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ABSTRACT

Association mapping (AM) has proven to be a powerful approach for dissecting the genetic basis of complex traits.
In this study, Quantitative Trait Loci (QTLs) controlling flag leaf characteristics under drought stress were detected
in a set of 148 modern spring barley cultivars using AM analysis. Flag leaf length (FLL), flag leaf width (FLW),
relative water content (RWC), chlorophyll content, and maximum quantum efficiency of PSIl (Fv/Fm) which are
important in photosynthetic rate, were evaluated under normal irrigation and drought stress conditions at grain
filling stage. Population structure was estimated using Structure,; and linkage disequilibrium (LD) was estimated
by the ‘Full Matrix LD’ using Tassels,. Significant marker/trait associations were investigated based on K-Q
matrix using Tasselso. The analysis of population structure divided the cultivars into two sub-groups. Significant
LD values (P < 0.01) between polymorphic sites with regions of high and low LD were observed. A total of 84
significant putative genomic regions were identified, which delineated into 37 QTLs under two water treatments.
Two stable QTLs on 2H and 3H were detected for FLL in drought stress treatment. A QTL for FLL were detected
on 2H in normal treatment, which alone explained around 11% of phenotypic variance of FLL. This QTL was also
associated with the expression of FLW and explained around 7.5% of phenotypic variance. The results suggest that
major loci are located on chromosomes 2H, 3H, 4H and 5H involved in the development of flag leaf characteristics
and could be used as selection criteria in barley breeding for drought tolerance.

Keywords: Traits, Genome-Wide Association Mapping, Photosynthetic Capacity, Qtls.

Mapeamento da associacdo de caracteristicas morfologicas e fisioldgicas da folha indice
relacionadas a tolerancia a seca em cevada

RESUMO

O mapeamento associativo (AM) provou ser uma abordagem adequada para avaliar a base genética de
caracteristicas complexas. Neste estudo, os locos de caracteristicas quantitativas (QTLs) que controlam as
caracteristicas das folhas indices sob estresse hidrico foram detectados num conjunto de 148 cultivares modernas
de cevada, usando a analise de AM. Foram avaliados em condicdes de irrigagdo normal e estresse hidrico, na fase
de enchimento de gréos, o comprimento da folha indice (FLL), a largura da folha indice (FLW), o teor relativo de
agua (RWC), o teor de clorofila e a eficiéncia quantica maxima de PSII (Fv/Fm), os quais sdo importantes na taxa
fotossintética. A estrutura populacional foi estimada usando Structure,; e o desequilibrio de ligagcdo (LD) foi
estimado pela 'Full Matrix LD' usando Tasselso. Associagdes significativas de marcadores/tracos foram
investigadas com base na matriz K-Q usando Tasselzo. A andlise da estrutura populacional dividiu os cultivares em
dois subgrupos. Foram observados valores significativos de LD (P <0,01) entre locais polimorficos com regides de
LD alto e baixo. Um total de 84 regiGes gendmicas significativas foram identificadas, as quais foram delineadas em
37 QTLs sob duas condigdes hidricas. Dois QTLs estaveis em 2H e 3H foram detectados para o FLL no tratamento
de estresse hidrico. Um QTL para FLL foi detectado em 2H em tratamento normal, o que por si s6 explicou cerca
de 11% da variancia fenotipica da FLL. Esse QTL também foi associado a expressdo de FLW e explicou cerca de
7,5% da variancia fenotipica. Os resultados sugerem que 0s principais locos estdo localizados nos cromossomos
2H, 3H, 4H e 5H envolvidos no desenvolvimento das caracteristicas da folha indice e podem ser usados como
critérios de selecdo no melhoramento de cevada para tolerancia a seca.

