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Abstract

Water deficit is one of the major limitations to food production worldwide and most climate
change scenarios predict an aggravation of the situation. To face the expected increase in
drought stress in the coming years, breeders are working to elucidate the genetic control of
barley growth and productivity traits under water deficit. Barley is known as a relatively
drought tolerant crop and genetic variability was observed for drought tolerance traits. The
objectives of the present study were the quantification of morphological and physiological
responses in a collection of 209 spring barley genotypes to drought stress, and the genetic
analysis by genome-wide association study to find quantitative trait loci (QTL) and the allele
contributions for each of the investigated traits. In six pot experiments, 209 spring barley
genotypes were grown under a well-watered and water-limited regime. Stress phases were
initiated individually for each genotype at the beginning of tillering and spiking for the vegeta-
tive- and the generative stage experiments, respectively, and terminated when the transpi-
ration rates of stress treatments reached 10% of the well-watered control. After the stress
phase, a total of 42 productivity related traits such as the dry matter of plant organs, tiller
number, leaf length, leaf area, amount of water soluble carbohydrates in the stems, proline
content in leaves and osmotic adjustment of corresponding well-watered and stressed
plants were analysed, and QTL analyses were performed to find marker-trait associations.
Significant water deficit effects were observed for almost all traits and significant genotype x
treatment interactions (GxT) were observed for 37 phenotypic traits. Genome-wide associa-
tion studies (GWAS) revealed 77 significant loci associated with 16 phenotypic traits during
the vegetative stage experiment and a total of 85 significant loci associated with 13 pheno-
typic traits during the generative stage experiment for traits such as leaf area, number of
green leaves, grain yield, harvest index and stem length. For traits with significant GxT inter-
actions, genotypic differences for relative values were analysed using one way ANOVA.
More than 110 loci for GxXT interaction were found for 17 phenotypic traits explaining in
many cases more than 50% of the genetic variance.
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Introduction

Water deficit is one of the most significant yield-reducing factors worldwide, [1] and agricul-
ture is globally a major water consumer worldwide [2]. Most climate change scenarios suggest
an increase in temperature, which will lead to an increase of aridity and water scarcity in many
regions of the world [3, 4]. At the same time, the increase of the world population leads to an
increase of water and food demands [5]. Risks and consequences of climate change as well as
the need for improved cultivars to face water limitations were addressed since the last century
[6, 7]. Genetic variability for plant variety improvement is one of the most important factors
for increasing the food production in the 21* century. The main requirement for breeders and
geneticists to face stressors like water deficit is a wide gene pool with stress tolerance genes [8].

Plant response strategies against drought stress can be distinguished into escapement,
avoidance and tolerance strategies [9, 10] and were grouped into short and long term
responses. One of the first observed responses to drought stress is stomatal closure to limit the
water loss through transpiration [11] leading to a reduction of transpiration [12]. Because the
exchange of carbon dioxide (ingress) and water vapour (egress) are regulated through the sto-
mata, transpiration is closely related to biomass accumulation [13-16]. As long-term response
to drought stress, plants were observed to reduce their transpiration area in terms of leaf area
[11]. Transpiration efficiency (TE), defined as the ratio of above-ground biomass produced
per unit transpired water [17-19] at plant level is an important parameter quantifying drought
tolerance in terms of resource economics [20]. TE is an indicator of the effective use of the lim-
ited water supply, which is needed for yield production. Therefore, improving TE may increase
yield in water limited environments [21]. High TE is often associated with drought resistance
and discussed as target of breeding programs for crop improvement in water-limited environ-
ments [9, 13]. Water deficit may lead to a general decrease of leaf area and dry weight and an
increase in root growth [11, 22]. During the grain filling period of barley, drought stress leads
to a reduction of the number of fertile spikes per plant and a decrease of the total number of til-
lers per plant [23]. Plants also acclimate under drought stress by accelerating their develop-
ment in order to shorten the growth period [24, 25] leading to an earlier ear appearance or
decreasing the grain-filling duration of barley, which results in a maturation of the crop [23].
This adaptation strategy generally leads to smaller plants with reduced leaf area and an acceler-
ated senescence, which decreases the yield potential. Osmotic adjustment (OA) is the accumu-
lation of osmotically active substances resulting in a decrease of the water potential to
maintain water uptake by the plant [26-28]. To osmotically adjust, plants actively accumulate
solutes [26, 29, 30] such as proline [31] and water-soluble carbohydrates [32, 33] to reduce the
osmotic potential of the cells, which is necessary to maintain cell turgor. Several authors con-
sider OA as an important component of drought resistance, which contributes to the stability
of biomass production under intermittent drought stress [30, 30, 34-36].

Barley (Hordeum vulgare L.) is known as the most drought tolerant species of all early
mature small grain cereals [37] and because of a high genetic variability, barley is well-adapted
to different environmental conditions [38, 39]. Detailed genetic maps are already well devel-
oped [37] and a wide pool of available genomic resources was established over the past decades
[40], making barley an established species for physiological modelling [41] and a good model
species to understand drought tolerance mechanisms [36].

Physiological and morphological changes leading to drought tolerance have a molecular
genetic base [42]. With the use of molecular makers it is possible to identify and localize the
responsible genes for complex quantitative traits like yield, product quality and the physiologi-
cal response of the plant under water scarcity. Quantitative trait loci (QTLs) can be used by
breeders to systematically improve cultivars [43, 44]. QTL analysis is expected to enhance the
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effectivity of the selection processes [45]. QTL analysis is based on the identification of statisti-
cal correlations between a quantitative phenotypic trait and specific genetic makers in the
genome [46]. The chromosome regions with the highest impact on a trait can be identified as
QTL. Several studies investigated and identified QTL for plant responses to water deficit, e.g.
for osmotic adjustment in rice [27] and barley [42, 36, 32], plant water status, water-soluble
carbohydrate [32] and relative water content in barley [45], leaf growth of maize [47, 48], flag
leaf senescence of wheat [49], drought stress induced leaf senescence in juvenile barley [50],
water-use efficiency in barley [21], barley yield components and seed quality under terminal
drought [51, 52] and drought tolerance in wild barley [53]. An overview of genetic mapping
studies in barley and wheat aimed at the determination of major QTLs affecting drought-asso-
ciated traits and the final yield characteristics is given [54].

Passioura [20] defined yield or grain dry mass (W, g/plant) as

Wg =W, “Py>

where W, (g/plant) is the total plant dry mass and p, is the harvest index, defined as the ratio
of grain yield to the above-ground dry matter. On the other hand, W, is can be estimated as

W, = T * TE,

where T(I/plant) is the total amount of water transpired by the plant and TE is the transpira-
tion efficiency. The difficulty at this level is the estimation of the total amount of water tran-
spired by the plant. T can be calculated as

T = ST % LA,

where ST (I/m?/plant) is the specific transpiration, defined as the amount of water used per
square meter leaf during the whole growing time and LA (m*/plant) the total leaf area. The

specific transpiration was reported to increase significantly with increasing vapour pressure
deficit and daily total light integral [55]. Therefore, the decrease in yield under water deficit
might be due to the change in each of the components defined above.

The aim of the present study was the quantification of the physiological and morphological
responses of different spring barley genotypes to water deficit as well as the characterization of
the genetic base by GWAS to find QTL for the investigated traits. Therefore, physiological rela-
tionships of yield production in relation to water deficit in the vegetative and generative stages
were investigated. The results of this study provide information for breeding purposes and can
be used to develop genetically-based physiological equations to model plant growth under
drought stress conditions in silico.

Material and methods
Plant material and experimental setup

209 spring barley genotypes belonging to the “barley core collection” [56], obtained from the
Leibniz Institute of Plant Genetics and Crop Plant Research (IPK, Gatersleben, Germany) and
adapted to Central European weather conditions were investigated. The genotypes cover a
wide range of species and origins representing the genetic variability of cultivated barley and
the wild species of Hordeum (See S1 Fig for the ancestry matrix). Six pot experiments were
conducted from 2012 to 2015 in an open-sided screenhouse at the Institute of Horticultural
Production Systems, Leibniz Universitit Hannover, Germany (52.5° N, 9.7° E). In these exper-
iments, physiological and morphological traits of all genotypes grown in a well-watered con-
trol and a water deficit treatments were investigated.
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The water deficit treatment was induced by stopping the water supply, which led to a con-
tinuously decreasing amount of plant available water in the soil. For each experiment, three
seeds were sown in each of the two pots allocated to each genotype (well-watered and water
shortage). Pots were 11.8 cm in diameter and 57 cm in height, and filled with loess soil (bulk
density: 1.35 g cm™). The soil was passed through a screen to remove large aggregates and
mixed before use. The gravimetric water content of a soil sample was analysed and each pot
was filled with 8 kg of dry soil. The analysis and calculation methods were similar to those
described in [57]. According to a water retention curve for loess [58], around 30.033% of the
pore volume can hold plant available water. All pots were irrigated up to 100% water holding
capacity by adding 1,780 ml water per pot. Around 1,350 ml water per pot was available for the
plants. Depending on the germination ability of each variety, a specific number of seeds per
pot were sown directly. After emergence, seedlings were thinned to three plants per pot. Each
of them was used for different measurements: one was used for destructive measurements
such as OA, one was harvested after the stress treatment and the last one was harvested after
the regeneration stage (only in the vegetative experiments). To minimize soil evaporation, pot
surfaces were covered with a layer of quartz gravel [59].

In each experiment, the 418 pots (two per genotype) were surrounded by 152 additional
pots as border to reduce boundary effects (S2 Fig). All pots were placed close to each other to
simulate a crop-like setup. At the beginning of the experiments, all pots were irrigated up to
100% of water holding capacity. The experiments were arranged in a split-plot design with 209
genotypes and two irrigation levels. Six experiments with the same setup were established over
the years 2012 to 2015 and used as repetitions (S2 Fig). In experiments 1, 2 and 4 only the vege-
tative stage of the plants was investigated while in experiments 3, 5 and 6 stress cycles were
conducted during the generative stage. In the vegetative stage experiments, the water deficit
treatment was initiated for individual genotypes at beginning of tillering (BBCH scale 21)
while in the generative stage experiments the water deficit treatment was initiated for individ-
ual genotypes at spiking (BBCH scale 51, S2 Table). In both cases, at least two of the three
plants per pot should have reached the stage for stress initiation. After stress initiation, only
the control pots were further irrigated three times per week until the transpiration rate of the
water deficit plants reached 10% of the corresponding well-watered pot [59]. After reaching
this threshold the stress period of each genotype ended.

Measurements and calculations

During the experiments, all pots were weighted three times per week to calculate transpiration
and soil water content. Relative transpiration (r'TR) was defined as the ratio of transpiration
(TR, ml) of the plants under drought stress by the one of the control plants. The percentage of
water extracted by the plants in the water deficit treatment (Wex, %) was estimated as the ratio
of the difference of soil water content between the beginning of the stress treatment and the
end of the stress treatment by the soil water content at the beginning of the experiment. The
fully developed flag leaves of the plants reserved for destructive measurements were used for
determination of proline contents (PROL, umol g™ fresh weight) and osmotic adjustment
(OA, MPa). When the relative transpiration was around 20% and the flag leaves started to wilt,
samples of both the well-watered and water-limited plants’ flag-leaves were taken. Two leaf
discs with a diameter of 0.6 cm were punched out, placed in aluminium foil and shock frosted
in liquid nitrogen for osmotic potential measurement. Another piece from the same leaf was
used to determine the relative leaf water content by weighing directly after cutting to deter-
mine its fresh weight (FW, g), then, the sample was soaked in demineralized water under light
conditions for 24 hours to measure turgor weight (TW, g). Thereafter, the sample was dried in
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an oven at 70°C for 24 hours to determine the dry weight (DW, g). The relative water content
was calculated according to Bars and Weatherley [60]:

(FW — DW) % 100

RWC =
TW — DW

(1)

The osmotic potential (OP, MPa) was measured with a psychrometer in C-52 chambers
(PSYPRO, Wescor Inc., Logan, Utah, USA). OP was multiplied with the RWC to estimate the
osmotic potential at full turgor for both the well-watered (OP1qq,,) and the water deficit plants
(OPqg0q) [36, 61]. OA was estimated as the difference between OP;yoq and OP;g,, [62, 36]

OA = OPyypqy — OPy,,. (2)

OA and PROL were determined from the same leaves. For PROL determination the sample
was shock frosted in liquid nitrogen first and free proline content in the leaves was determined
following the method of Bates et al. [63]. After the stress phase, plants were harvested to deter-
mine total plant fresh mass (FM, g), number and average length of the tillers (N, and L, (cm),
respectively), length of the main stem (Lms, cm), phenological development stage of the main
stem [64], dry mass of the ear of the main stem (DMEms, g), ear number (NE) and dry mass of
tillers (DM, g), dry mass of main stem and tiller stalk (DMSms and DMSt, g), number of
green (NLG) and senescent leaves of the main stem (NLSms) and tillers (NLSt), leaf length
(LL) and leaf area of green leaves (LAGLms) of the main stem and leaf area of green leaves of
the tillers (LAGLt). After dividing the plants into single plant organs, they were dried in an
oven and weighted to obtain the dry mass (DM).

TE was obtained as ratio of plant dry mass by total plant transpiration and HI was estimated
by the ratio of grain yield to above-ground dry matter.

For almost every measured or calculated parameter, relative values were calculated from
absolute values of each genotype as the ratio of the value obtained from the plant under
drought stress by the one obtained from well-watered plants and the acronyms are summa-
rized in Table 1 (column 4).

In experiment 6 water soluble carbohydrates (WSC, mg g™') within the stalk were investi-
gated to assess the influence of drought on translocation from stems. WSC are sugars (primary
glucose, fructose, sucrose, and fructans), which accumulate in the stalk of cereals around
anthesis. They serve as a reservoir for remobilization to the developing grains [65]. Samples
were first taken from well-watered plants at the end of heading (BBCH-scale 59) when spikes
were fully emerged. According to a pre-test and [65], WSC in the stalk reached their maximum
at this stage. Thereafter, the stress period was initiated (at BBCH-scale 60) and at the end of
the water deficit treatment, second samples were taken. According to the protocol of Maness
[66], stalks were cut into 5 cm long pieces, placed into a forced draft oven at 90°C for 60 to 90
minutes, then samples were transferred into the oven with 70°C for 24 hours. Afterwards the
samples were ground with a mixer mill (Retsch MM400 with 50 ml steel beaker with steel ball,
Retsch AG, Arzberg, Germany) and WSC were extracted with hot water by using the Anthrone
Procedure [67]. The relative WSC (rWSC) content in the stalk was calculated by the ratio of
WSC after the stress phase by WSC content before stress, at the end of heading. From rWSC,
the percentage amount of WSC translocated from stalk was calculated by

WSC translocated [%] = (1 — rWSC) % 100. (3)

If more WSC were accumulated in the stalk after stress than in the control sample, the value
for WSC translocated became negative. Since just measured translocation was of interest,
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Table 1. Summary of key traits derived or measured and their abbreviations and units.

