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Abstract A spring barley collection of 192 genotypes

from a wide geographical range was used to identify

quantitative trait loci (QTLs) for salt tolerance traits by

means of an association mapping approach using a thou-

sand SNP marker set. Linkage disequilibrium (LD) decay

was found with marker distances spanning 2–8 cM

depending on the methods used to account for population

structure and genetic relatedness between genotypes. The

association panel showed large variation for traits that were

highly heritable under salt stress, including biomass pro-

duction, chlorophyll content, plant height, tiller number,

leaf senescence and shoot Na?, shoot Cl- and shoot, root

Na?/K? contents. The significant correlations between

these traits and salt tolerance (defined as the biomass

produced under salt stress relative to the biomass produced

under control conditions) indicate that these traits con-

tribute to (components of) salt tolerance. Association

mapping was performed using several methods to account

for population structure and minimize false-positive asso-

ciations. This resulted in the identification of a number of

genomic regions that strongly influenced salt tolerance and

ion homeostasis, with a major QTL controlling salt toler-

ance on chromosome 6H, and a strong QTL for ion con-

tents on chromosome 4H.

Introduction

Salt stress is a major constraint to agricultural food production

because it decreases crop yield and restricts the use of agri-

cultural land. It is estimated that of the 280 million hectares of

agricultural land approximately 20 % is salinated (FAO

2008). The problem is increasing annually due to climatic

change and poor irrigation management. Most cultivated

crops are salt sensitive and therefore salinity is an ever-present

threat to agriculture (Flowers and Flowers 2005).

Salt tolerance in crop plants is a genetic and physio-

logical complex trait and is controlled by several quanti-

tative trait loci (Flowers 2004). The plant’s response to

salinity stress is composed of two phases (Munns and

Tester 2008). The first phase concerns the osmotic stress

that is perceived immediately upon plant exposure to

highly saline conditions. Osmotic stress makes uptake of

water by plants difficult and adversely affects shoot and

root growth. To facilitate water uptake under such condi-

tions, plants have to accumulate extra solutes to maintain

the water balance of the cells. The second phase is
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manifested when high concentrations of toxic ions are built

up over a longer period of time. As NaCl is a major con-

stituent of saline soil, plants accumulate Na? and Cl- ions

up to levels that are toxic, reducing amongst others their

photosynthetic capacity. Shoot Na? toxicity is associated

with a reduction of stomatal conductance while high shoot

Cl- levels affect chlorophyll and inhibit photosystem II

(Tavakkoli et al. 2011). Therefore, both shoot Na? and Cl-

contents were considered important factors for salt-induced

damage (Hasegawa et al. 2000; Munns and Testers 2008;

Teakle and Tyerman 2010) even more because the toxicity

effects of these ions appear to be cumulative (Tavakkoli

et al. 2011). Although the mechanisms conferring salt

tolerance and their genetic control in crops are not fully

understood, regulation of intracellular content of cations

(Na?, K?, Mg2? and Ca2?) and anions (Cl-) and ion

transport mechanisms are considered important. Ion

homeostasis under salt stress conditions is controlled by

several ion channels, pathways of transportation, com-

partmentalization mechanisms and ion sensing and sig-

nalling (Munns and Testers 2008; Zhu 2003).

Barley (Hordeum vulgare) is the fourth most important

cereal crop worldwide, and it has a long history as a model

for genetic studies (Schulte et al. 2009). It is the most salt

tolerant cereal (Maas and Hoffman 1977; Munns and

Tester 2008). Cultivated barley originates from wild barley

(Hordeum spontaneum) and was domesticated within the

Fertile Crescent, probably multiple times (Kilian et al.

2006). In comparison to other wild cereals, wild barley has

a wide natural distribution area to which it is well adapted

(Harlan and Zohary 1966; Nevo 2007). Both genetic

diversity and the adaptation to a broad spectrum of micro-

ecological conditions including water availability, tem-

perature, soil type and altitude have strongly influenced the

development of salt tolerance in barley. This resulted in a

rich gene pool with a large variation in adaptation to abi-

otic stresses including drought and salinity (Nevo and Chen

2010; Nevo et al. 2004). Therefore, scientists have advo-

cated barley as a source of favorable alleles to be used in

crop salt tolerance improvement by means of conventional

and molecular approaches (Colmer et al. 2005; Munns

2005). However, the genetics of the various salt tolerance

mechanisms found in the gene pools of barley and wheat

are still relatively unknown, which may explain the limited

success in exploiting the resources in breeding for salt

tolerance. Ellis et al. (2000) and Kilian et al. (2006) pointed

out that modern barley cultivars only contain 15–40 % of

all alleles present in the barley gene pool. Therefore, it is

quite likely that only a part of the barley genetic potential

for salt tolerance has been addressed in salt tolerance

genetic improvement performed so far.

Traditional QTL mapping or biparental QTL mapping

based on a single segregating population derived from two

homozygous parental genotypes has been the commonly

used approach for genetic dissection of salt tolerance in

barley and to identify candidate genes (Mano and Takeda

1997; Xue et al. 2009; Ellis et al. 2002; Witzel et al. 2009).

This approach provides valuable information on genomic

regions that control quantitative traits but it also has limi-

tations due to poor sampling of the allelic variation present

in the barley gene pool for each of the loci affecting salt

tolerance, lack of segregation, and poor resolution of this

type of the mapping of QTLs. Biparental QTL mapping

detects genomic regions with QTLs for a trait with an

accuracy ranging on average from a few to several tens of

centiMorgans (cM) and such chromosomal regions could

harbor a few hundred up to several thousand genes (Ing-

varsson et al. 2010). Accurate breeding methods are

therefore needed to efficiently exploit the genetic variation

for salt tolerance in barley germplasm.

Novel association mapping or linkage disequilibrium

approaches have recently been introduced in plant genetic

studies (Van Eeuwijk et al. 2004; Mackay and Powell

2007; Zhao et al. 2007; Cockram et al. 2010; Atwell et al.

2010). Association mapping studies in a much broader

germplasm are now possible due to fast and affordable

genotyping and sequencing technologies (Zhu et al. 2008).

Association mapping relies on linkage disequilibrium

between markers and QTLs present in collections of

diverse germplasm (Pritchard et al. 2000). It exploits the

recombination events that have occurred during the long

evolutionary history (Nordborg and Tavare 2002) of a crop

species, producing shorter linkage blocks than found in

biparental QTL mapping studies. QTLs for a salt tolerance

trait detected in this way could be more precisely localized

than those found through biparental QTL mapping. In

addition, association mapping will address major allelic

variants of QTLs for salt tolerance when performed with an

adequate association mapping panel.

