, Z.H. Genetic gains in grain yield and physiological traits of winter
wheat in Shandong province, China, from 1969 to 2006. Crop Sci. 2012, 52, 44-56. [CrossRef]

Rasheed, A.; Xia, X.; Ogbonnaya, F.; Mahmood, T.; Zhang, Z.; Mujeeb-Kazi, A.; He, Z. Genome-wide association for grain
morphology in synthetic hexaploid wheats using digital imaging analysis. Plant Biol. 2014, 14, 128. [CrossRef]

Gaju, O.; Reynolds, M.P; Sparkes, D.L.; Foulkes, M.]. Relationships between large-spike phenotype, grain number, and yield
potential in spring wheat. Crop Sci. 2009, 49, 961-973. [CrossRef]

Calderini, D.F,; Reynolds, M.P. Changes in grain weight as a consequence of de-graining treatments at pre- and post-anthesis in
synthetic hexaploid lines of wheat (Triticum durum x T. tauschii). Funct. Plant Biol. 2000, 27, 183-191. [CrossRef]

Richards, R.A. Selectable traits to increase crop photosynthesis and yield of grain crops. J. Exp. Bot. 2000, 51, 447-458. [CrossRef]
[PubMed]

Garcia del Moral, L.E; Rharrabti, Y.; Villegas, D.; Royo, C. Evaluation of Grain Yield and Its Components in Durum Wheat under
Mediterranean Conditions: An Ontogenic Approach. J. Agron. 2003, 95, 266-274. [CrossRef]

Slafer, G.A.; Elia, M.; Savin, R.; Garcia, G.A.; Terrile, L.L; Ferrante, A.; Miralles, D.].; Gonzélez, EG. Fruiting efficiency, an
alternative trait to further rise wheat yield. Food Energy Secur. 2015, 4, 92-109. [CrossRef]

Richards, R.A.; Rebetzke, G.J.; Condon, A.G.; Van Herwaarden, A.F. Breeding opportunities for increasing the efficiency of water
use and crop yield in temperate cereals. Crop Sci. 2002, 42, 111-121. [CrossRef]

Berkman, PJ.; Visendi, P; Lee, H.C.; Stiller, J.; Manoli, S.; Lorenc, M.T.; Lai, K.; Batley, J.; Fleury, D.; Simkova, H.; et al. Dispersion
and domestication shaped the genome of bread wheat. Plant Biotechnol. ]. 2013, 11, 564-571. [CrossRef]

Edae, E.A.; Bowden, R.L.; Poland, ]J. Application of population sequencing (POPSE) for ordering and imputing genotyping
by-sequencing markers in hexaploid wheat. G3 Genes Genomes Genet. 2015, 5, 2547-2553.

Rahimi, Y.; Bihamta, M.R,; Taleei, A.; Alipour, H.; Ingvarsson, PK. Genome-wide association study of agronomic traits in bread
wheat reveals novel putative alleles for future breeding programs. BMC Plant Biol. 2019, 19, 541. [CrossRef]

Dvorak, J.; Akhunov, E.D.; Akhunov, A.R.; Deal, KR.; Luo, M.C. Molecular characterization of a diagnostic DNA marker for
domesticated tetraploid wheat provides evidence for gene flow from wild tetraploid wheat to hexaploid wheat. Mol. Biol. Evol.
2006, 23, 1386-1396. [CrossRef]

Jordan, KW.; Wang, S.; Lun, Y.; Gardiner, L.J.; MacLachlan, R.; Hucl, P.; Wiebe, K.; Wong, D.; Forrest, K.L.; Sharpe, A.G.
A haplotype map of allohexaploid wheat reveals distinct patterns of selection on homoeologous genomes. Genome Biol. 2015,
16, 48. [CrossRef]

Chao, S.; Zhang, W.; Akhunov, E.; Sherman, J.; Ma, Y.; Luo, M.C.; Dubcovsky, J. Analysis of gene-derived SNP marker
polymorphism in US wheat (Triticum aestivum L.) cultivars. Mol. Breed. 2009, 23, 23-33. [CrossRef]

Cuthbert, ].L.; Somers, D.J.; Brtlé-Babel, A.L.; Brown, P.D.; Crow, G.H. Molecular mapping of quantitative trait loci for yield and
yield components in spring wheat (Triticum aestivum L.). Theor. Appl. Genet. 2008, 117, 595-608. [CrossRef] [PubMed]

