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Abstract

A doubled haploid (DH) population of barley (Hordeum vulgare L.) generated from salinity
tolerant genotype CM72 and salinity sensitive variety Gairdner was studied for salinity stress
tolerance at germination, seedling emergence and first leaf full expansion growth stages.
Germination study was conducted with deionized water, 150 mM and 300 mM NaCl treat-
ments. Seedling stage salinity tolerance was conducted with three treatments: control, 150
mM NaCl added at seedling emergence and first leaf full expansion growth stages. Results
from this study revealed transgressive phenotypic segregations for germination percentage
and biomass at seedling stage. Twelve QTL were identified on chromosomes 2H-6H each
explaining 10—25% of the phenotypic variations. A QTL located at 176.5 cM on chromosome
3H was linked with fresh weight per plant and dry weight per plant in salinity stress induced
at first leaf full expansion growth stage, and dry weight per plant in salinity stress induced at
seedling emergence. A stable QTL for germination at both 150 and 300 mM salinity stress
was mapped on chromosome 2H but distantly located from a QTL linked with seedling
stage salinity stress tolerance. QTL, associated markers and genotypes identified in this
study play important roles in developing salinity stress tolerant barley varieties.

Introduction

Soil salinity, a combination of sodic and saline soils, is one of the most important environ-
mental factors affecting 10% to 20% of the world soil [1-3]. Salinity causes osmotic stress by
decreasing availability of water to plant roots and plant water uptake. Excessive salts taken up
by the plants can accumulate to toxic levels in certain tissues reducing growth and causing pre-
mature death of old leaves that reduces supply of assimilates to the growing regions [4,5].

Salinity reduces germination, growth, survival, development, yield and grain quality in
barely despite the fact that it has been widely acknowledged as a crop that tolerates to salinity
[2,4-9]. Salinity tolerance in barley varies from genotype to genotype [1,2,5-7,10,11]. Geno-
typic variation in salinity stress tolerance is due to genetic factors that are quantitative in
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Quantitative Traits Loci/ Locus; NST, Nutrient
Solution Tank; RST, River Sand Tank.

nature [1,2,4,5,8,9,12]. Polygenic segregations for salinity tolerance in F2 -F4 generations has
been reported for crosses made between salt tolerant genotypes Kumoi (OUJ417) and Jeom-
chon (OUK666) with a sensitive genotype Ethiopia 633 (OUE211) [1]. Thirty QTL were iden-
tified explaining 3-30% phenotypic variation of 10 traits that included yield, yield component
and physiological traits at late stage in the CM72 x Gairdner doubled haploid population [2].
When genetic factors linked with salinity stress tolerance at different growth stages were com-
pared, highly heritable QTL conferring salinity tolerance at germination stage were different
from those QTL conferring salinity tolerance at seedling stage [1,2,5,8,9,12].

Seed germination and seedling establishment are very good indicators of potential grain yield
to be harvested at late stage. Seed germination is an important and vulnerable stage in the life
cycle of terrestrial angiosperms and determines seedling establishment and plant growth [3].
Environmental factors such as salinity reduce seed germination, seedling establishment and per-
formance. Previous studies reported that salinity impairs seed germination, seedling emergence,
leaf elongation and biomass accumulation at early growth stages [3,4,9,13,14]. Salinity affects leaf
growth in the short and long term [14]. Improving salinity stress tolerance at germination stage
increases plant population establishment, while seedling stage salinity stress tolerance enhance
accumulation of biomass that lays a basis of high grain yield. This is especially important in the
Mediterranean environment characterized with dry and hot summer [15], which results in
increasing salinity before seeding in the autumn. This improvement is best achieved by the identi-
fication of genetic factors linked with salinity stress tolerance at germination and seedling stages.

Phenotypic variation explained by genetic factors in barley under salinity stress conditions
is the basis for developing improved varieties for cultivation in regions prone to salinity stress.
Identification of the loci linked with salinity stress tolerance will provide an efficient approach
to breed salinity tolerance through marker-assisted selection. In line with this view, this study
was conducted on a barley doubled haploid population generated from the cross of salinity
stress tolerant genotype CM72 and salinity stress sensitive Australian barley variety Gairdner
to assess loss of germination due to salinity stress, to evaluate biomass yield loss due to salinity
stress induced at seedling growth stages, and to map QTL linked with salinity stress tolerance
at germination and seedling growth stages.

Materials and methods

Genotypes

In total 104 barley genotypes, which included 102 doubled haploid (DH) lines produced from
parental genotypes CM72 and Gairdner, were tested for salinity stress tolerance. CM72 is a
salinity stress tolerant genotype with a pedigree of California Mariout*4/CI1179 (Algerian)//
2*California Mariout/Club Mariout/3/CM67. Gairdner is an Australian barley variety with a
pedigree of Tas83-587/ Onslow.

Study stages

The effect of salinity stress was assessed at germination, at seedling emergence, and at first leaf
full expansion growth stages. In addition, all the genotypes were grown at South Perth field
plots of the Department of Food and Agriculture WA, Australia and plant height of each indi-
vidual line was recorded at maturity.

Germination test

Three sets of 100 seeds per genotype were spread on a layer of two filter papers Whatman Nol
placed in a 90mm petri dish. Each of the three petri dishes with seeds of a DH line was assigned
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to three different treatments namely (1) control treatment in 4 ml deionized water without
NaCl, (2) 4 ml 150mM NacCl treatment, and (3) 4 ml 300mM NaCl treatment. Each petri dish
was labeled and covered with its lid. A group of 10 petri dishes were bundled together with
cling wrap, and placed in an incubator at 20° C temperature with no light. Seeds with any sign
of germination were counted after 72 hours of incubation.

Biomass yield at seedling emergence and first leaf growth stages

An automated hydroponic system located at Shenton Park Research Station of University of
Western Australia was used to assess the effect of salinity stress on total biomass yield at seed-
ling emergence and first leaf full expansion growth stages. Treatments were assigned to three
nutrient solution tanks (NST), each with a maximum 300 liter volume capacity. Each NST was
connected to two concrete tanks filled with river sand (RST) and used as replications. The con-
crete tanks were cylindrical in shape with six cm thickness, 90 cm height, 1.08 m internal
diameter, and 3.75 m external circumference.