Trait Abbreviations Unit Relative value Abbreviations
(1) Dry mass

Total plant dry mass DM g plant™ rDM
Total ears dry mass DME g plant™ rDMEt
Dry mass of the tiller’s ears DMEt g plant™ DMEt
Dry mass ear of the main stem DMEms g plant™ rDMEms
Total dry mass of green leaves DMLG g plant™ rDMLG
Dry mass green leaves of the main stem DMLGms g plant™ rDMLGms
Dry mass green leaves of tillers DMLGt g plant™ rDMLGt
Dry mass of senescent leaves of the main stem DMLSms g plant™ rDMSLms
Dry mass of senescent leaves of the tillers DMLSt g plant™ rDMLSt
Total dry mass of the stems DMS g plant™ rDMS
Dry mass of the stem on the main stem DMSms g plant™ rDMSms
Dry mass of the stems on tillers DMSt g plant rDMSt
(2) Counts

Number of green leaves NLG rNLG
Number of tillers Nt rNt
Number of tiller ears NEt rNEt

(3) Morphological traits

Total leaf area LA cm? plant™ rLA

Leaf area of green leaves of tillers LAt cm? plant™ rLALGt
Leaf area of green leaves of the main stem LAms cm? plant™ rLALGms
Leaf area of the flag leaf of the main stem LAFms rLAFms
Length of the main stem Lms cm plant™ rLms
Average length of the stems of tillers Lt cm plant™! rLt
Length of the flag leaf of the main stem LFms cm plant™ rLFms
Specific leaf area of the whole plant SLA cm’ g’ rSLA
Specific leaf area of tillers SLAt cm’ g’ rSLAt
Specific leaf area of the main stem SLAms cm’ g’ rSLAms
(4) Physiological traits

Proline content PROL pmol g! rPROL
Osmotic potential OP Mpa rOP
Relative leaf water content RWC % rRWC
Transpiration efficiency TE gl! rTE
Harvest index HI gg! rHI

Total transpired water T 1 rT
Percentage of water extracted by the plants in the water deficit treatment Wex %

Specific transpiration ST 1m plant™ rST
Phenological development stages (0-100) BBCH rBBCH

https://doi.org/10.1371/journal.pone.0237834.t001

negative values were excluded from the dataset. All traits and their acronyms were summarized

in Table 1.

Data preparation and statistical analysis of phenotypic data

During the experiments, sometimes plant organs were damaged or lost. To reduce missing dry
mass data, lost ears of the main stem were estimated by an ear to straw ratio of the correspond-
ing plant or alternatively, the weight of a single ear of a tiller was used to estimate dry mass of
the main stem ear. From 29 plants of the first experiment and 2 plants of the second
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experiment, only the total fresh weight, but no dry mass data was available. The missing total
dry weights were estimated by the total fresh weight multiplied by the average dry to fresh
mass ratio of the specific irrigation level.

Before performing the statistical analysis and calculating average values, the physiological
data of observations were separated into a vegetative and a generative dataset and cleaned for
outliers. In fact, after cleaning the total dry mass of the control plants, observations of the rela-
tive dry mass were cleaned by removing outliers for each genotype. Total ear dry mass and the
total area of green leaves were expected to be negatively affected by drought stress. Therefore,
data of observations with a relative value > 2 were removed. The statistical analysis was per-
formed by a linear mixed model and Tukey HSD-test in R-3.2.5 (R Core Team, 2016) using
the packages Ime4 [68] and agricolae [69].

Genome-wide association study (GWAS)

6259 SNPs [70] were used for the association study. The success rate of genotyping was higher
than 97%, leaving less than 3% of missing data. A genetic map was constructed for these mark-
ers and the first three principal components as well as the kinship were calculated. The popula-
tion structure was investigated by the R package LEA [71] and the linkage information for the
population was checked by applying the R package Synbreed [72]. For ladder, we used the
physical instead of the genetic position.

The genome-wide association study was performed on the measured values and the relative
values (ratio of the stress value by the well-watered value) of different phenotypic traits. For
determination of phenotype-genotype associations, we used the SNP marker, population
structure and kinship matrix data. The population structure was performed by principal com-
ponent analysis using the function prcomp in R and kinship matrix were calculated using 6259
polymorphic SNP in the R-package ‘rrBLUP’ [73]. Phenotypic traits of plants under stress and
well-watered conditions were used for this investigation separately for vegetative and genera-
tive data. Genome-wide association mapping was performed following the GRAMMAR
method described by [74]. For the analysis, including the first three principal components and
the kinship matrix as co-actors to control for population structure were included to the analy-
sis additionally to the biallelic markers. The methods of the analysis were used and described
in detail by Reinert et al. [75] and Naz et al. [76]. We used a linear mixed model to calculate
the QTLs as presented below:

Yz‘jk::u+Mi+T}+Mi*Tj+Lk(Mi)+gijk (4)

where Y is the phenotypic value; p is the general mean; M, is the fixed effect of i-th marker
genotype/haplotype; T; is the random effect of j-th treatment; M; * T; is the interaction effect of
the i-th marker with the j-th treatment; L (M;) is the random effect of k-th barley line nested
within i-th marker genotype/haplotype and € is the residual. To determine QTLs of interest
in the genome-wide detection analysis a log of odds (LOD) threshold with p-value <0.0001
and 1,000 permutations was determined. The QTL-model comprises an iterative multi-locus
procedure. Therefore, the most informative SNP (QTL) was set as a fixed factor during each
calculation iteration step. All remaining markers were again incorporated in the next iteration
round and reanalyzed. The starting point of next calculation round was determined by the
result of the previous iteration. P-values of significant markers were corrected using probabil-
ity of false discovery rate (PFDR), implemented in the SAS procedure PROC MULTTEST
according to Benjamini & Yekutieli [77]. This procedure was repeated until no marker could
be detected, which led to a reduction of significant markers and thereby a reduced number of
false positive QTL. SNPs were combined to one joint QTL depending on their estimated
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(significant) p-value from the first iteration of the multi-locus procedure. Therefore, the size of
the genetic interval was dependent on the significance value of flanking SNPs. A “leave-20%-
out” cross validation procedure was used to increase the validity of all significant SNPs. Every
genotype was investigated individually and a QTL had to be significant in both stress and well-
watered treatments to be classified as significant QTL for the measured phenotypic traits. A
false discovery rate (FDR) smaller than 0.05 and logarithm of the odds (LOD) score greater
than or equal to 3.0 are often set as thresholds to declare the presence and correctness of a
found QTL [78, 79]. Markers outside this thresholds were dropped from the output files and
considered as non-significant. The broad sense heritability was calculated as described in [80]
and used in [75].

Results

High degree of variability on phenotypic data during both vegetative and
generative experiments

Physiological and morphological traits were investigated under well-watered and water deficit
conditions during both, the vegetative and the generative stages (S1 Table). Significant geno-
typic differences were found for all phenotypic traits, indicating a broad variability amongst
the genotypes investigated in this study. Interestingly, for the important trait of specific tran-
spiration, no significant genotypic variation was found. Significant water deficit effects were
observed for parameters such as total plant dry mass (DM), total leaf area (LA, vegetative
experiments), dry mass of green leaves (DMGL, vegetative experiments), proline content
(PROL), osmotic potential (OP), relative leaf water content (RWC), the stalk dry mass (DMS,
vegetative experiment), specific transpiration rate (ST, vegetative experiments) and the length
of the main stem (Lms, vegetative experiments). DM was significantly decreased by the water
deficit (Table 2). This might be due to the lower tiller number and an accelerated leaf

Table 2. Analysis of variance for genotypic and treatment effects and their interactions on different phenotypic plant traits using a linear mixed model during the
both the generative and vegetative stage experiments.

Trait
DM
DME
DMEt
DMLGt
DMLGms
Lams
NLG
Net
BBCH
Nt
HI
Lms
LFms

Generative

Vegetative Generative Vegetative
GxT |Trait G T GxT |Trait G T GxT |Trait G T GxT

P DM ok * o DMLG o ok ok DMLG Kok o Kok
o DME ok P o DMLSms ok * - DMLSms - * o
o DMEt ok . P DMEms ok ) ok DMEms o * o
o DMLGt o - o DMSt o * o DMSt ok * ok
o LAt . * o LAt . * - T o * Hox
o LAms i * o LA . i . TE o * -
P NLG P o ok Lt o . P ST o o
P NEt P ok P oP o o P oP P . o
o BBCH ok o * PROL ok *ok ok PROL Hork o Hork
o Nt ok * o RWC ok * ok RWC Hork - o

HI o o SLAt SLAt

Lms o ok o SLAms ok o o SLAms Hork * *oHk
o LFms ok * o SLA ok ok ok SLA . * .

Refer to Table 1 for all acronyms and units. G: Genotype, T: Treatment and GxT: genotype x treatment interaction; significance codes

*5%0.001
7*70.01

70.05;°.0.1.

https://doi.org/10.1371/journal.pone.0237834.t1002
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senescence. However, a higher proline concentration in the stem and a higher leaf OP, which
represent typical adaptation strategies under water deficit was measured in the water limited

plants. These observations also suggested the existence of tolerance through OA in the barley
varieties under study.

GxT interactions were found for almost all investigated traits, revealing the plasticity of
these traits in both generative and vegetative experiments. During the vegetative experiments,
GxT interactions were found for all dry matter related traits (DM, WG, DMEt, DMEms,
DMLG, DMLSms, DMS and DMSt), physiological traits (PROL and OP) and morphological
traits (LA, Lt, Lms, LAFms, LFms, Lms, SLA, ST). The reduced DM production under water
deficit in the generative experiment was mainly due to the decrease of DMEt and DMLS sug-
gesting that barley genotypes tended to accelerate senescence of tillers during water scarcity in
the generative stage. Genotypic effects and GxT interactions were found for water related
parameters such as T, RWC and TE during the vegetative stage experiments. Also during the
vegetative stage experiments, genotypic variation and interactions were found for HI suggest-
ing an escapement strategy for some genotypes under water deficit. However, there was no
GxT interaction for HI during the generative stage experiment.

Variability in relative values underlying phenotypic plasticity

High genotypic variation (p < 0.001) was found for functional traits such as relative dry mass
of individual plant organs (rDM, rDME, rDMS, rDMLG) during both generative and vegeta-
tive stage experiments (S2 Table). Genotypic variation was also found for water related param-
eters such as rT during the vegetative stage and for physiological traits such as OA, rPROL,
rOP during both vegetative and generative stage experiment. Moreover, genotypic effects were
found for morphological traits such as leaf areas (rLA), specific leaf area (rSLA) as well as the
relative length of the main and tiller stems (rLms, rLt) during both the vegetative and the gen-
erative stage experiments. Genotypic variability for the relative leaf area of green leaf rLA
revealed a difference in leaf senescence under water deficit.

Genotypic variation was also observed for relative agronomic traits such as rTE in the vege-
tative stage, rHI, rBBCH (relative phenological stages) and rNLG after the generative and vege-
tative stage treatments. In the vegetative experiment, rNt was genotype dependent suggesting a
clear variability amount genotypes in terms of tillers production under water deficit.

Significant genotypic variation in phenotypic traits

The distributions of shoot traits with GxE interactions and relative water deficit treatment
effects are depicted in Figs 1 and 2, respectively. Drought stress decreased the average total dry
mass by 26% in the generative stage experiments and roughly 44% in the vegetative stage
experiments, indicating that the water shortage was on average more severe for the plant dur-
ing the vegetative stage (Fig 1A and 1B). The decrease of DME after the water deficit treatment
was roughly 26% during the generative stage (Fig 1C), while water withholding during the veg-
etative stage lead to a reduction of DME by 29% (Fig 1D).

As expected, effects of water deficit on the number of tillers (N,) were only observed at the
end of the vegetative stage experiment, not during the generative stage. N had different distri-
butions among both vegetative and generative experiments. A clear shift of the distributions of
water-limited plants compared to the well-watered ones was also observed for DMSt (66% and
34%, Fig 10 and 1E), LA (74%, 66%), SLA (39%, 29%), PROL (Fig 1K and 1L) and TE (22%,
Fig IN). Although water shortage lead to a reduction of these traits, the distributions of few
traits were changed. In fact, the distributions for DMSt, LA and DMLG in the vegetative stage
were much narrower in the stress treatment than in the control. PROL was highly increased in
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Fig 1. Frequency distributions of physiological and morphological traits comparing the frequency of well-watered control (green dash-dotted lines) and drought
stress (red plain lines) during both generative and vegetative stage treatments. The vertical lines in the histograms show population mean values in control (green)
and water deficit stress (red) conditions, and values in parentheses represent the percentage change (+, increase;-, decrease) in water-deficit conditions over the control.
Levels of significance for genotype (G), treatment (T), and their interaction (GxT) effects from the linear mixed model are given in the graphs (***, P< 0.001; and ns, not
significant).

https://doi.org/10.1371/journal.pone.0237834.9001
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Fig 2. Frequency distributions of physiological and morphological traits comparing the frequency of relative values during the generative stage (yellow plain lines)
and vegetative stage (violet dash-dotted lines) water deficit treatments. The vertical lines in the histograms show population mean values in control vegetative and
generative stage treatments. Levels of significance for genotype (G) from the Tukey test are given in the figure (***, P< 0.001; and ns, not significant).

https://doi.org/10.1371/journal.pone.0237834.9002

the water-limited plants both during the vegetative and generative stage experiments for a
large number of genotypes (Fig 1K and 1L). Water shortage lead to a significant decay of the
number of green leaves and their dry mass. The decay was more effective during the generative
stage experiment than in the vegetative one.
Diversity in the responses of the different plant traits to water deficit illustrates the range of
the responses and phenotypic plasticity of each trait. Phenotypic plasticity indicators such as
rDM, rDME, rLA, rDMt, rDMLG, rSLA, and rTE showed a significant difference for most
genotypes between the generative and the vegetative stage experiments (Fig 2; S1 Table). This
is indicated by the shift of the distribution to the left (relative values less than 1). However, the
distributions of Nt and rHI remained centred at 1, illustrating that the number of tillers, the
number tillers with ears, and the harvest index was largely unaffected by water deficit. The per-
centage of water extracted by each genotype (Wex) covered a wide range in both vegetative
and generative stage experiments (Fig 2L). However, an on average higher Wex was obtained
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during the vegetative stage experiments than during the generative ones, indicating a higher
root activity in the vegetative stage.

