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Abstract In this study, we analyzed the behavior of sev-

eral neglected, ancestral, and domesticated wheat geno-

types, including Ae. triuncialis, Ae. neglecta, Ae. caudata,

Ae. umbellulata, Ae. tauschii, Ae. speltoides, T. boeoticum,

T. urartu, T. durum, and T. aestivum under control and

salinity stress to assess the mechanisms involved in salinity

tolerance. Physiological and biochemical traits including

root/shoot biomasses, root/shoot ion concentrations, activ-

ity of antioxidant enzymes APX, SOD, and GXP, and the

relative expression of TaHKT1;5, TaSOS1, APX, GXP, and

MnSOD genes were measured. Analysis of variance

(ANOVA) revealed significant effects of the salinity

treatments and genotypes for all evaluated traits. Salinity

stress (350 mM NaCl) significantly decreased root/shoot

biomasses, K? concentration in root/shoot, and root/shoot

K?/Na? ratios. In contrast, salinity stress significantly

increased Na? concentration in root and shoot, activity of

antioxidant enzymes (APX, SOD, and GPX) and relative

expression of salt tolerance-related genes (TaHKT1;5,

TaSOS1, APX, GPX, and MnSOD). Based on heat map and

principal component analysis, the relationships among

physiological traits and relative expression of salt-respon-

sive genes were investigated. Remarkably, we observed a

significant association between the relative expression of

TaHKT1;5 with root K? concentration and K?/Na? ratio

and with TaSOS1. Taken together, our study revealed that

two neglected (Ae. triuncialis) and ancestral (Ae. tauschii)

wheat genotypes responded better to salinity stress than

other genotypes. Further molecular tasks are therefore

essential to specify the pathways linked with salinity tol-

erance in these genotypes.
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Abbreviations

SFW Shoot fresh weight

RFW Root fresh weight

SDW Shoot dry weight

RDW Root dry weight

LN Leaf Na? concentration

LK Leaf K? concentration

RN Root Na? concentration

RK Root K? concentration

LKN K?/Na? ratio of leaf

RKN K?/Na? ratio of root

APX activity Ascorbate peroxidase activity

GPX activity Guaiacol peroxidase activity

SOD activity Superoxide dismutase activity

APX gene APX gene expression

GPX gene GPX gene expression

SOD gene MnSOD gene expression

SOS1 gene TaSOS1 gene expression

TaHKT1;5 gene TaHKT1;5 gene expression
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Introduction

Salinity stress is a major environmental challenge that

limits the productivity of crop production worldwide

(Oyiga et al. 2016). More than 800 Mha of land are

affected by salinity, which is equivalent to more than 6% of

the world’s total land (Mickelbart et al. 2005). Hence,

efforts to improve the salt tolerance of plants are of

immense importance for sustainable agriculture and may

also significantly improve crop yield (Goyal et al. 2016).

One of the main cellular events that occurs during

salinity stress is an increase in the occurrence of reactive

oxygen species (ROS) (Hossain et al. 2017). Members of

the ROS family, include hydrogen peroxide (H2O2), singlet

oxygen (1O2), superoxide (O2
-), and hydroxyl radical

(OH) as signal molecules in the response to salinity stress

(Zhang et al. 2015). Excessive generation of ROS may lead

to cellular damage, necrosis, metabolic disorders, and

finally cell death (Hossain and Dietz 2016). Therefore, the

overexpression of antioxidant genes could induce tolerance

against oxidative stress. Regulation of gene expression

controls several biochemical and physiological responses

to stress (Yousfi et al. 2016). With advances in molecular

biology and biotechnology tools, the expression and regu-

lation of genes proposed as a powerful tool to improve crop

resistance to various environmental stresses (Blum 2011).

Over recent decades, numerous transcription factors

(TFs) and salt-responsive genes have been identified. These

include late embryogenesis abundant (LEA) proteins,

antioxidant proteins, osmoregulatory genes, transporters/

antiporters, and signal-related protein kinases (Su et al.

2015). The interactions between these genes and TFs can

form the basis for several pathways, such as the genes to

salt overly sensitive (SOS) genes, the mitogen-activated

protein kinase (MAPK), and the calcium-dependent protein

kinase (CDPK) (Zhu 2003; Ludwig et al. 2004; Nakagami

et al. 2005) pathways. As one of the large superfamily of

ionic transporters, high-affinity potassium transporters

(HKTs) play considerable physiological roles in salinity

tolerance through the removal of Na? from the xylem

during stress (Su et al. 2015). HKT genes can be classified

into two main classes based on their transport selectivity.

Class 1 includes HKT genes of rice (OsHKT1;5) and

Arabidopsis thaliana (AtHKT1;1), which reduce the

transport of Na? to aboveground tissues (Maser et al. 2002;

Moller et al. 2009). Class 2 consists of several genes from

rice (OsHKT2;1–4) and wheat (TaHKT2;1) that play a

crucial role in Na? and K? transport (Ariyarathna et al.

2016). One of the main strategies to cope with salt stress is

the maintenance of cellular ion homeostasis by limiting the

accumulation of Na? (Tester and Davenport 2003). The

SOS signaling pathway controls cellular ion homeostasis

through the activity of the genes SOS1, SOS2, and SOS3

(Zhu 2000). Of these, SOS1 is conserved in both mono- and

dicot plants and its activity is regulated by a complex made

up of SOS2 and SOS3 (Horie and Schroeder 2004). Ji et al.

(2013) demonstrated that SOS1 activity significantly con-

trols ion homeostasis. Oh et al. (2009) showed in Thel-

lungiella salsuginea that reduction in SOS1 expression

leads to accumulation of Na? in cells and organs and

finally loss of halophytism. Hence, the SOS signaling

pathway is an important regulatory mechanism in ion

homeostasis (Ji et al. 2013).

