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Abstract. Soil salinity is a major global problem. Poor irrigation, improper land use, and excessive fertilizer 

use are the main causes. Salt accumulation stunts plant growth, disrupts plant functions, and threatens global 

food security. High levels of sodium (Na⁺) and chloride (Cl⁻) disrupt plant cells. These ions interfere with 

important processes like seed germination and photosynthesis. In severe cases, salinity can damage plant 

tissues and cause plant death. Plants adapt to salinity by balancing ions, removing salts, and producing 

protective compounds. Scientists use genomics to study salt-tolerant genes. They use proteomics to analyze 

proteins involved in salt tolerance. This review explores plants’ response to salinity stress, highlighting 

salt-tolerant genes. It also summarizes recent research. Understanding salt tolerance can help develop 

stronger crops. These crops can improve farming in saline, arid, and semi-arid regions. 

Keywords: soil sodicity, salt stress, ion homeostasis, osmoprotectants, genomic advances, proteomic 

research 

Introduction 

Soil salinization is a major global challenge. It affects 1100 million hectares, covering 

7% of Earth’s surface. Natural processes and human activities cause this problem. Salinity 

impacts 20% of irrigated land, with 60% of these soils being sodic (Negacz et al., 2022; 

Singh, 2022; Cui et al., 2025). Atmospheric deposition, rising sea levels, saltwater 

intrusion, and high temperatures cause primary salinization. Human activities trigger 

secondary salinization. Poor irrigation, excessive fertilizer use, and intensive cropping 

worsen the issue. Poor irrigation depletes freshwater, increasing soil salt. High salt levels 

degrade farmland. These problems reduce crop productivity, especially in arid and semi-

arid regions, bring salt to the surface due to excessive irrigation (Hopmans et al., 2021; 

Kaushal et al., 2025). 

Soil salinization has been a problem for centuries and has worsened in the last five 

decades. It affects major farming areas. The Yellow River Basin in China and the San 

Joaquin Valley in California have increased salinity due to excessive irrigation, poor 

drainage, and low rainfall. In Australia, the Murray-Darling Basin suffers from salinity 

as rising groundwater brings salt to the surface. These issues reduce soil fertility and harm 

crops (Teng et al., 2025). The Yellow River Delta in China is a coastal saline-alkali region 

with soil salinity ranging from 0.2 to 4.6 g kg-1 (Wang et al., 2025b). California’s San 

Joaquin Valley, a key agricultural area, relies on saline groundwater for irrigation because 

freshwater is scarce (Kramer et al., 2025). 
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The primary cause of soil salinization is the buildup of water-soluble salts. These salts 

include sodium (Na⁺), potassium (K⁺), chloride (Cl⁻), and sulfate (SO₄²⁻). They 

accumulate in the root zone. This buildup creates osmotic stress. As a result, plant roots 

struggle to absorb water (Stavi et al., 2021; Qin et al., 2025). The presence of these salts 

results in hyperionic stress, which can be harmful to plant cells. Na⁺ and Cl⁻ are the main 

contributors to salinity. Too much exchangeable Na⁺ causes sodicity. Early life forms 

adapted to saline conditions. This suggests that salt tolerance has been an evolutionary 

factor. Ancient cells first emerged in primordial oceans. These oceans had salt levels like 

or higher than today’s seas. Some terrestrial plants can tolerate mild to moderate salinity. 

Halophytes, or salt-tolerant plants, can survive in saline environments. Some even thrive 

in such conditions. In contrast, most cultivated plants, classified as glycophytes, are 

sensitive to salinity (Foronda, 2022). 

Key food crops, such as tomatoes and rice, are vulnerable to salt stress. The harmful 

effects of salinity begin with short-term osmotic stress. Over time, ion accumulation leads 

to toxicity in plant tissues (Ullah et al., 2021). Osmotic stress starts when salt uptake 

increases. This lowers water potential in the root zone. As a result, disrupt water 

conductivity. which hinders plant growth (Abbasi et al., 2016). Prolonged exposure to 

high salinity causes toxic ions like Na⁺, Cl⁻, and SO₄²⁻ to accumulate. These ions interfere 

with nutrient absorption. They also damage plant cells and tissues (Isayenkov and 

Maathuis, 2019). Salinity causes physiological and biochemical effects. These include 

stunted growth, chlorosis, and reduced seed germination. It also impairs photosynthesis 

and induces oxidative stress. Salinity disrupts plant cell function. It causes electrolyte 

leakage and damages cell membranes. This reduces cell stability and impairs 

physiological processes (Ji et al., 2022; Hannachi et al., 2022). Salinity effects are most 

severe at the reproductive stage (Rafaliarivony et al., 2023). In the past two decades, 

researchers have studied the impact of salinity on plants. They have also explored ways 

to reduce its effects. 

