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The present investigation was carried out to study the distinct salt tolerance mechanism 
in two sets of material, Gly II transgenics and Kharchia landraces. The Gly II transgenics 
were developed for glyoxalase II (osglyII) gene (GenBank accession no. AY054407) from 
Oryza sativa through Agrobacterium mediated method in the background of wheat cultivar 
PBW 621. Kharchia 65 is a salt tolerant landrace derivative developed from Kharchia local 
which is native to saline soils of Rajasthan. The six wheat genotypes, viz. Kharchia local, 
Kharchia 65, PBW 621, G-2-2, G-3-4 and G-1-13 were evaluated for growth parameters, 
antioxidant enzymes and contents of glutathione, ascorbic acid, malondialdehyde (MDA), 
H2O2, sugars, chlorophyll, carotenoid, electrolyte leakage (EL) and Na+, K+ under control 
and two salt treatments (150 mM and 250 mM NaCl). The activities of antioxidant enzymes, 
glutathione, sugar content increased in both GlyII and Kharchia genotypes as compared to 
PBW 621. The GlyII activity increased (77–84%) in GlyII genotypes alongwith content of 
reduced glutathione (GSH) to maintain redox homeostasis. Apparently, GlyII and Kharchia 
genotypes exhibited minimum oxidative stress due to low content of MDA, H2O2, dimin-
ished EL and thereby causing less growth reduction and maintaining high chlorophyll and 
carotenoid level as compared to PBW 621. In addition, Gly II transgenic material and 
Kharchia lines showed less Na+ accumulation, greater seedling biomass and sugar content 
due to its salt tolerance mechanism. We infer that GlyII activity enhances GSH which play 
significant role in detoxifying ROS to establish stress homeostasis. The route for generation 
of GSH is via ascorbate-glutathione pathway mediated by glutathione reductase. Hence, 
GlyII transgenics and Kharchia genotypes can diminish salt stress following above mecha-
nism.
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Introduction

Wheat (Triticum aestivum L.) is a major cereal crop and staple food for about one third of 
world’s population (Hussain et al. 2002). Wheat is cultivated in tropical and sub-tropical 
regions under both rain-fed and irrigated conditions. Owing to its wide cultivation, wheat 
production is prone to adverse effect of various abiotic stresses (Rahaie et al. 2013), and 
60% loss of crop production is caused by salt stress (Xie et al. 2016). Wheat is a moder-
ately salt tolerant crop (Munns et al. 2011) but its growth reduces when soil salinity rises 
to 100 mM NaCl. However, very few wheat genotypes having salt tolerance mechanism 
have been identified so far (Sairam et al. 2002).  

Salinity has detrimental effects on growth and development processes of plants. Under 
salt stress, hyperosmotic and hyperionic (ion toxicity) stresses occur due to low water 
potential of soil and excess sodium ion accumulation within the plant (Ashraf 2004). Of 
230 million ha of irrigated land, 45 million ha (19.5%) have already been damaged by salt 
(FAO 2016). When plants are exposed to salinity, reactive oxygen species (ROS) such as 
hydrogen peroxide, superoxide radical and hydroxyl radical are produced by a number of 
metabolic pathways (Hoque et al. 2012). These free radicals disturb normal metabolism 
by peroxidising membrane lipids and denaturing proteins, photosynthetic pigments and 
nucleic acids (Das and Roychoudhury 2014; Kapoor 2015). However, plants have differ-
ent defence mechanism to cope with the potential damage of salinity like accumulation of 
osmolytes (osmotic adjustments), compartmentalization of Na+ and antioxidant system. 
The enzymatic antioxidants are superoxide dismutase, glutathione peroxidase, glutathione 
reductase, glutathione S-transferase, ascorbate peroxidase and non-enzymatic are ascor-
bate, glutathione and carotenoid (Miller et al. 2010).