Correlations between phenotypic traits under water deficit

Plant phenotypic traits are the results of complex combinations between different mecha-
nisms, which can be explained by correlations. As expected, ears dry mass (DME) correlated
well with traits such as DM, HI, TE, PROL (Fig 3A-3D), DMS and DMLS (S3 Fig) during the
vegetative and generative stages. No significant correlation with LA or ST was found for DME
suggesting a more complex relationship between ST and leaf area with yield.

Although DM had a strong correlation with TE during the vegetative stage experiments,
surprisingly there was no correlation with LA, T or any other water related parameter such as
ST. The total plant dry weight was therefore mainly explained by the dry mass on individual
organs, TE, Lt and Lms (53 Fig). T had significant negative correlations with the number of til-
lers and TE, suggesting that genotypes with low number of tillers tended to have a slightly
higher total amount of water transpire (S3 Fig). The total leaf area correlated well with traits
such as the specific transpiration and the specific leaf area (|r| > 0.45). The specific transpira-
tion also correlated with some other traits such as DMLG, NLG, and SLA suggesting possible
co-localisation of genes for these traits. The proline content was slightly negatively correlated
with DME (r = -0.38, Fig 3B) during the generative stage experiment suggesting that varieties
with high proline content tend to have lower yield under water deficit probably due to the
active proline production. OP;qo4 did not correlate with any plant trait during the vegetative
experiment, but positively correlated with PROL during the generative stage. TE strongly cor-
related with DM (r = 0.97), Lms (r = 0.57), Lt (r = 0.53) and Nt (r = 0.37, Fig 3B) in water-lim-
ited plants, indicating a high correlation with the whole plant performance.

In the generative stage experiments, WSC had a weak negative correlation (r < -0.39) with
traits such as SLA, LA, Lms or DMLG. Under water deficit, WSC was positively correlated
only with the proline content (r = 0.24). However, WSC did not correlate with the dry mass of
senescent leaves or any dry weight related trait after the stress treatment. HI correlated nega-
tively with DME and all other dry mass related traits during the vegetative experiments. The
reduction of DMt caused by water deficit had a strong negative impact on total plant DM. In
fact, DMt was more affected by the stress treatment than DMms. Observing individual geno-
types during the vegetative stage experiment revealed that varieties with high DM were also
varieties with high TE and T (Fig 4). However, several genotypes presenting a high TE under
drought stress such as BCC1497, BCC1474, BBC1561 or BCC1389 for instance, had a low dry
mass under stress condition. Some other genotypes classified in the category B (with normalize
values between 25% and 50%, Fig 4) increased significantly the TE under water deficit,
although they ended having less biomass under drought stress.

Correlation of relative values

The relative yield dry mass significantly correlated with traits such as rHI, rDM, rLA, rNt

and rDMLG during both vegetative and generative stage experiments (S4 Fig; Fig 5) and
weakly correlated with water related traits such as rTE and r'T during the vegetative stage
experiments. During the vegetative stage experiments, rDM strongly correlated with water
related traits (S4 Fig) and especially with rTE (Fig 5D), suggesting that a decay of TE under
water shortage would lead to a decay of DM. A weak negative correlation between OA and
rDM was found suggesting a decay of DM of the water-limited plant with an increase of OA.
The strongest correlation obtained for OA was with rTE (r = -0.25) in the water-limited condi-
tion during the vegetative stage (S4A Fig). A weak positive correlation of OA with rPROL was
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Fig 3. Regression plots between selected phenotypic traits for vegetative (green) and generative (blue) experiments (refer to S3 Fig for the summarized
correlation matrix). (a-f) present the correlation of plant dry mass, transpiration efficiency, harvest index, proline content, length of the main stem and the fraction of
the main stem dry mass over the total plant dry mass on the yield; (g) plant dry mass and transpiration efficiency; (h-i) specific transpiration and dry weight of green

leaves, and total plant dry weight respectively.

https://doi.org/10.1371/journal.pone.0237834.9003

found during the generative stage experiments. rPROL also correlated rLA, rtWSC, OA and

rDMLG.

The rST significantly correlated with traits such rTE, rLA (Fig 5E and 5F), INLG, rNt,
rDMLG, rDM, rDMS, rSLA and rDMLS (S4A Fig), meaning that the specific transpiration
rate plays a key role on the plant performance under water stress. This observation suggests
that the increase of the specific transpiration of water-limited plants might accelerate leaf
senescence under water deficit. The relative phenological stage appeared to correlate with

rLms during both vegetative and generative stage experiments (S4A Fig). The relative yield

appeared to correlate stronger with the yield of the tillers than the one of the main stem, proba-
bly because the number of tillers was > 2 for most genotypes.
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Fig 4. Relationship between the total plant dry mass (DM) under drought stress, the cumulative transpiration (T,
1) and the transpiration efficiency (TE, g/l) of different varieties. A, B, C and D represent the varieties specific class
of normalized total dry weight in [0, 25[%, [25, 50[%, [50,75 [% and [75,100]% respectively.

https://doi.org/10.1371/journal.pone.0237834.9004

QTLs associated with phenotypic traits under stress and well-watered
conditions

GWAS were conducted on all traits showing significant genotypic variation for both well-
watered and water deficit treatments. After the vegetative stage treatment, 77 loci associated
with 15 phenotypic traits including LA, NLG, DMLGt, LAms and HI were found for harvest
data (Fig 6; Table 3).

For LA, NLG and LAms, a large number of QTLs were detected, although the sum of the
explained genetic variance was below 45% for each of these traits. For DMLGt only one locus
was detected which explained 72.3% of genetic variance. No significant loci were found for
absolute values of traits such as TE, PROL, OP, ¢, or OA. However, co-localisation was found
for traits such as DM and DME, which might explain the correlation between both traits. The
length of the main stem appeared to be explained by 12 QTL, although the heritability during
the experiment was quite weak (19%). After the generative stage water deficit treatment, QTL
regions for DM, DME, DMEt, DMEms, DMSt, DMLG, RDMmsDM, NLG, HI, Lms, WSC
and PROL were found (Fig 6 and Table 4). For most of these traits, the sums of explained
genetic variances were higher than 75%. A total of 85 significant QTLs were found for 13 phe-
notypic traits. 4 QTLs were found for physiological traits such as PROL and WSC which
explained 44% and 37% of the variance, respectively. No QTL was found for OP;4, and TE and
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morphological traits such LA and SLA, although genotypic differences were significant for
these traits. Most QTLs found were related to ear dry masses. While the marker BOPA2 12
11454 (chromosome 3H, position 64.87 cM) was found to explain a part of the variation in
DME, DMEt and DMEms, the marker SCRI_RS_182631 (1H, position 46.81 cM) was only
found significant for DME and DMEms suggesting that SCRI_RS_182631 might explain the
dry weight production on the main stem ears only, under both water-limited and well-watered
conditions. In contrast the QTL BOPA2_12_21003 (4H, position 40.01 cM) was found to
explain the variation in the ears of tillers. Significant QTLs for traits such as DMEt were also
found to explain the number of tillers Nt, confirming the correlation between both phenotypic
traits. However, other markers, which were significant for Nt, were not involved in the grain
yield of tillers, although it was significant for DMEms. A total of 9 loci were found to explain
the variation of the length of the main stem during both stress and control treatments for a
total explained genetic variance of 76%. For the number of green leaves capturing the effect of
senescence under both well-watered and stress conditions, 2 significant QTL were found
explaining in total 48.3% of the variance.

Heritability

Environmental variation across water supply treatments were investigated for each trait. The
broad sense heritability (H?) revealed large variation across the treatments and traits classes,
ranging from 0.0 to 0.60 in the vegetative experiment, from 0.0 to 0.38 during the generative
experiment, and from 0.0 to 0.99 across the treatments (Tables 3-5). H? of relative trait was
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Fig 6. Genome-wide association mapping of phenotype data using a dense genetic map (5892 SNP markers) in both control and water-
deficit conditions during the vegetative and generative stage experiments. All QTLs presented here were significant in both stress and

control conditions (refer to Tables 3 and 4 for more details about the SNPs). Refers to Table 1 for the acronyms.

https://doi.org/10.1371/journal.pone.0237834.9006

relatively higher, ranging from 0.0 to 0.99 compared to that of trait values. The heritability of
the traits without significant QTLs was not investigated. The relative proline content had the
highest heritability although the proline content had a very low heritability (0.01) during the
generative experiment. H” was also experimental stage dependent, varying between the gener-
ative and the vegetative experiment for each investigated trait.

QTLs associated with the response to water stress

GWAS were also performed on relative values to assess genotypic responses under water
shortage, for traits with a significant GxT interaction and a significant genotypic difference on
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Table 3. Significant marker-trait associations detected under well-watered and drought stress conditions in the vegetative stage experiments for barley genotypes.

Trait Marker Chr | Pos |LOD |FDR Expl. Gen. Allele 1| Allele 2| WW WW DS Allele | DS Allele ' h*> | h%,
Variance Allele 1 Allele 2 1 2
DM BOPA1_3689-1101 1H | 48.94 | 7.73 | 2.72E-05 54.03 0.51 0.87 0.67 0.96 0.34 0.77 0.00 | 0.00
Sum 54.03
DMLt SCRI_RS_198546 1H | 50.57 | 13.01 | 3.41E-10 72.37 0.18 0.28 0.22 0.41 0.14 0.14 0.00 | 0.00
Sum 72.37
DMSt BOPA1_7803-483 3H | 142.63 | 7.19 | 6.55E-05 45.46 0.73 1.03 0.98 1.45 0.48 0.61 0.00 | 0.00
Sum 45.46
DME BOPA1_3689-1101 1H | 48.94 | 7.73 | 2.72E-05 54.03 0.51 0.87 0.67 0.96 0.34 0.77 0.00 | 0.00
Sum 54.03
DMLGt SCRI_RS_198546 1H | 50.57 | 13.01 | 3.41E-10 72.37 0.18 0.28 0.22 0.41 0.14 0.14 0.00 | 0.00
Sum 72.37
DMEms SCRI_RS_17898 2H | 73.73 | 50.43 | 2.98E-48 73.81 0.07 0.41 0.12 0.46 0.02 0.37 0.53 | 0.04
SCRI_RS_15537 2H | 108.00 | 48.50 | 1.29E-46 68.84 0.05 0.39 0.10 0.43 0.00 0.34
BOPA1_7803-483 3H | 142.63 | 51.97 | 3.07E-49 77.24 0.43 0.09 0.48 0.14 0.39 0.04
BOPA2_12_20274 4H | 3.47 | 9.10 | 3.32E-09 24.59 0.52 0.21 0.62 0.26 0.42 0.17
SCRI_RS_106799 4H | 67.71 | 25.51 | 8.96E-25 44.80 0.39 0.12 0.44 0.16 0.33 0.08
SCRI_RS_120501 5H | 168.54 | 24.75 | 4.72E-24 44.49 0.43 0.15 0.48 0.20 0.38 0.10
SCRI_RS_131341 6H | 52.69 | 36.38 | 4.67E-35 59.12 0.05 0.36 0.10 0.41 0.00 0.32
SCRI_RS_208770 7H | 44.41 | 33.00 | 7.44E-32 57.06 0.42 0.12 0.47 0.17 0.37 0.08
SCRI_RS_158234 7H | 68.06 | 52.32 | 2.71E-49 77.92 0.06 0.41 0.11 0.45 0.01 0.36
GBS5464 7H | 103.05 | 17.24 | 6.44E-17 38.34 0.40 0.15 0.44 0.20 0.35 0.10
GBS5208 7H | 128.68 | 19.63 | 3.49E-19 41.98 0.42 0.15 0.47 0.20 0.36 0.11
Sum 96.78
DMLSms | GBS6809 2H | 67.49 | 25.5 | 8.6E-24 72.20 0.12 0.19 0.09 0.16 0.14 0.22 0.60 | 0.05
BOPA1_7803-483 3H | 142.63 | 34.2 | 3.6E-31 78.92 0.21 0.12 0.18 0.10 0.24 0.15
SCRI_RS_158126 7H | 67.78 | 33.5 | 8.4E-31 80.11 0.21 0.12 0.17 0.10 0.24 0.15
Sum 91.79
LF2ms SCRI_RS_175839 6H | 88.74 | 3.22 | 3.55E-01 36.77 39.44 | 3192 39.78 30.00 39.11 33.84 |0.29 0.17
SCRI_RS_6430 7H | 132.22 | 3.41 | 3.55E-01 42.76 38.10 | 30.99 37.27 29.35 38.92 32.63
Sum 48.90
Lms SCRI_RS_138463 2H | 82.51 | 5.59 | 3.01E-03 11.49 58.01 51.99 66.17 58.43 49.84 45.55 0.19 | 0.06
SCRI_RS_119513 2H | 114.38 | 4.38 | 6.96E-03 9.60 4994 | 56.18 56.00 63.76 43.88 48.61
BOPA2_12_30609 3H | 46.18 | 5.49 | 3.01E-03 12.33 50.71 56.92 57.97 64.16 43.46 49.69
BOPA2_12_30055 3H | 155.03 | 3.83 | 8.61E-03 7.95 63.10 | 54.03 72.23 61.10 53.96 46.97
GBS4691 4H | 81.57 | 3.29 | 1.68E-02 5.76 59.26 | 53.80 66.94 60.96 51.57 46.65
SCRI_RS_137053 5H | 0.00 | 3.78 | 9.06E-03 7.26 58.90 | 53.34 66.49 60.41 51.30 46.27
GBS4257 5H | 109.65 | 4.27 | 6.96E-03 9.85 51.71 57.17 58.05 65.14 45.37 49.21
GBS5879 7H | 2330 | 5.22 | 4.24E-03 14.69 46.65 56.12 53.35 63.47 39.95 48.77
BOPA2_12_30181 7H | 53.19 | 3.92 | 8.48E-03 9.32 62.12 53.92 71.42 60.92 52.81 46.92
GBS2260 7H | 91.78 | 3.40 | 1.44E-02 7.13 51.18 56.42 57.02 64.17 45.34 48.68
GBS2891 7H | 118.48 | 3.81 | 8.61E-03 11.56 57.88 52.81 66.26 59.36 49.51 46.27
BOPA1_ABC11252-1- 7H | 132.22 | 6.51 | 1.74E-03 14.34 49.28 56.70 55.21 64.37 43.36 49.03
2-254
Sum 47.69
(Continued)
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Table 3. (Continued)

