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Wheat constitutes pivotal position for ensuring food and nutritional security; however, rapidly rising soil and water salinity pose a serious threat to its production globally. Salinity stress negatively affects the growth and development of wheat leading to diminished grain yield and quality. Wheat plants utilize a range of physiological biochemical and molecular mechanisms to adapt under salinity stress at the cell, tissue as well as whole plant levels to optimize the growth, and yield by off-setting the adverse effects of saline environment. Recently, various adaptation and management strategies have been developed to reduce the deleterious effects of salinity stress to maximize the production and nutritional quality of wheat. This review emphasizes and synthesizes the deleterious effects of salinity stress on wheat yield and quality along with highlighting the adaptation and mitigation strategies for sustainable wheat production to ensure food security of skyrocketing population under changing climate.
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INTRODUCTION

Recently, climate change and global warming have directly affected the crops yield and quality by intensifying the frequency and extent of numerous stresses. Wheat, rice, and maize are the most important staple crops globally and contribute a significant part of daily calories and protein intake (Kizilgeci et al., 2021). Among these major cereals, wheat is ranked at the first position due to its domestication and contribution as the primary staple food crop globally (Iqbal et al., 2021). Currently, it is dominating the most of arable land (38.8%), with relatively higher grain protein (12–15%) than other cereals, but the productivity remains low [Food and Agriculture Organization (FAO) of the United Nations, 2016]. It can further decrease owing to climate change that has given to rise a variety of abiotic stresses. Various climate models projected that wheat production could decrease by 6% due to stressful environments (Asseng et al., 2015).

Salt stress affects 20% of global cultivable land and is increasing continuously owing to the change in climate and anthropogenic activities (Arora, 2019). Environmental stress including salinity can cause about 50% of production losses (Acquaah, 2007). Furthermore, the continuous increase in the human population put pressure on global food security as the world's food supply needs to be increased by up to 70% by 2050 (FAO, 2009). Wheat (Triticum aestivum) is considered the most significant grain crop among all the cereals and ranked 1st globally among grain-producing crops, especially for human consumption (Giraldo et al., 2019). About 36% of the world's population is dependent on wheat as a staple food. About 20% of calories and 55% of carbohydrates are being provided by wheat across the globe. Both growth and yield of wheat are negatively influenced by salinity (Royo and Abió, 2003). Salinity stress causes osmotic stress and ion toxicity, through increasing the assimilation of Na+ ion and decreasing the Na+/K+ ratio due to lower osmotic potential within the plant roots. Further, these ionic imbalance affects the uptake, and transport of other important essential ions in target cells and hamper the crucial plant processes and functions (Arif et al., 2020). Salinity impairs the seedling establishment, stunted plant growth, poor reproductive development, and ultimately declines the crop yield (Turan et al., 2009). Salinity also alters the ultrastructural cell components, disturbs the photosynthesis machinery, damages the membranous structure, increases the reactive oxygen species production, reduces the enzymatic activity, which limit the growth and yield of crops (Hasanuzzaman et al., 2014). Tolerancey of plants to salinity is a polygenic character that is governed by many genetic factors (Arzani and Ashraf, 2016). Crop growth is improved under salinity by the increase in K+, elimination of Na+ or by optimizing the ratio of both Na+ and K+ ions, improving transpiration efficiency, regulation of osmotic potential, and by the antioxidant, immune system of plants (Rahman et al., 2005).

Among various field crops, generally, wheat is more sensitive to salinity that hampers the growth and development of plant, leads to low productivity or even complete crop failure under extreme severity of salinity. The knowledge of stress tolerance in plants regarding the physiological basis is important for selection and breeding programs (Chaves et al., 2003). Thus, understanding of morphoanatomical, physiological, biochemical, and molecular mechanisms of wheat responses to salinity stress at each phase of growth is essential to improve breeding techniques and to develop salt-tolerant varieties with genetic modifications. The recent findings indicate that change in leaf and stem anatomical features in different genotypes of wheat are crucial traits to adaptation under salinity stress (Nassar et al., 2020). The research on the physiological changes that occur during leaf senescence due to some stresses has been primarily focused on the loss of photosynthetic pigments, protein degradation, and re-absorption of mineral nutrients (Zheng et al., 2008). At the same time accumulation of secondary metabolites (anthocyanins, flavones, phenolics, and specific phenolic acids) often occurs in plants subjected to stresses including various elicitors or signal molecules (Sytar et al., 2018). It was demonstrated that pigmented wheat genotypes with high anthocyanin content can maintain significantly higher dry matter production under salt stress conditions (Mbarki et al., 2018), which shown the role of phenolic compounds in salinity tolerance together with new breaded pigmented wheat genotypes.

Determination of physiological traits related to stress tolerance could be used as a selection criterion to enhance wheat adaptation to stress conditions. According to the previous investigations, there is a link between different physiological responses of crops to stress and their tolerance mechanisms, such as high relative water content and water potential (Datta et al., 2011). Moreover, it has been observed that anthesis and grain filling period are very sensitive stages under multiple environmental stresses including salinity and have been identified as major constraints to wheat production worldwide (Ghosh et al., 2016). Therefore, it is crucial to understand the effects of salt stress on wheat yield improvement while maintaining superior productivity and adopting mitigation strategies toward the long-term goal of sustainable food security. This study aimed to synthesize salinity effects on wheat germination, seedling growth, reproductive development, grain yield, and quality. Additionally, deleterious effects of salinity in relations to nutrient imbalance and water relations have been objectively described. Moreover, integrated approach for salinity mitigation through osmoprotectants, plant hormones, mineral nutrients, and signaling molecules has been elucidated.

The current review overviews the adverse effects of salinity stress on wheat and its adaptation and mitigation strategies for the sustainability of wheat productivity under the changing climate.



ADVERSE EFFECTS OF SALINITY STRESS ON WHEAT

Most of the agricultural lands, which are affected by different degrees of salinity, are located in semi-arid or arid regions (Liu et al., 2020). Huang et al. (2019) concluded that the damage of crops is mostly intensified by the synchronized action of xerothermic aspects, such as aridity and high temperature. Salinity is the most adversely affecting factor on productivity and quality of wheat through altering the physiological as well as biochemical activities in plants. Generation of ROS due to Na+ toxicity, which damage biomolecules (e.g., lipids, proteins, and nucleic acids) (Apel and Hirt, 2004) on the cellular level and alters redox homeostasis, is a common phenomenon under salt stress (Kundu et al., 2018). However, salt impacted soils are difficult to remediate due to the circumstances outlined by Arzani and Ashraf (2016). First, Na+ and Cl− ions are highly mobile in soils. Second, it is often an expensive and short-term solution for the chronic problem. Third, soil salinity has a dynamic nature and spatial variation in salinity is generated by the interactions among different variables of edaphic effects (soil pH, bulk density, permeability, topography, geohydrology, water table depth, and groundwater salt content), geographic factors (elevation, slope, and aspect), agronomic practices (irrigation, drainage, tillage, crop rotation, and fertilization), and climatic effects (temperature, humidity precipitation, wind, and evaporation) (Bui, 2013). Therefore, the integrated agronomical, physiological, and soil management approaches and targeting multiple traits at the same time are a crucial step to achieve salinity tolerance. Therefore, it is important to substitute Na+ with the Ca2+ followed by removal/leaching of salts derived by the reaction of the amendment from sodic soil for sustainable crop production (Sorour et al., 2019).

