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Abstract
Drought stress poses a severe threat to global wheat production, necessitating an in-depth exploration of the genetic basis 
for drought tolerance associated traits. This study employed a 90 K SNP array to conduct a genome-wide association analy-
sis, unravelling genetic determinants of key traits related to drought tolerance in wheat, namely plant height, root length, 
and root and shoot dry weight. Using the mixed linear model (MLM) method on 125 wheat accessions subjected to both 
well-watered and drought stress treatments, we identified 53 SNPs significantly associated with stress susceptibility (SSI) 
and tolerance indices (STI) for the targeted traits. Notably, chromosomes 2A and 3B stood out with ten and nine associated 
markers, respectively. Across 17 chromosomes, 44 unique candidate genes were pinpointed, predominantly located on the 
distal ends of 1A, 1B, 1D, 2A, 3A, 3B, 4A, 6A, 6B, 7A, 7B, and 7D chromosomes. These genes, implicated in diverse func-
tions related to plant growth, development, and stress responses, offer a rich resource for future investigation. A clustering 
pattern emerged, notably with seven genes associated with SSI for plant height and four genes linked to both STI of plant 
height and shoot dry weight, converging on specific regions of chromosome arms of 2AS and 3BL. Additionally, shared 
genes encoding polygalacturonase, auxilin-related protein 1, peptide deformylase, and receptor-like kinase underscored 
the interconnectedness between plant height and shoot dry weight. In conclusion, our findings provide insights into the 
molecular mechanisms governing wheat drought tolerance, identifying promising genomic loci for further exploration and 
crop improvement strategies.

Graphical Abstract
(1) A diverse panel of wheat genotypes was cultivated under both well-watered and drought stress conditions; (2) Phenotyp-
ing involved washing, scanning, drying and weighing plants to evaluate the stress susceptibility (SSI) and stress tolerance 
(STI) indices for four drought tolerance-related traits; (3) Genotyping was performed by extracting DNA and using the wheat 
90 K Illumina iSelect array; (4) Phenotypic and genotypic data were utilized in a genome-wide association analysis (GWAS) 
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using a mixed linear model (MLM); (5) Population structure assessment, principal component analysis (PCA), and kinship 
analysis were conducted; (6) Candidate genes were identified, and (7) their molecular functions were analysed and discussed.

Keywords Association mapping · Genetic structure analysis · Linkage disequilibrium · Stress susceptibility index (SSI) · 
Stress tolerance index (STI)

Abbreviations
ABA  Abscisic acid
ANOVA  Analysis of variance
ATP  Adenosine triphosphate
CAMTA  Calmodulin-binding transcription activator
CTAB  Cetyl trimethyl ammonium bromide
CV  Coefficient of variation
DS  Drought stress
ER  Endoplasmic reticulum
GWAS  Genome-wide association study
IWGSC  The International Wheat Genome Sequencing 

Consortium
KCS4  3-Ketoacyl-CoA synthase 4
LD  Linkage disequilibrium
LEA  Late embryogenesis abundant proteins
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METTL  Methyltransferase-like
MLM  Mixed linear model
NADP +   Nicotinamide adenine dinucleotide phosphate
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PCA  Principle components analysis
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PH  Plant height
PKs  Protein kinases
PMPs  Peroxisomal membrane proteins
PPR  Pentatricopeptide repeat

PRK  Phosphoribulokinase
PUB  Plant U-box
QTL  Quantitative trait locus
RCBD  Randomized complete block design
RDW  Root dry weight
RILs  Recombinant inbred line populations
RL  Root length
RLKs  Receptor-like kinase
RuBisCO  Ribulose-1,5-bisphosphate carboxylase
SCAPER  S phase cyclin A-associated protein in the 

endoplasmic reticulum
SDW  Shoot dry weight
SNP  Single nucleotide polymorphism
SRs  Serine/arginine-rich splicing factors
SSI  Stress susceptibility index
STI  Stress tolerance index
TFs  Transcription factors
TRs  Transcriptional regulators
VLCFA  Very long-chain fatty acids
WDR1  WD repeat-containing protein 1
WW  Well-watered
ZNF  Zinc finger protein-like protein
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Introduction

Wheat (Triticum aestivum L.), in the family Poaceae, origi-
nated in West Asia and is cultivated throughout the world 
(Ahmed et al. 2022). It is an important source of carbo-
hydrates, proteins, and fiber for approximately one-third 
of the global population (Grote et al. 2021). Global food 
demand is growing rapidly and is expected to double by 
2050 (Tilman et al. 2011). Meanwhile, climate change-
induced drought and heat stresses are endangering global 
food productivity and food security (Hatfield and Dold 
2018). The projections show that feeding a world popula-
tion of 9.1 billion people will require raising overall wheat 
production by 60% by 2050 (Jaggard et al. 2010). To keep 
up with this demand, wheat cultivars with enhanced yield 
potential and improved tolerance to biotic and abiotic 
stresses need to be developed.

Drought stress is one of the major constraints of wheat 
production which can occur at any growth stage, depend-
ing on the geographical location (Sallam et al. 2019). The 
impact of drought on wheat can vary from 10 to 90% of its 
potential yield, depending on drought intensity, duration of 
drought, and growth stage of the plant (Farooq et al. 2014). 
The three stages of seedling establishment, booting and 
grain filling are the most sensitive growth phases for drought 
stress (Fischer and Turner 1978). Drought at the vegetative 
stage reduces plant height, leaf surface area, and root and 
shoot biomass production while causing pollen sterility and 
reducing grain number and weight at the reproductive stage 
(Hussain et al. 2008; Shokat et al. 2020). The study of termi-
nal drought tends to receive most attention in wheat, due to 
the high sensitivity of this stage. However, drought stress at 
the vegetative stage can also significantly affect the overall 
yield potential of plants (Sallam et al. 2018).

Some studies have investigated the impact of drought at 
an early growth stage on final plant performance. Drought 
at the vegetative stage can have a significant impact on the 
yield of wheat by reducing shoot biomass and the number 
of fertile spikes produced at the establishment and tiller-
ing stages (Ahmad et al. 2022). A close correlation between 
drought tolerance for seedling dry weight and grain yield 
has been reported in wheat, triticale, and maize (Grzesiak 
et al. 2012; Dodig et al. 2015). The root is also one of the 
components of wheat affected by drought stress along with 
soil conditions. Root biomass and length at the seedling 
stage are vital genetic traits for final plant performance under 
water-deficit condition. A high root length can improve the 
adaptation of genotypes to water stress by providing better 
access to moisture deep in the soil and result in more vigor-
ous seedling establishment (Ahmed et al. 2019).

Characterization of plant morphological and physiolog-
ical traits associated with drought tolerance is essential 

for evaluation and selection of desirable drought tolerant 
genotypes (Khan et al. 2016). However, the difficulty of 
direct selection for drought tolerance necessitates adop-
tion of indirect selection criteria to dissect the complex 
set of interrelated traits which make up drought tolerance. 
Stress tolerance index (STI) and stress susceptibility index 
(SSI) are two reliable indices that have been widely used 
for assessing plant performance under drought conditions 
(Khanzada et al. 2020). Each of these measures has a dis-
tinct perspective on drought tolerance and thus employ-
ing both indices should deliver an accurate evaluation of 
drought tolerance (Wu et al. 2022).

For breeding drought-tolerant genotypes, it is important 
to understand the mechanisms and responses of plant to 
water shortage. At a physiological level, wheat reduces water 
losses by stomatal closure which simultaneously reduces 
the rate of photosynthesis and leads to a decrease in  CO2 
fixation and nicotinamide adenine dinucleotide phosphate 
(NADP +) as the final acceptor of the electron in electron 
transport chain (Camaille et al. 2021). The leaked electrons 
to  O2 result in overproduction of reactive oxygen species 
(ROS) that induce oxidative damage in plant tissues (Cruz 
de Carvalho 2008). The molecular response of wheat to 
water shortage involves a series of pathways for signal recep-
tion, transduction, gene expression and production of stress 
metabolites (Wu et al. 2022). The genes that are induced by 
drought stress can be classified into two main groups. The 
first group includes genes whose products directly play role 
in stress tolerance, such as genes encoding late embryogene-
sis abundant proteins (LEA) and chaperones, osmolytes such 
as proline and glycine betaine, and detoxification enzymes 
like catalases, proteases, and peroxidases (Dash et al. 2014). 
The second group comprises genes that modulate the expres-
sion of stress responsive genes as well as playing a role in 
signal transduction, such as different transcription factors 
(TFs), transcriptional regulators (TRs) and protein kinases 
(PKs) (Lata et al. 2015).

Molecular breeding for plant drought tolerance has 
become a hot research area in recent years. It is an effec-
tive and economic approach for coping with drought stress 
since the genes introduced into the breeding lines are herit-
able (Rauf 2008). Drought tolerance is a complex quanti-
tative trait controlled by many micro-effective genes and 
highly influenced by genotype by environment interactions 
(Khan et al. 2019). Many studies have been conducted to 
date for deciphering the molecular basis of drought tolerance 
in wheat at different growing stages (Kirigwi et al. 2007; 
Alexander et al. 2012; Tahmasebi et al. 2017; Zandipour 
et al. 2020). However, previous studies were mostly based 
on linkage analysis of recombinant inbred line populations 
(RILs) derived from crosses between two parents with sig-
nificantly different phenotypes. Bi-parental QTL mapping 
suffers from some limitations. First, a RIL population has 
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few recombination events and can only be used to detect 
genes that show a significant difference between parental 
lines (Korte and Farlow 2013). Second, a large proportion 
of the studies have been based on low-resolution molecu-
lar maps consisting of only 100–1000 SSRs, EST-STS, and 
DArT markers, insufficient to saturate the large 17 giga-
base-pair wheat genome (Rabbi et al. 2021).

Genome wide association study (GWAS) is a powerful 
method designed to identify genotype–phenotype asso-
ciations by evaluation of the genetic variants across the 
genomes of many individuals (Pu et al. 2022). Compared to 
linkage analysis, GWAS uses a natural population, thereby 
saving a lot of time by eliminating the needs for population 
construction (Alqudah et al. 2020). Additionally, by employ-
ing high resolution markers and natural populations with 
high diversity, GWAS can identify more loci responsible for 
the traits compared to bi-parental QTL mapping (Liu et al. 
2022). The diverse and unstructured natural populations 
used in GWAS have allowed the accumulation of a large 
amount of information on historical recombinations and 
thus deliver a relatively high mapping resolution (Alqudah 
et al. 2020). In recent years, association studies have been 
extensively used for the genetic dissection of drought toler-
ance in several crops, such as wheat (Qaseem et al. 2019), 
Arabidopsis (Bac-Molenaar et al. 2016), barley (Wehner 
et al. 2015), and rice (Ma et al. 2016). However, only a few 
genome-wide association studies have been conducted in 
wheat to genetically dissect mechanisms of drought toler-
ance at the seedling stage.

In this study, we evaluated 125 wheat accessions at the 
seedling stage under well-watered and drought-stress con-
ditions, employing a 90 K SNP array for GWAS on four 
drought tolerance-related traits, along with two stress indices 
(SSI and STI). Our objectives were to (1) investigate phe-
notypic variations among accessions under different water 
availabilities, (2) identify genomic regions associated with 
drought tolerance at the seedling stage based on important 
phenotypical traits, and (3) unveil key biological processes 
and pathways of genes associated with crucial drought-tol-
erance traits. This knowledge deepens our understanding of 
underlying molecular mechanisms and provides a roadmap 
for developing precise crop improvement strategies. The 
identified genes can offer targets for molecular breeding and 
biotechnological interventions aimed at developing drought-
tolerant wheat varieties.

Materials and methods

Plant materials

A panel of 125 accessions of wheat from 15 countries 
around the world was used for genome-wide association 

analysis (Supplementary Table S1). Seeds were sourced 
from the Australian Winter Cereals Collection and wheat 
breeding companies/institutions including InterGrain Pty 
Ltd., Australian Grain Technologies, LongReach Plant 
Breeders, Edstar Genetics Pty Ltd., Chinese Academy of 
Agriculture Sciences, Inner Mongolia Academy of Agricul-
ture and Animal Husbandry Science, and Gansu Academy of 
Agricultural Sciences. Some of the accessions in this panel 
were shown by Ayalew et al. (2015) to have a wide range of 
variability for early-stage water stress tolerance.