Among cereal crops, wheat (Triticum aestivum L.) is

one of the main crops worldwide with an annual production

of approximately 736 million metric tons (FAO 2015). Due

to their longtime adaptation to different climates, it is well

known that wild progenitors of wheat can overcome

adverse growth conditions (Pagnotta et al. 2009). Several

studies have indicated specific capabilities of wheat

ancestral species to favorably respond to abiotic stresses

like drought and salinity (Ramezani et al. 2013; Arabbeigi

et al. 2014, 2018; Pour-Aboughadareh et al. 2017a;

Ahmadi et al. 2018a, b, c). Thus, improving salt tolerance

in cultivated wheat may be achieved by the allelic reper-

toire available in its germplasm (Rampino et al. 2006).

Despite extensive research on salinity tolerance in the wild

relatives of wheat, the physiological and molecular mech-

anisms in various species with alien genomes have not

been studied in detail. Furthermore, it remains unclear how

some wild wheats cope with salinity at the molecular level.

Here, we compared the several biochemical traits of some

wild wheats (Ae. tauschii Coss., Ae. speltoides Tausch, Ae.

cylindrica Host, Ae. caudata L., Ae. triuncialis L., Ae.

umbellulata Zhuk., T. urartu Thumanjan ex Gandilyan and

T. boeoticum Boiss.) along with two bread (T. aestivum L.)

and durum (T. durum Desf.) wheats when subjected to

salinity stress. To dissect the differential responses to

salinity stress in these materials, we estimated the relative

change in expression levels of some salt tolerance-related

genes, including guaiacol peroxidase (GPX), superoxide

dismutase (MnSOD), ascorbate peroxidase (APX), TaSOS1,

and TaHKT1;5.

Materials and methods

Plant material and experimental details

The materials used in this study included 11 Aegilops L.

and Triticum L. genotypes along with two local varieties

(T. aestivum cv. Arg as the tolerant and T. aestivum cv.

Darya as the sensitive genotype). These genotypes were

selected based on the results of previous research (Ahmadi

et al. 2018c) that investigated 179 genotypes of wheat
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germplasm under control (0 mM NaCl) and severe salinity

stress (300 mM NaCl) conditions for root and shoot bio-

masses and ion concentrations at the seedling stage. Based

on the results obtained from this research, we selected one

tolerant genotype from each species. Supplemental infor-

mation on the selected genotypes for the current work is

presented in Table 1. Ten seeds from each genotype were

sowed in plastic pots with 40-cm height and 20-cm diam-

eter filled with sand. The seedlings were grown in con-

trolled conditions with an optimal growing photoperiod

cycle (16 h day and 8 h night) and temperature (25 �C day

and 20 �C night). The seedling plants were initially irri-

gated with tap water and then irrigated twice a week with

half-strength Hoagland nutrient solution (Hoagland and

Arnon 1950), which was supplemented with full-strength

solution at the second leaf emergence. 14 days after ger-

mination, control seedlings were irrigated with tap water

and a full-strength solution without NaCl, while in the

plant-stressed-salinity seedlings, to prevent sudden shock

to plants stress, NaCl was added in five gradual steps to

reach 350 mM (EC & 35 dS m-1, as severe salinity stress

level). After 14 days of growing under salinity stress, leaf

tissues were harvested and frozen in liquid nitrogen and

stored at - 80 �C.

Measurement of shoot and root biomasses and ion

concentrations

At the end of the 14-day growth period, aboveground tissue

was cut at the base and the root was washed carefully to

remove sand. After determination of root and shoot fresh

weights, the samples were dried for 72 h at 70 �C for

determination of dry weights. To measure root and leaf K?

and Na? concentrations, 10 mg of the ground root and

shoot dried sample was mixed with 10 mL 0.5 N nitric

acid. After incubation of samples in a bain-marie for 2 h at

85 �C, the extracted solutions were filtered and K? and

Na? concentrations were analyzed using flame photometry

(Corning 410; Sherwood Scientific, Cambridge, UK). The

typical detection limits for Na? and K? was 0.043 and

0.25 mmol L-1, respectively.

Antioxidant enzyme activities

Antioxidant enzyme activities were measured according to

Kang and Saltveit (2002). A total of 0.5 g of fresh leaf was

homogenized in 1 mL extraction buffer containing 0.05 M

Tris-HCl buffer (pH 7.5), 1.5% w/v polyvinylpyrrolidone

(PVP), 3 mM MgCl2, and 1 mM EDTA. The extraction

buffer used for the APX assay contained 0.2 mM ascor-

bate. The homogenate was filtered and centrifuged for

20 min at 12,000 RPM and the supernatant was used as

crude extract for the GPX (EC 1.11.1.7), APX (EC

1.11.1.1), and SOD (EC 1.15.1.1) assay.

GPX activity was measured following the protocol

suggested by Upadhyaya et al. (1985). The reaction mix-

ture contained 20 lL enzyme extract, 2.27 mL 1.25 mM

phosphate buffer (pH 6.1), 0.50 mL 1% guaiacol, and

0.50 mL 1% H2O2. The increased trend in absorbance at

420 nm was followed for 60 s. Activity of APX was

recorded following the approach of Chen and Asada

(1989). The reaction mixture contained 60 lL enzyme

extract, 1.54 mM hydrogen peroxide, 1.7 mL 50 mM

phosphate buffer (pH 7.0), 0.5 mM ascorbate, and 0.1 mM

EDTA. The rate of APX activity was estimated at 290 nm.