The automated hydroponic system was setup to pump the solution for one minute every
hour. The system pumped the water/ solution through an irrigation hose connected to spe-
cially designed, branched and perforated fittings made from PVC for uniform supply of water/
solution to all genotypes planted in the sand tanks. Excess water/ solution percolated through
the sand were discharged back to the NST through irrigation hoses fitted with filters at the bot-
tom of the RSTs. The system was designed to simulate the salinity stress environment in the
field.

Nutrients

Trials to assess the effect of salinity stress on seedling biomass yield were established with 12
seeds per genotype. The seeds were germinated with tap water. Macro-nutrients, bivalents,
micro-nutrients, and iron-EDTA (ethylene diamine tetra-acetic acid) were added to all three
NSTs six days after planting. About 2.5 liters of macro- nutrients was added to all NST. The
macro-nutrient solution was prepared from 156 g MW (Molecular Weight) sodium dihydro-
gen orthophosphate, 101.1 g MW potassium nitrate and 142.1 g MW Sodium sulfate. About
2.5 liters of bivalents prepared from 156.5 g MW calcium chloride, 203.3 g MW magnesium
chloride was added to the NSTs. About 0.83 liters of micro-nutrients was added to the NST.
The micro-nutrients solution was prepared from 61.84 g MW borate, 197.9 g MW Manganese
chloride, 249.7 g MW Cupric sulfate, 287.6 g MW Zinc sulfate, 1236 g MW Ammonium
molybdate. About 0.83 liters of iron-EDTA (ethylene diamine tetra-acetic acid) prepared from
367.1 g MW ferric monosodium was added to all three NSTs.

Treatments

The control treatment received no NaCl, while treatment number 1 and 2 received 150 mM
NaCl stress but at two different stages. Salinity stress in treatment number 1 was induced 6
days after planting when about 50% of the seedlings emerged; while treatment number 2 was
induced at 13 days after planting when about 50% of the genotypes had their first leaf fully
expanded. The NST's were topped up with tap water and proportional amount of nutrient solu-
tion and NaCl as appropriate on three different occasions.

Harvesting

The first replication of each of the three treatments was harvested at 30-31 days after seeding
and total plant fresh weight recorded. The second replication of each of the three treatments
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was harvested at 34 days after seeding. Plants that were harvested and their fresh weight
recorded on both occasions were oven-dried at 60°C for 72 hours and their dry weight
recorded.

Phenotypic salinity tolerance measurement

Germinated seeds were expressed in percentage and subjected to statistical data analysis. Fur-
thermore each genotype’s germination percentage and biomass yield was expressed as a ratio
of that recorded in control treatment. Genotypes with biomass yield percentage less than 100%
had their yield reduced due to salinity stress. Thus, they were salinity stress susceptible lines.
This was in contrast to genotypes with biomass yield percentage higher than 100%, which
were salinity stress tolerant.

Data analysis

Individual genotype’s germination percentage and mean of biomass yield from two replica-
tions recorded from two RST were used for statistical analysis. The analysis of variance was
performed by PLABSTAT [16]. A computer program SPSS was used for Spearman’s rank cor-
relation coefficient analysis and plotting the graphs [17].

QTL mapping

Three hundred and fifteen Diversity Array Technology (DArT) markers and 84 Simple
Sequence Repeat (SSR) markers and phenotypic data were subjected to MapQTL5.0 [18] to
identify Quantitative Traits Loci/ locus (QTL) linked with plant height at maturity, germina-
tion percentage in salinity stress, biomass yield at seedling emergence and first leaf full expan-
sion growth stages. A LOD score threshold of 2.7 at P < 0.05 was used to declare a QTL linked
with germination percentage or seedling stages biomass yield in the CM72 x Gairdner DH
population.

Results

The CM72 x Gairdner doubled haploid population exhibited substantial transgressive pheno-
typic variations in response to salinity stress for germination percentage, and biomass yield at
seedling emergence and first leaf full expansion growth stages. The analysis of variance of the
data on germination percentage and biomass yield revealed that a very highly significant dif-
ferences existed between the genotypes and between the treatments (Table 1). Treatment effect
was larger than the effect due to genotypes.

Germination test

The overall average germination percentage recorded in deionized water, 150 mM NaCl and
300 mM NaCl treatments were 96%, 82%, and 41%, respectively. The 300 mM NaCl treatment
caused an overall 59% average germination percentage loss compared to 18% in the 150 mM
NaCl treatment.

Individual genotype’s salinity tolerance was measured by the ratio of germination percent-
age in salinity stress treatments to germination percentage in deionized water treatment. Salin-
ity stress tolerance of CM72 was demonstrated by 94.9% germination percentage ratio in 150
mM NaCl treatment compared to salinity stress susceptible parental genotype Gairdner that
exhibited a ratio of 72.2% (Fig 1A). The severity of the 300 mM NaCl treatment on seed germi-
nation was reflected by highly reduced germination ratio of 70.7% in CM72 and 24.7% in
Gairdner (Fig 1B).
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Table 1. Analysis of variance (ANOVA) table performed on germination percentage (Grm), fresh weight per plant (FWt), dry weight per plant (DWt).

Trait Source DF SS MS Variance component F s.e. LSD5 Broad sense Heritability
Grm Genotype (G) 99 35178.1 355.3 71.8 2.54%** 6.83 19.06 60.6
Treatment (T) 2 165094.2 82547.1 824.1 589.36** 1.18 3.3
GxT 198 27732.5 140.1 140.1
Total 299 228004.8
FWt Genotype (G) 98 51.91 0.53 0.14 5.33*%* 0.18 0.51 81.3
Treatment (T) 2 18.69 9.35 0.09 94.15%* 0.03 0.09
GxT 195 19.36 0.10 0.10
Total 295 89.96
DWt Genotype (G) 98 1.17 0.01 0.0006 6.82%* 0.02 0.07 85.3
Treatment (T) 2 0.16 0.08 0.0006 44.82*%* 0.00 0.01
GxT 195 0.34 0.00 0.0002
Total 295 1.67

**Significant at 1% probability level.

https://doi.org/10.1371/journal.pone.0179715.t001

The DH lines exhibited transgressive segregation of germination percentage both in the 150
mM and 300 mM NacCl treatments (Fig 1A and Fig 1B). Compared with parental genotype,
seven lines scored better germination percentage ratio than salinity stress tolerant parental
genotype CM72 in both 150mM and 300 mM NaCl treatments. This observation was in con-
trast to 10 lines which scored lower germination percentage ratio than that of salinity suscepti-
ble parental genotype Gairdner.