Experimental design and treatments

A randomized complete block design (RCBD) experiment 
with three biological replications was conducted in June 
2022 in a glasshouse facility at The University of Western 
Australia in Perth, Western Australia (31°59′S, 115°49′E). 
Square plastic pots 8 cm × 8 cm × 18 cm were filled with 
800 g air-dried potting mix containing brown river sand 
(60%) and fine cocopeat (40%). The pots were watered to 
100% pot capacity (PC) by watering until free draining and 
then allowing the pots to drain for 48 h before weighing 
the pots and sowing the seeds at 2 cm depth (Turner 2019). 
After emergence, two water treatments were imposed, (i) 
well-watered (WW) and (ii) drought stress (DS). In WW, the 
pots were kept between 80 and 100% PC by regular weigh-
ing and watering. In DS, pots were irrigated once after ger-
mination and then allowed to dry without any further water-
ing until the end of the experiment. Plants were harvested 
15 days after germination when the soil water content was 
on average 93% PC in WW and 26% PC in DS. The plants 
were gently removed from the pots before gently washing 
the roots with tap water to completely remove the remaining 
soil medium.

Phenotypic evaluation and statistical analysis

Plant height (PH), root length (RL), root dry weight (RDW), 
and shoot dry weight (SDW) were measured for each seed-
ling. PH was measured by ruler from the base of the stem 
to the tip of the longest leaf. For RL, the root sample was 
placed in a glass rectangular tray (20 cm × 15 cm) with a 
4–5 mm layer of water to untangle the roots and minimize 
root overlap, as previously described by Peng et al. (2010), 
and scanned by Epson V850 Pro Scanner (Epson, Tokyo, 
Japan). Epson scan software v3.9.3 (Epson, Tokyo, Japan) 
was used with a scanning setting of 8-bit grayscale and 400 
dots per inch (dpi) resolution. The root scan images were 
analysed in RhizoVision Explorer v2.0.3 (Seethepalli and 
York 2020) using algorithms described by Seethepalli et al. 
(2021) to obtain the total root length per seedling. For RDW 
and SDW, leaf and root samples were dried in a 60 ℃ oven 
for 72 h before being weighed with an analytical balance 
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accurate to 0.1 mg. To evaluate the stability of the pheno-
typic traits in response to drought stress compared to the 
WW treatment, the SSI and STI were calculated for each 
trait as follows:

where Ysi = performance of a genotype in the DS treatment; 
Ypi = performance of the same genotype in the WW treat-
ment; Y ̅si = mean Ysi of all genotypes, Y ̅pi = mean Ypi of 
all genotypes (Fischer and Maurer 1978). The genotypes 
with lower SSI and higher STI values for a trait, showed less 
reduction in that trait as a result of drought stress compar-
ing to the WW treatment (i.e., higher stability for that trait) 
(Wehner et al. 2015).

The analysis of variance (ANOVA) was carried out for 
the phenotypic data to determine statistical differences 
among accessions in response to drought stress by the statis-
tical model∶ yij = � + �i + �j + εij , where yij is the observed 
value, μ is the overall mean, τi the effect of the ith geno-
type, βj the effect of the jth block, and εij is random error. 
Descriptive statistics of traits were calculated with SPSS v29 
(SPSS, Chicago, IL, USA). The Kolmogorov–Smirnov and 
Shapiro–Wilk tests were performed to validate the normality 
of the phenotypic data using SPSS software v29 (SPSS, Chi-
cago, IL, USA). The frequency distributions and Pearson’s 
correlation coefficients of the traits in individual environ-
ments were obtained using R package ggplot2 v3.4.1 (Wick-
ham 2016) and psych v2.2.9 (Revelle 2023) in R v4.2.2 soft-
ware (R Core Team 2020).

Wheat 90 K SNP Illumina iSelect genotyping

Leaves of seedlings were harvested at 3-leaf stage. DNA of 
each accession was extracted from the leaves using the cetyl 
trimethyl ammonium bromide (CTAB) method and stored 
in TE buffer (Wang et al. 2019b). The quantity, purity and 
integrity of the extracted DNA was checked by NanoDrop 
2000 (Thermo Fisher Scientific Inc., CA, USA) and aga-
rose gel electrophoresis. The accessions were genotyped 
using the wheat 90 K Illumina iSelect array and analysed 
by genome studio software v2.0 (Illumina Inc., CA, USA), 
following the protocol described by Wang et al. (2014), 
which generated 51,426 SNP markers. After filtering and 
excluding SNPs with > 0.25 heterozygous calls and minor 
allele frequency (MAF) ≤ 5%, and genotypes with missing 

SSI =

1 −
Ysi

Ypi

1 −
Ysi

Ypi

STI =
Ysi × Ypi

Ypi

2

data > 20%, a total of 36,586 SNPs were retained and used 
for the GWAS analysis.

Population structure and linkage disequilibrium 
analysis

The population structure was analysed in STRU CTU RE 
v2.3.4 based on the Bayesian clustering model (Falush 
et al. 2003). The number of subpopulation groups (K) was 
predefined from two to nine with five times iteration for 
each K value, which was run with 10,000 MCMC (Markov-
Chain Monte Carlo) replicates and 10,000 burn-in periods. 
The STRU CTU RE output was visualized in STRU CTU RE 
HARVESTER web-based program (http:// taylo r0. biolo gy. 
ucla. edu/ struc tureH arves ter/) and the number of K groups 
that best fit the dataset was determined according to the ΔK 
calculated by the Evanno method (Evanno et al. 2005; Earl 
and vonHoldt 2012).

Linkage disequilibrium (LD) of individual chromosomes, 
three sub-genomes, and the whole genome was calculated 
by measuring the squared allele frequency correlations (r2) 
(VanLiere and Rosenberg 2008) between pairs of SNPs 
in TASSEL 5.2.86 software (Bradbury et al. 2007), with 
a sliding window of 50 markers. Using TASSEL output, 
the r2 values were plotted against the genetic distance and 
the locally-weighted polynomial regression (LOESS) curve 
was drawn to determine the LD decay by a custom R script 
in R v4.2.2 software (R Core Team 2020). LD decay was 
identified as the physical genomic distance at which the r2 
decreased to half of its maximum value, where r2 = 1 indi-
cating complete LD, and r2 = 0, indicating absence of LD.

GWAS analysis (association mapping)

A total of 125 genotypes and 36,586 SNPs were used for 
GWAS analysis in TASSEL 5.2.86 software (Bradbury et al. 
2007) to map associations between SSI and STI indices of 
phenotypic traits and SNP markers. Initially, the LD kNNi 
algorithm was implemented for imputation of the missing 
data in the genotypic file with default setting. Principle com-
ponents analysis (PCA) was carried out and a kinship matrix 
was created from the genotypic data in TASSEL. Phylo-
genetic trees were constructed using the neighbour-joining 
method in the iTOL server (https:// itol. embl. de/) (Letunic 
and Bork 2021). GWAS analysis was carried out using a 
mixed linear model (MLM) in TASSEL, and population 
structure and kinship coefficients were taken into account 
to avoid false associations. The Manhattan plot was used to 
demonstrate the correlation between SNP and phenotypic 
traits. The quantile–quantile (Q-Q) plot was used to show the 
level of difference between observed and predicted values. 
The Manhattan plots and Q-Q plots were constructed from 
TASSEL output using R package rMVP (Yin et al. 2021) 

http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
https://itol.embl.de/
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in R v4.2.2 software (R Core Team 2020). The Bonferroni 
correction threshold − log10 (p) > 5.86 (p = 0.05/N; N = total 
markers used) was too stringent in this study. Therefore, 
less strict p-value thresholds of − log10 (p) > 4 and − log10 
(p) > 5 were set for the identification of true marker-trait 
association in the Manhattan plots (Chen et al. 2021c). The 
identified markers were mapped and visualised on an idi-
ogram using R package RIdeogram (Hao et al. 2020).

Identification of candidate genes

The SNP markers significantly associated with the traits 
were searched in JBrowser 1.16.3 (https:// urgi. versa illes. 
inra. fr) against the wheat reference genome IWGSC Ref-
Seq v1.0 (The International Wheat Genome Sequencing 
et al. 2018) to find the physical position of the identified 
markers and flanking genes. A gene with a marker located 
within it or the closest high-confidence gene within 2 Mbp 
flanking of the SNP’s physical position was considered as 
the associated gene to that marker. Next, the gene ID was 
searched in Ensembl Plants database (https:// plants. ensem 
bl. org/ Triti cum_ aesti vum/ Info/ Index) to find the annotation 
of the genes. The complementary information on molecular 
function of the identified genes was extracted from UniProt 
(https:// www. unipr ot. org), InterPro (https:// www. ebi. ac. uk/ 
inter pro), and PANTHER databases (http:// www. panth erdb. 
org).

In silico expression analysis of the identified genes

The wheat multi-omics database (WheatOmics, http:// 202. 
194. 139. 32/ expre ssion/ wheat. html) was used to investigate 
the expression of the identified genes in previous studies 
(Ma et al. 2021b). The relative difference between gene 
expression in tolerant and susceptible genotypes was deter-
mined using the formula:

Here, A and B represent the two values being compared. 
The numerator of the formula represents the absolute dif-
ference between A and B, while the denominator takes into 
account their average. The resulting percentage provides a 
measure of how closely the two values are related. The aver-
age of the relative expression differences across all genes 
was calculated to illustrate the overall expression status of 
genes in tolerant and susceptible genotypes in the WW and 
DS treatments.

Results

Phenotypic response to drought stress

ANOVA analysis showed significant differences (p < 0.01) 
among genotypes for the phenotypic traits of PH, RL, RDW, 
and SDW in response to drought stress (Supplementary 
Tables S1 and S2). The descriptive statistics and frequency 
distribution of the traits measured from the population under 
WW and DS conditions are presented in Table 1 and Fig. 1, 
respectively. Large variation was observed in all phenotypic 
traits in both WW and DS treatments that make the measure-
ments suitable for GWAS analysis (Table 1).

The mean PH was 31.3 cm (ranging from 24.2 to 39.3 cm) 
in the WW treatment, whereas it was 20.6 cm (ranging from 
7.5 to 29.4 cm) in the DS treatment (Fig. 1A and Table 1). 
For RL, mean values were 102.9 and 58.3 cm, ranging from 
60.9 to 146.2 cm and from 23.0 to 108.8 cm, in the WW 
and DS treatments, respectively (Fig. 1B and Table 1). The 
mean RDW was 0.041 g (ranging from 0.029 to 0.056 g), 
whereas it was 0.02 g (ranging from 0.007 to 0.041 g) in the 
WW and DS treatments, respectively (Fig. 1C and Table 1). 
The mean SDW in the WW treatment was 0.067 g with a 

Relative Difference(%) =

|
|
|
|
|
|

A − B

A+B

2

|
|
|
|
|
|

× 100

Table 1  Descriptive statistics 
of seedling traits in 125 wheat 
genotypes in the well-watered 
and drought stressed treatments

“PH” is plant height; “RL” root length; “RDW” root dry weight; “SDW” shoot dry weight; “WW” well-
watered; “DS” drought stress; “Min.” minimum; “Max.” maximum; “SD” standard deviation; “CV” coef-
ficient of variation

Trait Unit Treatment Min Max Mean SD CV (%)

PH cm WW 24.2 39.30 31.27 3.17 10.14
DS 7.50 29.40 20.61 3.68 17.87

RL cm WW 60.91 146.21 102.91 18.30 17.78
DS 23.01 108.79 58.33 16.49 28.27

RDW g WW 0.029 0.056 0.041 0.006 14.63
DS 0.007 0.041 0.020 0.006 30.00

SDW g WW 0.043 0.101 0.067 0.011 16.42
DS 0.007 0.069 0.034 0.010 29.41

https://urgi.versailles.inra.fr
https://urgi.versailles.inra.fr
https://plants.ensembl.org/Triticum_aestivum/Info/Index
https://plants.ensembl.org/Triticum_aestivum/Info/Index
https://www.uniprot.org
https://www.ebi.ac.uk/interpro
https://www.ebi.ac.uk/interpro
http://www.pantherdb.org
http://www.pantherdb.org
http://202.194.139.32/expression/wheat.html
http://202.194.139.32/expression/wheat.html
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Fig. 1  Violin plots showing frequency distribution of (A) plant height, 
(B) root length, (C) root dry weight, and (D) shoot dry weight of 125 
wheat genotypes given two water treatments: drought stress (DS, red) 
and well-watered (WW, green). Pearson’s correlation analysis visualis-

ing correlations between the seedling traits in the (E) drought-stressed 
and (F)  well-watered treatments; PH, plant height; RL, root length; 
RDW, root dry weight; SDW, shoot dry weight. Significant levels are * 
p < 0.05, ** p < 0.01, and *** p < 0.001
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range from 0.043 to 0.101 g, while under DS the mean SDW 
was 0.034 g with a range from 0.007 to 0.069 g (Fig. 1D and 
Table 1). Overall, DS reduced PH, RL, RDW, and SDW by 
34, 43, 51, and 49%, respectively. The coefficient of varia-
tion (CV) was calculated to compare the extent of variability 
between traits. For all traits, the CV in the DS treatment was 
higher than in the WW treatment. In WW, the CV ranged 
from 10.1% (PH) to 17.8% (RL), whereas in DS, the CV 
ranged from 17.9% (PH) to 30.0% (RDW) (Table 1).