Passaia et al. (2013) reported higher expression analysis of CATA and POX1 in con-
junction with increased levels of oxidative stress metabolites in salt susceptible rice M148 
plants as compared to tolerant CSR10 plants. They inferred that M148 plants experienced 
higher oxidative stress due to increased build up of ROS species that needed more amount 
of catalase activity to establish homeostasis under stress conditions. Singh et al. (2018) 
also correlated ionic modulations with salt responsive genes in rice.

In addition to the generation of ROS, accumulation of a toxic compound, methylgly-
oxal (MG) has been reported under salt stress condition (Ghosh et al. 2014) and detoxifi-
cation of this compound via glyoxalase I (GlyI) and glyoxalase II (GlyII) enzymes might 
be a strategy for tolerance against various abiotic stresses (Hoque et al. 2016; Gupta et al. 
2018). Methylglyoxal is a cytotoxic metabolite which initiates stress induced signalling 
cascade via increasing the production of ROS, that results in modification or damage to 
membrane lipids or proteins which are involved in various transduction pathways that 
eventually culminates in cell death (Hoque et al. 2016). The transgenic plants overex-
pressing glyoxalase genes for GlyI or GlyII enzymes have better MG and ROS levels than 
non-transgenic plants when exposed to stress conditions, as these transgenic plants can 
tolerate high levels of salt stress (Singla-Pareek 2008). In this MG catabolic pathway, 
GlyI enzyme isomerizes hemithioacetal which synthesized non-enzymatically with MG 
and reduced form of glutathione (GSH), into S-D-lactoylglutathione, while GlyII enzyme 
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catalyzes the hydrolysis of this thioester to D-lactate and regenerates GSH. So, the over-
expression of glyoxalases could result in increased level of GSH that probably helps to 
detoxify ROS which in turn enhances tolerance against salt stress. 

The present study is based on a set of three GlyII transgenic wheat lines alongwith re-
cipient line PBW 621. PBW 621 is a cultivar grown in the North Western Plains of India 
and is a selection from Kachu’s lines developed at CIMMYT, Mexico. Besides GlyII 
transgenics and its reference line, the study also includes the best known salt tolerant 
landrace of India, Kharchia local (Gorham et al. 1987) alongwith its commercially grown 
derivative, Kharchia 65. Kharchia 65 is a highly salt tolerant wheat genotype that has 
been extensively used in breeding programmes to generate salt tolerant cultivars (Oyiga 
et al. 2016).

The two distinct types of salt tolerant lines in this study are likely to be based on strong 
genetic mechanisms capable of rapid or constitutive response to salinity stress. Using a 
simple biochemical assays, these responses were characterized using an array of physio-
biochemical traits. This study delineates the biochemical consequences of two distinct 
salt tolerance systems, one owing its origin to selection and the spontaneous genetic 
changes in the salt affected environment of western Rajasthan (Kharchia local and Khar-
chia 65) and the other based on insertion of constitutively expressed transgene for a single 
metabolic step.

Material and Methods

The wheat GlyII transformed lines were developed for glyoxalase II (osglyII) gene (Gen-
Bank accession no. AY054407) from Oryza sativa through Agrobacterium mediated 
method in the background of wheat cultivar PBW 621 (Kaur 2014). The plasmid pCam-
bia1304 served as the DNA construct backbone. The transgenic status of the plants (T0) 
was confirmed through histochemical GUS assay, PCR based analysis and amplicon se-
quences of GlyII gene as well as promoter, terminator and marker genes of the construct 
(Kaur 2014). The inheritance of the transgene was monitored in successive generations 
and three progenies (viz. G-2-2, G-3-4 and G-1-13) which were homozygous for GlyII 
gene and represented independent transformation events were selected. PBW 621, the 
wheat cultivar in which transformation was carried was included in the study to serve as 
reference material for the three transgenic lines. The highly salt tolerant wheat line Khar-
chia 65 and its landrace Kharchia local were included in the study as test lines in their 
own right and also to serve as a tolerant benchmark. Kharchia 65 is a derivative of Khar-
chia local developed through backcrossing with rust resistant wheat. The selected wheat 
genotypes Kharchia local, Kharchia 65, PBW 621 and Gly II lines (G-2-2, G-3-4 and 
G-1-13) were obtained from Department of Plant Breeding and Genetics PAU, Ludhiana. 
After 3 days of germination, the cultivars were transferred to hydroponic system in plastic 
trays containing 8 L Hoagland’s solution (Hoagland and Arnon 1950) under control and 
salt stressed conditions (150 mM and 250 mM NaCl). The salt stress was applied by add-
ing NaCl, Na2SO4 and CaCl2, keeping Na:Ca and Cl:SO4 ratios of 4:1 in order to get ap-
propriate results. Fifteen-day-old seedlings were harvested to determine their shoot and 
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root length as well as fresh weight (FW). Then, plants were dried in oven for 48 h to 72 h 
at 60 °C to obtain constant dry weight (DW).

