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ABSTRACT
The detrimental effects of drought on crop production are strongly influenced by interactions with other biotic and abiotic stresses, 
including Fusarium crown rot (FCR), a disease known to cause severe yield loss in crops experiencing drought after anthesis. This 
study aimed to identify loci that simultaneously confer drought tolerance and FCR resistance using a recombinant inbred line 
(RIL) population. The population derived from a cross between cultivated barley (Hordeum vulgare L.) and wild barley (Hordeum 
spontaneum C. Koch.), was evaluated under drought-stressed and non-drought-stressed conditions. Three loci conferring drought 
tolerance were identified on chromosome arms 2HL, 4HL and 5HS. Of these, the 2HL locus had the largest effect, influencing leaf 
wilting, leaf senescence and shoot dry weight, and importantly, also conferred FCR resistance. The RIL population was exposure to 
FCR infection and drought stress in glasshouse and controlled environment facility, respectively. Genotyping-by-sequencing (GBS) 
was used to develop a high-density genetic map, which facilitated QTL identification through linkage analysis. Significant corre-
lations were observed among the assessed traits and previously collected agronomic traits. Candidate genes at the 2HL locus were 
identified based on its location and sequence variations between parental genotypes. This study represents the first identification of 
such a locus conferring both drought tolerance and FCR resistance, which may open new avenues for leveraging existing drought 
tolerant genes in enhancing FCR resistance by targeting pathways associated with water stress adaptation.

1   |   Introduction

Of all environmental constraints, drought is by far the most 
destructive factor for agriculture, causing USD 80 billion in 
crop production loss worldwide (Razzaq et  al.  2021). Results 
from some studies suggest that, during the twenty-first cen-
tury, drought frequency and areas have already increased by 

50 to 200%, respectively (Zhao and Dai  2017). With climate 
changes, drought is predicted to become more intense and fre-
quent in many crop production regions (Trenberth et al. 2014; 
Chen et al. 2023). Drought stress can affect plant performance at 
any stage of plant ontogeny, from seed germination to maturity. 
Specific agronomical attributes affected by drought include plant 
height, flag leaf length and spike length, among others (Sallam 
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et al. 2019). In addition to its direct impact, drought stress also 
affects crop production indirectly by altering tolerance and 
resistance to a wide range of diseases (Sallam et  al.  2019; Su 
et al. 2021; Su et al. 2022). For these reasons, enhancing drought 
tolerance of major crop species is considered as a most critical 
element of global food security (Chen et al. 2023).

Barley (Hordeum vulgare L.) is the fourth most important cereal 
crop worldwide after wheat, rice and maize in terms of produc-
tion quantity and area harvested. It is widely grown and used 
as food, feed, fodder as well as in brewing industries. This crop 
was domesticated some 10,000 years ago from the progenitor 
Hordeum spontaneum C. Koch. The cultivated and wild barley 
share the same genome (HH, 2n = 2x = 14), and there are no 
known barriers in producing fertile progeny between them. For 
this reason, they are considered by some as the same species 
(Forster et al. 2000). Like many other crop species, domestication 
and selection processes have dramatically reduced genetic vari-
ation in cultivated barley. Results from previous studies showed 
that cultivars represent only a part of the range of genetic vari-
ation in wild barley. Some studies indicated that less than half 
of the alleles found in wild barley are present in cultivars (Ellis 
et al. 2000; Tombuloglu et al. 2015). Results from pan-genome 
studies also showed that large numbers of genes found in wild 
barley, especially those conferring tolerance and resistance to 
biotic and abiotic stresses, may have been lost during evolution, 
domestication, or breeding (Gao et al. 2019; Ma et al. 2019). In 
other words, wild barley genotypes do not only provide a rich 
source of new alleles but also novel genes for breeding programs. 
This highlighted the potential of wild barley for improving dual 
stress resistance in cultivated varieties. It is thus not surprising 
that wild barley has already proven to be a very fruitful source 
of gene resources for improving modern crop cultivars (Thomas 
et al. 1998), and populations derived from crosses between cul-
tivated and wild barley have been used extensively in biological 
studies (Chen et al. 2023; Hu et al. 2019; Niu et al. 2022).

Fusarium crown rot (FCR) is a chronic and severe disease af-
fecting cereal production worldwide. Severe yield loss from this 
disease occurs mainly in crops that suffered drought stress after 
anthesis (Liu and Ogbonnaya 2015). FCR can be caused by a wide 
range of Fusarium species with F. pseudograminearum as the most 
prevalent pathogen (Akinsanmi et  al.  2004). Seedlings infected 
by FCR are characterized by brown lesions in roots and crowns. 
Progression of the disease is characterized by an increased de-
gree of leaf sheath and stem discolouration (browning). Severe 
FCR infection can lead to seedling and plant death. Whiteheads 
are the pronounced visual impact of severe FCR infection espe-
cially when moisture stress occurs after anthesis, and these heads 
or spikes possess shrivelled or even no kernels (Chakraborty et al. 
2006; Murray and Brennan 2009). Previous studies showed that 
Fusarium pathogens proliferated more rapidly under drought con-
ditions once entering plants (Liu and Liu  2016), which explains 
why incorporating drought stress is effective in enhancing FCR se-
verity in glasshouse experiments (Mitter et al. 2006; Li et al. 2008; 
Jiang et al. 2019; Gao, Zheng, Hu, et al. 2020). An earlier study 
also showed that wheat lines with greater drought tolerance could 
trigger a stronger defence against FCR infection likely due to lower 
levels of drought stress (Su et  al.  2021). Recently, transcriptome 
analysis revealed that similar regulatory networks were activated 
in wheat under the two stress conditions (Su et al. 2024).

