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Abstract Seedling establishment is a vulnerable stage
in the crop life cycle which can be affected by different
abiotic stresses. Drought and salinity are major environ-
mental constraints worldwide, but few studies have
genetically compared these two stresses on the same
genetic material. In this study, the dynamic response of
barley seedling growth to different levels of salt stress
and PEG6000-mediated osmotic stress was evaluated in a
European winter barley cultivar collection, in parallel
with non-stress conditions. Salt and osmotic stress ex-
periments produced different root-response curves. A
final set of 56 phenotypic traits was subjected to
genome-wide association mapping with 4885 gene-

based SNP markers: 28 quantitative trait loci (QTL)
were identified; 10 loci were found to be involved in
saline conditions, whereas 20 loci were detected under
osmotic stress. Four loci on chromosomes 1H, 5H and
6H were detected under more than one growth condi-
tion. One co-localized QTL was involved in both root
and shoot growth only under salt stress. A set of poten-
tial candidate genes with putative pleiotropic effects on
seedling growth under different conditions is proposed,
based on their physical proximity to the QTL peak
markers. To conclude, we found that a QTL controlling
seedling growth under one abiotic stress can respond to
another stress. QTL promoting faster growth under non-
stress conditions were also identified under salt and/or
osmotic stresses. These loci might be exploited in breed-
ing programs to overcome environmental stresses at the
initial seedling stage.
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Introduction

Drought and salinity are major abiotic stresses limiting
crop productivity (Rizwan et al. 2015). Climate change
is expected to significantly impact temperature and pre-
cipitation profiles, thus increasing the incidence and
severity of environmental stresses (Mondini and
Pagnotta 2015). For this reason, drought stress is often
combined with salinity in many of the world’s arid and
semiarid regions, where irrigation water is prone to
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leach down through the salt patches on the soil surface
(Sun et al. 2015).

Agricultural drought is defined as a period with de-
creased soil moisture that leads to crop failure without
any reference to surface water resources (Mishra and
Singh 2010). It is quantified as a reduction in water
potential (ψw) and classified as an osmotic threat
(Mondini and Pagnotta 2015). This subsequently limits
nutrient uptake and photosynthetic assimilation by crops
to achieve better productivity (Shi et al. 2015). In addi-
tion to osmotic stress, plants exposed to high salinity
also experience ion toxicity (Zhang et al. 2009). Under
high-saline conditions, osmotic adjustments are sug-
gested to be triggered first (Zhu et al. 2015), then the
plant regulates cellular ion homeostasis through the
actions of multiple transporters in response to ion tox-
icity (Deinlein et al. 2014), while osmolyte adjustment is
a key element in drought tolerance (Cattivelli et al.
2008). Given the common osmotic aspect, it is not
surprising that a number of stress-regulated transcription
factors are activated in response to both salt and drought
stress, such as MYB (Dai et al. 2007), bZIP (Ying et al.
2012), AP2 (Zhang et al. 2009), and WRKY (Tao et al.
2011). Nevertheless, most reports have focused on test-
ing these genes’ functions rather than on their exploita-
tion in breeding programs for stress tolerance (Yun et al.
2012).

Genetic analysis of the response to salt and drought
stress in rice identified five quantitative trait loci (QTL)
controlling tolerance to both conditions, with two of
them explaining a large portion of the observed pheno-
typic variation (Yun et al. 2012). Similarly, a major QTL
for terminal drought tolerance in pearl millet was also
associated with reduced salt uptake and enhanced
growth under salt stress (Sharma et al. 2011). Further
studies on the same genetic materials showed that
drought-tolerant pearl millet genotypes maintain higher
Na+ content in roots and old leaves, and higher chloro-
phyll and proline concentrations in younger leaves,
relative to drought-sensitive lines (Sharma et al. 2014).
The major adjustments in ion distribution and osmolytes
in drought-tolerant lines were also associated with
higher yields.

Seed germination is a developmental process trig-
gered by embryo imbibition and resulting in radicle
and coleoptile emergence. Germination supports the
subsequent seedling growth, thus playing an important
role in plant development and final yield in crops
(Honsdorf et al. 2014). Unfavorable soil conditions,

such as drought and high salinity, can significantly
reduce seed-germination rate (Chloupek et al. 2003;
Zhu et al. 2017). Therefore, specific crop management
approaches have been suggested to improve seedling
emergence in arid and saline soils, such as deep-sowing
in dry lands (Abdel-Ghani et al. 2015; Takahashi et al.
2008) and seed priming for saline–alkali soils (Rashid
et al. 2006). Under experimental conditions aimed at
studying seed germination or seedling growth, saline
conditions and the osmotic component of drought stress
are frequently simulated by sodium chloride (NaCl) and
polyethylene glycol (PEG), respectively (Abdel-Ghani
et al. 2015; Shi et al. 2015). To date, two major QTL
controlling the response of barley seedlings to salt stress
have been identified on chromosome 5HL in the Oregon
Wolfe Barley (OWB) mapping population (Witzel et al.
2010), and on chromosome 7HS in a Nure × Tremois
(NT) population (Xue et al. 2017). In contrast, only
minor QTL were detected when seedlings of the OWB
population were exposed to osmotic stress (Bálint et al.
2008), and similar results were observed for other re-
combinant populations (Wójcik-Jagła et al. 2013).
Genome-wide association (GWA) studies were also
run in barley to study the genetic bases of tolerance to
salt (Fan et al. 2016; Long et al. 2013; Sbei et al. 2014)
and drought stress (Varshney et al. 2012; Wehner et al.
2015), mainly focusing on the vegetative stage rather
than the seedling stage.