Biochemical and physiological parameters

The shoot and root tissues were extracted in chilled pestle and mortar with Na-phosphate 
buffer (0.05 M, pH 7.0), EDTA (0.001 M) and PVP (1%, Polyvinyl pyrrolidone). The 
homogenate was centrifuged at 15,000×g for 20 min at 4 °C and the supernatant was used 
for measuring enzyme activities.

Antioxidant enzyme assays

GlyII activity was assayed according to Antognelli et al. (2003). The assay mixture con-
tained DTNB (0.5 ml of 0.2 mM), enzyme extract (0.2 ml), Tris-HCl buffer (1.0 ml of 100 
mM, pH 7.4). Reaction was started by adding S-D-lactoylglutathione (0.4 ml of 0.8 mM) 
and the absorbance was recorded at 412 nm (ε = 26.6 mM–1 cm–1) with 30 sec interval for 
3 min. The enzyme specific activity was expressed as μmoles min–1 mg–1 protein. Glu-
tathione peroxidase (GPX) was assayed according to Valentine and Paglia (1987). The 
reaction mixture composed of K-phosphate buffer (0.5 mM), NaNO3 (1 mM), EDTA (0.5 
mM) and NADPH (0.2 mM). The enzyme activity was recorded as decrease in absorb-
ance at 340 nm (ε = 6.5 mM–1 cm–1). Glutathione reductase (GR) activity was determined 
by using the protocol of Shaedle and Bassham (1977). The assay mixture composed of 
Tris-HCl buffer (50 mM, pH 7.5), EDTA (0.1 mM), MgCl2 (3 mM), GSSG (0.5 mM) and 
NADPH (0.15 mM). The activity was recorded as decrease in absorbance at 340 nm 
(ε = 6.2 mM–1 cm–1). Glutathione S-transferase activity was estimated as decrease in ab-
sorbance at 340 nm (ε = 9.8 mM–1 cm–1) with 30 sec interval for 3 min (Mannervik and 
Guthenberg 1981). The reaction mixture composed of Na-phosphate buffer (100 mM,  
pH 6.5), CDNB (1 mM, 1-chloro-2,4-dinitrobenzene) and reduced glutathione (1 mM).  
Superoxide dismutase (SOD) activity was assayed by the method of Becana et al. (1986) 
based on inhibition of photochemical reduction of nitroblue tetrazolium (NBT). Reagents 
used for assay included Na-phosphate buffer (50 mM, pH 7.8), methionine (14.3 mM), 
riboflavin (2.2 μM), NBT (82.5 μM), EDTA (0.1 mM) and 100 μL enzyme extract. The 
reaction was run under illumination of 15 W fluorescence light for 10 min. The absorb-
ance of reaction mixture was determined at 560 nm. The reaction mixture without super-
natant was used as control and a dark control mixture act as a blank. One unit of SOD 
activity was defined as amount of enzyme that is able to inhibit tetrazolium blue reduction 
by 50% under assay condition.