To date, three studies have reported four QTL conferring FCR 
resistance in barley. The first study detected Qcrs.cpi-4H from 
a population of recombinant inbred lines (RILs) whose donor 
parent, the wild barley genotype (H. spontaneum L.) originated 
from Iran (Chen, Liu, Ma, et al. 2013). The second study inves-
tigated the population of RILs whose donor parent is a landrace 
originated from Japan, identifying two loci Qcrs.cpi-1H and 
Qcrs.cpi-3H (Chen, Liu, Wei, et al. 2013). The third study detected 
Qcrs.caf-6H from a population of RILs whose donor parent is a 
landrace originated from South Korea (Gao et al. 2019). Numerous 
QTL for drought-related traits were detected under drought stress 
based on a review (Elakhdar et al. 2022) across all chromosomes. 
However, none of these QTL were detected from the same popula-
tion conferring both FCR resistance and drought tolerance.

To enhance the understanding of relationships between drought 
tolerance and FCR resistance, we investigated if loci conferring 
drought tolerance co-locate with any of those loci conferring 
FCR resistance by assessing both traits in a single population 
generated between a domesticated barley cultivar and a wild 
barley accession (Zhou et  al.  2021). Additionally, interactions 
between these two characteristics and other traits of agronomic 
importance were assessed. Taking advantage of the genome as-
semblies of the two parental genotypes, candidate genes under-
lying the targeted locus were identified.

2   |   Materials and Methods

2.1   |   Plant Materials

A population consisting of 201 RILs was assessed in this study 
under both FCR infection and drought stress. The population 
was obtained from a cross of Morex/AWCS276. Morex is a cul-
tivar (H. vulgare L.) used by international barley researchers in 
generating a high-quality genome assembly (Mascher et al. 2017). 
AWCS276 is a wild genotype (H. spontaneum L.) with strong re-
sistance to FCR infection (Chen, Liu, Ma, et al. 2013; Chen, Liu, 
Wei, et  al.  2013). Genome assembly for AWCS276 is also avail-
able (Liu et al. 2020). This population has been used in mapping 
loci controlling a wide range of characteristics, including flag leaf 
thickness (FLT), flag leaf length (FLL), flag leaf width (FLW), flag 
leaf area (FLA), flag leaf length and width ratio (FLWR), thou-
sand kernel weight (TKW), kernel number per spike (KNPS), 
fertile tiller numbers (FTN), heading date (HD), spike row type 
(SRT), third leaf thickness of seedling (S3LT), third leaf length of 
seedlings (S3LL), third leaf width of seedling (S3LW), third leaf 
area (S3LA), and ratios of third leaf length and width of seedlings 
(S3LWR). Data for these agronomic traits collected from a previ-
ous study (Zheng et al. 2022) were used for correlation analysis 
with those collected in the study reported here.

2.2   |   Assessment of FCR Resistance

CS3096 is a highly aggressive isolate of F. pseudograminearum 
maintained in Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) (Akinsanmi et al. 2004), and it was utilized 
for FCR inoculation. Methods used in inoculum preparation and 
inoculation were those detailed by Li et al. (2008). Seeds of each 
line from the population were sterilized using 2% hypochlorite 
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for 5 min and then in 70% ethanol for 1 min. The sterilized seeds 
were rinsed three times using distilled water. Sterilized seeds were 
placed on three layers of filter paper saturated with water in petri 
dishes to germinate. FCR inoculation was carried out by immers-
ing the germinated seedlings in the spore suspension for 1 min 
when coleoptile lengths reached about 1 cm. The seedlings were 
then planted into 56 cell-Kwik trays filled with UC (the University 
of California) potting mix (50% sand and 50% peat v/v). Water 
stress was applied to the infected seedlings to promote the disease 
development. Inoculated seedlings were watered only when wilt 
symptoms appeared by soaking the trays in containers filled with 
water for 5 min.

Three independent experiments were conducted against the 201 
RILs, and each experiment had three replicates with 14 seed-
lings in each of them. Trials were carried out in a controlled 
environment facility (CEF) at the Saint Lucia site of CSIRO in 
Brisbane. The conditions of the CEF were set as follows: day/
night temperature 25/16±1 °C, day/night relative humidity 
65/80% ± 5% and 14 h-photoperiod with 500 mol m−2 s−1 photon 
flux density at the level of the plant canopy. FCR severity was 
scored at 3 to 4 weeks after inoculation with a 0–5 scale, where 0 
represents healthy plants without visible symptoms of infection 
(browning of seedling bases), 1–4 for plants with incrementally 
increased stem browning and 5 for dead plants.

2.3   |   Assessment of Drought Tolerance

Three independent experiments were conducted, each with three 
replicates. Seeds of the 201 RILs were germinated in petri dishes 
with three layers of water-saturated filter paper. Five seeds for 
each line were germinated, and the best three seedlings with sim-
ilar growth rates were selected for each replicate. Young seedlings 
(coleoptile about 1 cm in length) were planted into 30 cell-Kwik 
trays (Garden City Plastics, Australia) filled with UQ23 soil mix 
(pH 5.5–6.5, 70% composted pine bark 0–5 mm, 30% coco peat, 
Osmocote Exact Standard 3–4 months (~4 kg/m3) and Suscon 
Maxi insecticide (~830 g/m3). The seedling trays were placed in a 
glasshouse at St Lucia site of CSIRO, Brisbane. To reduce possible 
influence of flowering time on assessing drought tolerance, the 
201 RILs were ordered based on flowering time so that lines grow-
ing in a single tray have similar flowering times. To reduce differ-
ences caused by positions where trays were placed, all trays were 
moved to different locations within the glasshouse every 2 to 3 
days. Conditions of the glasshouse were set as follows: 25/16(±1)°C 
Day/night temperatures, > 50%/70% relative day/night humidity 
and 12 h-photoperiod with 500 mol m−2 s−1 photon flux density at 
the level of the plant canopy.

