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Abstract Soil salinity is major constraint for wheat

production globally and breeding wheat cultivars for

salt tolerance by conventional means is difficult.

Therefore, understanding molecular components asso-

ciated with salt tolerance is needed to facilitate

breeding for salt tolerance in wheat. In this investiga-

tion, quantitative trait loci (QTL/s) associated with salt

tolerance were identified using recombinant inbred

lines (RILs) developed from a cross between Kharchia

65 (KH 65) and HD 2009 cultivars. Parents and RILs

were evaluated under controlled and sodic stress

conditions for 11 morpho-physiological and yield

determining traits for two consecutive crop cycles.

Simple sequence repeat (SSR) markers were

employed for mapping studies. Using composite

interval mapping approach, 11 QTLs on 6 chromoso-

mal regions (1B, 2D, 5D, 6A, 6B and 7D) for 7

different traits were identified explaining proportion

of the phenotypic variance (PVEs) (2.5–12.8%) under

control condition. Three of the QTLs (QCph.iiwbr-

2D.1, QCle.iiwbr-6A and QCle.iiwbr-6B) were most

consistent in all the environments and explained PVEs

(5.1–12.8%) under control condition. Twenty-five

QTLs were detected on 7 chromosomal regions (1A,

1B, 2D, 4D, 5D, 6A and 7D) for 10 different traits

explaining PVEs (2.6–15.1%) under salt stress. Six of

the QTLs namely QSNa?.iiwbr-1B, QSK?.iiwbr-2D,

QStn.iiwbr-4D, QSph.iiwbr-2D.1, QSph.iiwbr-6A and

QSdth.iiwbr-2D were consistently reproducible in all

the environments and explained PVEs ranging from

2.6 to 15.1%. SSR markers namely gwm 261, wmc

112, and cfd 84 were tightly linked with QTLs for K?

content; DTH and DTA; and TN and NE, respectively.

Several QTLs contributing towards salt tolerance were

present on 2D chromosome. Most of the QTLs linked

with salt tolerant traits were inherited from KH 65

signifying the presence of several genes associated

with salt tolerance in this cultivar. The information is

very useful in marker assisted breeding to enhance salt

tolerance in wheat.

Keywords Salt tolerance � RILs � QTL � SSRs �
Wheat

Introduction

Wheat is an important cereal crop which contributes

significantly in food and nutritional security across the
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world. However, wheat production and productivity is

suffered by several abiotic stresses i.e. drought, heat,

cold and salt stress. Among these abiotic stresses, salt

stress affects more than 800 million hectares of

agricultural land globally including both saline and

sodic soils (FAO 2014). In India, around 7 million

hectares of land is salt affected and expected to

increase over 16.2 million hectares by 2050 (CSSRI

2015). Salt affected sodic soils have excess of Na? ion

on exchange sites and high concentration of carbonate

and bicarbonate anions associated with high pH

(Sharma et al. 2004). High salt concentrations in soil

affect plant growth and development, resulting in

significant grain yield reduction (Munns and Tester

2008).

The mechanism of plant response to salt stress is a

complex phenomenon occurring at cellular, tissue and

whole plant level. The adverse effect of salt stress is

considered mainly due to osmotic stress, ions toxic-

ities and interference with the uptake of mineral

nutrients in plants (Mba et al. 2007). Different

physiological traits such as accumulation of compat-

ible osmolytes, K? selectivity and the exclusion of

Na? ion have been reported related to salt tolerance in

wheat (Yeo et al. 1990; Munns et al. 2010; Rana et al.

2015). Among compatible osmolytes, proline has been

reported to have role in imparting tolerance to salt

stress by osmoregulation, maintaining a low NADPH:

NADP? ratio and in scavenging free radical during

stress (Szabados and Savouré 2010; Rana et al. 2016).

Several reports indicate that salt tolerance is polygenic

in nature and significantly influenced by different

environmental conditions (Foolad and Jones 1993).

Since salt tolerance is complex and selection criteria

are inadequate; breeding for salt tolerance by conven-

tional means is difficult. Therefore, understanding

molecular components associated with salt tolerance

is needed to facilitate breeding for salt tolerance in

wheat.

Although some single-gene effects for salt toler-

ance have been identified in higher plants like kna1

(Dubcovsky et al. 1996) for discrimination of K? over

Na?, (TaNHX1) Na?/H? antiporter (Rana et al. 2015)

and SOS1 (Cuin et al. 2008) in hexaploid wheat, Nax1

and Nax2 (Lindsay et al. 2004; James et al. 2006; Byrt

et al. 2007) in dicoccoides, AtNHX1 and RAS1 in

Arabidopsis (Apse et al. 1999; Ren et al. 2010) and

OsNHX1 and SKC1 in rice (Fukuda et al. 1999; Ren

et al. 2005), it is complex and polygenic in nature

(Flowers 2004). Previous studies used QTL/marker

trait association (MTA) analyses to explore genomic

regions underlying salt tolerance related traits under

field conditions in wheat (Dubcovsky et al. 1996; Dı́az

De León et al. 2011; Xu et al. 2012, 2013; Azadi et al.

2015; Oyiga et al. 2016; Shamaya et al. 2017; Asif

et al. 2018; Liu et al. 2018). Though, field screening

under natural and sodicity stress is important to

identify tolerant genotype, soil heterogeneity and

inherent spatial variability for salt concentration in

field conditions often hamper the true expression of

genotype. To avoid this constraint, specially designed

microplots having controlled and sodic conditions

were used for reliable screening under salt stress.

In this investigation, QTL mapping was done for

salt tolerance using recombinant inbred lines (RILs)

derived from a cross between the cultivars Kharchia

65 (KH 65) and HD 2009. KH 65 is known interna-

tionally for its salt tolerance and played a key role in

the development of salt tolerant genotypes in India and

elsewhere. However, little is known about the molec-

ular mechanism of salt tolerance in KH 65 (Rana et al.

2016). Therefore, understanding molecular compo-

nents associated with salt tolerance in KH 65 will help

in breeding process for improving salt tolerance in

wheat.