Antioxidant analyses

Glutathione (GSH) content of fresh samples was measured by the procedure of Beutler et 
al. (1963). One ml tissue extract was mixed with glacial m-phosphoric acid (1.67 g), NaCl 
(30 g) and Na2EDTA (0.2 g) in a total volume of 100 ml and centrifuged at 1,000×g for 
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10 min. The supernatant (1 ml) collected was added to Na2HPO3 (4 ml of 0.3 M), DTNB 
(0.5 ml) and the absorbance of yellow color was recorded at 412 nm within 10 min. 
Ascorbic acid content was measured according to method of Luwe et al. (1993). 0.5 g of 
tissue sample was homogenized in TCA (1% w/v) and centrifuged at 12,000×g for 20 
min. The supernatant obtained was mixed with potassium phosphate buffer (pH 7.0) and 
ascorbate oxidase. The oxidation of ascorbate was then recorded at 265 nm.

Metabolite analyses

Hydrogen peroxide (H2O2) was estimated by homogenizing the tissue (0.5 g) in TCA 
(0.1%) and centrifuged at 10,000×g for 25 min (Noreen and Ashraf 2009). The superna-
tant obtained was used for estimation of H2O2 content. MDA, product of lipid peroxida-
tion was estimated by the method of Heath and Packer (1968). The sample was homog-
enized in TCA (0.1%) and then added to TBA (5 ml) solution which contained TBA 
(0.5%) and TCA (20%). The whole mixture was heated for 30 min at 90 °C, cooled and 
then centrifuged at 10,000×g for 15 min. The absorbance of color was recorded at 532 and 
600 nm. Mean of the readings in triplicate with extinction coefficient of 155 mM–1 cm–1 

was used to calculate lipid peroxides and expressed as μmol MDA g–1 FW. Sugar content 
of fresh samples was measured by the protocol given by Dubois et al. (1956). Sodium 
(Na+) and potassium (K+) analysis was done as described by Yeo and Flowers (1983). The 
tissue was first dried in oven at 60 °C for 48 h and digested with HNO3/HClO4 solution 
(2:1). The digested sample was diluted with distilled water and the content of Na+ and K+ 
were quantified using flame photometer. 

Membrane stability parameter

Electrolyte leakage was determined as described by Valentovic et al. (2006).

Chlorophyll and carotenoid content

Total chlorophyll and carotenoid content from fresh leaf tissue was determined according 
to the method given by Wellburn (1994). Briefly, 0.5 g of fresh leaf sample was taken and 
incubated in 5 ml of dimethyl sulfoxide (DMSO) for 4 h at 65 °C. The absorbance of 
DMSO containing pigments was recorded at 665 nm, 649 nm and 480 nm.

Statistical analysis

All analyses were carried out in triplicate and values were presented as mean ± SD of 
three replicates. Data for various parameters among six wheat genotypes were statisti-
cally analyzed by one-way analysis of variance (ANOVA) at the probability level of 
p < 0.05 using multiple comparisons (Tukey’s post hoc test) by SPSS V16.0 software. The 
LSD values were analyzed by factorial CRD (Software CPCS1). 
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Results

Length and biomass

The present study showed that shoot and root length, fresh weight and dry weight were 
significantly decreased with increase in the level of salinity but there was less reduction 
in case of Kharchia and transgenic GlyII lines. Under less salt concentration (150 mM 
NaCl), the adverse effect of salinity stress was less conspicuous than at higher concentra-
tion (250 mM NaCl). With the application of 150 mM and 250 mM NaCl, shoot length 
was reduced by 20% and 43%, root length by 22% and 54%, shoot fresh weight by 28% 
and 49%, root fresh weight by 32% and 63%, shoot dry weight by 23% and 52% and root 
dry weight by 31% and 60%, respectively, in comparison to control condition (Fig. S1*). 
The wheat genotype Kharchia 65 and G-1-13 line were less affected by increasing salt 
stress whereas PBW 621 was most affected. The maximum reduction in shoot length was 
observed in PBW 621 (50%) while minimum reduction in shoot fresh and dry weight 
wasfound in Kharchia 65 (43% and 45%) and G-1-13 (44% and 48%) at 250 mM NaCl.