The Pearson’s correlation analysis showed significant 
positive correlation between all traits under stress and non-
stress conditions (Fig. 1E and F). The correlation coefficients 
between the four traits ranged from 0.43 to 0.76 in the DS 
treatment and from 0.23 to 0.66 in the WW treatment. In DS, 
the highest correlation (0.76) was between RDW and SDW 
following PH and SDW (0.74), while the lowest correlations 
were between PH and RDW (0.43) and between PH and RL 
(0.5) (Fig. 1E). In WW, the highest correlations were 0.66 
(RDW and SDW) and 0.63 (RL and RDW), while the lowest 
were 0.23 (PH and RDW) and 0.38 (PH and RL) (Fig. 1F).

Marker distribution, genetic diversity, and principal 
components analysis

After filtering, a total number of 36,586 SNP markers 
remained that were used for GWAS analysis. The distribu-
tion of these markers on the 21 chromosomes of a wheat is 
presented in Fig. 2 and Supplementary Table S3. Chromo-
some 2B and 1A with 3055 and 2311 SNPs and a density 
of 3.81 and 3.89 markers per mega-base pair had the high-
est number and density of markers, respectively. Chromo-
some 4D with 422 SNPs and a density of 0.83 markers per 
Mbp had the least number and density of markers. The sub-
genome B had the highest number of markers (15,273 SNPs) 

and density (2.95 marker per Mbp), followed by sub-genome 
A with 13,156 SNPs and density of 2.67 markers per Mbp. 
The sub-genome D with 7,897 SNPs had the lowest number 
of markers with the least density of 2 markers per Mbp (Sup-
plementary Table S3).

The Bayesian clustering analysis of population structure 
showed that the ΔK value reached its peak at K = 6 (Supple-
mentary Figure S1), suggesting the entire population could 
be grouped into six sub-populations (Fig. 3A). The phylo-
genetic tree also divided the accessions into six main clus-
ters highlighted in different colours in Fig. 3B. The kinship 
matrix accounts for relationships among individuals based 
on the degree of allele sharing. The pattern of blue shaded 
colour at the middle of the kinship matrix that corresponded 
to the degree of relatedness, indicated a stratified population 
structure as represented by the structure and phylogenetic 
analyses (Fig. 3C).

PCA was carried out to get more information about the 
principal structure and the first five PC scores were included 
as covariates for the GWAS analysis. PCA revealed that the 
first five principal components can explain 22.9% of the total 
variance among the accessions (Supplementary Table S4 
and Supplementary Figure S2). The PCA chart in Fig. 3D 
demonstrated the first three principal components of PC1, 
PC2 and PC3 explained 6.8%, 5.4%, and 4.3% of the vari-
ance, respectively.

Linkage disequilibrium (LD) and LD decay

Pair-wise LD analysis using the correlation coefficient (r2) 
for SNP markers showed that the rate of LD decay with 
genetic distance varied across different chromosomes as well 
as sub-genomes (Fig. 4 and Supplementary Figure S3). The 
LD decayed to its half at 2.43 Mb for whole genome, and 

Fig. 2  Distribution of filtered 
SNPs on the 21 chromosomes 
of wheat. The colours indicate 
the number of SNPs within a 
1 Mb interval
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2.11 Mb for A, 3.39 Mb for B and 1.51 Mb for the D sub-
genomes (Fig. 4). For individual chromosomes, chromo-
some 5A has the highest (4.73 Mb) and chromosome 3A had 
the lowest (1.07 Mb) LD decay in sub-genome A. In sub-
genome B, chromosome 1B and 7B with LD decay of 6.35 
and 1.64 Mb had the highest and lowest LD decay, respec-
tively. In sub-genome D, chromosome 1D with 8.44 Mb had 
the highest LD decay, while chromosome 7D with 0.31 Mb 
had the lowest LD decay (Supplementary Figure S3).

GWAS‑revealed marker‑trait associations

To find genomic regions significantly associated with 
drought tolerance, the two indices of SSI and STI were 
calculated for seedling traits and GWAS was performed 
separately for each of these indices. The Manhattan plots 
showing the distribution of significantly associated SNPs 

across the wheat genome and Q-Q plots are presented in 
Fig. 5A and B, respectively. Most p-values in the Q-Q plots 
were comparable to the anticipated diagonal line, suggesting 
that the employed GWAS model was suitable (Fig. 5B). A 
total of 53 SNP-trait associations were detected on 17 chro-
mosomes using the significance threshold value of − log10 
(p) > 4 (Supplementary Table S5). Of this number, 31 SNPs 
were identified for SSI and 22 were found for STI with no 
common SNP between the two indices. Chromosome 2A 
had the highest number of SNPs with 10, followed by 3B 
with nine SNPs. Chromosomes 1D, 5A, 6B, 7A, and 7D 
each had one SNP, representing the lowest number of asso-
ciated markers. The  R2 values for the 53 significant SNPs 
explaining phenotypic variations range from 10.8 to 25.4% 
(Tables 2 and 3). Of all identified SNPs, BS00086777_51 
associated with RL_SSI and wsnp_BE426418A_Ta_2_1 
associated with SDW_SSI had − log10 (p) > 5.

Fig. 3  Genetic diversity of the 125 wheat accessions. (A) Population 
structure estimated by STRU CTU RE with optimum sub-population 
(K = 6), each colour represents one subpopulation. (B) Phyloge-
netic tree, each branch indicates an accession, and the length of the 
branches represent the genetic distance. (C) Heat map of relatedness 

(kinship), blue colour at the middle represents the degree of related-
ness. (D) Three-dimensional principal component analysis (PCA) plot 
illustrating the distribution of accessions based on the first three prin-
cipal components (PC)
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Regarding individual traits, 22 SNP markers on 10 chro-
mosomes were associated with PH; 15 of these were found 
for PH_SSI and 7 for PH_STI. Chromosome 2A, 3B, and 
3A had nine, four, and two SNPs respectively and chromo-
some 2B, 2D, 3D, 4A, 4D, 6A, and 7B had one SNP each 
(Fig. 5A and Tables 2 and 3). Six markers were found for 
RL, including two SNPs located on chromosome 4A and 6B 
for RL_SSI and four markers on 6A and 7B for RL_STI. Of 
the 11 SNPs associated with RDW, eight were identified for 
RDW_SSI and three were identified for RDW_STI by the 
GWAS analysis. Two of these SNPs were located on 1B, 
two on 7B, and one on each of 1A, 1D, 2A, 2B, 2D, 7A, and 
7D chromosomes. For SDW, 14 markers (six markers for 
SDW_SSI and eight for SDW_STI) were associated, includ-
ing five SNPs located on 3B, three on 3A, and one on each 
1A, 1B, 3D, 4D, 5A, and 6A (Fig. 5A and Tables 2 and 3).

Identified candidate genes

Forty-four unique candidate genes were identified for the 
four drought-tolerance related traits at the seeding stage 
based on the position of the associated SNP markers 

(Tables 2 and 3). Of this number, 30 unique genes were 
found for SSI and 14 for STI. For 36 of the identified genes, 
the SNP markers were located within the genes, while for 
eight of the genes, markers were 74 to 74,059 base pairs 
away from the gene. The length of the genes was different 
and ranged from 465 to 16,040 base pairs. Regarding the 
gene orientation, 21 of the genes were located on the for-
ward strand (+) whereas the rest of the 23 genes were on the 
complementary strand (−) (Tables 2 and 3).

Some of the genes were common between different 
traits. TraesCS7B02G452000 that encodes the Pm3-like 
disease-resistance protein was found for both RL_STI 
and RDW_STI. The highest number of common genes 
were shared between PH_STI and SDW_STI includ-
ing TraesCS3B02G258600, TraesCS3A02G226500, 
TraesCS3B02G258700, and TraesCS3B02G259100 that 
encoded polygalacturonase, auxilin-related protein 1, pep-
tide deformylase, and receptor-like kinase, respectively 
(Tables 2 and 3). The distribution of the 44 identified genes 
on the 17 chromosomes of wheat is illustrated in Fig. 6. 
All genes associated with RDW_SSI and RDW_STI were 
located at the very beginning of the short arms of 1D, 7A, 
and 7D or within 70 Mbp of the end of chromosomes 1A, 

Fig. 4  Scatter plot showing 
linkage disequilibrium (LD) 
decay in the three sub-genomes 
and the whole genome by plot-
ting (r2) against genetic distance 
(bp) in 125 wheat accessions. 
The point at which LD is 
reduced to 50% of its maximum 
value is indicated by the green 
vertical line. LD decay at cut off 
point is shown by green font on 
the X-axis and with bigger font 
in the plots
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1B, 2A, 2B, 2D, and 7B. Similarly, the genes for RL_SSI 
and RL_STI were located at very end of the chromosomes 
4A, 6A, 6B, and 7B. Most of the genes associated with 
PH_SSI were on the short arms of 2A, 2B, 2D, 3A, and 
3B chromosomes with a cluster of seven genes at 115–152 
Mbp of the 2AS. Four of the genes related to SDW_STI 
(three of them were common between PH_STI and SDW_
STI) tended to cluster together at 415–455 Mbp of the 3BL 
(Fig. 6).

Expression of the candidate genes in tolerant 
and susceptible genotypes

The expression of the 44 identified candidate genes in 
the leaves and roots of drought tolerant (Zubkov) and 
susceptible (Atay85) wheat cultivars are presented in 
Supplementary Figure S4 and S5. In the leaves in the 
WW treatment, there were minimal differences in the 
expression of nearly all candidate genes between tolerant 
and susceptible genotypes (average relative expression 
difference of 0.32 for all genes) (Supplementary Figure 
S4A). However, in the DS treatment, the majority of 
genes exhibited increased expression in the leaves of the 
tolerant genotype and decreased expression in the suscep-
tible genotype. The average relative expression difference 
between tolerant and susceptible genotypes increased to 
0.67 in the DS treatment, with 35 genes up-regulated 
and 3 down-regulated in the tolerant genotype relative to 
the susceptible genotype (Supplementary Figure S4B). 
Among the genes, TraesCS4A02G485400, encoding 
acid invertase 1, showed the highest relative increase in 
expression in the tolerant genotype compared to the sus-
ceptible genotype in the DS treatment. This was followed 
by TraesCS2A02G188200 and TraesCS2A02G181800, 
which encode α-1,6-mannosyl-glycoprotein 2-β-N-
acetylglucosaminyltransferase and S phase cyclin A-asso-
ciated protein, respectively.

In roots in the WW treatment, the candidate genes, on 
average, exhibited higher expression levels in the susceptible 
genotype compared to the tolerant genotype (33 genes down-
regulated and 6 up-regulated in the tolerant genotype relative 
to the susceptible genotype in the WW treatment) (Supplemen-
tary Figure S5A). Conversely in the DS treatment, the greater 
increase in gene expression in the tolerant genotype led to more 
comparable expression levels between the tolerant and suscep-
tible genotypes during stress. The average relative expression 
difference between the tolerant and susceptible genotypes 
decreased from 0.43 in the WW to 0.19 in the DS treatment 
(Supplementary Figure S5B).

Discussion

In this study we evaluated four phenotypic traits among 
125 accessions under WW and DS conditions. In the acces-
sion panel used in this study, significant phenotypic vari-
ation was observed among lines for all seedling drought 
tolerance-related traits in both the WW and DS treatments 
(Table 1 and Supplementary Table S1). This suggests that 
the genotypes used in this study were a good genetic source 
for drought tolerance research. This result agreed with a 
previous study by Liu et al. (2022) who found abundant 
phenotypic variation for wheat yield traits through evalu-
ation of the same panel in six rainfed environments. In this 
study, the CV for all four traits was higher in the DS com-
pared to the WW treatment (Table 1). Similarly, the higher 
variation for phenotypic traits has previously been reported 
under drought stress conditions in wheat and cotton (Hou 
et al. 2018; Grzesiak et al. 2019). In comparison with WW 
plants, drought stress significantly reduced the average of all 
four PH, RL, RDW, and SDW traits. It is well known that 
drought stress at the vegetative stage can negatively impact 
morphological, physiological, and biochemical dynamics in 
plants and reduce phenotypic traits such as shoot length, 
shoot dry weight, root volume, root length, and root dry 
weight (Seleiman et al. 2021).