Palavras-chave: Tragos, Mapeamento da Associacdo do Genoma Geral, Capacidade Fotossintética, Qtls.
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1. Introduction

Drought is considered as a major abiotic factor,
which affects productivity in rainfed and upland
ecosystems, worldwide. Drought tolerance is a complex
trait affected by environmental factors and controlled by
many genes with small effects (Fan et al., 2015; Mir et
al., 2012; Bimpong et al., 2011). Progress towards
breeding drought tolerant crops has been slow because
of polygenic inheritance, low heritability traits, and high
GxE interactions. Plant response to drought stress
involves numerous changes at the physiological,
cellular, and molecular levels and is one of the most
complex biological processes.

Among cereals, barley (Hordeum vulgare L.) is the
fourth important crop in the world (Horsley et al., 2009;
Lakew et al., 2013). In cereals, grain yield is an
important trait controlled by complex biochemical
processes  depending on  physiological  and
morphological traits (Berdahl et al., 1972; Mir et al.,
2012; Lakew et al., 2013). One of the most important
aims of plant breeders is high vyielding of cereals,
especially barley. The yield production depends on the
amount of light received by the photosynthetic units.
The organs responsible for light interception are the top
three leaves on a stem predominantly. The dimension,
position and angle of the leaf (Tungland et al., 1987),
which form part of the canopy architecture determine
the amount of light intercepted. Flag leaf is well
positioned to intercept light. Up to 70% of the
carbohydrates stored in the grains are synthesized by
flag leaf (Yap and Harvey, 1972). Increase in grain
yield depends on morphological and physiological traits
of flag leaf, which has widely been studied previously
(Yin et al., 1999; Diab et al., 2004; Gyenis et al., 2007;
Wojcik-Jagta et al., 2013).

In drought stress, water use efficiency must be
increased to sustain normal growth (Zhao et al., 2010).
In crops, relative water content (RWC) is used to
measure water status and determines the leaf metabolic
activity. The positive relationship of RWC and flag leaf
area index with grain yield has been studied previously
(Matin et al., 1989; Gonzalez et al., 2008). Because of
intricate measurement procedure and imbalance process
of physiological and morphological traits in the
developmental stage of barley, using molecular markers
is one of the most suitable methods to identify genomic
regions involved in drought tolerance (Jannink and
Walsh, 2002). Recently, to identify marker/trait
associations cultivars, lines, or landraces is used in
barley and other plants (lgartua et al., 1999;
Thornsberry et al., 2001; Somers et al., 2003; Kraakman
et al., 2004; Kraakman et al., 2006; Breseghello and
Sorrells, 2006; Agrama et al., 2007; Oraguzie and
Wilcox, 2007; Zhu et al., 2008; Hasan et al., 2008).

To understand the adaptation of plants to variety of
stresses, genetic variation and mechanisms under stress
conditions should be studied (Brachi et al., 2015;
Kerwin et al., 2015).

Screening drought tolerance in arid regions should
be considered with several agronomical and
physiological traits. A few studies have been published
to identify markers associated with flag leaf traits
involved in drought stress (Lakew et al., 2013;
Comadran et al., 2009, 2011). The main objective of the
present study was to elucidate the genetic basis of
morphological and physiological traits of flag leaf in a
collection of spring barley under drought stress using
AM analysis.

2. Material and Methods
2.1. Plant material and field trial

A total of 148 barley cultivars, which are
commercial cultivars in Western European countries
(Kraakman et al., 2004) were evaluated under drought
stress treatment. The experiment was conducted at
Zahak Agricultural Research Station, Sistan and
Baluchistan, Iran with geographical characteristics as:
Latitude = 30°15N and Longitude = 60°15'E and
Altitude = 480 m.

Genotypes were evaluated in alpha-lattice design
with two replications in two conditions: a: irrigation at
90% FC (normal irrigation) and b: irrigation at 40% FC
(drought stress) during years 2015-2016 and 2016-2017.
The measurement was done using Time-Domain
Reflectometer (TDR) method. Each germplasm
accession was sown in four-row planes with a length of
2m with 20cm distance between lines.