Materials and methods

Plant material, crop management and data

collection

A set of 114 recombinant inbred lines (RILs) derived

from a cross between salt tolerant Kharchia 65 (KH

65) and salt susceptible (HD 2009) wheat cultivars

were used in this study. The cultivar KH 65 was

developed in 1966 from the cross between Kharchia

local and EG 953, while HD 2009 originated in 1975

from a cross between LR 64A and NAI 60. This study

was carried out in the specially developed microplots

(bins) of the size of 3 9 6 meters across and 1.5

meters deep and having rain cover of transparent sheet

during 2015–2016 and 2016–2017 crop seasons at

ICAR-Indian Institute of Wheat and Barley Research,

Karnal, India. There are 16 microplots in total and 8 of

them had controlled (pH 8.0) conditions and 8 with

sodic (pH 9.2) conditions (Fig. 1a). Microplots with

sodic conditions were developed by adding the
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required quantity of sodium bicarbonate (NaHCO3)

and sodium carbonate (Na2CO3) in soil. Electrical

conductivity (EC 1:2) of the soil solution (10 g soil

mixed in 20.0 ml distilled water) was measured using

electrical conductivity meter (Delux Make, 601) and

presented in Fig. 1b. On an average, EC 1:2 was

around 0.50 ds/m in microplots with controlled

condition and 3.02 ds/m in sodic microplots. The

RIL population along with their parents were planted

in the third week of November using a randomized

complete block design (RCBD) with two replications

in both the conditions (control and sodic) in two rows

of 75 cm each with row to row distance of 20 cm. The

crop was irrigated normally, and fertilizer was applied

as per recommended agronomic practices (120 kg N,

60 kg P2O5 and 40 kg K2O per ha) with full dosage of

P2O5 and K2O at the time of sowing and N in three

split doses. The minimum and maximum mean

temperatures were 13.6 and 26.8 �C during

2015–2016 and 12.5 and 26.5 �C during 2016–2017,

respectively. The crop was protected from rust and

spot blotch diseases by spraying 625 g/ha propicona-

zole via two growth stages at GS 54 and GS 69

(Zadoks et al. 1974). Several morpho-physiological

traits namely days to heading (DTH), days to anthesis

(DTA), tiller number (TN), plant height (PH) in cm,

number of earheads (NE), length of earhead (LE) in

cm, 1000 grain weight (TGW) and grain yield (GY) in

grams on row basis were recorded.

Measurement of ions and proline content (Pro)

Ten days old flag leaf was used for the evaluation of

Na?, K? and proline concentration. 100 mg flag leaf

samples were dried for 48 h at 65 �C and digested with

0.5 ml of 0.5 N HNO3 for 2 h at 80 �C as per the

method (Munns et al. 2010). Digested samples were

centrifuged and diluted 100 times with distilled water.

Concentrations of Na? and K? ions were measured by

flame photometer using standards in the range of

0.25–20 ppm and expressed as milligram per gram dry

weight (mg/g DW).

Proline content was extracted from 10 days old flag

leaf as per the method (Bates et al. 1973). 50 mg of

fresh leaf sample was homogenized in 3% sulphosal-

icylic acid (5 ll/mg FW), kept on ice for 5 min and

centrifuged at 14,000 rpm for 10 min at room tem-

perature and the supernatant was used for assaying

proline content. The reaction mixture containing

200 ll glacial acetic acid, 200 ll ninhydrin reagent

and 100 ll of supernatant was incubated for 20 min at

90 �C in water bath. The reaction was terminated by

transferring the reaction mixture tubes on ice. 1 ml

toluene was added in the reaction mixture and

vortexed. The upper toluene phase was taken for

measurement of proline using absorbance at 520 nm.

Pro content was measured using proline as the

calibration standard and expressed in microgram per

gram fresh weight (lg/g FW).

Statistical analysis

Statistical analyses were accomplished for all the traits

under both controlled and stressed conditions. Anal-

ysis of variance (ANOVA) was executed using the

PROC GLM procedure inbuilt within the SAS v9.3

package (SAS Institute Inc.). Trait-wise broad-sense

heritability was calculated for both the conditions

separately using the formula h2 ¼ r2gð Þ
r2gþ

r2e
r
(Gitonga et al.
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Fig. 1 a Periodic mean pH maintained under control and

stressed condition during 2015–2016 and 2016–2017 in

microplot at ICAR-IIWBR, Karnal, India. b Periodic mean

performance of soil electric conductivity under control and

stressed condition during 2015–2016 and 2016–2017 in

microplot at ICAR-IIWBR, Karnal, India
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2014); where, r2g = genetic variance, r2e = environ-

mental variance, r = number of replications. Pearson

correlation coefficients were also analyzed using

PROC CORR model included within @SAS package.

A multiple linear regression analysis was con-

ducted for determining relative contribution of differ-

ent parameters to the grain yield (Y) by applying the

equation y ¼ aþ b1x1 þ b2x2 þ b3x3 þ � � � þ bixi
(Snedecor and Cochran 1980). Where, y is the

dependent variable, the x’s are independent variables

(measured traits) affecting dependent one, a is the

intercept coefficient, and the b’s are the related

coefficients of independent variables in predicting

the dependent variable. Stepwise regression was used

to identify most important variables contributing

towards grain yield.

Genotyping, linkage mapping and QTL analysis

Genomic DNA from RILs and parents was extracted

by the modified method (Benito et al. 1993). The DNA

was quantified using a UV–vis spectrophotometer

(NanoDrop, Thermo Scientific Products, USA) and

final concentration was adjusted to 50 ng/ll. A total of

550 SSR markers (including barc, cfa, cfd, gwm,

wmc) covering whole genome were used for parental

polymorphism (Roder et al. 1998; Somers et al. 2004).

Of these, 133 SSR markers exhibited polymorphisms

between parents and were further employed for QTL

analysis.

PCR reaction was performed using Biored Ther-

mocycler (Bio-Rad, USA). The reaction volume was

10 ll, comprising 50 ng template genomic DNA,

1x PCR buffer, 1.25 mM of MgCl2, 200 lM of each

deoxyribonucleotide (dNTP), 100 ng of each primer,

0.3 U of Taq DNA polymerase (Bangalore Genei,

India). The standardized PCR program included an

initial denaturation at 94 �C for 3 min, followed by 36

cycles of 94 �C for 45 s, annealing 50–65 �C (de-

pending on the primer) for 30 s, and 72 �C for 45 s,

and a final extension for 7 min at 72 �C before cooling

to 4 �C. PCR products were separated by elec-

trophoresis on 3.5% agarose at 95 V for 3 h, using

TAE buffer. PCR amplified products were visualized

and imaged using the gel documentation system (Bio-

Rad, USA) for further scoring.