Seedling test

Assessment of biomass yield in the CM72 x Gairdner DH population for response to salinity
stress revealed that the population varied substantially in fresh weight per plant (Fig 2A and
2B) and dry weight per plant (Fig 2C and 2D).

Salinity tolerance at seedling emergence stage. In the treatment where salinity stress was
induced with 150 mM NaCl at seedling emergence growth stage, salinity stress tolerant geno-
type CM72 produced a fresh weight ratio of 78%, which was higher than 62.7% observed in
salinity sensitive genotype Gairdner (Fig 2A). The dry weight biomass observed in the two
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Fig 1. Germination stage salinity stress effect on barley CM72 x Gairdner doubled haploid population.
Ratio of germination percentage (A) in 150 mM NaCl treatment to deionized water treatment, and (B) in 300
mM NaCl treatment to deionized water treatment.

https://doi.org/10.1371/journal.pone.0179715.9001
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parental genotypes contrasting in their salinity stress was 80.2% in CM72 and 73.9% in Gaird-
ner (Fig 2C). Across the whole population, fresh biomass yield ratio in salinity stress at seed-
ling emergence growth stage ranged from15-148%, dry biomass yield ranged from 22-160%.
Twenty nine DH lines yielded higher fresh biomass than salinity stress tolerant parental geno-
type CM72 in contrary to 46 DH lines that yielded lower fresh biomass than salinity stress sen-
sitive parental genotype Gairdner.

Salinity tolerance at first leaf full expansion growth stage. The superiority of CM72
salinity stress tolerance was apparent for fresh weight per plant (Fig 2B) and dry weight per
plant (Fig 2D) when salinity stress was induced at first leaf full expansion growth stage.
CM72’s 125.3% fresh weight ratio was higher than 71.4% ratio observed in Gairdner. A dry
weight ratio of 136.9% in CM72 was also higher than 92.2%ratio recorded with Gairdner.

Comparing salinity stress effect at early growth stages, reduction in biomass yield in salinity
stress susceptible lines was as high as 85.1%, 64.7% fresh weight per plant; 77.9%, 53.4% dry
weight per plant respectively in salinity stress induced at seedling emergence and first leaf full
expansion growth stages. This was in contrast to salinity stress tolerant lines that yielded as as
47.8%, 49.5% fresh weight per plant; 59.7%, 105.7% dry weight per plant observed respectively
in salinity stress treatments induced at seedling emergence and first leaf full expansion growth
stages. Despite large number of lines were susceptible to salinity stress, a few lines were
observed to promisingly stress tolerant types (Fig 2). In total 10 lines in salinity stress treat-
ment induced at seedling emergence stage and 20 lines in salinity stress treatment induced at
first leaf expansion stage yielded a fresh biomass ratio of higher than 100%. Among these lines,
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Table 2. Spearman’s rank correlation coefficient between CM72 X Gairdner doubled haploid barely lines evaluated for salinity tolerance.

Traits
Treatments

Germination percentage (%). | DI Water

150NaCl

300NaCl
Fresh weight Per plant (g). Ctl

Tr

Tr2
Dry weight per plant (g). Ctl

Tr

Tr2

Germination percentage (%). Fresh weight Per plant (g). |Dry weight per plant (g).
DI Water |150mM NaCl |300 mM NaCl |Ctl Tr1 Tr2 Ctl Tri Tr2
1.00

0.40** 1.00

0.13 0.56%* 1.00

0.30%* 0.27** 0.23* 1.00

0.06 -0.03 0.08 0.49** |1.00

-0.04 -0.04 0.01 0.71** 1 0.72** | 1.00

0.29** 0.24* 0.21* 0.98** | 0.47** | 0.73** |1.00

0.09 -0.04 0.10 0.48** | 0.98** | 0.74** |0.48** |1.00

-0.01 -0.02 0.05 0.69** | 0.67** |0.98** |0.73** |0.72** |1.00

Dl-deionized water for germination percentage evaluation; Ctl—control treatment with no salinity stress; Tr1 —seedling emergence stage and Tr2 —first leaf
full expansion growth stage salinity stress induced with 150 mM NaCl.

https://doi.org/10.1371/journal.pone.0179715.t1002

eight lines yielded fresh biomass ratio of higher than 100% in salinity stress treatments at seed-
ling emergence and first leaf full expansion growth stages.

Association between traits

A very highly significant genotypes Spearman’s rank correlation coefficient (r = 0.98 ) was
observed between fresh weight per plant and dry weight per plant in all the three tratments
(Table 2).

A very high correlation observed between fresh weight per plant and dry weight per plant
and also a high broad-sense heritability of these two traits (Table 1) strongly indicate that selec-
tion for one of the traits is indicative of the other trait. Because assessment for fresh weight
requires fewer resources such as time and an oven to dry out the fresh biomass, this trait has
practical applicability in screening barley genotypes for salinity stress at early growth stages.
Alternatively, this trait can be scored visually in the field for biomass yield and superior geno-
types identified in the field easily.

In general, the CM72 x Gairdner DH lines exhibited phenotypic transgressive segregations
compared with their parental genotypes in germination percentage (Fig 1), fresh weight per
plant and dry weight per plant (Fig 2). These substantial phenotypic variations for salinity
stress tolerance in this DH population were the basis to identify QTL associated with salinity
stress tolerance at various growth stages.

QTL linked with salinity stress tolerance at germination and seedling
stages

QTL mapping was conducted with MapQTL5.0 software. Putative QTL associated with a trait
was delineated at a minimum LOD score of 2.7. This assessment identified 12 QTL associated
with germination percentage in salinity stress treatments, biomass yield at seedling growth
stages, or plant height in salinity stress free field environments (Fig 3, Table 3).