2.2. Measurements of physiological traits of flag leaf

Data were recording from ten plants randomly,
during 10 days after heading for two years in both
treatments (N and D).

2.3. RWC quantification

In order to measure the RWC in flag leaves,
weighting method was used (Teulat et al., 2003). RWC
was calculated using the formula (Liu et al., 2015):

RWC = (fw-dw)/(tw-dw) x 100%

where fw is fresh leaves weighted, dw is dried
leaves weighted, and tw is turgid leaves weighted.

2.4. SPD quantification

The content of relative chlorophyll of flag leaf
(CFL) was measured using SPAD-502 chlorophyll
photometer from top, medium, and bottom part of flag
leaf (Liu et al., 2015). The averaged SPD values from
replications were used for the analysis.
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2.5. PSII quantification

Chlorophyll fluorescence signal was measured after
adapted leaves in darkness for at least 20min (FMS2,
Hansatech, King’s Lynn, Norfolk, UK). The maximum
potential quantum efficiency of PSIlI photochemistry
was calculated as (Genty et al., 1989; Krause and Weis,
1991):

Fv/Fm,

where Fv = FO-Fm

FO is the initial chlorophyll fluorescence yield and
Fm is the maximum chlorophyll fluorescence yield in a
light adapted leaf.

2.6. Measurements of morphological traits of flag leaf
FLL is from the base of ligula to tip of the leaf, in
cm and FLW, is the widest part of the leaf, in cm.

2.7. Phenotypic data analysis

Variance components were estimated using
GenStat;s. Heritabilities and correlations of all traits
were calculated using SASg, software and SPSSy,
respectively. Best Linear Unbiased Estimates (BLUES)
of phenotypic data based on GXE variance were used in
association analysis (Haseneyer et al., 2010).

2.8. Genotypic and population structure analysis

The whole panel was genotyped (Kraakman et al.,
2004, 2006) using 14 AFLP primer combinations and
11 SSRs. Twenty-one SSRs were added again to this
population by Aghnoum et al. (2010). Markers with
Minor Allele Frequency (MAF) fewer than 5% and
more than 10% missing data were eliminated.
Polymorphism information content (PIC) value was
calculated using Powermarkers; »5 (Chen et al., 2011).

Population structure was estimated using Structure, s
based on Bayesian clustering model (Pritchard et al.,
2010). The K number (sub-populations) was set from 2
to 20 using admixture model, with a burn-in of 100,000
iterations and 100,000 Markov Chain Monte Carlo
(MCMC) iterations.

After selecting the value of K based on LnP(D),
again 10 runs were made for the selected K. The AK
index was calculated as:

AK = [L”’(K)]/Stdev

where

L”(K)=L’(K)n — L’(K)n-1,

L’(K) = L(K)n — L(K)n-1,

and L(K) = An average of 20 values of Ln P(D)

The best K was determined where the graph of AK
peaked in the range of sub-populations. The Q-Matrix

was extracted based on the K value (Kraakman et al.,
2004; Ahmad et al., 2014). The NJ dendrogram also was
constructed to determine the sub-populations
graphically using Tassels (Mariey et al., 2013; Nei and
Li, 1979).

2.9. LD and association analysis

LD was estimated by calculating squared correlation
coefficient between the pairs of loci (r?) using Tassels
(Bradbury et al., 2007; Arnott et al., 2014). Significant
LD was considered at P<0.01. The average of r? values
in different genetic distances was calculated to
determine the LD pattern in the panel. Markers with
MAF>0.05 were used for LD calculation (Mueller,
2004).

Association analysis based on K-Q matrix was
performed using mixed linear model (MLM) on Tassel;
(Yu et al., 2005). To assess the significant marker trait
associations, threshold P-value was considered for all
traits according to the approach proposed by Chan et al.
(2010) and Pasam et al. (2012). The QTL locations were
drawn on the map using MapChart, ; software.