The bands generated by polymorphic SSR primers

were scored by giving code ‘2’ for KH 65 type and ‘0’

for HD 2009 type band. Allelic segregation of the two

genotypic classes (KH 65 and HD 2009) at each of the

marker loci was analyzed using the chi square (v2) test
for segregation distortion from the expected 1:1 ratio

in the RILs. The markers which exhibited 1:1 segre-

gation pattern were only further used for linkage map

construction. The linkage map was constructed from

genotypic data of RILs using IciMapping v4.1

software with LOD threshold 3.0 between adjacent

markers (Li et al. 2007). The QTL analysis was also

performed using IciMapping v4.1 software by com-

bined analysis of adjusted means of the phenotypic

trait value and genotyping data via inclusive compos-

ite interval mapping (ICIM) algorithm for additive

gene effect with function inbuilt in the software. For

QTL analysis, LOD threshold was 2.5 and walking

speed was set to 1 cM along the chromosomes for

evaluation of significant QTL (Ribaut et al. 1997;

Tuberosa et al. 2002; Srinivasa et al. 2014). Stability

of QTL was acknowledged using LOD of QTL 9 en-

vironmental interaction (LODQEI)\ 2.5. Linkage

map was redrawn and QTL location was integrated

within linkage map using map chart v2.32 (Voorrips

2002). Standard procedure of QTL nomenclature was

followed using instructions (http://wheat.pw.usda.

gov/ggpages/wgc/98/); of which, each QTL con-

sisted of the letter Q for QTL, followed by an abbre-

viated trait name and regime, the institution

designation (IIWBR) and the identity of the chromo-

some where QTL located.

Results

Phenotypic evaluation of RILs

Though, both KH 65 (45.13 g) and HD 2009 (40.25 g)

exhibited no significant difference in grain yield under

cFig. 2 Mean performance based frequency distribution of

different traits along with their mean values, standard deviation

(std), coefficient of variation (cv) and heritability (h2) over two

years (2015–2016 and 2016–2017) under sodic condition in the

RIL population derived from a cross KH65 9 HD2009. P1

Parent 1 (KH 65), P2 Parent 2 (HD 2009), Na? Sodium content,

K? Potassium content, Pro Proline content, TN Tiller number

per plant, PH Plant height, NENumber of earhead, LE Length of

earhead, DTH Days to heading, DTA Days to anthesis, TGW

Thousand grain weight, GY Grain yield
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controlled conditions (Supplementary Fig S1k), KH

65 showed significantly higher grain yield (40.25 g) as

compared to HD 2009 (24.88 g) under sodic condi-

tions. KH 65 also showed significantly lower reduc-

tion in TGW (6.09%) as compared to HD 2009

(20.78%) indicating its salt tolerant nature. Similarly,

there was no significant difference in Na? and K?

content in flag leaf of both KH 65 and HD 2009 under

control condition, however, KH 65 exhibited a lower

Na? and higher K? content as compared to HD 2009

under sodic condition (Fig. 2a–k). RILs exhibited a

wider range of different traits as GY (10.25–44.50 g),

Na? content (2.10–10.10 mg/g DW), Pro

(0.50–3.43 lg/g FW), K? content (9.23–28.38 mg/g

DW), TN (2.47–7.20), PH (75.50–112.19 cm), NE

(2.05–6.13), LE (8.65–14.83 cm) and TGW

(10.25–44.50 g) under sodic stress (Fig. 2a–k). The

range in all traits exhibited the presence of transgres-

sive segregants in both the directions in the RILs.

Continuous distribution of traits under both control

and sodic conditions showed polygenic nature of the

traits (Supplementary Fig S1a-k and Fig. 2a–k).

Significant variations (p\ 0.001) were also observed

for all the traits for year, genotype and year 9

genotype under both the conditions (Table 1).

The coefficient of variation (CV) was higher for

most of the traits except LE, DTH and TGW in sodic

condition as compared to control condition. High

heritability (h2) estimateswere observed forGY (0.87),

TGW (0.81), TN (0.91), PH (0.93), NE (0.87), LE

(0.80), DTH (0.99), DTA (0.99) Na? (0.92), K? (0.91)

and Pro (0.67) under control conditions (Supplemen-

tary Fig S1a-k) while comparatively lower estimates of

h2 were exhibited for GY (0.66), TGW (0.68), TN

(0.71), PH (0.85), NE (0.70), LE (0.70), DTH (0.97),

DTA (0.99)Na? (0.67), K? (0.53) and Pro (0.69) under

sodic condition (Fig. 2a–k).

There were wide ranges of phenotypic correlations

among various parameters under control and sodic

conditions. There were significant positive correla-

tions between GY and TGW (p\ 0.001), TN

(p\ 0.01), NE (p\ 0.01), LE (p\ 0.01), PH

(p\ 0.01) and Pro (p\ 0.001) under control condi-

tions. Similarly under sodic stress conditions, signif-

icant positive correlations were exhibited between GY

and TGW (p\ 0.001), TN (p\ 0.01), NE

Fig. 2 continued
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(p\ 0.001), LE (p\ 0.01), PH (p\ 0.01) and Pro

(p\ 0.001). Though there was no correlation between

GY and Na? and K? content under control condition,

significantly negative correlation was observed

between GY and Na? content (p\ 0.01) and positive

between GY and K? content (p\ 0.01) under sodic

condition (Table 2).

Under control condition, significant and positive

correlations were observed between Na? content and

DTH (0.27) and DTA (0.24); K? content with proline

content (0.30) and TGW (0.22); Pro with PH (0.39),

LE (0.21), TGW (0.39) and GY (0.34); TN with NE

(0.75), DTA (0.19), TGW (0.23) and GY (0.36); PH

with LE (0.61), TGW (0.59) and GY (0.30); NE with

TGW (0.59) and GY (0.26); LE with TGW (0.29) and

GY (0.36); DTH with DTA (0.97); and TGWwith GY

(0.44). Whereas significant and negative correlations

were observed between Na? content and Pro (- 0.19),

PH (- 0.20) and TGW (- 0.27); K? content with

DTH (- 0.19); PH with DTH (- 0.34) and DTA

(- 0.31); DTA with TGW (- 0.39); and DTA with

TGW (- 0.35) and presented in Table 2.

Under sodic condition, significant and positive

correlations were observed between K? content and

TN (0.32), PH (0.43), NE (0.33), LE (0.32) and GY

(0.49); between Pro and TN (0.41) and NE (0.43);

between TN and PH (0.42) and LE (0.36); between PH

and NE (0.39); and between NE and LE (0.35);

whereas, significant and negative correlation were

observed between Na? content and K? content

(- 0.34), TN (- 0.26), NE (- 0.26), LE (- 0.38)

and GY (- 0.34); between K? content and DTA

(- 0.21); between TN and DTH (- 0.24) and DTA

(- 0.26); and between NE with DTH (- 0.23) and

DTA (- 0.26) presented in Table 2.