This study aims at the genetic dissection of mechanisms

underlying salt tolerance in a worldwide panel of spring

barley varieties using association mapping. The collection

was chosen to represent a wide range of genetic diversity

possible in spring barley (Stracke et al. 2009; Haseneyer

et al. 2010) and has already been successfully applied in

whole genome association analysis for several agronomical

traits (Pasam et al. 2012). The objectives are (1) to evaluate

genetic variation for salt tolerance and traits contributing to

salt tolerance in a diverse spring barley collection, (2) to

estimate genetic properties of the association mapping

panel using a different method to account for the con-

founding of population structure, (3) to establish marker-

trait associations for each salt tolerance trait, and (4) to

identify major genes/loci affecting salt tolerance in spring

barley that can be used for genetic improvement of salt

tolerance. Our association mapping revealed a major locus
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significantly contributing to salt tolerance, and other major

loci determining ion contents and ion homeostasis.

Materials and methods

Barley germplasm collection

The association panel used in this study consisted of 192

spring barley accessions originating from 51 different

countries and 4 geographical regions: Europe (EU,

n = 92), East Asia (EA, n = 33), West Asia and North

Africa (WANA, n = 40), and America (AM, n = 27). The

set of genotypes comprised breeding materials, traditional

and improved cultivars and landraces, including 105 two-

rowed and 87 six-rowed varieties. The genotypes were

selected among the Barley Core Collection (BCC)

(Knüpffer and van Hintum 2003) and the barley collection

maintained at the IPK Genebank Gatersleben, Germany

(Haseneyer et al. 2010). This worldwide collection was

initially investigated by Stracke et al. (2009) using an

association mapping approach to map flowering time

genes. Haseneyer et al. (2010) studied this collection for

several agronomical traits using microsatellite markers.

The same population was used in a whole genome scan

using SNP markers to identify QTLs associated with ag-

ronomical traits (Pasam et al. 2012).

Salt tolerance evaluation

The set of 192 genotypes from the association panel was

evaluated at the vegetative stage of plant growth for salt

tolerance traits during two consecutive years (2010 and

2011) using a hydroponics system. To this end seeds

from the association panel genotypes were germinated in

trays with silver sand for one week until the first seed-

ling leaf had fully emerged. Individual seedlings were

then transferred to the hydroponics system. The hydro-

ponic growing media was full-strength modified Hoa-

gland’s solution which was maintained at pH 5.8. After

7 days on the system, NaCl was gradually added to half

of the containers with a 50 mM day-1 increment to

bring the solution to a final salinity level of 200 mM

NaCl. This final concentration was maintained for

3 weeks until the plants were harvested for biomass and

ion content measurements.

The hydroponics system used for testing consists of four

units of 16 containers with 24 plant positions as described

in Nguyen et al. (2013). The experiments in both years had

a randomized block design, each with four blocks per

treatment. Each plant represented one experimental unit.

There were eight replicates per genotype (four per each

treatment). Thus, each experiment consisted of eight

randomized blocks allocated to two hydroponics units with

the control treatment (0 mM NaCl) and to two units with

the salt treatment (200 mM NaCl).

To measure growth parameters, all plants from the

control and salt stress treatments were weighed at har-

vest and then separated into shoots and roots. Both

plant fractions were dried separately in a forced-air

oven at 70 �C until the samples reached stable weight

prior to the determination of the dry weight. Salt tol-

erance (ST) was assessed as the percentage of relative

shoot biomass production under saline and non-saline

conditions according to the definition of Munns and

James (2003).

The shoot and root samples of the plants grown on the

same hydroponic unit were pooled per genotype prior to

the determination of contents of the cations Na?, K?, Ca2?

and Mg2?, and one anion (Cl-). The assessment of the ion

contents of each root and shoot sample using Ion Chro-

matography (IC) system 850 Professional (Metrohm

Switzerland) was done similarly to Nguyen et al. (2013).

Data on plant height, root length (cm) and number of

tillers were collected for all plants grown under control and

saline conditions. Chlorophyll content was measured using

a SPAD-502 meter (Minolta, Osaka, Japan) 1 day before

the final harvest (3 weeks after final salt concentration was

reached). SPAD measurements give an accurate estimation

of the total chlorophyll content (James et al. 2002). The

SPAD readings were taken near the stem (5 cm from the

stem), in the middle and near the tip (5 cm from the end) of

the last fully expanded leaf. The leaf was about 15–25 cm

long at the time the SPAD reading was taken. The SPAD

measurements were done on four plants per genotype per

treatment, and three measurements per leaf were averaged

per plant. Leaf senescence on each of the three oldest

leaves of the main tiller of each plant was scored 1 day

before harvesting using a senescence scale from 1 to 9. The

average over three lower leaves per plant was used for

analysis. The upper shoot leaves did not senesce during the

experiment.

Genotyping

The association panel lines used in this study were gen-

otyped with a customized 1536 SNP Illumina GoldenGate

Oligonucleotide Pool Assay (OPA) (Close et al. 2009). In

total 988 mapped SNPs were polymorphic. The SNPs with

rare alleles and poor quality (more than 10 % missing

data) were excluded. The final set of 954 good quality

SNPs that distributed over the whole barley genome were

used to perform LD investigation and association map-

ping. The average spacing between markers was 1.18 cM.

Marker profiling was described in detail in Pasam et al.

(2012).
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Statistical analysis of phenotypic data

The data of the experiments combined over the 2 years

were first inspected trait-by-trait to get insight in the rele-

vance of the genotypic variation within the panel and in

genotype-by-environment interactions by means of an

overall analysis of variance using Genstat version 14.2.

The experimental design with its block structure within

both years was taken into consideration. After the pre-

liminary statistical analyses, separate analyses of variance

were done using either the salt-stressed or control datasets.

The 2-year data of the salt-stressed plants were analyzed to

get for each trait estimates of the genotypic variance (rg
2),

genotype-by-year interactions (rgy
2 ), and environmental

variances (re
2). These estimates were subsequently used to

calculate for each trait the heritability (hm
2 ) based on

genotypic means over 2-year data by the formula: hm
2 = rg

2/

(rg
2 ? rgy

2 /y ? re
2/ry) where y is number of years and r is

number of biological replications per year. The dataset of

control treatment was analyzed in the same way to get

similar population statistics. The relationship between the

mean shoot and root ion contents of the lines and their

contributions to the variance for salt tolerance was inves-

tigated using Pearson correlations. For the salt and control

dataset, separate ANOVAs were performed to test the

relevance of geographical origin and ear row number type.

Principal component analysis (Eigenanalysis)

Population structure of an association panel is typically

assessed using the approach described by Pritchard et al.

(2000) implemented in the STRUCTURE software. Hase-

neyer et al. (2010) and Pasam et al. (2012) used this to

assess the structure information of the association panel

and revealed subgroups existing within the collections that

largely correspond to the row types of the ear and the

geographical origins. In this study, we used the Eigen-

analysis method proposed by Price et al. (2006) and Patt-

erson et al. (2006) to investigate the population structure.

Eigenanalysis was run with help of the QEIGENALYSIS

procedure in Genstat 14 (Payne et al. 2011) using the 954

SNP marker set. From a singular value decomposition of

the genotype by marker matrix, a set of significant eigen-

vectors were obtained, which in turn were used as covari-

ables to account for population structure in both the models

used to assess LD between markers, and to assess marker-

trait associations.