Improving salt tolerance in crops is essential for farming, ecosystems, and food supply. 

Conventional breeding and genetic engineering have improved salt tolerance. 

Understanding how plants adapt to salinity helps develop ways to reduce stress. This 

review explains how salinity harms plant growth. It describes key adaptations like 

osmotic regulation, ion balance, antioxidant defense, and hormones. It highlights ways to 

improve salt tolerance, including breeding, biotechnology, microbes, and biostimulants. 

Finally, it suggests studying new technologies and sustainable farming to reduce salinity 

(Figs. 1 and 2). 

 

Types and sources of soil salinity 

Soil salinity comes from natural (primary) and human-induced (secondary) causes. 

Primary salinity happens due to geological and climatic factors. It is common in dry 

regions where high evaporation leaves salts in the soil. Human activities like excessive 

irrigation and poor drainage cause secondary salinity. These practices raise water tables 

and deposit salts in the root zone. 

There are different types of soil salinity. Irrigation-induced salinity comes from 

improper irrigation. Dryland salinity occurs in non-irrigated areas due to rising water 

tables. Sodic soil contains excess sodium, which damages soil structure and reduces crop 

growth. Natural salinity comes from slow environmental processes. Rocks break down 

over time. They release salts like sodium, calcium, magnesium, and potassium 

(Muhammad et al., 2024). Coastal areas face seawater intrusion and salt-laden winds. In 
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some regions, saline groundwater rises to the surface when evaporation is high (Tang et 

al., 2024). While these processes occur, human activities make soil salinity worse. 

 

 

Figure 1. World map schematic showing salinity-prone regions and their escalation trends over 

the past decades 

 

 

 

Figure 2. South Asia salinity map showing major affected regions 

 

 

Human activities like farming and industry add more salts to the soil. Poor-quality 

irrigation water, excessive fertilizers, and deforestation disrupt the natural water cycle. 

This raises water tables and increases salt buildup. Industrial and urban wastewater also 

adds salts to the soil and groundwater. 
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Proper irrigation, soil treatments, and sustainable land management help reduce soil 

salinity. These methods stop land degradation. They also protect food production, 

ecosystems, and the environment (Tarolli et al., 2024). 

 

Effects of salinity on soil fertility 

Under non-saline conditions, plant growth depends on nutrient availability. It follows 

a “generalized dose–response curve” in the root zone. But, salt stress disrupts nutrient 

uptake. This disruption occurs due to nutrient deficiency or toxicity. Nutrient acquisition 

becomes difficult under salinity. The main challenge is competition between essential 

nutrients and dominant salt ions. Na⁺ and Cl⁻ are the most dominant salt ions. Their 

presence often leads to deficiencies of Ca²⁺, K⁺, and Mg²⁺. Salt stress affects essential 

nutrients like nitrogen, phosphorus, and potassium. These interactions are complex. 

Nitrogen is an important component of plant cellular structures. Salinity affects nitrogen 

uptake. Excessive Cl⁻ uptake interferes with nitrogen assimilation. This interference 

happens due to Cl⁻/NO₃⁻ antagonism. Phosphorus is essential for photosynthesis, storage, 

and energy transfer. Saline soils reduce its uptake. This reduction is more severe in the 

presence of excess Cl⁻ and SO₄²⁻. Increased ionic strength and low solubility of Ca-P 

compounds likely cause this. Potassium is necessary for protein synthesis and water 

balance. Under saline conditions, K⁺ competes with Na⁺ for uptake. Na⁺ and K⁺ have 

similar molecular properties. Na⁺ can replace K⁺ at uptake sites. But, Na⁺ cannot perform 

K⁺’s cellular functions. High Na⁺ levels reduce K⁺ and Ca²⁺ concentrations. This reduction 

worsens nutrient imbalances. 

 

Effects of salinity stress on plants 

Physiological and biochemical effects of salinity 

Water balance 

When plants face salt stress, they take in salt ions, which build up in their cells and 

upset their water balance. High salt levels make it harder for plants to hold onto water, 

causing water to leave their cells. This lowers pressure inside the cells, making it difficult 

for the plant to function properly. 

A study on Corchorus olitorius (a leafy green plant can tolerate drought but is sensitive 

to high salt levels, which affect its water balance and growth) found that salt stress 

reduced water content, water intake, and transpiration (Sheldon et al., 2017). Later 

research confirmed these effects (Campos et al., 2025). How much water a plant loses 

depends on the salt levels in the soil. To survive, plants adjust by lowering their internal 

water potential to maintain cell pressure (Gu et al., 2025). 