Linkage map

Genetic map was constructed using 133 polymorphic

SSR markers of which 49 SSRs mapped on D genome

chromosomes, 44 SSRs on A genome chromosomes

and 40 SSRs on B genome chromosomes. Chromo-

some 7A harbored highest markers coverage of 11

SSRs, and the chromosome 3A had lowest marker

coverage with 2 SSRs. Whole linkage map covered a

genetic length of 4725.16 cM with an average inter

marker distance of 35.53 cM (Fig. 3).
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QSNa+.iiwbr-2D(2016-17,Pooled)93.0
QSgy.iiwbr-2D(Pooled)96.0
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4D

Fig. 3 Linkage map and QTLs position under control (in blue colour) and sodic stress (in red colour) in the RIL population derived

from a cross KH65 9 HD2009. (Color figure online)
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Single marker analysis (SMA)

SMA was conducted using linear regression model for

detection of significant associations between SSRs and

each of the trait. A total of five SSR markers (wmc

601, gwm 437, gwm 261, wmc 112 and cfd 84) were

identified associated with seven different traits under

both control and sodic conditions. wmc 601
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Fig. 3 continued
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representing chromosome 2D showed tight linkage

(0.4 cM) with the QTL (QCpro.iiwbr-2D) for Pro

(p\ 0.001) under control condition. The other marker

gwm 437 on chromosome 7D was significantly

associated (p\ 0.001) to the QTL (QCgy.iiwbr-7D)

for grain yield within 0.4 cM (Table 3).

Three SSRs (gwm 261, wmc 112 and cfd 84) were

associated with five traits under sodic condition, of

which three traits were associated with QTLs present

on 2D indicating important role of the chromosome in

salt tolerance. gwm 261 on chromosome 2D was

linked significantly (p\ 0.001) within 0.1 cM to K?

content (QSK?.iiwbr-2D) in both the years

2015–2016, 2016–2017 separately and also identified

in pooled condition. The marker wmc 112 on linkage

group 2D was significantly linked with DTH

(QSdth.iiwbr-2D.1) within 0.2 cM in 2015–2016,

and 0.8 cM for QTL (QSdth.iiwbr-2D.2) in

2016–2017 and pooled condition and with DTA

within 0.2 cM in all three conditions. SSR marker

cfd 84 on chromosome 4Dwas associated significantly

(p\ 0.001) to QTL (QStn.iiwbr-4D) for tiller number

in all three environments separated to 4.5 cM, 0.5 cM

and 4.5 cM respectively and for QTL (QSne.iiwbr-

4D) NE in two environments 2016–2017 and pooled

condition laid at a distance of 2.5 cM and 3.5 cM,

respectively (Table 3).

Composite interval mapping (CIM)

QTLs for Na? and K? content

One QTL under control (Table 4) and seven QTLs

under sodic condition (Table 5) were identified asso-

ciated with Na? content using CIM. Under control

condition, one QTL (QCNa?.iiwbr-7D) was identified

for Na? content located on 7D chromosome in

2015–2016 and pooled mean flanked by SSR markers

cfa 20140 and gdm 67 with LOD 3.1 and 2.9,

respectively. The QTL explained phenotypic variation

Table 3 Position of QTLs identified by SMA for relevant traits in the RILs derived from a cross KH65 9 HD2009 under control

and sodic stress across the years (2015–2016 and 2016–2017)

Traits QTL name Significant

marker

Favorable

allele

Year QTL

position

Distance to

marker of

QTL (cM)

LOD PVE (%) Add

Control

Pro QCp.iiwbr-2D wmc601*** KH65 2015–2016 124 0.4 2.6 10.0 0.1

GY QCgy.iiwbr-7D gwm437*** HD2009 2016–2017 379 0.4 2.6 11.8 - 5.2

Sodic stress

K? QSK?.iiwbr-2D gwm261*** KH65 2015–2016 185 0.1 2.7 10.2 1.1

2016–2017 185 0.1 3.2 12.6 1.5

Pooled 185 0.1 3.1 12.2 1.3

DTH QSdth.iiwbr-2D.1 wmc112*** KH65 2015–2016 312 0.2 2.8 10.5 2.3

QSdth.iiwbr-2D.2 wmc112*** KH65 2016–2017 313 0.8 2.6 9.9 2.2

Pooled 313 0.8 2.6 9.9 2.2

DTA QSdta.iiwbr-2D wmc112*** KH65 2015–2016 312 0.2 2.6 10.1 2.1

KH65 2016–2017 312 0.2 2.6 9.9 2.1

KH65 Pooled 312 0.2 2.6 10.1 2.1

TN QStn.iiwbr-4D cfd84*** KH65 2015–2016 184 4.5 3.4 12.7 0.5

2016–2017 188 0.5 4.0 15.1 0.5

Pooled 184 4.5 4.1 14.9 0.5

NE QSne.iiwbr-4D cfd84*** KH65 2016–2017 186 2.5 3.9 14.5 0.5

Pooled 185 3.5 3.6 13.6 0.4

K? potassium content, Pro proline content, TN tiller number per plant, NE number of earhead, DTH days to heading, DTA days to

anthesis, GY grain yield, cM centimorgan, LOD logarithm of odds, PVE phenotypic variation

***p\ 0.001
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of 3.1% in 2015–2016 and 6.6% in pooled condition.

The presence of HD 2009 alleles forQCNa?.iiwbr-7D

resulted into increase in Na? content under control

condition (Supplementary Fig S2a and Table 4).

Seven QTLs (QSNa?.iiwbr-1B, QSNa?.iiwbr-2D,

QSNa?.iiwbr-5D.1, QSNa?.iiwbr-5D.2, QSNa?.ii-

wbr-5D.3, QSNa?.iiwbr-6A and QSNa?.iiwbr-7D)

representing chromosome 1B, 2D, 5D 6A and 7D

were detected for Na? content with PVEs ranging

from 2.6 to 12.8% under sodic condition (Table 5).

QSNa?.iiwbr-1B separated by SSR markers (barc 137

and wmc 144) was most consistent and stable across

the environments. QSNa?.iiwbr-2D flanked by wmc

453 and wmc 601was identified on chromosome 2D in

2016–2017 and pooled condition with LOD scores 3.2

and 2.6 and explained phenotypic variation by 6.0%

and 6.2%, respectively. QSNa?.iiwbr-5D.1 flanked by

wmc 97-wmc 405 explained phenotypic variation

12.8% and 12.4% with LOD scores 3.5 and 3.3 during

2015–2016 and pooled conditions, respectively.