3. Results and Discussion
3.1. Phenotypic analysis

The values of all traits in normal irrigation condition
were higher than the values in drought stress. Over the
normal irrigation treatment, FLW and RWC were
moderately heritable (69% and 62%, respectively),
whereas FLL and CFL showed low heritabilities (11%
and 22%).

In drought stress condition FLL, FLW and CFL
showed moderately heritable with values between 0.44-
0.58, whereas PSII and RWC showed poorly
heritabilities: 0.27 and 0.13 respectively. Variance
analysis showed highly phenotypic variation in all traits.
Genotypic variance and GxY and GxE and GxYXE
interactions were significant (P < 0.01) for all traits.

The results of correlation coefficients between all
traits are shown in Table 1. FLL is found to be highly
correlated with FLW in both N and D conditions, but it
showed weak correlation with PSII and RWC in drought
stress. In both treatments, there was a significant
positive correlation between FLW and RWC. The traits
(CFL and PSII) were significantly correlated in both
experimental conditions. The results showed no
significant correlation between CFL and FLL and FLW
(Table 1). It means chlorophyll content in the flag
leaves was not associated with FLL and/or width.
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Table 1. Correlation coefficients among flag leaf traits based on data from each treatment per two years

Trait Treatment FLW CFL PSII RWC
FLL N 0.698” -0.066 0.036, 0.004,
D 0.658 -0.026 0.144 0.124
FLW N -0.095 0.082 0.185"
D -0.025 0.155 0.138"
CFL N 0.103" -0.123
D 0.205" -0.081
PSII N 0.014
D -0.112

*, **: Significant at 0.05, 0.01 level, respectively. N: normal irrigation condition; D: drought stress condition; FLL: flag leaf length;
FLW: flag leaf width; CFL: chlorophyll content of flag leaf; PSII: maximum efficiency of PSII in flag leaf; RWC: relative water

content in flag leaf.

3.2. Genetic diversity and population structure

After excluding markers with MISS 10% and MAF
5%, in order to identify population structure, LD, and
association analysis, 218 polymorphic markers were
used. The majority MAF of remaining markers ranged
between 0.1-0.2 and 0.4-0.5. Marker efficiency in the
panel showed the markers were distributed over all the
seven chromosomes. The PIC value for most markers
was higher than 0.25 and the average of polymorphic
information content of all markers on each chromosome
separately was from 0.27 on 7H to 0.40 on 6H (Figure
1).

To investigate the genetic relationships between
cultivars, the Bayesian method was employed and the
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peak of likelihood was determined as the best number of
sub-populations in the panel (Figure 2). Therefore, the
highest value has been obtained at K=2. The two sub-
populations are defined as K1 and K2.

The number of genotypes assigned to K1 and K2
sub-populations was 83 and 67, respectively. The
variable proportional contribution of cultivars was
observed into two sub-populations (Figure 3). Between
K1 and K2 sub-populations, the Fst parameter was
significant (P<0.05), which shows the prevalence of
genetic structure. Neighbor-joining tree confirmed the
population structure (Figure 4) and distinguished two
groups of accessions corresponding to the structure
results.

0.37

0.33

1H 2H 3H

4H

SH 6H 7H Unknown

Markers

Chromosomes

Figure 1. Average PIC values of the markers on each chromosomes.
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Figure 2. The likelihood to determine the best number of sub-populations in the range of 2 to 10 K.
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Figure 3. Population structure of 148 barley cultivars. Two color-coded sub-populations were distinct. The coloured portions reveal

the proportional contribution of cultivars into two sub-populations.
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Figure 4. Unrooted neighbor-joining dendrogram showing genetic relationships between barley accessions, indicate the two groups

in the panel.