QTL at germination stage. Two closely located QTL on chromosome 2H in the region of
156-160.2 cM were linked with germination percentage in 150 mM and 300 mM NaCl stress
treatments (Fig 3, Table 3). These two QTL linked with markers bPb-3858 and bPb-1103 were
contributed by CM72, and explained, respectively, ~22% and 16% of the observed germination
percentage variations in the DH population due to 150 NaCl mM, and 300 mM NaCl treat-
ments. Salinity stress susceptible Gairdner contributed a QTL on chromosome 5H at 78.4 cM
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hydroponic study; and QTL linked with plant height at maturity (Ht;, Hty).

https://doi.org/10.1371/journal.pone.0179715.g003

linked with germination percentage in the 300 mM NaCl treatment. This QTL explained 10%
of the observed variations in germination percentage.
Seedling stage linked QTL. Over all 11 QTL were identified to be linked with seedling

stage biomass yield in control or salinity stress treatments induced at seedling emergence or

first leaf full expansion growth stage (Fig 3, Table 3).
QTL in control treatment.

Two QTL were identified in the control treatment on chro-

mosomes 2H (FWct) and 3H (DWct) controlling fresh weight per plant and dry weight per
plant, respectively (Fig 3, Table 3). The QTL on chromosome 3H located at a distance of 159.8
cM was contributed by CM72. It explained 13.5% of the observed phenotypic variation in dry
weight per plant. The QTL on chromosome 2H was contributed by Gairdner and explained
14.1% fresh weight per plant phenotypic variations.
QTL in salinity stress treatment at seedling emergence stage. Three QTL associated
with fresh weight per plant were detected on chromosome 3H at a distance of 192.8 cM, on
chromosome 4H at a distance of 236.2 ¢cM, and on chromosome 6H at a distance of 52.6 cM in
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Table 3. Quantitative Traits Loci (QTL) linked with salinity stress tolerance at seed germination, seedling emergence and first leaf full expansion
growth stages, and their chromosomal locations, percentage of phenotypic variations explained by a QTL, LOD scores, and parental salinity toler-

ance source (CM72 or Gairdner).

Method Treatment Trait QTL |Chromosome QTLID |Marker Position| LOD %age | Tolerance
explained  source
Germination 150 mM NaCl Germination 1 2H GP150 | bPb-3858 160.2 | 4.10 21.8 | CM72
percentage
300 mM NaCl ’ 2H GP300a | bPb-1103 156.6 | 4.10 16.1 | CM72
300 mM NaCl 2 5H GP300b | bPb-8775 78.4| 2.70 10.0 | Gairdner
Hydroponic Control Fresh weight/ 1 2H FWct Bmag0125 80.0 | 3.08 14.1 | Gairdner
evaluation plant (g)
Dry weight/ plant | 1 3H DWct bPb-1579 159.8 | 2.92 13.5| CM72
@)
150 mM at 50% Fresh weight/ 1 3H FWem1 | bPb-3634 192.8 | 3.99 14.2 | CM72
seedling emergence | plant (g)
’ 2 4H FWem3 | HYM67 236.2 | 3.20 11.7 | Gairdner
3 6H FWem2 | Bmag0870 52.6 | 3.61 12.3 | CM72
Dry weight/ plant | 1 3H DWem1 | bPb-6504 176.5 | 4.03 18.0  CM72
)
’ 2 6H DWem2 | Bmac0298 58.1 | 3.80 15.1 | CM72
150 mM at 50% full Fresh weight/ 1 2H FWex2 | Bmag0125 80.0 | 3.59 14.1 | Gairdner
1st leaf expansion plant (g)
’ 2 3H FWex1 | bPb-6504 176.5| 5.26 21.6 | CM72
Dry weight/ plant | 1 2H DWex2 | Bmag0125 80.0 | 2.93 11.1 | Gairdner
@)
’ 2 3H DWex1 | bPb-6504 176.5| 6.17 25.2 | CM72
Field Field environment Plant height 1 2H Ht1 bPb-2603 118.6 | 3.14 12.3 | CM72
(cm)
’ 2 3H Ht2 bPb-1961 161.1 | 5.50 22.7 | CM72

https://doi.org/10.1371/journal.pone.0179715.t003

salinity stress treatment induced at seedling emergence growth stage (Fig 3, Table 3). The QTL
on chromosomes 3H identified by a marker bPb-3634 and the QTL on chromosome 6H iden-
tified by a marker Bmag0870 were both contributed by CM72 and explained, respectively, 14%
and 12% of the observed phenotypic variations of fresh weight per plant. The CM72 contrib-
uted QTL on chromosomes 3H and 6H linked with fresh weight per plant were located respec-
tively at a distance of 16.6 cM and 5.5 cM from the QTL linked with dry weight per plant in
the salinity stress induced at seedling emergence growth stage (Fig 3, Table 3).

QTL in salinity stress treatment at first leaf full expansion growth stage. The same
QTL was identified to control fresh weight per plant and dry weight per plant in the salinity
stress environment induced at first leaf full expansion growth stage (Fig 3, Table 3). Gairdner
contributed QTL on chromosome 2H, which explained 14% fresh weight per plant and 11%
dry weight per plant of the observed phenotypic variations. The highest phenotypic variations
of 22% fresh weight per plant and 25% dry weight per plant of the DH population were
explained by the CM72 contributed QTL on chromosome 3H.

Plant height linked QTL

The CM72 x Gairdner doubled haploid population varied considerably for plant height at
maturity. It varied from as short as 25 cm to as tall as 80 cm plant height. Such considerable
variations in plant height in this population prompted the need to assess if there is genetic fac-
tor linked with plant height and if plant height and salinity stress tolerance linked QTL were
collocated.
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QTL mapping detected two QTL linked with plant height at maturity (Fig 3, Table 3). Both
QTL were contributed by CM72. The QTL on chromosome 2H explained 12% of the observed
phenotypic variation in plant height, which was almost half of ~23% phenotypic variation
explained by the QTL on chromosome 3H.

Considering the position of the QTL linked with plant height at maturity and seedling stage
biomass yield, the plant height linked QTL on chromosome 3H was located at a distance of
15.4 cM away from QTL linked with dry weight per plant in seedling emergence and first leaf
expansion stress treatments, and fresh weight per plant in first leaf expansion stress treatment.
This plant height QTL was located distantly at 31.7 cM away from a QTL associated with dry
weight per plant in stress treatment induced at seedling emergence. However, it was closely
located at 1.3 cM distance from dry weight per plant linked QTL in salinity stress free control
treatment. The QTL on chromosome 2H linked with plant height at maturity and biomass
yield at seedling stage in salinity stress free control treatment and 150 mM NaCl treatment at
first leaf expansion growth stage were distantly located at 38.6 cM from each other.