Salinity delays the onset of seedlings germination, decreases the seedling growth and the dispersion of germination events, seedling metabolism, causing a reduction in plant growth and crop productivity (El Sabagh et al., 2019a,b,c, 2020). One important approach is to develop an understanding of the plant response toward salinity stress. The response of plants to salinity can be described in two subsequent phases (Arzani and Ashraf, 2016), during the first phase, salinity causes osmotic stress because of a decrease in the soil water potential (James et al., 2006). The second phase develops within a few days or weeks (depend on the severity of salinity) and accumulates Na+ ions in different plant tissues, causing reduced yield and even plant death (Munns and Tester, 2008). Under salinity, Na+ is the principle of toxic ion imposing both osmotic stress and ionic toxicity (Munns and Tester, 2008). Salinity also negatively affects wheat phenological developments such as leaf number, leaf expansion rate, and root/shoot ratio (El-Hendawy et al., 2005), and biomass production (Sorour et al., 2019). The saline environment disturbs plant water relations including relative water content, leaf water potential, water uptake, transpiration rate, water retention, and water use efficiency (Nishida et al., 2009).

Salinity adversely affects the growth and yield of crop plants by decreasing the availability of soil moisture, and due to the toxicity effects of sodium and chloride ions at high concentrations to the plant (Munns and Tester, 2008). Salinity stress accelerates all phenological phases of wheat (Grieve et al., 1994), reduces the number of fertile tillers (Abbas et al., 2013), decreases the number of spikelet number spike−1 (Frank et al., 1987), kernel weight (Abbas et al., 2013), and affects grain yield adversely (Sorour et al., 2019). For instance, yield losses up to 45% have been recorded in salt-stressed wheat (Ali et al., 2009). Hasan et al. (2015) observed that saline stress (15 dSm−1) significantly decreases grains per spike, 1,000-grain weight, and seed yield in tolerant and sensitive wheat cultivars. The effect of salinity stress on root activity, germination, morphological traits, crucial plant processes, yield, and yield attributes in wheat are illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Illustrates the effects of salinity stress on different growth stages and crucial plant processes.



Germination and Plant Growth

Soil salinity is the second major factor responsible for land degradation after soil erosion, causing a decline in agricultural economic outputs for 10,000 years (Shahid et al., 2018). Poor salinity management can cause soil sodicity of farming soils, where sodium (Na) binds to negatively charged clay, causing clay swelling and dispersal, subsequently decreasing the crop yield. Higher levels of salinity confiscate 1.5 million hectares of land globally every year, and hence ~50% of cultivable land could be deteriorated by the mid of 21st century. During salinity, the exaggeration of most plants is apparent in the early stages, especially during seedling establishment, as it is the most responsive and critical stage that is reported to be strongly associated with successful germination and seedling development. Various factors hamper the crop yield under salinity stress, but osmotic stress, ionic imbalance, and oxidative stress are the major ones among them. In brief, the osmotic stress leads to a higher accumulation of salts in cell sap and tissues which become observable as leaf burn and wilting. These symptoms are reported to be associated directly with the accumulation of Na+ and Cl−. Thus, this ionic imbalance causes disequilibrium of nutrients that declines germination, and adversely affects the subsequent metabolic processes (Hussain et al., 2019). Furthermore, the oxidative stress exerted via accelerated ROS generation induces lipid peroxidation, disrupt nucleic acids that ultimately decreases the consistency and overall yield of the affected seed (Dehnavi et al., 2020; Kumari and Kaur, 2020).

Germination is a dynamic and critical phase in the lifecycle of a plant that pledges via the imbibition of water (Kumari and Kaur, 2018). It is a triphasic process, and during phase 1, the seeds absorb water, followed by the second phase, i.e., the “plateau phase” (stable water content), and characterized by test rupturing. In the third phase, endosperm ruptures and radicle protrusion take place, and it is also referred to as the post-germination phase (Chamorro et al., 2017). In 2007, Läuchli and Grattan proposed a general scheme for depicting the relationship of germination percentage with the time of germination under low, moderate, and high salinity levels (Figure 2).


[image: Figure 2]
FIGURE 2. Association between germination rate and exposure duration after sowing at different salinity levels (low, moderate, and high) (Source: Läuchli and Grattan, 2007).


Salinity inhibits seed germination by either exerting osmotic stress that thwarts water uptake or causes ionic toxicity. These consequences collectively inhibit cell division and expansion, as well as modulates the activity of some key enzymes, thus lastly reduces the seed reserves utilization (El-Hendawy et al., 2019). Thus, it can be said that salinity negatively affected the process of germination by altering the normal germination mechanism that resulted in reduced growth and development, ultimately declined the economic yield. Moreover, the increased incidence of salt stress in the arable land indicates that there is an urgent need for a deeper understanding of the mechanisms for plant tolerance to preserve crop productivity through the optimal regulation of growing conditions of cereal crops. There is dire need to develop strategies such seed priming with natural or synthetic growth regulators etc. for boosting cereals germination in saline environment, otherwise significant decline in germination could lead food crisis in future.



Adverse Effects of Salinity Stress on Morphological Processes of Plants

Soil salinity detrimentally affects the various morphological characteristics of wheat plants including seedling growth, plant height, shoot, and root length, the number of roots, leaves, leaf area, fresh and dry weight, root/shoot ratio, and chlorophyll content. Ahmad et al. (2013a) observed that the early maturity of wheat due to salinity stress reduced the crop height and leaf area and found that plumule length was the most sensitive during early growth stages. Bacilio et al. (2004) found that root colonization pattern, leaf expansion, and flag leaf area in wheat was significantly lower under salinity stress. Furthermore, the number of leaves plant−1 and leaf size, along with leaf longevity, were shriveled because of salinity stress (El-Hendawy et al., 2009). Otu et al. (2018) reported that wheat facing salinity stress exhibited reduced stem length, stem weight, and shoot dry matter. Such detrimental effects of salinity stress on the dry weight of shoot may be due to the direct impact on photosynthesis (Parida et al., 2005). Maas (1990) stated that the salinity changes the final size of a spike and a significant reduction occurs in spike length and number, and grains spike−1. Shafi et al. (2010) found that salinity stress inhibited the shoot and root dry weight, number of root tips (lateral roots), total root length, average root diameter, and total root volume. The root is the first important organ, and a well-developed root system can contribute advantages to wheat plant to maintain plant growth for the period of early growth phases, and extracts water and micro-nutrients through the soil (Egamberdieva, 2009). The production of the well-developed root system under stress conditions is vital for above-ground biomass production (Iqbal et al., 2018). Saboora et al. (2006) observed that the root development inclined severely due to salinity stress in wheat besides reduced root length as well as area. Ammonium inhibits the root growth of many plants, including wheat, whereas NaCl stimulates the accumulation of ammonium in roots which restrains the root growth. New cultivars having improved agro-morphological traits and potential to ameliorate the adverse effect of salinity must be developed through a targeted breeding program.



Adverse Effects of Salinity Stress at the Reproductive Stage on Plant Growth and Yield

Several earlier studies illustrated that the reproductive phase of any crop is the most sensitive stage to the abiotic stresses, including salinity (Ehtaiwesh and Rashed, 2020), and cause massive yield penalty in important crops, including wheat (Kalhoro et al., 2016). However, it is well-postulated that salinity influences plant growth and yield attributes primarily due to ion toxicity and osmotic stress. Although, the intrinsic pathways and molecular mechanisms are so far not clear. Salt stress influences cell ion homeostasis by altering ion balance, such as increased Na+ and a simultaneous decreased Ca2+ and K+ content. A recent study suggested that the class I high-affinity K+ transporter (HKT) family is involved in the exclusion of Na+ from leaf blades at the reproductive stage, and this significantly influences sodium ion homeostasis under salinity stress (Suzuki et al., 2016). Likewise, the grain dry matter and K+/Na+ ratio showed a significant correlation and regulated the grain filling rate and duration under salt stress (Poustini and Siosemardeh, 2004). Similarly, an isotopic study (δ13C, δ18O, and δ15N) in wheat crop under different salinity regimes depicted that nitrogen metabolism and stomatal limitations at the anthesis stage are among the major cause of biomass reduction (Yousfi et al., 2013). Furthermore, transcriptomics study in wheat (Arg cultivar) genotype revealed that 109 genes are unique in treated plants, which are mainly associated with transcription factors gene (late embryogenic abundant [LEA] protein, dehydrin, MYB, and ERF), ion transporter (SOS1), antioxidant defense (peroxidase, glutathione S-transferase, GST) and secondary metabolites (caffeic acid 3-O-methyltransferases), and have a role in the regulation of ion homeostasis, cell redox balance, and oxidative stress (Amirbakhtiar et al., 2019).