SOD activity was determined following the method of

Dhindsa et al. (1981). The reaction mixture contained

40 lL enzyme extract, 50 mM phosphate buffer (pH 7.8),

Table 1 Passport of the Aegilops and Triticum genotypes assessed in this study

No. Genotype code� Species Genome Province/region

1 IUGB-01695 T. aestivum ABD Kermanshah/Qasr-e-Shirin

2 IUGB-00912 T. durum AB Ilam/Mehran–Salehabad Road

3 IUGB-00407 T. boeoticum Ab Kermanshah/Kerend-e-Gharb

4 IUGB-00423 T. urartu Au Kermanshah/Kermanshah

5 IUGB-00369 Ae. tauschii D Gilan/Kelachay

6 IUGB-00076 Ae. umbellulata U Kermanshah/Kermanshah–Eslamabad-e Gharb

7 IUGB-00025 Ae. speltoides B Kermanshah/Qasr-e-Shirin

8 IUGB-00304 Ae. caudata C Lorestan/Shorab region

9 IUGB-00137 Ae. neglecta UM Gilan/Hayran Ghaut

10 IUGB-00359 Ae. cylindrica DC Kurdistan/Zarineh

11 IUGB-01146 Ae. triuncialis UC Ilam/Ilam

12 Tolerant check T. aestivum cv. Arg ABD Seed and Plant Improvement Institute (SPII), Karaj, Iran

13 Sensitive check T. aestivum cv. Darya ABD Seed and Plant Improvement Institute (SPII), Karaj, Iran

�IUGB Ilam University Genbank
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25 lL riboflavin, 75 lM NBT and 0.1 mM EDTA. The

reaction mixtures were then shaken before being placed

30 cm below 30-W fluorescent lamps for 15 min. SOD

activity was recorded at 560 nm.

RT-qPCR assay

Total RNA was isolated from 100 mg of ground tissue

using an RNX-PlusTM Kit (Sinaclon) according to the

manufacturer’s instructions. To eliminate genomic DNA

contamination, DNase treatment was performed using

RNase-free DNase I (Fermentas, #N0521) according to the

manufacturer’s instructions. Finally, the concentration of

the extracted total RNA was determined with Nano Drop

Spectrophotometers (Thermo Scientific-2000C, USA).

Synthesis of cDNA from 1 lg of total RNA was performed

using Hyper ScriptTM Reverse Transcriptase Kit (GeneAll,

Korea) per the manufacturer’s instructions in a 20-lL final

volume.

RT-qPCR was performed in a 15-lL volume containing

7.5 lL of 2 9 RealQ Plus 2 9 Master Mix Green (Am-

pliqon), 0.5 lL of (0.5 lM) forward and reverse primers,

1 lL of diluted cDNA (50 ng lL-1), and 5.5 lL of

RNAse-free water. RT-qPCR was performed in a

MiniOpticonTM Real-Time PCR System (Bio-Rad, USA).

The PCR reactions were performed with the following

thermal cycles: 95 �C for 3 min followed by 45 cycles of

95 �C for 15 s, 58 �C for 20 s, and 72 �C for 30 s. After 45

cycles, a melting curve analysis was performed (65–95 �C)
to verify the specificity of the amplicons. The 18S rRNA

gene was selected as a reference gene to normalize the

expression data for the TaHKT1;5, TaSOS1, APX, MnSOD,

and GPX genes. The sequences of genes primers are listed

in Table 2. Based on the CT values for each sample, the

relative expression of each gene was estimated based on

the following formula (Pfaffl 2001):

Ratio ¼ 2�DDCt

DDCt ¼ DCttreatment � DCtcontrol
DCt ¼ Cttarget gene � Ctreference gene

Data analysis

The experimental design was a factorial randomized

complete block design with three replications. Two salt

treatments and different genotypes were selected as the two

main factors. Analysis of variance (ANOVA) was per-

formed to examine the effects of salinity treatment on the

measured physiological and biochemical traits, shoot and

root biomass, and gene expression of leaf tissues in the

different genetic materials using SAS software (SAS

Institute 2011). To explore associations between measured

traits, a heat map was rendered using the ‘gplot’ package of

R software (Warnes et al. 2014). Principal component

analysis (PCA) was performed with Kaiser’s criterion (i.e.

eigenvalue more than 1) using XLSTAT software. The

possible associations among the relative gene expression

data and measured physiological and biochemical traits

were determined through a PCA-based biplot derived using

two first principal components.

Results

Effect of salinity on root and shoot biomass and ion

concentrations

The studied genotypes showed differences in terms of root

and shoot biomass and ion concentrations under different

growth conditions. The results of ANOVA showed that

shoot and root fresh weights exhibited ion concentrations

significantly affected by salinity stress (Table 3). There

were highly significant differences in the studied genotypes

for all parameters except for leaf and root K? concentra-

tions. The interaction between genotypes and salinity stress

were only significant for root dry weight and the K?/Na?

ratio of the roots. The percentage change of each parameter

due to salinity stress is shown in Table 3. The overall mean

of the 12 genotypes decreased by 92.31% (K?/Na? ratio of

root), 81.87% (root K? concentration), 51.56% (K?/Na?

ratio of leaf), 47.23% (root fresh weight), 32.75% (root dry

weight), 30.28% (shoot fresh weight), and 26.13% (leaf K?

concentration). On the other hand, salinity stress signifi-

cantly increased root and leaf Na? concentrations by

130.08% and 43.48%, respectively. In the salinity stress

condition, the highest shoot and root fresh weights were

recorded for the genotypes T. aestivum (0.45 and

0.16 g plant-1) and Ae. caudata (0.41 and 0.12 g plant-1)