Discussion

The CM72 x Gairdner doubled haploid (DH) population exhibited transgressive phenotypic
variations for traits assessed in salinity stress treatments induced at germination (Fig 1), seed-
ling emergence and first leaf full expansion growth stages (Fig 2). Analysis of variance of data
on germination percentage and seedling biomass yield revealed very highly significant varia-
tions between the genotypes and the treatments. Twelve QTL are identified explaining 10-
25% of the phenotypic variations in the population for all traits assessed in this study.

Phenotypic traits

The overall germination percentage recorded in the CM72 x Gairdner DH population is 96%,
82%, 41%, respectively, in deionized water, 150 mM NaCl, and 300 mM NaCl treatments. A
loss of 59% germination percentage in 300 mM NaCl is very severe compared with 18% loss in
150 mM NaCl treatment. This result reflects the fact that the severity in loss of germination
due to salinity increases as the salt concentration increases. Results from this study corrobo-
rates previous reports that salinity stress impedes barley seed germination, growth and devel-
opment processes [4,9,13].

Salinity stress not only inhibits germination but also decreases leaf elongation, seedling
emergence and biomass accumulation at early growth stages. It was reported that leaf elonga-
tion decreased close to zero within seconds following the addition of NaCl [14]. They reported
that elongation velocity recovered rather abruptly to about 46% of the pre-stress level between
20 and 30 minutes after exposure. The recovery reached about 70% after five days compared to
leaf elongation in non-stressed plants. A biomass reduction as high as 68% in Clipper and 64%
in Arivat was reported after exposing these salinity sensitive barley genotypes to 175 or 250
mM NaCl for 30 days [4]. In barley genotypes that were considered as salinity stress tolerant
types, the biomass reduction was 38% in ELB 14, 50% in Californian Mariout and 56% in Bee-
cher [4]. A study with 6172 barley varieties from diverse origin and 368 isogenic barley lines
for salinity stress tolerance revealed that varieties from China and Korea are more tolerant
than barley varieties from Turkey and Japan [5]. It was claimed that six-rowed, naked and
non-uzu types are more salinity tolerant than their phenotypic counterparts. Our study dem-
onstrated that salinity stress tolerance in the CM72 x Gairdner doubled haploid (DH) popula-
tion ranged from very sensitive level to highly tolerant level at germination and seedling
growth stages. Salinity stress sensitive lines had a reduction of 85% and 65% fresh weight per
plant in 150 mM NaCl treatments induced, respectively, at seedling emergence and first leaf
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expansion seedling growth stages. Such considerable loss in biomass yield in the sensitive lines
is in contrary to salinity stress tolerant DH lines of the CM72 x Gairdner population that
yielded rather higher fresh weight per plant of ~48% and ~50% in salinity stress induced,
respectively, at seedling emergence and first leaf full expansion growth stages. Variation in
salinity stress tolerance observed in the current study is partially attributed to genetic factors
that can be explained by Quantitative Traits Loci (QTL).

Salinity stress tolerance linked Quantitative Traits Loci (QTL)

Overall 12 QTL were identified to be linked with salinity stress at germination stage, seedling
emergence and first leaf full expansion growth stages. These QTL were located on five chromo-
somes (2H - 6H) of barley and explained 10-25% of the observed phenotypic variations. A
study that used the same DH population included in this study mapped a total of 30 QTL that
accounted for 3-30% late stage phenotypic variations of seven agronomic and three physiolog-
ical traits on all 7 chromosomes [2].

Among 12 QTL identified in this study, three QTL are linked with salinity stress tolerance
at germination (Fig 3, Table 3). Two of germination stage salinity stress tolerance QTL identi-
fied in this study are located on chromosome 2H close to the sodium concentration linked
QTL reported previously [2]. Because the majority of the two QTL regions on chromosome
2H overlap and the genetic distance between the two QTL peaks is 3.6 cM, it is likely that these
are the same QTL controlling germination percentage in varying level of salinity stress treat-
ments. The third QTL linked with germination stage tolerance is mapped on chromosome 5H.
This QTL is slightly distant from potassium concentration linked QTL reported previously [2]
but appears to be very closely located with seed dormancy linked QTL on chromosome 5HC
in a population generated from Stirling and Harrington barley varieties [19]. The chromosome
5H QTL may be the same locus associated with seed dormancy in these studies. Salinity stress
tolerance QTL at germination stage was mapped on chromosomes 4H, 5H and 6H in barley
Steptoe/ Morex DH population; and on chromosomes 1H and 5H in Harrington/ TR306 dou-
bled haploid population of barley [8]. These QTL are located on different chromosomes to the
ones identified in our study.

Seedling growth stages salinity stress tolerance assessed in our study are controlled by nine
QTL located on chromosomes 2H, 3H, 4H and 6H (Fig 3, Table 3)., A QTL on chromosome
2H identified by Bmag0125 marker and a QTL on chromosome 3H identified by marker bPb-
6504 or bPb-1609 are linked with fresh weight per plant and dry weight per plant. The QTL on
chromosome 2H is located at 80 cM distance and contributed by salinity stress sensitive Aus-
tralian barley variety Gairdner. This QTL was linked with three traits namely fresh weight per
plant and dry weight per plant in salinity stress treatment induced at first leaf full expansion
growth stage, and fresh weight per plant recorded in control treatment. The QTL on chromo-
some 2H appears to be located farther apart from a QTL reported previously [2] at 45-50 cM
distance linked with dry weight per plant at late growth stage in salinity stress condition in the
CM?72 x Gairdner DH population. This may suggest that different genetic mechanisms control
salinity stress tolerance at seedling and late growth stages. When similar growth stages but dif-
ferent growth environments are considered, a study conducted on Yangsimai 1 x Gairdner
DH population revealed that salinity stress tolerance linked QTL were closely located by 8 cM
on chromosome 2H in a waterlogged and drained conditions [20]. Salinity stress tolerance
linked QTL identified at 80.0 cM position in our study in the CM72 x Gairdner DH population
is located distantly from the QTL that controlled salinity stress tolerance and developmental
stage identified in the Yangsimai 1 x Gairdner DH population [20]. In a study that assessed
salinity tolerance of a DH population derived from Yuyaoxiangtian (tolerant parent) and
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Franklin (susceptible parent), 5 salinity tolerance linked QTL accounting for more than 50%
phenotypic variation were mapped on chromosomes 1H, 2H, 5H, 6H and 7H [21]. The QTL
reported by [21] located on chromosome 2H and 6H were located at a distance of 32 cM and
36.6 cM respectively from stress tolerance linked QTL identified in our study. This indicates
that genomic regions linked with salinity tolerance in the CM72 x Gairdner DH population of
the current study is different from those identified in the Yuyaoxiangtian and Franklin DH
population.