Different experimental methodologies have been
adopted to phenotype barley seedlings under salt and
PEG-mediated osmotic stress conditions, such as expo-
sure to 150/250 mM NaCl (Witzel et al. 2010) or to 15/
18% PEG (Abdel-Ghani et al. 2015). Tolerance indices/
scores are often calculated as percentage of plant growth
under stress conditions compared with controls (Abdel-
Ghani et al. 2015; Tavakkoli et al. 2012). The mathe-
matical Sigmoid model has also been applied to depict
the dynamic response of seminal root growth in maize
seedlings exposed to different salinities (Khan et al.
2003). Similarly, the Hill function of the Sigmoidmodel
was employed to simulate the response of barley seed-
lings to salt stress, and key parameters from the simula-
tion curves (e.g., maximum seedling length (Lmax), salt
concentrations leading to 50% reduction in Lmax

(Salt50)) were extracted for QTL mapping (Xue et al.
2017). To date, these methodologies have been used
separately for genetic analyses; however, their combi-
nation might increase the accuracy and efficiency of
QTL discovery.
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A diverse barley collection of European winter culti-
vars was previously exploited to study the genetic bases
of flowering time and leaf size (Digel et al. 2016), and
part of the collection was also investigated for grain and
straw yield (Bellucci et al. 2017). In the present study,
the same population was phenotyped with a vertical
germination system to construct dynamic simulation
curves of seedling growth in response to different NaCl
and PEG6000 treatments. The key parameters of salt-
induced and PEG-mediated seedling response curves
were employed for GWA mapping, in parallel with
phenotypic data from individual stress treatments and
control conditions. QTL controlling seedling responses
to salt and osmotic stress were then compared with those
controlling seedling growth in the absence of stress to
separate the general effect on seedling growth from the
specific effects controlling growth under stress condi-
tions. The mapping procedure has been illustrated in
Supplementary Figure 1. Four QTL were highlighted,
one with a specific effect on stress-induced responses
and the other three with a general effect on seedling
development. In addition, two QTL regions, on chro-
mosomes 1H and 5H, were further characterized for the
presence of potential candidate genes involved in the
traits under study.

Materials and methods

Plant material and phenotyping

A barley collection composed of 143 European winter
cultivars, a part of the germplasm collection of the
CREA research centre for Genomics and Bioinformatics
(Fiorenzuola d’Arda, Italy), was further propagated in
Anhui province, P.R. China (32° 12′ N, 118° 29′ E) in
the 2014–2015 growing season. The soil characteristics
were evaluated following previous methods (Xue et al.
2016) and are reported in Supplementary Table 1. Ge-
notypes were sown in 1-m rows with three replicates,
under a randomized complete block design (Supple-
mentary Fig. 1-A). Seeds harvested from each row were
germinated in a vertical germination system as de-
scribed previously (Xue et al. 2017). The seeds were
fixed in each plate with paper slips, thus allowing un-
impeded root elongation along the surface of the filter
paper (Supplementary Fig. 1-B). Salt and osmotic stress
were simulated independently with 80, 160, 240, 320,
and 400 mMNaCl, and 5, 10, 15, 20, and 25% PEG6000

solutions, respectively, along with control conditions
(no NaCl or PEG6000 added) (Supplementary Fig. 1-
B). Normal pure water (with an electrical conductivity
of 5.39 μS/cm) used in the control samples and for
preparation of salt and PEG6000 solutions was generated
by the Mingche Pure/Ultrapure Water System
(Millipore).

After 7 days of germination in a growth chamber at
20 °C without light, the filter papers with seedlings were
photographed with a fixed camera and the images were
analyzed by Image J to measure seminal root and shoot
lengths (RL and SL, respectively, Supplementary Fig. 1-
C). The entire experiment was replicated three times
with seeds from different multiplication plots; experi-
ments under control conditions were run in six
replicates.

Mathematical modeling and statistical analysis

Mathematical modeling of seedling growth under mul-
tiple salt concentrations was conducted as previously
described (Xue et al. 2017) and as illustrated in Supple-
mentary Fig. 1-D, with simulated curves calculated by
the Hill function of the Sigmoid model:

y ¼ axb

cb þ xb
ð1Þ

The key parameters were extracted from the simulat-
ed curves, including Salt-Lmax and Salt80–20. Salt-Lmax

represents the maximum seedling lengths in the simu-
lated seedling curves under salt stress, whereas Salt80–20
refers to the salt concentrations leading to 20–80%
reduction in seedling Lmax (Xue et al. 2017).

For mathematical modeling of seedling growth under
osmotic stress, data of SL and RL were plotted against
different concentrations of PEG6000 (0, 5, 10, 15, 20, and
25%), with the control condition assigned to 0%
PEG6000 (Supplementary Fig. S1-D). In this case, the
3-parameter Sigmoid function was adopted to derive the
simulation curves, since it best fit the six experimental
observations with respect to the Hill function:

y ¼ a

1þ e−
x−x0
bð Þ ð2Þ

where variables a, b, and x0 were estimated by
Sigmaplot 12.0 and defined as follows: a is a limit value
for Lmax, b controls the shape and steepness of the
simulated curve, and x0 is the half-maximal activation
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level of the curve. Lmax was calculated for each geno-
type by Eq. (2) as follows:

when x ¼ 0%; Lmax ¼ a

1þ e
x0
b:

PEG50 represents the PEG6000 concentration on the
x-axis leading to half reduction of seedling Lmax and was
calculated by solving Eq. (2) as follows:

PEG50 %ð Þ ¼ x0−b� ln
a− Lmax � 0:5ð Þ
Lmax � 0:5ð Þ

� �

in the same way, the parameters PEG80, PEG70, PEG60,
PEG40, PEG30, and PEG20 were estimated for 80, 70,
60, 40, 30, and 20% reduction of seedling Lmax. To draw
consistent plots, values of 1–6 were assigned to the
different levels of salt and osmotic stress treatments, as
shown in Supplementary Fig. 1-D. Area under the curve
(AUC) was calculated as definite integrals byMATLAB
2012a according to the equation of (El-Kassaby et al.
2008):

AUC ¼ ∫61 f xð Þdx

where 1 and 6 indicate the treatment levels, hence
the interval of integrals; f(x) refers to the (1) and (2)
function for salt and osmotic stress, respectively. All
of the parameters (Salt-Lmax, PEG-Lmax, Salt80-
Salt20, PEG80-PEG20, Salt-AUC, and PEG-AUC)
extracted from the simulation curves are hereafter
termed response parameters (REP). All of the curves
were modeled independently from each replicate of
every genotype, and REPs were then averaged from
three replicates. Under 400 mM NaCl and 25%
PEG6000, coleoptiles only emerged from 13 to 12%
of all cultivars, and therefore, SL values of 0 were
assigned for further data modeling. Overall, 56 phe-
notypic traits divided into two groups were used for
genetic analyses (Table 1); these traits were collect-
ed under the three conditions: no stress, salt stress,
and osmotic stress. Lmax was regarded as a non-
stressed seedling trait because of its strong correla-
tion with seedling length under control conditions
(r > 0.9). Repeatability across experiments (H2) was
calculated for each trait from the variance compo-
nents, as previously described (Tondelli et al. 2014):

H2 ¼ σ2g
σ2g þ σ2e

where σ2e is the residual variance component and
σ2g is the genotypic variance component. Principal
component analysis (PCA) was performed with all
of the phenotypic data collected by using the soft-
ware PAST (http://folk.uio.no/ohammer/past/) and
the results were plotted by Sigmaplot 12.0 (Systat
Software, San Jose, CA).