(Fig. 1a, c). Moreover, the genotypes T. aestivum (0.13 and

0.11 g plant-1) and Ae. caudata (0.12 and 0.09 g plant-1)

had the highest root and shoot root dry weights of all the

genotypes (Fig. 1b, d). The different studied genotypes

varied significantly for leaf and root Na? concentrations

and the K?/Na? ratios of their leaves and roots in both

control and salinity stress conditions. In the salinity con-

dition, the leaf Na? concentrations across the studied

genotypes ranged from 1.15 to 1.46 mmol g-1 DW (dry

weight); the genotypes Ae. triuncialis (1.15 mmol g-1

DW) followed by T. aestivum (1.20 mmol g-1 DW) and

Ae. speltoides (1.26 mmol g-1 DW) had the lowest Na?

concentrations in their leaves (Fig. 1e). In the same con-

dition, root Na? concentrations varied between 2.65 and

3.06 mmol g-1 DW; the genotypes Ae. tauschii

(2.65 mmol g-1 DW), T. aestivum (2.68 mmol g-1 DW),
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and Ae. caudata (2.70 mmol g-1 DW) showed the lowest

concentration of Na? in their roots (Fig. 1g).

Under the salinity condition, T. aestivum

(0.91 mmol g-1 DW), Ae. caudata (0.84 mmol g-1 DW),

and Ae. caudata (0.83 mmol g-1 DW) had the highest K?

concentration in their leaves (Fig. 1f). The highest root K?

concentrations were observed for Ae. tauschii

(0.35 mmol g-1 DW), Ae. triuncialis (0.34 mmol g-1

DW), and T. urartu (0.33 mmol g-1 DW) (Fig. 1h). The

K?/Na? ratios of leaves had a wide range of variability for

different genotypes and varied between 0.52 and 0.75

under salinity condition. The highest ratio was observed in

genotype T. aestivum (0.75) followed by Ae. neglecta

(0.66) and Ae. caudata (0.64) (Fig. 2a). In saline condi-

tions, there was variability in the K?/Na? ratios of roots;

these values ranged from 0.09 to 0.13. T. aestivum (0.13),

Ae. tauschii (0.12), and Ae. triuncialis (0.11) showed

higher values than the other genotypes (Fig. 2b).

Effect of salinity on antioxidant metabolism

The interactions between salinity and genotype significantly

affected the activity of guaiacol peroxidase (GPX), super-

oxide dismutase (SOD), and ascorbate peroxidase (APX)

antioxidant enzymes (Table 3). Salinity considerably

increased the activity of APX (31.38%), SOD (30.56%), and

GPX (14.64%). Under salinity stress, the highest APX

activity occurred in T. durum (0.34 Unit mg protein-1),

Ae. neglecta (0.33 Unit mg protein-1), Ae. speltoides

(0.25 Unit mg protein-1), and Ae. caudata (0.23 Unit mg

protein-1), respectively (Fig. 3a). Salinity stress signifi-

cantly changed the GXP activity. Ae. triuncialis

(65.44 Unit mg protein-1), the tolerant control variety

(55.41 Unit mg protein-1), Ae. tauschii (52.74 Unit mg

protein-1), and Ae. umbellulata (51.46 Unit mg protein-1)

showed higher GXP activities than the other genotypes

(Fig. 3b). SOD activity showed a wide range of variability

among the 12 genotypes. Under salinity, SOD activity varied

between 9.10 and 18.35 Unit mg protein-1. The highest

SOD activities were recorded for the genotypes Ae. umbel-

lulata (18.35 Unit mg protein-1), T. boeoticum

(18.33 Unit mg protein-1), Ae. tauschii (16.33 Unit mg

protein-1), and T. durum (15.43 Unit mg protein-1)

(Fig. 3c).

Change in expression levels of salt tolerance-related

genes

The relative transcript abundance of APX, MnSOD, GPX,

TaHKT1;5, and TaSOS1 in the leaf tissues of 12 genotypes

under two growth conditions was determined by RT-qPCR.

The results of ANOVA showed that salinity stress affected

the expression profiles of five genes, with significant dif-

ferences between the genotypes. The interaction between

genotype and stress treatment for all genes was also sig-

nificant (Table 3). Salinity stress significantly increased the

mean transcript levels by 25.38 (TaHKT1;5), 12.87 (GPX),

8.87 (APX), 5.16 (MnSOD), and 3.30 (TaSOS1)-fold more

than under the control condition (Table 3). In the control

condition, no significant difference was observed for the

expression patterns of all genes, while in the salinity con-

dition expression of the TaHKT1;5 gene was much higher

than the others (Table 3). Under salinity condition, a con-

siderable increase in mRNA transcripts of the APX gene

was observed in the leaves of T. durum (23.69-fold), Ae.

caudata (23.65-fold), Ae. triuncialis (8.32-fold), and Ae.

neglecta (3.70-fold) when compared to the control condi-

tion (Fig. 3d).