For the control groups, seedling trays were soaked in a container 
filled with water for about 10 min every 2 to 3 days during the 
experiments. For the first time point of drought treatment, wa-
tering the treatment groups of plants was stopped at three leaf 
stage (collars of the second leaves became visible in over 50% of 
the seedlings). About 1 week following the withholding of wa-
tering, plants showed different severities of leaf wilting. Several 
criteria were used in assessing drought tolerance. One of these 
was scoring wilting severity of leaves using a scale ranging from 
1 (no drought symptom) to 4 (whole plant wilted). Individual 
plants for each of the RILs were scored separately, and the 

average was calculated for further analyses. For the second time 
point of drought treatment, watering to the treatment groups of 
plants was stopped when first tillers became visible in over 50% 
of the seedlings. When the symptoms of drought stress became 
apparent, most of the RILs reached the booting stage. In addi-
tion to those assessments carried out for the first time points, the 
number of yellow leaves (which was not apparent among RILs 
at the first time point) was another criterion assessed. As few 
plants had 3 or more yellow leaves at this time point, a scale 
ranging from 0 to 3 was used for this assessment. For example, 
a score of 0.5 was given to a plant when about half of its first leaf 
was yellow and a score of 2.0 was given to a plant when both its 
first and second leaves were yellow.

Following drought severity assessments, plants in both groups 
of the controls and treatments were harvested by cutting close 
to the surface of the potting mix, and fresh weight for each of 
the RILs was measured. The harvested plants were then placed 
in a dehydrator at 65 °C until a constant dry weight (no change 
in weight in two consecutive days) was obtained. Dry weight for 
each of the RILs was then measured.

2.4   |   Statistical Analysis

Genotyping was performed using genotyping-by-sequencing 
(GBS), and a high-density genetic map of the mapping popula-
tion was constructed following the method described by Zhou 
et  al.  (2021). Briefly, total genomic DNA was extracted from 
young leaves of all RILs and the parental lines using the CTAB 
method and submitted to a commercial sequencing provider 
for GBS library construction and sequencing. Paired-end reads 
were merged into single reads using PEAR software (Zhang 
et al. 2014), and low-quality reads were trimmed and filtered. A 
population-specific allele-specific reference (psASR) was gener-
ated, and alleles were filtered based on a minimum of four reads 
per sample and a minor allele frequency threshold of 0.25. The 
resulting sequences were aligned to the Morex reference genome 
using GYDLE software (Gydle Inc., Quebec, Canada), with 
alignment criteria of ≥70% homology over ≥95% of the sequence 
length. Genotype calling was performed using Bayesian statis-
tical models for codominant markers, while dominant markers 
for unmapped loci were assigned based on a minimum cover-
age of two reads. Further filtering of SNP markers was applied, 
retaining those with a minor allele frequency > 0.05 and ≤15% 
missing data. Linkage groups were constructed using MSTMap 
via the R/ASMap package (Taylor and Butler 2017) with default 
parameters, and markers were assigned to groups based on re-
combination frequency and LOD score thresholds.

QTL analysis was performed using MapQTL 5.0 (Van 
Ooijen  2004). Interval mapping (IM) was initially used to 
scan for QTL, and the significance of detected QTL was as-
sessed using permutation tests (1000 permutations per trait) 
to determine LOD thresholds at a significance level of p ≤ 0.05. 
QTL were considered significant if their LOD scores exceeded 
this threshold. The confidence interval for each QTL was de-
fined using the 1.5-LOD drop method around the peak marker 
(Visscher et al. 1996). Flanking markers for each QTL were iden-
tified as the nearest markers on either side of the peak within the 
support interval. A linkage map indicating QTL positions was 
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visualized using MAPCHART 2.32 (Voorrips  2002).  The best 
linear unbiased prediction (BLUP) was calculated for each of the 
measurements assessed in this study using lme4 package (Bates 
et al.  2015) in R studio. Traits characterized by ordinal variables 
were used directly for QTL analysis. For measurements repre-
sented by continuous variables, their distributions were assessed 
first using Q-Q plots and the Shapiro-Wilk test before proceed-
ing with QTL analysis. Traits that did not follow a normal dis-
tribution were transformed using the Box–Cox method prior to 
analysis. Correlation analysis between traits measured in this 
study and those from previous work (Zheng et  al.  2022) was 
conducted using JMP version 16.1 (SAS In stitute, Cary, North 
Carolina, United States).

2.5   |   Identification of Candidate Genes 
for the Targeted QTL

To predict genes underlying the targeted locus, protein se-
quences of the two parental genotypes were compared 
and those with reciprocal best hits were identified using 
DIAMOND version 2.1.5. The physical boundaries of the tar-
geted locus were defined by aligning the sequences of flank-
ing markers to Morex pseudomolecules (Mascher et al. 2017). 
Coding and protein sequences for Morex and AWCS276 were 
sourced from Ensembl Plants database https://​ftp.​ensem​
blgen​omes.​ebi.​ac.​uk/​pub/​plants/​relea​se-​56/​and NCGR wild 
barley database https://​www.​ncgr.​ac.​cn/​wild_​barley (Liu 
et  al.  2020), respectively. Orthologous gene pairs in the tar-
geted region between Morex and AWCS276 were identified 
with available coding sequences and protein sequences. Only 
genes with sequence variations between the two parental 
genotypes were outputted and used for further analyses. The 
identification of barley orthologs genes in Arabidopsis and 
rice was performed with BioMart on Ensembl Plants https://​
plants.​ensem​bl.​org/​index.​html. SNP variations of candidate 
genes and their functional annotations were detected using 
Snippy version 4.3.6

