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Abstract
Root architectural traits play pivotal roles in plant adaptation to drought stress, and

hence they are considered promising targets in breeding programs. Here, we phe-

notyped eight root architecture traits in response to well-watered and drought stress

conditions in 200 spring barley (Hordeum vulgare L.) inbred lines over two con-

secutive field seasons. Root architecture traits were less developed under drought in

both seasons when compared with control treatments. Genetic variation in root archi-

tectural traits was dissected employing a genome-wide association study (GWAS)

coupled with linkage disequilibrium mapping. GWAS uncovered a total of 186 sig-

nificant single nucleotide polymorphism-trait associations for eight root traits under

control, drought, and drought-related indices. Of these, a few loci for root traits were

detected on chromosomes 3 and 5, which co-located with QTL identified in pre-

vious studies. Interestingly, 13 loci showed simultaneou associations with multiple

root traits under drought and drought-related indices. These loci harbored candidate

genes, which included a wide range of drought-responsive components such as tran-

scription factors, binding proteins, protein kinases, nutrient and ion transporters, and

stress signaling factors. For instance, two candidate genes, HORVU7Hr3G0713160
and HORVU6H r3G0626550, are orthologous to AtACX3 and AtVAMPs, which have

reported functions in root length-mediated drought tolerance and as a key protein

in abiotic stress tolerance, respectively. Interestingly, one of these loci underly-

ing a high-confidence candidate gene NEW ENHANCER OF ROOT DWARFISM1
(NERD1) showed involvement with root development. An allelic variation of this

locus in non-coding region was significantly associated with increased root length

under drought. Collectively, these results offer promising multi-trait affecting loci

and candidate genes underlying root phenotypic responses to drought stress, which

Abbreviations: GWAS, genome-wide association study; LD, linkage disequilibrium; MLM, mixed linear model; NRC, number of root crossings; NRF,

number of root forks; NRT, number of root tips; PA, projected root area; RAD, root average diameter; RSA, root surface area; RV, root volume; SNP, single

nucleotide polymorphism; SPI, stress plasticity index; STI, stress tolerance index; TRL, total root length.
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may provide valuable resources for genetic improvement of drought tolerance in

barley.

Plain Language Summary
Genetic analysis of multiple root traits in two consecutive years field trials revealed

quantitative trait loci, which are simultaneously responsible for several traits of root

architecture in spring barley. The multi-trait affecting loci and putative candidate

genes modulate root architecture under drought stress.

1 INTRODUCTION

Among cereals, barley is recognized as one of the seven cul-
tivated major cereal grains, recently ranked fourth in global
production after wheat, rice, and maize (Zhou, 2009). Barley
(Hordeum vulgare L.) is predominantly used as a food crop in
many parts of the world (Kent & Evers, 1994). Barley is a ver-
satile crop; it has been utilized for human food and beverage
manufacturing since ancient times. It has also been primarily
used to feed cattle (Newton et al., 2011). Drought stress is a
major yield-limiting factor in barley, causing dramatic grain
yield reductions of up to 49%–87% (Samarah, 2005; Samarah
et al., 2009). As the most sensitive developmental event of bar-
ley growth during drought is the spike initiation phase (Sehgal
et al., 2018), dissecting genetic control of drought tolerance
during the flowering stage is critical for improving drought
stress tolerance.

One of the most promising strategies to enhance drought
tolerance in barley is thought to be the design or implementa-
tion of a beneficial root system architecture (Ramireddy et al.,
2018). The root system is an essential multifunctional organ
that plays critical roles in extracting soil-based resources,
facilitating absorption and transport of water and nutri-
ents, and balancing root-to-shoot signaling in plants, espe-
cially under water-deprivation conditions (Siddiqui, Léon,
et al., 2021). When plants experience water deficiency, roots
undergo persistent and continuous downwards growth in order
to enter deep soil layers (Fan et al., 2017; Koevoets et al.,
2016; Maeght et al., 2013; Vyver & Peters, 2017). Under cer-
tain conditions, root architecture determines access to water,
and a significant association between RSA traits and drought
tolerance has been observed in many plant species, includ-
ing barley (Comas et al., 2013; Naz et al., 2014; Tuberosa
et al., 2002). Several reports established a positive correlation
between root traits and shoot performance (including grain
yield) under drought stress (Hufnagel et al., 2014; Meister
et al., 2014; Uga et al., 2013). For instance, deeper roots with
greater branching have been recorded in drought-resistant rice
varieties when compared with drought-sensitive rice (Oryza
sativa) varieties (Price & Tomos, 1997). Deeper and thinner
root systems are directly associated with crop adaption to soils

with water-limited conditions, in contrast to crops with shal-
low and thick rooting systems (Ram, 2014). Root architectural
traits are also characterized by proliferative roots developed
through lateral root initiation and elongation, and these char-
acteristics include root number/volume and root surface area
(RSA), which aid in water uptake from water-limited soils
(Ye et al., 2018). Therefore, RSA traits conferring soil explo-
ration in time and space are the traits that are regarded as the
most relevant in crop breeding programs (Comas et al., 2013;
Koevoets et al., 2016; Lynch & Brown, 2012; Oyiga et al.,
2020; Rogers & Benfey, 2015).