Besides ionic imbalance, salinity stress influences available soil water, tissue water content, water use efficiency, water potential, transpiration rate, rooting depth, root respiration, root biomass, root hydraulic conductance, cell turgidity, and osmolytes accumulations (Zheng et al., 2008). Besides, it also reduces the photosynthetic rate, biomass accumulation, and source-sink activity, which hastens the reproductive organ's senescence and negatively affects the yield response factors (Khataar et al., 2018). Similarly, at the reproductive phase, alteration in water potential reduces the cell elongation, flag leaf thickness, vascular tissue thickness, mesophyll, and epidermal cell size, which are responsible for the reduction of flag leaf turgidity and leaf area, assimilates synthesis, and finally yield potential (Farouk, 2011).

Although, Ashraf and Ashraf (2016) suggested that these physiological and biochemical trait alterations are stage-specific and attribute to final yield potential. For example, salinity at different stages such as anthesis, early booting, and mid grain filling causes a reduction of grain yield by 39.1, 24.3, and 13.4%, respectively. Salt stress caused the acceleration of shoot apex development but decreased the number of spikelet primordia and also resulted in early terminal spikelet stage and anthesis. This decreased the number of spikes and kernels per spikes, which ultimately reduced the yield potential in wheat (Maas and Grieve, 1990). Likewise, use of 200 mM NaCl stress at pre-anthesis and post-anthesis stage caused reduction in aboveground biomass, ears plant−1, ear weight, number of grains plant−1, C, N, and C/N ratio in grains, and carbon use efficiency at both stages, although the reductions were higher due to imposition of stress at both stages as compared to single-stage (Eroglu et al., 2020). It has also been observed that the unavailability of sufficient photo-assimilates during the reproductive stage is the leading cause for losing yield potential in wheat, and this might be due to the changes in gene expression caused by salt stress during the pre-anthesis and grain filling stage. For example, alteration of sucrose 1-fructosyltransferase, sucrose: fructan6-fructosyltransferase, and fructanexohydrolase hampers the fructan accumulation, and remobilization of carbohydrate to grains (Sharbatkhari et al., 2016). Similarly, yield component traits such as spike length, spike weight, filled spikelet plant−1, total spikelet plant−1, and test weight were reduced to 8, 3, 37, 20, and 10%, respectively under stress condition, and resulted in 16% low total grain weight plant−1 (Tareq et al., 2011). Further, losses of grain weight under saline stress occurs due to pollen sterility, less production of assimilates, and reduced partitioning toward economic parts (grains) of plants. Likewise, the study on 151 synthetic wheat-breeding lines suggested that salt stress to be associated with Na+ toxicity, which reduced the total kernel weight, and starch content by 20 and 6%, respectively (Dadshani et al., 2019).

In spite of these changes, salinity stress has substantial impacts on grain quality traits. For example, the use of 200 mM of NaCl in wheat (cv. Shatabdi) showed an increase in Na+, K+, and Ca+2 content in grains by 155, 10, and 20%, respectively under stress (Tareq et al., 2011). Similarly, the use 0.75% NaCl salt increased the contents of high molecular weight glutenin subunit, glutenin macro-polymers (36.14%), and amino acids and improved wheat quality at certain levels but reduce grain yield (Zhang et al., 2016). Similarly, Nadeem et al. (2020) reported that salinity negatively influenced the yield (grain length, test weight, and grain yield), nutritional quality traits (moisture, fat, ash, fiber, and gluten content), and mineral nutrient content (K, Ca, Fe, P, Zn, and Mg) in wheat crop. Therefore, it can be concluded that salinity stress is a major factor for limiting yield and yield quality traits, and it affects the reproductive phage severely by altering ion homeostasis, water status, and assimilate partitioning.



Adverse Effects of Salinity on Grain Quality

Soil salinity imparts detrimental impacts on vital metabolic, biochemical, and physiological processes occurring within the plants leading to the deterioration of grain quality. The extent of changes in grain quality caused by salinity depends on the sternness of the stress. From physiological perspectives, grain quality is affected owing to the accumulation of salts in the root zone leading to osmotic stress induction, which vigorously disrupted cell ion homeostasis. Salt exposure causes osmotic stress at the beginning, while subsequently, ion toxicity hampers growth, grain development, and quality, especially if the exposure periods get prolonged. The deterioration of grain quality of cereals has also been explained in agronomic perspectives as well. The reduction in the capability of roots for water uptake owing to osmotic stress contributes to growth inhibition, declined crop productivity, and inferior grain quality (Netondo et al., 2004). Thus, grain quality is drastically affected by the devastating effects of osmotic stress, while the subsequent slower ion toxicity phase is even more detrimental.

Winter wheat constitutes a vital source of carbohydrates and protein for humans across the globe (Siddiqui et al., 2019). There have been significant achievements pertaining to boost wheat yield over the decades. However, the demand for higher-quality grain has also increased with the improvement in human lifestyle (Park et al., 2009). Plant variety, in conjunction with the prevalent environment, has also been reported to determine the wheat quality to a certain extent (Sairam et al., 2002). Previously, most researchers focused on the impacts of salinity on wheat grain yield (Zheng et al., 2009), but little is known about the relationships between salt-tolerance and grain quality. There are diverse effects of salinity levels on the grain quality of cereals. It has been inferred that salinity levels, especially beyond 150 mM of NaCl, significantly reduced the grain yield, whereby grain quality deterioration remained significant at 100 mM (Farooq and Azam, 2005). There is a varying impact of salinity on the nutritional value of grains depending upon the plant growth stage at which stress occurs. Breeding approaches to improve grain yield, especially in the salt-tolerant varieties have negatively affected the grain quality as these traits are often inversely related.

As far as grain quality of cereals under abiotic stresses especially salinity is concerned, there have been relatively limited investigations. Protein, fat, and fibers contents in grain decreased significantly due to salinity. In response to imposed salinity, protein content improved in the sensitive wheat genotypes, while it decreased in tolerant genotypes. The ash and beta-carotene contents were enhanced, while the gluten index got declined considerably (Katerji et al., 2005). At the same time, Maqsood et al. (2008) inferred that the decrease in protein and fiber contents of cereals was due to the accumulation of salts in the root zone, which deteriorated the grain quality. Additionally, higher concentration of Na+ in the external environment interferes with the absorption of nitrogen, which leads to lower protein content in wheat grains. Thus, the nutritional imbalance is reported to be the major factor behind the deteriorated grain quality of wheat under salt stress. Furthermore, salt stress interfered with prime processes, including photosynthesis, energy production, lipid metabolism, and protein synthesis. Lastly, salinity reduced phosphorus (P) concentration in plant shoots, which interfered with grain development and nutritional quality. Optimization of P foliar doses might be developed as a potent approach to alleviate the salinity effects on grain size and weights which are the vital yield attributes of cereals.