3   |   Results

3.1   |   Phenotypic Data Analysis

Phenotypic evaluation of the RIL mapping population, derived 
from a cross between the wild barley genotype AWCS276 and 
the cultivated parent Morex, revealed considerable variation in 
traits related to FCR severity and drought tolerance. FCR se-
verity scores ranged from 1 to 5, with an average value of 3.5 
(Table 1). In addition, leaf wilting under drought stress was as-
sessed at two time points. Drought treatment at tillering stage 
(W1), wilting scores ranged from 0 to 4, averaging 2.7, whereas 
drought treatment at booting stage (W2), scores varied from 1.5 
to 4.0 with a mean of 2.9 (Table 1). The number of yellow leaves 
(YL) ranged from 0.2 to 2.9 among the 201 RILs, with a popula-
tion average of 1.9.

Shoot dry weight under drought stress (SDW_D) varied from 
0.47 to 1.34, with an average of 0.92, while under controlled con-
ditions (SDW_C) values ranged from 0.7 to 3.5, with a mean of 
1.73 (Table 1). Similarly, shoot fresh weight under drought stress 

(SFW_D) ranged from 1.48 to 4.93 with a mean value of 2.89, 
compared to shoot fresh weight under controlled conditions 
(SFW_C), which varied from 7.61 to 27.17 and averaged approx-
imately 16 (Table 1).

TABLE 1    |    Distributions of measured traits among the RILs of the 
mapping population.

Trial Trait Min Max Mean SD CV (%)

Trial 1 FCR 1.0 5.0 3.5 1.0 27.8

W1 1.0 4.0 2.7 0.8 29.5

W2 1.7 4.0 3.0 0.6 18.8

YL 0.2 2.8 1.7 0.6 34.6

SDW_D 0.47 1.34 0.94 0.16 17.3

SDW_C 0.81 3.54 1.78 0.41 23.2

SFW_D 1.48 4.48 2.84 0.50 17.5

SFW_C 7.61 27.17 16.10 3.18 19.8

Trial 2 FCR 1.0 5.0 3.5 1.0 27.9

W1 0.0 4.0 2.6 0.8 31.3

W2 1.5 4.0 2.9 0.6 19.7

YL 0.3 2.9 1.9 0.5 28.9

SDW_D 0.53 1.25 0.92 0.1 14.6

SDW_C 0.74 3.30 1.69 0.4 22.1

SFW_D 1.82 4.93 2.97 0.4 14.8

SFW_C 9.28 24.71 16.25 2.8 17.0

Trial 3 FCR 1.0 5.0 3.6 1.0 26.7

W1 0.0 4.0 2.7 0.8 30.2

W2 1.5 4.0 2.9 0.6 19.4

YL 0.3 3.0 2.1 0.5 25.7

SDW_D 0.52 1.17 0.90 0.1 13.5

SDW_C 0.79 3.47 1.71 0.4 23.8

SFW_D 1.87 4.21 2.87 0.4 14.5

SFW_C 9.05 25.44 15.82 2.8 17.8

BLUP FCR 1.1 5.0 3.5 0.9 26.0

W1 0.7 4.0 2.7 0.8 29.2

W2 1.6 4.0 3.00 0.5 18.1

YL 0.4 2.8 1.9 0.5 15.9

SDW_D 0.59 1.23 0.92 0.1 13.5

SDW_C 0.81 3.42 1.72 0.4 22.7

SFW_D 1.81 4.48 2.90 0.4 14.7

SFW_C 9.27 22.64 15.80 2.6 16.1
#FCR represents for Fusarium crown rot severity, W1 for leaf wilting severity 
at first time point, W2 for leaf wilting severity at second time point, YL for the 
number of yellow leaves, SDW_D for shoot dry weight under drought stress, 
SDW_C for shoot dry weight under control (well-watered treatment), SFW_D 
for shoot fresh weight under drought stress and SFW_C for shoot fresh weight 
under control treatment.

https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-56/and
https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-56/and
https://www.ncgr.ac.cn/wild_barley
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
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3.2   |   QTL Mapping

Composite interval mapping identified several QTL associated 
with the traits measured. A single QTL on chromosome arm 
2HL for FCR severity (Figure 1), designated Qcrs.caf-2H where 
where ‘crs’ represents ‘Fusarium crown rot severity and ‘caf’ 
represents ‘CSIRO Agriculture & Food’. This locus exhibited 
LOD values ranging from 4.6 to 4.8 and explained up to 10.9% of 
the phenotypic variance, with the resistant allele contributed by 
the wild barley parent AWCS276, as further supported by BLUP 
analyses (Table 2).

For leaf wilting measured at the first time point (W1), two QTL 
were detected: one on chromosome arm 2HL (Qw1.caf-2H) and 
a second on 4HL (Qw1.caf-4H) (Figure  1). The QTL on 2HL 
had a LOD value of approximately 3.0 and accounted for up 
to 6.5% of the variance, while the QTL on 4HL exhibited LOD 
values between 3.1 and 3.8 and explained up to 8.5% of the 
variance (Table 2). The tolerant allele at Qw1.caf-2H was de-
rived from AWCS276, whereas the allele at Qw1.caf-4H came 
from Morex. In contrast, the leaf wilting assessment at the 

second time point (W2) revealed a single QTL, Qw2.caf-2H, 
located on chromosome arm 2HL. This QTL had LOD values 
ranging from 3.2 to 4.3 and explained approximately 10.0% of 
the phenotypic variance, with the tolerant allele also contrib-
uted by AWCS276.