GWA analysis

The European winter barley collection has been geno-
typed with the Illumina 9K iSelect Chip (Digel et al.
2016), and this allowed detecting row type as the main
source of population stratification. In fact, the collection
is composed of 65 two-row (2R) and 78 six-row (6R)
accessions. In the present work, 4885 gene-based SNP
markers were used for GWA analyses, after excluding
SNPs with more than 10% of missing data or less than
5%minor allele frequency (MAF). Association analyses
were conducted with TASSEL 3.0 (Bradbury et al.
2007) by applying a mixed linear model (MLM) with
kinship matrix (K) to control the effects of population
structure and genotype relatedness. A threshold p value
[−Log10 (p)] = 4 was used to define significant associa-
tions. Adjustment of p values for multiple testing was
also calculated using the false discovery rate (FDR)
method (Benjamini and Hochberg 1995) and a signifi-
cance level of 0.1 was considered as the FDR threshold
in the present work.

Results

Phenotypic characterization of barley seedlings
under salt and PEG-mediated osmotic stress

The dynamic responses of barley seedlings to various
salt and osmotic stresses are reported in Fig. 1A and
B, respectively, for the whole winter barley collec-
tion, with representative curves calculated from the
mean values of both RL and SL. Similar patterns
were observed for RL and SL simulation curves
under salt stress (Fig. 1A), but the curves were dif-
ferent under PEG-mediated osmotic stress (Fig. 1B).
Under both conditions, seedling length was signifi-
cantly reduced by the increased stress levels, with the
exception of RL under 5% and 10% PEG6000 treat-
ments. As a consequence, a flatter curve was ob-
served for RL under osmotic stress, which clearly
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differs from the typical S curve observed under salt
stress as well as for SL under osmotic stress. The
different behaviors of RL under salt and osmotic
stress but not SL might indicate a significant ionic
effect that influences root more than shoot growth
under salt stress.

The mean values and data range of the 56 traits
collected in the present work are summarized in Sup-
plementary Table 2, while Fig. 2A and B show the
observed coefficients of variation (CV) for the whole
barley panel. Traits describing seedling response to high
levels of stress (e.g., RL-400 and RL-25%) displayed
the highest phenotypic variation. In contrast, RL and SL
measured under control conditions showed lower CV.
As for the REP for salt stress, a gradual reduction of
phenotypic variability was observed from RL-Salt80 to
RL-Salt20 and from SL-Salt80 to SL-Salt20, whereas
there were no clear patterns for REP under PEG-
mediated stress. Overall, traits describing the responses
to salt stress exhibited higher phenotypic variation (av-
erage CV 10%) than those describing responses to PEG-
mediated osmotic stress (average CV 9%).

H2 was calculated for each parameter (Fig. 2C and
D), giving values of 0.79 for RL-Control and 0.82 for
SL-Control, and average values of 0.69 and 0.67 for
traits measured under saline and osmotic conditions,
respectively. Under salt stress conditions, the highest
H2 values were observed for RL-Salt-AUC, SL-Salt-
AUC, and RL-240 mM, while RL-PEG-AUC, RL-
PEG-Lmax, and SL-PEG-Lmax exhibited the highest H2

scores under osmotic stress. No clear relationship was
observed between CV and H2 during the experiment.
Several traits from individual salt and PEG treatments
showed higher CV and similar H2 with respect to the
REP (e.g., RL-240 mM and RL-25%). Considering
individual treatments and REP might lead to different
mapping results, we decided to exploit all of the avail-
able data for GWA mapping.

GWA mapping of seedling response to salt
and PEG-mediated osmotic stress

The 56 phenotypic traits were analyzed by PCA
(Supplementary Fig. 2), with the first two components
contributing 50.8% of the observed phenotypic variation.
Two-row and six-row barley cultivars were not signifi-
cantly separated by either PC1 or PC2, indicating that
row type is not a major determinant for barley seedling
growth under the tested conditions. GWA analysis with
MLM in TASSEL identified a total of 38 SNPs as signif-
icantly associated with 24 traits (considering thresholds
of −Log10 (p) ≥ 4.0 and FDR-adjusted p ≤ 0.1). Finally,
associated markers were classified into 28 loci based on
their physical positions on the barley chromosomes and
named QTL1 to QTL28 (Table 2 and Fig. 3A). In total,

Table 1 List of 56 phenotypic traits scored in the Europeanwinter
barley collection. The traits for which significant marker–trait
associations were detected are in boldface

Groups Measurements
and
calculations

Unit Traits

Seedling
length

Seedling length
under control
conditions

cm RL-Control, SL-Control

Seedling length
under salt
stress

cm RL-80 mM,
RL-160 mM,
RL-240 mM,
RL-320 mM,
RL-400 mM

SL-80 mM, SL-160 mM,
SL-240 mM,
SL-320 mM

Seedling length
under
osmotic
stress

cm RL-5%, RL-10%,
RL-15%, RL-20%,
RL-25%

SL-5%, SL-10%,
SL-15%, SL-20%

Response
parame-
ters

Lmax under salt
and osmotic
stress

cm RL-Salt-Lmax,
SL-Salt-Lmax,
RL-PEG-Lmax,
SL-PEG-Lmax

AUC under salt
and osmotic
stress

Integral RL-Salt-AUC,
SL-Salt-AUC,
RL-PEG-AUC,
SL-PEG-AUC

Salt80–20 for
seedling
length

mM RL-Salt80, RL-Salt70,
RL-Salt60, RL-Salt50,
RL-Salt40, RL-Salt30,
RL-Salt20

SL-Salt80, SL-Salt70,
SL-Salt60, SL-Salt50,
SL-Salt40, SL-Salt30,
SL-Salt20

PEG80–20 for
seedling
length

% RL-PEG80, RL-PEG70,
RL-PEG60,
RL-PEG50,
RL-PEG40,
RL-PEG30,
RL-PEG20

SL-PEG80, SL-PEG70,
SL-PEG60, SL-PEG50,
SL-PEG40, SL-PEG30,
SL-PEG20
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15 traits with 19 significant trait–marker associations
(−Log10 (p) ≥ 4.0) were excluded by the FDR threshold
(p > 0.1); these are listed in Supplementary Table 3.