Trait Marker Chr | Pos |[LOD |FDR Expl. Gen. Allele 1 | Allele 2 | WW WwW DS Allele | DS Allele ' h> | h%,
Variance Allele1 | Allele2 |1 2

NLG BOPA2_12_30588 1H | 15.08 | 5.84 | 6.29E-05 12.50 3.75 7.24 4.82 10.27 2.68 4.22 0.25 | 0.05
SCRI_RS_181239 1H | 71.18 | 4.37 | 6.68E-04 9.50 8.58 6.45 12.02 9.11 5.13 3.78
SCRI_RS_162694 2H | 7.79 | 4.00 | 1.24E-03 9.75 8.02 6.28 11.35 8.83 4.69 3.72
BOPA2_12_30259 2H | 53.19 | 5.26 | 1.61E-04 13.16 8.15 6.14 11.20 8.87 5.10 341
SCRI_RS_9469 2H | 67.92 | 8.21 | 3.51E-06 21.33 8.31 5.85 11.53 8.40 5.09 3.30
SCRI_RS_166540 2H | 76.06 | 8.66 | 2.65E-06 18.48 5.19 7.84 7.32 11.07 3.07 4.61
SCRI_RS_15537 2H | 108.00 | 8.27 | 3.51E-06 21.68 8.37 5.88 11.58 8.46 5.17 3.30
GBS1320 2H | 127.05 | 4.65 | 4.07E-04 10.85 9.30 6.65 13.18 9.38 5.42 3.92
SCRI_RS_156155 2H | 135.62 | 4.87 | 2.89E-04 13.93 8.31 6.28 11.62 8.92 4.99 3.63
BOPA2_12_30677 3H | 68.24 | 9.02 | 2.65E-06 19.06 5.45 8.04 7.69 11.32 3.21 4.76
SCRI_RS_198609 3H | 78.36 | 545 | 1.17E-04 13.16 8.02 6.03 11.32 8.50 4.72 3.56
BOPA2_12_20156 4H | 51.42 | 9.88 | 7.40E-07 21.59 4.51 7.66 5.82 10.97 3.20 4.34
SCRI_RS_106799 4H | 67.71 | 3.70 | 2.08E-03 9.11 6.05 7.68 8.76 10.60 3.34 4.76
SCRI_RS_138835 4H | 86.37 | 7.68 | 7.95E-06 18.23 8.35 5.94 11.61 8.49 5.10 3.39
SCRI_RS_138556 5H | 44.24 | 4.16 | 9.50E-04 12.69 8.30 6.39 11.35 9.15 5.26 3.63
SCRI_RS_225268 5H | 98.63 | 6.65 | 2.02E-05 18.77 5.46 7.74 7.78 10.88 3.14 4.61
SCRI_RS_212515 5H | 112.92 | 8.55 | 2.65E-06 20.50 525 7.85 7.21 11.20 3.29 4.49
BOPA1_2726-852 5H | 169.38 | 6.99 | 1.55E-05 15.81 527 7.68 7.50 10.80 3.03 4.56
GBS2693 7H | 97.10 | 6.61 | 2.02E-05 19.92 5.24 7.75 7.22 11.06 3.25 4.44
GBS2889 7H | 118.48 | 3.84 | 1.65E-03 7.97 8.57 6.51 12.12 9.17 5.03 3.86
Sum 44.97

LA SCRI_RS_218473 1H | 103.82 | 4.40 | 2.52E-02 11.16 41.58 | 60.22 62.69 91.05 20.46 29.38 0.18 | 0.05

SCRI_RS_187638 2H | 0.00 | 3.81 | 6.29E-02 5.11 6594 | 48.35 99.44 72.82 32.44 23.89
BOPA1_5347-585 2H | 94.90 | 3.67 | 6.41E-02 7.52 4533 | 61.03 68.80 92.33 21.86 29.73
SCRI_RS_185506 2H | 118.97 | 5.13 | 1.05E-02 9.95 73.36 | 49.33 114.20 73.87 32.52 24.79
SCRI_RS_155734 2H | 127.20 | 6.04 | 5.20E-03 11.81 76.03 48.97 118.29 73.02 33.76 24.92
GBS5976 4H | 111.23 | 5.58 | 7.45E-03 14.61 74.16 | 48.79 118.05 72.45 30.27 25.14
Sum 37.85

LAms SCRI_RS_218473 1H | 103.82 | 6.89 | 1.21E-04 19.19 18.68 | 29.58 26.57 42.04 10.79 17.12 | 0.19 | 0.06
BOPA1_5347-585 2H | 94.90 | 2.81 | 2.11E-02 5.66 22.39 | 28.61 32.01 40.53 12.76 16.70
SCRI_RS_155734 2H | 127.20 | 10.60 | 1.43E-07 19.25 39.44 | 2294 57.63 32.09 21.25 13.79
GBS5976 4H | 111.23 | 7.43 | 5.25E-05 18.51 36.34 | 23.11 52.78 32.39 19.90 13.83
GBS2037 5H | 95.00 | 5.58 | 9.38E-04 12.55 38.75 | 23.95 54.28 34.13 23.22 13.76
GBS1267 6H | 117.99 | 4.68 | 2.18E-03 12.33 20.87 | 29.15 28.82 4191 12.92 16.39
Sum 40.28

HI SCRI_RS_182431 1H | 55.67 | 19.96 | 2.83E-17 69.78 0.31 0.18 0.30 0.16 0.32 0.21 0.38 | 0.07
SCRI_RS_17898 2H | 73.73 | 19.66 | 2.83E-17 68.74 0.18 0.31 0.15 0.29 0.20 0.32
SCRI_RS_3125 3H | 89.87 | 13.49 | 1.55E-12 47.99 0.31 0.19 0.29 0.18 0.32 0.21
SCRI_RS_158234 7H | 68.06 | 19.06 | 5.91E-17 67.70 0.17 0.30 0.15 0.29 0.19 0.31
Sum 89.46
(Continued)
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Table 3. (Continued)

Trait Marker Chr | Pos |LOD |FDR Expl. Gen. Allele 1| Allele 2| WW WW DS Allele | DS Allele ' h> | h%,
Variance Allele 1 Allele 2 1 2

RDMmsDM | SCRI_RS_198546 1H | 50.57 | 32.38 | 8.99E-30 70.63 0.68 | 0.49 0.65 0.36 0.71 0.61 |0.21]0.05
SCRI_RS_17898 2H | 73.73 | 30.21 | 1.54E-28 66.26 0.48 | 0.66 0.35 0.62 0.61 0.70
SCRI_RS_15537 2H | 108.00 | 29.17 | 1.09E-27 62.13 0.47 | 0.65 0.33 0.60 0.60 0.70
BOPA1_3791-1525 3H | 87.39 |23.65 | 1.00E-22 50.21 0.67 | 051 0.62 0.39 0.71 0.62
BOPA2_12_30619 5H | 98.72 |23.27 | 2.26E-22 50.19 0.71 0.53 0.68 0.43 0.73 0.63
BOPA2_12_30067 5H | 121.46 | 25.61 | 1.75E-24 53.28 0.70 | 0.52 0.67 0.41 0.73 0.63
BOPA1_8048-952 6H | 62.75 | 27.62 | 2.98E-26 58.45 0.69 | 051 0.66 0.40 0.72 0.62
SCRI_RS_160279 7H | 70.54 | 32.31 | 8.99E-30 70.43 0.68 | 0.49 0.65 0.37 0.72 0.61
Sum 92.39

RDMsDMr | BOPA1_7803-483 3H | 142.63 | 5.34 | 1.40E-06 67.47 0.67 | 055 0.69 0.53 0.66 0.57 | 0.00 | 0.00
Sum 67.47

Refer to Table 1 for all acronyms and units. Allele represents the average marker population value. WW allele 1 and 2: means of the populations with allele 1 respectively

allele 2 present under well-watered condition; DS allele 1 and 2: means of the populations with allele 1 respectively allele 2 present under drought stressed condition.
Pos.: position (cM); chr.: Chromosome; H?: heritability; H,.: standard error of the broad sense heritability; LOD: log of odds; FDR: False discovery rate

https://doi.org/10.1371/journal.pone.0237834.t003

Table 4. Significant marker-trait associations detected under well-watered and drought stress conditions in the generative stage experiments for Barley genotypes.

Trait Marker Chr | Pos LOD FDR Expl. Gen. Allele 1 | Allele 2| WW Ww WS WS H> | H?,
Variance Allele1 |Allele2 |Allelel |Allele2

DME BOPA1_5346-1587 1H 36.97 | 3.59 | 1.63E-03 18.00 2.52 1.90 3.07 2.28 1.98 1.53 1 0.36 | 0.09
SCRI_RS_182631 1H 46.81 | 7.79 | 1.51E-06 40.52 2.78 1.81 3.28 2.19 2.27 1.42
BOPA2_12_30191 1H | 100.07 | 4.91 | 4.54E-02 29.55 1.98 2.35 2.33 2.69 1.63 2.01
BOPA2_12_11454 3H 64.87 | 12.17 | 3.62E-09 60.75 1.32 2.41 1.84 2.82 0.80 2.00
BOPA2_12_21003 4H 40.01 | 9.21 | 1.99E-07 45.99 1.49 2.45 1.94 2.86 1.03 2.05
Sum 85.10

DMEms SCRI_RS_182631 1H 46.81 | 8.52 | 1.99E-07 42.89 1.34 0.63 1.96 0.88 0.73 0.38 1 0.17 | 0.10
BOPA2_12_10689 2H 89.94 | 8.60 | 1.73E-07 32.59 0.32 1.04 0.78 1.35 -0.13 0.73
GBS6049 3H 20.40 | 7.72 | 7.94E-07 45.60 0.32 1.06 0.70 1.39 -0.07 0.73
BOPA2_12_11454 3H 64.87 | 11.65 | 6.01E-09 55.74 0.28 1.08 0.71 1.40 -0.16 0.77
BOPA1_3131-1029 4H 51.42 | 11.33 | 8.49E-09 52.16 0.28 1.08 0.74 1.38 -0.18 0.78
BOPA2_12_30226 4H 76.27 | 9.60 | 5.36E-08 39.03 0.25 1.03 0.72 1.34 -0.22 0.72
BOPA1_ABC20090-1- | 4H 87.70 | 9.26 | 7.06E-08 41.78 0.47 1.15 0.81 1.51 0.13 0.78
1-275
BOPA2_12_31200 4H | 112.54 | 10.14 | 2.94E-08 47.69 0.29 1.06 0.66 1.40 -0.08 0.72
SCRI_RS_157897 5H 98.13 | 9.29 | 7.06E-08 42.07 1.16 0.50 1.65 0.70 0.66 0.29
SCRI_RS_1928 5H | 168.89 | 11.83 | 6.01E-09 50.69 1.42 0.61 2.11 0.83 0.72 0.39
GBS5031 6H 77.54 | 9.09 | 8.28E-08 50.45 1.55 0.70 2.40 0.91 0.69 0.49
SCRI_RS_177168 6H | 116.01 | 10.18 | 2.94E-08 42.24 1.18 0.49 1.66 0.72 0.70 0.26
SCRI_RS_179528 7H 20.96 | 9.07 | 8.28E-08 52.74 1.26 0.59 1.90 0.79 0.63 0.40
SCRI_RS_172335 7H 48.44 | 8.90 | 1.05E-07 45.85 0.45 1.11 0.72 1.52 0.18 0.71
GBS6627 7H 67.92 | 10.69 | 2.24E-08 55.47 1.61 0.68 2.51 0.89 0.70 0.48
Sum 103.29
(Continued)
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Table 4. (Continued)