3.3. Linkage disequilibrium (LD)

LD is the basis of QTL identification in AM
analysis. The estimation of LD between all pairs of
markers was performed in the panel. Significant LD
values (P< 0.01) between polymorphic sites with
regions of high and low LD were observed. The pairs of
loci were classified into five groups based on genetic
distances: <5 cm (tightly linked markers), 5-10 cm
(linked markers), 10-20 cm (moderately linked
markers), 20-50 cm (loosely linked markers) and >50
cm (rarely linked markers) (Maccaferri et al., 2011;
Pasam et al., 2012). The scatter plot showed LD values
decay with the genetic distance in the panel (Figure 5).
The results show that among effective factors on LD
such as population structure, genetic drift, migration,
selection, and mutation, linkage is the most effective
forces that caused disequilibrium in the population.
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Figure 5. The relationship between mean of LD values with
genetic distance of the pairs of loci. D< 5 c¢M: tightly linked
markers, D=5-10 cM: linked markers, D=10-20 cM:
moderately linked markers, D= 20-50 cM: loosely linked
markers, D > 50 cM (rarely linked markers).
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3.4. Marker-trait associations

A total of thirty-seven significant QTLs were found
for five physiological and morphological traits of flag
leaf which spread on all chromosomes. Total phenotypic
variance explained by all QTLs detected for each trait
ranged from 18.2 to 52.5% for PSIl and RWC,
respectively (Table 2).

Trait PSII had the lowest phenotypic variance of a
single QTL (3.3%), while RWC showed the highest one
(9.5%) in drought (Table 2). CFL with 4 significant
QTLs showed the lowest total phenotypic variation
(18.3%) and FLL with 13 detected QTLs showed the
total phenotypic variance as 58.4% (Table 2).

Table 2. The results of marker/trait associations for Flag Leaf traits in spring barley population under drought stress.

Trait Treatment N.QTL Ch.N Unknown QTL R? (%) R%; (%)
RWC N 5 2H, 7TH 5 3598 52.5
D 1 5H 6 3895 47.9
CFL N 5 1H, 2H, 3H, 4H 5 3.3-4.9 40.6
D 4 1H, 3H, 4H, 5H - 3.7-6.7 183
PSII N 4 2H, 5H - 3.6-6.0 18.2
D 1 5H 9 3.3-6.0 42.8
FLL N 4 2H, 5H, 6H 4 3.4-11.0 40.7
D 7 2H, 3H, 4H, 6H 6 3.4-7.9 58.4
FLW N 4 2H, 3H, 5H, 7H 6 3375 41.0
D 2 4H, 5H 6 3754 35.7

N": normal irrigation condition; D: drought stress condition; N.QTL: number of significant QTLs; Ch.N: chromosome number;
Unknown QTL: number of unknown significant markers; R?: range of variance explained by QTLs; R%: total phenotypic variance

explained by all QTLs.

3.5. Relative water content (RWC):

In normal irrigation condition, three putative QTLS
were found on 2H for RWC trait which accounted for
12.6% phenotypic variation and two genomic regions on
7H with phenotypic variation as 8% (Table 2 and Figure
6). In drought, a significant region on 5H was detected
with 4.2% phenotypic variation (Table 2 and Figure 6).

3.6. Chlorophyll content of flag leaf (CFL):

Two QTL regions were found on 2H which
accounted for 6.7% phenotypic variation in normal
irrigation condition. One of these at 122.406 cm was at
the same control region for FLL in drought. On each
chromosome of 1H, 3H, and 4H, two QTLs (one for ‘N’
and one for ‘D’ treatment) were detected for CFL trait
but at different positions for each treatment. In drought
stress, a genomic region on 5H at 44.900 cm was found
to be significant on CFL (Figure 6).

3.7. Maximum potential quantum efficiency of PSII:

Four markers displayed significant associations with
PSII in normal irrigation treatment, three of them were
on 5H at different positions and together they explained
14.4% of the total observed phenotypic variation. The
genomic region at 100.372 cm on 5H (marker
‘E35M54-152") was found as the significant region on
PSII in both ‘N’ and ‘D’ treatments (Figure 6). In
drought, nine unknown markers were found to be
significantly associated with PSIlI and they accounted
for 38.7% phenotypic variation.