Table 2 Sequences of genes primers used for RT-qPCR reactions

Gene Primer sequence References

TaHKT1;5 Forward 50-CTATCACGTGGTGGTGCACC-30 Zamani Bangohari et al. (2013)

Reverse 50-ACGGAGAAGGTGTGCAGGCTG-30

TaSOS1 Forward 50-GTTGTCGGTGAGGTCGGAGGG-30 Ramezani et al. (2013)

Reverse 50-TCATCTTCTCCTACCGCCCTG C-30

MnSOD Forward 50-CAGAGGGTGCTGCTTTACAA-30 Baek and Skinner (2003)

Reverse 50-GGTCACAAGAGGGTCCTGAT-30

GXP Forward 50-CCCCCTGTACAAGTTCCTGA-30 Baek and Skinner (2003)

Reverse 50-GTCAACAACGTGACCCTCCT-30

APX Forward 50-GCAGCTGCTGAAGGAGAAGT-30 Baek and Skinner (2003)

Reverse 50-CACTGGGGCCACTCACTAAT-30

18S Forward 50-GGCCGCTCCTAGCCCTAATTG-30 Yousfi et al. (2016)

Reverse 50-TGAGCACTCTAATTTCTTCAAAGTACG-30
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Under salinity conditions, the expression levels of the

GPX gene showed that salinity stress increased the mRNA

transcripts of this gene. Higher numbers of transcripts were

found in the tolerant control varieties (7.21-fold), Ae.

umbellulata (11.39-fold), Ae. caudata (3.43-fold), and Ae.

triuncialis (13.42-fold) (Fig. 3e). The expression level of

the MnSOD gene was significantly higher in Ae. speltoides

(25.24-fold) followed by T. boeoticum (25.21-fold), Ae.

triuncialis (12.09-fold) and Ae. neglecta (11.25-fold) than

in unstressed plants (Fig. 3f). Ae. triuncialis (54.27-fold),

Ae. tauschii (29.92-fold), Ae. neglecta (29.81-fold) and Ae.

umbellulata (24.09-fold) showed the highest expression of

TaHKT1;5 gene and compared to control conditions for

these genotypes (Fig. 4a). Moreover, compared with the

control condition, the maximum numbers of TaSOS1 gene

transcripts were observed in Ae. tauschii (9.68-fold), T.

aestivum (6.76-fold), the tolerant control variety (2.94-

fold) and Ae. triuncialis (2.93-fold) (Fig. 4b).

Correlation between different traits and principal

component analysis

A heatmap plot based on Pearson’s correlation was ren-

dered to describe the associations between different phys-

iological traits, biochemical activities, and transcriptional

activities of salt tolerance-related genes (Fig. 5a).

According to this plot, there was a strong association

among RFW, RDW, SFW and SDW. Leaf K? concentra-

tion and the leaf K?/Na? ratio showed a positive correla-

tion with both RFW and RDW. RFW, RDW, SFW and

SDW positively correlated with the expression of TaSOS1

and GPX genes. Among ion concentrations, leaf K? and

Na? concentrations showed a positive relation with the

activity of the APX enzyme and expression of the TaSOS1

gene. Root K? concentration and K?/Na? ratio positively

correlated with the expression of the TaHKT1;5 and

TaSOS1 genes. The associations between three antioxidant

Table 3 Analysis of variance, means (± SDE), and relative changes due to salinity stress for physiological traits, biochemical activities, and the

relative expression of the studied genes in the different Aegilops and Triticum genotypes

Variable Source of variation Mean Relative change

to control

conditionReplication Stress (S) Genotype

(G)

S 9 G Error Control

condition

Salinity

condition

SFW 0.02 0.26** 0.93** 9 9 10-3 0.21 0.40 ± 0.03 0.28 ± 0.02 30.28%

RFW 1 9 10-3 0.04** 0.02* 7 9 10-3 4 9 10-3 0.07 ± 0.01 0.12 ± 0.01 47.23%

SDW 1 9 10-3 2 9 10-3 6 9 10-3** 1 9 10-4 1 9 10-3 0.10 ± 0.01 0.09 ± 0.01 10.68%

RDW 1 9 10-4 4 9 10-4 1 9 10-3** 4 9 10-4* 1 9 10-4 0.05 ± 0.01 0.03 ± 0.01 32.75%

LN 0.01 2.94** 0.08* 0.05 0.03 0.92 ± 0.04 1.32 ± 0.08 - 43.48%�

LK 0.05 1.52** 4 9 10-3 0.01 0.02 1.11 ± 0.06 0.82 ± 0.09 26.13%

RN 0.05 46.48** 0.09** 0.03 0.03 1.23 ± 0.05 2.83 ± 0.57 - 130.08%

RK 6 9 10-3 35.77** 2 9 10-3 2 9 10-3 4 9 10-3 1.71 ± 1.07 0.31 ± 0.97 81.87%

LKN 0.09 7.72** 0.14* 0.13 0.05 1.28 ± 0.03 0.62 ± 0.01 51.56%

RKN 0.02 31.71** 0.07** 0.06** 0.02 1.43 ± 0.01 0.11 ± 0.01 92.31%

APX activity 2 9 10-3 0.02** 0.01** 0.02** 1 9 10-3 0.10 ± 0.01 0.13 ± 0.01 - 31.38%

GPX activity 27.45 414.62* 412.32** 509.57** 122.40 32.79 ± 2.61 37.59 ± 2.39 - 14.64%

SOD activity 2.88 120.92** 100.02** 132.21** 3.56 8.48 ± 1.18 11.07 ± 0.87 - 30.56%

APX gene 15.41 5861.55** 44.96** 29.51 16.49 2.29 ± 0.31 20.33 ± 1.08 8.87-fold��

GPX gene 2.28 1098.24** 32.42** 28.15** 3.68 1.72 ± 0.15 22.15 ± 1.57 12.87-fold

MnSOD gene 35.37 7508.02** 83.29** 87.06** 25.88 1.87 ± 0.22 9.68 ± 0.78 5.16-fold

TaSOS1 gene 0.312 45.58** 0.71** 0.94** 0.23 0.69 ± 0.07 2.28 ± 0.13 3.30-fold

TaHKT1;5 gene 280.05 20,094.44** 562.72** 544.11** 147.41 1.37 ± 016 34.78 ± 3.93 25.38-fold

df value for replication, stress, genotypes, and interaction effect; error is 2, 1, 11, 11, and 46, respectively