LD decay investigation

The extent of LD within the evaluated barley association

panel was studied previously using 45 SSR markers

(Haseneyer et al. 2010) and in a candidate gene approach

for flowering time using 25 SSR markers (Stracke et al.

2009). In our study, 954 biallelic SNPs were used to study

marker–marker associations in relation with genetic dis-

tance (LD decay). To study LD between markers, we used

a logistic regression model with one marker as response

and a nearby marker as regressor. The degree of LD

between markers is related to the significance of that

regression. The advantage of this approach is that covari-

ables that account for population structure can be added to

the model, giving a more accurate estimation of LD than

the uncorrected LD measures (simple r2 between markers

are confounded with population structure effects). Geo-

graphical origin and ear row type information separately

were first used as predetermined subgroups in LD analysis

models to reduce the impact of the differences in allele

frequencies among subgroups on LD estimation (D’hoop

et al. 2010; Pasam et al. 2012). As described before,

eigenvectors were used as covariables in the model to

assess the LD decay to account for the effects of population

structure (Patterson et al. 2006; Price et al. 2006). The Null

model (i.e., without covariables), which assumes no pop-

ulation structure and individual relatedness in the associa-

tion panel, was used as a reference, which is equivalent to

the uncorrected r2 between markers. The LD decay per

chromosome was visualized by plotting the -log10(P)

value against the genetic distance between markers in

centiMorgan (cM). All analyses and LD graphics were

made with procedure QLDDECAY Genstat 14.2 edition

(Payne et al. 2011).

Association mapping analysis

In the current study, the phenotypic data of the genotypes

from the association mapping panel under saline and con-

trol conditions and the marker scores for a set of 954 SNPs

were used to perform marker-trait association analysis. To

account for effects of the structure of the mapping panel

and relatedness among panel members, the three different

association analysis models that are available in the pro-

cedure QSASSOCIATION in Genstat 14.2 (Payne et al.

2011) were used: (1) Eigenanalysis (Price et al. 2006;

Patterson et al. 2006); (2) kinship matrix (Yu et al. 2006;

Malosetti et al. 2007; Pasam et al. 2012); and (3) prede-

termined grouping (Zhao et al. 2007; Pasam et al. 2012).

The kinship matrix based on similarities in the SNP scoring

patterns between the genotypes in the panel was calculated

using a simple matching method present in Genstat. The

predetermined grouping approach uses molecular marker

information within a Bayesian framework to assign group

membership probabilities to the genotypes (Falush et al.

2003; Cockram et al.2010).

We used a marker-trait association model that includes

the treatment as an extra factor to study marker and
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marker-by-treatment interaction effects. Mean phenotyping

data per treatment was used in the single trait-single

environment association analyses performed. In this study,

we present mainly the results obtained using the Eigen-

analysis mixed-model association mapping approach,

where eigenvectors are used as covariables in the marker-

trait association model (Price et al. 2006; Patterson et al.

2006).

The QTL effects were fitted as fixed effects and tested

using the Wald test statistic (Searle et al. 1992; Verbeke

and Molenberghs 2000). The Wald statistic is asymptoti-

cally distributed as vr
2, where r is the number of parameters

being estimated. The P-values from the vr
2 tests are trans-

formed, using a -log10(P) transformation. The ratio of

number of effective tests (total genome size divided to LD

decay which was found in the current study at 4 cM) over

the significant level (a = 0.05) was used to calculate the

threshold = -log10(0.05/#tests). The threshold level on a

-log10(P) scale at 3.74 was used to claim a significant

QTL.

Results

Phenotypic variation and heritability

In the barley association panel grown on hydroponics, a

significant reduction of shoot and root growth due to salt

stress was observed. There was significant variation

(P \ 0.001) for dry weight shoot and root, and other

studied traits (Table 1). Estimates for the heritability (h2)

of growth traits ranged from 0.42 (root length under stress

conditions) to 0.86 (leaf chlorophyll content under stress

conditions). Heritability estimates for growth traits such as

shoot, root biomass, leaf chlorophyll content and leaf

senescence under salt stress were generally higher than for

the same traits under control conditions. Significant vari-

ations in genotype-by-treatment and genotype-by-year

interaction were observed for most of the studied traits,

except root length and number of leaves on the main culm

of barley plants grown under stress conditions (Table 1).

As for growth-related traits, significant genotypic variation

and clear treatment effects on shoot and root ion contents

were observed (Table 2). Heritabilities of shoot Na? and

K? content, and shoot and root Na?/K? under salt stress

were high (0.8). The genotypic differences in shoot and

root Cl- contents were highly heritable under both stress

and normal growth conditions. Small heritable variation

was observed for Ca2? and Mg2? regardless of tissue type

and growing conditions.

Salt tolerance and correlation to other traits

Large variation in salt tolerance (ST)—defined as the ratio of

dry weight shoot under stress conditions and dry weight shoot

under non-stress conditions, expressed as percentage—was

Table 1 Summary of statistics of the association mapping panel describing the genotypic variation for various growth traits determined after

3 weeks of testing with 200 mM NaCl (S) or 0 mM NaCl (C)

Trait Treatment Mean Range LSD Variance component hm
2

Max Min re
2 rg

2 rgy
2

Shoot FW (g/plant) C 23.4 43.9 7.7 0.3 0.09 0.06 0.04 0.66

S 4.8 10.1 1.4 0.3 0.10 0.14 0.05 0.80

Shoot DW (g/plant) C 2.3 4.7 0.8 0.3 0.10 0.06 0.04 0.65

S 0.8 1.7 0.3 0.3 0.09 0.13 0.04 0.80

Root DW (g/plant) C 0.4 0.8 0.2 0.4 0.17 0.05 0.02 0.61

S 0.3 0.5 0.1 0.4 0.14 0.05 0.03 0.63

Chlorophyll content

(SPAD reading)

C 46.4 54.9 28.2 3.9 15.91 13.45 3.64 0.8

S 47.3 58.4 23.2 5.2 27.65 40.38 5.97 0.86

Plant height (cm) C 71.7 90.8 52.2 6.0 37.71 36.90 5.28 0.83

S 45.0 57.6 30.9 6.3 41.78 27.81 2.06 0.82

Root length (cm) C 55.6 73.0 38.9 8.9 81.83 21.84 4.90 0.63

S 29.8 35.5 22.1 4.7 22.51 2.32 0.84 0.42

Number of tillers C 6.0 10.0 2.6 1.6 2.60 1.47 0.54 0.71

S 2.9 6.0 1.3 1.0 0.97 0.41 0.13 0.69

Leaf senescence C 1.5 3.5 1.0 0.7 0.47 0.12 0.06 0.58

S 5.4 8.9 1.8 1.3 1.88 1.14 0.61 0.68

FW fresh weight, DW dry weight, LSD least significant difference at P \ 0.05; hm
2 heritability of means; re

2 environmental variance; rg
2 genotypic

variance; rgy
2 genotype-by-year interactions; Leaf senescence (1–9 rating)
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observed within the association panel. The six-rowed East

Asia (EA6) and two-rowed West Asia–North Africa

(WANA2) genotype groups showed largest variation for

shoot dry weight under both control and saline conditions.