3.8. Flag leaf length (FLL):

Two putative QTL regions on 5H were detected for
FLL trait in normal treatment, but at different positions
(5.554 and 157.148 cm). Chromosome 2H showed four
significant regions associated with FLL, one region at
3.800 cm was significant in normal treatment and others
were significantly exposed to drought. Marker
‘HVM54-150" on 2H at 122.406 cm was detected as a
significant associated marker which was repeated in two
years and it accounted for 3.4% phenotypic variation in
both years 2015 and 2016. Another repeated QTL for
FLL was found in drought on 3H at 126.421 cm (marker
‘E37M33-93”) with the same proportion of phenotypic
variation in two years (3.7%). Chromosome 6H has two
putative QTL regions on different positions for
controlling FLL, one in ‘N’ treatment with 3.5%
phenotypic variation and the other in ‘D’ with 4.2%
phenotypic variation (Table 2 and Figure 6).

3.9. Flag leaf width (FLW):

Four QTLs underlying FLW were detected on 2H,
3H, 5H and 7H in normal irrigation treatment with total
phenotypic variation as 18.2%. Six unknown markers
were also found to be significant for this trait (Table 2
and Figure 6). In drought treatment, two putative QTLsS
were found on 4H and 5H at 125.075 and 12.543 cm,
respectively and they accounted for 10.6% phenotypic
variation. Six unknown significant markers were found
for FLW in drought stress too with 25.1% phenotypic
variation.
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Figure 6. Chromosomes location of putative QTL associated with five physiological and morphological traits of flag leaf. Genetic
distance scales in centiMorgans (cM) are placed at left margin. Location of QTL is indicated for normal irrigation treatment (black

shapes) and drought stress treatment (red shapes).

AM is a strategy for detecting QTLs in which bi-
parental crosses and screening generations of progeny
are not necessary. Evaluation of associations between
genotypes and phenotypes using AM based on statistical
models approves the technique to any set of germplasm
to detect QTLs for various traits (Roy et al., 2010). The
role of flag leaf in growth and development of cereals is
undeniable. QTL detection of flag leaf physiological
and morphological traits during filling stage has not

been analyzed based on GWAS in barley germplasm.
The relationship between flag leaf physiological and
morphological traits and detecting the genomic regions
for these traits was analyzed in this study. FLL was
found to be positively correlated with FLW, PSII, and
RWC; and also PSII is strongly correlated with CFL in
drought stress condition (Table 1), which showed that
larger flag leaves providing more photosynthetic
products are exposed to drought. Phenotypic statistics of
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all traits showed a continuous variation in water
deficiency. The heritabilities of all traits in drought were
higher than normal irrigation condition except CFL.

Since the effect of genotypexyear interactions was
significant (p<0.01) for all traits, QTL detecting and
association analysis were performed for each year
separately, to detect either stable or specific associations
across different environments. Eight and nine QTLS
were found to be associated with the two flag leaf
morphological traits (FLL and FLW) in two years in
normal and drought treatments, respectively. These
QTLs were located on chromosome 2H, 3H, 5H, 6H,
and 7H in normal condition and on chromosome 2H,
3H, 4H, 5H, and 6H in drought. Elberse et al. (2004)
reported nine QTLs underlying leaf length and width on
chromosome 1H, 2H, 4H, 5H, and 6H. Gyenis et al.
(2007) detected three chromosome regions for FLL on
3H, 5H, and 7H and three QTLs for FLW on 2H, 4H,
and 5H within a BC2F8 population from cultivated
Harrington and wild accession OUH602. Xue et al.
(2008) reported four QTLs controlling FLL and FLW
on 5H and 7H in “Yerong % Franklin” population. Liu et
al. (2015) detected seven QTLs on 2H, 3H, and 7H for
FLL and five QTLs on 2H and 4H for FLW. Shahraki
and Fakheri (2016) reported three QTLs for FLL and
FLW on 2H and 5H in normal condition in a
‘Steptoe/Morex' doubled haploids population.