SFW, shoot fresh weight; RFW, root fresh weight; SDW, shoot dry weight; RDW, root dry weight; LN, leaf Na? concentration; LK, leaf K?

concentration; RN, root Na? concentration; RK, root K? concentration; LKN, K?/Na? ratio of leaf; RKN, K?/Na? ratio of root; APX activity,

ascorbate peroxidase activity; GPX activity, guaiacol peroxidase activity; SOD activity, superoxide dismutase activity; APX gene, APX gene

expression; GPX gene, GPX gene expression; SOD gene, MnSOD gene expression, SOS1 gene, TaSOS1 gene expression; TaHKT1;5 gene,

TaHKT1;5 gene expression

*, **Significant at 0.05 and 0.01 probability levels, respectively
�Negative numbers indicate values higher than the control condition
��Relative change to the control condition
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enzyme activities were also strongly positive with each

other. Other relations between different traits and expres-

sion profile of studied genes are shown in Fig. 5a.

In the principal component analysis (PCA), all the

examined traits, APX, SOD, and GPX enzyme activities

along with the transcription values of TaHKT1;5, TaSOS1,

APX, GPX, and MnSOD were loaded into two major

principal components (PC1 and PC2) that explained

43.35% of the variance (Fig. 5b). In the PCA loading plot,

PC1 was positively affected by RFW, RDW, SFW and

SDW, leaf K? concentration, leaf K?/Na? ratios, and

expression of GPX and TaSOS1 genes. On the other hand,

Fig. 1 The means of shoot fresh weight (a), shoot dry weight (b),
root fresh weight (c), root dry weight (d), leaf Na? concentration (e),
leaf K? concentration (f), root Na? concentration (g), and root K?

concentration in different neglected, ancestral, and domesticated

wheat genotypes under control and salinity stress conditions. TA, T.

aestivum; TD, T. durum; TU, T. urartu; TB, T. boeoticum; AU, Ae.

umbellulata; AT, Ae. tauschii; AS, Ae. speltoides; AC, Ae. cylindrica;

AN, Ae. neglecta; AC, Ae. caudata; Atr, Ae. triuncialis; TC, Tolerant

control variety; SC, Sensitive control variety
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leaf and root Na? concentrations, root K? concentration,

K?/Na?, expression of the APX and TaHKT1;5 genes, and

activity of APX and SOD enzymes had a negative corre-

lation, explaining 24.26% of the total physiological varia-

tion. Similarly, PC2 was significantly affected by SFW,

SDW, root K? concentration, root K?/Na? ratio, expres-

sion of APX, TaHKT1;5, TaSOS1 genes, and activity of

GPX and SOD enzymes. PC2 had a strongly negative

relationship with leaf K? concentration and root Na?

concentration, altogether accounting for 19.08% of the

total variation. Figure 5b shows the angles between the

trait vectors used to explore the relationships between

different traits and the expression levels of the studied

genes. In this way, small or large angles indicate a strong

positive or weaker association, respectively. On the other

hand, a 180� angle shows that there was a negative asso-

ciation between the traits, whereas a 90� angle indicates no
association. For instance, the shoot and root biomasses

showed a significant positive association with each other

and with the expression of the TaSOS1, MnSOD, and GPX

genes. The expression of TaHKT1;5 significantly corre-

lated with SOD enzyme activity, root K? concentration,

and K?/Na? ratio. The activity of the SOD enzyme had a

significant positive relationship with the level of APX gene

expression. The PCA plot differentiates between the dif-

ferent domesticated and wild wheat genotypes based on

response to saline conditions. The biplot analysis indicated

that shoot and root biomasses, expression of GPX gene,

and leaf K?/Na? ratio were positively associated with the

T. aestivum genotype, whereas leaf K? concentration was

associated with Ae. caudata. Root K? concentration and

K?/Na? ratio, SOD enzyme activity, and expression of the

APX and TaHKT1;5 genes were also highly associated with

the Ae. tauschii and Ae. triuncialis genotypes. Root Na?

concentration and APX enzyme activity were highly

associated with T. urartu, Ae. speltoides, and the tolerant

and sensitive control genotypes.

Discussion

Genetic erosion in our improved wheat genotypes and the

small contribution to these genotypes from the genetic

potential that could be gained by the development of new

cultivars are reasons why further research should explore

the source of ideal genes found in wild wheat (Pour-

Aboughadareh et al. 2017b). The results of many com-

parative studies have revealed that some of the wild rela-

tives of domestic wheat deserve better consideration and

acknowledgement of the genetic potential of this gene pool

due to the physiological mechanisms and molecular path-

ways involved in abiotic tolerance mechanisms (Byrt et al.

2007; Pour-Aboughadareh et al. 2017a; Ahmadi et al.