Correlation analysis showed that all the traits were posi-
tively co-related with each other (Fig. 1E and F). The sig-
nificant highly positive correlations between RDW_SDW, 
PH_SDW, and RL_RDW in both the WW and DS treatments 
indicated the possibility of simultaneous improvement of 
these traits. This finding was in line with a previous report 
on a diverse panel of wheat genotypes that was studied 
in order to improve drought tolerance (Danakumara et al. 
2021). The SDW is an easily measurable trait and its high 
correlation with RDW suggests that it should be valuable in 
providing a general idea about the development of the root 
system at the seedling stage. The strong correlation between 
RDW_SDW might be due to the importance of roots in sup-
plying water and nutrients to the shoots (Zhao et al. 2019).

The LD decay was used to determine the density of 
marker coverage required for GWAS analysis. For faster LD 
decay, a higher density of markers is needed to capture the 
markers close enough to the causal loci (Flint-Garcia et al. 
2003). In this study the LD decay was 2.43 for the whole 
genome, 2.11 for A, 3.39 for B, and 1.51 for D sub-genomes 
(Fig. 4). A similar LD pattern for the whole genome, sub-
genomes A, B, and D has been reported for the same popu-
lation in a previous study (Kurya et al. 2022). A faster LD 
decay in the D genome, comparable to A and B genomes 
was also observed in wheat pre-breeding lines (Ledesma-
Ramírez et al. 2019). In agreement with our result, an aver-
age of ~ 2 Mb was observed for whole genome LD decay in 
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a set of CIMMYT spring bread wheat lines (Sehgal et al. 
2020). However, in contrast, the slowest LD decay in the D 
genome, compared to A and B genomes, has been reported 
in previous studies (Chao et al. 2007; Liu et al. 2017). Con-
trary to the fast LD decay that was witnessed in this study 
for the whole genome, the slower LD decay distances have 
been observed in a set of hexaploid wheat collections from 
Kazakhstan (22 Mb) and Mexican bread wheat landraces 
(23 Mb) (Kokhmetova et al. 2021; Vikram et al. 2021). The 
variation in the LD decay among various GWAS populations 
may be due to different factors including mutation, selection, 
size of the population, recombination frequency, genetic 
drift, admixtures, pollination behaviour and non-random 
mating (Vos et al. 2017). The faster LD decay suggests high 
levels of genetic diversity in the mapping population used in 
this study, which consists of lines selected from a wide range 
of genetic backgrounds. The high diversity of this panel has 
also been observed in previous studies (Kurya et al. 2022; 
Liu et al. 2022).

STI and SSI are two widely employed criteria for evalua-
tion of accessions in plant abiotic stress studies. It has been 
reported that STI has greater efficiency in identifying toler-
ant genotypes, while SSI is more effective for selection of 
sensitive genotypes under drought stress conditions (Ghaf-
fari et al. 2012). Using both indices at the same time for a 
panel can deliver a more accurate assessment of drought 
tolerance (Wu et al. 2022). The genotypes with high STI 
and low SSI values are considered drought tolerant in wheat 
(Ayed et al. 2021). A total of 53 SNP markers were identified 
associated with the four phenotypic traits, 31 of them were 
found using SSI, and 22 were detected using STI, with no 
common SNP between the two indices.

In this study, the − log10 (p) > 4 was used to indicate 
significant marker-trait association because the Bonferroni 
threshold (− log10 (p) > 5.86) was too strict. The complex 
and polygenic nature of the traits, where weaker genetic 
signals may collectively contribute to variation, provides a 
potential explanation (Liu et al. 2022). Additionally, limita-
tions stemming from the size and highly structured nature of 
our population may contribute to detecting weaker signals 
(Wang and Xu 2019). Navigating the trade-off between sen-
sitivity and specificity, we selected a less strict threshold to 
enhance sensitivity while mitigating the risk of false nega-
tives. This choice aligns with practices in comparable studies 
and is further supported by the consideration of biological 
plausibility (Kurya et al. 2022; Liu et al. 2022). Associations 

identified using less stringent thresholds are considered 
preliminary, so we recommend rigorous follow-up analyses 
and validation steps, including assessments in independent 
datasets and functional studies, to ensure a comprehensive 
validation process for the identified candidate markers.

The significant SNPs identified in this investigation 
explained between 10.8% and 25.4% of the phenotypic vari-
ation and are considered major QTLs (Elattar et al. 2021). 
Many of these loci are located towards the telomere ends 
of chromosomes (Fig. 6) that are known to be gene-rich 
regions (See et al. 2006). In support of our findings, the 
genetic dissection of the seedling root system of wheat for 
improved drought tolerance has revealed associated mark-
ers on 558 Mb of chromosome 1A for average root diam-
eter; 10 Mb of 1D for root number and root length; 725 Mb 
of 4A for root length, root volume, average root diameter, 
and lateral root density; 599, 600, and 611 Mb of 6A for 
lateral root number, lateral root size, average diameter, 
seminal root number, and root volume; 710 Mb of 6B for 
root length and root volume; 591, 674, and 675 Mb of 7B 
for shoot dry weight, lateral root density, and root length 
(Danakumara et al. 2021). A QTL meta-analysis to discover 
consensus genomic regions in wheat for root-related traits 
reported seven QTLs on approximately 583 Mb of 1A, two 
on ~ 661 Mb of 1B, three on ~ 19 Mb of 1D, 17 on ~ 627 Mb 
of 2B, seven on ~ 570 Mb of 2D, five on ~ 702 Mb of 4A, 
six on ~ 613 Mb of 6A, four on ~ 673 Mb of 6B, and 18 
on ~ 728 Mb of 7B (Soriano and Alvaro 2019).

In this study, twenty candidate genes were found to be 
related with plant height, including 14 genes related to 
PH_SSI and 6 to PH_STI (Tables 2 and 3). For PH_SSI, S 
phase cyclin A-associated protein in the endoplasmic reticu-
lum (SCAPER) explained the highest variation  (R2 = 20.5) 
followed by Histone-lysine N-methyltransferase ASHH2 
 (R2 = 19.4) (Table 2). SCAPER is an ER-localised protein 
that is involved in the regulation of cell cycle proliferation 
and cell expansion (controls the S-to-M phase) by generat-
ing cyclin A2 in the cytoplasm (Tsang et al. 2007). Histone 
methylation, which is mediated by histone lysine methyl-
transferases, is a mechanism associated with gene expres-
sion regulation and has been reported to be involved in plant 
stress memory under drought, heat, cold, salinity, and dark 
(Zhou et al. 2020). WD repeat-containing protein 1 (WDR1) 
plays an important role in plant development by dynamic 
reorganization of the actin cytoskeleton (Ono 2018). In rice, 
overexpression or RNA interference of WDR1 reduced the 
size of plants (Shi et al. 2013). Plant U-box (PUB) proteins 
are ubiquitin ligases (E3) involved in different functions in 
plant development and stress responses including hormone 
signalling [e.g., abscisic acid (ABA)], cell death, senes-
cence, and plant survival following stress or pathogen attack 
(Vogelmann et al. 2014). The pentatricopeptide repeat (PPR) 
proteins play roles in plant growth and development as well 

Fig. 5  (A) Manhattan and (B) Q-Q plots of the genome-wide asso-
ciation (GWAS) results for stress susceptibility index (SSI, charts 
on left) and stress tolerance index (STI, charts on right) of seedling 
traits. The markers above the significant threshold value of − log10 
(p) > 4 (red dotted line) are shown in red colour. PH, plant height; RL, 
root length; RDW, root dry weight; SDW, shoot dry weight

◂
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as various biotic and abiotic stresses (Xing et al. 2018). In 
Arabidopsis, the mutant for PPR proteins known as Slow 
Growth 1 (slg1) and slo2 affected shoot growth, ABA signal-
ling, and drought stress tolerance (Yuan and Liu 2012; Lv 
et al. 2014). The serine/arginine-rich splicing factors (SRs) 
that generate proteome diversity through the splicing pro-
cess of the precursor RNA, provides a key mechanism in 
regulating gene expression during development and stress 
responses (Duque 2011). Calmodulin-binding transcrip-
tion activator (CAMTA) and zinc finger protein-like pro-
tein (ZNF) as members of TFs are associated with plant 
growth, development, and response to stresses (Han et al. 
2020; Yang et al. 2022). Alpha-1,6-mannosyl-glycoprotein 
2-β-N-acetylglucosaminyltransferase has a critical role in 
protein N-glycosylation and has been reported to be involved 
in plant growth and development under stress conditions 
(Yoo et al. 2021). Under metabolic stress conditions, amino 
acid catabolism which is conducted by 3-hydroxyisobutyrate 
dehydrogenase can be an alternative substrate for produc-
tion of adenosine triphosphate (ATP) by respiration (Schertl 
et al. 2017).

Regarding PH_STI (Table 3), the B3 domain-containing 
protein is a TF responsive to ABA and auxin phytohormones 
that engage in developmental processes such as plant growth 
(Waltner et al. 2005). Polygalacturonase (PG) is a hydrolase 
enzyme that degrades cell wall pectin that plays a role in 
plant organ senescence and abiotic stress responses (Yang 
et al. 2018). Liu et al. (2014) have shown that the over-
expression of the β subunit of PG1 in rice reduced pectin 

content and cell adhesion and increased abiotic stress sensi-
tivity. Peptide deformylase is an important enzyme required 
for the removal of the N-formyl group from newly translated 
proteins and is necessary for N-terminal protein process-
ing (Hou et al. 2007). Receptor-like kinases (RLKs) are 
the largest gene family in plants and play a role in plant 
development and abiotic stress responses to drought, cold, 
and salt (Ye et al. 2017). From different genes on different 
chromosomes, methyltransferase-like (METTL) protein was 
shown to be important for both PH_SSI and PH_STI. The 
methylation of DNA, RNA, and proteins by METTL leads 
to epigenetic and epitranscriptomic regulation of numerous 
biological processes as well as regulation of gene expres-
sion (Wong and Eirin-Lopez 2021). Functional analysis of 
the protein arginine methyltransferase (ZmPRMT1) showed 
it has critical roles in abiotic stress tolerance in Arabidopsis 
(Ling et al. 2022).

For root length, two candidate genes were identified 
for RL_SSI and two for RL_STI (Tables 2 and 3). Acid 
invertase 1 catalyses the hydrolysis of sucrose into fructose 
and glucose which can enhance plant tolerance against abi-
otic stresses such as drought, salt, heat and cold through 
osmotic regulation, regulation of stomatal conductance, and 
maintenance of energy homoeostasis (Ruan et al. 2010). 
Kim et al. (2000) showed that enhanced unloading and vas-
cular accumulation of glucose and fructose due to a stronger 
induction of vacuolar acid invertase activity in primary roots 
compared to young leaves, can be a reason for the higher 
root-to-shoot dry weight ratio under water stress in maize. 

Fig. 6  The distribution of the 
identified candidate genes of 
stress susceptibility index (SSI) 
and stress tolerance index (STI) 
for plant height (PH), root 
length (RL), root dry weight 
(RDW), and shoot dry weight 
(SDW) on 17 wheat chromo-
somes. Numbers indicate the 
physical positions (Mb) of the 
genes on the chromosomes
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PKs catalyse the reversible transfer of the γ-phosphate of 
ATP to phosphorylate serine, threonine, or tyrosine residues 
in protein and modify their activity. PKs by stress sensing 
and signal transduction have a key role in plant responses to 
different stresses such as drought, salt, and cold (Chen et al. 
2021b). The regulation of root growth through the interac-
tion of ABA with various PKs such as SnRK1, SnRK2.2 
and SnRK2.3 have been reported in other studies (Fujii et al. 
2007; Belda-Palazón et al. 2022).

Nine different candidate genes were identified for RDW_
SSI and RDW_STI (Tables 2 and 3). It has been reported that 
a Ras-related small GTP-binding protein (RabE1c) by medi-
ating the interaction with ABA receptors, adjusts stomatal 
movements and drought tolerance (Chen et al. 2021a). Per-
oxins such as PEX14 play an important role in the biogenesis 
of peroxisomes by participating in the import machinery for 
peroxisomal membrane proteins (PMPs) and matrix proteins 
into the organelles (Wang  et al. 2019a). It is evident that 
very long-chain fatty acids (VLCFA) that are catalysed by 
a 3-ketoacyl-CoA synthase 4 (KCS4) are essential for root 
and pollen tube growth (Kim et al. 2021). Sulfate transport-
ers manage the transport of  SO4

−2 as an essential factor for 
drought stress responses in plants. Sulfate is required for the 
synthesis of cysteine, which is essential for ABA synthesis 
(Gallardo et al. 2014). Ubiquitin-small subunit ribosomal 
protein S27Ae and RING/U-box superfamily protein both 
belong to the ubiquitin system. The U-box proteins function 
as E3 ligases that engaged in various biological processes, 
such as plant stress response through protein degradation 
and post-translational modification (Wang et al. 2020b). 
Some disease resistance proteins such as NBS-LRR and 
Pm3-like disease resistance proteins have been identified for 
RDW_SSI and RDW_STI. The interaction between drought 
stress and powdery mildew infection has been reported in 
tomato (Sunarti et al. 2022). The improved drought toler-
ance by increased expression of the CC–NBS–LRR protein 
encoding gene (ADR1) in Arabidopsis suggested possible 
overlap between disease resistance and drought tolerance 
signalling networks (Chini et al. 2004).