QSNa?.iiwbr-5D.2 was identified only in 2016–2017

separated by cfd 18 and wmc 97 with LOD scores 2.8

and explained 7.0% phenotypic variation. QSNa?.ii-

wbr-5D.3 (flanked by wmc 405-cfa 2141) was iden-

tified in 2016–2017 with LOD scores 3.3 and PVE

6.8%. QSNa?.iiwbr-6A (flanked by wmc 256-gwm

169) and QSNa?.iiwbr-7D (flanked by gwm 111-gwm

130) were identified in 2016–2017 with LOD scores

2.7 and 3.0 and PVEs 8.9% and 6.0%, respectively.

KH 65 alleles for the QTLs on chromosomes 1B, 5D

and 6A and HD 2009 allele on chromosome 2D were

associated with lower Na? content while HD 2009

allele for the QTL on 7D chromosome was associated

with higher Na? content (Supplementary Fig S3a-e

and Table 5).

One QTL QCK?.iiwbr-1B was identified for K?

content under control condition flanked by SSR

markers wmc 619 and gwm 264 on 1B and explained

phenotypic variation 2.5% and 3.4% during

2016–2017 and pooled condition with LOD 2.5 and

2.6, respectively. The allele for QCK?.iiwbr-1B with

positive effect was inherited from tolerant parent KH

65 (Supplementary Fig S2b and Table 4). Similarly,

one QTL (QSK?.iiwbr-2D) for K? content detected

under sodic condition flanked by SSR markers gwm

349-gwm 261was identified in all three conditions and

explained 10.2%, 12.6% and 12.2% phenotypic vari-

ation with LOD scores 2.7, 3.2 and 3.1 in 2015–2016,

2016–2017 and pooled mean, respectively. SSR

marker gwm 261 was the nearest marker tightly

(0.1 cM distance) linked with the QTL and associated

significantly (p\ 0.001) with K? content. The posi-

tive allele of the QTL was inherited from the tolerant

parent KH 65 (Supplementary Fig S3f and Table 5).

QTLs for proline content (Pro)

One QTL (QCpro.iiwbr-2D) for proline content

flanked by SSR markers wmc 601 and gwm 349 was

identified only in 2015–2016. QCpro.iiwbr-2D was

separated by 0.4 cM from wmc 601 with LOD score

2.6 and PVE 10.0% under control condition. Positive

allele was transmitted by tolerant parent KH 65

associated with increased proline content (Supple-

mentary Fig S2c and Table 4). However, under sodic

condition, two QTLs QSpro.iiwbr-2D.1 (flanked by

gwm 122-wmc 453) and QSpro.iiwbr-2D.2 (flanked

by wmc 453-wmc 601) were identified for proline

content only in 2016–2017 with LOD scores 2.5 and

3.1 and PVEs 5.5 and 6.2%, respectively. KH 65

alleles for both of the QTLs were associated with

increased proline content (Supplementary Fig S3g and

Table 5).

QTLs for tiller number (TN) and number

of earheads (NE)

There was no QTL detected for TN and NE under

controlled condition. However, three QTLs for TN and

one QTL for NE associated with sodic stress condi-

tions were identified. One QTL (QStn.iiwbr-2D) for

TN on chromosome 2D was identified only in pooled

mean flanked by wmc 453-wmc 601 and explained

5.6% phenotypic variation with LOD score 3.3.The

presence of KH 65 alleles at the QTL was associated

with higher TN on chromosomes 2D (Supplementary

Fig S3h and Table 5).

QTLs for TN (QStn.iiwbr-4D) and NE (QSne.ii-

wbr-4D) were identified at approximately the same

positions on chromosome 4D flanked by gwm 193-cfd

84 ad tightly linked to the SSR marker cfd 84 under

sodic conditions (Supplementary Fig S3i and

Table 5). QStn.iiwbr-4D were identified in

2015–2016, 2016–2017 and pooled mean with LOD

scores 3.4, 4.0 and 4.1 and explaining 12.7, 15.1 and

14.9% phenotypic variations, respectively. QSne.ii-

wbr-4D was identified in 2016–2017 and pooled

means with LOD scores 3.9 and 3.6, explaining 14.5
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and 13.6% phenotypic variation respectively. The

presence of KH 65 alleles at the QTL were associated

with higher TN and NE on chromosomes 4D. Other

QTL for TN (QStn.iiwbr-6A) on chromosome 6A was

identified in 2015–2016 and pooled mean flanked by

wmc 256-gwm 169 explaining 8.2% and 9.8% phe-

notypic variation with LOD scores 3.4 and 3.2 and

respectively, significantly (p\ 0.01) associated with

SSR marker gwm 169 (Supplementary Fig S3j and

Table 5). The presence of HD 2009 alleles at this locus

was associated with decrease in TN on chromosome

6A.

QTLs for length of earhead (LE)

There was no QTL for LE under sodic condition.

However, three QTL (QCle.iiwbr-5D, QCle.iiwbr-6A

and QCle.iiwbr-6B) for LE were identified on 5D, 6A

and 6B under control condition. QTL for LE (QCle.ii-

wbr-5D) identified in 2015–2016 and pooled mean

flanked by cfa 2141-cfd 29 with LOD scores 4.1 and

3.4 explaining phenotypic variation 12.2% and 11.4%

respectively (Supplementary Fig S2f and Table 4).

QCle.iiwbr-6A identified in 2015–2016, 2016–2017

and pooled mean flanked by gwm 169-gwm 132 with

LOD scores 3.2, 2.7 and 3.1 explained phenotypic

variation 10.1%, 11.4% and 12.0% respectively

(Supplementary Fig S2g and Table 4). QCle.iiwbr-

6B identified in 2015–2016, 2016–2017 and pooled

mean flanked by gwm 219-gwm 132 with LOD scores

3.0, 3.7 and 3.7 explaining phenotypic variation

10.7%, 12.2% and 12.8%, respectively (Supplemen-

tary Fig S2h and Table 4). The alleles from HD 2009

were associated with lower LE for the QTL on

chromosomes 5D, 6A and 6B.