Trait Marker Chr | Pos LOD FDR Expl. Gen. Allele 1 | Allele 2| WW Ww WS WS H? | H?,
Variance Allele1 |Allele2 |Allelel |Allele2
DMEt BOPA2_12_30191 1H | 100.07 | 4.91 | 4.54E-02 29.55 1.98 2.35 2.33 2.69 1.63 2.01/0.01 |0.13
SCRI_RS_56976 1H 52.48 | 6.67 | 6.92E-05 48.53 1.14 1.68 1.43 2.00 0.86 1.36
SCRI_RS_160616 2H 86.86 | 6.61 | 6.92E-05 48.01 1.71 1.16 2.05 1.44 1.36 0.87
BOPA2_12_11454 3H 64.87 | 8.09 | 3.47E-05 61.40 0.81 1.49 1.14 1.81 0.49 1.17
BOPA2_12_21003 4H 40.01 | 6.71 | 6.92E-05 48.26 0.97 1.51 1.26 1.82 0.69 1.21
BOPA2_12_30930 5H | 126.13 | 6.84 | 6.92E-05 50.87 1.62 1.10 1.98 1.36 1.26 0.83
Sum 90.09
DM BOPA2_12_20403 5H 83.47 | 5.12 | 1.50E-02 21.82 4.94 5.99 5.86 6.84 4.02 5.14 | 0.00 | 0.00
BOPA2_12_11386 6H 59.92 | 5.01 | 3.84E-02 15.65 4.84 5.75 5.90 6.60 3.78 4.89
Sum 21.82
DMEt SCRI_RS_158234 7H 68.06 | 14.75 | 9.74E-12 61.83 1.67 1.19 1.94 1.40 1.41 0.99 | 0.00 | 0.00
Sum 61.83
DMSt SCRI_RS_158234 7H 68.06 | 12.41 | 2.15E-09 48.17 1.95 1.55 2.30 1.91 1.60 1.19 1 0.00 | 0.00
Sum 48.17
DMLG BOPA2_12_11300 4H 34.56 | 4.61 | 1.32E-01 23.53 12.78 5.27 21.68 9.95 3.87 0.59 | 0.08 | 0.10
Sum 23.53
RDMmsDM | SCRI_RS_182631 1H 46.81 | 11.53 | 2.46E-09 49.38 0.18 0.45 0.35 0.43 0.00 0.46 | 0.22 | 0.11
BOPA1_9701-925 2H | 113.88 | 11.63 | 2.46E-09 42.44 0.20 0.46 0.36 0.43 0.04 0.48
GBS5497 3H 49.29 | 8.74 | 2.80E-07 46.16 0.26 0.49 0.37 0.43 0.14 0.56
BOPA1_3791-1525 3H 87.39 | 7.81 | 1.46E-06 37.69 0.27 0.48 0.38 0.43 0.16 0.54
GBS5051 4H 25.85| 5.48 | 9.11E-05 34.44 0.31 0.52 0.39 0.42 0.22 0.62
SCRI_RS_209362 4H 3591 | 5.05| 1.85E-04 29.00 0.57 0.33 0.43 0.40 0.70 0.26
SCRI_RS_169138 5H 8.61 | 3.41 | 3.40E-03 23.75 0.49 0.33 0.43 0.40 0.55 0.26
GBS6178 5H 34.24 | 5.30 | 1.20E-04 32.24 0.54 0.31 0.42 0.39 0.66 0.23
BOPA2_12_30067 5H | 121.46 | 12.21 | 1.65E-09 56.54 0.24 0.48 0.37 0.43 0.11 0.53
SCRI_RS_205578 6H | 116.15 | 12.62 | 1.29E-09 55.23 0.21 0.47 0.36 0.43 0.07 0.51
SCRI_RS_179528 7H 20.96 | 11.50 | 2.46E-09 50.15 0.20 0.46 0.36 0.43 0.05 0.49
SCRI_RS_213842 7H 57.93 | 11.83 | 2.46E-09 50.43 0.23 0.47 0.36 0.43 0.09 0.52
GBS4229 7H 70.61 | 11.28 | 3.19E-09 56.05 0.23 0.49 0.36 0.43 0.09 0.54
BOPA1_1847-1745 7H | 140.86 | 3.57 | 2.58E-03 18.70 0.33 0.52 0.40 0.41 0.26 0.63
Sum 95.83
NLG SCRI_RS_8671 2H | 104.60 | 4.29 | 8.12E-02 22.87 3.37 5.86 5.39 9.58 1.34 2.140.06 | 0.11
SCRI_RS_143317 6H 72.24 | 4.26 | 8.12E-02 19.87 8.66 4.03 14.20 6.53 3.11 1.53
Sum 48.31
HI SCRI_RS_198546 1H 50.57 | 11.34 | 8.15E-09 62.60 0.62 0.31 0.79 0.25 0.45 0.38 | 0.02 | 0.09
SCRI_RS_127646 1H | 116.29 | 8.98 | 3.01E-07 56.03 0.23 0.58 0.11 0.75 0.36 0.41
SCRI_RS_8671 2H | 104.60 | 6.14 | 3.29E-05 57.21 0.62 0.42 0.79 0.52 0.46 0.33
BOPA1_2372-703 3H 60.84 | 13.64 | 1.25E-10 68.79 0.29 0.60 0.18 0.80 0.39 0.40
GBS1299 4H 0.78 | 5.18 | 1.57E-04 29.72 0.62 0.42 0.75 0.53 0.50 0.31
GBS3110 5H 84.50 | 4.97 | 2.28E-04 31.77 0.73 0.48 0.85 0.59 0.62 0.36
GBS3671 5H 92.36 | 5.00 | 2.20E-04 31.77 0.73 0.48 0.85 0.60 0.62 0.37
BOPA2_12_30067 5H | 121.46 | 5.61 | 8.08E-05 47.22 0.63 0.44 0.75 0.59 0.52 0.28
SCRI_RS_11024 5H | 168.54| 6.55| 1.61E-05 49.69 0.25 0.57 0.12 0.73 0.39 0.40
GBS4297 6H 87.61 | 5.20 | 1.55E-04 27.54 0.62 0.42 0.74 0.52 0.50 0.31
SCRI_RS_158126 7H 67.78 | 10.20 | 3.30E-08 62.73 0.59 0.28 0.78 0.17 0.40 0.38
SCRI_RS_158234 7H 68.06 | 12.95 | 3.01E-10 82.09 0.43 0.37 0.44 0.36 0.41 0.38
Sum 94.89
(Continued)
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Table 4. (Continued)

Trait Marker

Lms GBS1779
BOPA1_11603-445
BOPA1_8889-842
GBS7407
SCRI_RS_206361
GBS5709
BOPA1_1769-545
SCRI_RS_111979
GBS4748

Sum
SCRI_RS_172266
SCRI_RS_161534
GBS4530

Sum
SCRI_RS_7517
SCRI_RS_195137

Sum

PROL

WSC

Chr |[Pos |LOD FDR Expl. Gen. Allele 1| Allele 2| WW WW WS WS H? | H%,
Variance Allele 1 Allele2 |Allele1 | Allele 2
1H | 46.60| 6.77 | 4.56E-04 37.95| 6638 | 55.57 66.78 56.87 65.99 54,26 | 0.30 | 0.09
1H | 61.00| 4.34|9.82E-03 31.71| 54.42| 63.81 55.85 64.32 52.99 63.29
2H | 5538 | 4.71 | 6.99E-03 3320 | 52.10| 63.38 51.64 64.39 52.55 62.37
3H | 52.03| 5.70 | 2.43E-03 2523 | 69.61| 57.88 70.76 58.47 68.45 57.29
4H | 60.55| 3.67|2.37E-02 1513 | 58.15| 66.18 58.73 67.15 57.58 65.20
4H | 109.04 | 4.41|9.52E-03 2473 | 54.04| 63.93 55.25 64.34 52.84 63.52
6H | 17.01| 3.15|4.01E-02 18.15| 57.77| 64.91 58.49 65.77 57.05 64.06
7H | 12.75| 4.56 | 8.20E-03 2408 | 65.73| 56.70 65.93 57.45 65.53 55.95
7H |109.92 | 7.12 | 4.15E-04 4495 | 65.67| 54.60 66.95 54,53 64.38 54.67
76.11
3H | 96.60 | 4.07 | 2.23E-02 15.66 | 33.71| 20.06 2.11 1.67 65.31 38.46 | 0.01 | 0.10
5H |130.90 | 3.97 | 2.57E-02 13.47 | 3453 | 2024 1.76 1.80 67.30 38.69
7H | 131.59 | 5.79 | 9.09E-03 21.10 | 44.08| 20.85 1.57 1.83 86.59 39.87
43.92
2H | 7259 | 3.92|2.15E-01 19.11 | 304.74 | 219.99 329.10 236.96 | 28038 | 203.010.15| 0.12
4H | 18.48| 4.91 | 6.68E-02 24.01 | 302.77 | 217.51 312.39 23632 29316 | 198.71
37.12

Refer to Table 1 for all acronyms and units. Allele represents the average marker population value. WW allele 1 and 2: means of the populations with allele 1 respectively

allele 2 present under well-watered condition; DS allele 1 and 2: means of the populations with allele 1 respectively allele 2 present under drought stressed condition.

Pos.: position (cM); chr.: Chromosome; H: heritability; H2,: standard error of the broad sense heritability; LOD: log of odds; FDR: False discovery rate

https://doi.org/10.1371/journal.pone.0237834.t1004

relative values after the control and stress treatments in the generative and vegetative stage
experiments. After the generative stage experiment, 58 significant loci were found for 14 traits
including functional and physiological traits (Fig 7 and Table 5 for more details). Some mark-
ers such as BOPA2_12_30191, BOPA2_12_31513, GBS2300, GBS5694, SCRI_RS_158234,
SCRI_RS_185710, SCRI_RS_237688, SCRI_RS_3125, SCRI_RS_204144, SCRI_RS_185710
and SCRI_RS_17898 were significant for more than one trait. One single locus (SCRI_RS_
158234) located on chromosome 7 was found to be significant for the relative phenological
stage suggesting that the QTL is leading for example to an accelerated senescence or drought
escape strategy under drought stress. Fifteen significant loci for stress indexes of physiological
traits such as OA, rPROL and riWSC were found. After stress treatments in the vegetative stage
experiments, 55 QTLs were significant (LOD>3.0) for 17 phenotypic traits. Thirteen markers
were repeated for several phenotypic traits (Fig 7 and Table 6 for more details).

Discussion

The yield decline under water deficit was widely reported for several crops including barley in
the literature. However, the quantification of the physiological and morphological responses of
different spring barley genotypes to water deficit as well as the characterization of the genetic
base to find QTL for the investigated traits is still not explored. In this work, we aimed at inves-
tigating the response of relevant traits under water deficit to identify corresponding QTLs.

Physiological and morphological responses to water deficit

Water deficit had a significant effect on phenological stages (BBCH scale), morphological and
functional traits of barley, especially during the vegetative stage experiments (Table 2). The
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Table 5. Significant marker-trait associations for relative values explaining the phenotypic plasticity of different physiological and morphological traits of barley
genotypes after water deficit treatment during the generative growth stage.

Trait Marker Chr Pos LOD FDR Expl. Gen. Variance Allele 1 Allele 2 H? H?,.
rPROL GBS6990 2H 40.66 4.23 4.19E-02 9.36 162.60 69.43 0.99 0.00
GBS2303 2H 51.20 6.35 1.25E-03 15.80 224.27 70.29
BOPA2_12_30370 3H 139.67 4.41 3.13E-02 10.03 193.47 73.67
GBS2307 6H 87.61 5.04 9.22E-03 12.90 153.32 65.79
GBS785 7H 13.88 6.75 1.02E-03 16.71 172.44 65.41
Sum 32.01
OA SCRI_RS_15537 2H 108.00 5.08 1.76E-02 63.53 0.18 -0.07 0.03 0.11
BOPA1_6951-875 2H 90.26 20.12 3.53E-19 39.96 -0.27 -0.01
SCRI_RS_144379 2H 111.26 31.04 5.20E-29 55.39 -0.24 0.03
BOPA1_6954-861 4H 52.96 30.84 7.50E-29 55.09 -0.28 0.01
SCRI_RS_188829 4H 115.23 21.43 2.08E-20 44.94 0.06 -0.16
BOPA1_8048-952 6H 62.75 34.78 9.43E-32 59.72 -0.24 0.03
BOPA1_2924-1189 7H 70.68 32.94 3.06E-30 58.44 -0.22 0.04
Sum 85.66
rWSsC GBS3887 2H 58.05 6.61 6.02E-04 14.62 1.45 1.05 0.14 0.09
BOPA1_2822-739 2H 123.94 7.28 2.95E-04 9.64 1.16 0.79
BOPA2_12_30895 7H 34.35 4.90 4.99E-03 10.13 0.66 0.96
Sum 23.86
rBBCH SCRI_RS_158234 7H 68.06 6.09 6.91E-04 72.23 0.97 1.04 0.00 0.00
Sum 72.23
rDME SCRI_RS_183064 2H 110.91 14.71 3.53E-12 65.90 0.99 0.70 0.00 0.00
BOPA1_ABC03113-1-1-251 5H 129.44 14.83 3.53E-12 66.46 1.04 0.72
Sum 80.84
rDMEms BOPA2_12_30191 1H 100.07 36.95 6.28E-34 71.57 0.60 1.21 0.08 0.11
SCRI_RS_185710 2H 58.07 26.16 2.75E-24 57.46 0.77 1.24
SCRI_RS_3125 3H 89.87 27.50 1.96E-25 58.94 0.80 1.26
BOPA2_12_30158 4H 99.08 21.60 3.65E-20 54.44 0.78 1.23
BOPA1_4773-1009 4H 112.33 28.82 4.18E-26 58.31 0.64 1.20
SCRI_RS_167426 5H 143.96 6.78 1.00E-06 17.72 0.90 1.17
BOPA1_2607-2929 6H 79.60 12.04 1.85E-11 30.80 1.25 0.93
GBS5694 7H 69.26 28.35 7.00E-26 63.51 0.72 1.23
Sum 93.51
rDMGLt BOPA2_12_20489 2H 72.45 8.24 3.04E-05 44.53 2.09 0.36 0.18 0.15
Sum 44.53
rDMLSms BOPA2_12_30191 1H 100.07 39.00 5.56E-36 74.90 2.06 1.10 0.17 0.10
GBS6733 2H 58.78 26.11 5.41E-24 62.34 1.77 1.05
SCRI_RS_143727 2H 107.15 15.99 7.00E-15 45.15 1.74 1.11
GBS6415 4H 40.01 28.93 2.16E-26 64.27 2.02 1.11
SCRI_RS_179438 4H 73.65 7.02 8.60E-07 13.66 1.10 1.49
SCRI_RS_209980 5H 44.24 8.88 1.82E-08 18.80 1.58 1.13
SCRI_RS_143508 5H 93.65 11.36 9.67E-11 29.58 0.99 1.49
SCRI_RS_198617 5H 96.25 5.85 9.07E-06 12.86 1.61 1.19
BOPA2_12_11386 6H 59.92 21.97 2.00E-20 49.09 2.18 1.18
GBS4671 6H 117.55 15.57 1.65E-14 43.26 1.71 1.10
GBS5694 7H 69.26 28.58 3.63E-26 63.00 1.85 1.07
BOPA1_3140-491 7H 77.97 4.16 2.73E-04 10.62 0.93 1.36
Sum 96.93
(Continued)
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Table 5. (Continued)

Trait Marker Chr Pos LOD FDR Expl. Gen. Variance Allele 1 Allele 2 H? HZ,.
rNLG BOPA2_12_10717 2H 65.37 24.23 3.12E-21 83.75 6.00 0.42 0.38 0.11
Sum 83.75
rRDMEmsDME | GBS6407 1H 54.89 32.22 1.44E-30 68.92 1.11 1.71 0.12 0.11
BOPA1_3598-489 2H 50.92 28.22 7.80E-27 61.22 1.79 1.21
SCRI_RS_237688 2H 57.17 18.97 3.31E-18 44.84 1.01 1.58
SCRI_RS_17898 2H 73.73 40.94 1.59E-38 74.49 1.73 1.10
SCRI_RS_17898 2H 73.73 40.94 1.59E-38 74.49 1.73 1.10
BOPA1_ConsensusGBS0508-1 3H 51.35 21.90 6.05E-21 50.47 1.04 1.60
GBS881 6H 28.47 24.90 1.01E-23 57.47 1.11 1.67
SCRI_RS_158126 7H 67.78 42.67 3.99E-40 75.94 1.09 1.73
SCRI_RS_158234 7H 68.06 45.63 1.32E-42 78.90 1.76 1.12
Sum 95.88
rRDMmsDM BOPA2_12_30191 1H 100.07 31.30 2.81E-28 66.81 1.20 1.29 0.00 0.12
SCRI_RS_185710 2H 58.07 24.24 1.62E-22 55.04 1.22 1.30
GBS2300 2H 80.95 20.69 2.43E-19 52.61 1.20 1.29
SCRI_RS_3125 3H 89.87 28.76 4.86E-26 61.50 1.23 1.30
SCRI_RS_135425 5H 45.21 13.61 6.08E-13 35.93 1.31 1.25
GBS6627 7H 67.92 14.19 1.76E-13 38.82 1.20 1.28
GBS5694 7H 69.26 27.16 9.78E-25 62.90 1.21 1.29
BOPA2_12_31513 7H 70.96 23.65 5.44E-22 55.50 1.22 1.29
SCRI_RS_204144 7H 70.96 15.60 1.01E-14 40.75 1.24 1.30
Sum 95.90
rDMSt BOPA2_12_30191 1H 100.07 35.67 1.20E-32 71.11 0.63 0.80 0.01 0.12
SCRI_RS_185710 2H 58.07 26.15 2.05E-24 58.42 0.68 0.81
GBS2300 2H 80.95 20.34 4.55E-19 50.53 0.64 0.80
SCRI_RS_3125 3H 89.87 2891 1.73E-26 61.75 0.69 0.82
SCRI_RS_232881 5H 45.21 12.59 5.51E-12 33.62 0.82 0.73
BOPA2_12_30857 6H 56.16 9.14 7.06E-09 24.41 0.81 0.73
GBS5694 7H 69.26 29.56 7.74E-27 65.05 0.66 0.81
BOPA2_12_31513 7H 70.96 22.16 1.14E-20 49.59 0.67 0.80
SCRI_RS_204144 7H 70.96 13.67 5.45E-13 36.40 0.71 0.81
Sum 96.09
rNt BOPA2_12_30191 1H 100.07 29.51 2.43E-27 63.09 0.93 1.07 0.00 0.12
SCRI_RS_237688 2H 57.17 26.25 1.58E-24 58.13 0.95 1.07
SCRI_RS_9469 2H 67.92 29.94 1.59E-27 62.18 1.10 0.99
SCRI_RS_3125 3H 89.87 29.65 2.09E-27 61.96 0.97 1.08
SCRI_RS_158234 7H 68.06 32.47 1.90E-29 65.29 1.09 0.98
Sum 92.74
SLAt SCRI_RS_196910 1H 117.49 5.14 2.02E-02 14.62 129.62 157.98 0.00 0.00
SCRI_RS_171038 2H 80.59 3.50 4.21E-02 10.76 135.44 157.53
SCRI_RS_106163 2H 129.75 3.85 4.17E-02 10.26 163.47 139.19
SCRI_RS_137464 6H 55.67 347 4.25E-02 8.92 134.37 156.79
BOPA1_6541-1329 7H 100.00 5.26 2.02E-02 14.59 172.29 140.09
Sum 40.95