The highest number of significant associations was
detected on chromosomes 1H and 5H, with eight and
seven different loci, respectively. Overlap between signif-
icant loci was explored by Venn diagram (Fig. 3B) and
only four QTL were commonly associated with seedling
growth under the different conditions (control, salt stress,
and osmotic stress; these QTL are highlighted in green in
Fig. 3A), given the rule that multiple traits of each locus
associated with identical SNP markers (Table 2). In

particular, a genomic region on chromosome 1H (QTL5)
was detected in the responses to all three growth condi-
tions. QTL27 (chromosome 6H) was associated with seed-
ling growth under both salt and osmotic stress conditions,
whereas two QTL (QTL2 and QTL21) were responsive to
both control and PEG treatments. For each of these loci,
the SNP allele conferred the same favorable effects under
the different growing conditions, as summarized in Sup-
plementary Table 4. Moreover, whereas QTL27 was clear-
ly related to the barley response to stress conditions, QTL2,
QTL5, and QTL21 displayed general effects on seedling
development. Meanwhile, 8 QTL were specifically

Fig. 1 Dynamic responses of barley seedlings to different levels
of salt stress (A) and PEG-mediated osmotic stress (B). Each point
represents root or shoot length (RL and SL, respectively) for a
single cultivar after 7 days of germination under different growth
conditions. Average coefficients of curve fitting are higher than

0.98. Blue and red curves refer to the average values of the whole
barley panel for salt and PEG6000 treatments, respectively. Letters
on the graph denote statistically significant differences between
salt and PEG6000 treatments (Tukey HSD, p < 0.05)
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associated with seedling growth under saline conditions,
while 16 QTL were only detected in response to osmotic
stress. Only 1 out of 28 loci (QTL25) was co-localized
when comparing QTL for RL and SL traits (Fig. 3B, and
highlighted in blue in Fig. 3A), with 21 and 6 loci specif-
ically associated with RL and SL, respectively.

To verify whether known candidate genes map in
proximity of the detected QTL, 37 genes (plus Fr-H2
CBF gene cluster) related to seed component (Wang et al.
2015), dormancy (Nakamura et al. 2016), germination
(Matthies et al. 2009), seedling growth (Gómez-Cadenas
et al. 2001, Chandler and Harding 2013), salt tolerance
(Qiu et al. 2011; Rivandi et al. 2011; Shavrukov et al.
2013; Adem et al. 2014; Zhu et al. 2016; Hazzouri et al.
2018), and drought tolerance (Malatrasi et al. 2002) were
identified on the reference barley genome sequence of
Morex (Mascher et al. 2017) by BLAST analysis
(Supplementary Table 5). The flanking markers of a
major QTL for barley seedling growth under salt stress
previously reported in the OWB population (Witzel et al.
2010), GBS0318 and GBR0227, were also considered in
Fig. 3A. Based on these analyses, the positions of HVA1
(Xu et al. 1996) and HvCPI5 (cysteine-proteinase inhib-
itor) (Martínez et al. 2005) are close to the peak markers
of QTL7 and QTL14 on chromosomes 1H and 3H,
respec t ive ly. The peak marker of QTL26,
BOPA1_4771-380, is located 2 Mbp proximal to Fr-H2
locus of HvCBF gene cluster (Francia et al. 2007) on
chromosome 5HL. On chromosome 6H, QTL27 is phys-
ically linked to four dehydrin protein-encoding genes
(HvDHN) (Zhu et al. 2000). None of the ion-

homeostasis genes considered here (HvHKTs, HvNHXs,
and HvNaxs) mapped close to salt-induced QTL.

QTL23 (475.8 Mbp, 5H), QTL24 (481.7 Mbp, 5H),
and QTL25 (504–505 Mbp, 5H) mapped with a large
number of salt-responsive traits and were located in ge-
nomic regions where QTL for similar traits have been
previously identified (Naz et al. 2014;Witzel et al. 2010).
Theywere therefore further characterized (Fig. 4), togeth-
er with the only locus associated with three different
s e ed l i ng cond i t i on s (QTL5 , peak ma rke r
BOPA1_12492-541 at 482.4 Mbp on chromosome 1H).
QTL23 was associated with two RL traits and its peak
m a r k e r , BOPA 2 _ 1 2 _ 3 0 7 4 5 , t a r g e t s t h e
HORVU5H r 1G0 6 0 8 1 0 g e n e e n c o d i n g a
phosphatidylinositol-4-phosphate 5-kinase (PIP5K). In
contrast, two SL traits were mapped to QTL24, with the
peak marker BOPA1_65-778 previously detected as a
flanking marker for the root trait in the S42IL population
(Naz et al. 2014) and not far from the salt-responsive
QTL detected in the OWB population at 485.8–
487.2 Mbp (flanking markers GBS0318 and GBR0227)
(Witzel et al. 2010). Candidate genes in this genomic
region include HvDEP1 (dense and erect panicle)
(Wendt et al. 2016) near BOPA1_65-778, HvQsd1 (QTL
seed dormancy) (Sato et al. 2016) close to GBR0227, as
well as the barley ortholog of OsDro1 (deep
rooting) (Uga et al. 2013), which is hosted by
Contig_134254 from the Morex genome (this gene
has yet to be annotated by the latest barley ge-
nome of 2017). Beside RL-320 mM, QTL25 is
mapped by the same RL traits (RL-Salt20 and

Fig. 2 Descriptive statistics of phenotypic traits evaluated in the
European winter barley collection. (A and B) Traits are presented
in ascending order along the x-axis according to estimated CV. (C

and D) Repeatability across experiments (H2) was calculated for
all traits. Dashed lines within each graph indicate average values
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Table 2 QTL associated with phenotypic traits in the European winter barley collection. The genetic and physical positions of significant
SNP markers are reported in (Comadran et al. 2012) and (Bayer et al. 2017), respectively

Chromosome Locus Trait Associated SNP Genetic
position (cM)

Physical
position (Mbp)