A QTL for yellow leaf number, designated Qyl.caf-2H, was iden-
tified on chromosome arm 2HL (Figure 1). This locus showed 
LOD values between 5.2 and 5.7 and explained up to 12.5% of 
the phenotypic variance, with the drought-tolerant allele con-
tributed by AWCS276 (Table 2).

Analysis of shoot dry weight revealed that under drought stress 
(SDW_D), the QTL Qsdw.caf_d-2H was mapped to chromosome 
arm 2HL (Figure 1), exhibiting LOD values from 4.1 to 4.7 and 
accounting for up to 10.4% of the variance (Table 2). Under con-
trolled conditions (SDW_C), two QTL were detected: one on 
chromosome arm 2HL (Qsdw.caf_c-2H) with LOD values be-
tween 4.7 and 5.2, explaining up to 10.5% of the variance, and 
another on chromosome arm 5HS (Qsdw.caf_c-5H) with LOD 
values ranging from 3.7 to 4.0, which explained up to 9.5% of the 

FIGURE 1    |    QTL identified in the mapping population. The locus detected for FCR (Fusarium crown rot severity) was designated as Qcrs.caf-2H. 
The loci detected for W1 (wilt severity at tillering stage) were designated as Qw1.caf-2H and Qw1.caf-4H. The locus detected for W2 (wilt severity at boot-
ing stage) was designated as Qw2.caf-2H. The locus detected for YL (the number of yellow leaves) was designated as Qyl.caf-2H. The locus detected for 
SDW_D (shoot dry weight under drought stress) was designated as Qsdw.caf_d-2H. The locus detected for SDW_D (shoot dry weight under control) was 
designated as Qsdw.caf_c-2H. The locus detected for SFW_D (shoot fresh weight under drought stress) was designated as Qsfw.caf_d-5H. The locus de-
tected for SFW_C (shoot fresh weight under control) was designated as Qsfw.caf_c-5H. [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


733

TABLE 2    |    QTL for measured traits identified in the RIL population.

Trial Trait QTL
LOD 
value

Phenotypic 
variation (%)

Genetic 
distance 

(cM)
Left 

marker Right marker

Source of 
resistant 

or tolerant 
allele

Trial 1 FCR Qcrs.caf-2H 4.8 10.9 91.2–99.9 GBS_
MST1291

GBS_MST1332 AWCS276

W1 Qw1.caf-2H 2.9 6.5 90.9–91.2 GBS_
MST1282

GBS_MST1291 AWCS276

Qw1.caf-4H 3.8 8.5 67.8–70.9 GBS_
MST2992

GBS_MST3012 Morex

W2 Qw2.
caf-2H

4.3 9.7 94.1–100.8 GBS_
MST1301

GBS_MST1333 AWCS276

YL Qyl.caf-2H 5.5 12.1 90.9–101.3 GBS_
MST1282

GBS_MST1334 AWCS276

SDW_D Qsdw.
caf_d-2H

4.7 10.4 98.6–106.1 GBS_
MST1325

GBS_MST1360 AWCS276

SDW_C Qsdw.
caf_c-2H

4.7 10.5 98.6–106.1 GBS_
MST1325

GBS_MST1360 AWCS276

Qsdw.
caf_c-5H

4.0 9.5 19.5–27.5 GBS_
MST3872

GBS_MST3880 AWCS276

SFW_D Qsfw.
caf_d-5H

3.4 8.3 25.3–29.4 GBS_
MST3863

GBS_MST3873 AWCS276

SFW_C Qsfw.
caf_c-5H

3.5 8.4 20.1–27.5 GBS_
MST3872

GBS_MST3877 AWCS276

Trial 2 FCR Qcrs.caf-2H 4.6 10.1 92.4–100.3 GBS_
MST1296

GBS_MST1332 AWCS276

W1 Qw1.caf-2H 2.7 6.2 90.9–91.2 GBS_
MST1282

GBS_MST1291 AWCS276

Qw1.caf-4H 3.1 7.1 69.0–71.1 GBS_
MST3008

GBS_MST3012 Morex

W2 Qw2.
caf-2H

3.6 8.2 95.2–98.9 GBS_
MST1313

GBS_MST1326 AWCS276

YL Qyl.caf-2H 5.7 12.5 92.9–101.3 GBS_
MST1299

GBS_MST1334 AWCS276

SDW_D Qsdw.
caf_d-2H

4.2 9.3 98.6–104.8 GBS_
MST1325

GBS_MST1358 AWCS276

SDW_C Qsdw.
caf_c-2H

4.7 10.6 97.1–107.8 GBS_
MST1324

GBS_MST1363 AWCS276

Qsdw.
caf_c-5H

3.7 8.8 16.1–25.3 GBS_
MST3873

GBS_MST3881 AWCS276

SFW_D Qsfw.
caf_d-5H

3.4 8.4 25.0–29.4 GBS_
MST3863

GBS_MST3874 AWCS276

SFW_C Qsfw.
caf_c-1H

3.1 6.9 36.1–37.2 GBS_MST71 GBS_MST93 AWCS276

Qsfw.
caf_c-2H

3.6 8.1 102.2–105.8 GBS_
MST1347

GBS_MST1359 AWCS276

Qsfw.
caf_c-5H

3.4 8.0 20.1–25.0 GBS_
MST3874

GBS_MST3877 AWCS276

(Continues)
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Trial Trait QTL
LOD 
value

Phenotypic 
variation (%)