For SDW, six different candidate genes were identified 
for SDW_SSI (Table 2) and seven for SDW_STI (Table 3). 
Ribulose-1,5-bisphosphate carboxylase (RuBisCO) and 
phosphoribulokinase (PRK), two key enzymes of the pho-
tosynthetic Calvin cycle, play essential roles in regulation 
of photosynthesis in plants (Kono et al. 2017). The chloro-
plast NAD(P)H dehydrogenase complex is essential for plant 
growth and development during stress periods by facilitating 
cyclic electron transport in the thylakoid membranes (Ma 
et al. 2021a). Cytochrome P450 (CYP88A) plays a key role 
in gibberellin synthesis that is involved in stem elongation 
and other plant development (Helliwell et al. 2001). OBF 
binding protein 1 is a plant TF that plays a role in the regula-
tion of gene expression in response to various environmental 

stressors, such as light, temperature, and drought (Samtani 
et al. 2022). Photosystem I P700 chlorophyll a apoprotein 
A1 is a molecule that is bound to chlorophyll a and plays 
a crucial role in the stability and regulation of the photo-
synthetic light reactions in plants (Eichacker et al. 1996). 
F-box proteins helps the cell to keep its protein homeosta-
sis under stress conditions by targeting specific proteins for 
degradation (Hong et al. 2021). Elongation factors are pro-
teins involved in the process of protein synthesis in cells 
also known as translation (Xu et al. 2022). Vps4 is involved 
in the final stages of MVB formation, a type of endosome 
that contains intraluminal vesicles and is involved in deg-
radation of damaged proteins and lipids, which helps to 
maintain cellular homeostasis and prevent cellular damage 
(Wang et al. 2020a). Auxilin-related protein 1, peptide defor-
mylase, a receptor-like kinase, and polygalacturonase were 
shown to control SDW_STI and were also found to control 
PH_STI (Table 3). The role of Auxilin-related protein 1 in 
plant stress responses is not well understood, but likely to be 
involved in the regulation of clathrin-mediated endocytosis 
and actin dynamics, which are both important for plant stress 
responses (Schwihla and Korbei 2020).

Conclusion

This study has improved our understanding of the genetic 
basis for drought tolerance traits in wheat seedlings, shed-
ding light on key traits such as plant height, root length, and 
root and shoot dry weight. The identification of 53 SNPs 
associated with stress susceptibility and tolerance indices for 
these traits, particularly on chromosomes 2A and 3B, opens 
new avenues for targeted genetic improvement strategies. 
The 44 unique candidate genes unveiled, with their diverse 
roles in plant growth, development, and stress responses, 
present a valuable resource for future investigations and 
breeding programs. The clustering pattern observed, espe-
cially regarding genes associated with SSI of plant height 
and STI of plant height and shoot dry weight, offers spe-
cific genomic regions worthy of further exploration. Look-
ing ahead, our focus will shift towards functional valida-
tion studies and the integration of these candidate genes 
into breeding programs aimed at enhancing wheat drought 
tolerance. This research not only contributes to our funda-
mental knowledge of wheat biology but also holds practical 
implications for crop improvement in the face of increasing 
climate challenges, marking a crucial step towards sustain-
able agriculture.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00438- 024- 02104-x.

https://doi.org/10.1007/s00438-024-02104-x


Molecular Genetics and Genomics          (2024) 299:22  Page 19 of 23    22 

Acknowledgements This research was funded by the Global Innova-
tion Linkages Project (GIL53853) from the Australian Department 
of Industry, Science, Energy and Resources, and The University of 
Western Australia.

Author contributions SN: Conceptualization, Methodology, Data 
curation, Formal analysis, Writing—original draft. MSM: Conceptu-
alization, Methodology, Resources, Supervision, Writing—review & 
editing. HL: Conceptualization, Funding acquisition, Methodology, 
Resources, Supervision, Writing—review & editing. NCT: Concep-
tualization, Methodology, Supervision, Writing—review & editing. 
GY: Conceptualization, Funding acquisition, Methodology, Resources, 
Supervision, Writing—review & editing.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions.

Data availability The phenotypic data supporting the findings of this 
study are available in Supplementary Table S1. The 90K SNP array 
genotypic data can be obtained upon request from the corresponding 
authors.

Declarations 

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmad A, Aslam Z, Javed T, Hussain S, Raza A, Shabbir R et al (2022) 
Screening of wheat (Triticum aestivum L.) genotypes for drought 
tolerance through agronomic and physiological response. Agron-
omy 12:287. https:// doi. org/ 10. 3390/ agron omy12 020287

Ahmed HGM-D, Sajjad M, Li M, Azmat MA, Rizwan M, Maqsood RH 
et al (2019) Selection criteria for drought-tolerant bread wheat 
genotypes at seedling stage. Sustainability 11:2584. https:// doi. 
org/ 10. 3390/ su110 92584

Ahmed HGM-D, Zeng Y, Shah AN, Yar MM, Ullah A, Ali M (2022) 
Conferring of drought tolerance in wheat (Triticum aestivum L.) 
genotypes using seedling indices. Front Plant Sci 13:961049. 
https:// doi. org/ 10. 3389/ fpls. 2022. 961049

Alexander L, Kirigwi F, Fritz A, Fellers J (2012) Mapping and quan-
titative trait loci analysis of drought tolerance in a spring wheat 
population using amplified fragment length polymorphism and 
diversity array technology markers. Crop Sci 52:253–261. https:// 
doi. org/ 10. 2135/ crops ci2011. 05. 0267

Alqudah AM, Sallam A, Baenziger PS, Börner A (2020) GWAS: fast-
forwarding gene identification and characterization in temperate 

cereals: lessons from barley—a review. J Adv Res 22:119–135. 
https:// doi. org/ 10. 1016/j. jare. 2019. 10. 013

Ayalew H, Ma X, Yan G (2015) Screening wheat (Triticum spp.) geno-
types for root length under contrasting water regimes: Potential 
sources of variability for drought resistance breeding. J Agro 
Crop Sci 201:189–194. https:// doi. org/ 10. 1111/ jac. 12116

Ayed S, Othmani A, Bouhaouel I, Teixeira da Silva JA (2021) Multi-
environment screening of durum wheat genotypes for drought 
tolerance in changing climatic events. Agronomy 11:875. https:// 
doi. org/ 10. 3390/ agron omy11 050875

Bac-Molenaar JA, Granier C, Keurentjes JJ, Vreugdenhil D (2016) 
Genome-wide association mapping of time-dependent growth 
responses to moderate drought stress in Arabidopsis. Plant Cell 
Environ 39:88–102. https:// doi. org/ 10. 1111/ pce. 12595

Belda-Palazón B, Costa M, Beeckman T, Rolland F, Baena-González 
E (2022) ABA represses TOR and root meristem activity through 
nuclear exit of the SnRK1 kinase. Proc Natl Acad Sci USA 
119:e2204862119. https:// doi. org/ 10. 1073/ pnas. 22048 62119

Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buck-
ler ES (2007) TASSEL: software for association mapping of 
complex traits in diverse samples. Bioinformatics 23:2633–2635. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btm308

Camaille M, Fabre N, Clément C, Ait Barka E (2021) Advances in 
wheat physiology in response to drought and the role of plant 
growth promoting rhizobacteria to trigger drought tolerance. 
Microorganisms 9:687. https:// doi. org/ 10. 3390/ micro organ isms9 
040687

Chao S, Zhang W, Dubcovsky J, Sorrells M (2007) Evaluation of 
genetic diversity and genome-wide linkage disequilibrium among 
U.S. wheat (Triticum aestivum L.) germplasm representing dif-
ferent market classes. Crop Sci 47:1018–1030. https:// doi. org/ 
10. 2135/ crops ci2006. 06. 0434

Chen D, He L, Lin M, Jing Y, Liang C, Liu H et al (2021a) A ras-
related small GTP-binding protein, RabE1c, regulates stomatal 
movements and drought stress responses by mediating the inter-
action with ABA receptors. Plant Sci 306:110858. https:// doi. 
org/ 10. 1016/j. plant sci. 2021. 110858

Chen X, Ding Y, Yang Y, Song C, Wang B, Yang S et al (2021b) Pro-
tein kinases in plant responses to drought, salt, and cold stress. 
J Integr Plant Biol 63:53–78. https:// doi. org/ 10. 1111/ jipb. 13061

Chen Z, Boehnke M, Wen X, Mukherjee B (2021c) Revisiting the 
genome-wide significance threshold for common variant GWAS. 
G Genes Genom Genet 11:056. https:// doi. org/ 10. 1093/ g3jou 
rnal/ jkaa0 56

Chini A, Grant JJ, Seki M, Shinozaki K, Loake GJ (2004) Drought 
tolerance established by enhanced expression of the CC–NBS–
LRR gene, ADR1, requires salicylic acid, EDS1 and ABI1. 
Plant J 38:810–822. https:// doi. org/ 10. 1111/j. 1365- 313X. 
2004. 02086.x

Cruz de Carvalho MH (2008) Drought stress and reactive oxygen spe-
cies. Plant Signal Behav 3:156–165. https:// doi. org/ 10. 4161/ 
psb.3. 3. 5536

Danakumara T, Kumari J, Singh AK, Sinha SK, Pradhan AK, Sharma 
S et al (2021) Genetic dissection of seedling root system architec-
tural traits in a diverse panel of hexaploid wheat through multi-
locus genome-wide association mapping for improving drought 
tolerance. Int J Mol Sci 22:7188. https:// doi. org/ 10. 3390/ ijms2 
21371 88

Dash PK, Cao Y, Jailani AK, Gupta P, Venglat P, Xiang D et al (2014) 
Genome-wide analysis of drought induced gene expression 
changes in flax (Linum usitatissimum). GM Crops Food 5:106–
119. https:// doi. org/ 10. 4161/ gmcr. 29742

Dodig D, ZoriĆ M, JoviĆ M, KandiĆ V, StanisavljeviĆ R, Šurlan-
MomiroviĆ G (2015) Wheat seedlings growth response to water 
deficiency and how it correlates with adult plant tolerance to 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy12020287
https://doi.org/10.3390/su11092584
https://doi.org/10.3390/su11092584
https://doi.org/10.3389/fpls.2022.961049
https://doi.org/10.2135/cropsci2011.05.0267
https://doi.org/10.2135/cropsci2011.05.0267
https://doi.org/10.1016/j.jare.2019.10.013
https://doi.org/10.1111/jac.12116
https://doi.org/10.3390/agronomy11050875
https://doi.org/10.3390/agronomy11050875
https://doi.org/10.1111/pce.12595
https://doi.org/10.1073/pnas.2204862119
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.3390/microorganisms9040687
https://doi.org/10.3390/microorganisms9040687
https://doi.org/10.2135/cropsci2006.06.0434
https://doi.org/10.2135/cropsci2006.06.0434
https://doi.org/10.1016/j.plantsci.2021.110858
https://doi.org/10.1016/j.plantsci.2021.110858
https://doi.org/10.1111/jipb.13061
https://doi.org/10.1093/g3journal/jkaa056
https://doi.org/10.1093/g3journal/jkaa056
https://doi.org/10.1111/j.1365-313X.2004.02086.x
https://doi.org/10.1111/j.1365-313X.2004.02086.x
https://doi.org/10.4161/psb.3.3.5536
https://doi.org/10.4161/psb.3.3.5536
https://doi.org/10.3390/ijms22137188
https://doi.org/10.3390/ijms22137188
https://doi.org/10.4161/gmcr.29742


 Molecular Genetics and Genomics          (2024) 299:22    22  Page 20 of 23

drought. J Agric Sci 153:466–480. https:// doi. org/ 10. 1017/ s0021 
85961 40002 9x

Duque P (2011) A role for SR proteins in plant stress responses. Plant 
Signal Behav 6:49–54. https:// doi. org/ 10. 4161/ psb.6. 1. 14063

Earl DA, vonHoldt BM (2012) STRU CTU RE HARVESTER: a website 
and program for visualizing STRU CTU RE output and imple-
menting the Evanno method. Conserv Genet Resour 4:359–361. 
https:// doi. org/ 10. 1007/ s12686- 011- 9548-7