Allele represents the average marker population value. Refer to Table 1 for all acronyms and units. Allele 1 and 2: means of the populations with allele 1 respectively
allele 2. Pos.: position (cM); chr.: Chromosome; H?: heritability; H: standard error of the broad sense heritability; LOD: log of odds; FDR: False discovery rate

https://doi.org/10.1371/journal.pone.0237834.t005
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Fig 7. Genome-wide association mapping of relative phenotype data presenting significant GxT interaction using
a dense genetic map (5892 SNP markers, refers to Table 5 and 6 for more details about the SNPs and to Table 1
for the acronyms) during both the generative and the vegetative stage experiments.

https://doi.org/10.1371/journal.pone.0237834.9007

effect of drought stress on BBCH scale agrees with [23] where a decrease of the grain filling
time and an early grain maturity under water shortage were reported, which might be
observed through a change in BBCH stage. The decrease of the plant biomass due to drought
stress observed in this study was reported in several other studies [30, 50, 81] and the positive
correlation between TE and biomass production as well [13]. The strong correlation between
rDMmsDM and rDM (54 Fig) or DMmsDM and DM (S3 Fig) in the generative stage experi-
ments showed that water deficit reduced total plant biomass mainly by reducing tiller biomass.
During the vegetative stage experiments, the highly significant genotypic effects on the relative
lengths of most leaves including the flag leaf of the main stem (Table 2) might indicate differ-
ences in the sensitivity of cell expansion among the genotypes.

Interestingly, there was no significant water deficit effect on HI (Table 2). In fact, water def-
icit accelerated the flowering in dehydration-avoidant plants as reported in the literature [9],
which can lead to differences in ear dry mass of control and stress treatments at harvesting
time. During the generative stage experiments, the stress treatment started with spiking.
Maybe an earlier stress treatment could have a significantly negative effect on grain filling
period of water saving genotypes with an accelerated senescence and WSC translocation.

On the other hand, we found that genotypes with higher dry weight production under
drought stress were mostly plants with high transpiration and TE under both stress and con-
trol conditions (Fig 4). Several genotypes were found to improve significantly TE under water
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Table 6. Significant marker-trait associations for relative values explaining the phenotypic plasticity of different physiological and morphological traits of barley
genotypes after water deficit treatment during the vegetative growth stage.

Trait Marker Chr Pos LOD FDR Expl. Gen. Variance Allele 1 Allele 2 H? H,.
rDM SCRI_RS_9469 2H 67.92 5.69 2.14E-03 74.95 0.55 0.66 | 0.00 0.00
Sum 74.95
rDMGLt BOPA1_4665-882 1H 67.92 13.16 4.64E-11 70.57 1.53 0.18 | 0.83 0.05
BOPA2_12_30191 1H 100.07 13.65 4.64E-11 71.41 1.58 0.20
GBS7416 2H 56.73 13.23 4.64E-11 69.71 1.61 0.26
GBS6809 2H 67.49 13.00 5.86E-11 70.16 -0.02 1.23
Sum 92.43
rLAFL1ms BOPA2_12_31034 5H 48.33 7.26 9.08E-05 43.25 1.57 1.01 | 0.99 0.00
Sum 43.25
RLALGt GBS1230 2H 58.07 13.08 1.30E-10 68.54 1.14 0.14| 0.78 0.07
GBS6809 2H 67.49 12.18 1.94E-10 69.10 -0.06 0.84
GBS5733 4H 51.13 13.14 1.30E-10 67.71 1.31 0.18
Sum 94.70
rDMLG SCRI_RS_219740 2H 56.37 4.85 5.97E-03 65.36 0.69 0.47 | 0.00 0.00
Sum 65.36
rRDMmsDM | GBS508 4H 51.27 7.64 3.42E-05 76.30 1.19 1.69 | 0.00 0.00
Sum 76.30
rLA SCRI_RS_120501 5H 168.54 3.76 1.45E-02 52.64 0.44 0.33| 0.00 0.00
Sum 52.64
rNLG SCRI_RS_9469 2H 67.92 4.44 2.42E-02 72.96 0.41 0.57 | 0.04 0.14
GBS4361 5H 119.93 5.94 6.29E-03 23.70 0.64 0.41
Sum 72.96
rDMGLt GBS1230 2H 58.07 21.13 4.05E-18 68.64 1.11 0.33| 0.21 0.12
GBS2119 2H 58.92 17.38 1.42E-15 60.72 0.97 0.31
GBS5051 4H 25.85 12.45 2.31E-11 50.91 0.82 0.28
GBS5473 4H 43.48 13.08 7.71E-12 50.22 0.88 0.30
GBS3009 4H 44.00 20.46 4.74E-18 67.29 1.06 0.32
GBS5733 4H 51.13 20.71 4.74E-18 68.18 1.29 0.37
SCRI_RS_239145 4H 60.55 4.72 1.17E-04 33.49 0.23 0.70
Sum 92.37
rDMLSms BOPA2_12_30968 1H 0.00 5.36 2.41E-02 20.00 8.34 2.09| 0.89 0.02
BOPA2_12_20505 3H 139.31 4.77 4.69E-02 17.77 6.91 2.05
Sum 32.51
rDMLSt GBS2306 7H 1.91 5.42 2.10E-02 23.30 15.49 2.46 | 0.96 0.01
Sum 23.30
rDMSms SCRI_RS_165334 3H 108.57 6.35 2.45E-03 23.42 1.01 0.71| 0.07 0.13
Sum 23.42
rDMSt GBS4766 5H 70.14 4.96 6.69E-03 2.85 6.98 0.54| 0.92 0.01
GBS1121 7H 132.65 4.50 1.45E-02 18.91 1.50 0.53
Sum 19.25
rLAFL2ms BOPA2_12_11285 2H 89.80 4.93 3.22E-02 20.47 3.22 0.96 | 0.58 0.06
GBS1162 6H 91.05 5.19 3.22E-02 22.84 4.04 0.98
Sum 35.48
(Continued)
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Table 6. (Continued)

Trait Marker Chr Pos LOD FDR Expl. Gen. Variance Allele 1 Allele 2 H? H,.
rLAFLms BOPA1_2277-634 2H 107.15 13.74 3.28E-11 51.96 1.06 091 0.01 0.15
SCRI_RS_183064 2H 110.91 14.03 2.50E-11 53.87 1.08 0.92
BOPA2_12_30926 3H 104.46 9.42 4.37E-08 38.24 1.06 0.93
BOPA1_3131-1029 4H 51.42 8.93 1.06E-07 32.68 0.80 0.99
BOPA2_12_20156 4H 51.42 14.38 2.26E-11 59.88 1.10 0.93
BOPA2_12_30226 4H 76.27 9.38 4.47E-08 34.39 0.78 0.99
SCRI_RS_7914 4H 103.97 7.74 8.01E-07 30.71 1.03 0.92
BOPA2_12_30067 5H 121.46 12.80 8.01E-11 49.98 1.09 0.93
SCRI_RS_166491 5H 137.22 8.30 3.11E-07 31.34 0.85 1.00
SCRI_RS_161288 6H 50.78 3.63 1.46E-03 14.94 1.03 0.94
SCRI_RS_196373 6H 52.90 3.53 1.76E-03 15.11 1.03 0.94
BOPA1_6487-1315 6H 55.03 7.67 9.31E-07 30.41 0.90 1.01
BOPA1_1914-936 6H 59.26 12.56 1.11E-10 48.51 1.05 091
SCRI_RS_81903 6H 72.95 6.87 3.83E-06 26.31 0.91 1.02
SCRI_RS_206976 6H 74.58 7.98 5.34E-07 32.77 1.05 0.93
BOPA1_1007-651 6H 115.93 4.56 2.65E-04 20.48 1.04 0.94
SCRI_RS_116905 7H 61.47 13.52 4.09E-11 53.24 1.09 0.93
BOPA1_ABC14535-1-1-75 7H 63.95 8.05 4.80E-07 33.58 1.07 0.94
GBS4229 7H 70.61 11.11 1.68E-09 46.78 1.09 0.93
Sum 98.85
rLms GBS5720 2H 138.60 6.29 2.85E-03 25.30 1.39 0.76 | 0.16 0.12
Sum 25.30
rLt GBS3514 5H 55.10 7.12 4.13E-04 28.98 1.28 0.60 | 0.07 0.13
Sum 28.98
rNLG GBS4361 5H 119.93 5.94 6.29E-03 23.70 0.64 0.41 0.04 0.14
Sum 23.70
rSLA GBS1319 2H 127.05 4.82 4.19E-02 19.65 1.06 0.69 | 0.06 0.14
BOPA2_12_30370 3H 139.67 9.65 1.23E-06 38.45 1.35 0.69
Sum 46.14
rSLAt BOPA2_12_30370 3H 139.67 5.85 3.81E-03 30.81 2.11 0.67 | 0.28 0.11
BOPA2_12_31326 5H 4.17 7.05 4.85E-04 29.02 2.24 0.67
GBS7027 6H 99.15 491 1.35E-02 21.59 2.03 0.66
Sum 48.08
rT GBS2202 1H 64.02 5.97 5.83E-03 24.31 1.32 0.74 | 0.06 0.13
GBS4670 5H 48.26 5.32 1.32E-02 21.14 1.29 0.73
Sum 37.45

Refer to Table 1 for all acronyms and units. Allele represents the average marker population value for each allele. Refer to Table 1 for all acronyms and units. Allele 0 and

1: means of the populations with allele 0 respectively allele 1. Pos.: position (cM); chr.: Chromosome; H*: heritability; H%: standard error of the broad sense heritability;
LOD: log of odds; FDR: False discovery rate

https://doi.org/10.1371/journal.pone.0237834.t006

deficit, although DM was still low. An analysis of the root system of these varieties might help
to understand where the dry weight was allocated.
The correlation between rTE and rDM (Fig 3D) showed that increasing the plant biomass

production under water shortage was essentially a function of increased TE rather than

improved water uptake capacity (represented by the maximum water extraction [%]). Because
available water was identical for all genotypes of the stress treatment and the water uptake
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capacity of the genotypes was in a close range between 70 and 90% of 1.78 litre (excluding
some genotypes in the generative stage with a lower total amount of water transpired, which
may occur because plants were fully grown earlier), the efficiency of biomass production from
the transpired water is a key trait. This is substantiated by the statistical analysis (Table 2),
which showed significant genotypic effects for relative TE but not for Wex.

According to Passioura [20], next to the transpiration and TE, HI is the third component
explaining grain yield. rHI was reduced in some genotypes and increased in others (Fig 2D). A
relative plant dry mass less than 1 in combination with rHI bigger than 1 indicated, that grain fill-
ing was less affected by the drought stress than growth of other plant organs. Drought tolerant cul-
tivars should be the varieties having less reduction in grain yield and related traits. Therefore,
variation of rDME and rHI as observed in Fig 1 might be related to tolerance to water deficit.

An increase in proline under water deficit as observed in this work was frequently reported
[11, 50]. The weak negative correlation between rPROL of water-limited plants and rDM
found in our study confirmed the observation that proline production under water deficit did
not lead to a significantly higher dry matter production. Therefore, proline production might
be associated with several other physiological responses leading to adaptation.

The increase of water-soluble carbohydrates in most genotypes in the water deficit treat-
ment was also reported in the literature [32, 33, 82]. However, only a weak positive correlation
between WSC content in stems and proline content in leaves of the water-limited plants was
found (r = 0.24). During the water deficit treatment, WSC was translocated from stems to
developing grains [65], resulting to a reduction of WSC content in the stems. Yang et al. [83]
reported that drought stress during grain filling of wheat led to faster and better remobilization
of pre-stored carbon from vegetative tissues to grains. In our experiments, the percentage of
WSC translocated from the stem varied from 0 to over 75%. The negative correlation between
relative WSC in the stems and absolute ear dry mass of the water-limited plants (S3 Fig)
showed that highest DME was obtained when WSC content in stems was reduced during the
drought treatment (rWSC < 1), which can be interpreted as an translocation efficiency of
WSC from stems to grains. Genotypes with an increased WSC content in stems during the
drought stage (rWSC > 1) might accumulate WSC in stems as compatible solutes against
drought or may have transport or sink limitations.

No relationship between OA and stability of biomass production under water deficit [30]
or other benefits of OA [34, 27] were found in our experiments. Wehner et al. [50] also found
no direct relationship between OA and biomass production under water deficit. This might
have been due to the high variance of OA between experiments, suggesting that OA is very
sensitive to the environment. Moreover, OA might vary also at plant level with leaf age.

The specific transpiration was found to negatively correlating with most leaf level traits
such as LA, DMLG, NLG and SLA. However, no relationship with the total amount of water
use was found. The relationship between the specific transpiration and the stomatal conduc-
tance could allow us to better assess the role of ST under water deficit.