Genetic 
distance 

(cM)
Left 

marker Right marker

Source of 
resistant 

or tolerant 
allele

Trial 3 FCR Qcrs.caf-2H 4.7 10.2 92.4–99.9 GBS_
MST1298

GBS_MST1332 AWCS276

W1 Qw1.caf-2H 2.7 6.1 91.2–98.6 GBS_
MST1291

GBS_MST1325 AWCS276

Qw1.caf-4H 3.4 7.7 69.0–72.5 GBS_
MST3008

GBS_MST3017 Morex

W2 Qw2.
caf-2H

3.2 10.3 96.3–97.1 GBS_
MST1318

GBS_MST1324 AWCS276

YL Qyl.caf-2H 5.2 11.5 94.1–101.3 GBS_
MST1301

GBS_MST1334 AWCS276

SDW_D Qsdw.
caf_d-2H

4.1 9.1 96.8–104.8 GBS_
MST1320

GBS_MST1358 AWCS276

SDW_C Qsdw.
caf_c-2H

5.2 10.5 97.1–107.8 GBS_
MST1324

GBS_MST1363 AWCS276

Qsdw.
caf_c-5H

4.0 9.5 16.1–27.5 GBS_
MST3872

GBS_MST3881 AWCS276

SFW_D Qsfw.
caf_d-5H

3.9 9.6 20.1–29.4 GBS_
MST3863

GBS_MST3877 AWCS276

SFW_C Qsfw.
caf_c-1H

3.0 6.9 36.1–37.2 GBS_MST71 GBS_MST93 AWCS276

Qsfw.
caf_c-2H

3.7 8.4 103.6–107.7 GBS_
MST1351

GBS_MST1363 AWCS276

Qsfw.
caf_c-5H

3.8 8.9 16.1–27.5 GBS_
MST3872

GBS_MST3881 AWCS276

BLUP FCR Qcrs.caf-2H 4.8 10.6 92.1–100.3 GBS_
MST1296

GBS_MST1332 AWCS276

W1 Qw1.caf-2H 2.9 6.6 90.9–92.1 GBS_
MST1282

GBS_MST1296 AWCS276

Qw1.caf-4H 3.6 8.0 67.8–71.1 GBS_
MST2992

GBS_MST3012 Morex

W2 Qw2.
caf-2H

4.0 8.9 94.1–100.8 GBS_
MST1301

GBS_MST1333 AWCS276

YL Qyl.caf-2H 5.7 12.3 92.9–106.1 GBS_
MST1299

GBS_MST1334 AWCS276

SDW_D Qsdw.
caf_d-2H

4.7 10.4 98.6–104.8 GBS_
MST1325

GBS_MST1359 AWCS276

SDW_C Qsdw.
caf_c-2H

4.9 10.9 97.1–107.8 GBS_
MST1324

GBS_MST1363 AWCS276

Qsdw.
caf_c-5H

4.0 9.3 16.1–25.0 GBS_
MST3874

GBS_MST3881 AWCS276

(Continues)
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variance (Figure 1; Table 2). In both cases, the tolerant alleles 
were contributed by AWCS276.

For shoot fresh weight, a QTL under drought stress (SFW_D), 
designated Qsfw.caf_d-5H, was located on chromosome arm 
5HL (Figure  1) and exhibited LOD values as high as 3.9, ex-
plaining up to 9.6% of the phenotypic variance (Table  2). 
Under controlled conditions (SFW_C), a corresponding QTL 
(Qsfw.caf_c-5H) was detected on the same chromosome arm 
with LOD values ranging from 3.5 to 6.0, accounting for up to 
10.5% of the variance (Figure 1; Table 2). The drought-tolerant 
allele for both SFW-related QTL was derived from AWCS276.

3.3   |   Correlations Among FCR Resistance, 
Drought Tolerance and Agronomic Traits

FCR severity displayed significant and positive correlation 
(p < 0.05) with several of the measurements for drought toler-
ance and other characteristics including W1, S3LL S3LWR, 
FLWR and TKW (Figure 2). FCR was negatively correlated with 
KNPS and SRT. Traits used in measuring drought tolerance 
showed significant correlations with several characteristics as-
sessed in this study. For example, YL was positively correlated 
with TKW, FTN, S3LL, S3LA, S3LWR, and it was negatively cor-
related with KNPS and SRT (Figure 2).

3.4   |   Candidate Genes Underlying the Major Locus 
on Chromosome arm 2HL

As Qyl.caf-2H exhibited the most significant effects on both 
drought tolerance and FCR resistance, an attempt of identify-
ing candidate genes for this QTL was made. The physical po-
sitions of flanking markers for this locus covered a range from 
634.8 to 658.6 Mbp on chromosome arm 2HL. Based on the 
genome assembly of Morex, a total of 597 genes were detected 
in this region. Among the 249 genes with non-synonymous 
SNPs, candidate genes were prioritized based on their known 
associations with drought tolerance or disease resistance in 

Arabidopsis and rice orthologs (Table S1). Based on reported 
functions of their orthologs in rice and Arabidopsis, at least 
10 of these genes are associated with disease defence, six with 
drought tolerance, and one associated with both biotic and 
abiotic stresses (Table 3).

4   |   Discussion

In this study, we identified a novel QTL on chromosome arm 
2HL, conferring both FCR resistance and drought tolerance un-
derscores the potential for genetic locus that mediate dual stress 
responses in barley (Liu and Ogbonnaya 2015; Gao et al. 2019). 
The co-localization of these traits suggests possible pleiotropy or 
tight linkage, which aligns with emerging research on the ge-
netic interplay between biotic and abiotic stress tolerance in ce-
reals (Satish et al. 2009; Suanum et al. 2016). The contribution of 
beneficial alleles from the wild barley parent further reinforces 
the value of wild germplasm in breeding programs aimed at en-
hancing stress resilience (Araus et al. 2008; Capasso et al. 2021). 
Notably, the distinct expression patterns of drought tolerance 
QTL on 4HL and 5HS indicate that multiple physiological path-
ways regulate drought response, emphasizing the complexity of 
this trait. The identification of candidate genes within the 2HL 
region provides a foundation for future functional studies to dis-
sect the underlying molecular mechanisms, offering promising 
avenues for the development of barley varieties with enhanced 
resilience to both disease and water-limited conditions.