Customizing RSA by classical breeding approaches neces-
sitates thorough investigation and understanding of roots,
which are highly complex plant components and usually hid-
den below ground (Siddiqui et al., 2022). More importantly,
RSA is a complex phenomenon, influenced by multiple intrin-
sic and extrinsic factors and regulated by multiple genetic
components (Lynch & Brown, 2012). In addition, precise
field-based root phenotyping of diversity panels is highly
challenging due to the labor-intensive and complex root har-
vesting required. Thus, specifically targeting RSA in crop
breeding is challenging. Moreover, a systematic approach
to develop adaptive RSA in crops is desirable, not only to
uncover root-mediated genetic factors for breeding purposes
but also for functional studies on the shape and size of root
system. However, to date, the genetic mechanisms, compo-
nents, and variation underlying RSA traits have not been
comprehensively investigated in most crops (including bar-
ley), particularly in response to drought stress under field
conditions.

Previous mapping studies in barley have identified quanti-
tative trait loci (QTL) for seminal root traits such as root angle
and root number (Robinson et al., 2016, 2018); however, the
genetic control of additional root traits should be explored to
provide a deeper understanding of root development in barley
and the potential to improve resilience to drought. A high-
resolution, haplotype-based genome-wide association study
(GWAS) approach to dissect complex RSA traits and iden-
tify robust candidate genes in barley under drought conditions
is imperative. Therefore, the objective of our study was to
identify genomic loci showing associations with simultaneous
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effects on several RSA trait changes under drought condi-
tions. To achieve this, we used “shovelomics” approaches for
digging out the upper part of the root systems (Klein et al.,
2020; Siddiqui, Kailash et al., 2023; Siddiqui, Gabi, et al.,
2023; York et al., 2018) to phenotype eight root traits using
200 diverse spring barley genotypes at the complete flower-
ing stage under well-watered and drought stress conditions in
two barley growing seasons (2020 and 2021). Phenotypic data
were analyzed using mixed linear model (MLM) and GWAS
approaches based on 23.8K markers obtained from a 50K iSe-
lect barley single nucleotide polymorphism (SNP) array. We
identified a total of 186 genetic loci involved in marker-trait
associations, of which 13 loci showed multi-trait associations
with eight root traits in response to drought stress. Several
candidate genes (and allelic variants) with putative function-
ality in root development and drought stress tolerance were
identified.

2 MATERIALS AND METHODS

2.1 Plant materials and field experiments

We used a total of 165 and 200 diverse spring barley
(Hordeum vulgare L. ssp. vulgare) inbred lines comprising
advanced breeding lines, landraces, and cultivars to assess the
genetic diversity of root architecture traits in 2020 and 2021,
respectively. This diversity panel was selected from the Global
Barley Breeding Program of the International Center for Agri-
cultural Research in the Dry Areas (ICARDA). The full list
with a description of the mapping population is provided in
Table S1 (Bouhlal et al., 2022).

The diversity panel was planted during the 2020 and 2021
cropping seasons at the Campus Klein–Altendorf Research
Facility (50˚37′N, 6˚59′E) of the University of Bonn, Ger-
many. Field experiments were conducted under rain-fed
(control) and drought stress (rain-out shelter) conditions. The
rain-out shelter was built with a roof and two sides, which
were designed with the ability to be controlled electronically
by a motorized system, and plants were irrigated through
an automated sprinkler in order to deliver ∼5.00 L/m2 of
water per day. For the plants to feel the ambient conditions,
the shelter was left open, and only closed during rainfall to
exclude rainwater. A randomized complete block design was
used as a mapping panel for barley genotypes grown under
both conditions, with 0.5-m-long rows and 0.21-m between
rows plot size. All plots were fertilized using standard agro-
nomic practices. Drought stress was imposed by stopping
watering the plots at the tiller initiation stage (BBCH20) and
continued until root harvesting at complete flowering stage
(BBCH51), as followed by Oyiga et al. (2020). The moisture
content of the soil was recorded via a soil moisture sensor
EM50 data logger buried in the soil (0- to 30-cm deep). The

Core Ideas
∙ Root architecture play an important role for acqui-

sition of soil resources under drought conditions.
∙ Substantial natural genetic variation was observed

in root architecture traits in barley germplasm
under drought stress.

∙ Genetic analysis of multiple root traits in 2 years
field trials revealed promising loci, which are
simultaneously responsible for several traits of root
architecture in spring barley.

∙ The multi-trait affecting loci and putative can-
didate genes modulate root architecture under
drought stress.

∙ Allelic variation in NEW ENHANCER OF ROOT
DWARFISM1 (NERD1) was associated with
increased root length under drought stress.

root architectural and anatomical traits were collected from
three barley plants of the same genotype, planted in a single
row.

2.2 “Shovelomics” approach for root
phenotyping

To characterize root architectural traits under controlled
drought stress conditions, the barley roots were harvested at
the heading (BBCH51) stage following the “shovelomics”
protocol (York et al., 2018). After the collection of the plants,
they were carefully washed to remove the soil and unwanted
debris and stored in 50% alcohol solution. The phenotypic
traits of the root were analyzed using the EPSON scanner
(Perfection LA24000) with a resolution of 2400 dpi (Kadam
et al., 2017), and images were analyzed using the software
WinRHIZO (Regent Instruments Inc.). Root traits assessed
included total root length (TRL), projected root area (PA),
RSA, root average diameter (RAD), root volume (RV), num-
ber of root tips (NRT), number of root forks (NRF), and
number of root crossings (NRC).