GlyII and other antioxidant enzymes

Root and shoot seedlings were assayed to determine the activity of different antioxidant 
enzymes such as GlyII, GPX, GR, GST and SOD under control and salt treatments (150 
mM and 250 mM NaCl). The GlyII activity increased in all wheat genotypes, but the 
maximum increase was reported in GlyII transgenic lines (77–84% at 250 mM NaCl)  
(Fig. S2). Similarly, GPX activity was increased by 1.42- to 3.89-fold in the shoot and 
1.59 to 2.87 fold in root at 250 mM NaCl whereas 1.4-fold decrease was recorded in shoot 
and root of PBW 621 cultivar (Fig. S2). A similar trend was observed for GR and SOD 
activities in shoot and root under high salinity stress. In shoot of wheat seedling, the high-
est SOD activity was observed in G-1-13 (2.40 fold) followed by Kharchia 65 (2.35 fold) 
at 250 mM NaCl as compared to control (Fig. S2). The GR activity increased 34 to 84% 
in shoot and 20 to 41% in root under 250 mM NaCl stress. The maximum increase in GR 
activity was observed in G-1-13 (84%) followed by G-2-2 (74%), G-3-4 (70%) and  
Kharchia 65 (68%) in the shoot (Fig. S2). On the other end, GST activity decreased with 
high salt stress in both the shoot (48–68%) and root (14–62%) as shown in Fig. S3. The 
minimum decrease in GST activity was observed in roots of G-1-13 (14%) followed by 
G-2-2 (19%) and G-2-3 (21%). 

Glutathione and ascorbic acid

High salt stress increased the glutathione content in shoot (22 to 79%) and root (23 to 
62%) of studied wheat genotypes. Highest accumulation of glutathione was observed at 
250 mM NaCl in G-1-13 (79%) followed by G-2-2 (77%) and lowest in PBW 621 (22%) 
in shoot. Shoots showed higher increase in glutathione content than roots at 250 mM 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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NaCl (Fig. S3). The concentration of ascorbic acid decreased with increasing salt stress 
(150 mM and 250 mM NaCl) in both shoot and root (Fig. S3) while the least decline was 
observed in Kharchia 65 (28.12 μmol g–1 FW) followed by G-1-13 (27.96 μmol g–1 FW) 
in shoot and the highest decline was recorded in root of PBW 621 (16.23 μmol g–1 FW).

Hydrogen peroxide, lipid peroxide and soluble sugars

Salt treatment caused a marked increase in the level of H2O2 content in both shoot and 
root at 250 mM NaCl while the maximum increase was recorded in root of PBW 621 
(78%) (Fig. S4). In case of shoot, the minimum increase in H2O2 content was observed in 
G-1-13 (23%) followed by Kharchia 65 (24%) and G-3-4 (24%). Similarly, the effect of 
increasing salinity stress was measured in terms of MDA content which increased at 150 
mM and 250 mM NaCl concentration (Fig. S4) while the minimum increase was found in 
G-1-13 (32%) followed by Kharchia 65 (33%) in the shoot. The soluble sugar content 
also increased in the shoot (51–117%) and in root (50–91%) at 250 mM NaCl concentra-
tion with maximum increase was observed in shoots of Kharchia 65 (117%) followed by 
G-1-13 (103%).

Chlorophyll and carotenoid

The chlorophyll and carotenoid contents decreased with higher NaCl concentration in 
growth medium (Fig. S5). Maintenance of chlorophyll content has been observed in salt 
tolerant Kharchia 65, Kharchia local and GlyII transgenic lines i.e. less decrease in chlo-
rophyll content in these lines as compared to salt sensitive PBW 621. Carotenoid content 
in Kharchia 65 decreased by 6%, 34% at 150 mM and 250 mM NaCl, respectively, while 
36%, 75% decrease was found in PBW 621.