Pleiotropic effects are a common phenomenon (Stearns 2010; 
Wagner and Zhang  2011; Chen et  al. 2016), which could inter-
fere with the identification of QTL conferring a trait of interest. 
One example is the influence of plant height on FCR resistance 
(Li et al. 2008). A large effect QTL conferring FCR resistance on 
chromosome arm 3HL was detected. Similar to work on other 
loci conferring FCR resistance (Ma et al. 2012; Habib et al. 2016; 
Gao et  al.  2019; Su et  al.  2024), we also tried to generate NILs 
for the 3HL locus but without success. As the QTL co-located 
with the widely used gene conferring plant height (Li et al. 2009), 
we conducted an analysis on NILs for various genes controlling 

Trial Trait QTL
LOD 
value

Phenotypic 
variation (%)

Genetic 
distance 

(cM)
Left 

marker Right marker

Source of 
resistant 

or tolerant 
allele

SFW_D_
BLUP

Qsdw.
caf_c-2H

3.6 8.0 21.8–25.0 GBS_
MST3874

GBS_MST3876 AWCS276

SFW_C_
BLUP

Qsfw.
caf_c-1H

2.9 6.7 48.4–49.8 GBS_MS355 GBS_MST359 AWCS276

Qsfw.
caf_c-2H

3.2 7.5 104.2–105.8 GBS_
MST1355

GBS_MST1359 AWCS276

Qsfw.
caf_c-5H

3.3 7.8 20.1–25.3 GBS_
MST3873

GBS_MST3877 AWCS276

#Genetic distance cM for genetic distance from the tip of the short arm to the peak of the QTL, FCR represents for Fusarium crown rot severity, W1 for leaf wilting 
severity at first time point, W2 for leaf wilting severity at second time point, YL for the number of yellow leaves, SDW_D for shoot dry weight under drought stress, 
SDW_C for shoot dry weight under control (well-watered treatment), SFW_D for shoot fresh weight under drought stress and SFW_C for shoot fresh weight under 
control treatment.

TABLE 2    |    (Continued)
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plant height and realized that the genes controlling plant height 
all significantly affect FCR resistance in wheat (Liu et al. 2010). 
Similar results showing that plant height affects FCR resistance 
were also demonstrated in barley (Chen et al. 2014). However, the 
locus conferring FCR resistance and drought tolerance on 2HL 
does not seem to be affected by any obvious traits of agronomic 
importance as RILs with very similar morphology (including 
plant height, flowering time, developmental stage, tiller and leaf 
numbers, and spike row-type) but with contrasting response to 
drought stress were found in the mapping population (Figure 3).

Interestingly, the 2HL locus was detected by measuring dry 
weight in both the control (drought stress not imposed) and the 
drought stressed treatments. Similar result was also reported 
for loci conferring salt tolerance (Forster et al. 1997). One pos-
sible explanation for such phenomena is that gene action was 
induced by the stress in concern in some cases, or that normal 
activity was sufficiently reduced to reveal the action of other 
loci (Forster et  al.  2000). In any case, dry weight from non-
stressed experiments provides a convenient method to detect 
this locus.

FIGURE 2    |    Correlation matrix among different measurements and traits in the mapping population. FCR represents for Fusarium crown rot 
severity, W1 for wilt severity at first time point, W2 for wilt severity at second time point, YL for the number of yellow leaves, SDW_D for shoot dry 
weight under drought stress, SDW_C for shoot dry weight under control (well-watered treatment), SFW_D for shoot fresh weight under drought 
stress, SFW_C for shoot fresh weight under control treatment, FLT for flag leaf thickness, S3LT for 3rd leaf thickness from seedling, FLL for flag leaf 
length, FLW for flag leaf width, FLA for flag leaf area, FLWR for flag leaf length and width ratio, TKW for thousand kernel weight, KNPS for kernel 
number per spike, FTN for fertile tiller number, HD for heading date, SRT for spike row type, S3LT for 3rd leaf thickness from seedling, S3LL for 3rd 
leaf length from seedling, S3LW for 3rd leaf width from seedling, S3LA for 3rd leaf area, and S3LWR for 3rd leaf length and width ratio from seedling. 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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TABLE 3    |    Candidate genes associated with disease resistance or drought tolerance in the targeted region.

Candidate gene Species Homologue Functions Reference

HORVU.MOREX.r3.2HG0205130 Arabidopsis NHO1 Required for resistance 
against non-host and 

avirulent Pseudomonas 
strains and against the 

necrotrophic fungal 
pathogen Botrytis cinerea
A significant component 

of the immune system 
in Arabidopsis

Kámán-Tóth et al. (2019)

HORVU.MOREX.r3.2HG0205210 Arabidopsis T1N6_22 An important role 
in resistance to 

necrotrophic fungi
Enhanced salt tolerance

Xing et al. (2012)

HORVU.MOREX.r3.2HG0205380 Arabidopsis AT1G15290 Drought stress response gene Lasky et al. (2014)

HORVU.MOREX.r3.2HG0206960 Arabidopsis TGA7 Regulation of disease 
resistance

Kesarwani et al. (2007)

HORVU.MOREX.r3.2HG0207170 Arabidopsis GAUT10 Regulation of root meristem 
and in response to auxin