Edae, E.A.; Byrne, PF,; Haley, S.D.; Lopes, M.S.; Reynolds, M.P. Genome-wide association mapping of yield and yield components
of spring wheat under contrasting moisture regimes. Theor. Appl. Genet. 2014, 127, 791-807. [CrossRef] [PubMed]

Lopes, M.S.; Dreisigacker, S.; Pefia, R.J.; Sukumaran, S.; Reynolds, M.P. Genetic characterization of the wheat association mapping
initiative (WAMI) panel for dissection of complex traits in spring wheat. Theor. Appl. Genet. 2015, 128, 453-464. [CrossRef]
Gupta, PK.; Balyan, H.S.; Gahlaut, V. QTL Analysis for Drought Tolerance in Wheat: Present Status and Future Possibilities.
Agronomy 2017, 7, 5. [CrossRef]

Marza, F; Bai, G.H.; Carver, B.F,; Zhou, W.C. Quantitative trait loci for yield and related traits in the wheat population Ning7840
x Clark. Theor. Appl. Genet. 2006, 112, 688—698. [CrossRef] [PubMed]

Quarrie, S.A.; Quarrie, S.P.; Radosevic, R.; Rancic, D.; Kaminska, A.; Barnes, ].D.; Leverington, M.; Ceoloni, C.; Dodig, D.
Dissecting a wheat QTL for yield present in a range of environments: From the QTL to candidate genes. |. Exp. Bot. 2006,
57,2627-2637. [CrossRef]

Neumann, K.; Kobiljski, B.; Denti¢, S.; Varshney, R.K.; BoErner, A. Genome-wide association mapping: A case study in bread
wheat (Triticum aestivum L.). Mol. Breed. 2011, 27, 37-58. [CrossRef]

Qassem, ML.F; Qureshi, R.; Muqaddasi, Q.H.; Shaheen, H.; Kousar, R.; Roder, M.S. Genome wide association mapping in bread
wheat subjected to independent and combined high temperature and drought stress. PLoS ONE 2018, 13, e0199121. [CrossRef]


http://doi.org/10.1371/journal.pone.0188662
http://www.ncbi.nlm.nih.gov/pubmed/29176820
http://doi.org/10.1111/j.1744-7348.2003.tb00237.x
http://doi.org/10.1016/j.fcr.2011.11.014
http://doi.org/10.1016/j.fcr.2013.05.016
http://doi.org/10.1016/j.fcr.2006.07.002
http://doi.org/10.1016/j.fcr.2006.07.004
http://doi.org/10.2135/cropsci2011.05.0246
http://doi.org/10.1186/1471-2229-14-128
http://doi.org/10.2135/cropsci2008.05.0285
http://doi.org/10.1071/PP99066
http://doi.org/10.1093/jexbot/51.suppl_1.447
http://www.ncbi.nlm.nih.gov/pubmed/10938853
http://doi.org/10.2134/agronj2003.0266
http://doi.org/10.1002/fes3.59
http://doi.org/10.2135/cropsci2002.1110
http://doi.org/10.1111/pbi.12044
http://doi.org/10.1186/s12870-019-2165-4
http://doi.org/10.1093/molbev/msl004
http://doi.org/10.1186/s13059-015-0606-4
http://doi.org/10.1007/s11032-008-9210-6
http://doi.org/10.1007/s00122-008-0804-5
http://www.ncbi.nlm.nih.gov/pubmed/18516583
http://doi.org/10.1007/s00122-013-2257-8
http://www.ncbi.nlm.nih.gov/pubmed/24408378
http://doi.org/10.1007/s00122-014-2444-2
http://doi.org/10.3390/agronomy7010005
http://doi.org/10.1007/s00122-005-0172-3
http://www.ncbi.nlm.nih.gov/pubmed/16369760
http://doi.org/10.1093/jxb/erl026
http://doi.org/10.1007/s11032-010-9411-7
http://doi.org/10.1371/journal.pone.0199121

Plants 2022, 11, 986 14 of 14

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Thomas, S.G.; Sun, T.P. Update on gibberellin signaling. A tale of the tall and the short. Plant Physiol. 2004, 135, 668-676.
[CrossRef]

Zhang, Z.L.; Ogawab, M.; Fleeta, C.M.; Zentellaa, R.; Hua, J.; Heoc, J.O.; Limc, J.; Kamiyab, Y.; Yamaguchib, S.; Suna, T.P.
SCARECROW-LIKE 3 promotes gibberellin signaling by antagonizing master growth repressor DELLA in Arabidopsis. Proc. Natl.
Acad. Sci. USA 2010, 108, 2160-2165. [CrossRef]

Al Rabbi, S.M.H. Genetics of Drought Tolerance in Hard Red Sping Wheat in the Northern United States of America. Ph.D. Thesis,
North Dakota State University of Agriculture and Applied Science, Fargo, ND, USA, 2017.