Na+/K+ analysis and electrolyte leakage

High salt stress significantly affected the Na+ and K+ contents in all the studied wheat 
genotypes. The content of Na+ increased with an increase in NaCl concentration from 150 
mM (1.63 to 2.02 fold) to 250 mM (3.33- to 4.89-fold) (Fig. S5). The minimum increase 
in Na+ content was obtained in Kharchia 65 as compared to other genotypes at 250 mM 
NaCl. However, K+ content decreased with the application of NaCl in the range of 3.17- 
to 4.25-fold with highest decrease was found in PBW 621 (4.25-fold) at 250 mM NaCl 
(Fig. S5).

Discussion

The components of salt tolerance in the set of wheat lines, evaluated would manifest in 
morpho-physiological as well as biochemical aspects related to scavenging of free radi-
cals, osmotic adjustment and membrane stability under high salinity. Salt stress leads to 
several changes in plant cell, which results in lethal effect on their structure and function. 
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Salinity significantly reduced the length and biomass of wheat seedlings but the reduction 
was more pronounced at 250 mM NaCl concentration. However, Kharchia 65, G-1-13, 
G-3-2, G-2-2 and Kharchia local showed minimum growth reduction and maintained 
higher plant biomass as compared to PBW 621. In addition, Kharchia 65 followed by 
G-1-13 reported as more salt tolerant genotypes in response to high salinity which is evi-
dent due to less reduction in root/shoot length and biomass as compared to other geno-
types (Fig. S1). Research findings indicate that an increase in tissue maintenance process 
is the primary cause of growth during stress, which could represent a mechanism of ad-
aptation to salinity (Flower and Yeo 1995). Tolerance mechanisms are capable of main-
taining the growth of shoot and reproductive parts even under stress in Kharchia 65 which 
is one of the salt-resistant attributes of this wheat line under salinity stress (Joshi et al. 
1980). The GlyII transgenic line (G-1-13) also showed similar type of tolerance behavior 
as of Kharchia 65. Likewise, salt tolerance mechanism in chickpea was related to higher 
maintenance of leaf relative water content (Singh et al. 2018) which enhanced higher 
water absorption and low tissue transpiration, thus acclimatizing the crop for better parti-
tioning of assimilates towards root system.   

The glyoxalase pathway consists of two enzymes (Gly1 and GlyII) that are closely  
associated with tolerance to salinity. For example, transgenic rice and tobacco plants 
harboring rice GlyII gene, in which overexpression of GlyII enhances tolerance to high 
methylglyoxal and NaCl concentration (Wani and Gosal 2011). Even, the transgenic 
plants can assist growth and maintain ion balance as compared to non-transgenic plants. 
In our study, overexpressing osglyII gene from Oryza sativa in PBW 621 conferred resist-
ance to high salinity in transgenic GlyII lines (G-1-13, G-2-2 and G-3-4) by significantly 
elevating GlyII activity as compared to other genotypes. The highest GlyII activity at 250 
mM NaCl concentration was shown in G-1-13 (Fig. S2). The toxic compound methylgly-
oxal builds up under stress conditions and its detoxification by GlyII enzymes might be a 
strategy for conferring tolerance against various abiotic stresses (Hoque et al. 2016).