The six-rowed American (AM6) and European (EU6) groups

produced less shoot biomass under saline conditions (Fig. 1a).

ST ranged from 12.8 to 52.2 % with a population average of

33 %. Variation in salt tolerance appeared to be at least partly

linked to the geographical origin of the germplasm and ear

type. The WANA2 and EA6 genotypes had an average ST

(34–35 %) that was slightly higher than the population mean

while the groups of AM6 and EU6 genotypes generally

showed lower ST (Fig. 1b). Taking into account the variation

contributed by ear row type within a geographical origin, two-

rowed AM and two-rowed EU genotypes showed larger

genotypic variation as well as higher means for ST than six-

rowed genotypes. Six-rowed EA and two-rowed WANA

genotypes displayed the largest variation for shoot dry weight

under saline conditions. The best genotype for salt tolerance

over the two-year trials was collected from North Africa (ST:

52 %) and a genotype from America was consistently salt

sensitive (ST: 12 %).

Table 2 Summary of statistics

of the association mapping

panel for various ion content

traits collected after 3 weeks of

testing under 200 mM NaCl

(S) and 0 mM NaCl

(C) treatments

LSD least significant difference

at P \ 0.05, hm
2 heritability of

means, re
2 environmental

variance, rg
2 genotypic variance,

rgy
2 genotype-by-year

interactions

Trait Treatment Mean Range LSD Variance component hm
2

Max Min re
2 rg

2 rgy
2

Shoot Na? (mg/g) S 38.2 69.6 18.4 7.1 25.74 102.29 37.32 0.80

Shoot K? (mg/g) C 65.2 81.0 48.3 8.0 32.99 28.40 12.86 0.66

S 25.2 51.6 8.1 5.5 15.82 57.28 19.37 0.81

Shoot Mg2? (mg/g) C 2.7 4.4 1.8 0.5 0.11 0.10 0.04 0.65

S 1.7 3.4 0.9 0.6 0.19 0.11 0.06 0.58

Shoot Ca2? (mg/g) C 8.4 13.0 5.6 1.9 1.79 0.80 0.63 0.51

S 3.3 7.1 1.3 1.3 0.93 0.40 1.05 0.34

Shoot Cl- (mg/g) C 11.6 19.3 7.0 1.5 1.11 3.80 1.61 0.78

S 45.5 77.9 24.3 8.9 40.75 84.30 18.20 0.81

Shoot Na?/K? S 1.9 5.0 0.6 0.6 0.21 1.13 0.19 0.88

Root Na? (mg/g) S 56.5 65.8 46.5 7.1 25.96 9.45 3.41 0.54

Root K? (mg/g) C 44.8 62.9 31.1 7.5 29.19 21.18 9.56 0.64

S 11.5 19.5 4.1 3.3 5.69 5.59 1.50 0.72

Root Mg2? (mg/g) C 3.0 5.5 1.9 1.0 0.52 0.14 0.00 0.52

S 1.9 3.3 1.2 0.9 0.39 0.03 0.08 0.17

Root Ca2? (mg/g) C 7.2 12.0 4.6 2.9 4.46 0.12 0.00 0.10

S 4.4 6.8 1.7 2.4 2.89 0.04 0.44 0.04

Root Cl- (mg/g) C 0.7 2.3 0.0 0.5 0.12 0.09 0.01 0.71

S 54.8 71.6 45.1 7.1 25.86 19.48 4.55 0.69

Root Na?/K? C 0.2 0.4 0.1 0.1 0.00 0.00 0.00 0.08

S 5.4 14.8 2.9 1.4 1.08 1.99 0.66 0.77
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Fig. 1 Box plots showing differences in (a) shoot DW (g) under

saline and control conditions and (b) salt tolerance (ST) among

barleys from four different geographical origins (AM: North America;

EA: East Asia; EU: Erope; WANA: West Asia and North Africa) and

two ear types (2, two-rowed and 6, six-rowed) subpopulations; Box

edges show upper and lower quantile and the median as shown in the

middle of the box. Individuals falling outside the rank of whisker are

shown as crosses
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Shoot dry weight under control and saline conditions

was highly positively correlated (r = 0.83; P \ 0.001)

(Table S1). Most ion contents under both conditions were

negatively correlated with shoot dry weight, except root

K?. Under control conditions, shoot Mg2?, shoot Ca2?,

root K? and root Na?/K? were negatively correlated to

relative shoot dry weight. Under salinity stress, shoot K?,

Mg2?, Ca2? and Cl- and root K?, Na?/K?, Ca2?, and Cl-

were inversely related to shoot dry weight.

Salt tolerance within the association panel was found to be

strongly associated with the amount of biomass produced

(both shoot and root dry weight) under stressed condition but

no clear relationship was found with control biomass, indi-

cating that the performance of the plants under control

conditions was not indicative for ST. Under stress condi-

tions, high concentrations of both shoot and root Cl- were

adversely correlated with ST (r = -0.33; P \ 0.001) and

(r = -0.18; P \ 0.05), respectively (Table 3). Under saline

conditions, Na? contents in shoots compared to roots showed

a clearly different relation with ST. Shoot Na? (r = -0.23;

P \ 0.01) was negatively correlated with ST, in contrast root

Na? content (r = 0.19; P \ 0.01) was positively correlated

with ST. These results suggest that a shoot Na? exclusion

mechanism may be involved in salt tolerance. Shoot Mg2?

was negatively correlated with ST (r = -0.29; P \ 0.001)

only under control conditions.

Under saline conditions, leaf chlorophyll content

(r = 0.46; P \ 0.001), tiller number (r = 0.36; P \ 0.001),

plant height (r = 0.47; P \ 0.001) and shoot DW

(r = 0.63; P \ 0.001) were positively correlated with ST

(Table S1). Leaf senescence showed a clear negative cor-

relation with ST (r = -0.40; P \ 0.001). Shoot Cl- was

inversely correlated with leaf chlorophyll content (r =

-0.21; P \ 0.01) and positively correlated with leaf

senescence (r = 0.32; P \ 0.001). This clearly indicates the

interdependency between shoot Cl- content, leaf chloro-

phyll content, leaf senescence and ST. The effect of shoot

Cl- on plant growth traits is the most obvious for plant

height (r = -0.6; P \ 0.001), may even be more harmful

than shoot Na? which showed smaller correlation with plant

height (r = -0.4; P \ 0.001). A higher shoot Na? showed

no correlation with chlorophyll content of the leaves and the

formation of tillers. We observed no clear correlation of

growth-related traits with shoot K? under stress conditions.

There were negative correlations between shoot and root

Na?/K? and plant height (r = -0.22; P \ 0.01) and

(r = -0.40; P \ 0.001), respectively (Table S1).