Eichacker LA, Helfrich M, Rüdiger W, Müller B (1996) Stabiliza-
tion of chlorophyll a-binding apoproteins P700, CP47, CP43, 
D2, and D1 by chlorophyll a or Zn-pheophytin a. J Biol Chem 
271:32174–32179. https:// doi. org/ 10. 1074/ jbc. 271. 50. 32174

Elattar MA, Karikari B, Li S, Song S, Cao Y, Aslam M et al (2021) 
Identification and validation of major QTLs, epistatic interac-
tions, and candidate genes for soybean seed shape and weight 
using two related RIL populations. Front Genet 12:666440. 
https:// doi. org/ 10. 3389/ fgene. 2021. 666440

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clus-
ters of individuals using the software structure: a simulation 
study. Mol Ecol 14:2611–2620. https:// doi. org/ 10. 1111/j. 1365- 
294X. 2005. 02553.x

Falush D, Stephens M, Pritchard JK (2003) Inference of population 
structure using multilocus genotype data: linked loci and cor-
related allele frequencies. Genetics 164:1567–1587. https:// doi. 
org/ 10. 1093/ genet ics/ 164.4. 1567

Farooq M, Hussain M, Siddique KHM (2014) Drought stress in wheat 
during flowering and grain-filling periods. Crit Rev Plant Sci 
33:331–349. https:// doi. org/ 10. 1080/ 07352 689. 2014. 875291

Fischer RA, Maurer R (1978) Drought resistance in spring wheat cul-
tivars. I. Grain yield responses. Aust J Agric Res 29:897–912. 
https:// doi. org/ 10. 1071/ AR978 0897

Fischer RA, Turner NC (1978) Plant productivity in the arid and semi-
arid zones. Annu Rev Plant Physiol 29:277–317. https:// doi. org/ 
10. 1146/ annur ev. pp. 29. 060178. 001425

Flint-Garcia SA, Thornsberry JM, Buckler ESt (2003) Structure of 
linkage disequilibrium in plants. Annu Rev Plant Biol 54:357–
374. https:// doi. org/ 10. 1146/ annur ev. arpla nt. 54. 031902. 134907

Fujii H, Verslues PE, Zhu JK (2007) Identification of two protein 
kinases required for abscisic acid regulation of seed germina-
tion, root growth, and gene expression in Arabidopsis. Plant Cell 
19:485–494. https:// doi. org/ 10. 1105/ tpc. 106. 048538

Gallardo K, Courty P-E, Le Signor C, Wipf D, Vernoud V (2014) Sul-
fate transporters in the plant’s response to drought and salinity: 
regulation and possible functions. Front Plant Sci 5:580. https:// 
doi. org/ 10. 3389/ fpls. 2014. 00580

Ghaffari M, Toorchi M, Valizadeh M, Shakiba MR (2012) Morpho-
physiological screening of sunflower inbred lines under drought 
stress condition. Turk J Field Crops 17:185–190

Grote U, Fasse A, Nguyen TT, Erenstein O (2021) Food security and 
the dynamics of wheat and maize value chains in Africa and 
Asia. Front Sustain Food Syst 4:617009. https:// doi. org/ 10. 3389/ 
fsufs. 2020. 617009

Grzesiak MT, Marcińska I, Janowiak F, Rzepka A, Hura T (2012) 
The relationship between seedling growth and grain yield under 
drought conditions in maize and triticale genotypes. Acta Physiol 
Plant 34:1757–1764. https:// doi. org/ 10. 1007/ s11738- 012- 0973-3

Grzesiak S, Hordyńska N, Szczyrek P, Grzesiak MT, Noga A, 
Szechyńska-Hebda M (2019) Variation among wheat (Triticum 
easativum L.) genotypes in response to the drought stress: I—
selection approaches. J Plant Interact 14:30–44. https:// doi. org/ 
10. 1080/ 17429 145. 2018. 15508 17

Han G, Lu C, Guo J, Qiao Z, Sui N, Qiu N et al (2020) C2H2 zinc 
finger proteins: master regulators of abiotic stress responses in 
plants. Front Plant Sci 11:115. https:// doi. org/ 10. 3389/ fpls. 2020. 
00115

Hao Z, Lv D, Ge Y, Shi J, Weijers D, Yu G et al (2020) RIdeogram: 
drawing SVG graphics to visualize and map genome-wide data 
on the idiograms. PeerJ Comput Sci 6:e251. https:// doi. org/ 10. 
7717/ peerj- cs. 251

Hatfield JL, Dold C (2018) Agroclimatology and wheat production: 
coping with climate change. Front Plant Sci 9:224. https:// doi. 
org/ 10. 3389/ fpls. 2018. 00224

Helliwell CA, Chandler PM, Poole A, Dennis ES, Peacock WJ (2001) 
The CYP88A cytochrome P450, ent-kaurenoic acid oxidase, 
catalyzes three steps of the gibberellin biosynthesis pathway. 
Proc Natl Acad Sci USA 98:2065–2070. https:// doi. org/ 10. 1073/ 
pnas. 98.4. 2065

Hong MJ, Kim JB, Seo YW, Kim DY (2021) Regulation of glyco-
sylphosphatidylinositol-anchored protein (GPI-AP) expression 
by F-Box/LRR-Repeat (FBXL) protein in wheat (Triticum aesti-
vum L.). Plants 10:1606. https:// doi. org/ 10. 3390/ plant s1008 1606

Hou CX, Dirk LM, Pattanaik S, Das NC, Maiti IB, Houtz RL et al 
(2007) Plant peptide deformylase: a novel selectable marker 
and herbicide target based on essential cotranslational chloro-
plast protein processing. Plant Biotechnol J 5:275–281. https:// 
doi. org/ 10. 1111/j. 1467- 7652. 2007. 00238.x

Hou S, Zhu G, Li Y, Li W, Fu J, Niu E et al (2018) Genome-wide 
association studies reveal genetic variation and candidate genes 
of drought stress related traits in cotton (Gossypium hirsutum 
L.). Front Plant Sci 9:1276. https:// doi. org/ 10. 3389/ fpls. 2018. 
01276

Hussain M, Malik MA, Farooq M, Ashraf MY, Cheema MA (2008) 
Improving drought tolerance by exogenous application of gly-
cinebetaine and salicylic acid in sunflower. J Agron Crop Sci 
194:193–199. https:// doi. org/ 10. 1111/j. 1439- 037X. 2008. 00305.x

Jaggard KW, Qi A, Ober ES (2010) Possible changes to arable crop 
yields by 2050. Philos Trans R Soc Lond B Biol Sci 365:2835–
2851. https:// doi. org/ 10. 1098/ rstb. 2010. 0153

Khan A, Sovero V, Gemenet D (2016) Genome-assisted breeding for 
drought resistance. Curr Genomics 17:330–342. https:// doi. org/ 
10. 2174/ 13892 02917 99916 02111 01417

Khan S, Anwar S, Yu S, Sun M, Yang Z, Gao ZQ (2019) Development 
of drought-tolerant transgenic wheat: achievements and limita-
tions. Int J Mol Sci 20:3350. https:// doi. org/ 10. 3390/ ijms2 01333 
50

Khanzada H, Wassan GM, He H, Mason AS, Keerio AA, Khanzada S 
et al (2020) Differentially evolved drought stress indices deter-
mine the genetic variation of Brassica napus at seedling traits 
by genome-wide association mapping. J Adv Res 24:447–461. 
https:// doi. org/ 10. 1016/j. jare. 2020. 05. 019

Kim J, Lee SB, Suh MC (2021) Arabidopsis 3-Ketoacyl-CoA Syn-
thase 4 is essential for root and pollen tube growth. J Plant Biol 
64:155–165. https:// doi. org/ 10. 1007/ s12374- 020- 09288-w

Kim JY, Mahé A, Brangeon J, Prioul JL (2000) A maize vacuolar 
invertase, IVR2, is induced by water stress. Organ/tissue specific-
ity and diurnal modulation of expression. Plant Physiol 124:71–
84. https:// doi. org/ 10. 1104/ pp. 124.1. 71

Kirigwi F, van Ginkel M, Brown-Guedira G, Gill B, Paulsen G, Fritz 
AK (2007) Markers associated with a QTL for grain yield in 
wheat under drought. Mol Breed 20:401–413. https:// doi. org/ 
10. 1007/ s11032- 007- 9100-3

Kokhmetova A, Sehgal D, Ali S, Atishova M, Kumarbayeva M, 
Leonova I et al (2021) Genome-wide association study of tan 
spot resistance in a hexaploid wheat collection from Kazakh-
stan. Front Genet 11:581214. https:// doi. org/ 10. 3389/ fgene. 2020. 
581214

Kono T, Mehrotra S, Endo C, Kizu N, Matusda M, Kimura H et al 
(2017) A RuBisCO-mediated carbon metabolic pathway in 
methanogenic archaea. Nat Commun 8:14007. https:// doi. org/ 
10. 1038/ ncomm s14007

https://doi.org/10.1017/s002185961400029x
https://doi.org/10.1017/s002185961400029x
https://doi.org/10.4161/psb.6.1.14063
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1074/jbc.271.50.32174
https://doi.org/10.3389/fgene.2021.666440
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1080/07352689.2014.875291
https://doi.org/10.1071/AR9780897
https://doi.org/10.1146/annurev.pp.29.060178.001425
https://doi.org/10.1146/annurev.pp.29.060178.001425
https://doi.org/10.1146/annurev.arplant.54.031902.134907
https://doi.org/10.1105/tpc.106.048538
https://doi.org/10.3389/fpls.2014.00580
https://doi.org/10.3389/fpls.2014.00580
https://doi.org/10.3389/fsufs.2020.617009
https://doi.org/10.3389/fsufs.2020.617009
https://doi.org/10.1007/s11738-012-0973-3
https://doi.org/10.1080/17429145.2018.1550817
https://doi.org/10.1080/17429145.2018.1550817
https://doi.org/10.3389/fpls.2020.00115
https://doi.org/10.3389/fpls.2020.00115
https://doi.org/10.7717/peerj-cs.251
https://doi.org/10.7717/peerj-cs.251
https://doi.org/10.3389/fpls.2018.00224
https://doi.org/10.3389/fpls.2018.00224
https://doi.org/10.1073/pnas.98.4.2065
https://doi.org/10.1073/pnas.98.4.2065
https://doi.org/10.3390/plants10081606
https://doi.org/10.1111/j.1467-7652.2007.00238.x
https://doi.org/10.1111/j.1467-7652.2007.00238.x
https://doi.org/10.3389/fpls.2018.01276
https://doi.org/10.3389/fpls.2018.01276
https://doi.org/10.1111/j.1439-037X.2008.00305.x
https://doi.org/10.1098/rstb.2010.0153
https://doi.org/10.2174/1389202917999160211101417
https://doi.org/10.2174/1389202917999160211101417
https://doi.org/10.3390/ijms20133350
https://doi.org/10.3390/ijms20133350
https://doi.org/10.1016/j.jare.2020.05.019
https://doi.org/10.1007/s12374-020-09288-w
https://doi.org/10.1104/pp.124.1.71
https://doi.org/10.1007/s11032-007-9100-3
https://doi.org/10.1007/s11032-007-9100-3
https://doi.org/10.3389/fgene.2020.581214
https://doi.org/10.3389/fgene.2020.581214
https://doi.org/10.1038/ncomms14007
https://doi.org/10.1038/ncomms14007


Molecular Genetics and Genomics          (2024) 299:22  Page 21 of 23    22 

Korte A, Farlow A (2013) The advantages and limitations of trait 
analysis with GWAS: a review. Plant Methods 9:29. https:// doi. 
org/ 10. 1186/ 1746- 4811-9- 29

Kurya B, Mia MS, Liu H, Yan G (2022) Genomic regions, molecular 
markers, and flanking genes of Metribuzin tolerance in wheat 
(Triticum aestivum L.). Front Plant Sci 13:842191. https:// doi. 
org/ 10. 3389/ fpls. 2022. 842191

Lata C, Muthamilarasan M, Prasad M (2015) Drought stress responses 
and signal transduction in plants. In: Pandey GK (ed) Elucida-
tion of abiotic stress signaling in plants. Springer, New York, 
pp 195–225

Ledesma-Ramírez L, Solís-Moya E, Iturriaga G, Sehgal D, Reyes-
Valdes MH, Montero-Tavera V et al (2019) GWAS to identify 
genetic loci for resistance to yellow rust in wheat pre-breed-
ing lines derived from diverse exotic crosses. Front Plant Sci 
10:1390. https:// doi. org/ 10. 3389/ fpls. 2019. 01390