The CM72 contributed QTL mapped on chromosome 3H at a distance of 176.5 cM is
linked with three traits. These traits are fresh weight per plant in salinity stress induced at first
leaf full expansion growth stage, dry weight per plant in salinity stress induced at seedling
emergence and first leaf full expansion growth stages. This multi-traits controlling QTL on
chromosome 3H identified in our study is mapped at the same location as spikes per line con-
trolling QTL but located slightly distantly from a QTL linked with dry weight per plant at late
growth stage in salinity stress free condition [2]. Dry weight per plant linked QTL at late
growth stage reported previously [2] is located in a close proximity to the QTL mapped on
chromosome 3H at 192.8 cM distance linked with fresh weight per plant in salinity stress treat-
ment induced at seedling emergence. [22] studied CM72 x Gairdner DH population for salin-
ity stress tolerance and identified grain yield linked QTL on chromosome 3H at 58.9 cM
distance in salinity stress treatment, which was distantly located from biomass linked QTL on
chromosome 3H in control as well as varying level of salinity stress treatment of our study.
Shoot dry weight and leaf injury score linked QTL were rather mapped on chromosome 1H in
296 barley accessions originated from Asia [23].

When genetic factors linked with germination stage salinity stress tolerance are compared
with those at seedling growth stages, our study revealed that QTL linked with salinity stress tol-
erance at these two different growth stages are located at a distance of 76.6-80.2 cM apart on
chromosome 2H of the CM72 x Gairdner DH population. Germination stage salinity tolerance
on chromosome 5H is not linked with any other traits assed in our study. Result from this
study partly substantiates previous reports [8] that demonstrated that salinity stress tolerance
conferring QTL at germination stage were different from those QTL linked with seedling
growth stages salinity tolerance. Salinity tolerance QTL at germination in the DH lines of Step-
toe/Morex were located on chromosomes 4H, 6H, and 5H, and in the DH lines of Harrington/
TR306 on chromosomes 1H and 5H, while seedling growth stage stress tolerance were mapped
on chromosomes 1H, 2H, 5H and 6H in Steptoe/ Morex DH population, and on chromosome
5H in Harrington/ TR306 doubled haploid population [8].

When association between genomic regions linked with plant height and those linked with
biomass yield are compared, plant height linked QTL on chromosome 2H is located between
QTL linked with germination stage tolerance at 41.6-48 cM distance and biomass yield linked
QTL at 38.6 cM distance. This indicates that these QTL are independent genetic factors. How-
ever, QTL identified on chromosome 3H at 192.8 cM distance linked with fresh weight per
plant in seedling emergence stage salinity stress and at 176.5 cM distance linked with biomass
yield in seedling emergence and leaf expansion stages salinity stress is located at different chro-
mosomal region from region linked with sd1/ denso gene in the Baudin x Ac Metcalfe barley
DH population at about 55 cM distance [24]. The QTL in the Baudin x Ac Metcalfe DH popu-
lation is in a very close chromosomal region to two QTL linked with plant height at maturity
reported previously in the CM72 x Gairdner DH population in salinity stressed and non-
stressed conditions [2]. A semi-dwarf 1 (sdwI) gene on chromosome 3HL control plant height
in barley and sequencing of its different alleles locus points to HvGA200x2 as the functional
gene responsible for the phenotype [24, 25]. Plant height linked QTL in control and salinity
stress environments were mapped at the same point on chromosome 3H and in close
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proximity on chromosome 5H in the TX9425 x Naso Nijo DH population [26]. The QTL on
chromosome 3H reported by [26] is located at a different genomic regions to the QTL linked
with plant identified in our study. Plant height linked QTL on chromosome 3H reported pre-
viously [2, 24] are distantly located from a QTL with the same function or seedling stage bio-
mass yield identified in the current study. However, a QTL identified on chromosome 5H
linked with germination percentage in 300 mM NaCl treatment of our study appeared to be
located in a close proximity to plant height linked QTL in the TX9425 x Naso Nijo DH popula-
tion [26].

Adaptation to salinity stress in plants is often linked with three mechanisms, namely accu-
mulation or synthesis of compatible solutes, antioxidant protection and regulation of ion
homeostasis particularly Na+ and K+ homeostasis; the latter being acknowledged to play
important roles in barley salinity tolerance [27]. Results from a study conducted on 189
Tibetan wild barley accessions showed that HYHKT1 gene is significantly associated with root
Na+ concentration under saline environment and up-regulated immediately after salt stress,
while HVHKT? is substantially down-regulated after salt stress corresponding to decreased K
+ concentration in both shoots and roots of barley under salinity condition [27]. Na+ concen-
tration controlling QTL on chromosome 2H [2, 20] and Na+:K+ ratio controlling QTL on 6H
[2], on chromosome 1H and 5H [20] have been reported in the CM72 and Gairdner DH popu-
lation [2] and Yangsimai 1 x Gairdner DH population [20]. The QTL on chromosome 2H
reported by [2] was in a very close proximity to QTL linked with germination stage salinity
stress tolerance but located distantly from QTL linked with biomass yield at seedling stage
identified in our study. No QTL linked with K+ accumulation was identified in a study con-
ducted on F1-derived DH population from Barque-73 (Hordeum vulgare ssp. Vulgare), a selec-
tion from barley variety Barque and moderate Na+ excluder, and a wild accession CPI-71284-
48 (H. vulgare ssp. Spontaneum) capable of limiting Na+ accumulation in the shoots [28].
Rather they reported a single strong Na+ accumulation linked QTL on chromosome 7H
genetic map at 13.9 ¢cM. This QTL did not correspond to the location of Na+ exclusion Nax1
and Nax2 and thus named as barley locus HvNax3. HvNax3 locus reduced shoot Na+ accumu-
lation by 10-25% in plants grown in 150 mM NaCl [28].