Essential for stomatal 
behaviour and drought 

performance
Required for root cell 

differentiation and elongation

Pu et al. (2019)
Guo et al. (2021)
Dash et al. (2023)

HORVU.MOREX.r3.2HG0209080 Arabidopsis MVK A key enzyme in the 
mevalonate pathway and 

plays a critical role in 
plant disease defence

Cho et al. (2022)

HORVU.MOREX.r3.2HG0209180 Arabidopsis ALN Regulation of concentration 
of allantoin and impacted on 
drought and osmotic shock

Watanabe et al. (2014)

HORVU.MOREX.r3.2HG0213220 Arabidopsis ACBP2 Promoting ABA signalling 
in germination, seedling 

development and the 
drought response

Du et al. (2013)

HORVU.MOREX.r3.2HG0213240 Arabidopsis ARP6 Regulating inflorescence 
and flower development

Response to salinity 
stress through regulating 

PP2C genes
Enhanced resistance 

to Pst DC3000

Deal et al. (2005)
Do et al. (2023)

Jakada et al. (2023)

HORVU.MOREX.
r3.2HG0213610

Arabidopsis PUB22 Negative regulation 
of plant immunity

Respond to drought stress

Yi et al. (2024)

HORVU.MOREX.r3.2HG0214130 Arabidopsis
Rice

AAE3 Involved in seed development 
and fungal pathogens defence

Negative regulator in 
rice blast resistance

Foster et al. (2012)
Liu et al. (2017)

(Continues)



738 Plant Breeding, 2025

Using yellow leaves post drought stress induction as an indica-
tor, genes for leaf senescence were detected on five of the seven 
barley chromosomes. One of them was located on chromosome 
2HL, and it was positioned at 58.1 cM based on POPSEQ map 
(IBSC 2012). The length of the DNA sequence given for the gene 
(GenBank ID AK367894.1) was 2375 bp and the corresponding 
contig in the reference genome of Morex was hv-36,476 (Wehner 
et al. 2016). However, no hit for this sequence could be found 
in the current reference genome of Morex with an acceptable 
e-value threshold. Two of the possible reasons which might ex-
plain the discrepancy include (a) the sequence differences be-
tween the genotype used in the previous study and the reference 

genotype of Morex as it is known that dispensable genome ac-
counts for a large portion of the genes in barley (Ma et al. 2019; 
Gao, Wu, Stiller, et  al.  2020), and (b) the poor quality of se-
quences available to the authors in those days.

Both parental genotypes of the mapping population used in 
this study have high-quality genome assemblies, facilitating the 
identification of candidate genes in targeted chromosomal re-
gions. Based on functional analysis of their orthologs in rice and 
Arabidopsis, at least 18 of the genes located in the interval of 
the targeted QTL were associated with resistance or tolerance 
to disease infection and drought stress (Table 3). One of them, 
HORVU.MOREX.r3.2HG0213610 is orthologous to PUB22 in 
Arabidopsis, which would form our primary target. In addition 
to responding to drought stress (Cho et  al. 2008), PUB22 also 
negatively regulates plant immunity (Yi et  al.  2024). Another 
one is HORVU.MOREX.r3.2HG0214490. The ortholog of the 
gene in rice is OsMYB6 which functions as a stress-responsive 
transcription factor and is known to enhance tolerance to 
both drought and salinity stress (Tang et al. 2019). Its ortholog 
in Arabidopsis is KEA2 which involves in drought response 
(Sánchez-McSweeney et al. 2021).

There is 	 little doubt that orthologous and gene expression anal-
yses help a more focused effort to further characterize the candi-
date genes. However, results from such analyses cannot be used 
to rule out any of those genes with non-synonymous variations 
between the two parental genotypes in the targeted interval. 
Developing and analysing NILs (Ma et al.  2012; Chen et al.  2014; 
Habib et al. 2018), as well as NIL-derived populations, have been 
used effectively in refining a targeted locus thus reducing the 
numbers of candidate genes (Zheng et al. 2015; Jiang et al.  2019; 
Gao, Zheng, Hu, et al. 2020; Gao et al. 2023). Further efforts in 
identifying gene(s) underlying the targeted locus require the ex-
ploitation of more reliable methods in determining gene functions 
such as NIL development, gene editing and transformation.

Candidate gene Species Homologue Functions Reference

HORVU.MOREX.
r3.2HG0214490

Arabidopsis
Rice

KEA2
OsMYB6

Mediation of seedling 
primary root growth

Involved in drought response
Regulation of drought 

and salt response

Sánchez-McSweeney 
et al. (2021)

Tang et al. (2019)

HORVU.MOREX.r3.2HG0206550 Rice OsSK3 Contributed to the defence 
response and to floral 

organ development

Kasai et al. (2005)

HORVU.MOREX.r3.2HG0207660 Rice OsBIDK1 Regulation of disease defence Huang et al. (2017)

HORVU.MOREX.r3.2HG0211940 Rice OsCP1 Modulating blast resistance Li et al. (2022)

HORVU.MOREX.r3.2HG0214090 Rice OsFTIP6 Regulation of drought 
response

Yang et al. (2022)

HORVU.MOREX.r3.2HG0214130 Rice OsAAE3 A negative regulator 
in rice blast resistance, 
floret development and 

lignin biosynthesis

Liu et al. (2017)

TABLE 3    |    (Continued)

FIGURE 3    |    Two recombinant inbred lines (three plant each) with 
similar morphology (in plant height, flowering time, developmental 
stage, tiller and leaf numbers, and spike row-type) but with contrast-
ing number of yellow leaves under drought stress. [Color figure can be 
viewed at wileyonlinelibrary.com]
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