The activity of antioxidant enzymes (GPX, GR, SOD) increased under stressful condi-
tion which correlates with increased stress tolerance (Gill and Tuteja 2010). GPX plays a 
major role in scavenging H2O2 generated under the high salt concentration. It catalyses 
the dismutation of H2O2 to oxidized glutathione (GSSG) and water with the use of GSH. 
For instance, in transgenic tomato, overexpressing GPX gene resulted in higher tolerance 
against various abiotic stresses (Herbette et al. 2011). During this study, GST activity 
decreased with increasing NaCl concentration but in the case of root, the decrease was 
less in transgenic lines and Kharchia 65. The higher levels of GR activity in root and 
shoot of salt stressed tolerant cultivars indicated a more active ascorbate-glutathione 
pathway than the sensitive cultivar. This cycle has been implicated in mitigating the effect 
of ROS and in maintaining a higher ratio of GSH/GSSG (Noctor et al. 2012; Ghosh et al. 
2014). GSH content is regulated by two enzymes (GlyII and GR), which serve as a pro-
tective system against oxidative damage. Apparently, GSH content increased with high 
salinity stress and this increase could be responsible for the increase in GPX activity. The 
higher increase in GSH content was found in shoot of G-1-13 followed by G-2-2, G-3-4 
and Kharchia 65 (Fig. S3). Sharma and Dubey (2005) have suggested that increase in 
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levels of GSH would confer better antioxidative protection which might be considered as 
an acclimation criterion.

SOD constitutes the first line of defense against ROS, which plays an important role in 
protecting cells against oxidative damage (Gill and Tuteja 2010). It catalyzes the dismuta-
tion of superoxide ion to oxygen and H2O2 which is further detoxified by other antioxi-
dant enzymes. In the present study, SOD activity increased with increasing level of salin-
ity and the activity was highest in tolerant genotypes (Kharchia 65, G-1-13, G-2-2, G-3-4 
and Kharchia local) as compared to PBW 621. Invariably, increased activity of SOD in 
roots helped the seedlings to combat salt stress by replenishing toxic superoxide radical. 
Kaya et al. (2013) also reported the increased SOD activity in the leaves of salt-stressed 
maize plants.

High salt stress increased H2O2 concentration in different compartments of plant cell 
through enzymatic or nonenzymatic processes (Foyer et al. 1997). In our study, salinity 
treatment (250 mM NaCl) caused a marked increase in H2O2 content in PBW 621 geno-
type as compared to Kharchia and transgenic lines. Furthermore, H2O2 accumulation un-
der high salinity condition may be a signal to initiate an adaptive response to stress. The 
increase in ROS production is closely related to disruption of membrane stability and 
thereby increased electrolyte leakage (Kumar et al. 2015, 2017). Hence, lipid peroxida-
tion in terms of MDA content and electrolyte leakage was used as a criteria to establish 
membrane integrity during stress conditions in different cultivars. In our study, with the 
application of NaCl, the maximum increase in MDA content was recorded in PBW 621 
and the minimum in G-1-13 and Kharchia 65. PBW 621 also showed increased electro-
lyte leakage when compared with other cultivars. Together, results suggest that the in-
crease in the content of H2O2, MDA and increased electrolyte leakage caused peroxida-
tion of the lipid membrane, thus disrupting the cell permeability.

Na+ accumulation adversely affect chlorophyll synthesis by increasing the activity of 
chlorophyll degrading enzyme, chlorophyllase, which can be treated as a marker of oxi-
dative stress (Noreen and Ashraf 2009). In the present study, increase in concentration of 
NaCl reduced chlorophyll content in all wheat genotypes but the tolerant genotypes 
(Kharchia 65 and G-1-13) maintained its higher content as also reported earlier (Gurmani 
et al. 2014) in wheat. Due to maximum reduction of chlorophyll content in PBW 621, this 
genotype can be regarded as most salt sensitive one (Fig. S5). Salinity stress also caused 
decrease in carotenoid content in all genotypes but Kharchia 65 and G-1-13 maintained 
its higher content. Sugar content increased with increasing salinity level with maximum 
level achieved in salt tolerant ones i.e. Kharchia 65 and G-1-13 (Fig. S4). The increase in 
sugar level was in agreement with earlier findings of Kumar et al. (2017) in wheat. Infact, 
sugars might contribute to salt stress tolerance either by serving as osmoticum or as res-
piratory substrates. 