2.3 Statistical analysis

The phenotypic data were analyzed and visualized using R
Studio version 4.2.3. To evaluate the effect of genotype and
treatment interaction on the root architectural characteristics,
a two-way analysis of variance (ANOVA) was conducted to
analyze the quantitative root traits where the treatment and
the genotype were treated as fixed effects. Analyses were
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done in R (R Core Team, 2018) using packages “nlme”
and “emmeans.” Descriptive statistics were used to estimate
means, minimum, maximum, standard error, and coefficient
of variation (CV) for each trait.

Broad-sense heritability (H2) was calculated to estimate
heritability based on the following formula: H2 = VG/(VG

+ VE/r), where r is the number of cultivar replications, VE

is the estimate of error variance for each treatment, and VG

is the estimate of genetic variance as described by Gitonga
et al. (2014). The stress plasticity index (SPI) of the root
system architectural traits was calculated by comparing the
genotypes under drought stress conditions with the geno-
types under controlled conditions using the following formula
of SPI = (WW−DS)/WW, where DS represents drought
stress and WW represents well-watered conditions, following
Schneider et al. (2020). The stress tolerance index (STI) of
the barley root architectural traits for all genotypes was esti-
mated by taking the phenotypic value under drought stress and
well-watered conditions using the formula of STI = (DS ×
WW)/(WW)2, where DS represents drought stress and WW
indicates well-watered conditions, as formulated by Nouraein
et al. (2013). To determine the correlations between the means
of the root traits under drought and control conditions, a
heat map was constructed in R (The R Team for Statistical
Computing R v. 4.2.3) using the “corrplot” package.

2.4 SNP genotyping and population
structure analysis

The barley diversity panel was genotyped using an Infinium
iSelect Illumina 50K SNP chip (Illumina; San Diego; Bayer
et al., 2017) and was selected for its diversity as a subset
of a World Diversity Collection (Bouhlal et al., 2022). DNA
extraction, SNP genotyping methodology, and Hapmap geno-
typic file are provided by Bouhlal et al. (2022). SNP data
imputation was carried out in TASSEL 5.0 with LinkImpute
(LD-kNNi) to eliminate missing SNPs with minor allele fre-
quency of <5% (Siddiqui, Gabi, et al., 2023). To determine
the population structure of the barley genotypes used in this
study, a model-based clustering method using STRUCTURE
2.3.4 software (Dido et al., 2022; Pritchard et al., 2002) was
run on the genotypic data.

After filtering, a total of 3900 random SNPs, at least 5 cM
apart, were selected to estimate the population structure. Sim-
ulations were run by inferring K values from 2 to 10, with
20,000 iterations and burn-in period of 10,000 and 100,000
Markov chain Monte Carlo. The results were entered into
the web-based program Structure Harvester (http://taylor0.
biology.ucla.edu/structureHarvester) to obtain the delta K
statistics of the panel (Earl & von Holdt, 2012). Using the ad
hoc quantity (∆K) metrics, the true value of K generated by the
autocorrelation plot (∆K vs. K) was ascertained by following

Evanno et al. (2005). The ancestry coefficients (Q-matrix),
which were obtained from the population structure analysis,
were printed out and utilized to visualize each genotype in the
diversity set.

2.5 Genome-wide association study

The RSA traits under different conditions (control and
drought) and two indices, SPI and STI, for both seasons
were used to conduct GWAS. It was performed following an
MLM-PK approach, where root traits were considered as the
phenotypes and the confounding effect of population stratifi-
cation in the studied panel was accounted for by incorporating
kinship matrix (K-matrix) and population structure (P-matrix)
as covariates with five principal components (Kang et al.,
2010; Price et al., 2010). Both P-matrix and K-matrix were
calculated using TASSEL 5.0. Subsequently, GWAS was car-
ried out in TASSEL 5.0, and the output was curated using
the PROC MIXED macro program. The GWAS model was
followed, as described by Oyiga et al. (2020). Due to Bon-
ferroni correction at the 0.05 level, the threshold was highly
conservative and may lead to false negatives (Gyawali et al.,
2016; Zhao et al., 2011); therefore, a less stringent threshold
of −log10(P) > 4 was selected to define the significant SNP-
trait associations, followed by Li et al. (2019). GWAS results
(Manhattan and Q–Q plots) from TASSEL 5.0 were displayed
on CM plot using R program.

2.6 Linkage disequilibrium (LD) and
candidate gene analysis

Significant SNP markers of root architectural traits alone or
with non-significant neighboring markers might regulate the
traits. For this, the Plink data format (produced on TAS-
SEL 5.0 software) was used to construct LD blocks in the
Haploview 4.2 software. When a significant marker estab-
lished an LD block with neighboring SNPs, the whole block
region rather than alone was considered as a locus. Genes
located in LD blocks were then considered as putative can-
didate genes. The significant SNPs that did not establish
haplotype blocks, genes within 500 kbp up and downstream
were considered as putative candidate genes, followed by
Siddiqui, Teferi, et al. (2021).