Protein Content

Protein content is the most important indicator of wheat grain quality and hence it governs and determines the end-use quality. The grain quality of wheat, especially the quality of protein as well as its quantity, is vital for dough properties and the bread-making quality of wheat flour. Under the saline condition, the protein quantity is increased, but the protein quality is decreased in wheat and triticale. The protein content is controlled by the genetic makeup of a particular cultivar or line, environmental factors, especially temperature and soil fertility status predominantly concerning N concentration in soil solution. It is significantly affected by environmental factors and their interactions. Positive correlations between environmental factors and wheat grain protein content have been reported during grain filling (Huebner et al., 1997). Protein content, along with composition, significantly modifies wheat flour quality for bread-making (Branlard et al., 2001). Nevertheless, the high protein content of the wheat grain is privileged because flour protein content has a linear relationship with bread-making quality (Schofield, 1994). Conversely, protein quality signifies the quality of bread-making. It has been established that the composition of grain protein primarily depends on wheat genotypes; however, environmental factors and their association significantly affect protein composition (Zhu and Khan, 2001). Among environmental factors, soil fertility status, especially nitrogen concentration, temperature, and moisture, influence cereals grain protein content (Rao et al., 1993). Environmental stresses also impart their influence on milling-quality as indicated by test weight. Test weight is a highly heritable character and has a direct relationship with grain quality, which can find its use for early selection of wheat lines in breeding programs (Troccoli et al., 2000). The crude protein content of cereal declined from 17.21 to 8.51% under salt stress (Fernandez-Figares et al., 2000). Similarly, Darvey et al. (2000) recorded a higher reduction of protein content in wheat compared to triticale. Contrarily, Francois et al. (1986) observed the increment of protein content in durum wheat under salt stress. Environmental factors, especially heat and salt-stressed to promote leaf senescence at grain filling, which promotes protein deposition over accumulation of starch in the grain. It is due to the fact of carbohydrate synthesis, as well as translocation to the grain, is highly prone to adverse and harsh growing conditions compared to protein synthesis and translocation (Fernandez-Figares et al., 2000). Furthermore, it is also established a fact that the protein and starch deposition rate and duration in the cereals grain are entirely independent events, which are influenced and governed by a group of environmental factors (Jenner et al., 1991). Likewise, starch deposition seemingly remains more sensitive under salt stress for shortening of grain filling period in comparison to the deposition of protein. Moreover, optimum environmental factors cause a delay in leaf senescence, which promote nitrogen absorption from the soil and subsequently translocate it to leaves. In this way, a higher grain yield with lower protein content is produced by wheat. The existence of a negative relationship between protein content and grain yield has been reported in wheat, barley, and triticale (manmade cereal developed by crossing wheat and rye) crops (Garcia del Moral et al., 1995). In response to imposed salinity, photosynthetic rate declines as feedback response due to several internal changes leading to higher demand for assimilates; triggering the rate of carbohydrate accumulation and cause a delay in leaf senescence and consequently promoting the onset of Rubisco hydrolysis. The net result is limited N availability, which tends to remobilize toward the grains. Moreover, salinity exposure results in rapid degradation of the RuBisCo enzyme, leading to the higher redistribution of N to the developing grains (Fernandez-Figares et al., 2000).



Gluten Content

The proteins for gluten storage are divided into gliadins (confers extensibility) and glutenins (causes elasticity). Similar to the protein content of the wheat grain, salinity tends to boost wet and dry gluten content in salt-tolerant wheat cultivars, while the opposite has been observed for salt-sensitive cultivars (Khan et al., 2008). Regarding the salt stress effect on the gluten content of wheat grains, it multiplied with increasing salt content in the soil (Shen et al., 2007). In contrast, Kahrizi and Sedghi (2013) inferred that salinity has a very minute impact on the gluten content of cereals grains, while Houshmand et al. (2014) observed that abiotic stresses (salt and drought) result in a significant increment of wet and dry gluten contents. Zheng et al. (2009) also found that the gluten content of wheat cultivars has a direct relationship with the salt concentration of soil. There is a dire need to conduct further in-depth studies to determine the impact of salinity levels on gluten concentration and composition in wheat grain under varying pedo-environmental conditions.



Ash Content

The Ash content of wheat grain represents the mineral constituents of grain. In comparison to saline conditions, optimal growing conditions give rise to the higher ash content of whole-grain owing to improved minerals uptake from the soil solution (Troccoli et al., 2000). Contrarily, Katerji et al. (2005) found an inverse relationship between salinity and ash content of durum wheat. Likewise, Francois et al. (1986) reported that soil salinity reduces ash content of durum as well as semi-dwarf bread wheat; thus, it may be inferred that there are disturbing effects of soil salinity pertaining to the minerals uptake, translocation as well as accumulation processes which result in a severe decline of ash content in wheat grain. Reddy et al. (2003) examined that salinity significantly reduced the grain yield as well as quality along with crop residue quality. Francois et al. (1986) concluded that soil salinity reduced the ash content and improved the flour color as well as protein content. Katerji et al. (2005) reported that excessive salt decreases ash content of wheat, and in this way, wheat grain quality gets improved. Moreover, the direct relationship between water use efficiency (WUE) and ash content of wheat grain can be a useful indicator to select wheat varieties having superior WUE under saline conditions.



Carbohydrate Content

Carbohydrate content is an important indicator of wheat grain quality, which is influenced by salinity stress, especially when wheat plants are exposed to saline environment at the grain filling stage. The synthesis and translocation of carbohydrates are more sensitive to suboptimal growing conditions compared to protein production (Rao et al., 1993). Salinity stress at the post-anthesis stage seriously shortens the accumulation duration of storage proteins leading to modification in gliadins and glutenins accumulation pathways. Moreover, the disruption effects of salinity on photosynthesis rate reduces carbohydrates synthesis at the vegetative growth stage, while it also disrupts or halts the translocation of carbohydrates toward grains at the initiation of grain filling stage, and thus it results in a significant reduction of carbohydrates concentration in wheat grain (Fernandez-Figares et al., 2000).



Beta-Carotene Content

There are rare research investigations that have focused on wheat grain quality, especially beta-carotene content under salinity stress. The beta-carotene contents varied significantly in salt-tolerant and sensitive cultivars of durum wheat under saline conditions. The beta-carotene content of grains recorded a sharp decline in wheat cultivars under salt stress environments (Katerji et al., 2005). Likewise, Francois et al. (1986) reported that both beta-carotene and ash content witnessed a sharp decline owing to salinity. Future studies need to explore the detrimental effect of saline environment on carotene contents with respect to interactive effect of varying genotypes, agro-environmental factors and agronomic management practices along with frequency and intensity of salinity.





SALINITY AND NUTRIENT IMBALANCE

One of the adverse effects of a saline environment, especially high salt concentration in soil solution, causes a severe reduction in the uptake of nutrients and water. Resultantly, osmotic stress intensifies ion toxicity, imbalance of nutrients under water-deficit conditions. Salinity leads to injury of photo-synthetically active leaves by causing chlorosis and triggering leaf senescence in cereals (Hanin et al., 2016). Ion imbalance is one of the most severe impacts caused by a saline environment dominated by NaCl presence, while numerous other ions also multiply the severity of the stress. The combinations of ions in the saline environment determine the types of nutrients which become either deficient or excessive (Hawkins and Lewis, 1993). The underlying mechanism of ionic imbalance has recently been elaborated. Under low-moderate salinity, the nutrient imbalance is prevented by salt ions transportation, which occurs within the vacuole that tends to off-set the ion flux into the cell from the plasma membrane (Blumwald et al., 2000). When the influx rate is higher, ionic homeostasis in cells gets compromised, and anions (Cl−) and cations (Na+, Mg2+, Ca2+) accumulate in the plasmatic compartments (cytosol, matrix, and stroma) of the cell instead of the vacuole, which results in nutrient imbalance especially K and P. To avoid ion imbalance in the short term, accumulation of ions in the apoplast continues, and resultantly no transportation of ions from the apoplast to the symplast occurs. Such ion accumulation in apoplast is usually regarded as the causal mechanism behind salinity-induced ionic imbalance (Speer and Kaiser, 1991). Accumulation of salt in the leaf apoplast disrupts cell water relations leading to wilting (Flowers et al., 1991).