Normally, water moves from the soil into plant roots through spaces between cells (the 

apoplastic pathway). This happens because of natural pressure differences. But when salt 

stress reduces transpiration, water takes a different route, moving from one cell to another 

through membranes instead (Swetha et al., 2025). Too much salt changes how water 

moves, affecting plant growth and health. 

 

Nutrient absorption 

Cassava (Manihot esculenta) and maize (Zea mays) are staple food crops. Salinity 

affects these plants by disturbing nutrient balance. It also reduces crop yield and increases 

toxicity (Betzen et al., 2019; Nadeem et al., 2025). 
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Light reaction 

Photosynthesis is a fundamental process in plants. It converts solar energy into 

chemical energy. Yet, salt stress affects photosynthesis. It disrupts chlorophyll 

biosynthesis (Qin et al., 2020). It also alters enzymatic activity (Al-Hinai et al., 2022). 

Additionally, it causes stomatal closure, which reduces CO₂ availability (Orzechowska et 

al., 2021). Salt stress also damages the photosynthetic apparatus (Zahra et al., 2022; Lu 

et al., 2023; Chen et al., 2025). 

Chlorophyll content declines under saline conditions. Increased oxidation and 

chlorophyll degradation cause accumulation of reactive oxygen species (ROS). It triggers 

the process. The extent of chlorophyll reduction depends on salinity levels (Tomaskinova 

et al., 2025). 

Salt stress inhibits the electron transport chain. This inhibition leads to pseudocyclic 

electron transport. Pseudocyclic electron transport produces excessive ROS (Zahra et al., 

2021). ROS damages photosynthetic proteins. It also disrupts the photosystem complex 

(Huihui et al., 2020). 

Short-term exposure to high salinity changes chloroplast ultrastructure. It induces 

thylakoid swelling and starch accumulation (Goussi et al., 2018). Many studies have 

examined the effects of salt stress on different plant species. They include Solanum 

melongena, Portulaca oleracea, Oryza sativa, and Jatropha curcas. Research shows 

that low salinity levels reduce photosynthetic efficiency. Moderate to high salt 

concentrations cause severe damage to the chloroplast structure. Moderate to high salt 

concentrations are harmful to plants. They damage photosynthetic machinery (Wang et 

al., 2018; Hnilickova et al., 2021; Hannachi et al., 2022; Ahmadzai et al., 2025) 

(Table 1). 

 
Table 1. Impact of salinity on different growth stages: vegetative vs. reproductive 

Factor Vegetative stage (early growth) 
Reproductive stage (flowering & seed 

formation) 

Water uptake 
Reduced due to osmotic stress, causing 

dehydration (Şekerci et al., 2025) 

Further reduced, affecting flower and seed 

formation (Singh et al., 2025) 

Growth 

Poor seed germination, Stunted growth, 

smaller leaves, and shorter stems 

(Afonso et al., 2025) 

Poor fruit/grain development, lower seed 

production (Samineni et al., 2005) 

Photosynthesis 
Reduced due to leaf damage and 

stomatal closure (Huang et al., 2025) 

Lower food production, affecting fruit and 

seed growth (Kumar et al., 2025) 

Leaf condition 
Yellowing (chlorosis) and leaf drying 

(necrosis) (Sevgi et al., 2025) 

Older leaves may die, reducing energy for 

reproduction (Alvan et al., 2025) 

Flowering 
May be delayed but not completely 

stopped (Mondal et al., 2025) 

Fewer flowers develop, leading to lower 

yields (Zhang et al., 2025a) 

Pollen & seed formation 
Not affected much at this stage (Wang 

et al., 2025a) 

Pollen viability drops, leading to poor seed 

set (Kanneri et al., 2025) 

Fruit/grain yield 
No immediate effect on yield, as plants 

are still growing (Reta et al., 2025) 

Major impact—smaller fruits, lower grain 

weight, poor quality (Yan et al., 2025) 

Recovery potential 
Possible if salinity stress is removed in 

time (Siddique et al., 2025) 

Very low; damage is usually permanent 

(Wei et al., 2025) 
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Salt stress, like other abiotic stressors, inhibits plant growth. Plant type, growth stage, 

and salt level determine growth inhibition. In response to salinity, plants often grow 

slowly to survive stressful conditions. It leads to reduced yield and biomass (Yousefi et 

al., 2025). 

Salt stress can weaken key cell cycle genes like cyclins and cyclin-dependent kinases. 

This leads to a decrease in the number of meristematic cells. As a result, the plant fails to 

absorb water and nutrients (Peduzzi et al., 2024). 

In Arabidopsis, salt stress slows root growth by inhibiting cyclin-dependent kinase 

(CDK) activity. This reduces the number of dividing cells and leads to a smaller meristem. 