QTLs for plant height (PH)

QTLs for PH were identified at approximately the

same positions under both control and sodic conditions

on chromosome 2D (near to the SSRmarker wmc 601)

and 6A (near to the SSR marker gwm 169). QCph.ii-

wbr-2D.1 identified in 2015–2016, 2016–2017 and

pooled mean flanked by wmc 601-gwm 349 with LOD

score 2.9, 3.4, 3.3 and explaining PVEs 9.5%, 4.9%

and 5.1% respectively andQCph.iiwbr-2D.2 identified

in 2016–2017 and pooled mean flanked by wmc

453-wmc 601with LOD score 3.4, 3.3 and explaining

phenotypic variation 5.3% and 6.5% respectively,

under control condition (Supplementary Fig S2d and

Table 4). QCph.iiwbr-6A identified in 2016–2017 and

pooled mean flanked by gwm 169-gwm 132 with LOD

score 3.3, 3.0 and explaining phenotypic variation

12.0% and 10.8% respectively; under control condi-

tion (Supplementary Fig S2e and Table 4).

QSph.iiwbr-2D.1 identified in 2015–2016,

2016–2017 and pooled mean flanked by wmc

601-gwm 349 with LOD score 3.8, 4.6, 4.7 and

explaining phenotypic variation 11.4%, 4.8% and

5.4% respectively, likewise, QSph.iiwbr-2D.2 identi-

fied in 2016–2017 and pooled mean flanked by wmc

453-wmc 601 with LOD score 3.6, 4.2 and explaining

phenotypic variation 4.9% and 5.8% respectively

under sodic condition (Supplementary Fig S3k and

Table 5). QSph.iiwbr-6A identified in 2015–2016,

2016–2017 and pooled mean flanked by gwm

169-gwm 132 with LOD score 3.8, 2.6, 3.9 and

explaining phenotypic variation 13.1%, 9.8% and

11.9% respectively; under sodic condition (Supple-

mentary Fig S3l and Table 5). Both the QTLs on 2D

had alleles from KH 65 associated with higher PH

while alleles for the QTLs on chromosomes 6A were

derived from HD 2009 and associated lower PH under

both control and sodic conditions.

QTLs for days to heading (DTH) and days

to anthesis (DTA)

Two QTLs (QSdth.iiwbr-2D.1 and QSdth.iiwbr-2D.2)

for DTH and one QTL (QSdta.iiwbr-2D) for DTA

were associated with sodic stress. QTL for DTH

(QSdth.iiwbr-2D.1) and DTA (QSdta.iiwbr-2D) on

chromosome 2D are separated by 0.2 cM from SSR

marker wmc 112. QTL for DTH (QSdth.iiwbr-2D.1)

was identified in 2015–2016 with LOD (2.8) and PVE

(10.5%). However, QSdth.iiwbr-2D.2 was identified

in 2016–2017 and pooled mean with LOD 2.6 and 2.7

and PVEs 9.9% and 10.2%, respectively. Likewise,

QTL for DTA (QSdta.iiwbr-2D)was identified in both

the years as well as pooled mean with overall average

LOD (2.6) and PVEs (10.1%, 9.9% and 10.1%),

respectively (Supplementary Fig S3m and Table 5).

For both traits, positive alleles on chromosome 2D

were inherited from KH 65.
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QTLs for thousand grain weight (TGW)

QTLs for TGW were identified at approximately the

same positions under control (QCtgw.iiwbr-2D) and

sodic conditions (QStgw.iiwbr-2D.2) on chromosome

2D flanked by wmc 453-wmc 601 (close to the SSR

marker wmc 601). QCtgw.iiwbr-2D was found in

2016–2017 (LOD score 2.9, phenotypic variation

10.6%) and pooled mean (LOD score 2.6, phenotypic

variation 9.6%) under control condition (Supplemen-

tary Fig S2i and Table 4). Likewise, two QTLs for

TGW identified under sodic condition, QStgw.iiwbr-

2D.1 was detected in 2015–2016 and pooled mean

flanked by wmc 601-gwm 349 having LOD score 2.8,

3.3 and explaining PVEs 12.3%, and 11.8%, respec-

tively. While QStgw.iiwbr-2D.2 identified only in

2016–2017 having LOD score 2.6 and explained

phenotypic variation 8.9% (Supplementary Fig S3n

and Table 5). KH 65 allele was associated with higher

TGW under sodic condition.

QTLs for grain yield (GY)

One QTL (QCgy.iiwbr-7D) on chromosome 7D

flanked by gwm 437-wmc 405 was associated with

GY with LOD score 2.6, explaining 11.8% phenotypic

variation under control condition. SSR marker gwm

437was the nearest marker with the distance 0.4 cM to

the QTL. The presence of HD 2009 allele for

QCgy.iiwbr-7D was associated with higher GY (Sup-

plementary Fig S2j and Table 4). A total of two QTLs

for GY were detected under sodic condition, QTL

(QSgy.iiwbr-1A) located at 1A was identified for GY

in 2016–2017 (LOD = 2.6, PVE = 5.9%), and pooled

mean (LOD = 3.3, PVE = 6.2%) and flanked by wmc

24-barc 17. SSR marker barc 17 was the nearest

marker to the QTL at a distance of 28.3 cM during

2016–2017 and 27.3 cm in pooled condition (Supple-

mentary Fig S3o and Table 5). Another QTL for GY

located at 2D (QSgy.iiwbr-2D) was identified only in

pooled mean and flanked by wmc 453-wmc 601 with

LOD scores 3.6 explaining 4.2% phenotypic variation

(Supplementary Fig S3p and Table 5). wmc 601 was

the nearest marker associated to the QTL. For both the

QTLs,QSgy.iiwbr-1A andQSgy.iiwbr-2D alleles were

derived from KH 65 associated with higher GY. QTL

for GY located at 6A (QSgy.iiwbr-6A) in 2016–2017

(LOD = 2.7, phenotypic variation = 5.3%) and

pooled mean (LOD = 3.7, phenotypic

variation = 5.5%) was flanked by wmc 256-gwm

169 marker was derived from HD 2009 allele and

associated with lower yield (Supplementary Fig. S3q

and Table 5).

Discussion

The analysis of variance indicated large diversity in

parental lines KH 65 and HD 2009 in terms of traits

taken under the study and hence the RILs developed

using these lines are suitable for identification of QTLs

associated with salt tolerance. There were significant

genotype x environmental interactions for each trait

and thus making it difficult to select desirable traits

under salt stress condition. Similar observations have

been made by several other studies under abiotic

stresses (Blum 1988; Reynolds et al. 1994; Paliwal

et al. 2012; Tiwari et al. 2013). There was continuous

distribution of the traits in the RIL population

indicating that the traits were quantitatively inherited

(Supplementary Fig S1a-k and Fig. 2a–k) and also

exhibited transgressive segregation towards both

directions. This suggested that both parental lines

carried few different alleles contributing significantly

under sodic condition. This also been reported in

different populations by several workers (Amin et al.

