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Food security is facing a major threat from salinity and there is a need to develop salt tolerant crop varieties to ensure that the demand for food from the world’s increasing population is met. Salinity mostly occurs in arid and semi-arid regions. It may cause many adverse physiological effects on plants, i.e., toxic ion accumulation, disturbed osmotic potential, and decreased crop yield. The present study aimed to investigate the morphological, physiological, biochemical, and genetic parameters of wheat genotypes under salt stress. Six wheat genotypes were screened for salt tolerance at the seedling and maturity stage. Seeds were sown at 0 and 150 mM of salinity level. Biochemical traits, i.e., shoot/root fresh and dry weight, chlorophyll a/b and total chlorophyll contents, shoot nitrogen, shoot phosphorus, proline, and carbohydrates were measured. Wheat genotypes showed a significant increase in free amino acids, shoot nitrogen, and total soluble proteins under saline conditions. Higher Na+/K+ ratio and free amino acids were estimated under 150 mM NaCl treatment in Pasban-90 and found to be the most salt-tolerant genotype. By contrast, reduced proline, total chlorophyll, and Na+/K+ ratio were found in Kohistan-97 marking it to be sensitive to stress. Expression analysis of HKTs genes was performed to validate the results of two contrasting genotypes. The differential expression of HKT2; 1 and HKT2; 3 explained the tissue and genotype specific epigenetic variations. Our findings indicated that these selected genotypes can be further used for molecular studies to find out QTLs/genes related to salinity. This suggests that, in contrasting wheat genotypes, there is a differentially induced defense response to salt stress, indicating a functional correlation between salt stress tolerance and differential expression pattern in wheat.
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Introduction

Wheat is one of the most important cereal crops, providing 20% protein and 4.5 billion calories to people worldwide on a daily basis (Kiani et al., 2021). Wheat productivity is limited by environmental fluctuations including water, heat, cold, and salt stresses. Breeding for stress resistant crop germplasm is important for the sustainable production of food commodities. At present, salinity is becoming a worldwide problem because of its harmful effects on wheat growth and productivity. On a global scale, ~405 million hectares of land is saline, which is approximately one third of the world’s irrigated agricultural land (Munns, 2002; Sairam et al., 2002). Like many other parts of the world, salinity has become a great problem for Pakistan. In Pakistan, the increase in food production is not at par with the population, which poses a threat to food security (Azeem et al., 2019). Therefore, wheat breeding for salt stress resilience is a subject of interest that breeders have investigated in relation to the response of plants under stress conditions. For the identification of salt tolerant genotypes from wheat germplasm, there is a need to study the physiological, biochemical, and epigenetic changes in plants (Singh et al., 2015; Kumar et al., 2017). With better knowledge of these traits, researchers will be able to clone the genes involved in salt tolerance (Sairam et al., 2002).