Genetic properties of the association panel

The Eigenanalysis resulted in 19 axes (PCs) that describe

the relationships between individuals in the association

panel (Fig. S1). The PCs 1–6 explained most of the varia-

tion and this suggests the presence of major groups in the

population. The remaining axes suggest the existence of the

more cryptic relationships. The differences in variation

explained by 19 axes might reflect differences in relatedness

and the population structure within the association panel.

The estimates for linkage disequilibrium (-log10(P))

between all possible pairs of SNP markers within each of

the seven barley linkage groups were plotted against their

genetic distance in cM on the integrated genetic map (Close

et al. 2009; Pasam et al. 2012) to determine LD decay.

Figure 2 displays the LD decay plots for chromosome 5H

with and without correction for population structure.

Including structure information in the analysis models

helped to reduce noise and LD decay more rapidly (Fig. 2).

Without correcting for population structure, the average

LD decay was typically 10 cM (Null model). The prede-

termined models that included geographical origin and ear

row type information had similar effects with the mean

marker distance from 7–8 cM. The LD estimates obtained

with the Eigenanalysis showed a clear decay in each

linkage group between markers spaced up to about 4 cM

on the integrated map. A similar extent of LD was found

Table 3 Coefficients of correlation (r) between various composi-

tional traits of the shoot and root plant fraction and Salt Tolerance

(ST) and shoot dry weight of the association mapping panel after

3 weeks of testing on hydroponics with 200 mM NaCl (S) or 0 mM

NaCl (C)

Trait Treatment ST (%) Shoot dry weight (g)

S C

Shoot Na? (mg/g) S -0.23** NS NS

C NS NS NS

Root Na? (mg/g) S 0.19** NS NS

C NS NS NS

Shoot K? (mg/g) S NS -0.27*** -0.27***

C NS NS NS

Root K? (mg/g) S NS 0.26*** 0.24***

C NS 0.32*** 0.35***

Root Na?/K?

(mg/g)

S -0.17* -0.30*** -0.30***

C NS -0.28*** -0.23**

Shoot Mg2?

(mg/g)

S -0.44*** -0.58*** -0.46***

C -0.29*** -0.40*** -0.34***

Shoot Ca2? (mg/g) S NS -0.20** -0.19**

C NS -0.15* -0.18*

Root Ca2? (mg/g) S NS -0.19** -0.17*

C NS NS NS

Shoot Cl- (mg/g) S -0.33*** -0.42*** -0.30***

C NS NS NS

Root Cl- (mg/g) S -0.18* -0.21** NS

C NS NS NS

NS not significant

* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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across the whole barley genome with LD rapidly decaying

with map distance between markers (Fig. S2). These results

indicate that correction for relatedness is essential and that

Eigenanalysis may give less but more likely significant

marker-trait associations, reducing the number of false-

positive associations. The LD decay at 4 cM (found in

Eigenanalysis model) was used to calculate the threshold

for marker-trait associations in the next section as descri-

bed in ‘‘Materials and methods’’.

Association mapping

Three models accounting for population structure were

used in the association mapping analysis and all three

reduced background and effects of population structure

over the Null model. The number of significant QTLs

identified (-log10(P) threshold [ 3) differed from model

to model. As expected from LD decay analyses, the

association mapping approach using the Eigenanalysis

model found less QTLs than the models that incorpo-

rated either the kinship matrix or predetermined group

(subpopulation or ear row type) information (Fig. 3). The

Eigenanalysis association mapping procedure identified

markers associated with most of the studied traits, which

were scattered over the whole barley genome. An over-

view of significant trait-marker associations identi-

fied under Eigenanalysis model with genome positions,

-log10(P) scores and allele effects of the gene-specific
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Fig. 2 LD -log10(P) decay

plot of marker pairs as a

function of genetic distance on

chromosome 5H. The curve

illustrates LD decay trend line

based on the nonlinear

regression of -log10(P) on

genetic distance. The title of

each plot shows the model used

to account for population

structure while investigating LD

decay. The inset in the

Eigenanalysis model provides

an enhanced view of LD decay

for markers located \10 cM

apart. Similar LD decay was

found on other chromosomes,

see Fig. S2

Fig. 3 Association profiles

showing outputs of salt

tolerance (ST) association

mapping analysis using

different models to prevent the

confounding of population

structure. The title of each plot

shows the model used to

account for population structure

or relatedness in association

mapping analysis. Horizontal

axis presents seven

chromosomes (1–7H) of barley

genome. Vertical axis is the

-log10(P) values of QTLs

according to the Wald test. The

horizontal red line indicates the

-log10(P) threshold (3.74)

(color figure online)
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Table 4 Significant marker-

traits associations ([3.74) or

close to significance ([3.0) and

their position (cM) on the barley

chromosome (Chr.) identified

under saline condition using

Eigenanalysis association

mapping with -log10(P) score,

allele frequency (Fq), allele

effects and standard error (S.E)

Salt tolerance/growth

related trait

Marker Chr. cM -log10(P) Allele

Fq

Allele

effects

SE

Salt tolerance SNP405 3 126.3 4.15 0.27 2.207 0.556

SNP779 6 60.2 10.09 0.26 -11.505 0.528

Shoot FW (g) SNP518 4 79.6 3.67 0.46 -0.506 0.137

SNP779 6 60.2 10.84 0.26 -3.095 0.134

Shoot DW (g) SNP779 6 60.2 11.32 0.26 -0.485 0.021

Root DW (g) SNP395 3 111.4 3.56 0.39 -0.02 0.005

SNP518 4 79.6 3.02 0.46 -0.019 0.006

SNP696 5 161.6 3.20 0.09 0.031 0.009

Leaf chlorophyll

content (SPAD reading)