2018b, c; Arabbeigi et al. 2018). In this investigation,

several ancestral and neglected wheat species with differ-

ent genetic backgrounds were investigated for their shoot

and root biomasses, leaf and root ion concentrations,

antioxidant enzyme activities, and salinity-related gene

expression under two control and severe salinity conditions

to uncover genotypes and mechanisms that may be reliable

for the selection of salt-tolerant genotypes. Our results

showed that the impact of salinity stress on the response of

plant seedlings was significantly dependent on genotype, as

significant differences were found for shoot and root bio-

mass production, ion concentrations, antioxidant activities,

and gene expression (Table 3). Salinity stress significantly

reduced the experimental plants’ root and shoot biomasses,

K? concentration, and K?/Na? ratio in comparison with

Fig. 2 The means of K?/Na? ratio of root (a) and leaf (b) in different
neglected, ancestral, and domesticated wheat genotypes under control

and salinity stress conditions. TA, T. aestivum; TD, T. durum; TU, T.

urartu; TB, T. boeoticum; AU, Ae. umbellulata; AT, Ae. tauschii; AS,

Ae. speltoides; AC, Ae. cylindrica; AN, Ae. neglecta; AC, Ae.

caudata; Atr, Ae. triuncialis; TC, tolerant control variety; SC,

sensitive control variety
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Fig. 3 The means of ascorbate peroxidase activity (Unit mg pro-

tein-1) (a), guaiacol peroxidase activity (Unit mg protein-1) (b),
superoxide dismutase activity (Unit mg protein-1) (c), the mean fold-

change of APX gene expression (d), the mean fold-change of GPX

gene expression (e), and the mean fold-change MnSOD gene

expression (f) in different neglected, ancestral, and domesticated

wheat genotypes under control and salinity stress conditions. TA, T.

aestivum; TD, T. durum; TU, T. urartu; TB, T. boeoticum; AU, Ae.

umbellulata; AT, Ae. tauschii; AS, Ae. speltoides; AC, Ae. cylindrica;

AN, Ae. neglecta; AC, Ae. caudata; Atr, Ae. triuncialis; TC, tolerant

control variety; SC, sensitive control variety

Fig. 4 Mean fold-change of TaHKT1;5 gene expression (a) and

mean fold-change of TaSOS1 gene expression (b) in different

neglected, ancestral, and domesticated wheat genotypes under control

and salinity stress conditions. TA, T. aestivum; TD, T. durum; TU, T.

urartu; TB, T. boeoticum; AU, Ae. umbellulata; AT, Ae. tauschii; AS,

Ae. speltoides; AC, Ae. cylindrica; AN, Ae. neglecta; AC, Ae.

caudata; Atr, Ae. triuncialis; TC, tolerant control variety; SC,

sensitive control variety
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the control condition (Table 3). Similarly, salinity stress

had a negative effect on the shoot and root seedling per-

formances of common and wild species of wheat; the rate

of reduction in these parameters was significantly associ-

ated with the increase in salt concentration (Arabbeigi et al.

2014; Ahmadi et al. 2018c). It is known that there is a

strong association between salinity tolerance and the K?

concentration status in different plant’s organs. Increasing

K? supply in the root environment limits transportation of

Na? from vascular systems (Ahmadi et al. 2018c). Fur-

thermore, the ability to maintain high tissue K?/Na? ratios

could be a crucial salinity tolerance discriminator (Shabala

and Pottosin 2014). In this study, two genotypes T. aes-

tivum (with ABD genome) and Ae. triuncialis (with UC

genome) showed higher K?/Na? ratios for leaf and root

tissues than from other genotypes. This result is consistent

with Arabbeigi et al. (2014) and Ahmadi et al. (2018c),

who illustrated a considerable ability of species possessing

the C genome to respond to salinity stress.

Upon exposure to salinity stress, plants undergo several

changes from morpho-physiological adaptation to gene

expression (Shinozaki and Yamaguchi-Shinozaki 2007). In

such situations, the production of ROS is one of the

unavoidable events that appears as a secondary stress.

Scavenging excess ROS to protect plant cells and stabi-

lizing an optimum level of ROS for signaling are important

strategies in a tolerant genotype to cope with saline con-

ditions (Verma et al. 2014). Hence, plants possess a

specific defense mechanism for scavenging ROS that

includes activation of both non-enzymatic antioxidants and

antioxidant enzymes. Several antioxidant enzymes such as

GPX, SOD, APX, and CAT are known to significantly

decline the levels of ROS in plants (Johnson et al. 2003;

Ali and Alqurainy 2006). In the present study, biochemical

activities including APX, GPX, and SOD in the tested

genotypes increased significantly under salinity stress

conditions relative to the levels under control conditions,

indicating serious damage to the plant cells (Table 3). A

recent study by Ahmadi et al. (2018c) indicated that

salinity stress significantly affected antioxidant activities in

different Aegilops and Triticum species, and differences in

these biochemical activities in response to salinity stress

were detected among the tested accessions. Based on our

results, salinity-stressed genotypes of T. durum followed by

Ae. caudata, Ae. speltoides, and Ae. neglecta had higher

APX activities than controls, indicating that genomes AB,

C, B, and UM may be more successful in controlling

intercellular ROS accumulation than others. These results

were supported by RT-qPCR data (Fig. 3a, d). Similarly,

several studies reported an increasing trend for the

expression of the APX gene under salinity conditions in

different crop plants such as tomatoes, tobacco, sweet

potatoes, and Arabidopsis (Wang et al. 2005; Lee et al.

2007; Yan et al. 2016). Sharma et al. (2012) demonstrated

that upregulation of this antioxidant enzyme increases the

tolerance of plants. It is known that the SOD enzyme

catalyzes the dismutation of O2
- into H2O2 and this act is

known as the main defense mechanism to cope with

oxidative stress in plants (Bose et al. 2014). Suneja et al.