We detected two stable QTLs for FLL in drought
treatment, on 2H at 122.406 cM and on 3H at 126.421
cM. These regions were close to the marker “HVM54-
150” on 2H and marker “E37M33-93” on 3H, showing
that they have important role in flag leaf size in barley
exposed to water deficiency. Two significant markers
on 6H were detected to be associated with FLL, one in
drought (E35M61-182) and the other in normal
(E42M48-380) treatment but at different positions. Two
putative regions on 4H with different positions were
detected which controlled FLL and FLW exposed to
drought. Since these traits were significantly correlated
with each other (Table 1), a common putative QTL
located on 2H at 3.800 cM was found to control both
FLL (Ngl.FLL) and FLW (N@3.FLW) in normal
condition (Figure 6). Two QTLs were found on 5H
associated with FLW, ‘Ng4.FLW’ at 130.999 ¢M and
‘Dq2.FLW’ at 12.543 cM, showing when a plant is
exposed to water scarcity; genomic regions controlling
traits were changed. QTL “Nq3.FLL” on 5H at 157.148
cM for FLL in normal condition was closed to
‘QFLw5n” which was previously reported by Shahraki
and Fakheri (2016) as a putative QTL for FLW in
normal condition on 5H at 157.5 cM.

In order to sustain normal growth in drought
condition, the plant increase water use efficiency (Liu et
al., 2015; Arriagada et al., 2017). Plant water status
affects  photosynthesis  process, plant  growth,

development, and yield (Arriagada et al., 2017). One of
the important criteria has been widely used to explain
plant water status in barley is flag leaf RWC (Liu et al.,
2015; Forster et al., 2004). Flag leaf RWC is an
important biochemical index revealing the stress
intensity (Alizade, 2002). Several QTLs for RWC were
reported in previous studies on chromosomes 2h, 4h, 5h,
6h, and 7h in different water regimes (Fan et al., 2015;
Liu et al., 2015). In this study, three QTLs were found
for RWC on 2H at 10.876, 134.720, and 140.642 M in
normal irrigation condition (Figure 6). These QTLs
were closed to ‘Bmac0134-142°, ‘E33M54-230°, and
‘E37M33-501 markers, respectively.

Diab et al. (2004) also detected QTL “QOp.TaEr-
2H.1” on the chromosome 2H closed to marker
‘Bmac0134’ (7.2 to 12.2 cM) for leaf water potential in
a population of 167 F8 recombinant inbred lines. In
normal treatment, a putative genomic region on 7H at
140.172 cM was detected as significant QTL for RWC,
while a QTL on chromosome arm 7HL for RWC under
drought conditions has been reported previously (Diab
et al., 2004). Shahraki and Fakheri (2016) reported two
QTLs ‘QRwc6s’ and ‘QRwc7s’ on 6H and 7H under the
salinity stress conditions for RWC. In drought stress
treatment, one QTL were found on 5H at 100.372 cM
which has significant effect on RWC and PSII.

Abundant nutrition production is necessary in order
to sustain crop growth and this depends on the CFL (Liu
et al., 2015; Yap and Harvey, 1972). The positive
correlation between leaf chlorophyll content and
photosynthetic capacity was reported previously (Xue et
al., 2008; Teng et al., 2004; Araus et al., 1997).
Detecting QTLs for CFL was rarely performed
previously in barley by GWAS. This et al. (2000)
reported more than 10 QTLs on 2H, 4H, 5H, 6H, and
7H in a recombinant inbred line population for
chlorophyll content at early growth stage of barley. Guo
et al. (2008) reported five associated genomic regions
on chromosomes 2H and 4H for CFL at post-flowering
stage in 194 RIL lines. In this study, CFL was evaluated
as a drought tolerance criterion. Nine putative QTLs
were found on 1H, 2H, 3H, 4H, and 5H under two water
treatments and no similar genomic region was
previously reported, showing that novel QTLs were
detected in this study for CFL exposed to drought.