SNP14 1 31.1 3.44 0.25 -1.985 0.557

SNP548 5 6.4 3.03 0.26 -1.824 0.551

SNP742 6 45.4 3.39 0.30 2.98 0.843

SNP779 6 60.2 14.19 0.26 -17.995 0.484

SNP840 7 4.9 3.33 0.10 -5.896 0.911

Plant height (cm) SNP164 2 59.2 3.27 0.23 -2.284 0.660

SNP779 6 60.2 6.09 0.26 -4.261 0.471

SNP840 7 4.9 4.81 0.10 -3.49 0.807

SNP871 7 61.3 3.32 0.24 1.999 0.572

Root length (cm) SNP643 5 110.3 3.08 0.12 -1.013 0.303

SNP860 7 46.2 3.23 0.23 0.737 0.215

Tiller number SNP518 4 79.6 3.50 0.46 -0.226 0.063

SNP777 6 60.2 6.54 0.35 -1.266 0.056

SNP864 7 54.4 3.08 0.47 0.205 0.061

Leaf number SNP436 3 170.1 3.80 0.09 0.257 0.068

SNP543 4 123.3 3.61 0.25 -0.189 0.051

SNP639 5 108.2 4.52 0.38 -0.174 0.042

Leaf senescence (rating 1–9) SNP97 1 114.8 3.25 0.25 -0.456 0.132

SNP160 2 59.2 3.54 0.20 -0.853 0.129

SNP236 2 113.5 3.24 0.46 1.023 0.120

SNP779 6 60.2 5.80 0.26 0.999 0.111

Ion content trait

Shoot Na? SNP535 4 103.1 3.37 0.22 -7.005 1.103

SNP541 4 119.1 16.53 0.39 6.838 0.809

SNP906 7 83.4 3.24 0.19 4.022 1.169

Shoot K? SNP541 4 119.1 21.67 0.39 -5.665 0.582

SNP776 6 60.2 3.13 0.40 5.123 0.830

SNP873 7 63.7 3.68 0.38 6.624 0.713

Shoot Mg2? SNP779 6 60.2 7.77 0.26 1.259 0.035

Shoot Ca2? SNP89 1 99.2 3.37 0.29 0.328 0.093

SNP779 6 60.2 4.28 0.26 0.735 0.095

SNP949 7 149 3.14 0.11 0.458 0.136

Shoot Cl- SNP23 1 47.5 3.13 0.44 3.613 1.071

SNP541 4 119.1 4.14 0.39 3.198 0.806

SNP840 7 4.9 3.52 0.10 5.215 1.444

Shoot Na?/K? SNP541 4 119.1 28.42 0.39 1.23 0.074

SNP874 7 64.8 3.52 0.06 0.728 0.202

Root Na? SNP852 7 34.8 3.21 0.42 -1.206 0.352
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markers for QTLs detected under saline conditions are

given in Table 4, respectively.

Three strong QTLs for ST were detected. These asso-

ciations were consistently detected independent of the

model that was used to account for the population struc-

ture. The strongest QTL for ST on chromosome 6H

(-log10(P) 10) was consistently found in all models (Fig. 3).

This QTL co-localizes with QTLs for other growth-related

traits such as shoot dry weight, chlorophyll content, tiller

number, plant height and leaf senescence under stress con-

ditions—located at around 60 cM on chromosome 6H, with

-log10(P) scores ranging from 6 to 14 (Fig. 4). Another

important region was found at 119 cM on chromosome 4H

with highly significant QTL -log10(P) scores (4–28) for the

ion homeostasis-related traits: shoot Na?, K?, Na?/K? ratio

and Cl-, and root Na?/K? (Fig. 4). The QTL for ion contents

were mainly detected in salt-stressed plants. QTLs affecting

shoot growth and related traits were found under both

stress and non-stress conditions. However, we observed

significantly higher -log10(P) scores and effects for

QTL(s) determining growth traits under stress conditions

than under control conditions.

Discussion

Unravelling the mechanisms underlying salt tolerance in

higher plants is challenging, due to the complexity of the

adaptive mechanisms of the plants in response to salt stress.

In this study, we present the genetic dissection of the

naturally occurring genetic variation of salt tolerance in a

worldwide collection of spring barley genotypes, linking

traits that contribute to salt tolerance to specific regions in

the barley genome. A number of genomic regions with

genes affecting salt tolerance and related physiological and

ion homeostasis traits were identified. In particular, QTLs

for salt tolerance, biomass production, chlorophyll content,

leaf senescence, tiller number and plant height accumu-

lated on a prominent genomic region located on chromo-

some 6H. QTLs for Na?, K? and Cl- content were found

on chromosome 4H (Fig. 4 and Table 4). Association

mapping has proven to be a powerful approach to dissect

the complexity of quantitative traits in plants (Flint-Garcia

et al. 2003; Nordborg and Tavare 2002; Mackay and

Powell 2007); the current study has shown that this also

holds true for salt stress tolerance in barley.

Genetic variation for salt tolerance in barley

Association mapping is becoming an important tool for

identifying alleles and loci responsible for traits of agro-

nomical importance. Kraakman et al. (2004) demonstrated

the clear potential of association mapping to dissect highly

complex traits such as yield and yield stability in barley. Its

success, however, depends on the species under study, the

trait, the association panel and how the peculiarities of the

available panel are tackled (Zhu et al. 2008). A first critical

step before initiating an association mapping study for

target traits is to consider the species and its available

germplasm. In the current study, we have chosen a

worldwide barley collection to map loci controlling salt

tolerance and related growth and ion homeostasis traits

with the ultimate aim to discover useful alleles of candidate

genes for crop salt tolerance improvement. The collection

consisted of 192 genotypes originating from a wide range

of ecological habitats. The population size should be

Table 4 continued

FW fresh weight, DW dry

weight

Salt tolerance/growth

related trait

Marker Chr. cM -log10(P) Allele

Fq

Allele

effects

SE

Root K? SNP61 1 66 4.68 0.35 -0.914 0.215

SNP541 4 119.1 4.54 0.39 1.011 0.242

SNP647 5 129.4 3.13 0.22 0.923 0.274

SNP779 6 60.2 4.32 0.26 -1.008 0.248

SNP855 7 38.3 3.52 0.39 -0.88 0.243

Root Mg2? SNP164 2 59.2 4.20 0.23 0.141 0.035

Root Ca2? SNP215 2 86.6 3.13 0.31 -0.835 0.070

SNP422 3 148.9 3.10 0.34 -0.229 0.068

SNP871 7 61.3 4.35 0.24 -0.554 0.074

Root Cl- SNP200 2 74.4 3.71 0.25 9.403 0.537

SNP921 7 104.8 3.02 0.36 -1.404 0.425

Root Na?/K? SNP61 1 66 4.89 0.35 0.513 0.118

SNP489 4 55.6 4.97 0.48 0.472 0.107

SNP770 6 55.9 3.13 0.29 -0.419 0.124

SNP855 7 38.3 3.46 0.39 0.462 0.129
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sufficient to detect relevant genetic factors determining

variation present in the barley gene pool for the trait of

interest (Zhu et al. 2008; Haseneyer et al. 2010). Never-

theless, some genetic factors may be missed due to high

allelic diversity that may not be linked to the biallelic SNP

markers used in this study. Some SNPs may lump several

alleles with different effects which diffuse the association

with the functional trait, and decrease the statistical power

to detect QTLs in this diverse population. On the other

hand, the narrowing of genetic diversity due to plant

breeding activities implies that elite barley germplasm is

not necessarily the most promising source material for

genetic improvement of tolerance to abiotic stress in crops

(Roy et al. 2011). The barley lines from Europe and

America in our association panel were mainly selected to

perform well under relatively favorable conditions and may

hardly have alleles that confer resistance to salt stress. The

large variation in salt tolerance found in the association

panel may be attributed to the fact that it includes barley

materials that were domesticated in environments where

salt and drought stresses often occur which will increase

the genetic diversity for salt tolerance (Nevo and Chen

2010; Munns et al. 2006). It is likely that in areas where

barley is under selection in arid and semi-arid conditions

the frequency of favorable alleles for drought and salt

tolerance is higher. Nevertheless, the alleles contributing to

the two important QTLs for salt tolerance related traits

detected in this study were also present in the European and

American cultivars.

Population structure and LD

An association mapping panel assembled on the basis of

different geographical origins, location of adaptation and a

long evolution history usually is not fully random (Prit-

chard et al. 2000). Genotypes originating from the same

area may be more closely related than the ones from dif-

ferent areas. This may result in spurious marker-trait

associations (Zhao et al. 2007). Malysheva-Otto et al.