Response to environmental stress such as salinity stress not only affect germination, bio-
mass yield, grain yield, physiological traits but also phenology traits [2, 4-9, 20, 21, 28, 29].
Late flowering DH lines of Yangsimai 1 x Gairdner showed greater tolerance than early flower-
ing lines with QTL associated with plant development genes showing significant effects on
salinity tolerance in summer trials [20]. Although QTL associated with flowering time on chro-
mosome 2H and 5H were reported to be overlapped with those for salinity tolerance in the
Yangsimai 1 x Gairdner DH population [20], these QTL appeared to be located at different
chromosomal regions to QTL identified in our study. This corroborates an observation made
from a consensus QTL map reported by [29] that reflected phenology controlling genes
reported from elsewhere and seedling stage biomass yield linked QTL identified in this study
are located distantly. In general, it can be concluded salinity stress tolerance linked genes at
germination stage, seedling growth stages, plant height and phenology genes are likely con-
trolled by independent genetic factors.

Application for marker assisted selection

Salinity stress tolerant parental genotype CM72 yielded higher fresh weight per plant and dry
weight per plant than salinity sensitive Australian barley variety Gairdner in salinity stress
treatment induced at first leaf full expansion growth stage. The fact that there is very highly sig-
nificant Spearman’s genotypic rank correlation coefficient (r = 0.98 ) between fresh weight
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per plant and dry weight per plant in individual treatments (Table 2), these two traits and QTL
linked with them can be used as important genetic tools to select for salinity stress tolerance in
early growth stages of barley. Particularly, the CM72 contributed QTL located on chromosome
3H is associated with fresh weight per plant and dry weight per plant in salinity stress induced
at seedling emergence or first leaf full expansion growth stage is an important genetic tool in
selecting for salinity stress tolerance at early growth stage.

Concluding remarks

Salinity impairs barley germination and biomass yield at seedling growth stages. High pheno-
typic and genetic variation exists in the CM72 x Gairdner barley doubled haploid population.
QTL linked with salinity stress tolerance at germination are different from those QTL linked
with salinity tolerance at seedling growth stages. Particularly salinity stress tolerant CM72 con-
tributed QTL on chromosome 3H linked with bPb-6504 marker linked with biomass yield in
salinity stress treatments is an important genomic region that can be used for marker assisted
selection in improving barley varieties for production in environments prone to salinity stress.

Acknowledgments

We thank the Australian Grains Research and Development Corporation (GRDC) for funding
the project UMU00046 within which this paper is published.

Author Contributions
Conceptualization: CL.

Data curation: TA XZ WZ.

Formal analysis: XZ GZ TA.

Funding acquisition: CL.

Investigation: TA XZ WZ SB.
Methodology: CL TA XZ WZ SB.
Project administration: CL.

Resources: CL TA XZ WZ SB.

Software: XZ GZ TA.

Supervision: CL.

Validation: CL.

Writing - original draft: TA GZ WZ CL.
Writing - review & editing: TA GZ WZ CL.

References

1. ManoY, Takeda K (1997a) Mapping quantitative trait loci for salt tolerance at germination and the seed-
ling stage in barley (Hordeum vulgare L.). Euphytica 94: 263-272.

2. XueD, Huang, Zhang X, Wei K, Westcott S, Li C, et al (2009) Identification of QTL associated with
salinity tolerance at late growth stage in barley. Euphytica 169: 187—196.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179715  June 22, 2017 14/16


https://doi.org/10.1371/journal.pone.0179715

@° PLOS | ONE

Salinity stress tolerance in barley

10.

11.

12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24,

25.

Zhang H, Irving LJ, McGill C, Matthew C, Zhou D, Kemp P (2010). The effects of salinity and osmotic
stress on barley germination rate: sodium as an osmotic regulator. Annals of Botany 106: 1027—1035.
https://doi.org/10.1093/aob/mcq204 PMID: 20929898

Munns R, Schachtman DP, Condon G (1995) The significance of two-phase growth response to salinity
in wheat and barley. Australian Journal of Plant Physiology 22: 561-569.

Mano Y, Nakazumi H, Takeda K (1996) Varietal variation in effects of some major genes on salt toler-
ance at the germination stage in barley. Breeding Science 46: 227-233.

Martinez-Cob A, Aragiies A, Royo A (1987) Salt tolerance of barley (Hordeum vulgare L.) cultivars at
the germination stage: Analysis of the response functions. Plant and Soil 104: 53-56.

Gorham J, Papa R, Aloy-Lleonart M (1994) Varietal differences in sodium uptake in barley cultivars
exposed to soil salinity or salt spray. Journal of Experimental Botany 45, 276: 895-901.

Mano Y, Takeda K (1997b) Heritability of salt tolerance at germination based on parent-offspring corre-
lation and selection response in barley (Hordeum vulgare L.). Breeding Science 47: 353-358.

Colmer TD, Munns R, Flowers TJ (2005) Improving salt tolerance of wheat and barley: future prospects.
Australian Journal of Experimental Agriculture 45: 1425-1443.

Flowers TJ, Hajibagheri MA (2001) Salinity tolerance in Hordeum vulgare: ion concentration in root cells
of cultivars differing in salt tolerance. Plant and Soil 231: 1-9.

Ahmed IM, Dai H, Zheng W, Cao F, Zhang G, Sun D, et al. (2012) Genotypic differences in physiological
characteristics in the tolerance to drought and salinity combined stress between Tibetan wild and culti-
vated barley. Plant Physiology and Biochemistry 63:49-60. https://doi.org/10.1016/j.plaphy.2012.11.
004 PMID: 23232247

Tal M (1994) In vitro selection for salt tolerance in crop plants: Theoretical and practical considerations.
In Vitro Cellular and Developmental Biology 30: 175—180.