In normal irrigation condition, two QTLs were
mapped on 2H at 122.406 and 10.867 cM near
‘HVM54-158° and ‘Bmac0134-173’ markers,
respectively. The QTL ‘Ng4.CFL’ on 2H at 10.867 M
was also found as significant putative QTL ‘Ng4.PSII’
for the trait PSII in normal treatment, showing this
genomic region has an important role in the
development of chloroplast and photosynthesis at grain
filling stage in barley. Previous studies reported several
QTLs on 2H for CFL in DH populations (Xue et al.,
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2008; Liu et al., 2015). Three putative QTLs were
detected at 1H, 3H, and 4H in normal treatment, while
three QTLs were also detected on the same
chromosomes in drought treatment but at different
positions showing that the genetic control of the
expression of the trait CFL differed under water
scarcity.

Previous studies showed that Fv/Fm ratio was used
as the most common parameter for the evaluation of
drought stress. Fv/Fm ratio determines the maximum
quantum efficiency of PSIl exposed to water stress
conditions (Gregoriou et al., 2007; Melgar et al., 2009;
Khaleghi et al., 2012). Khaleghi et al. (2012) showed
that when a plant received less water, the Fv/Fm ratio is
reduced. Faraloni et al. (2011) reported 90% reduction
of the Fv/Fm ratio in olive cultivars exposed to drought.
In this study, a QTL for PSIl was detected on
chromosome 5H at 100.372 ¢cM which is repeated in
both treatments, showing that this genomic region is
related to the drought tolerance of photosynthesis in
barley. In addition, two more QTLs for PSII were found
on the same chromosome at 44.900 and 114.402 cM in
normal irrigation condition. In the study of Wojcik-
Jagla et al. (2013), two QTLs (QPSIlLsthb-4H and
QPSIll.sthb-5H) were detected in the malting barley
population in drought stress. In normal treatment,
another QTL on 2H was identified which was common
with the trait CFL. Guo et al. (2008) reported two QTLS
for fv/fm ratio on chromosome 2H at 116.0 and
135.7 cM. Mora et al. (2016) identified two QTLs for
quantum vyield of PSIl on chromosome 4H under rain-
fed condition in 137 recombinant chromosome
substitution lines (RCSL) of barley.

4. Conclusions

In this study, several derived QTLs were co-
localized or showed overlapping with each other. QTLs
for traits FLL, FLW, CFL, PSII, and RWC in normal
treatment are semi overlapped on chromosome 2H.
Traits FLL and CFL in drought and normal treatment,
respectively were co-localized at the same region on
2H. On chromosome 3H, traits FLW and CFL were
approximately overlapped with each other in normal
treatment.

The approximately overlapping between genomic
regions controlling traits were observed on 5H for traits
RWC and PSII in drought, FLW and FLL in drought
and normal, respectively and also CFL in drought and
PSII in normal treatment. The results suggest that major
loci located on chromosomes 2H, 3H, 4H, and 5H are
involved in the development of flag leaf characteristics
in drought stress. As expected, the most QTLs identified
in this study were novel, because of population structure
and GWAS procedure.

In conclusion, evaluation of non-relative cultivars
using association genetics approaches can attentively
reveal the genomic structure of traits related to the
activity of the photosynthetic apparatus under drought
stress condition at grain filling stage. Therefore,
chlorophyll fluorescence parameters were performed as
selection criteria for drought tolerance. Moreover, this
study provides useful information for marker-assisted
selection of barley and potential use in breeding
programs in areas where drought is a significant
constraint. Since several genomic regions detected for
traits in this study were unknown, there is need to
saturate the genetic map with additional types of
markers to combine and overlap the current results with
previously detected QTLs. This will lead to the
detection of supplemental associations and improve the
significance of existing QTLs during water deficiency
and would be useful in future marker-assisted barley
breeding programs.
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