Soil conditions are described as having salinity when excessive amounts of neutral soluble salts (including the sulphates and chlorides of Mg, K, Ca, and Na) are accumulated. Excessive amounts of these salts in soil or water cause adverse effects on the growth of plants by disrupting the uptake of essential macro-or micro-nutrients (Munns, 2002; Ashraf, 2004; Athar and Ashraf, 2009). Salinity results in a reduction of the yield, plant biomass, photosynthetic activities, transpiration rates, and osmotic potential, making wheat vulnerable to diseases. Furthermore, it may also result in the sequestration of toxic ions in the leaves and roots of crop plants (Ashraf and O’Leary, 1995). Accumulation of these ions in roots may lead to osmotic stress which eventually disturbs the cell ion balance by disrupting the normal uptake of essential nutrients, thus leading to the condition of nutrient deficiency. Accumulation of Na+ (Sodium ion) is one of the harmful effects of salinity. The accumulation of Na+ in the plant inhibits the intake of other essential macronutrients such as K+ (potassium ion) and Ca+ (calcium ion) from the soil (Brini et al., 2009). Whereas K+ is important for plant growth and development with the maintenance of the K+/Na+ ratio in the shoot, which is one of the main strategies to control stress in plants (Hamamoto et al., 2015). The chemical properties of Na+ and K+ are almost the same in the plant with the same content ratio in the non-saline soil but their physiological impact during the metabolism and growth of the plant is significantly different. Salinity-induced osmotic stress inhibits the photosynthesis of plants and causes changes in chlorophyll contents and other components. It also causes inhibition of photochemical activities and decreases the activities of enzymes in the Calvin cycle. The most remarkable event in leaf senescence is the disassembled functioning of the photosynthetic apparatus in chloroplasts, leading to a concomitant decrease in photosynthetic activity (Zhang et al., 2014). Thus, osmotic stress usually causes a decrease in crop production (Marcińska et al., 2013). Different physiological traits are considered positive indicators (Proline, shoot-root biomass soluble sugar etc.) in understanding the salt tolerance ability of plants. The only amino acid that acts as a good osmolyte is known as proline and this serves as a metal chelator, antioxidative defense molecule, and signaling molecule. It helps to prevent an oxidative burst in the plant by maintaining the osmotic balance and membrane integrity. The production of phenolic compounds plays an important role in antioxidant activities to neutralize free radicals and decompose peroxidase in plants. Biotic and abiotic stress initiated the accumulation of phenolic compounds.

Some transporters are active in the plasma membrane with Na+ uniporter as well and function as Na+/K+ symporters, known as high affinity potassium transporters (HKTs; Horie et al., 2009). Based on phylogenetic analyses, two families of HKTs (HKT1 and HKT2) have been reported. The transporters of the HKT1;x subfamily are permeable to Na+ only while another sub family (HKT2;y) is permeable to both Na+ and K+ (Platten et al., 2006). Under salt stress, the TaHKT2 gene is down-regulated in salt-tolerant varieties (Singh et al., 2015). There is still a need to understand the molecular mechanism of wheat in gene regulation, which is equally important to increasing salt tolerance (Arzani and Ashraf, 2016).

Different findings have examined resistant varieties for salt tolerance in wheat using different levels of salt stress and evaluating the different traits related to salinity. Envirotype makes it much more complicated to screen for salt tolerant wheat germplasm in the salt affected field (Arzani, 2008; Singh et al., 2015). To assess the wheat germplasm’s ability to survive under salt stress conditions, the morphological, physiological, biochemical, and genetic parameters need to be examined. Several studies have revealed that wheat is moderately tolerant against salinity stress and improves this ability as the plant grows (Saqib et al., 2005). It has been reported that flowering and grain filling stages in wheat are more tolerant to salt as compared to seedling or vegetative stages (Impa et al., 2019).

The main objective of this study was to investigate the comprehensive evaluation of wheat genotypes. Six genotypes were used to identify the highly susceptible and highly tolerant genotypes. These wheat genotypes were evaluated by exploiting physiological and biochemical responses under salt stress. Mechanisms responsible for genotype-and tissue-specific differential expression of TaHKTs genes were also investigated. The overall sketch of this research is presented in Figure 1.

[image: Figure 1]

FIGURE 1
 A schematic diagram of research work.




Materials and methods

Six wheat genotypes consisting of salt susceptible (Kohistan-97, Fareed-06, A.Sattar) and tolerant (Pasban-90, Inqilab-91, Bakhar-02) wheat (Triticum aestivum L.) genotypes were obtained from Regional Agricultural Research Institute, Bahawalpur. The agronomic experiment was conducted in 2019–2020 at Muhammad Nawaz Shareef University of Agriculture, Multan, Pakistan. Seeds of each variety were sterilized in a 5% sodium hypochlorite solution for 15 min and then rinsed with distilled water three times before further experimentation.