QTL marker information and heritability

Marker-trait associations on all chromosomes were found for DMEms, showing that this trait
is the result of a multitude of processes on all chromosomes, irrespective of water supply. Ton-
delli et al. [84] found QTL on chromosomes 1H, 2H, 5H and 6H for this trait, Yin et al. [46]
found QTL on chromosomes 1H, 2H, 3H, 4H, 5H and 6H, while Mora et al. [85] could identify
QTL on chromosome 1H and 3H only. Xue et al. [52] identified QTL for grain yield of control
and waterlogged conditions on chromosome 2H (position around 83 cM) only. Marker-trait
associations for DMEt and DMEms were also found in this study on chromosome 2H

PLOS ONE | https://doi.org/10.1371/journal.pone.0237834  August 27, 2020 27/33


https://doi.org/10.1371/journal.pone.0237834

PLOS ONE

Physiological and morphological responses spring barley genotypes to water deficit

(positions 86.86 and 89.94 cM), but in addition to the results of Xue et al. [52] several marker-
trait associations for grain yield were also found on other chromosomes (S1 Table). Compar-
ing the QTL for grain yield from this study with the results of Tondelli et al. [84] was not possi-
ble because of missing information about chromosome positions.

The markers explaining the largest proportions of genetic variance for LA were identical
with markers for LAms, but no marker-trait associations for leaf area of tillers were found.
This underscores the importance of the main stem in regulating leaf expansion. In a study aim-
ing to identify QTLs for physiological and morphological traits of flag leaves at the pre-filling
stage [77], QTL for flag leaf area only were found on chromosome 2H (position 77.2 cM). This
is not in agreement with the results of QTLs for total LA in our study. No marker-trait associa-
tion was found for tiller number in our dataset. Other experiments could identify two QTL for
tiller number on chromosomes 3H and 4H [53].

Mora et al. [79] found QTL for HI of fully irrigated plants on chromosome 5H and 3H
(positions 61, 64 and 67) while the strongest QTL for HI in this study was also found on chro-
mosome 3H (position 60.84 cM) and four marker-trait associations for HI where also found
on chromosome 5H. The markers found for grain yield by Mora et al. [85] on chromosome
1H (position 140 cM) could not be verified.

For OA, 5 QTLs were found in our dataset on chromosomes 2H, 4H, 6H and 7H after the
generative stage treatment. Some QTLs were reported for this trait [36, 42] on chromosome
3H, 6H and 7H. Certainly, the results are often hard to compare because of the high experi-
mental variation and/or differences in sampling or leaf age or BBCH stage at drought initia-
tion. In some cases results of QTL analysis are shown without marker position (cM), which is
another difficulty for comparison [85].

According to different brad sense heritability values, variations of most dry weight and
water relation traits were largely due to the environment, and the variation of the relative
response of traits were mainly genetic (Tables 3 to 6). The heritability of traits such as rPROL
was surprisingly very high (0.99, Table 5) suggesting a strong genetic control depending on the
signals of soil water status. High H? of rPROL suggests that average differences between geno-
types are large compared with yearly variation within genotypes. This is consistent with the
broad range of rPROL observed between genotypes.

Conclusion

Physiological and morphological response to drought stress on spring barley genotypes were
found, including the reduction of relative plant dry mass, decrease of relative leaf area and
increase of proline content in the leaves. The positive relationship of TE and plant dry mass
production was confirmed in this study. TE had a major impact on dry mass production com-
pared to the total amount of water transpired in these experiments and was reduced by 22%
under drought stress. No clear relationship was found for OA, although it was reported to pro-
mote stability of biomass production and other benefits under drought stress conditions.
Significant marker-trait associations for a part of the investigated traits involved in drought
stress responses such as total leaf area, dry mass of ears (grain yield), harvest index and length
of the main stem, water soluble carbohydrate, specific leaf area, and the dry mass of senescent
leaves on the main stem were detected. Over 110 new markers associated with the GxT interac-
tion were detected for physiological and morphological traits. To the best of the author knowl-
edge, some of the QTLs found such as those for grain yield (chromosome 4H, position 40) or
HI (chromosome 7H) have not yet been reported for these traits in the literature. The identi-
fied genomic regions found in this study can be used for marker-assisted selection in barley to
improve drought tolerance in the future. The physiological and genetic information from
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these experiments could also be used to develop genetic based physiological equations for
modelling of plant stress responses in silico.

Supporting information

S1 Table. Details about initiation of the experiments and harvest dates.
(DOCX)

$2 Table. Analysis of variance for genotypic and treatment effects and their interactions
on different absolute plant traits using a linear mixed model during the both the genera-
tive and vegetative stage experiments.

(DOCX)

§3 Table. Analysis of variance (ANOVA) of relative plant traits presenting significant
interactions during generative and vegetative phase experiments.
(DOCX)

S1 Fig. Experimental setup of the each experiment.
(DOCX)

S2 Fig. Model-based ancestry for each of the 192 accessions based on the 6259 biallielic
markers from the 9K iSELECT SNP chip used to build the Q matrix.
(DOCX)

S3 Fig. Correlations diagram between selected phenotypic traits for vegetative. (a) and gen-
erative (b) experiments. Only significant correlation at p<0.05 are depicted. Refers to Table 1
for the acronyms.

(DOCX)

S4 Fig. Correlations diagram between selected relative phenotypic traits for vegetative (a)
and generative (b) experiments. Only significant correlation at p<0.01 are depicted. Refers to
Table 1 for the acronyms.

(DOCX)

Acknowledgments

We would like to thank former Master students such as Niels Plump, Syuzanna Hovsepyan,
and Mohammed Shalalda who contributed to the data collection. The publication of this arti-
cle was funded by the Open Access Fund of the Leibniz Universitit Hannover.

Author Contributions

Conceptualization: Dany Moualeu-Ngangué, Christoph Dolch, Hartmut Stiitzel.

Data curation: Dany Moualeu-Ngangué, Christoph Dolch.

Formal analysis: Dany Moualeu-Ngangué, Christoph Dolch, Michael Schneider, Jens Léon.
Funding acquisition: Ralf Uptmoor, Hartmut Stiitzel.

Investigation: Christoph Dolch.

Project administration: Hartmut Stitzel.

Resources: Jens Léon.

Software: Jens Léon.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237834  August 27, 2020 29/33


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237834.s007
https://doi.org/10.1371/journal.pone.0237834

PLOS ONE

Physiological and morphological responses spring barley genotypes to water deficit

Supervision: Jens Léon, Ralf Uptmoor, Hartmut Stiitzel.

Validation: Dany Moualeu-Ngangué.

Visualization: Dany Moualeu-Ngangué.

Writing - original draft: Dany Moualeu-Ngangué, Christoph Dolch, Michael Schneider.

Writing - review & editing: Dany Moualeu-Ngangué, Jens Léon, Ralf Uptmoor, Hartmut

Stiitzel.
References

1. Hatfield JL, Sauer TJ, Prueger JH (2001) Managing soils to achieve greater water use efficiency. Agron-
omy Journal 93 (2): 271.

2. Jackson RB, Carpenter SR, Dahm CN, Mcknight DM, Naiman RJ, Postel SL, et al. (2001) Waterin a
changing world. Ecological Applications 11,1027-1045.

3. Petit JR, Jouzel J, Raynaud D, Barkov NI, Barnola J-Met al. (1999) Climate and atmospheric history of
the past 420,000 years from the Vostok ice core, Antarctica. Nature 399 (6735): 429—-436.

4. TurralH, Burke J, Faures J-M (2011) Climate change, water and food security. Rome: Food and Agri-
culture Organization of the United Nations. 174 p.

5. Hamdy A, Ragab R, Scarascia-Mugnozza E (2003) Coping with water scarcity. Water saving and
increasing water productivity. Irrig. and Drain. 52 (1): 3—20.

6. Adams RM, Hurd BH, Lenhart S, Leary N (1998) Effects of global climate change on world agriculture.
An interpretive review. Clim. Res. 11: 19-30.

7. Miflin B (2000) Crop improvement in the 21 century. Journal of experimental botany 51 (342): 1-8.

8. Nevo E (1998) Genetic diversity in wild cereals. Regional and local studies and their bearing on conser-
vation ex situ and in situ. Genetic Resources and Crop Evolution 45 (4): 355-370.

9. Blum A (2005) Drought resistance, water-use efficiency, and yield potential-are they compatible, disso-
nant, or mutually exclusive. Aust. J. Agric. Res. 56 (11): 1159.

10. LevittJ (1972) Responses of plants to environmental stresses. London: Academic Press. xii, 697 p.

11. Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant responses to drought—from genes to
the whole plant. Functional Plant Biol. 30 (3): 239.

12. Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspiration. Guidelines for computing crop
water requirements. Rome: FAO. XXVI, 300 S p.

13. Blum A (2009) Effective use of water (EUW) and not water-use efficiency (WUE) is the target of crop
yield improvement under drought stress. Field Crops Research 112 (2-3): 119-123.

14. Jamieson PD, Francis GS, Wilson DR, Martin RJ (1995) Effects of water deficits on evapotranspiration
from barley. Agricultural and Forest Meteorology 76 (1): 41-58.

15. Jones HG (1998) Stomatal control of photosynthesis and transpiration. Journal of experimental botany
49 (Special): 387-398.

16. Wit CTd (1958) Transpiration and crop yields. ‘S-Gravenhage: Staatsdrukkerij Uitgeverijbedrijf. 88 p.

17. Bierhuizen JF, Slatyer RO (1965) Effect of atmospheric concentration of water vapour and CO2 in
determining transpiration-photosynthesis relationships of cotton leaves. Agricultural Meteorology 2 (4):
259-270.

18. Kemanian AR, Stdckle CO, Huggins DR (2005) Transpiration-use efficiency of barley. Agricultural and
Forest Meteorology 130 (1-2): 1—11.

19. VadezV, Kholova J, Medina S, Kakkera A, Anderberg H (2014) Transpiration efficiency. New insights
into an old story. Journal of experimental botany 65 (21): 6141-6153. https://doi.org/10.1093/jxb/
eru040 PMID: 24600020

20. Passioura JB (1996) Drought and drought tolerance. Plant Growth Regul 20 (2): 79-83.

21. ChenJ, Chang SX, Anyia AO (2012) Quantitative trait loci for water-use efficiency in barley (Hordeum
vulgare L.) measured by carbon isotope discrimination under rain-fed conditions on the Canadian Prai-
ries. TAG. Theoretical and applied genetics. 125 (1): 71-90. https://doi.org/10.1007/s00122-012-1817-
7 PMID: 22350092

22, Hsiao TC, Xu LK (2000) Sensitivity of growth of roots versus leaves to water stress. Biophysical analysis

and relation to water transport. Journal of experimental botany 51 (350): 1595-1616. https://doi.org/10.
1093/jexbot/51.350.1595 PMID: 11006310

PLOS ONE | https://doi.org/10.1371/journal.pone.0237834  August 27, 2020 30/33


https://doi.org/10.1093/jxb/eru040
https://doi.org/10.1093/jxb/eru040
http://www.ncbi.nlm.nih.gov/pubmed/24600020
https://doi.org/10.1007/s00122-012-1817-7
https://doi.org/10.1007/s00122-012-1817-7
http://www.ncbi.nlm.nih.gov/pubmed/22350092
https://doi.org/10.1093/jexbot/51.350.1595
https://doi.org/10.1093/jexbot/51.350.1595
http://www.ncbi.nlm.nih.gov/pubmed/11006310
https://doi.org/10.1371/journal.pone.0237834

PLOS ONE

Physiological and morphological responses spring barley genotypes to water deficit

23.

24,

25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Samarah NH (2005) Effects of drought stress on growth and yield of barley. Agron. Sustain. Dev. 25
(1): 145—-149.

Araus JL, Slafer GA, Reynolds MP, Royo C (2002) Plant breeding and drought in C3 cereals. What
should we breed for. Annals of Botany 89 (7): 925-940.

Semenov MA, Halford NG (2009) Identifying target traits and molecular mechanisms for wheat breeding
under a changing climate. Journal of experimental botany 60 (10): 2791-2804. https://doi.org/10.1093/
jxb/erp164 PMID: 19487387

Babu RC, Pathan MS, Blum A, Nguyen HT (1999) Comparison of measurement methods of osmotic
adjustment in rice cultivars. Crop Science 39 (1): 150.

Lilley JM, Ludlow MM (1996) Expression of osmotic adjustment and dehydration tolerance in diverse
rice lines. Field Crops Research 48 (2-3): 185-197.

Mohr H, Schopfer P (1992) Pflanzenphysiologie. Mit 144 Tabellen. Berlin: Springer. 659 p.
Blum A (1988) Plant breeding for stress environments. Boca Raton, Fla.: CRC Pr. 223 p.

Blum A (1989) Osmotic adjustment and growth of barley genotypes under drought stress. Crop Science
29 (1): 230.

Azhand M, Saeidi M, Abdoli M (2015) Evaluation of the relationship between gas exchange variables
with grain yield in barley genotypes under terminal drought stress. Int. J. Biosci. 6 (2): 366-374.

Teulat B, Borries C, This D (2001) New QTLs identified for plant water status, water-soluble carbohy-
drate and osmotic adjustment in a barley population grown in a growth-chamber under two water
regimes. TAG. Theoretical and applied genetics. 103 (1): 161-170.

Turner NC, Kramer PJ, editors (1980) Adaptation of plants to water and high temperature stress. New
York: J. Wiley. 482 p.

Blum A, Zhang J, Nguyen HT (1999) Consistent differences among wheat cultivars in osmotic adjust-
ment and their relationship to plant production. Field Crops Research 64 (3): 287-291.

Ludlow MM, Muchow RC (1990) A Critical Evaluation of Traits for Improving Crop Yields in Water-Lim-
ited Environments. In: Brady NC, editor. Advances in Agronomy Volume 43: Elsevier. pp. 107—-153.

Teulat B, This D, Khairallah M, Borries C, Ragot Cet al. (1998) Several QTLs involved in osmotic-adjust-
ment trait variation in barley (Hordeum vulgare L.). TAG. Theoretical and applied genetics. 96 (5): 688—
698.

Forster BP, Ellis RP, Moir J, Talame V, Sanguineti MCet al. (2004) Genotype and phenotype associa-
tions with drought tolerance in barley tested in North Africa. Ann Applied Biology 144 (2): 157—168.

Baik B-K, Ullrich SE (2008) Barley for food. Characteristics, improvement, and renewed interest. Jour-
nal of Cereal Science 48 (2): 233-242.