MAF/
%

−Log10(p) FDR-
adjusted p

1H QTL1 SL-PEG30 SCRI_RS_165792 11.76 8.352810 46% 4.2 0.1

QTL2 RL-15% SCRI_RS_130600 16.36 11.457743 48% 4.5 0.022

RL-Salt-Lmax SCRI_RS_130600 16.36 11.457743 48% 4.2 0.03

QTL3 RL-15% SCRI_RS_199178 43.34 39.314012 48% 4.1 0.026

QTL4 RL-20% BOPA2_12_30298 66.29 469.802176 48% 4.8 0.009

QTL5 RL-PEG-Lmax BOPA1_12492-541 72.52 482.407642 48% 7.0 0.000033

RL-80 mM BOPA1_12492-541 72.52 482.407642 48% 5.2 0.011

RL-10% BOPA1_12492-541 72.52 482.407642 48% 4.8 0.030

QTL6 RL-20% BOPA1_3404-2470 82.51 498.975662 37% 4.1 0.034

SCRI_RS_236576 83.71 500.894427 36% 4.8 0.01

QTL7 RL-10% BOPA1_1497-628 97.95 520.009630 48% 4.6 0.031

SCRI_RS_106754 100.07 522.843786 47% 4.0 0.063

RL-15% BOPA1_1497-628 97.95 520.009630 48% 4.4 0.023

RL-PEG-AUC SCRI_RS_106754 100.07 522.843786 47% 4.5 0.02

QTL8 RL-Salt-AUC BOPA2_12_10693 121.95 543.765502 24% 6.8 0.001

RL-320 mM BOPA2_12_10693 121.95 543.765502 24% 5.5 0.016

RL-160 mM BOPA2_12_10693 121.95 543.765502 24% 4.8 0.024

RL-Salt20 BOPA2_12_10693 121.95 543.765502 24% 4.1 0.062

2H QTL9 RL-15% SCRI_RS_215094 40.08 53.902381 18% 4.6 0.022

SCRI_RS_174444 40.79 54.259000 20% 5.8 0.008

SCRI_RS_154981 41.22 54.787840 24% 4.9 0.03

QTL10 RL-PEG20 BOPA1_3090-138 55.38 136.904248 14% 4.4 0.06

SCRI_RS_238404 55.67 141.687904 15% 5.2 0.014

RL-PEG30 BOPA1_3090-138 55.38 136.904248 14% 4.1 0.042

SCRI_RS_238404 55.67 141.687904 15% 5.3 0.012

RL-PEG40 SCRI_RS_238404 55.67 141.687904 15% 4.9 0.029

QTL11 RL-PEG20 BOPA2_12_21288 56.37 267.304061 12% 6.7 0.001

RL-PEG30 BOPA2_12_21288 56.37 267.304061 12% 6.4 0.002

RL-PEG40 BOPA2_12_21288 56.37 267.304061 12% 5.6 0.013

RL-25% BOPA2_12_21288 56.37 267.304061 12% 4.3 0.078

QTL12 RL-80 mM SCRI_RS_196862 92.78 681.291670 10% 4.4 0.045

SCRI_RS_170162 94.90 681.786657 10% 4.4 0.039

3H QTL13 RL-PEG80 BOPA1_5029-1423 0.01 1.006388 34% 5.7 0.011

QTL14 SL-PEG70 BOPA1_3718-1026 117.00 642.592659 12% 4.2 0.069

QTL15 RL-160 mM SCRI_RS_213950 126.70 656.385446 48% 4.3 0.032

BOPA2_12_30137 127.97 658.331067 46% 4.7 0.024

4H QTL16 RL-PEG20 BOPA1_917-522 34.56 23.879683 23% 4.2 0.021

QTL17 RL-PEG20 BOPA2_12_10500 55.74 520.397587 12% 4.4 0.041

SCRI_RS_224629 56.16 522.181821 12% 4.4 0.041

RL-PEG30 BOPA2_12_10500 55.74 520.397587 12% 4.3 0.072

SCRI_RS_224629 56.16 522.181821 12% 4.3 0.072

QTL18 RL-160 mM BOPA1_ConsensusGBS0589-1 67.00 574.543534 45% 4.5 0.034

SCRI_RS_219816 67.14 574.701745 45% 4.5 0.034
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RL-Salt30) of QTL23. Meanwhile, a peak marker
(BOPA1_1896-1435) associating with SL-320 mM
is also co-localized in this region but does not serve as a
peak marker for RL traits, hence differs from the four
aforementioned overlapping QTL. Nevertheless, this co-
localized QTL segment still inherits a possible response
to both root and shoot growth. Given this possibility, the
putative candidate genes, such as HORVU5Hr1G065950
(cyclic nucleotide gated channel, CNGC) and
HORVU5Hr1G066260 (calmodulin-like protein, CML)
are annotated (Fig. 4). Finally, genes with putative in-
volvement in general germination and stress response,
such asHORVU1Hr1G068760 (Abscisic acid insensitive,
ABI) andHORVU1Hr1G068860 (inositol polyphosphate
5-phosphatase, 5PTase), were detected as possible can-
d ida t e s fo r QTL5 (F ig . 4 ) ; cand ida t e s o f
HORVU1Hr1G005090 (protein phosphatase 2C,
PP2C) and HORVU5Hr1G011620 (glycosyltransferase,
GT) were annotated in QTL2 and QTL21 region, respec-
tively (Fig. 3A).

Discussion

Integration of methodologies improves genetic analysis
of barley seedling response to salt and osmotic stress

Plant morphological responses to abiotic stresses
have been widely investigated to elucidate wilting
under drought conditions (Sayed et al. 2012) or
chlorosis under salinity (Cui et al. 2015; Fan et al.
2016), and this is one of the most common and
convenient approaches to evaluating tolerant pheno-
types. Nevertheless, morphological responses of
seedlings are the result of dynamic interactions with
stresses; hence, both need to be adequately de-
scribed. Therefore, optimized stress treatments in
combination with suitable mathematical modeling
are necessary.

One to several concentrations of NaCl or PEG is
commonly used to test their effects on seed germi-
nation and seedling growth. For example in barley,

Table 2 (continued)

Chromosome Locus Trait Associated SNP Genetic
position (cM)

Physical
position (Mbp)