Two experiments were conducted at the same time, one experiment was used for seedlings, while the other was for maturity purposes. In the seedling experiment, aluminum trays of 200 × 100 cm size with pores at the bottom were filled with river sand, washed with tap water, and then distilled water. The depth of the sand was 5 inches. Seeds of each cultivar of wheat were allowed to germinate for 1 week. The experiment was arranged in a randomized complete block design with two treatments (0, 150 mM NaCl) and four replicates. Seeds of six wheat varieties were sown in rows at a 15 cm distance from each other. Treatments were started after 1 week of sowing. Salinity concentration was increased stepwise in aliquots of 50 mM to avoid salt shock (Chartzoulakis and Loupassaki, 1997). An adequate amount of water was applied to each tray on alternate days to minimize evapotranspiration loss. The appropriate treatment solution was applied every week to each tray to regularly maintain the salinity level in the sand. After 5 weeks of growth, plants were harvested for studying different morphological and physiological traits.

Similarly, for the maturity experiment, three pots for each genotype were grown under control conditions at a glass house in 2019–2020. The experiment was arranged in Complete Randomized Design (CRD) with two treatments (0 and 150 mM NaCl) in three replicates. Two-week-old wheat seedlings were subjected to salt stress conditions. Salinity concentration was increased stepwise in aliquots of 50 mM to avoid salt shock (Chartzoulakis and Loupassaki, 1997). An adequate amount of water was applied to each pot on alternate days to minimize evapotranspiration loss. The appropriate treatment solution was applied every week to each pot to regularly maintain the salinity level in the sand. To study the effects of salt stress on the growth and development of wheat genotypes, plant height, the number of tillers/plant, flag leaf area, 1,000 grain weight, grain yield/plant, and the number of spikelets/spike were recorded at maturity stage.


Measurement of growth and development traits

After harvesting 5 weeks’ worth of seedlings, shoot fresh weight and root fresh weight were determined. These samples were then oven dried at 75°C for 3 days with three biological replications and then measured the dried shoot weight and dried root weight in grams. To study the effects of the salt stress on the growth and development of wheat genotypes, plant height, the number of tillers/plant, flag leaf area, 1,000 grain weight, grain yield/plant, and the number of spikelets/spike were recorded at maturity stage. Plant height was measured in centimeters with three biological replications. The number of tillers/plant and spikelets/spike were counted with three replications. The 1,000 grain weight and grain yield/plant were measured in grams.



Chlorophyll

The chlorophyll content was measured as explained by Withan et al. (1971). Sample (0.1) from the fully matured healthy leaf was homogenized in 4 ml of 80% acetone solution and was diluted up to 8 ml with 80% acetone solution. Optical densities were read at 645 nm and 663 nm using a spectrophotometer (Hitachi U-2000, Tokyo, Japan).
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V = volume of the extract (ml).

W = weight of the fresh leaf tissue (g).

OD = optical density.



Total free amino acids

Hamilton and Van Slyke (1943) protocol were used to measure the total free amino acids. The formula used to measure this trait is given here:
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Total soluble proteins and carbohydrates

Bradford (1976) method was used to measure the total soluble protein. In this method, 0.1 ml of extracted sample was reacted with 5 ml Bradford reagent, and a spectrophotometer was used to take the reading at 595 nm wavelength. For estimation of total soluble protein,
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Total carbohydrates were determined by using the method described by Hussain et al. (2021).



Macronutrients (N, P)

The protocol, reported by Allen et al. (1986) was used to measure nitrogen (N) and phosphorous (P). Briefly, the dried and grounded leaves (100 mg) were digested in 2 ml of sulphuric peroxide digestion mixture and obtained a colorless solution.



Proline content

Ninhydrin reagent was used to measure the proline content by following the method reported by Bates et al. (1973). The following formula was used to measure the proline content:
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Mineral elements

The measurement of Nitrogen ion and Potassium ion in leaves followed the method of Allen et al. (1986). The leaves were dried and digested in a digestion mixture at 250\u00B0C on the hot plate. Flame photometer was used to measure the Na + and K+.