Nishijima, R.; Yoshida, K.; Motoi, Y.; Sato, K.; Takumi, S. Genome-wide identification of novel genetic markers from RNA
sequencing assembly of diverse Aegilops tauschii accessions. Mol. Genet. Genom. 2016, 291, 1681-1694. [CrossRef] [PubMed]
Gao, EM.; Wen, WE,; Liu, ].D.; Rasheed, A.; Yin, G.H.; Xia, X.C.; Wu, X.X,; He, Z.H. Genome-wide linkage mapping of QTL for
yield components, plant height and yield-related physiological traits in the Chinese wheat cross Zhou 8425B/Chinese spring.
Front. Plant Sci. 2015, 6, 1099. [CrossRef] [PubMed]

Zhang, H.X.; Zhang, EN,; Li, G.D.; Zhang, S.N.; Zhang, Z.G.; Ma, L.]. Genetic diversity and association mapping of agronomic
yield traits in eighty-six synthetic hexaploid wheat. Euphytica 2017, 213, 111. [CrossRef]

Xu, Y.F; Li, S.S,; Li, LH.; Ma, EF; Fu, X.Y,; Shi, Z.L.; Xu, H.X.; Ma, P.T.; An, D.G. QTL mapping for yield and photosynthetic
related traits under different water regimes in wheat. Mol. Breed. 2017, 37, 34. [CrossRef]

Maccaferri, M.; Sanguineti, M.C.; Corneti, S.; Ortega, J.L.A.; Ben Salem, M.; Bort, ].; DeAmbrogio, E.; Del Moral, L.EG.; Demontis,
A; El-Ahmed, A ; et al. Quantitative trait loci for grain yield and adaptation of durum wheat (Triticum durum Desf.) across a wide
range of water availability. Genetics 2008, 178, 489-511. [CrossRef]

Maccaferri, M.; Sanguineti, M.C.; Demontis, A.; El-Ahmed, A.; Del Moral, L.G.; Maalouf, E; Nachit, M.; Nserallah, N.; Ouabbou,
H.; Rhouma, S.; et al. Association mapping in durum wheat grown across a broad range of water regimes. J. Exp. Bot. 2011,
62, 409-438. [CrossRef]

Bradbury, PJ.; Zhang, Z.; Kroon, D.E.; Casstevens, T.M.; Ramdoss, Y.; Buckler, E.S. TASSEL: Software for association mapping of
complex traits in diverse samples. Bioinformatics 2007, 23, 2633-2635. [CrossRef]

Jombart, T. Adegenet: A R package for the multivariate analysis of genetic markers. Bioinformatics 2008, 24, 1403-1405. [CrossRef]
Weir, B.S. Genetic Data Analysis II; Sinauer Associates Inc.: Sunderland, MA, USA, 1997.


http://doi.org/10.1104/pp.104.040279
http://doi.org/10.1073/pnas.1012232108
http://doi.org/10.1007/s00438-016-1211-2
http://www.ncbi.nlm.nih.gov/pubmed/27142109
http://doi.org/10.3389/fpls.2015.01099
http://www.ncbi.nlm.nih.gov/pubmed/26734019
http://doi.org/10.1007/s10681-017-1887-3
http://doi.org/10.1007/s11032-016-0583-7
http://doi.org/10.1534/genetics.107.077297
http://doi.org/10.1093/jxb/erq287
http://doi.org/10.1093/bioinformatics/btm308
http://doi.org/10.1093/bioinformatics/btn129

	Introduction 
	Results 
	Pearson Correlation Analysis 
	Regression Analysis 
	Genetic Analysis 
	Marker–Trait Associations 
	Common Markers 

	Best Performing Genotypes 

	Discussion 
	Grain Yield and Related Traits 
	Marker–Trait Associations 
	Co-Localization of QTLs/Genes for Yield-Related Traits 

	Materials and Methods 
	Mapping Population 
	Phenotyping 
	Statistical Analysis 
	Genotyping 
	Association Mapping 

	Conclusions 
	References