MAF/
%

−Log10(p) FDR-
adjusted p

QTL19 RL-PEG-AUC SCRI_RS_157760 90.86 608.095205 13% 4.2 0.031

5H QTL20 SL-10% SCRI_RS_137053 0.01 0.552127 49% 6.1 0.004

QTL21 RL-PEG-Lmax BOPA2_12_31521 U 31.290487 17% 4.6 0.079

RL-10% BOPA2_12_31521 U 31.290487 17% 4.1 0.054

RL-15% BOPA2_12_31521 U 31.290487 17% 4.1 0.029

RL-Control BOPA2_12_31521 U 31.290487 17% 4.0 0.071

QTL22 SL-320 mM BOPA1_2267-1173 41.32 38.558392 7% 4.3 0.085

QTL23 RL-Salt20 BOPA2_12_30745 51.46 475.851929 36% 4.5 0.04

RL-Salt30 BOPA2_12_30745 51.46 475.851929 36% 4.4 0.073

QTL24 SL-Salt20 BOPA1_65-778 52.29 481.701744 48% 5.4 0.018

SL-Salt30 BOPA1_65-778 52.29 481.701744 48% 5.2 0.029

QTL25 SL-320 mM BOPA1_1896-1435 U 505.672865 44% 4.4 0.1

RL-Salt30 BOPA1_6714-579 U 504.438190 24% 4.5 0.08

BOPA1_1583-522 U 505.799623 27% 4.7 0.092

RL-Salt20 BOPA1_6714-579 U 504.438190 24% 4.9 0.032

BOPA1_1583-522 U 505.799623 27% 5.1 0.043

RL-320 mM BOPA1_6714-579 U 504.438190 24% 4.1 0.092

BOPA1_1583-522 U 505.799623 27% 4.0 0.093

QTL26 SL-PEG70 BOPA1_4771-380 95.90 562.277989 10% 4.1 0.083

6H QTL27 RL-160 mM SCRI_RS_159133 95.04 552.733320 45% 5.4 0.018

RL-15% SCRI_RS_159133 95.04 552.733320 45% 4.3 0.023

7H QTL28 SL-PEG20 SCRI_RS_184894 70.68 300.522826 36% 5.6 0.013
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concentrations of 250, 256, 300, 341, and 427 mM
NaCl were used to screen the OWB population
(Witzel et al. 2010), SM population (Mano and

Takeda 1997), and other RIL populations (Ahmadi-
Ochtapeh et al. 2015; Zaare and Jafary 2013), with
salt concentrations from 200 to 300 mM NaCl most

Fig. 3 (A) Genome-wide distribution of QTL detected in the
present study. QTL detected under control, salt stress, and PEG-
mediated osmotic stress conditions, as well as their corresponding
markers, are indicated in green, red, and blue, respectively. Genes
related to the analyzed traits are shown in magenta, wherein Fr-H2
gene cluster is highlighted by a gray box. Green boxes indicate
overlapping QTL identified under different growth conditions, and

blue box refers to the QTL co-localized by RL and SL traits.
Physical positions of QTL, markers, and candidate genes are
reported according to Mascher et al. (2017). (B) Venn diagrams
showing the intersections among QTL. QTL intersections detected
under control, salt stress, and PEG-mediated osmotic stress con-
ditions are presented in left, and between root length (RL) and
shoot length (SL) traits are listed in right
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frequently selected. Consistent with these previous
reports, higher CV and H2 values were observed in
the present study under treatments with NaCl con-
centrations of 240 and 320 mM (Fig. 2). With re-
spect to PEG-mediated osmotic stress, PEG6000

(Zhang et al. 2010) and PEG8000 (Ji et al. 2014)
are commonly chosen to simulate the osmotic stress
imposed by drought, with treatments of 13.6, 15, 18,
and 20% PEG6000 having been applied to screen
germination and seedling traits in diverse spring
barley (Abdel-Ghani et al. 2015), wild barley
(Barati et al. 2015), and Tibetan barley (Ahmed
et al. 2016) accessions. PEG concentrations below
15% were not used because of low effects, as con-
firmed by the response curves shown in Fig. 1B.
Because of the limited number of treatments, scores/
indices are commonly used to define tolerance
levels, as well as for QTL mapping for drought
(Chen et al. 2010) and salinity (Gimhani et al.
2016). In our study, no significant marker–trait as-
sociations were detected from similar indices (data
not shown), suggesting that this linear concept might
not be applicable to the non-linear trends of seedling
growth under a gradient of stress treatments.

In a study of maize seedling behavior under multiple
salt stresses, a Sigmoid model fit the growth data better
than a linear function (Khan et al. 2003). The dynamic
response of seedling growth under a gradient of salt
treatments has already been simulated in barley by the
Hill function of the Sigmoid model (Xue et al. 2017),
and curve-extracted parameters were useful in mapping
a major QTL for barley response to salt stress. Similarly,
polynomial curves defined by the Sigmoid function
largely improved the description of seedling response
to multiple osmotic stress treatments, but this has never
before been attempted in barley. In our experiments, root
response to PEG fit a Sigmoid 3-parameter function
better than the Hill equation, and the derived REP
resulted in the identification of nine QTL. In general,
18 QTL out of 28 were mapped by REP extracted from
both salt and osmotic stress curves, reflecting their
strong power. AUC is an additional parameter describ-
ing the polynomial curves of seed dormancy (Joosen
et al. 2010) which has not been exploited to study
abiotic stress tolerance in barley. In the present study,
both highH2 and a strong association with SNPs at three
QTL suggested it to be a useful parameter for genetic
analyses.

Fig. 4 QTL detected on chromosome 1HL and 5HL. The −Log10
(p) values of marker–trait associations are reported in the right
panels. Peak markers of barley QTL and putative candidate genes
are indicated in red and magenta, respectively. QTL regions

previously reported on 5HL are shown in black. Chromosome
regions inheriting the putative candidate genes are depicted in
cyan segments
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Different genomic regions control seedling
morphological response to salt and osmotic stress

GWA scans in this European winter barley cultivar
collection detected 10 QTL under salt stress and 20
QTL under osmotic stress (Fig. 3B). The difference in
QTL numbers between the two stresses was mainly
contributed by RL traits (Fig. 3A), consistent with the
observation of two different root-response curves (Fig.
1). Only two QTL (QTL5 and QTL27) were detected
under both stresses, suggesting distinct genetic control
of seedling response, although theoretically, the two
stress conditions share osmotic effects; and even, the
osmotic effect is considered as the major physiological
outcome of exposure to salt during seed germination in
barley (Zhang et al. 2010). Patakas (2012) grouped
stress-induced morphological responses (SIMR) at the
plant anatomical level into three components: inhibition
of cell elongation, localized stimulation of cell division,
and alterations in cell differentiation status. Since the
seeds were only germinated for 7 days in our study, the
diverse responses of RL under salt and PEG-mediated
osmotic stress probably reflect different abilities to cope
with inhibited cell elongation. The ionic effects of salt
stress seemed to further inhibit root elongation com-
pared with the PEG-mediated osmotic effect alone, as
reflected by the steeper RL curve observed in the salt
treatments (Fig. 1).