Inorganic ions often perform to be competitive enzyme inhibitors, which host ionic substrates but also interfere with protein surface charges besides destabilizing molecular level interactions. The nutrient imbalance under saline conditions leads Na+ to substitute K+ from the essential binding sites. In biochemistry, the typical instances for K+ dependency are ribosomes and pyruvate kinase. It has been reported that K+ presence in optimal concentration boosts pyruvate kinase activity (Vmax) as much as 400 times (Oria-Hernández et al., 2005), while K+ substitution by Na+ causes inhibition up to 92%. In addition, peptidyl transferase activity in eukaryotic ribosomes gets regulated by K+ concentration and might reach upto 20 s−1 under optimal conditions (Ioannou and Coutsogeorgopoulos, 1997). However, metabolic imbalances occur in the case of drop-in K+ concentration and an increase in Na+ concentration, and such ionic imbalance leads to the initiation of numerous inhibitory processes that cause redox and energy metabolism.

Under normalized conditions, nutrient ion net fluxes of different cereals (maize, wheat, and barley) and legumes such as broad beans get adjusted in accordance with cellular requirements and crop development phases, leading to the establishment of ionic homeostasis (Niu et al., 1995). However, salinity severely disturbs ionic harmony as excessive salt ions (e.g., Na+, Cl− or Mg2+ and [image: image]) accumulation alters the composition of the soil solution. Excessive accumulation of the Na+ cation disturbs uptake of many cationic nutrients such as K+ (Wakeel et al., 2011) or Ca2+ (Gardner, 2016); resulting in nutrient imbalance. For instance, excessive Na+ induces Ca2+ deficiency having an appearance like lesions on aerial plant parts along with a reduction in leaf blade dry weight (Maas and Grieve, 1990). Furthermore, Na+ induces K+ uptake reduction leading to declined shoot growth. In contrast, Cl− presence in excessive concentration leads to impairment of nutrient uptake by disturbing anions uptake (Geilfus, 2018a,b). The uptake and anion-anion interactions are antagonistic in nature as the Cl− concentration multiplies by many folds in the soil solution under NaCl salt stress. It has been established that Cl− is greatly mobile in the soil, and negatively charged kaolin and clay minerals significantly repel Cl− leading to its accumulation in the soil macro-pores and soil solution (Thomas and Swoboda, 1970). On the other hand, cations, including Na+, get absorbed in very minute concentration by the negatively charged soil surface under the soil environment (Borggaard, 1984). Moreover, antagonism has been reported among Cl− and nitrate (NO3−) when external Cl− concentrations become too higher (Abdelgadir et al., 2005), which causes a reduction in the growth and yield of wheat (Hu and Schmidhalter, 1998). However, this has not been similar for corn crop (Hütsch et al., 2016). Interestingly, severe competition for anion-anion uptake has also been described for Cl− and phosphate (PO43−). In addition to cereals, such competition has also been reported for tomatoes as well as rose plants (Massa et al., 2009).

Under NaCl salinity, it seems that Cl− tends to hinder the growth and development of crops by inducing the deficiency of phosphorous and sulfur through inhibiting PO43− and SO42− uptake. However, facts remain that generalizable conclusions may not be drawn from the published research and relevant findings. For concise conclusiveness, it becomes pertinent to distinguish between Cl− and counter-cations effect under saline environment. There is a dire need to perform further experiments regarding the behavior of membrane-impermeable counter-cations of a specific salt. Besides, the underlying molecular mechanism of nutrient-nutrient antagonistic uptake remains unclear. However, one of the possible justifications can be attributed to antagonistic competition for a binding site at transport proteins of salts ions. Another justification can be leaking of Cl− from protein pores, which quantitatively displace PO43− or SO42− leading to a sharp decline in their take up. Both above-stated scenarios rely on transmembrane pores, physicochemical attributes such as their charge and size. For instance, hydrated Cl− ion radius is similar to SO42−. It seems that under salinity stress, glycophytic crops did not encounter the necessity to escape Na+ and Cl− uptake during the breeding and evolution process, which hampered the development of adaptive mechanism at the transporter site for differentiating among the requisite nutrients and undesired ions of salts. Thus, it might be inferred that two pronged strategy encompassing reduction in the uptake of salt ions and their replacement in the soil solution as well as plant need further investigations to cope with the serious challenge of salinity and impart sustainability to cereals production.



WATER RELATION TO SALINITY STRESS

Wheat plants exposed to salt stress change their environmental condition. The capability of plants to tolerate salt is determined by several biochemical ways that facilitate the acquisition or maintenance of water relations, ionic homeostasis, and protect chloroplast functioning. In agriculture, salinity has been the most distressing abiotic stress having pronounced damaging effect on physiological, morphological, and biochemical characteristics of the crop plants, including uptake of water and nutrients, germination, growth, photosynthesis, enzyme actions, and yield (Cisse et al., 2019). Plant water status is hard to measure as it keeps on changing every minute-to-minute. Since stomatal conductance on which it is entirely dependent in the short term (Gil-Muñoz et al., 2020), and psychometric or pressure chamber measurements are often tricky to deliver accurate values (El-Hendawy et al., 2005). In areas where the rainfall is low and the salt remains in the subsoil, increased salt tolerance would allow plants to extract more water (Munns et al., 2006). Mostly wheat productivity is reduced when water stress occurs at heading time, and the reduction is severe when it occurs after anthesis (Barutcular et al., 2016a,b).

Accessibility of water in plants is a crucial factor for all physiological and metabolic processes of plants (Sreenivasulu et al., 2007). The higher concentration of salts causes osmotic stress to plants, which results in low water potential in wheat crop (Qamar et al., 2020). The rate at which new leaves are produced depends basically on the water potential of the soil water, in the same way as for a drought-stressed plant. According to the previous investigations, there is a link between the different physiological reaction of crops to stress and their tolerance mechanisms, viz. high relative water content and water potential (Datta et al., 2011). Singh et al. (2015) reported that salinity prevents seed germination by either exerting osmotic stress that thwarts uptake of water. Such stresses cooperatively inhibit cell expansion and division, as well as modulates the activity of some key enzymes, thus reduces the seed reserves utilization (El-Hendawy et al., 2019).

Water potential of plants at reproductive phases also reduces the cell extension, vascular tissue thickness, flag leaf thickness, mesophyll, and epidermal cell size, which are responsible for the reduction of flag leaf turgidity, flag leaf area, assimilates synthesis, and yield potential (Nassar et al., 2020). Zhang S. et al. (2016) reported that relative water content (RWC) declined by 3.5 and 6.7%, compared to their controls in the salt-tolerant, and salt-sensitive cultivars, respectively, after 6 d of 100 mM NaCl exposure. Further research resulted in a significant reduction in water use efficiency (WUE) of both tolerant and sensitive cultivars under saline field conditions (Gil-Muñoz et al., 2020). The ratio of water content decreased in the root but increased in shoot and spike of other cultivars of wheat (Tammam et al., 2008). Moreover, a direct relationship between WUE and an ash content of wheat grain can be a useful indicator to select wheat varieties having superior WUE under salinity (Zhang et al., 2020).

Consequently, from these findings, we conclude that salinity stress is a major factor for limiting yield and grain quality traits, and it affects the reproductive phase severely by altering ionic homeostasis, water status, and assimilate partitioning. Foliar application of antioxidants and growth regulators that maintain an appropriate water level in the leaves to facilitate adjustment of osmotic and stomatal activity (Arshad et al., 2020). The introduction of deep-rooted crop species is necessary to lower the water table, but salt tolerance will be required not only for the “de-watering” species but also for the annual crops that follow, as salt will be left in the soil when the water table is lowered.



APPROACHES TO IMPROVE SALT STRESS TOLERANCE IN WHEAT

Improving the crop performance by conventional breeding methods, introducing gene markers, and selection of genetically modified genotypes are the basic approaches to produce tolerance against salinity stress in plants (Hasanuzzaman et al., 2011). In recent year development of transgenics (transfer of genes from tolerant sources) are a promising approach to developing stress-tolerant varieties. Several transgenics are also developed in wheat crop to ameliorate the adverse effects of salinity. Table 1 represents the transgenic developed in wheat crop using the osmoprotectant, ion transporters genes and their source and influenced traits to make salinity tolerant wheat.