(2006) reported that a global population of cultivated bar-

ley consisting of 953 accessions was highly structured due

to geographical origins and row types. We compared LD

decay information obtained with the Eigenanalysis with

other methods. The LD values observed within the popu-

lation between markers decayed within 4 cM (Eigenanal-

ysis) and 7–8 cM (subpopulations). Our LD decay result

using subpopulation methods is similar to the finding of

Pasam et al. (2012) where LD decay was found from 5 to

10 cM in the same population and the same marker dataset.

The LD decay (2–4 cM) found using the Eigenanalysis

model in our study is also consistent with other studies in

barley. Comadran et al. (2011) reported LD decay within a

distance of 5 cM between markers for a panel with 190

elite cultivated barley varieties and a large set of markers

(2132 SNPs). However, the estimates for LD decay from

our study differed strikingly from those of Haseneyer et al.

(2010) who showed weak intra and interchromosomal LD,

using the same association panel as in our study but with

only a few markers (45 SSRs). The difference with our

study is likely due to the low number of markers that were

relatively widely spaced. One further reason might be the

marker type. Malysheva-Otto et al. (2006) showed for a

large worldwide barley collection and only 48 SSR mark-

ers that LD can extend over a marker distance of up to

50 cM, which strongly depends on population structure. It

demonstrates that assessment of LD decay with multi-

allelic nature of SSRs makes them highly susceptible to

pick up LD arising from population structure. None of the

studies that use SSR markers have enough genome cov-

erage to reach valid conclusions about genome-wide LD.

With a set of 549 DArT markers and a restricted diversity

in a Tibetan barley collection, the decay of LD was

reported to be 8.9 cM on a single chromosome (5H) (Wu

et al. 2011). Using 134 AFLP markers, Kraakman et al.

(2006) showed LD decay beyond 10 cM in a 146 spring

barley collection with restriction in European genotypes.

The relatively fast LD decay (4 cM) observed in the cur-

rent study is probably due to (1) a fairly large and genet-

ically diverse population, (2) dense marker coverage and

(3) the confounding effect of population structure that has

been accounted for using Eigenanalysis. This more rapid

LD decay in barley than expected in a selfing species is

consistent with studies in various barley populations

(Rodriguez et al. 2012; Zhang et al. 2009; Comadran et al.

2009). This suggests that barley might have benefited from

artificial outcrossing forced by breeding which breaks LD.

The higher allele frequency per locus, the high heritability

of the salt tolerance traits together with the LD decay of up

to 4 cM in our association panel facilitate association

studies with a medium marker density (approximately 1000

evenly distributed markers) (Rostoks et al. 2005; Coma-

dran et al. 2009).

Association mapping of salt tolerance

Biparental QTL mapping for salt tolerance has resulted in

the detection of several genomic regions with candidate

genes controlling salt tolerance-related traits (Mano and

Takeda 1997; Xue et al. 2009; Nguyen et al. 2013).

However, the QTLs found with biparental mapping strat-

egies often have not lead to the identification of candidate

genes for crop improvement, mainly because of the low

resolution of QTL mapping due to genetic linkage blocks

as a consequence of the small number of recombination

events between the two parental genomes (Bernardo

2008). Our previous biparental QTL mapping using the
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Steptoe 9 Morex DH population with a similar hydro-

ponics experimental setup resulted in several QTL

regions—some of which are the same locations with QTLs

found in the current study such as the 6H QTL—control-

ling growth, ST, and ion homeostasis, but the QTL regions

were 15–30 cM in size (Nguyen et al. 2013).

In this study, we have identified strong QTLs affecting

ST and related traits using an association mapping

approach while correcting for population structure and

relatedness (Fig. 4). We found a number of trait-marker

associations in different regions of the barley genome

controlling salt tolerance and related traits (Table 4). Some

of these genes/factors may not be specific for stressed

conditions as they were identified under both control (data

not shown) and stress conditions which might relate to

developmental traits or growth vigor. However, the rela-

tively high heritability values for growth and related traits

as well as the higher QTL -log10(P) scores and effects

under stress conditions compared to control conditions

indicate that traits phenotyped under saline conditions are

the strongest indicators for salt tolerance selection. The

genomic region on chromosome 6H identified in the cur-

rent study strongly influenced ST as well as chlorophyll

content, plant height, tiller number and leaf senescence

under salinity stress. This suggests that these related traits

may be controlled by a single or only a few gene(s). We

previously detected a QTL controlling biomass produced

under saline conditions in a similar region on chromosome

6H using the Steptoe 9 Morex DH population (Nguyen

et al. 2013). These QTL had a large confidence interval

(30 cM). Xue et al. (2009) used a DH population derived

from CM72 9 Gairdner and mapped QTLs for Na?/K?

ratio and plant height on chromosome 6H close to our QTL

region. In the current study, the QTLs affecting ST and

growth-related traits were found in a small interval of 2 cM

on chromosome 6H. The 6H QTL region is close to the

centromere and the high gene density may complicate the

identification of candidate genes. The accumulation of

QTLs for ST and traits such as leaf senescence, chlorophyll

content and tiller number as well as the absence of strong

QTLs for ion contents in this region suggests that it may

contribute to osmotic stress tolerance. Osmotic stress is the

first stress that plants encounter in saline soil and it has an

immediate influence on the growth of plants under salinity

stress (Munns and Tester 2008). High concentrations of

salts in root growing media cause osmotic pressure and

reduced water uptake or loss of water in roots (Horie et al.

2011). The molecular response of barley to the osmotic

phase has been targeted in several transcriptome studies

(Ueda et al. 2006; Walia et al. 2007; Walia et al. 2006) and

resulted in the discovery of early response genes control-

ling osmoprotection under salinity stress. Recent studies on

osmotic stress tolerance in barley revealed that under saline

conditions, aquaporins—channel proteins that mediate

transport of water and small neutral molecules across cel-

lular membrane—relate to salt tolerance (Katsuhara et al.

2002; Katsuhara et al. 2003; Katsuhara et al. 2011). The

syntenic region to this interval in rice includes, amongst

others, two aquaporin genes as well as two dehydrin genes,

and one CBF gene. Walia et al. (2006) showed that the

expression of dehydrin, aquaporin and CBF genes was

associated with the response of barley plants to osmotic

stress induced by high salt concentration in hydroponics. In

plants, the CBF gene family is critical in an osmotic stress

signalling pathway caused by drought and salinity. The

CBF3 gene was associated with drought and cold stress in

barley (Choi and Close 2000). In addition, three CBF genes

partly explained the variation in salt tolerance in Tibetan

barley (Wu et al. 2011). Dehydrins were found to play an

important protective role during cellular dehydration,

improving enzyme functioning under the conditions of low

water availability. Du et al. (2011) showed that two de-

hydrin genes might contribute to improved drought and salt

tolerance of Tibetan and wild barley. Hv-WRKY38 is a

barley gene coding for a WRKY protein, whose expression

is involved in cold and drought stress response which was

mapped close to the QTL region (Mare et al. 2004).