Expression analysis

Gene expression analysis was performed for HKTs genes from the samples of root and shoot of tolerant and susceptible wheat genotypes. These samples were collected from plants and quickly put in the liquid nitrogen and then shifted to the-800C refrigerator for RNA extraction. The detailed protocol of RNA extraction, cDNA formation, and qRT-PCR followed the method described by Zhang et al. (2019). Similarly, genes and their primer information were obtained from Singh et al. (2015). Three biologicals with two technical replications were used for quantitative expression of these genes by using the 7,500 Fast Real-Time PCR System (Applied Biosystems, Forster City, CA, United States). In these analyses, TaActin was used as a housekeeping gene.



Statistical analysis

The data were subjected to 3-way ANOVA using a statistical computer package COSTAT (Cohort software, Berkeley, United States). Mean values were compared with the least significant difference test, which was measured in Microsoft Excel.




Results


Plant growth

Significant reduction (p ≤ 0.001) in shoot and root fresh and dry weight was observed under salt stress conditions (Table 1; Figure 2). The wheat genotypes also showed a negative response to the growth attributes. Shoot fresh and dry weight were reduced to 50% in Inqilab-91, Fareed-06, and A. Sattar under salinity conditions. Similarly, Kohistan-97 and Bakhar-02 showed a 30%–40% reduction in the same saline condition, while little reduction was observed in the biomass of Pasban-90. Moreover, the decline in root fresh and dry biomass ranged from 47% to 52% in Inqilab-91, A. Sattar, and Fareed-06; whereas the reduction in Pasban-90 and Kohistan-97 was 20%–30% for fresh and dry root weight, respectively (Figure 2).



TABLE 1 ANOVA values of the data from growth attributes, yield related attributes, and physiological and biochemical attributes of six varieties when subjected to 150 mM salt stress.
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FIGURE 2
 Growth attributes of wheat varieties under salt stress (150 mM) and control conditions. (A), shoot fresh eight (B), root fresh weight (C), shoot dry weight, and (D), root dry weight. Bars indicate ±. Mean values are indicated on the vertical axis. Asterisks (**) indicate that the trait mean was significantly different (value of p < 0.01) between the salt and control conditions.




Yield related traits

Salt stress significantly affected the yield and yield-related traits in the present study (Table 1; Figure 3). All the wheat genotypes differed in their yield components under salt stress. Grain yield/plant and 1,000 grain weight of Pasban-90 and Bakhar-02 were higher under salt stress conditions compared to the other four wheat genotypes. Similarly, the number of spikelets per spike also decreased in all four salt sensitive wheat genotypes (Inqilab-91, A. Sattar, Fareed-06, and Kohistan-97). Based on these results, the number of tillers/plant were maximum in salt tolerant wheat material (Pasban-90 and Bakhar-02), compared to salt sensitive wheat material in which there was a reduction in the number of tillers/plant. A significant difference in plant height was observed in wheat germplasm under salt stress conditions. Maximum reduction was observed in Fareed-06 and Kohistan-97 followed by A. Sattar and Inqilab-91. While the minimum reduction in plant height was observed in the Pasban-90 and Bakhar-02 under salinity stress. Salt stress had a significant impact on the flag leaf area. In total, there was a 60%–70% reduction in flag leaf area observed in the Inqilab-91, A. Sattar, Fareed-06, and Kohistan-97, whereas there was a 30%–40% decrease in the Pasban-90 and Bakhar-02, as shown in Figure 3.
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FIGURE 3
 Yield attributes of wheat varieties at the maturity stage under salt stress (150 mM) and control condition (0 mM). (A) Grain yield/plant, (B) plant height, (C) flag leaf area, (D) 1,000 grain weight, (E) no. of tillers/plant, (F) no. of spikelet’s/spike. Bars indicate ±. Mean values are indicated on the vertical axis. Asterisks (**) indicate that the trait mean was significantly different (value of p < 0.01) between the salt and control conditions.