Bengtsson BO (1992) Barley genetics—not only here for the beer. Trends in Genetics 8 (1): 3-5.
https://doi.org/10.1016/0168-9525(92)90003-m PMID: 1369733

Sreenivasulu N, Graner A, Wobus U (2008) Barley genomics. An overview. International journal of plant
genomics 2008: 486258. https://doi.org/10.1155/2008/486258 PMID: 18382615

Koornneef M, Alonso-Blanco C, Peeters AJM (1997) Genetic approaches in plant physiology. New Phy-
tol 137 (1): 1-8.

Diab AA, Teulat-Merah B, This D, Ozturk NZ, Benscher Det al. (2004) Identification of drought-inducible
genes and differentially expressed sequence tags in barley. TAG. Theoretical and applied genetics.
Theoretische und angewandte Genetik 109 (7): 1417—-1425. https://doi.org/10.1007/s00122-004-1755-
0PMID: 15517148

Paterson AH, Lander ES, Hewitt JD, Peterson S, Lincoln SEet al. (1988) Resolution of quantitative traits
into Mendelian factors by using a complete linkage map of restriction fragment length polymorphisms.
Nature 335 (6192): 721-726. https://doi.org/10.1038/335721a0 PMID: 2902517

Pillen K, Zacharias A, Leon J (2003) Advanced backcross QTL analysis in barley (Hordeum vulgare L.).
Theoretical and applied genetics. 107 (2): 340-352. https://doi.org/10.1007/s00122-003-1253-9 PMID:
12677407

Teulat B, Zoumarou-Wallis N, Rotter B, Ben Salem M, Bahri Het al. (2003) QTL for relative water con-
tent in field-grown barley and their stability across Mediterranean environments. TAG. Theoretical and
applied genetics. 108 (1): 181-188. hitps://doi.org/10.1007/s00122-003-1417-7 PMID: 13679983

Yin X, Chasalow SD, Stam P, Kropff MJ, Dourleijn CJet al. (2002) Use of component analysis in QTL
mapping of complex crop traits. A case study on yield in barley. Plant Breed 121 (4): 314-319.

Reymond M, Muller B, Leonardi A, Charcosset A, Tardieu F (2003) Combining quantitative trait loci
analysis and an ecophysiological model to analyze the genetic variability of the responses of maize leaf
growth to temperature and water deficit. Plant physiology 131 (2): 664—675. https://doi.org/10.1104/pp.
013839 PMID: 12586890

PLOS ONE | https://doi.org/10.1371/journal.pone.0237834  August 27, 2020 31/33


https://doi.org/10.1093/jxb/erp164
https://doi.org/10.1093/jxb/erp164
http://www.ncbi.nlm.nih.gov/pubmed/19487387
https://doi.org/10.1016/0168-9525%2892%2990003-m
http://www.ncbi.nlm.nih.gov/pubmed/1369733
https://doi.org/10.1155/2008/486258
http://www.ncbi.nlm.nih.gov/pubmed/18382615
https://doi.org/10.1007/s00122-004-1755-0
https://doi.org/10.1007/s00122-004-1755-0
http://www.ncbi.nlm.nih.gov/pubmed/15517148
https://doi.org/10.1038/335721a0
http://www.ncbi.nlm.nih.gov/pubmed/2902517
https://doi.org/10.1007/s00122-003-1253-9
http://www.ncbi.nlm.nih.gov/pubmed/12677407
https://doi.org/10.1007/s00122-003-1417-7
http://www.ncbi.nlm.nih.gov/pubmed/13679983
https://doi.org/10.1104/pp.013839
https://doi.org/10.1104/pp.013839
http://www.ncbi.nlm.nih.gov/pubmed/12586890
https://doi.org/10.1371/journal.pone.0237834

PLOS ONE

Physiological and morphological responses spring barley genotypes to water deficit

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Reymond M, Muller B, Tardieu F (2004) Dealing with the genotype x environment interaction via a
modelling approach. A comparison of QTLs of maize leaf length or width with QTLs of model parame-
ters. Journal of experimental botany 55 (407): 2461-2472. https://doi.org/10.1093/jxb/erh200 PMID:
15286140

Barakat MN, Wahba LE, Milad SI (2013) Molecular mapping of QTLs for wheat flag leaf senescence
under water-stress. Biol Plant 57 (1): 79-84.

Wehner GG, Balko CC, Enders MM, Humbeck KK, Ordon FF (2015) Identification of genomic regions
involved in tolerance to drought stress and drought stress induced leaf senescence in juvenile barley.
BMC plant biology 15: 125. https://doi.org/10.1186/s12870-015-0524-3 PMID: 25998066

Kalladan R, Worch S, Rolletschek H, Harshavardhan VT, Kuntze Let al. (2013) Identification of quantita-
tive trait loci contributing to yield and seed quality parameters under terminal drought in barley advanced
backcross lines. Mol Breeding 32 (1): 71-90.

Xue D-w, Zhou M-x, Zhang X-q, Chen S, Wei Ket al. (2010) Identification of QTLs for yield and yield
components of barley under different growth conditions. Journal of Zhejiang University. Science. B 11
(3): 169-176. https://doi.org/10.1631/jzus.B0900332 PMID: 20205303

Honsdorf N, March TJ, Berger B, Tester M, Pillen K (2014) High-throughput phenotyping to detect
drought tolerance QTL in wild barley introgression lines. PloS one 9 (5): €97047. https://doi.org/10.
1371/journal.pone.0097047 PMID: 24823485

Kosova K, Vitamvas P, Urban MO, Kholova J, Prasil IT (2014) Breeding for enhanced drought resis-
tance in barley and wheat &ndash; drought-associated traits, genetic resources and their potential utili-
zation in breeding programmes. Czech J. Genet. Plant Breed. 50 (No. 4): 247-261.

Renninger HJ, Carlo N, Clark KL, Schéfer KVR (2014) Physiological strategies of co-occurring oaks in a
water- and nutrient-limited ecosystem. Tree physiology 34 (2): 159-173. https://doi.org/10.1093/
treephys/tpt122 PMID: 24488856

Bothmer Rv, Knupffer H, Sato K (2004) International barley core collection status report.
Hartge KH, Horn R (1992) Die physikalische Untersuchung von Béden. 3. Auflage. Stuttgart: Enke. 12

Blume H-P, Brimmer GW, Horn R, Kandeler E, Kégel-Knabner | et al. (2010) Scheffer/Schachtschabel.
Lehrbuch der Bodenkunde. Berlin, Heidelberg: Springer Berlin Heidelberg.

Liu F, Stitzel H (2002) Leaf water relations of vegetable amaranth (Amaranthus spp.) in response to
soil drying. European Journal of Agronomy 16 (2): 137—150.

Barrs HD, Weatherley PE (1962) A Re-Examination of the Relative Turgidity Technique for Estimating
Water Deficits in Leaves. Aust. Jnl. Of Bio. Sci. 15 (3): 413.

Wilson JR, Fisher MJ, Schulze E-D, Dolby GR, Ludlow MM (1979) Comparison between pressure-vol-
ume and dewpoint-hygrometry techniques for determining the water relations characteristics of grass
and legume leaves. Oecologia 41 (1): 77-88. https://doi.org/10.1007/BF00344838 PMID: 28310361

Ludlow MM, Chu ACP, Clements RJ, Kerslake RG (1983) Adaptation of species of Centrosema to
water stress. Aust J Plant Physio. 10 (2): 119.

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free proline for water-stress studies.
Plant Soil 39 (1): 205-207.

Meier U, Bleiholder H, Buhr L, Feller C, Hack Het al. (2009) The BBCH system to coding the phenologi-
cal growth stages of plants-history and publications 61: 41-52.

Pask AJD, Pietragalla J, Mullan DM, Reynolds MP (2012) Physiological breeding II: A field guide to
wheat phenotyping. Mexico, D.F.: Mexico, D.F.

Maness N (2010) Extraction and analysis of soluble carbohydrates. Methods in molecular biology (Clif-
ton, N.J.) 639: 341-370.

Trevelyan WE, Harrison JS (1952) Studies on yeast metabolism. |. Fractionation and microdetermina-
tion of cell carbohydrates. The Biochemical journal 50 (3): 298—303. https://doi.org/10.1042/bj0500298
PMID: 14915949

Bates D, Méachler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using Ime4. J. Stat.
Soft. 67 (1).

Mendiburu F de, Simon R(2015) Agricolae—Ten years of an open source statistical tool for experiments
in breeding, agriculture and biology.

JiaZ., LiuY., Gruber B. D., Neumann K., Kilian B., Graner A., et al. (2019). Genetic dissection of root
system architectural traits in spring barley. Frontiers in Plant Science, 10, 400. https://doi.org/10.3389/
fpls.2019.00400 PMID: 31001309

Frichot E, Francois O (2014). “LEA: an R package for Landscape and Ecological Association studies.”
_under review_. <URL:http://membres-timc.imag.fr/Olivier.Francois/lea.html>.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237834  August 27, 2020 32/33


https://doi.org/10.1093/jxb/erh200
http://www.ncbi.nlm.nih.gov/pubmed/15286140
https://doi.org/10.1186/s12870-015-0524-3
http://www.ncbi.nlm.nih.gov/pubmed/25998066
https://doi.org/10.1631/jzus.B0900332
http://www.ncbi.nlm.nih.gov/pubmed/20205303
https://doi.org/10.1371/journal.pone.0097047
https://doi.org/10.1371/journal.pone.0097047
http://www.ncbi.nlm.nih.gov/pubmed/24823485
https://doi.org/10.1093/treephys/tpt122
https://doi.org/10.1093/treephys/tpt122
http://www.ncbi.nlm.nih.gov/pubmed/24488856
https://doi.org/10.1007/BF00344838
http://www.ncbi.nlm.nih.gov/pubmed/28310361
https://doi.org/10.1042/bj0500298
http://www.ncbi.nlm.nih.gov/pubmed/14915949
https://doi.org/10.3389/fpls.2019.00400
https://doi.org/10.3389/fpls.2019.00400
http://www.ncbi.nlm.nih.gov/pubmed/31001309
http://membres-timc.imag.fr/Olivier.Francois/lea.html
https://doi.org/10.1371/journal.pone.0237834

PLOS ONE

Physiological and morphological responses spring barley genotypes to water deficit

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Wimmer V, Albrecht T, Auinger HJ and Schoen CC (2012). Synbreed: a framework for the analysis of
genomic prediction data using R. Bioinformatics, 28: 2086—2087 https://doi.org/10.1093/bicinformatics/
bts335 PMID: 22689388

Endelman JB (2011) Ridge regression and other kernels for genomic selection with R package rrBLUP.
The Plant Genome 4 (3): 250-255.

Aulchenko YS, Koning D-J de, Haley C(2007) Genomewide rapid association using mixed model and
regression: a fast and simple method for genomewide pedigree-based quantitative trait loci association
analysis. Genetics 177 (1): 577-585 https://doi.org/10.1534/genetics.107.075614 PMID: 17660554

Reinert S, Kortz A, Leon J, Naz AA (2016) Genome-wide association mapping in the global diversity set
reveals new QTL controlling root system and related shoot variation in barley. Frontiers in plant science
7:1061. https://doi.org/10.3389/fpls.2016.01061 PMID: 27486472

Naz AA, Reinert S, Bostanci C, Seperi B, Leon Jet al. (2017) Mining the global diversity for bioenergy
traits of barley straw. Genomewide association study under varying plant water status. GCB Bioenergy
2: 875.

Benjamini Y, Yekutieli D (2005) False discovery rate—adjusted multiple confidence intervals for selected
parameters. Journal of the American Statistical Association 100 (469): 71-81.

Uptmoor R, Osei-Kwarteng M, Gurtler S, Stiitzel H (2009) Modeling the effects of drought stress on leaf
development in a Brassica oleracea doubled haploid population using two-phase linear functions. J.
Amer. Soc. Hort. Sci. 134 (5): 543-552.

Yin X, Kropff MJ, Stam P (1999) The role of ecophysiological models in QTL analysis. The example of
specific leaf area in barley. Heredity 82 (4): 415-421.

Holland, J.B., Nyquist, W.E. and Cervantes-Martinez, C.T. (2010). Estimating and Interpreting Heritabil-
ity for Plant Breeding: An Update. In Plant Breeding Reviews, J. Janick (Ed.).

Yang D-L, Jing R-L, Chang X-P, Li W (2007) Identification of quantitative trait loci and environmental
interactions for accumulation and remobilization of water-soluble carbohydrates in wheat ( Triticum aes-
tivumL.) stems. Genetics 176 (1): 571-584. https://doi.org/10.1534/genetics.106.068361 PMID:
17287530

Yang JC, Zhang JH, Wang ZQ, Zhu QS, Liu LJ (2003) Involvement of abscisic acid and cytokinins in the
senescence and remobilization of carbon reserves in wheat subjected to water stress during grain filling.
Plant Cell Environ 26 (10): 1621-1631.

Tondelli A, Francia E, Visioni A, Comadran J, Mastrangelo AMet al. (2014) QTLs for barley yield adapta-
tion to Mediterranean environments in the ‘Nure’ x “Tremois’ biparental population. Euphytica 197 (1):
73-86.

Mora F, Quitral YA, Matus |, Russell J, Waugh Ret al. (2016) SNP-Based QTL mapping of 15 complex
traits in barley under rain-fed and well-watered conditions by a mixed modeling approach. Frontiers in
plant science 7: 909. https://doi.org/10.3389/fpls.2016.00909 PMID: 27446139

LiuL, Sun G, Ren X, Li C, Sun D (2015) Identification of QTL underlying physiological and morphologi-
cal traits of flag leaf in barley. BMC genetics 16: 29. https://doi.org/10.1186/s12863-015-0187-y PMID:
25887313

PLOS ONE | https://doi.org/10.1371/journal.pone.0237834  August 27, 2020 33/33


https://doi.org/10.1093/bioinformatics/bts335
https://doi.org/10.1093/bioinformatics/bts335
http://www.ncbi.nlm.nih.gov/pubmed/22689388
https://doi.org/10.1534/genetics.107.075614
http://www.ncbi.nlm.nih.gov/pubmed/17660554
https://doi.org/10.3389/fpls.2016.01061
http://www.ncbi.nlm.nih.gov/pubmed/27486472
https://doi.org/10.1534/genetics.106.068361
http://www.ncbi.nlm.nih.gov/pubmed/17287530
https://doi.org/10.3389/fpls.2016.00909
http://www.ncbi.nlm.nih.gov/pubmed/27446139
https://doi.org/10.1186/s12863-015-0187-y
http://www.ncbi.nlm.nih.gov/pubmed/25887313
https://doi.org/10.1371/journal.pone.0237834