Hv-WRKY38 was early and transiently expressed during

exposure to low non-freezing temperature, in ABA-inde-

pendent manner. Furthermore, it showed a continuous

induction during dehydration and freezing treatments. The

aquaporin, dehydrin, CBF genes and Hv-WRKY38 may be

putative candidate genes that underlie the QTL effect on

ST.

Association mapping of ion content traits

The QTLs for Na?, K? and Na?/K? ratio identified on

chromosome 4H with high -log10(P) scores were only

detected under saline conditions. Forster et al. (2000)

showed that chromosome 4H in barley harbors several loci

involved abiotic stress tolerance including salt and drought,

but no QTL for ion content on chromosome 4H of barley

has been detected before. QTLs for other salt tolerance or

yield-related traits found in the same region or close to our

4H QTL include QTLs for spike numbers per plant and

tiller numbers under saline conditions (Xue et al. 2009) and

a major QTL for yield under normal field conditions (Ellis

Fig. 4 Association profiles showing significant markers associated

with salt tolerance and related growth traits (left) and ion contents in

shoot and root under saline conditions (right) using Eigenanalysis

association mapping method. Horizontal axis presents seven

chromosomes (1–7H) of barley genome. Vertical axis is the

-log10(P) values of QTLs according to Wald test. The horizontal

red line indicates -log10(P) threshold (3.74). Associations of markers

and other traits as well as the allele effects for QTLs can be found in

Table 4 (color figure online)

b
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et al. 2002). Previous studies showed that a decrease in

growth under saline conditions could be mainly attributed

to ionic effects caused by toxic levels of Na? in the leaves

(Mano and Takeda 1997; Shabala et al. 2010; Storey and

Jones 1978). Several genes which are differentially

expressed under saline conditions may underlie the ion

exclusion mechanism regulated by the QTL region on

chromosome 4H under salt stress conditions. Candidate

genes may include ion transporter(s), a proton pump(s) or

ion channel(s) that control ion exclusion in roots and shoots

and the gene might mediate constitutively shoot K? over

Na? discrimination under saline conditions. Dubcovsky

et al. (1996) mapped the Knal gene on chromosome 4D of

wheat which partly explains the better Na? exclusion or

K?/Na? discrimination of bread wheat over durum wheat.

In durum wheat Nax2 was proposed by Byrt et al. (2007) to

have the same function as the Kna1 gene in bread wheat.

HKT1;5 is a strong candidate for Nax2, a gene mapped on

the long arm of chromosome 4H as well (Huang et al.

2008). Our results suggest that the QTL on the long arm of

4H in barley might relate to both Knal and Nax2 which

may explain why barley is more salt tolerant than both

bread and durum wheat (Munns and Tester 2008). HKT1;5

therefore is a strong candidate gene for our 4H QTL. The

HKT1;5 gene from ancestral wheat was used recently to

produce salt-tolerant durum wheat which showed increased

salt tolerance with yield increases of 25 % on saline soil

(Munns et al. 2012). Another association mapping QTL for

Na?, K? and Na?/K? ratio locates near the center of

chromosome 7H might be related to the HvNax3 locus by

Shavrukov et al. (2010). However, this locus in our asso-

ciation mapping study has a small effect compared to the

QTL on 4H (-Log10(P) 3 compared to 20).

Previous studies mainly focused on Na? and K?

homeostasis in their salt tolerance studies. Niu et al.

(1995), Zhu (2003) and Munns and Testers (2008) sug-

gested to consider the interrelationship between other ions

such as Ca2? and Mg2? in relation to ion homeostasis

under saline conditions. Tavakkoli et al. (2010, 2011)

provided evidences to consider the important role of Cl-

content in shoot—as higher contents of this ion in shoot is

highly toxic to many plants (White and Broadley 2001)

including barley (Teakle and Tyerman 2010). Measuring

the five most important ions that are major constituents of

saline soil (Tavakkoli et al. 2010) we were able to assess

the role of ion homeostasis in plants under salt stress

condition in a wider context. In addition to Na? and K?, a

QTL for Cl- was found in the same region which supports

the recently made suggestion by others to consider the role

of Cl- in relation to ion homeostasis and salt tolerance in

barley (Tavakkoli et al. 2010; Nguyen et al. 2013). Our

results suggested that accumulation of Cl- in both roots

and shoots might be toxic for barley plants. In addition,

shoot Cl- content consistently showed a stronger negative

correlation with salt tolerance than shoot Na? in our

Steptoe 9 Morex biparental mapping study (Nguyen et al.

2013). In contrast to Na?, there is little known about

mechanisms or genes that control Cl- transport/uptake and

no QTL have been detected for Cl- in cereals. In our study,

the QTL on chromosome 4H was found controlling

homeostasis of Na?/K? and Cl- as well, which may sug-

gest that the gene that controls Cl- loading/uploading at

the xylem/symplast boundary (CCC) could be a target for

further investigation. Recently, the Arabidopsis thaliana

AtCCC gene encoding a cation-chloride co-transporter was

cloned and shown to control both shoot and root Cl-

homeostasis under saline conditions (Colmenero-Flores

et al. 2007). In rice, the OsCCC1 gene was shown to play a

significant role in ion homeostasis and rice development

under saline conditions (Kong et al. 2011). The genes

underlying the QTLs for Cl- content may also include

transporters having either direct or indirect effects on Cl-

exclusion or control of a Chloride channel. The CLC gene

family was found to control Cl-/H? antiporters and Cl-

(Lv et al. 2009). The CLC subclass I family was found to

be located on the tonoplast membrane in Arabidopsis and

was suggested to be involved in sequestering Cl- in the

vacuole under salinity stress (Li et al. 2006; Teakle and

Tyerman 2010).

Conclusions

Our study showed extensive genetic variation for salt tol-

erance that can be exploited for barley improvement. Results

obtained by Eigenanalysis that is incorporated in the asso-

ciation mapping approach defined the linkage disequilib-

rium of the barley collection decaying within 4 cM. The

current study showed that the medium density genetic map

with a thousand markers is sufficient for an association study

on barley. Association mapping identified QTLs for salt

tolerance, growth-related traits and ion homeostasis-related

traits. We presented numerous significant maker-traits

associations over the whole barley genome; among them, 66

QTLs were detected under control and 58 QTLs were found

under saline conditions. We showed a strong QTL on 6H

independently from population structure controlling salt

tolerance that co-localized with QTL for other traits such as

biomass growth, chlorophyll content and leaf senescence.

Another strong QTL was identified on 4H controlling con-

tents of various ion including Na?, K? Na?/K? and Cl-. The

genomic regions that harbor QTLs for salt tolerance and ion

contents on chromosome 4H and 6H in our study can be used

for targeting candidate gene(s) for salt tolerance and uptake/

transportation of both Na? and Cl-, which are important

factors for salt tolerance improvement of barley.
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