Our results depicted that with an increase in NaCl concentration, the levels of Na+ 
content increased differentially in wheat genotypes due to their different genetic composi-
tions (Fig. S5). The low uptake of Na+ by roots and high selectivity for K+ can be consid-
ered as physiological mechanisms for salt tolerance (Flowers 2004). The minimum  
Na+ ion concentration was recorded in leaves of Kharchia 65 followed by G-1-13 as in 
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Fig. S5. Salt tolerant genotypes infact possess exclusion mechanism that control the entry 
of Na+ into root and efflux the excessive Na+ from photosynthetic tissues (Moller et al. 
2009). Conversely, K+ content decreased with increasing level of salinity but the highest 
level of K+ content was found in Kharchia 65 and G-1-13.

Our findings demonstrate that the salt-tolerant genotypes retain selectivity for K+ over 
Na+ and maintains lower Na+/K+ ratio under high salinity but the salt sensitive genotypes 
failed to do so. According to the elevated GSH content and higher stress resistance of the 
transgenic lines, GlyII activity may both participate in the detoxification process of meth-
ylglyoxal and in the regeneration of GSH pool and thus may play a role in the mainte-
nance of redox homeostasis. The two types of salt tolerance mechanisms comprising MG 
pathway and antioxidant defense system have a convergent influence on osmotic adjust-
ments and expression of antioxidants. The same convergence is evident for expression of 
tolerance at morpho-physiological level. There seem to be good prospects for combining 
the salt mechanisms in a single genotype. 
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Electronic Supplementary Figure S1. Effects of salt stress on: (A) Shoot length, (B) Root length, (C) Shoot 
fresh weight, (D) Root fresh weight (E) Shoot dry weight, (F) Root dry weight. Values are mean ± SE of tripli-
cates. Bars with different letters in a genotype represent significantly different values (p ˂  0.05). LSD values 
were analyzed by factorial CRD (Software CPCS1). A – Genotype, B – Treatment, AxB – genotype and treat-

ment interaction

Electronic Supplementary Figure S2. Effects of salt stress on enzyme activities: (A) GlyII in shoot, (B) GlyII 
in root, (C) GPX in shoot, (D) GPX in root, (E) GR in shoot, (F) GR in root, (G) SOD in shoot and (H) in root. 
Values are mean ± SE of triplicates. Bars with different letters in a genotype represent significantly different 
values (p ˂  0.05). LSD values were analyzed by factorial CRD (Software CPCS1). A – Genotype, B – 

Treatment, AxB – genotype and treatment interaction

Electronic Supplementary Figure S3. Effects of salt stress on: (A) GST activity in shoot, (B) GST activity in 
root, (C) Glutathione content in shoot, (D) Glutathione content in root, (E) Ascorbic acid content in shoot, (F) 
Ascorbic content in root. Values are mean ± SE of triplicates. Bars with different letters in a genotype represent 
significantly different values (p ˂  0.05). LSD values were analyzed by factorial CRD (Software CPCS1). A – 

Genotype, B – Treatment, AxB – genotype and treatment interaction
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Electronic Supplementary Figure S4. Effects of salt stress on: (A) MDA content in shoot, (B) MDA content in 
root, (C) H2O2 content in shoot, (D) H2O2 content in root, (E) Total soluble sugars in shoot, (F) Total soluble 
sugars in root. Values are mean ± SE of triplicates. Bars with different letters in a genotype represent signifi-
cantly different values (p ˂  0.05). LSD values were analyzed by factorial CRD (Software CPCS1). A – 

Genotype, B – Treatment, AxB – genotype and treatment interaction

Electronic Supplementary Figure S5. Effects of salt stress on: (A) Chlorophyll content in leaves, (B) Carotenoid 
content in leaves, (C) Sodium (Na+) content in leaves, (D) Potassium (K+) content in leaves, (E) Electrolyte 
leakage content in leaves. Values are mean ± SE of triplicates. Bars with different letters in a genotype represent 
significantly different values (p ˂  0.05). LSD values were analyzed by factorial CRD (Software CPCS1). A – 

Genotype, B – Treatment, AxB – genotype and treatment interaction