2011; Oyiga et al. 2016; Hussain et al. 2017; Asif et al.

2018). The heritability estimates was lower under

sodic condition for all the traits as compared to control

condition because of higher G x E interaction under

more stressful environment. Moderate to high heri-

tability was also reported for salt conditions (Akbar-

pour et al. 2015; Oyiga et al. 2016). This exhibited that

selection may be effective for the improvement of salt

tolerance in wheat (Farshadfar et al. 2008).

Since salt affected sodic soils have excess of Na?

ion on exchange sites, plants growing under sodic

conditions accumulate more of ions like Na? resulting

in ionic imbalance as well as toxic effects of the

accumulated ions (Tavakkoli et al. 2011). Na? content

was negatively correlated with all traits except DTH

and DTA. (Khan et al. 2009; Genc et al. 2010) also

reported negative correlation of Na? content with GY

under salinity condition. Accumulation of compatible

osmolytes and K? ions over Na? ion can have

adaptive mechanism under salt stress in wheat (Yeo

et al. 1990;Munns et al. 2010; Rana et al. 2015). In this

investigation significant and positive correlations were
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observed between GY and K? content, proline, TN,

PH, NE, LE and TGW under sodic stress. The

existence of positive correlation between GY and its

associated traits have also been previously reported

(del Pozo et al. 2016; Ayed-Slama et al. 2018).

Therefore, combinations of some of the traits can be

used in identifying salt tolerant genotypes in wheat.

Since low Na? concentration and high K? content

in leaf have been recognized as an important cellular

mechanism that supports plant adaptation in salt stress

(Munns and James 2003; El-Hendawy et al. 2017;

Siddiqui et al. 2017; Mbarki et al. 2018), QTLs

analysis was conducted to identify loci associated with

Na? and K? contents in flag leaf under sodic stress

conditions. Although, some single-gene effects for salt

tolerance have been identified in higher plants like

kna1 (Dubcovsky et al. 1996) and (TaNHX1) Na?/H?

antiporter (Rana et al. 2015) in wheat, AtNHX1 and

RAS1 in Arabidopsis (Apse et al. 1999; Ren et al.

2010) and OsNHX1, SKC1 in rice (Fukuda et al. 1999;

Ren et al. 2005), the study showed it is polygenic in

nature. In this investigation, Six of the loci (QSNa?.-

iiwbr-1B, QSNa?.iiwbr-5D.1, QSNa?.iiwbr-5D.2,

QSNa?.iiwbr-5D.3 and QSNa?.iiwbr-6A) derived

from KH 65 and one locus (QSNa?.iiwbr-2D) derived

from HD 2009 were associated significantly with

lower Na? content contributing PVEs ranging from

2.6 to 12.8%. The QTL (QSNa?.iiwbr-7D) derived

from HD 2009 was associated with higher accumula-

tion of Na? content in flag leaf. Several other reports

also indicated the presence of QTL on chromosome

2A (Oyiga et al. 2016, 2018), 2B (Xu et al. 2012), 5D

(Spielmeyer et al. 2007), 6A (Asif et al. 2018), 7A (Xu

et al. 2012; Masoudi et al. 2015; Asif et al. 2018) and

7D (Masoudi et al. 2015) associated with salt toler-

ance. The QSNa?.iiwbr-5D.1 exhibited phenotypic

variation (12.4 to 12.8%) for lower Na? content under

salt stress and showed strong association (p\ 0.001)

with SSR marker wmc 97 inherited from tolerant

parent KH 65.

A major QTL QSK?.iiwbr-2D for accumulation of

K? content was identified on 2D chromosome con-

tributing 10.2–12.6% phenotypic variation under salt

stress conditions. SSR marker gwm 261 showed tight

linkage (0.1 cM) with the QTL and inherited from

tolerant parent KH 65. The QTL was identified in all

environments under sodic condition. SSR marker

gwm 261 was present at 23 cM position in consensus

map (Somers et al. 2004). Earlier, (Amin and Diab

2013) also reported QTL for K? content on chromo-

some 2D. Some of the previous studies concluded that

maintenance of cellular K? concentration above a

certain threshold value in the presence of excess

external Na? is critical for growth and salt tolerance

(Zhu et al. 1998) and a positive relationship between

K? and salt tolerance was reported (Bağci et al. 2007;

Chen et al. 2007; Cuin et al. 2008). Since, The QTL

QSK?.iiwbr-2D is effective under all conditions, it has

utility for using as selection criteria in salt tolerance

breeding programmes.

One novel QTL QCpro.iiwbr-2D for proline con-

tent contributing 10.0% PVE was identified on 2D

chromosome under controlled condition in a single

environment 2015–2016. SSR marker wmc 601 was

found tightly linked (0.4 cM) with the QTL using both

SMA and CIM procedures. Two novel QTLs namely

QSpro.iiwbr-2D.1 and QSpro.iiwbr-2D.2 were identi-

fied under stressed condition inherited from tolerant

parent KH 65. Moreover, better accumulation of

proline reduces the deleterious effects on plant growth,

development and stomatal conduction under stress

condition (Sairam et al. 2005; Munns and Tester 2008;

Rana et al. 2015).

Three QTLs for TN (QStn.iiwbr-2D, QStn.iiwbr-

4D andQStn.iiwbr-6A) and one QTL (QSne.iiwbr-4D)

for NE were identified in salt stress conditions. The

QTL QStn.iiwbr-2D on chromosome 2D was associ-

ated with SSR marker wmc 453. QTL for TN

(QStn.iiwbr-4D) and NE (QSne.iiwbr-4D) were co-

located on chromosome 4D at 184 cM and 186 cM

position, respectively in the linkage map and found

tightly linked to the SSR marker cfd 84 (0.5 to 4.5 cM

for TN and 2.5 to 3.5 cM for NE under different

conditions). The presence of KH 65 alleles on

chromosomes 2D and 4D were associated with

increased TN and NE under salt tolerance. QTLs for

TN and NE on chromosome 4D were robust and

highly reproducible. These two QTLs explained

12.7–15.1% phenotypic variation. QTL for TN on

2D and 4D and NE on 4D chromosomes also identified

(Dı́az De León et al. 2011). QTL for TN on

chromosome 4B that was linked to the SSR marker

gwm 6 was previously identified (Genc et al. 2010).