Comparing the H2 and CV values of 80 mM (0.68,
8%), 160 mM (0.65, 8%), 240 mM (0.78, 19%),
320 mM (0.69, 17%), and 400 mM (0.65, 28%) NaCl
with 5% (0.70, 6%), 10% (0.64, 6%), 15% (0.54, 7%),
20% (0.67, 14%), and 25% (0.73, 36%) PEG6000 (Fig.
2), all of the traits had significant trait–marker associa-
tions except RL-240 mM and RL-5% which failed to
pass significance thresholds (Tables 1 and 2). Although
the highest CV was found for RL-25%, on average, RL
traits under moderate salt stress (160–320 mM NaCl)
showed higher CV relative to osmotic stress (10–20%
PEG6000). No clear differences in repeatability (H2)
were observed between traits from the two stresses,
suggesting that different CV levels were not due to
experimental error. This suggests that the ionic effect
caused by moderate salt stress enhances the phenotypic
variability of RL in the barley collection more than that
caused by PEG-mediated stress. The salt stress datasets
with such statistical characteristics are expected to
achieve more significant loci (comparing with osmotic
stress), but in fact, less salt-induced QTL were obtained.

Moreover, similar H2 and CV values were obtained for
REP of salt and osmotic stresses (Fig. 2). Based on these
observations, we conclude that the lower number of salt
stress QTLs is not due to the statistical characteristics of
the phenotypic data. A possible reason for this genetic
discrepancy between the two stresses might be that more
genetic variations are inherited by this winter barley
panel in osmotic-responsive genes/genetic loci than in
salt-induced ones for seedling growth. Nevertheless,
several studies have suggested that the SIMR of seed-
ling roots is characterized by growth redistribution rath-
er than cessation (Pasternak 2005; Xue et al. 2017; Zolla
et al. 2010). The genetic control of root growth redistri-
bution, such as stimulation of lateral root development,
needs to be further investigated.

None of the QTL detected for seedling response to
salt stress is associated with one of the previously iden-
tified candidate genes for salt stress tolerance at later
growth stages (HvHKTs , HvNHXs , HvNaxs ,
summarized in Supplementary Table 5), which is con-
sistent with other mapping reports (Witzel et al. 2010;
Shi et al. 2017). For instance, the best candidate gene for
the major QTL detected by Witzel et al. (2010) for
seedling growth under salt stress is HvQsd1 (discussed
below), a sequence annotated as Alanine aminotransfer-
ase encoding gene (Sato et al. 2016). Similar experi-
ments on rice revealed a major QTL, with a nitrate
transporter gene being the most plausible candidate
for salt tolerance (Shi et al. 2017). Altogether, these
evidences suggest that mechanisms relevant for seedling
growth under salt stress are distinct from those com-
monly adopted by plants at the vegetative or adult stages
when coping with the same stress.

Stress-non-specific and co-localized QTL for seedling
growth and associated candidate genes

Stress-non-specific QTL were first discussed in tomato,
where seed germination rate was tested under cold,
drought, and saline conditions (Foolad 2003), and
QTL promoting rapid germination were found to also
improve the germination rate under multiple environ-
mental constraints. Among the four QTL detected under
different conditions in the present study, only QTL5
promoted root elongation under the two stress and
non-stress growth conditions. In contrast, traits from
the two stresses but not from the control condition
mapped to QTL27, similar to observations in pearl
millet (Sharma et al. 2011). More studies are needed to
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confirm whether both types of loci can be considered
stress-non-specific QTL and be exploited in plant breed-
ing. Finally, no overlapping QTL were mapped for traits
scored under control and salt stress, which is consistent
with previous results (Xue et al. 2017).

Two QTL regions, QTL2 and QTL21, were only
responding to seedling growth in control and PEG-
mediated conditions but not the salinities. A candidate
gene, PP2C, was annotated in QTL2 region (Fig. 3A),
which has been demonstrated with key roles in seed
germination (Née et al. 2017) and seedling growth under
abiotic stress (Skubacz et al. 2016). A GT gene was
noticed at QTL21, reporting with similar ABA signaling
at seedling stage (Zhang et al. 2016). It seems that ABA
pathways in seedling growth are versatile for osmotic
stress.

The pe ak ma rk e r o f QTL5 t a rg e t s t h e
HORVU1Hr1G068760 and HORVU1Hr1G068860
genes encoding ABI like protein and 5PTase, respec-
tively. In Arabidopsis, ABA-responsive element binding
protein (AREB) and ABA-responsive element binding
factor (ABF) acted as major transcription factors in
ABA-responsive gene expression under abiotic stress
conditions (Kobayashi et al. 2008). As for barley,
HvABI3 (HvVP1) and HvABI5 are the two major
AREB/ABFs in ABA regulation during seed germina-
tion (Casaretto and Ho 2003). The candidate gene,
HORVU1Hr1G068760, belongs to the homolog of
HvABI5, which has not been exploited, nevertheless,
suggested to be a pleiotropic regulator for seedling
growth under multiple conditions in our study. 5PTase
constitutes a large protein family that hydrolyzes 5-
phosphates from a variety of phosphatidylinositol phos-
phate and inositol phosphate substrates. It is regulated
by abscisic acid, jasmonic acid, and auxin, thus suggest-
ing an important role in signal-transduction pathways
(Ercetin and Gillaspy 2004). Its positive role in seedling
growth has also been proven in Arabidopsis (Ercetin
et al. 2008), as well as a significant role in the regulation
of reactive oxygen species and salt tolerance (Kaye et al.
2011). Taken together, the pleiotropic effects make ABI
and 5PTase both a suitable candidate gene for QTL5.

The QTL27 peak marker was linked to four different
HvDHN genes (Fig. 3A), with HvDHN5 being physi-
cally closest. Dehydrins are a group of late
embryogenesis-abundant proteins that accumulate dur-
ing seed development as well as in response to several
abiotic stress factors, including low temperature,
drought, and salinity (Kosová et al. 2014). Two durum

wheat cultivars with contrasting drought tolerance were
found to accumulate different levels of DHN5 (Brini
et al. 2007), and this pattern was also observed in two
cultivars with different salt tolerance (Brini et al. 2007).
High expression levels of DHN5 were observed in Ti-
betan hulless barley under PEG-mediated osmotic, sa-
line, and cold stresses (Du et al. 2011), and this was then
confirmed by analyses of barley cultivars under terminal
drought stress (Karami et al. 2013). Therefore, we sug-
gest HvDHN5 as a possible candidate gene for QTL27.