Photosynthetic pigment and other physiological traits

Chlorophyll a, b, and total chlorophyll contents significantly decreased due to salt stress in all studied wheat genotypes. Reduction of chlorophyll a, b, and total chlorophyll contents was observed in the A. Sattar, Fareed-06, Kohistan-097, and Inqilab-91. However, chlorophyll a, b, and total chlorophyll were reduced in the Pasban-90 and Bakhar-02 (Figure 4). We observed a significant reduction in the total soluble protein, however, in all wheat genotypes there was a significant increase in the total free amino acids calculated as compared to normal conditions. Furthermore, a reduction in total soluble proteins and increased amino acids was observed in salt tolerant genotypes (Pasban-90 and Bakhar-02). Fareed-06, A. Sattar, and Kohistan had lower total soluble protein in salt stress conditions. Additionally, the maximum amino acids observed in the Fareed-06 while minimum amino acids were observed in Pasban-90 under salt stress. Similarly, the accumulation of proline in the leaves of all wheat varieties significantly increased in salt stress conditions. Maximum proline was observed in Pasban-90 and Bakhar-02 while less accumulation was observed in Kohistan-97 and Fareed-06 (Figure 4).

[image: Figure 4]

FIGURE 4
 Physiological attributes of six wheat varieties under salt stress (150 mM) and control condition (0 mM). (A) Chlorophyll a, (B) chlorophyll b, (C) total Chlorophyll, (D) total soluble protein, (E) total free amino acids, (F) proline. Bars indicate ±. Mean values are indicated on the vertical axis. Asterisks (**) indicate that the trait mean was significantly different (value of p < 0.01) between the salt and control conditions.




Relative distribution of inorganic solutes and total carbohydrates

The concentration of Na+ increased significantly whereas, K+, Phosphorous, and nitrogen accumulation significantly decreased in all wheat genotypes under salt stress. The accumulation in sensitive genotypes was higher than salt tolerant genotypes (Pasban-90 and Bakhar-02). Kohistan-97 accumulated the highest level of Na+ in salt stress conditions (Figure 5). Similarly, Pasban-90 accumulated higher K+ as compared to control, and Kohistan-97 accumulated less K+ in salt stress conditions. Both N and P accumulation in leaves were decreased in all wheat varieties. Nitrogen and phosphorous accumulation were observed higher in Pasban-90 and Bakhar-02. A significant increase in the Na+/K+ ratio was calculated in all wheat varieties. The Na+/K+ ratio was lower in Pasban-90 but higher in Kohistan-97 (Figure 5).

[image: Figure 5]

FIGURE 5
 Biochemical attributes and total carbohydrates of six wheat varieties under salt stress (150 mM) and control condition (0 mM). (A) Shoot Na+, (B) shoot K+, (C) shoot nitrogen, (D) shoot phosphorous, (E) Na+/K+ ratio, and (F) total carbohydrate. Bars indicate ±. Means values are indicated on the vertical axis. Asterisks (**) indicate that the trait mean was significantly different (value of p < 0.01) between the salt and control conditions.




Expression analysis of salt tolerant and susceptible varieties

Based on the morpho-physiological and biochemical analysis, two genotypes were selected for expression analysis. Pasban-90 was selected as highly salt tolerant and Kohistan-97 was selected as susceptible to salt stress. Three HKT genes were identified to investigate the effect of salt stress on transcription of HKTs and wheat genotypes correlation ability. TaHKT1; 4 showed root specific expression, as reported in previous studies (Kumar et al., 2017) TaHKT2; 1 and TaHKT2; 3 showed expression both in the shoot and root of the plants. In Pasban-90, TaHKT1; 4 downregulated in roots under salt stress conditions while it showed upregulation for Kohistan-97 (Figure 6). Similarly, the other two genes (TaHKT2; 1 and TaHKT2; 3) are expressed differently in shoot and root under salt stress conditions in both genotypes. Expression analysis of TaHKT2; 1 revealed that it was downregulated for Pasban-90 in the shoot while, showed positive regulation for Kohistan-97 whereas in roots, this gene showed downregulation for both genotypes (Figure 6). The expression of TaHKT2; 3 was similar to TaHKT2; 1 in shoots with downregulation for Pasban-90 and upregulation for Kohistan-97 under salt stress. Similarly, this gene (TaHKT2; 3) was downregulated for both genotypes under salt stress in roots.