Letunic I, Bork P (2021) Interactive Tree Of Life (iTOL) v5: an online 
tool for phylogenetic tree display and annotation. Nucleic Acids 
Res 49:W293–W296. https:// doi. org/ 10. 1093/ nar/ gkab3 01

Ling Q, Liao J, Liu X, Zhou Y, Qian Y (2022) Genome-wide iden-
tification of maize protein arginine methyltransferase genes 
and functional analysis of ZmPRMT1 reveal essential roles in 
Arabidopsis flowering regulation and abiotic stress tolerance. 
Int J Mol Sci 23:12793. https:// doi. org/ 10. 3390/ ijms2 32112 793

Liu H, Ma Y, Chen N, Guo S, Liu H, Guo X et al (2014) Overexpres-
sion of stress-inducible OsBURP16, the β subunit of polyga-
lacturonase 1, decreases pectin content and cell adhesion and 
increases abiotic stress sensitivity in rice. Plant Cell Environ 
37:1144–1158. https:// doi. org/ 10. 1111/ pce. 12223

Liu H, Mullan D, Zhao S, Zhang Y, Ye J, Wang Y et al (2022) 
Genomic regions controlling yield-related traits in spring 
wheat: a mini review and a case study for rainfed environments 
in Australia and China. Genomics 114:110268. https:// doi. org/ 
10. 1016/j. ygeno. 2022. 110268

Liu J, He Z, Rasheed A, Wen W, Yan J, Zhang P et  al (2017) 
Genome-wide association mapping of black point reaction 
in common wheat (Triticum aestivum L.). BMC Plant Biol 
17:220. https:// doi. org/ 10. 1186/ s12870- 017- 1167-3

Lv H-X, Huang C, Guo G-Q, Yang Z-N (2014) Roles of the nuclear-
encoded chloroplast SMR domain-containing PPR protein 
SVR7 in photosynthesis and oxidative stress tolerance in 
Arabidopsis. J Plant Biol 57:291–301. https:// doi. org/ 10. 1007/ 
s12374- 014- 0041-1

Ma M, Liu Y, Bai C, Yong JWH (2021a) The significance of chlo-
roplast NAD(P)H dehydrogenase complex and its dependent 
cyclic electron transport in photosynthesis. Front Plant Sci 
12:661863. https:// doi. org/ 10. 3389/ fpls. 2021. 661863

Ma S, Wang M, Wu J, Guo W, Chen Y, Li G et al (2021b) WheatOm-
ics: a platform combining multiple omics data to accelerate 
functional genomics studies in wheat. Mol Plant 14:1965–
1968. https:// doi. org/ 10. 1016/j. molp. 2021. 10. 006

Ma X, Feng F, Wei H, Mei H, Xu K, Chen S et al (2016) Genome-
wide association study for plant height and grain yield in rice 
under contrasting moisture regimes. Front Plant Sci 7:1801. 
https:// doi. org/ 10. 3389/ fpls. 2016. 01801

Ono S (2018) Functions of actin-interacting protein 1 (AIP1)/
WD repeat protein 1 (WDR1) in actin filament dynamics 
and cytoskeletal regulation. Biochem Biophys Res Commun 
506:315–322. https:// doi. org/ 10. 1016/j. bbrc. 2017. 10. 096

Peng Y, Niu J, Peng Z, Zhang F, Li C (2010) Shoot growth poten-
tial drives N uptake in maize plants and correlates with root 
growth in the soil. Field Crops Res 115:85–93. https:// doi. org/ 
10. 1016/j. fcr. 2009. 10. 006

Pu Z-e, Ye X-l, Li Y, Shi B-x, Guo Z, Dai S-f et al (2022) Iden-
tification and validation of novel loci associated with wheat 

quality through a genome-wide association study. J Integr 
Agric 21:3131–3147. https:// doi. org/ 10. 1016/j. jia. 2022. 08. 085

Qaseem MF, Qureshi R, Shaheen H, Shafqat N (2019) Genome-
wide association analyses for yield and yield-related traits in 
bread wheat (Triticum aestivum L.) under pre-anthesis com-
bined heat and drought stress in field conditions. PLoS ONE 
14:e0213407. https:// doi. org/ 10. 1371/ journ al. pone. 02134 07

R Core Team (2020) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. https:// www.R- proje ct. org/

Rabbi SMHA, Kumar A, Mohajeri Naraghi S, Simsek S, Sapkota S, 
Solanki S et al (2021) Genome-wide association mapping for 
yield and related traits under drought stressed and non-stressed 
environments in wheat. Front Genet 12:649988. https:// doi. org/ 
10. 3389/ fgene. 2021. 649988

Rauf S (2008) Breeding sunflower (Helianthus annuus L.) for 
drought tolerance. Commun Biometry Crop Sci 3:29–44

Revelle W (2023) psych: Procedures for psychological, psychomet-
ric, and personality research. Northwestern University, Evan-
ston, Illinois. R package version 2.3.3. https:// CRAN.R- proje 
ct. org/ packa ge= psych.

Ruan YL, Jin Y, Yang YJ, Li GJ, Boyer JS (2010) Sugar input, metabo-
lism, and signaling mediated by invertase: roles in development, 
yield potential, and response to drought and heat. Mol Plant 
3:942–955. https:// doi. org/ 10. 1093/ mp/ ssq044

Sallam A, Alqudah AM, Dawood MFA, Baenziger PS, Börner A 
(2019) Drought stress tolerance in wheat and barley: advances 
in physiology, breeding and genetics research. Int J Mol Sci 
20:3137. https:// doi. org/ 10. 3390/ ijms2 01331 37

Sallam A, Mourad AMI, Hussain W, Baenziger PS (2018) Genetic 
variation in drought tolerance at seedling stage and grain yield 
in low rainfall environments in wheat (Triticum aestivum L.). 
Euphytica 214:169. https:// doi. org/ 10. 1007/ s10681- 018- 2245-9

Samtani H, Sharma A, Khurana P (2022) Wheat ocs-element binding 
factor 1 enhances thermotolerance by modulating the heat stress 
response pathway. Front Plant Sci 13:914363. https:// doi. org/ 10. 
3389/ fpls. 2022. 914363

Schertl P, Danne L, Braun HP (2017) 3-Hydroxyisobutyrate dehydro-
genase is involved in both valine and isoleucine degradation in 
Arabidopsis thaliana. Plant Physiol 175:51–61. https:// doi. org/ 
10. 1104/ pp. 17. 00649

Schwihla M, Korbei B (2020) The beginning of the end: initial steps 
in the degradation of plasma membrane proteins. Front Plant Sci 
11:680. https:// doi. org/ 10. 3389/ fpls. 2020. 00680

See DR, Brooks S, Nelson JC, Brown-Guedira G, Friebe B, Gill BS 
(2006) Gene evolution at the ends of wheat chromosomes. Proc 
Natl Acad Sci USA 103:4162–4167. https:// doi. org/ 10. 1073/ 
pnas. 05089 42102

Seethepalli A, Dhakal K, Griffiths M, Guo H, Freschet GT, York LM 
(2021) RhizoVision explorer: open-source software for root 
image analysis and measurement standardization. AoB PLANTS 
13:plab056. https:// doi. org/ 10. 1093/ aobpla/ plab0 56

Seethepalli A, York LM (2020) RhizoVision Explorer - Interactive 
software for generalized root image analysis designed for eve-
ryone (Version 2.0.2). Zenodo https:// doi. org/ 10. 5281/ zenodo. 
40956 29

Sehgal D, Mondal S, Crespo-Herrera L, Velu G, Juliana P, Huerta-
Espino J et al (2020) Haplotype-based, genome-wide association 
study reveals stable genomic regions for grain yield in CIMMYT 
spring bread wheat. Front Genet 11:589490. https:// doi. org/ 10. 
3389/ fgene. 2020. 589490

Seleiman MF, Al-Suhaibani N, Ali N, Akmal M, Alotaibi M, Refay 
Y et al (2021) Drought stress impacts on plants and different 
approaches to alleviate its adverse effects. Plants 10:259. https:// 
doi. org/ 10. 3390/ plant s1002 0259

https://doi.org/10.1186/1746-4811-9-29
https://doi.org/10.1186/1746-4811-9-29
https://doi.org/10.3389/fpls.2022.842191
https://doi.org/10.3389/fpls.2022.842191
https://doi.org/10.3389/fpls.2019.01390
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.3390/ijms232112793
https://doi.org/10.1111/pce.12223
https://doi.org/10.1016/j.ygeno.2022.110268
https://doi.org/10.1016/j.ygeno.2022.110268
https://doi.org/10.1186/s12870-017-1167-3
https://doi.org/10.1007/s12374-014-0041-1
https://doi.org/10.1007/s12374-014-0041-1
https://doi.org/10.3389/fpls.2021.661863
https://doi.org/10.1016/j.molp.2021.10.006
https://doi.org/10.3389/fpls.2016.01801
https://doi.org/10.1016/j.bbrc.2017.10.096
https://doi.org/10.1016/j.fcr.2009.10.006
https://doi.org/10.1016/j.fcr.2009.10.006
https://doi.org/10.1016/j.jia.2022.08.085
https://doi.org/10.1371/journal.pone.0213407
https://www.R-project.org/
https://doi.org/10.3389/fgene.2021.649988
https://doi.org/10.3389/fgene.2021.649988
https://CRAN.R-project.org/package=psych
https://CRAN.R-project.org/package=psych
https://doi.org/10.1093/mp/ssq044
https://doi.org/10.3390/ijms20133137
https://doi.org/10.1007/s10681-018-2245-9
https://doi.org/10.3389/fpls.2022.914363
https://doi.org/10.3389/fpls.2022.914363
https://doi.org/10.1104/pp.17.00649
https://doi.org/10.1104/pp.17.00649
https://doi.org/10.3389/fpls.2020.00680
https://doi.org/10.1073/pnas.0508942102
https://doi.org/10.1073/pnas.0508942102
https://doi.org/10.1093/aobpla/plab056
https://doi.org/10.5281/zenodo.4095629
https://doi.org/10.5281/zenodo.4095629
https://doi.org/10.3389/fgene.2020.589490
https://doi.org/10.3389/fgene.2020.589490
https://doi.org/10.3390/plants10020259
https://doi.org/10.3390/plants10020259


 Molecular Genetics and Genomics          (2024) 299:22    22  Page 22 of 23

Shi M, Xie Y, Zheng Y, Wang J, Su Y, Yang Q et al (2013) Oryza 
sativa actin-interacting protein 1 is required for rice growth by 
promoting actin turnover. Plant J 73:747–760. https:// doi. org/ 
10. 1111/ tpj. 12065

Shokat S, Sehgal D, Vikram P, Liu F, Singh S (2020) Molecular mark-
ers associated with agro-physiological traits under terminal 
drought conditions in bread wheat. Int J Mol Sci 21:3156. https:// 
doi. org/ 10. 3390/ ijms2 10931 56

Soriano JM, Alvaro F (2019) Discovering consensus genomic regions 
in wheat for root-related traits by QTL meta-analysis. Sci Rep 
9:10537. https:// doi. org/ 10. 1038/ s41598- 019- 47038-2

Sunarti S, Kissoudis C, Van Der Hoek Y, Van Der Schoot H, Vis-
ser RGF, Van Der Linden CG et al (2022) Drought stress inter-
acts with powdery mildew infection in tomato. Front Plant Sci 
13:845379. https:// doi. org/ 10. 3389/ fpls. 2022. 845379

Tahmasebi S, Heidari B, Pakniyat H, McIntyre CL (2017) Mapping 
QTLs associated with agronomic and physiological traits under 
terminal drought and heat stress conditions in wheat (Triti-
cum aestivum L.). Genome 60:26–45. https:// doi. org/ 10. 1139/ 
gen- 2016- 0017

The International Wheat Genome Sequencing C, Appels R, Eversole 
K, Stein N, Feuillet C, Keller B et al (2018) Shifting the limits 
in wheat research and breeding using a fully annotated refer-
ence genome. Science 361:eaar7191. https:// doi. org/ 10. 1126/ 
scien ce. aar71 91

Tilman D, Balzer C, Hill J, Befort BL (2011) Global food demand 
and the sustainable intensification of agriculture. Proc Natl 
Acad Sci U S A 108:20260–20264. https:// doi. org/ 10. 1073/ 
pnas. 11164 37108

Tsang WY, Wang L, Chen Z, Sánchez I, Dynlacht BD (2007) 
SCAPER, a novel cyclin A-interacting protein that regulates 
cell cycle progression. J Cell Biol 178:621–633. https:// doi. 
org/ 10. 1083/ jcb. 20070 1166

Turner NC (2019) Imposing and maintaining soil water deficits in 
drought studies in pots. Plant Soil 439:45–55. https:// doi. org/ 
10. 1007/ s11104- 018- 3893-1