Table 1. Highlights the some transgenic developed in wheat crop and influenced traits for salinity tolerance.
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Salt Tolerance Through Osmoprotectants

Various mechanisms are adopted by plants under salinity stress at the organism and tissue level to avoid adverse effects of salinity. Plants produce osmolytes and some beneficial solutes that prevent them from the impact of salinity stress by maintaining osmotic and ionic balance (Ashraf and Foolad, 2007). These compatible solutes and osmoprotectants are uncharged, less toxic soluble organic solutes that provide a -optimal environment to plants under salt stress. Proline, glycine betaine, salicylic acid (SA), and sugar alcohols like trehalose, sorbitol, and mannitol are examples of osmolytes. Membrane stabilization, protein synthesis, and maintenance of osmotic pressure are the important functions performed by these osmolytes and exogenous application of these compounds are helpful for improving salt tolerance in wheat. Plant's exposure to salt stress improves their ability to synthesize osmolytes like glycine betaine, sugar alcohols, and sorbitol that helps them to survive under salinity (Chen and Jiang, 2010). The use of osmolytes was found very vital against salt tolerance induction (Alam et al., 2014). Application of trehalose (10 mM) reduces H2O2 level, lipid peroxidation, free amino acids, proline and LOX enzyme activity, while improves photosynthetic pigments, accumulation of organic solutes and elevating the expression of AOX, NHX1, SOS1 to ion homeostasis under salinity stress (Alla et al., 2019). Further, seed priming and foliar application with plant growth regulators (PGRs), inorganic and organic ion found effective in salinity tolerance as they improve osmolytes production and strength the antioxidant system of plants (Wajid et al., 2019). Recently, the metabolic engineering of osmoprotectants elucidates the mechanisms of salinity tolerance in crops. Further, they also suggested that engineering of these metabolic compounds open a way for understanding the complex nature of salt stress and its relation with other crucial plant processes (Alzahrani, 2021). However, thorough investigations are needed to identify crop-specific osmoprotectants, their dose optimization for exogenous application, time of foliar sprays and stage of crops.



Salinity Tolerance Through Plant Hormones

Salt stress tolerance and plant growth regulation are associated with the biosynthesis of a variety of compounds in minute concentrations, which are termed asplant hormones (Ryu and Cho, 2015). Salt stress was mitigated by several types of plant growth hormones, abscisic acid (ABA), auxins (AUX), cytokinin (CK), and ethylene (ET). Auxin is an important growth regulator that enhances seedling establishment, shoot dry weight, and also balanced the ionic pressure in plants under salinity stress (Iqbal and Ashraf, 2007). Primed seeds with growth regulator auxin mitigated the salinity by improving the hormone balance, nutrients uptake leading to better yield and productivity of both salt resistant and susceptible genotypes. Crop growth rate, leaf area index, photosynthetic efficiency, grain yield, and its quality were improved by seed priming with gibberellic acid (GA) (Shaddad et al., 2013). Foliar applied -GA also enhances salinity tolerance by increasing seedling establishment, plant productivity, and antioxidant enzymatic efficiency under salt stress (Tabatabaei, 2013). Salinity stress could be mitigated by priming with cytokinin that improved seedling establishment, tillers formation, and grain weight under salt-affected soils (Iqbal et al., 2006).



Plant Nutrients

The availability of nutrients is also responsible for mitigating the salt stress effect by various physiochemical and biological mechanisms. Foliar application of potassium improves photosynthesizing efficiency, antioxidant enzymatic efficiency, potassium intake by plants, and sodium absorption and salt stress environments (El-Lethy et al., 2013). Sodium absorption, leaf area index, and biological yield were found to be improved under stressed environments by external application of phosphorous (Khan et al., 2013). Calcium sulfate is also an important nutrient that alleviates the ill effect of salt stress by improving the intake of calcium and potassium and improves crop growth in salinity stress (Zaman et al., 2005). The application of calcium nitrate decreased the peroxidation of lipids and excretion of electrolytes that enhanced the salt tolerance in plants (Tian et al., 2015). Recently the application of inorganic nutrients (Si, K, Zn), organic extract (moringa leaf extract, biochar), as seed or foliar treatments improve the salinity stress tolerance (Jan et al., 2017). Likewise, the application of nanoparticles (Zn, Si) (Mushtaq et al., 2017) showed promising results. Although, the molecular understanding regarding the application of different nutrients and transporters response can accelerate the salinity stress tolerance program in plants.



Salt Tolerance Through Various Signaling Molecules

Various signaling molecules can crosstalk with phytohormones and antioxidants within the plants that help plants to survive under salt stress. Nitric oxide (NO) is the most widely used signaling molecule to mitigate various abiotic stresses, particularly salt stress. It has interaction with other molecules by several pathways due to its signaling role besides improved crop productivity under salt-stressed environments (Hasanuzzaman et al., 2013). A valuable improvement was noticed in the wheat seedling establishment by exogenous application of NO under salt stress. Other than the NO, hydrogen sulfide (H2S), H2O2, and ROS have a significant role in salinity stress tolerance (Khan et al., 2017). These compounds have crucial roles in the regulation of salinity stress tolerance via ion, hormonal, and redox homeostasis in salt-affected cells and reduce the drastic effect by strengthening the antioxidant defense (Bhuyan et al., 2020). Moreover, these compounds have the ability to crosstalk with other signaling compounds and plant growth regulators such as melatonin, ET, ABA, and salicylic acid (Kolbert et al., 2019). Although, the last few years study of gas transmitters (gaseous signaling molecules) under plant abiotic stresses opens gate for further understanding the abiotic stress signaling mechanisms in depth. However, depth study at molecular level still required to complete understanding of abiotic stresses signaling mechanisms.




USE OF PLANT GROWTH HORMONES IN MITIGATING SALINITY-INDUCED DAMAGES

Salt stress adversely affects plant growth and related metabolites, and consequently reduces crop yield (Islam et al., 2011). The reduction of plant growth and alteration of related metabolites is evident due to the decline of natural growth hormones in plant tissues (Yurekli et al., 2004). Wang et al. (2001) stated that salinity stress decreased the indole-3-acetic acid (IAA) and salicylic acid (SA), whereas increased the abscisic acid (ABA) and jasmonic acid (JA). Exogenous application of hormones, i.e., plant growth regulators (PGRs), ameliorated the negative effect of salt-induced stress and enhanced the crop yield. PGRs under the saline environment can alleviate the adverse effects of salt stress by enhancing the germination and seedling growth of wheat (Samad and Karmoker, 2012).


Gibberellic Acid (GA3)

Gibberellic acid improved the growth criteria, photosynthetic pigments, and consequently the crop yield of wheat cultivars due to better osmoregulation resulting in increased water flow and water status using the organic solutes (saccharides and proteins), which in turn increased the photosynthetic area and yield (Shaddad et al., 2013). Under saline stress conditions, GA3 stimulated the growth of wheat (Afzal et al., 2005), maize (Hassanein et al., 2009), and sorghum (Azooz et al., 2004). At the same time, GA3 modulation could support abiotic stress tolerance in wheat crop (Abhinandan et al., 2018). GA3 signaling mechanism involved in various developmental and abiotic stress conditions is mediated through an important GA3 signaling molecule called DELLA protein. DELLA protein regulates a complex network of transcription factors and genes (Schwechheimer, 2012). GA3 signaling has shown the targeted deterioration of a group of GA3-response through transcriptional repressors (Golldack et al., 2014). Such signal pathway has observed to be dominant to the success of wheat crop seedlings in the Mediterranean soil under water deficit conditions (Amram et al., 2015). It was found that the endogenous level of GA3 is inhibited under drought and salt stress (Llanes et al., 2016). Uses of GA-inhibiting compounds drought-stressed plants alleviate the negative effects of stress and increase bio weight and yield (Plaza-Wüthrich et al., 2016). It has been also found that GA and auxin (IAA) treatment in wheat reduces the negative effects of ethylene and regulate salinity tolerance in wheat crop (Abd El-Samad, 2013).