[image: Figure 6]

FIGURE 6
 High affinity potassium transporter (HKT) salt responsive genes expression analysis (RT-qPCR). (A) Accumulation of transcript of TaHKT1;4 in root, (B) expression analysis of TAHKT2;1 in shoot, (C) expression analysis of TaHKT2;1 in root, (D) expression analysis of TaHKT2;3 in shoot, (E) expression analysis of TYaHKT2;3 in root. The results are mean fold change in relative expression over the control with three biological and three technical replicates, normalized with actin (reference) gene expression. Bars represent standard deviation.





Discussion

Considerable efforts have been made over the last two decades to identify salt tolerant varieties in different crops by utilizing physiological, biochemical, and genetic approaches, but still, little progress has been made in this regard. Our literature review suggested that with the use of these physiological and biochemical parameters, researchers will be able to develop salt tolerant genotypes for wheat (Zuo et al., 2021; Zhao et al., 2022). In this study, six genotypes were used that were initially screened by the Regional Agricultural Research Institute from their germplasm. According to the data, three genotypes were susceptible and three were salt tolerant.

The imposition of salt stress in the early stage and observation of plant biomass helps to evaluate the salt tolerant genotypes in wheat (Ai-Ke et al., 2009). Change in the root and shoot biomass after salt stress in wheat genotypes helps evaluate salt tolerant varieties. Therefore, in this study, a significant reduction in biomass of Fareed-06 and Kohistan-97 was observed. Under saline conditions, less reduction in biomass or crop yield will determine the salt tolerance variety (Hussain et al., 2021). The yield of a wheat crop depends upon many yield-related traits such as grain, numbers, and the size of grains. Salt tolerant genotypes such as Pasban-50 and Bakhar-02 in the present study had higher yields under salt stress as compared to other salt sensitive genotypes. Similarly, there was a significant difference in the yield and number of grains due to genotypic differences under salt stress. Wheat grain numbers per plant mainly depend on tillering capacity and the number of grains per spike. Similarly, the grain size of wheat depends upon the photosynthetic activity of the plant (Mansour et al., 2020). A significant decrease in the number of tillers/plant and grain yield was observed in the present study. Likewise, a decline in grain size is another important agronomic trait contributing to the reduction of wheat yield under saline conditions. This can be explained by salt stress reducing the availability of photo-assimilates or reducing the translocation of photo-assimilates from the source to the developing grains. According to results, salt tolerant genotypes possessed the ability to produce maximum tillers with less abortion of florets in spikelets and also had a better ability to translocate photo-assimilates to grains from leaves (Arfan et al., 2007).

Salinity stress affects chlorophyll by reducing the content and overall photosynthesis process (Ashraf, 2004). There was no significant reduction of Chlorophyll a, b and total chlorophyll content in Pasban-50 and Bakhar-02 while a significant reduction was observed in other genotypes. Therefore, these results supported the idea that Pasban-50 is a salt tolerant variety. Whereas less chlorophyll content was observed in Kohistan-97 resulting in a salt sensitive variety. This type of salt effect on chlorophyll content has already been observed in cabbage and other plant species (Mansour et al., 2016). Chlorophyll synthesis and the photosynthesis process are adversely affected by the accumulation of Na+ in plants (Jiang et al., 2017). Proline plays an important role in osmotic adjustment and the stability of the structure during stress in plants (Romero-Aranda et al., 2006). According to different studies, cellular machinery releases some solutes that help to maintain the redox potential in plants under stress. Proline can enhance salt tolerance by protecting the cell membrane and enzymes (Munns, 2002). Similarly, a higher accumulation of total free amino acid in wheat varieties could not help to maintain the plant water status and thus, created adverse osmotic effects under salt stress (Azeem et al., 2019). Our results were similar to the findings observed in different crops such as the safflower and brassica species (Platten et al., 2006; Rauf et al., 2010). Accumulation of stress responsive proteins play a significant role during salt stress. In this study, lower total soluble protein and an increase in free amino acids were observed which indicated that salt stress decreases the proteins by activating the proteases. This eventually helps to increase the total free amino acids (Sairam et al., 2002). Therefore, salt tolerant varieties with relatively high total soluble proteins, compared to salt sensitive varieties, provide information on the total proteins in a salt tolerant variety (Ashraf, 2004).