For candidate gene analysis, the core sequences (120 bp)
of the relevant SNPs were used in BLAST searches
in the Barley Genome Gene-set database (BARLEX;
https://apex.ipk-gatersleben.de/apex/f?p=284:10::::::) to
identify putative candidate genes. Top gene hits were con-
sidered based on criteria of e-value < 1e-70 and identity
scores >80% (Oyiga et al., 2020). We also looked for addi-
tional potential gene candidates 5 Mbp up- and downstream
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T A B L E 1 Descriptive statistics of phenotypic traits under drought and control conditions depicted in two different growing years 2020 and

2021.

Year Traits

Control Drought ANOVA
Min. Max. Mean CV (%) Min. Max. Mean CV (%) H2 (%) G T G × T

2020 TRL 19.14 489.25 117.73 54.68 15.92 286.84 106.94 45.68 41.87 / * *

PA 1.04 29.54 9.75 48.64 1.21 21.91 8.04 45.37 64.43 / *** /

RSA 4.71 92.80 30.98 47.46 3.80 68.82 25.29 45.20 63.40 / *** /

RAD 0.36 2.45 0.89 31.20 0.39 2.25 0.78 27.93 45.16 / *** /

RV 0.03 2.45 0.68 56.25 0.05 1.51 0.50 57.09 68.83 / *** /

NRT 54 1232 343.30 52.56 39 989 357.02 51.74 74.00 / / /

NRF 76 2994 545.53 65.73 62 2116 509.35 56.52 52.39 / / .

NRC 5 355 59.12 78.96 3 296 58.43 71.83 22.98 . . *

2021 TRL 35.39 606.31 214.19 50.57 5.16 450.15 102.39 72.14 75.03 / *** /

PA 2.56 55.04 15.55 58.44 0.48 25.20 4.83 75.82 78.22 * *** /

RSA 8.05 172.93 48.77 58.52 1.24 79.17 15.14 76.37 78.22 * *** /

RAD 0.33 2.07 0.72 28.42 0.18 2.65 0.50 42.75 59.15 / *** /

RV 0.10 6.33 0.93 78.81 0.006 1.108 0.19 87.43 73.75 * *** .

NRT 64 2479 589.38 59.81 19 1801 361.41 74.60 64.86 / *** /

NRF 122 5001 1149.83 69.12 11 2875 378.13 97.53 78.99 * *** /

NRC 6 88.91 125.42 69.12 1 396 56.78 103.9 77.13 / *** /

Note: Significance codes (p value): 0: “***”; 0.01: “*”; 0.05: “.”; 0.1: ‘/’: not significant.

Abbreviations: ANOVA, analysis of variance; CV, coefficient of variation; G, genotype; GT, genotype treatment interaction; Max, maximum; Min, minimum; NRC,

number of root crossings; NRF, number of root forks; NRT, number of root tips; PA, projected root area (cm2); RAD, root average diameter (mm); RSA, root surface area

(cm2); RV, root volume (cm3); SD, standard deviation; T, treatment; TRL, total root length (cm).

of the significantly associated SNP, as identified SNPs using
GWAS may comprises components of a wider genomic region
of linked genetic variants (van der Sijde et al., 2014). The
IPK Barley Genome database (https://apex.ipk-gatersleben.
de/apex/f?p=284:41:::NO:RP:P41_GENE_CHOICE:2) was
used to obtain high-confidence genes with known annotations
in the whole genome assembly of cultivar Morex V3 (IBGC,
2012) in these expanded SNP regions. The Arabidopsis
thaliana orthologues were identified using EnsemblPlants
database (https://plants.ensembl.org/Arabidopsis_thaliana),
in which orthologs have previously been characterized; those
were highlighted in this study.

3 RESULTS

3.1 Root architecture traits were
significantly affected by drought stress and
growing year

Two hundred barley genotypes were subjected to drought
stress and control conditions to evaluate phenotypic variation
in root architecture traits in 2020 and 2021 (Tables S2 and
S3). Of the eight root traits measured, all showed significant
differences between drought stress and control treatments in
2021, and five traits showed significant differences between

drought stress and control in both years (Table 1). In the year
2020, drought treatment significantly reduced PA (−10.72
cm2), RSA (−5.69 cm2), RAD (−0.11 mm), RV (−0.18
cm3), and TRL (−111.8 cm) (Table 1). In 2021, all root
traits showed strong significant effects of drought: TRL was
decreased 111.8 cm, root projected area by 10.72 cm2, RSA
by 33.63 cm2, RAD by 0.22 mm, RV by 0.74 cm3, NRT by
227.97, NRF by 771.7, and NRC by 68.64 cm on average in
drought-treated plants.

Phenotypic variation within each trait was assessed using
the CV. The highest CV was observed in 2020 for NRC
(79.0%) and in 2021 for RV (78.8%). The next most variable
traits were NRF in 2020 (65.7%) and RSA in 2021 (71.3%).
The lowest CV in both 2020 and 2021 was observed for RAD
(31.2% and 28.4%, respectively). The heritability calculation
revealed a moderate to high broad-sense heritability (H2) for
all of the studied traits in both growing seasons. The H2 ranges
from 23% to 74% and 59% to 79% in 2020 and 2021, respec-
tively, indicating that the association panel harbors substantial
genotypic diversity in root architecture traits under drought
stress (Table 1).