While, QTL for NE on chromosome 1A, 2A, 2D and

5B were reported earlier (Heidari et al. 2011; Amin

and Diab 2013). QStn.iiwbr-6A allele from HD 2009

was associated with decrease in TN under salt stress

condition. There was no report available of QTL for
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TN on 6A. Although, kna1 gene located on 4D

chromosome was identified for exclusion of Na?

content and discrimination of K? content in root under

salt stress (Dubcovsky et al. 1996), in this investiga-

tion QTLs for TN and NE were present on 4D.

Three QTLs (QCle.iiwbr-5D, QCle.iiwbr-6A and

QCle.iiwbr-6B) for LE were identified on 5D, 6A and

6B chromosomes under control condition. None of the

locus for LE was detected under salt stress condition.

QTLs for LE harbored alleles from HD 2009 genotype

associated with increase in LE under control condi-

tions were novel. QTL for LE on chromosome 1A that

was linked to the RFLP marker Xabc156 was reported

(Kumar et al. 2007).

QTLs for PH were identified approximately at the

same positions under both control and sodic conditions

on chromosome 2D and 6A. The KH 65 alleles

associated with the QTL for PH on chromosomes 2D

increased PH while HD 2009 alleles associated with

the QTL for PH on chromosomes 6A were associated

with decrease in PH under both control and sodic

condition. In earlier reports, QTLs were identified for

PH located on 3B chromosome under salt stress

(Zhang et al. 2011) and 5B chromosome under control

condition (Ghaedrahmati et al. 2014). In this investi-

gation, QTLs for PH (QSph.iiwbr-2D.1 and QSph.ii-

wbr-2D.2), TGW (QStgw.iiwbr-2D) and GY

(QSgy.iiwbr-2D) were identified on 2D chromosome

under sodic condition and SSR marker wmc 601 was

found linked with all the QTLs (Table 6). Further, KH

65 type alleles of these QTLs for PH, TGW and GY

were effective in increasing their value under stress

condition. Some other reports also indicated the

presence of QTLs for these traits located at 2D

Chromosome (Huang et al. 2004, 2006; Cuthbert et al.

2008).

Two QTLs (QSdth.iiwbr-2D.1 and QSdth.iiwbr-

2D.2) for DTH and one QTL (QSdta.iiwbr-2D) for

DTA, were found tightly linked to the SSR marker

wmc 112. KH 65 alleles for both DTH and DTA were

found associated with decrease in DTH and DTA

under salt stress condition. Earlier reports showed the

presence of QTLs for DTH and DTA on 2D chromo-

some under control condition (Börner et al. 2002;

Huang et al. 2003; Kumar et al. 2007) and under salt

stress condition (Dı́az De León et al. 2011). Photope-

riodic gene (Ppd1) which has strong intra-allelic

interaction, photoperiodic response or pleiotropic

effect on number of moropho-physiological and yield

related traits also present on 2D chromosome

(Mclntosh 1998; Börner et al. 2002; Kumar et al.

2007).

Two QTLs (QStgw.iiwbr-2D.1 and QStgw.iiwbr-

2D.2) explaining PVEs 12.3 and 8.9% respectively

under salt stress condition and one QTL (QCtgw.ii-

wbr-2D) explaining PVE 10.6% under control condi-

tion were detected for TGW and found associated with

SSR marker wmc 601. (Heidari et al. 2011; Dı́az De

León et al. 2011; Masoudi et al. 2015) also reported

QTLs on 2D chromosome associated with TGW under

salt stress condition. However, (Huang et al.

2004, 2006; Cuthbert et al. 2008) reported the

association between TGW and SSR marker wmc 601

under control condition only.

One QTL (QCgy.iiwbr-7D) under control condition

and 3 QTLs (QSgy.iiwbr-1A, QSgy.iiwbr-2D and

QSgy.iiwbr-6A) under salt stress condition were

identified for GY. QCgy.iiwbr-7D was identified on

7D chromosome contributing 11.8% PVE under

control condition only in one environment

(2016–2017) and inherited from HD 2009 was novel.

While, QSgy.iiwbr-1A, QSgy.iiwbr-2D inherited from

the KH 65 were found associated with increased yield.

QSgy.iiwbr-6A harbored alleles from HD 2009 con-

tributing PVEs ranging 4.2–6.2% was associated with

lower yield under salt stress condition. Earlier reports

indicated the presence of QTLs for salt tolerance on

chromosome 1A (Huang et al. 2004; Cuthbert et al.

2008; Azadi et al. 2015), 2D (Kumar et al. 2007;

Kuchel et al. 2007; Azadi et al. 2015) and 6A (Heidari

et al. 2011). Most of the QTLs identified in this

investigation under sodic stress represented chromo-

somes having QTLs identified by many workers under

salinity stress mentioned in the review paper by

Mujeeb-Kazi et al. 2019). This is possible because of

some common features between the two conditions as

reviewed by Rengasamy 2010.

Conclusions

In this present investigation, 25 QTLs were detected

on 7 chromosomal regions (1A, 1B, 2D, 4D, 5D, 6A

and 7D) for 10 different traits explaining PVEs

(2.6–15.1%) under salt stress. Among these QTLs, 6

QTLS as QSNa?.iiwbr-1B, QSK?.iiwbr-2D, QStn.ii-

wbr-4D, QSph.iiwbr-2D.1, QSph.iiwbr-6A and

QSdth.iiwbr-2D were consistently reproducible in all
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environments and explained PVEs 2.6–2.8%,

10.2–12.6%, 12.7–15.1%, 4.8–11.4%, 9.8–13.1%

and 9.9–10.1%, respectively. SSR markers namely

gwm 261, wmc 112, and cfd 84 were tightly linked

with QTLs for K content; DTH and DTA; and TN and

NE, respectively. Many of the QTLs linked with salt

tolerant traits were identified on 2D chromosome

indicating its role in imparting salt tolerance. The

information is very useful in marker assisted breeding

to enhance salt tolerance in wheat.
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Cuthbert JL, Somers DJ, Brûlé-Babel AL et al (2008) Molecular

mapping of quantitative trait loci for yield and yield

components in spring wheat (Triticum aestivum L.). Theor

Appl Genet 117:595–608. https://doi.org/10.1007/s00122-

008-0804-5
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backcross QTL analysis for the identification of quantita-

tive trait loci alleles from wild relatives of wheat (Triticum

aestivum L.). Theor Appl Genet 106:1379–1389

Huang XQ, Kempf H, Ganal MW, Röder MS (2004) Advanced
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