As for QTL25, on which RL and SL traits are co-
localized, different SNP markers were associated and it
was hard to calculate the allele effects on the phenotypes
as done in Supplementary Table 4. However, the signif-
icant positive correlation between trait SL-320 mM and
RL-320 mM (data not shown) indicated that they might
favor the same putative allele. As we considered seed-
ling growth for only 7 days, it may control seed germi-
nation and subsequently affect both the RL and SL
traits. A similar example was reported in a durum wheat
RIL population with a QTL on chromosome 4B which
had a large impact on both shoot and root traits under no
stress conditions (Iannucci et al. 2017), where the
semidraft locus Rht-B1 was targeted. In non-stressed
barley seedlings, root and shoot traits also co-mapped
to a major QTL region and were further linked to the
Vrs1 locus on 2H (Wang et al. 2017), but were still
distinct from QTL25, which is detected under salt stress
only. In terms of the key function of calcium (Ca2+)-
dependent signaling under saline conditions (Schulz
et al. 2013), two Ca2+-related genes were annotated in
this QTL region, CNGC (HORVU5Hr1G065950) and
CML (HORVU5Hr1G066260).

CNGC is a Ca2+-permeable cation transport channel
that is activated by cyclic nucleotide monophosphates
(cNMP) and deactivated by binding Ca2+-calmodulin
(CaM) (Tunc-Ozdemir et al. 2013); it was first cloned
in the barley aleurone layer asHvCBT1 (Schuurink et al.
1998). Its multiple functions in Arabidopsis seed germi-
nation and salinity response have been well summarized
(Jha et al. 2016). Less conserved than CaM, CML
proteins still serve as Ca2+ sensors in plants and are
involved in plant development and multiple abiotic
stresses (Bender and Snedden 2013), including seed
germination and salt stress. Hence, both candidate genes
have potential pleiotropic functions for QTL25. Three
RL traits exhibited strong associations with two markers
targeting CNGC and CML genes, respectively, and later
one also co-mapped by a SL trait (Fig. 4). As regards
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possible interactions between CNGC and CML pro-
teins, we cannot exclude the possibility that QTL25 is
regulated by two underlying genes; this needs further
confirmation.

A core QTL region for seedling response to salt stress
maps to chromosome 5HL

By comparing the marker–trait associations detected in
the present study with previously reported QTL results,
a genomic region (QTL24) controlling shoot growth
under salt stress was linked to a major QTL mapped in
the OWB population on chromosome 5HL (Witzel et al.
2010). The flanking markers GBS0318 and GBR0227
delimited a physical region at 485–487 Mbp, which is
4 Mbp distant from QTL24 (481 Mbp, Fig. 4). One of
the two markers, GBS0318, was also detected in the
same mapping population as a peak marker for a QTL
controlling pre-harvest sprouting (Lohwasser et al.
2013), with the HvQsd1 gene (489 Mbp, Fig. 4) as a
suitable candidate (Sato et al. 2016). This gene has been
recently cloned and it encodes an alanine aminotrans-
ferase protein regulating long-term seed dormancy by
catalyzing alanine to glutamate in the seed. Deeper
dormancy may result in delayed growth of both shoot
and root during germination and seedling establishment,
which is compatible with the descriptive scores used in
(Witzel et al. 2010), but not with the fact that only SL
traits were mapped to QTL24 in our study. It is more
similar to the example reported in Arabidopsis, where
QTL mapping of early germination under both normal
and salt conditions detected the same region on the distal
arm of chromosome 4 (Yuan et al. 2016). Therefore, we
suggest that the OWB Salt-QTL is independent of the
QTL24 detected here. A second major root QTL
(S42IL-RI-QTL, 481–484 Mbp, Fig. 4) mapped to the
same region, sharing BOPA1_65-778 (481 Mbp) as a
flanking marker (Naz et al. 2014). A homologous gene
of OsDro1, which is involved in root development in
rice, also maps to this QTL region (483 Mbp). OsDro1
is a novel protein with no relevant homology to any
other reported proteins, but its roles in controlling root
depth and angle suggest that it is a membrane protein
(Uga et al. 2013). It seems like a promising candidate for
S42IL-RI-QTL but not for QTL24 due to the unmatched
traits. Hence, we also suggest that S42IL-RI-QTL is not
related to QTL24.

Another gene close to the peak marker of QTL24 is
HvDEP1 (482 Mbp). It was first identified as the dense

and erect panicle gene in rice, where it significantly
improved inflorescence traits and ultimately enhanced
crop yield (Huang et al. 2009). In barley, it promotes
culm elongation and grain size (Bélanger et al. 2014;
Wendt et al. 2016). Its major function in shoot develop-
ment is consistent with the SL traits mapped to QTL24,
despite the different developmental stage. However, no
SL traits from the control mapped to this region, prob-
ably due to the smaller CVobserved for SL in this barley
collection. Whether HvDEP1 has a positive function in
seedling growth under salt stress needs to be further
explored.

Conclusions

In conclusion, 56 different phenotypic traits derived
from conditional seedling growth were integrated for
GWA mapping and 28 significant loci were detect-
ed. Fewer QTL were mapped from salt-stressed
seedlings in comparison with osmotically stressed
seedlings, and most of them were independent of
previously reported loci. At the same time, two
types of stress-non-specific QTL inherited pleiotro-
pic effects for seedling growth under different con-
ditions. A co-localized QTL for both root and shoot
growth was first exploited from saline conditions.
Several candidate genes were highlighted in our
s tudy—HvPP2C , HVA1 , HvABI , Hv5PTase ,
HvPIP5K , HvDEP1 , HvCNGC , HvCML , and
HvDHN5—four related to ABA signaling, two in-
volved in phosphatidylinositol metabolism, and two
dependent on Ca2+ signaling. Genes involving in
ABA signaling not only suggested as the candidates
for osmotically related QTL2, QTL5, and QTL21,
but also the QTL7 which was only mapped by
osmotic traits. Contrastingly, multiple pathways
seemed to be responsive in salt-stressed seedling
besides ABA regulations, and not mapped close to
known candidate genes (HvHKTs, HvNHXs, and
HvNaxs) for salt tolerance at later growth stages,
suggesting different mechanisms may be involved.
QTL contributing faster growth under non-stress
conditions were also identified under salt and os-
motic stress, suggesting that the potential dominance
of seedling growth benefits its behaviors under abi-
otic stress. These loci might be exploited in breeding
programs to overcome environmental stress at the
initial seedling stage.
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