Plantation year (2020 vs. 2021) had a significant effect on
root traits (ANOVA, p < 0.001) (Table S4). Projected root
area in 2020 was 8.0 cm2 larger than in 2021. Significant soil
moisture content and temperature differences were observed
between the 2 years (Figure S1); for instance, the average
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F I G U R E 1 Correlations between root traits under drought stress. The violet color designates a positive correlation, the brown color designates

a negative correlation, and the darkness of the color on both sides indicates the value of the correlation coefficient according to the legend. The

absolute value of the correlation coefficient is designated by the size of the circle (the larger the circle, the greater the value). (a) Figure correlates to

the data of the year 2020 treatments under drought and (b) Figure correlates to the data of the year 2021, treatments under drought. NRC, number of

root crossings; NRF, number of root forks; NRT, number of root tips; PA, projected root area; RAD, root average diameter; RSA, root surface area;

RV, root volume; TRL, total root length.

temperature was 0.3˚C higher in 2020 as compared to 2021
(Figure S1b,d). A significant interaction effect (ANOVA,
p < 0.001) was observed between treatment and year for all
the measured traits.

The effect of genotype on root traits across both years was
only significant for RAD out of all traits assessed (p < 0.001)
(Table S4). However, the treatment-by-genotype interaction
effect was significant for all traits (p < 0.05) except for RAD,
RV, and NRT. The genotype-by-year interaction effect was
also significant for four of the analyzed traits, mainly: PA,
RSA, RV, and NRF (p < 0.05), but not for TRL, RAD, NRT,
and NRC (Table S4). Overall, these results suggest that root
architecture traits were less developed owing to drought stress
when compared with well-water-treated plants, and substan-
tial genetic variations in root architecture traits were observed
in the barley mapping population in response to drought
stress.

3.2 Correlation between root phenotypic
traits in response to drought stress

Correlation analysis was performed using the values of the
eight traits under drought treatment. All the measured traits
across both growing seasons under drought stress showed
significant and positive correlations (Figure 1).

In 2020, positive pairwise correlations were observed
between most traits. Total root length, PA, and RSA were all
positively correlated (p ˂ 0.01), and TRL showed a strong pos-
itive association also with NRT (p ˂ 0.01), NRC (p˂ 0.01), and

NRF (p ˂ 0.01). Positive but non-significant relationships were
observed for RAD and RV with all measured traits (Figure 1a).

In 2021, highly positive significant (p ˂ 0.01) correlations
were found between almost all of the root traits (Figure 1b),
except for number of root crossing and RAD, which showed
weaker positive correlations (p > 0.01) with all root traits.
As in 2020, TRL in 2021 showed similar strong positive
associations (p ˂ 0.01) with PA, RSA, NRT, and NRF.

3.3 Population structure of the studied
barley panel

Population structure analysis was conducted using STRUC-
TURE software (version 2.3) for all 200 barley genotypes.
SNP density across the seven chromosomes was highest on
chromosome 3, followed by chromosomes 2 and 5, and lowest
on chromosome 4 (Figure S2a). The population structure anal-
ysis showed a peak (ΔK) at K = 2 (Figure S2b), indicating that
two sub-populations most likely exist in this association panel.
These two sub-populations could be distinguished primarily
based on their row types (two- vs. six-row barley) (Figure
S2c,d).

3.4 Associations between markers and root
traits

GWAS analysis was performed using 23.8K high-quality SNP
markers to identify genomic regions controlling root traits.
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Using a significance threshold level of −log10(P)> 4.0, we
identified a total of 186 loci associated with the eight root
architecture traits under different conditions: 30 and 35 loci
under control and drought conditions, respectively, 56 for the
STI and 66 for SPI (Table S5). Of these 186 genetic loci, 57
loci were associated with NRC, 38 loci with RAD, 36 loci with
RV, 15 loci with NRF, 14 loci with TRL, 10 loci with NRT, 8
loci with RSA, and 8 loci with root projected area (Table S5).

In particular, four significant SNPs surpassed the signif-
icant threshold level for TRL in 2020 (Figure 2a,b). One
was located on chromosome 3, and other three SNPs were
identified on chromosome 6 (Figure 2a,b). For TRL in
2021, two significantly associated SNPs were identified on
chromosome 3 (Figure 2c,d). For RSA in 2020, two SNPs
were identified on chromosome 6 (Figure 2e,f). Interestingly,
these markers were syntenic with marker-trait association
for TRL in the same year. In 2021, three significant SNPs
for NRF (based on STI) were positioned on chromosome 3
(Figure 2g,h), whereas for STI on RV in 2021, seven can-
didate loci were found on chromosomes 2, 3, 4, 6, and 7
(Figure 2i,j). More importantly, we have identified several
significant SNP-trait associations on chromosomes 3–6 for
root system traits under control, drought, and indices (Table
S5). Of these, a few SNPs were located in the vicinity (up-
or down-stream) of the previously reported root QTL/genes
(Table S6).