Abscisic Acid (ABA)

Abscisic acid has been found to be the main regulator of abiotic stress tolerance in wheat via regulation of protein kinases activities, which is important for phosphorylation processes (Umezawa et al., 2009). The contribution of Snf1-related protein kinases (SnRKs) has been studied extensively in Arabidopsis. Some studies of SnRKs in wheat has shown the presence of other SnRK2 homologs that appear to play a role in ABA-mediated abiotic stress signaling (Mao et al., 2010). The expression of wheat SnRK homologs is stimulated by salt stress, cold stress, drought (induced by PEG), and the application of exogenous ABA (Tian et al., 2013). Likewise, Dong et al. (2013) reported that 12-oxo-phytodienoic acid reductases (OPRs) gene associated with the synthesis of ABA and promotion of ABA-dependent and ROS related stress signaling mechanisms and confer salinity tolerance in wheat. Recently, an ABA functional analog B2 has been shown a positive response under salinity stress by enhancing the expression of ABA-responsive genes and antioxidant activity (Duan, 2020). Moreover, ABA is a crucial stress hormone that regulates the multiple abiotic stresses in the plant including salinity via crosstalk with other signaling molecules and PGRs. To date, numerous genes/transcription factor are identified (TaASN1, TabHLH1) (Yang et al., 2016), which associated with ABA signaling and stress tolerance.



Auxin and Cytokinin

The exogenous application of auxins, cytokinins mitigate the adverse effects of salt stress and consequently improved seed germination and growth (Naidu, 2001; Khan et al., 2004). Auxin and targeted cytokinin signaling is observed to be suppressed during abiotic stress signaling in wheat plants (Abhinandan et al., 2018). Furthermore, the cytokinin and auxin pathways regulate a plethora of developmental processes through their dynamic and complementary actions and their ability to crosstalk support as perfect candidates for mediating stress-adaptation responses (Bielach et al., 2017). Tryptophan derivative auxin is mostly present in the form of indole-3-acetic acid (IAA), and it was decreased in the leaves of wheat under the cold or frost stress (Kosová et al., 2012). It was shown that the cold-sensitive wheat variety was characterized by a high concentration of auxin followed by an acclimatization period connected with reduced fitness. The cytokinin level is reduced early in cold-tolerant wheat varieties as compared to the cold-sensitive ones (Kosová et al., 2012). The imposition of drought and salt stress during the reproductive stages of wheat has been shown to reduce the grain filling, which allied with reduced auxin concentration (Abid et al., 2017). Nishiyama et al. (2011) observed that drought stress decreased the cytokinin biosynthetic enzymes along with suppressed positive cytokinin signaling components, which might improve the drought-tolerance of wheat plants. The reproductive phase of wheat is more sensitive to stress, and the imposition of drought stress at this stage reduced grain filling, which is linked with low levels of auxin and cytokinin, while external cytokinin application rescued this problem (Abid et al., 2017). It has been reported that cytokinin increases the activities of antioxidant enzymes catalase (CAT) and ascorbate peroxidase (APX), prevent cellular damage by ROSs, and shore up antioxidant molecules, xanthophyll (Wilkinson et al., 2012).



Salicylic Acid

The application of salicylic acid (SA) mitigates the harmful effect of abiotic stresses (Abhinandan et al., 2018). External application of SA in wheat has been shown to be a signaling molecule to stimulate the internal radical detoxification system (Noreen et al., 2017; Fardus et al., 2018). Exogenous application of SA in wheat supports antioxidants production via utilizing ROS to be a second messenger (Agarwal et al., 2005a,b). Such responses can reduce oxidative damage under drought, heat, and saline conditions (Fardus et al., 2018). Salicylic acid also induces the accumulation of auxin and ABA, which provides tolerance against salinity stress (Shakirova et al., 2003). Likewise, the seed priming with SA, ABA and ascorbic acid improved the seedling performance by enhancing seedling fresh weight, length, and decrease electrolyte leakage. Although, the authors suggested that the priming with ABA is not so effective (Afzal et al., 2006).



Ethylene

The promotion of abiotic stress tolerance in wheat has been shown by ethylene inhibitors (Abhinandan et al., 2018). Ethylene modulates salinity stress responses largely via maintaining the homeostasis of Na+/K+, nutrients, and ROS by inducing antioxidant defense in addition to elevating the assimilation of nitrates and sulfates. Moreover, a cross-talk of ethylene signaling with other phytohormones has also been observed, which collectively regulate the salinity stress responses in plants (Riyazuddin et al., 2020). Ethylene participation in the later phase of plant growth and development relates to leaf abscission, ripening of fruit, maturation of seeds, and plant drying (Wilkinson et al., 2012). It was shown the role of glycine betaine (GB) and ethylene in salt tolerance variation of different wheat cultivars. The salt-tolerant cultivar exhibited GB content, which was found correlative with ethylene (Khan et al., 2012).

The activation and expression of some ethylene-responsive factors, proteins like TaERF1 and TaERF3, which support resistance to multiple stresses, can be induced by the perception of abscisic acid or ethylene (Rong et al., 2014). The study with isolation and molecular characterization of TdERF1, an ERF gene from durum wheat (Triticum turgidum L. subsp. durum) different varieties showed that TdERF1 gene may provide a discriminating marker between tolerant and sensitive wheat varieties (Makhloufi et al., 2014). The severity as well as stress period dictates the level of ethylene evolution and its response levels.

Salt stress declines the metabolic activity of plant cells, which inevitably reflects the inhibition of plant growth (Çiçek and Çakirlar, 2002). Application of ethephon and zeatin reverse the growth-inhibiting effect of salt stress and increase the shoot and root growth of wheat (Egamberdieva, 2009). Gul et al. (2000) stated that the plant growth stimulating compounds such zeatin, and ethephon alleviate the negative effect of salt stress and increase the germination and growth of Ceratoideslanata, Halogetonglomeratus (Khan et al., 2004).



Brassinosteroids (BRs)

The application of brassinosteroids (BRs) exogenously increases plant tolerance against abiotic stress (Abhinandan et al., 2018). Though the effect of BRs on growth and development of wheat has been studied extensively but has not been much studied at the molecular level. Although a detailed study regarding the BR receptor and other signaling components has been performed in the case of Arabidopsis, there are only limited studies of BRI1 orthologs availability in other taxa. Navarro et al. (2015) reported the presence of a single copy of BRI1 (TaBRI1) in each of three wheat genomes on the long arm of chromosome 3 with in silico analysis. It is very difficult to prove directly that BRs can improve abiotic stress tolerance due to lacking in vivo genetic data. But the exogenous application of BRsis significantly able to improve abiotic stress tolerance in wheat crop. The growing of wheat seedlings under 0.4 μM 24-epibrassinolide treatment has shown high levels of cytokinin in roots and shoots as compared to control plants (Yuldashev et al., 2012). The BRs acts as a defense agent under cadmium (Cd), lead (Pb), and salinity stress-induced Triticum aestivum. Wheat plants grown in cadmium and saline conditions normally have decreased photosynthetic activity and growth, but simulated antioxidant enzymatic activity and increased Pro concentration (Hayat et al., 2014). The manipulation with strigolactone, which is engaged in symbiotic relations in the rhizosphere, provides new ways for generating stress tolerant wheat germplasm (Abhinandan et al., 2018). Plants treated with synthetic SL analog GR24 exogenously under drought stress conditions significantly increased the thousand-grain weight as compare to non-treated drought-stressed two winter wheat cultivars (Sedaghat et al., 2017). Future research need to focus the vital role of synthetic and natural hormones for alleviating salinity stress as various hormones hold potential to modulate and regulate vital metabolic processes under stressful environment.