(2017) indicated that the SOD antioxidant enzyme is one of

the key biochemical parameters for assessing the tolerance

mechanism of plants and can be used as an indirect

Fig. 5 Heatmap indicating association among different physiological

traits, biochemical activities, and relative expression of studied genes

under salinity stress (350 mM NaCl) condition (a). The biplot

rendered is based on the first two components (PC1 and PC2) for

physiological and biochemical-related traits and relative expression of

the studied genes in neglected, ancestral, and domesticated wheat

genotypes under salinity stress (350 mM NaCl) condition (b). SFW,

shoot fresh weight; RFW, root fresh weight; SDW, shoot dry weight;

RDW, root dry weight; LN, leaf Na? concentration; LK, leaf K?

concentration; RN, root Na? concentration; root K? concentration;

LKN, K?/Na? ratio of leaf; RKN, K?/Na? ratio of root; APX

activity, ascorbate peroxidase activity; GPX activity, guaiacol perox-

idase activity; SOD activity, superoxide dismutase activity; APX

gene, APX gene expression; GPX gene, GPX gene expression; SOD

gene, MnSOD gene expression, SOS1 gene, TaSOS1 gene expression;

TaHKT1;5 gene, TaHKT1;5 TaHKT1;5 gene
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selection criteria for identifying salt-tolerant plants. In the

present study, the highest SOD activities were found in U

(Ae. umbellulata), AB (T. durum), B (Ae. speltoides), and

Ab (T. boeoticum) genomes; this might protect them from

the negative effects of salinity stress (Fig. 3c). When the

expression data was compared, the increasing trend for the

MnSOD gene was Ae. triuncialis[ T. boeoticum[Ae.

speltoides[Ae. neglecta[ other genotypes (Fig. 3f).

SOD catalyze the dismutation of O2
.- into H2O2 and are

considered as the vital of defense in confronting oxidative

stress in plants (Bose et al. 2014). The MnSOD gene

consists of three isoforms, which are activated in the

mitochondria, peroxisome, chloroplast, and cytosol (Bow-

ler et al. 1992). Hence, increased expression of the MnSOD

gene in the aforementioned genotypes (especially B and Ab

genomes) suggest a protective mechanism targeted to the

mitochondria. Moreover, three wild genotypes with D (Ae.

tauschii), UC (Ae. triuncialis), and U (Ae. umbellulata)

genomes showed higher GPX enzyme activity and

expression than the other genotypes (Fig. 3b, e), indicating

that biosynthesis of lignin and scavenging H2O2 in

chloroplasts are the main defense mechanisms against

salinity in these genomes (Gill and Tuteja 2010). In gen-

eral, the variation in biochemical activities among the

Aegilops species showed the different capabilities of these

genotypes to address oxidative damage by increasing

antioxidant activities. In addition, the increased expression

observed for the APX, GPX, and MnSOD genes in some

wild relatives suggests that alien genomes possess a con-

siderable ability to respond to saline conditions.

In plants, the sequestration and translocation of Na?

inside different organs is an important factor that supports

plant growth in saline environments. The Na? absorbed at

the root environment will be moved to the xylem through

several transporters and channels. In glycophytes—which

include many crop plants—regulating the transportation of

Na? from the root to leaf is an important factor in adap-

tation to saline environments (Tester and Davenport 2003).

Among the transporters, high-affinity K? transporters

(HKTs) are one of the important transporters that display

specificity for K? and Na? (Assaha et al. 2017). In addition

to HKT genes, the SOS pathway is commonly viewed as a

key pathway involved in regulation of Na? homeostasis in

plants (Katschnig et al. 2015). This pathway system

includes three components (SOS1, SOS2, and SOS3), of

which SOS1 is a Na?/H? antiporter and stimulates efflux

Na? in exchange for H? (Gong et al. 2004). In the present

investigation, salinity stress increased the relative expres-

sion of the TaHKT1;5 and TaSOS1 genes. Among different

domesticated and wild wheat genotypes, Ae. tauschii, Ae.

triuncialis, and T. aestivum showed high transcription for

these genes (Fig. 4). This in turn indicates that Na?

exclusion may be one of the key salinity tolerance

mechanisms in these genotypes. Hence, the existence of an

efficient SOS pathway would make a crucial contribution

to the superior tolerance in these genotypes (Gao et al.

2016). In a study conducted by Zhu et al. (2015), it was

founded that the Nax2 locus coding for HKT1;5 is involved

in the regulation of SOS1 activity in xylem loading of Na?.

Furthermore, there is a strong association between SOS1

and HKTs pathways for salt tolerance (Assaha et al. 2017).

In this regard, our results also indicated a significant

association between the expression of TaHKT1;5 and

TaSOS1 under salinity stress (Fig. 5a), suggesting an

increase in the expression of SOS1 leads to the intake of

Na? into the xylem for translocation to the shoots for

osmoregulation (Assaha et al. 2017). Considering the biplot

rendered from the PCA analysis (Fig. 5b), we identified the

superior genotypes in terms of physiological and bio-

chemical responses to salinity stress. Based on this biplot,

the wild genotypes Ae. tauschii and Ae. triuncialis exhib-

ited a clearly better physiological potential than the control

varieties and other genotypes. However, we could not show

a clear grouping pattern for separation of the different

genotypes through their responses to salinity stress. We

thus surmise this unclear pattern is a consequence of the

high rate of genetic variation and the differences between

the genetic backgrounds in the tested materials.

Conclusion

In conclusion, our findings revealed a high level of phys-

iological and biochemical variation among the wheat

germplasm in response to salinity stress. These results may

reveal new paths for comprehensive consideration of some

of the neglected and ancestral species of wheat with

salinity tolerance and for questioning the complex con-

nections among alien genomes such as C, U, DC, MD and

UC to cope with salinity stress. Remarkably, in the present

study we identified two wild wheat genotypes (Ae. tauschii

and Ae. triuncialis) which had a possible source of valuable

physio-chemical traits for breeding as well as an interesting

features for future investigations. Hence, investigation of

genetic diversity within these species and further molecular

studies are essential to determine the novel mechanisms

and pathways associated with salinity tolerance in these

genotypes.
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