We further analyzed genetic loci simultaneously associ-
ated with multiple traits and found a total of 13 showed
simultaneous multi-trait effect in RSA (Figure 3). One SNP
on chromosome 6 was associated with four different root
traits (TRL, PA, RSA, and NRF), while another SNP on
chromosome 6 was associated with five traits under drought
conditions (TRL, RSA, NRT, NRF, and NRC), and three
SNPs on chromosome 3 were each associated with TRL,
NRT, and NRF based on the STI calculation. Eight out of 13
candidate loci were concurrently linked with more than two
different treatments (Figure 3; Table S7).

3.5 Identification of drought-related
candidate genes

We identified a total of 265 candidate genes underlying
marker-trait associations, of which >50 genes had putative
regulatory functions (mainly as transcriptional activator and
in ion binding) based on the orthology of A. thaliana (Table
S8). A total of 48 putative candidate genes were identified for
the 13 loci that affect multiple traits simultaneously (Table
S9). Of these, nine candidate genes possessed A. thaliana
orthologues: most importantly, SHT, PVA11, ACX3, PA200,
DGK, APY, and EMB2656, which have previously been
reported and which, in turn, encode the following proteins: N-
hydroxycinnamoyl transferase, vesicle-associated protein 1-1,

acyl-coenzyme A oxidase 3, a proteosome activator, a diacyl-
glycerol kinase, a nucleoside phosphatase family protein, and
an ARM repeat superfamily protein, respectively (Tables S8
and S9).

Next, one locus on chromosome 6 was associated with each
of the following traits: PA, TRL, RSA, and NRF (Figure 4a;
Table S5). Based on polymorphism in non-coding regions,
two haplotypes could be established, which included this
SNP marker (Figure 4b). Of these, Hap 2 showed signifi-
cantly higher TRL under drought than Hap 1 (Figure 4c). This
locus harbored a candidate gene, HORVU3Hr6G0539460,
whose Arabidopsis reported ortholog is a protein encoding
NERD1, NEW ENHANCER OF ROOT DWARFISM1. Poly-
morphism was detected in an intron region of this candidate
gene, which showed annotated function in root development
(GO:0048364) in terms of root hair growth, root meristem
function, and cell elongation and uni-dimensional cell growth
(GO:0009826) (Table S9). Another significant SNP on chro-
mosome 2 was simultaneously associated with PA, RV, and
RSA (Figure 5a; Table S7), with putative genetic linkage
to candidate gene HORVU3Hr2G0101980. Two haplotypes
were identified based on missense variation in the gene cod-
ing region (Figure 5b). Hap1 resulted in significantly higher
RV in response to drought stress than Hap 2 (Figure 5c).
Polymorphism in the coding region of this candidate gene
was detected, and the gene showed annotated function in
defense response (Table S9). Therefore, these genes might
be fairly promising candidates for putative control of root
trait development under drought, stress tolerance, and plas-
ticity conditions, as their orthologues, especially NERD1, are
reported to aid plants in root development to adapt to stress
conditions.

4 DISCUSSION

Drought is one of the leading constraints for agricultural pro-
duction worldwide. Therefore, investigating root architectural
traits under drought stress and identifying genetic control of
these traits could provide useful information for breeders to
improve plant performance under drought. The mapping panel
used in our study is mostly issued from selected breeding lines
from the Global Barley Breeding Program led by ICARDA.
This breeding program is characterized by a wide use of
genetic diversity, mostly due to its use of genetic resources
from the ICARDA GenBank, the second largest in the world in
terms of barley landraces and wild relatives, and the extensive
international collaboration and global aim that characterizes
this program. In fact, a recent study (Bouhlal et al., 2022)
showed that a collection of ICARDA germplasm was able
to capture most of the diversity of a larger global collec-
tion of varieties and genotypes. Most of the lines tested in
the present study are issued from this collection. Moreover,
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8 of 15 SIDDIQUI ET AL.The Plant Genome

F I G U R E 2 Marker-trait associations for root architectural traits under drought stress in the 2020 and 2021 growing seasons. (a) Q–Q plot

displaying the deviation of the studied p-values from the expected associations for total root length (TRL) in 2020. (b) Local Manhattan plot showing

the significant markers for TRL in 2020, according to the negative log10 (p-value) across seven chromosomes of barley. (c) Q–Q plot for TRL in

2021. (d) Local Manhattan plot for the root trait TRL in 2021. (e) Q–Q plot for root surface area (RSA) in 2020. (f) Local Manhattan plot for the root

trait RSA in 2020. (g) Q–Q plot for number of root forks (NRF) in 2021. (h) Local Manhattan plot for the root trait NRF in 2021. (i) Q–Q plot for

stress tolerance index (STI) of root volume (RV) in 2021. (j) Local Manhattan plot for the STI value of RV in 2021. The threshold is displayed with

the bold dashed blackline at the position of the negative log10 value of 4. Every violet dot above this threshold represents a significant marker.
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SIDDIQUI ET AL. 9 of 15The Plant Genome