In plants, shoots and roots showed differential responses to the monovalent and divalent cations in relation to accumulation/distribution. Roots absorb more Na+ because it has direct contact with the soil as compared to shoots under control condition. However, in stress conditions Na+ is transported and executed from leaves to maintain the optimum level as observed in Pasban-50 and Bakhar-02. Salt-tolerant genotypes possess exclusion mechanisms (regulated expression of HKTs) that control the entry of Na+ into roots (Munns et al., 2020), and exclusion of the excessive Na+ from photosynthetic tissues (Tabassum et al., 2021). The adverse effect of salt stress on K+ uptake could be seen in the wheat genotypes where the maximum reduction in absorption/transport was observed. Our findings suggest that salt-tolerant genotypes retain selectivity for K+ over Na+ and maintain a lower Na+/K+ ratio under the stress, while the salt-sensitive genotypes failed to do so. There were differential effects in the uptake of nitrogen and phosphorous content. However, this impact had been observed less in salt tolerant varieties, especially in Pasban-50. Similar results have already been observed in previous studies, which outline that salt tolerance characteristics are generally associated with salt exclusion and maintenance of the Na+/K+ ratio (Zhang et al., 2014). Based on these analyses, Pasban-50 is a salt tolerant genotype because it showed a high level of chlorophyll, proline, and total proteins, and also maintained a low Na+/K+ ratio; whereas, based on these results, Kohistan-97 is the most sensitive variety (Zhao et al., 2022).

In plants, salt stress could impose many morphological, physiological, biochemical, and several other genetic changes that could be analyzed through expression analysis. Due to this, in this study, expression analysis of three HKT genes was performed as it could play an important role in the transportation of Na+ and or K+. In Pasban-90, TaHKT1; 4 was root specific (Kumar et al., 2017) and downregulated in stress conditions, therefore, restricting the entrance of Na+ in root cells. However, on the other side, this gene was upregulated in Kohistan-97 due to the accumulation of Na+ in the root’s cells. Kohistan-97 up-regulation may be the reason for its salt sensitive nature. It has been reported that AtHKT1 directed the retrieval of Na+ from the xylem and its loading into root vacuoles. At a cellular level, Na+ homeostasis is regulated by controlling Na+ entry into root cells, transporting Na+ out of shoot cells, and compartmentalizing Na+ into vacuoles (Shi et al., 2003). The other two genes also showed differential expression in the roots and shoots of wheat genotypes under stress conditions. These genes were more downregulated in Pasban-50 as compared to Kohistan-97 in the root. Hence, it can be concluded that the expression of HKT2; 3 in the roots was weakly correlated to the Na+ uptake in Pasban-50. Na+ exclusion can also be achieved by the net unloading of xylem by parenchyma cells in the stele (Munns et al., 2006), which could be correlated with the least accumulation of Na+ in the shoots of Pasban-50 under the stress. In durum wheat TaSOS1 differential expression associated with Na+ from shoot to root has already been reported by Brini et al. (2009).



Conclusion

Based on the comprehensive analysis of agronomic, physiological, and biochemical traits, we identified contrasting varieties in relation to salt responses. Chlorophyll content, proline content, and Na+/K+ ratio indicated that Pasban-50 is a salt tolerant genotype. Moreover, the accumulation of total free amino acids plays a role in changes in osmotic potential but did not play a role in differential salt tolerance. On the other hand, Kohistan-97 was found to be a salt sensitive variety. Expression analysis of HKTs also confirms the response of salt tolerant genotypes. A better understanding of the structural, functional, and regulatory mechanisms of HKTs will enable us to further improve salt tolerance in plants and develop highly salt tolerant varieties.
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