Plant Growth-Promoting Bacteria (PGPB)

Plant growth-promoting bacteria directly or indirectly enhanced the growth of plants (Ahmad et al., 2013b). It has been reported by Kotuby-Amazher et al. (2000) that beneficial microorganisms could reduce salt stress by ~50% in wheat. PGPB produce some beneficial compounds like indole acetic acid, siderophore, HCN, etc., solubilize minerals and break down organic matters for easy uptake by plants, fix atmospheric nitrogen, and produce siderophores that enhance the bioavailability of iron, and synthesize phytohormones such as cytokinin's, auxins and gibberellins which have beneficial roles in various stages of plant growth (Richardson and Simpson, 2011). PGPB also decreases or inhibits the detrimental effects of pathogenic organisms by enhancing the host resistance to pathogenic organisms (Van Loon, 2007). Orhan (2016) reported that halotolerant and halophilic bacterial strains significantly increased the root and shoot length, and total fresh weight of wheat under severe salt stress (200 mM NaCl). IAA is declined due to the negative effect of salt stress (Wang et al., 2001), and bacterial strains P. aureantiaca TSAU22, P. extremorientalis TSAU6, and P. extremorientalis TSAU20 produce IAA, which alleviate the reductive effect of salt stress and increase the germination percentage (up to 79%) of wheat (Egamberdieva, 2009).

The cross talks of signaling molecules with other PGRs compounds in wheat crop under salinity are highlighted in Table 2. In this table different signaling molecules and PGRs are participating in common signaling pathways and regulates the multiple stresses tolerance.


Table 2. Highlights the crosstalk between plant growth regulators and signaling compounds to ameliorate the salinity stress in wheat crop.
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ANTIOXIDANT DEFENSE IN RESPONSE TO SALINITY-INDUCED OXIDATIVE STRESS

Salinity stress hampers the antioxidant strength via altering antioxidant enzyme activity viz. biosynthesis of ascorbate peroxidase (APX), sodium dismutase (SOD), and glutathione reductase (GR), and non-enzyme antioxidant (ascorbic acid, glycine betaine, and proline). These changes in antioxidants cause the accumulation of harmful ROS, malondialdehyde (MDA), and elevation of lipid peroxidation, ion leakage, membrane stability, and ultimately weakening of antioxidant system (Sairam et al., 2002).

Oxidative stress is caused by production and accumulation of ROS in cells and tissues owing to irregularities in the electron transport chain (ETC) that cause lipid peroxidation, protein oxidation, nucleic acid damage, enzyme inhibition, activation of programmed cell death pathway, and ultimately causing cell death (Hossain et al., 2021). In the biological system, the plants can generally detoxify these reactive products. Under normal growth conditions of the plant, toxic oxygen metabolites are produced in low volume, and there is desired balance between production and ROS quenching; however, this balance may be disturbed by several adverse conditions, including salinity stress. The common ROS are superoxide radicals (O2∙−), hydrogen peroxide (H2O2), hydroxyl radicals (∙OH), and singlet oxygen (1O2) (Navarro-Yepes et al., 2014). All ROS are extremely deleterious to plants at higher concentration. To understand salt adaptation strategies of plants, it is an important task of plant biologists to find out suitable mechanisms for developing salt-tolerant wheat that can produce sufficient yield under stress (Kaur et al., 2017). Priming and exogenous use of different eco-friendly compounds had been exploited to tolerate the salt stress-induced oxidative stress in different crops, including wheat (Kaur et al., 2017).

Several antioxidants have been exploited in recent years, which have a beneficial effect against oxidative stress, and to avoid oxidative damage higher plants usually raise the concentration of the endogenous antioxidant system comprising of enzymatic and non-enzymatic components to scavenge ROS (Sharma et al., 2012). In-plant cells, specific ROS producing, and scavenging systems have been established in different organelles viz., mitochondria, chloroplast, and peroxisomes etc. The enzymatic components of the antioxidative defense system (ADS) are comprised of several antioxidant enzymes like superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), guaiacol peroxidase (GPX), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR) (Hossain et al., 2021). The non-enzymic components of the ADS include the major cellular redox buffers, ascorbate (AsA) and glutathione (GSH), as well as tocopherol, carotenoids, and phenolic compounds (Mandhania et al., 2006). They interact with numerous cellular components and, in addition to crucial roles in defense and as enzyme cofactors (Rakhmankulova et al., 2015). Ascorbate has remained the most abundant, low molecular weight antioxidant playing a vital role in defense against oxidative stress caused by increased ROS level by scavenging [image: image] and H2O2 (Karuppanapandian et al., 2011). Mandhania et al. (2006) found the NaCl induced enhancement of peroxidase activity in salinized cells of wheat by decomposition of H2O2 generated by antioxidant SOD. Catalase is another enzyme involved in H2O2 detoxification and its conversion into water and oxygen. Similar results were also found by Sairam et al. (2002), who reported enhancement in CAT activity in both salt-sensitive as well as salt-tolerant wheat cultivars. Mandhania et al. (2006) also reported that stimulation of APX and GR activity under salt stress was much higher in the salt-tolerant cultivar. Kaur et al. (2017) found that exogenous application of phenolic acids (caffeic and sinapic acids) upregulated the stressed shoots of a salt-tolerant wheat cultivar by increasing the activity of CAT and peroxidase. In comparison to stress plants, without the application of phenolic acids, APX activity was upregulated in stressed seedlings, and GB was increased in the stressed roots. Phenolic acids being major non-enzymatic components of the defense system can be used to enhance endogenous levels of these antioxidants in wheat seedlings grown under salt stress conditions. In contrast, wheat crop crucial plant processes are affected by the salinity stress. Therefore, soil and agronomical (drainage system management, leaching of salt, nutrient managements), physiological (osmotic adjustment, seed priming, improve photosynthesis efficiency, and water relation), biochemical (redox, ion, and hormonal homeostasis), and molecular (development of transgenic, genetical engineering, identification of gene) are the crucial step in wheat salinity stress tolerant program (Figure 3).
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FIGURE 3. Illustrate the integrated approaches (physiological, biochemical and molecular) of salinity stress tolerance in wheat crop.




CONCLUSIONS

Among abiotic stresses, salinity stress especially in the arid and semi-arid regions of the world is one of has emerged as one of the most important threats to the sustainability of wheat production. It reduces germination, seedling growth as well as reproductive growth by disrupting numerous vital physiological and metabolic processes which lead to sharp decline in yield and quality depending on frequency and extent of saline environment. Although salinity tolerant plants employ several physiological and biochemical mechanisms to adapt under salinity stress, there is a lack of robust salinity tolerant wheat cultivars globally. Therefore, plant physiologists, breeders, and agronomists need to develop an integrated and sustainable strategy to enhance salt tolerance in wheat. Among these mitigation strategies, soil management practices, crop establishment, as well as the foliar application of antioxidants and growth regulators through maintaining an appropriate water level in the leaves to facilitate adjustment of osmotic and stomatal performance could be explored further to mitigate the adverse effect of salinity on wheat yield and grain quality. However, breeding strategies especially gene pyramiding should be undertaken to develop salt-tolerant varieties by exploring halotolerant gene homologs from wheat germplasm. However, an integrated approach involving soil and agronomic practices (drainage system management, salt leaching, nutrients managements for salt ions replacement), physiological strategies (osmotic adjustment, seed priming, improve photosynthesis efficiency, and water relation), biochemical (redox, ion, and hormonal homeostasis), and molecular tools (development of transgenic, genetic engineering, identification of gene, genes insertion, editing, or slicing) needs to be developed to ameliorate salinity effects and boost cereal production on sustainable basis.
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