F I G U R E 3 Network plot of multi-trait affecting SNPs and root traits. Lines indicate associations between a marker and a trait. NRC, number

of root crossings; NRF, number of root forks; NRT, number of root tips; PA, projected root area; RAD, root average diameter; RSA, root surface area;

RV, root volume; TRL, total root length.

the lines here evaluated have already been shown to con-
tain diversity for stress inputs (limited fertilizer and moisture)
in previous studies (Amezrou et al., 2018). Here, we deter-
mined root phenotypic responses under both natural rainfed
and rain-out (drought) treatments at the complete flowering
stage (BBCH51). All root traits investigated showed a high
level of phenotypic variation (Table 1), which is especially
important given the relatively small size of the population:
field-based root screening can be unreliable and inefficient
for large populations (Oyiga et al., 2020). Drought stress sig-
nificantly reduced root growth and altered root architectural
traits; genotype alone had little effect on most traits, but strong
genotype by environment effects were also observed on root
growth architecture (Table S4; Figure 1). Similar root phe-
notypic differences between drought and control treatments,
particularly reduction in RSA, have also previously been
observed in many crops (reviewed by Koevoets et al., 2016).
Our data indicate that root architecture in barley is a complex
trait controlled by multiple genomic loci with major and minor
effects due to environmental factors and gene–environment
interactions.

Using GWAS, we identified 186 candidate loci associated
with root traits under different drought treatments. Using plas-
ticity and STI to assess drought stress tolerance traits has

successfully been used to identify drought-resistant geno-
types using GWAS in previous studies (Nouraein et al., 2013;
Schneider et al., 2020). Previous studies have also reported
QTL associated with different traits in barley, such as root and
shoot architecture (Naz et al., 2014), low phosphorus toler-
ance (Gong et al., 2016), root system depth and root spreading
angle (Jia et al., 2019), waterlogging, salinity, and drought
tolerance (Borrego-Benjumea et al., 2021; Gill et al., 2017;
Gudys et al., 2018), and nitrogen deficiency (Hoffman et al.,
2012; Siddiqui, Kailash, et al., 2023). However, very few
studies have reported root SNPs associated with drought in
barley under natural field environments. Our target was to
identify marker-trait association for a specific root trait that
is simultaneously associated with multiple other traits and
their allelic effect on natural drought stress. In the present
study, we report numerous genomic regions mapped on chro-
mosomes 3–6 associated with different root traits, which
were located in the vicinity of the previously reported root
QTL (Table S6). The SNP JHI-Hv50k-2016-323438 associ-
ated with NRC was detected in the vicinity of the qRA-5
and RAQ2 reported for controlling barley seminal root traits
(Robinson et al., 2016, 2018). Three SNPs (JHI-Hv50k-2016-
187463, SCRI_RS_211003, and JHI-Hv50k-2016-191436)
were identified in this study on chromosome 3 co-located with
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10 of 15 SIDDIQUI ET AL.The Plant Genome

F I G U R E 4 Linkage disequilibrium (LD) plot and haplotype analysis for total root length (TRL) under drought stress for the year 2020were

generated using Haploview software. (a) The marker-trait association detected on chromosome 6 was showed by a Manhattan plot represented as

harboring significant SNPs. The LD blocks are displayed as pairwise D’ values that correspond to SNP pairs expressed as percentages (%), and LOD

(log of the likelihood odds ratio) values to quantify confidence in the value of D’ are shown within the respective squares. Shading represents the

magnitude and significance of pairwise LD between SNPs, with a red-to-white color gradient reflecting higher-to-lower LD values. Higher D’ values

are indicated with a brighter red color (LOD = 2, D’ = 1), and D’ values of <1 indicated with white (LOD < 2, D’ < 1). (b) Structure of the

candidate gene HORVU3Hr6G0539460 indicating the T/G sequence variation in the fourth intron. (c) Major haplotypes assembled from the major

LD block on chromosome 6 are responsible for root length variation across genotypes (n); standard error bars are displayed. Statistical significance

was calculated based on the one-way ANOVA: ***, P < 0.001.

previously reported QTL QRl.S42.3H influencing root length
under drought stress (Arifuzzaman et al., 2014). Remarkably,
we found a significant SNP mapped on chromosome 5 asso-
ciated with RAD co-located with previously reported QTL
gene VRN1 that potentially regulates root system architecture
in wheat and barley (Voss-Fels et al., 2018).

Interestingly, we identified 13 loci that were associated
with two or more traits. For instance, NRF, PA, TRL, and
RSA in 2020 were all associated with one single significant
SNP marker located on chromosome 6 (Figure 3; Table S7),
while another SNP was linked with NRC, NRF, TRL, NRT,
and RSA also in 2020, and three additional markers were
linked to different root traits in 2021 under drought conditions
(Figure 3; Table S7). In support of a hypothesis that the SNP
is controlling one specific trait that is associated to multiple
other root traits, we found positive correlations between each
of TRL, PA, and RSA under both drought and control treat-
ments, and also a significant SNP, which was associated with
each of these three traits. These root traits could be catego-
rized together as “root growth” traits and maybe controlled
by conserved genomic regions. Positive significant associa-

tions were observed between most of the root traits, including
root area, RV, and root length (Reddy et al., 2020; Siddiqui
et al., 2022), which may lead to multi-trait affecting genetic
association. Pleiotropic loci for grain yield components were
also identified under drought stress in winter wheat in previ-
ous studies (Koua et al., 2022). These loci relevant to multiple
traits simultaneously can be considered for further breeding to
improve root traits.