VanLiere JM, Rosenberg NA (2008) Mathematical properties of 
the r2 measure of linkage disequilibrium. Theor Popul Biol 
74:130–137. https:// doi. org/ 10. 1016/j. tpb. 2008. 05. 006

Vikram P, Sehgal D, Sharma A, Bhavani S, Gupta P, Randhawa 
M et al (2021) Genome-wide association analysis of Mexican 
bread wheat landraces for resistance to yellow and stem rust. 
PLoS ONE 16:e0246015. https:// doi. org/ 10. 1371/ journ al. pone. 
02460 15

Vogelmann K, Subert C, Danzberger N, Drechsel G, Bergler J, 
Burmester T et al (2014) Plasma membrane-association of 
SAUL1-type plant U-box armadillo repeat proteins is con-
served in land plants. Front Plant Sci 5:37. https:// doi. org/ 10. 
3389/ fpls. 2014. 00037

Vos PG, Paulo MJ, Voorrips RE, Visser RGF, van Eck HJ, van 
Eeuwijk FA (2017) Evaluation of LD decay and various LD-
decay estimators in simulated and SNP-array data of tetraploid 
potato. Theor Appl Genet 130:123–135. https:// doi. org/ 10. 
1007/ s00122- 016- 2798-8

Waltner JK, Peterson FC, Lytle BL, Volkman BF (2005) Structure of 
the B3 domain from Arabidopsis thaliana protein At1g16640. 
Protein Sci 14:2478–2483. https:// doi. org/ 10. 1110/ ps. 05160 
6305

Wang M, Xu S (2019) Statistical power in genome-wide associa-
tion studies and quantitative trait locus mapping. Heredity 
123:287–306. https:// doi. org/ 10. 1038/ s41437- 019- 0205-3

Wang S, Wong D, Forrest K, Allen A, Chao S, Huang BE et al (2014) 
Characterization of polyploid wheat genomic diversity using 
a high-density 90,000 single nucleotide polymorphism array. 
Plant Biotechnol J 12:787–796. https:// doi. org/ 10. 1111/ pbi. 
12183

Wang JY, Li L, Chai RY, Qiu HP, Zhang Z, Wang YL et al (2019a) 
Pex13 and Pex14, the key components of the peroxisomal 
docking complex, are required for peroxisome formation, host 
infection and pathogenicity-related morphogenesis in Magna-
porthe oryzae. Virulence 10:292–314. https:// doi. org/ 10. 1080/ 
21505 594. 2019. 15981 72

Wang X, Liu H, Liu G, Mia MS, Siddique KHM, Yan G (2019b) 
Phenotypic and genotypic characterization of near-isogenic 
lines targeting a major 4BL QTL responsible for pre-harvest 
sprouting in wheat. BMC Plant Biol 19:348. https:// doi. org/ 10. 
1186/ s12870- 019- 1961-1

Wang M, Li X, Luo S, Fan B, Zhu C, Chen Z (2020a) Coordination 
and crosstalk between autophagosome and multivesicular body 
pathways in plant stress responses. Cells 9:119. https:// doi. org/ 
10. 3390/ cells 90101 19

Wang N, Liu Y, Cai Y, Tang J, Li Y, Gai J (2020b) The soybean 
U-box gene GmPUB6 regulates drought tolerance in Arabi-
dopsis thaliana. Plant Physiol Biochem 155:284–296. https:// 
doi. org/ 10. 1016/j. plaphy. 2020. 07. 016

Wehner GG, Balko CC, Enders MM, Humbeck KK, Ordon FF 
(2015) Identification of genomic regions involved in tolerance 
to drought stress and drought stress induced leaf senescence 
in juvenile barley. BMC Plant Biol 15:125. https:// doi. org/ 10. 
1186/ s12870- 015- 0524-3

Wickham H (2016) ggplot2: Elegant graphics for data analysis, 2nd 
edn. Springer, New York. https:// ggplo t2. tidyv erse. org

Wong JM, Eirin-Lopez JM (2021) Evolution of Methyltransferase-
Like (METTL) proteins in Metazoa: a complex gene family 
involved in epitranscriptomic regulation and other epigenetic 
processes. Mol Biol Evol 38:5309–5327. https:// doi. org/ 10. 
1093/ molbev/ msab2 67

Wu Y, Shi H, Yu H, Ma Y, Hu H, Han Z et al (2022) Combined 
GWAS and transcriptome analyses provide new insights into 
the response mechanisms of sunflower against drought stress. 
Front Plant Sci 13:847435. https:// doi. org/ 10. 3389/ fpls. 2022. 
847435

Xing H, Fu X, Yang C, Tang X, Guo L, Li C et al (2018) Genome-
wide investigation of pentatricopeptide repeat gene family 
in poplar and their expression analysis in response to biotic 
and abiotic stresses. Sci Rep 8:2817. https:// doi. org/ 10. 1038/ 
s41598- 018- 21269-1

Xu B, Liu L, Song G (2022) Functions and regulation of translation 
elongation factors. Front Mol Biosci 8:816398. https:// doi. org/ 
10. 3389/ fmolb. 2021. 816398

Yang C, Li Z, Cao X, Duan W, Wei C, Zhang C et al (2022) Genome-
wide analysis of calmodulin binding transcription activator 
(CAMTA) gene family in peach (Prunus persica L. Batsch) and 
ectopic expression of PpCAMTA1 in Arabidopsis camta2,3 
mutant restore plant development. Int J Mol Sci 23:10500. 
https:// doi. org/ 10. 3390/ ijms2 31810 500

Yang Y, Yu Y, Liang Y, Anderson CT, Cao J (2018) A profusion of 
molecular scissors for pectins: classification, expression, and 
functions of plant polygalacturonases. Front Plant Sci 9:1208. 
https:// doi. org/ 10. 3389/ fpls. 2018. 01208

Ye Y, Ding Y, Jiang Q, Wang F, Sun J, Zhu C (2017) The role of 
receptor-like protein kinases (RLKs) in abiotic stress response 
in plants. Plant Cell Rep 36:235–242. https:// doi. org/ 10. 1007/ 
s00299- 016- 2084-x

Yin L, Zhang H, Tang Z, Xu J, Yin D, Zhang Z et al (2021) rMVP: 
a Memory-efficient, visualization-enhanced, and parallel-
accelerated tool for genome-wide association study. Genom 
Proteom Bioinform 19:619–628. https:// doi. org/ 10. 1016/j. gpb. 
2020. 10. 007

Yoo JY, Ko KS, Vu BN, Lee YE, Yoon SH, Pham TT et al (2021) 
N-acetylglucosaminyltransferase II is involved in plant growth 

https://doi.org/10.1111/tpj.12065
https://doi.org/10.1111/tpj.12065
https://doi.org/10.3390/ijms21093156
https://doi.org/10.3390/ijms21093156
https://doi.org/10.1038/s41598-019-47038-2
https://doi.org/10.3389/fpls.2022.845379
https://doi.org/10.1139/gen-2016-0017
https://doi.org/10.1139/gen-2016-0017
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1083/jcb.200701166
https://doi.org/10.1083/jcb.200701166
https://doi.org/10.1007/s11104-018-3893-1
https://doi.org/10.1007/s11104-018-3893-1
https://doi.org/10.1016/j.tpb.2008.05.006
https://doi.org/10.1371/journal.pone.0246015
https://doi.org/10.1371/journal.pone.0246015
https://doi.org/10.3389/fpls.2014.00037
https://doi.org/10.3389/fpls.2014.00037
https://doi.org/10.1007/s00122-016-2798-8
https://doi.org/10.1007/s00122-016-2798-8
https://doi.org/10.1110/ps.051606305
https://doi.org/10.1110/ps.051606305
https://doi.org/10.1038/s41437-019-0205-3
https://doi.org/10.1111/pbi.12183
https://doi.org/10.1111/pbi.12183
https://doi.org/10.1080/21505594.2019.1598172
https://doi.org/10.1080/21505594.2019.1598172
https://doi.org/10.1186/s12870-019-1961-1
https://doi.org/10.1186/s12870-019-1961-1
https://doi.org/10.3390/cells9010119
https://doi.org/10.3390/cells9010119
https://doi.org/10.1016/j.plaphy.2020.07.016
https://doi.org/10.1016/j.plaphy.2020.07.016
https://doi.org/10.1186/s12870-015-0524-3
https://doi.org/10.1186/s12870-015-0524-3
https://ggplot2.tidyverse.org
https://doi.org/10.1093/molbev/msab267
https://doi.org/10.1093/molbev/msab267
https://doi.org/10.3389/fpls.2022.847435
https://doi.org/10.3389/fpls.2022.847435
https://doi.org/10.1038/s41598-018-21269-1
https://doi.org/10.1038/s41598-018-21269-1
https://doi.org/10.3389/fmolb.2021.816398
https://doi.org/10.3389/fmolb.2021.816398
https://doi.org/10.3390/ijms231810500
https://doi.org/10.3389/fpls.2018.01208
https://doi.org/10.1007/s00299-016-2084-x
https://doi.org/10.1007/s00299-016-2084-x
https://doi.org/10.1016/j.gpb.2020.10.007
https://doi.org/10.1016/j.gpb.2020.10.007


Molecular Genetics and Genomics          (2024) 299:22  Page 23 of 23    22 

and development under stress conditions. Front Plant Sci 
12:761064. https:// doi. org/ 10. 3389/ fpls. 2021. 761064

Yuan H, Liu D (2012) Functional disruption of the pentatricopep-
tide protein SLG1 affects mitochondrial RNA editing, plant 
development, and responses to abiotic stresses in Arabidopsis. 
Plant J 70:432–444. https:// doi. org/ 10. 1111/j. 1365- 313X. 2011. 
04883.x

Zandipour M, Heravan I, Azadi A, Khosroshahli M, Etminan A 
(2020) A QTL hot spot region on chromosome 1B for nine 
important traits under terminal drought stress conditions in 
wheat. Cereal Res Commun 48:17–24. https:// doi. org/ 10. 1007/ 
s42976- 020- 00017-0

Zhao Z, Ge T, Gunina A, Li Y, Zhu Z, Peng P et al (2019) Carbon and 
nitrogen availability in paddy soil affects rice photosynthate 

allocation, microbial community composition, and priming: 
combining continuous 13C labeling with PLFA analysis. Plant 
Soil 445:137–152. https:// doi. org/ 10. 1007/ s11104- 018- 3873-5

Zhou H, Liu Y, Liang Y, Zhou D, Li S, Lin S et al (2020) The func-
tion of histone lysine methylation related SET domain group 
proteins in plants. Protein Sci 29:1120–1137. https:// doi. org/ 
10. 1002/ pro. 3849

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Sina Nouraei1,2  · Md Sultan Mia2,3 · Hui Liu1,2  · Neil C. Turner1,2 · Guijun Yan1,2

 * Hui Liu 
 hui.liu@uwa.edu.au

 * Guijun Yan 
 guijun.yan@uwa.edu.au

1 UWA School of Agriculture and Environment, The 
University of Western Australia, Perth, WA 6009, Australia

2 The UWA Institute of Agriculture, The University of Western 
Australia, Perth, WA 6009, Australia

3 Department of Primary Industries and Regional 
Development, 3 Baron-Hay Court, South Perth, WA 6151, 
Australia

https://doi.org/10.3389/fpls.2021.761064
https://doi.org/10.1111/j.1365-313X.2011.04883.x
https://doi.org/10.1111/j.1365-313X.2011.04883.x
https://doi.org/10.1007/s42976-020-00017-0
https://doi.org/10.1007/s42976-020-00017-0
https://doi.org/10.1007/s11104-018-3873-5
https://doi.org/10.1002/pro.3849
https://doi.org/10.1002/pro.3849
http://orcid.org/0000-0003-1209-7105
http://orcid.org/0000-0003-1653-5774

	Genome-wide association study of drought tolerance in wheat (Triticum aestivum L.) identifies SNP markers and candidate genes
	Abstract
	Graphical Abstract

	Introduction
	Materials and methods
	Plant materials
	Experimental design and treatments
	Phenotypic evaluation and statistical analysis
	Wheat 90 K SNP Illumina iSelect genotyping
	Population structure and linkage disequilibrium analysis
	GWAS analysis (association mapping)
	Identification of candidate genes
	In silico expression analysis of the identified genes

	Results
	Phenotypic response to drought stress
	Marker distribution, genetic diversity, and principal components analysis
	Linkage disequilibrium (LD) and LD decay
	GWAS-revealed marker-trait associations
	Identified candidate genes
	Expression of the candidate genes in tolerant and susceptible genotypes

	Discussion
	Conclusion
	Acknowledgements 
	References