Ellis RP, Forster BP, Gordon DC, Handley LL, Keith RP, Lawrence P. et al. (2002) Phenotype/ genotype
associations for yield and salt tolerance in a barley mapping population segregating for two dwarfing
genes. Journal of Experimental Botany 53: 371, 1163-1176. PMID: 11971927

Fricke W, Akhiyarova G, Wei WX, Alexandersson E, Miller A, Kjellbom PO, et al. (2006) The short-term
growth response to salt of the developing barley leaf. Journal of Experimental Botany 57, 5: 1079—
1095. https://doi.org/10.1093/jxb/erj095 PMID: 16513814

Boyd WJR, Li CD, Grime CR, Cakir M, Potipibool S, Kaveeta L, et al (2003) Conventional and molecular
genetic analysis of factors contributing to variation in the timing of heading among spring barley (Hor-
deum vulgare L.) genotypes grown over a mild winter growing season. Australian Journal of Agricultural
Research 54:1277-1301.

Utz HF (1997) PLABSTAT-A computer program for the statistical analysis of plant breeding experi-
ments. Institute of Plant Breeding, Seed Science, and Population Genetics, University of Hohenheim,
Stuttgart, Germany.

IBM Corp. IBM SPSS Statistics for Windows, Version 21.0 (2012) Armonk, NY: IBM Corp.

Ooijen V (2004) MapQTL5.0, Software for the mapping of quantitative trait loci in experimental popula-
tions. Kyazma BV, Wageningen, Netherlands.

Gong X, Li C, Zhou M, Bonnardeaux Y, Yan G (2014) Seed dormancy in barley is dictated by genetics,
environments and their interactions. Euphytica 197: 355-368.

MaY, Shabala S, Li C, Liu C, Zhang W, Zhou M. (2015) Quantitative Trait Loci for Salinity Tolerance
Identified under Drained and Waterlogged Conditions and Their Association with Flowering Time in Bar-
ley (Hordeum vulgare. L). PLOS ONE. 10; 8: e0134822. https://doi.org/10.1371/journal.pone.0134822
PMID: 26247774

Zhou G, Johnson P, Ryan PR, Delhaize E, Zhou M (2012) Quantitative trait loci for salinity tolerance in
barley (Hordeum vulgare L.). Molecular Breeding 29: 427—-436.

Liu X, Fan'Y, Mak M, Babla M, Holford P, et al (2017) QTLs for stomatal and photosynthetic traits
related to salinity tolerance in barley. BMC Genomics 18:9 https://doi.org/10.1186/s12864-016-3380-0
PMID: 28049416

Sbei H, Sato K, Shehzad T, Harrabi M, Okuno K (2014). Detection of QTLs for salt tolerance in Asian
barley (Hordeum vulgare L.) by association analysis with SNP markers. Breeding Science 64: 378-388
(2014) https://doi.org/10.1270/jsbbs.64.378 PMID: 25914593

Jia Q, Zhang J, Westcott S, Zhang X, Bellgard M, Lance R, et al. (2009) GA-20 oxidase as a candidate
for the semidwarf gene sdw1/denso in barley. Functional Integrative Genomics 9: 255—262. hitps://doi.
org/10.1007/s10142-009-0120-4 PMID: 19280236

XuY, JiaQ, Zhou G, Zhang X, Angessa T, et al (2017). Characterization of the sdw1 semi-dwarf gene
in barley. BMC Plant Biology 17:11 https://doi.org/10.1186/s12870-016-0964-4 PMID: 28086794

PLOS ONE | https://doi.org/10.1371/journal.pone.0179715  June 22, 2017 15/16


https://doi.org/10.1093/aob/mcq204
http://www.ncbi.nlm.nih.gov/pubmed/20929898
https://doi.org/10.1016/j.plaphy.2012.11.004
https://doi.org/10.1016/j.plaphy.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23232247
http://www.ncbi.nlm.nih.gov/pubmed/11971927
https://doi.org/10.1093/jxb/erj095
http://www.ncbi.nlm.nih.gov/pubmed/16513814
https://doi.org/10.1371/journal.pone.0134822
http://www.ncbi.nlm.nih.gov/pubmed/26247774
https://doi.org/10.1186/s12864-016-3380-0
http://www.ncbi.nlm.nih.gov/pubmed/28049416
https://doi.org/10.1270/jsbbs.64.378
http://www.ncbi.nlm.nih.gov/pubmed/25914593
https://doi.org/10.1007/s10142-009-0120-4
https://doi.org/10.1007/s10142-009-0120-4
http://www.ncbi.nlm.nih.gov/pubmed/19280236
https://doi.org/10.1186/s12870-016-0964-4
http://www.ncbi.nlm.nih.gov/pubmed/28086794
https://doi.org/10.1371/journal.pone.0179715

@° PLOS | ONE

Salinity stress tolerance in barley

26.

27.

28.

29.

Xu R, Wang J, Li C, Johnson P, Lu C, et al. (2012) A Single Locus Is Responsible for Salinity Tolerance
in a Chinese Landrace Barley (Hordeum vulgare L.). PLoS ONE 7(8): €43079. https://doi.org/10.1371/
journal.pone.0043079 PMID: 22916210

QiuL, WuD, Ali S, Cai S, Dai F, Jin X, et al (2011) Evaluation of salinity tolerance and analysis of allelic
function of HYHKT1 and HVHKT2 in Tibetan wild barley. Theoretical and Applied Genetics 122:695—
703 https://doi.org/10.1007/s00122-010-1479-2 PMID: 20981400

Shavrukov Y, Gupta NK, Miyazaki J, Baho MN, Chalmers KJ et al (2010) HvNax3, a locus controlling
shoot sodium exclusion derived from wild barley (Hordeum vulgare ssp. Spontaneum). Functional Inte-
grative Genomics 10:277-291 https://doi.org/10.1007/s10142-009-0153-8 PMID: 20076983

Campoli C, von Korff M (2014) Genetic Control of Reproductive Development in Temperate Cereals. In:
Jacquot J-P, Gadal P, Fornara F. editors. Advances in Botanical Research: The molecular genetics of
floral transition and flower development. Elsevier Ltd: Academic Press 72: 131-158.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179715  June 22, 2017 16/16


https://doi.org/10.1371/journal.pone.0043079
https://doi.org/10.1371/journal.pone.0043079
http://www.ncbi.nlm.nih.gov/pubmed/22916210
https://doi.org/10.1007/s00122-010-1479-2
http://www.ncbi.nlm.nih.gov/pubmed/20981400
https://doi.org/10.1007/s10142-009-0153-8
http://www.ncbi.nlm.nih.gov/pubmed/20076983
https://doi.org/10.1371/journal.pone.0179715