We identified a total of 26 SNPs particularly linked to
drought effects, with varying significant levels (Table S4).
Significant SNPs were associated with a set of candidate
genes showing a wide range of biological activities (Table
S8). Many candidate genes possessed orthologues in Ara-
bidopsis with involvement in the response to drought and root
growth, including a transcription cis-regulatory region bind-
ing protein, a Ca2+ binding domain protein, a zinc finger
protein-like protein, a superfamily protein, and a K+ chan-
nel outward rectifier (Table S8). In particular, ATXR3 shows
transcriptional activator activity that delays flowering (Yun
et al., 2012), ACX3 is associated with root length to confer
drought tolerance (Shiraku et al., 2021), and GBF, as a bZIP
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F I G U R E 5 Linkage disequilibrium (LD) plot and haplotype analysis for total root volume (RV) for the year 2021, generated using Haploview

software. (a) The marker-trait association detected on chromosome 2 showed by a Manhattan plot represented as harboring significant SNPs. The LD

blocks are displayed as pairwise D’ values that correspond to SNP pairs expressed as percentages (%) and LOD (log of the likelihood odds ratio)

values to quantify confidence in the value of D’ are shown within the respective squares. Shading represents the magnitude and significance of

pairwise LD between SNPs, with a red-to-white color gradient reflecting higher-to-lower LD values. Higher D’ values are indicated with a brighter

red color (LOD = 2, D’ = 1), and D’ values of <1 are indicated with white (LOD < 2, D’ < 1). (b) Structure of the candidate gene

HORVU3Hr2G0101980 indicating the C/A sequence variation in the first exon. (c) Major haplotypes assembled from the major LD block on

chromosome 2, responsible for root volume variation across genotypes (n); standard error bars are displayed. Statistical significance was calculated

based on the one-way ANOVA: ***, P < 0.001.

G-box binding factor is involved in developmental and physi-
ological processes in response to hormones (Sibéril & Gantet
et al., 2001). In addition, A. thaliana orthologue FLA9 act as
a component of secondary cell wall development (Ma et al.,
2023), NPF is reported as a nitrate transceptor and root growth
enhancer (Siddiqui, Kailash, et al., 2023), GORK and SORK
as K+ channel rectifiers (Adem et al., 2020; Chen et al., 2021),
CDPK24 is involved in calcium-dependent plant development
and nutrient and stress signaling (Dekomah et al., 2022), and
VAMPs act as key proteins for abiotic stress tolerance (Gu
et al., 2020). Hence, our study provides interesting candidate
genes that may be involved in root drought stress response in
barley for future validation and investigation.

One marker was simultaneously linked with multi-
ple traits such as PA, TRL, RSA, and NRF, and its
allelic haplotypes also differed significantly in TRL under
drought stress (Figure 4). A candidate gene search found
HORVU3Hr6G0539460 that is known to be involved in root
development and unidimensional cell growth functions (Table
S9). The ortholog of this gene in model plant species A.
thaliana is NERD1, which has already been reported to affect

root growth and cell expansion. Mutation of this gene leads
to defects in root hair growth, root meristem function, and
cell elongation, and it acts synergistically with the exocyst in
root development (Cole et al., 2018). Molecular and biological
functions and homologous study of this gene in Arabidop-
sis provide strong evidence for a causal association with
PA, TRL, RSA, and NRF traits. The traits of PA, RV, and
RSA were also linked to a single SNP with associated can-
didate gene HORVU3Hr2G0101980 (associated with plant
defense mechanism) in the year 2021 (Figure 5a,b). Hap1
for this locus resulted in significantly higher RV than Hap2
under drought (Figure c). Plants under stress develop differ-
ent mechanisms to adjust to the stressful environment and
ensure their survival (Gürel et al., 2016). Therefore, this gene
might be promising for further functional analysis. Other
genes with ATP binding factor, stress tolerance response,
ion channel activity, and metal ion binding activities could
also serve as a valuable resource in crop functional genomics
research.

In summary, our study identified a strong positive cor-
relation in phenotypic response to drought stress across
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root traits. These positive correlations were corroborated by
the identification of the effect pattern of allelic haplotypes
of individual loci with multiple root traits under different
treatments, including drought. Based on the loci-specific hap-
lotype pattern of trait effects, we also provide high-confidence
candidate genes and natural variation related to root architec-
ture traits, which could be utilized as potential resources for
marker-assisted genomic selection and/or genetic engineer-
ing of barley with enhanced drought tolerance. The identified
drought tolerance allele could then be used in breeding pro-
grams. Further, we provide a set of candidate genes underlying
loci significantly associated with root traits and with A.
thaliana orthologs with reported functions related to drought
response and root development that could be used in transla-
tional breeding programs. Additionally, we identified natural
variation of a candidate locus harboring a NERD1 ortholog,
which exhibited increased root length under drought, thereby
providing a feasible target for future functional verification of
root-targeted drought tolerance in spring barley.
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