Some plants stop growing under salt stress, while others keep growing. These plants may 

die (Vazquez-Rivera et al., 2025). 

At the reproductive stage pollen viability increases the economic yield. Salt range 

increases pollen viability percentage in salt tolerant species (Nazish et al., 2025) (Fig. 3). 

 

 

Figure 3. Mechanisms of plant response to salinity 

 

 

Osmotic and ionic regulation 

Salinity stress disrupts ionic balance in plants. This affects important physiological 

processes. These processes include cellular metabolism, photosynthesis, and root 

architecture. The disruption happens due to reduced nutrient uptake. Plants have 

developed mechanisms to counteract these effects. They regulate intracellular ion 

homeostasis. This regulation happens through controlled ion influx and 

compartmentalization (Chang et al., 2025; Xu et al., 2025a). 

 

Mechanisms of ion homeostasis 

Ion homeostasis is a dynamic process. It requires energy to maintain a balance between 

essential and toxic ions. Both glycophytes and halophytes are vulnerable to sodium (Na⁺) 
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accumulation. Excess Na⁺ in the cytoplasm can harm cellular function. Sodium uptake 

occurs at the root–soil interface. Non-selective cation channels ease this uptake. These 

channels include cyclic nucleotide-gated channels (CNGCs) and glutamate receptors 

(GLRs). High-affinity potassium transporters (HKTs) contribute to Na⁺ uptake. 

Aquaporins also play a role in Na⁺ transport (Liu et al., 2025a). 

 

Translocation and compartmentalization of Na⁺ 

Once absorbed, Na⁺ moves from the roots to the shoots. It first travels via the 

apoplastic pathway. Then, it enters the root epidermis symplast. The plant loads it into 

the xylem tracheids. The highest Na⁺ accumulation occurs in the leaf blades. This is where 

its toxic effects are most severe (Fu et al., 2025). 

 

Plant strategies to reduce Na⁺ toxicity 

Plants use several strategies to reduce Na⁺ toxicity. They restrict Na⁺ influx by 

regulating root uptake. This limits excessive sodium entry into the cytoplasm. They 

enhance Na⁺ exclusion by expelling sodium from cells. This helps maintain ionic balance. 

They compartmentalize Na⁺ into vacuoles to reduce its toxicity. This protects metabolic 

processes. By combining these strategies, plants improve their resistance to salt stress. 

This helps them grow and survive in saline conditions (He et al., 2025). 

 

Salt sensitive (SOS) genes and high-affinity potassium transporters (HKTs) in salt 

tolerance 

Plants use various strategies to combat salinity stress. The Salt Overly Sensitive (SOS) 

signaling pathway in Arabidopsis thaliana is well known. This pathway involves three 

key genes: SOS1, SOS2, and SOS3 (Yang et al., 2025). SOS1 plays a key role in ion 

homeostasis by regulating Na⁺/H⁺ exchange across the plasma membrane. This antiporter 

removes Na⁺ ions. It exchanges them for protons, preventing toxic sodium buildup in the 

cytoplasm. Physiological studies confirm SOS1’s role in Na⁺ transport and efflux. 

Genetic and biochemical studies provide further support. Parenchyma cells at the 

xylem/symplast boundary express the gene. This helps retrieve Na⁺ from xylem sap. 

Overexpressing SOS1 improves salt stress tolerance. Rice is a staple food crop. Oryza 

sativa (rice) is a model organism for studying monocot plant biology. It is also used for 

genome sequencing and agronomy. Rice plays a key role in crop improvement. 

Researchers have observed this in these plants (Arabidopsis, tobacco, and rice) (Shahzad 

et al., 2022; Liang et al., 2025). 

Another key mechanism for salt tolerance involves High-Affinity Potassium 

Transporters (HKTs). This family of monovalent cation transporters helps exclude Na⁺ 

ions from sensitive shoot tissues (Ullah et al., 2025) 

• HKTs mediate Na⁺/K⁺ transport, preventing excessive sodium accumulation and 

promoting potassium uptake. Some HKTs also facilitate Mg²⁺ and Ca²⁺ 

permeability (Liu et al., 2025). 

• Four M-P-M (Membrane-Pore-Membrane) repeats in HKTs determine ion 

selectivity. Researchers classify HKTs into two types based on these structural 

features. 

– HKT1-type transports Na⁺. It prevents Na⁺ accumulation in shoot tissues by 

unloading it from xylem sap. It also sequesters Na⁺ into xylem parenchyma 

cells (Yanez‐Dominguez et al., 2025). 
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– HKT2-type functions as a Na⁺/K⁺ symporter. It balances the uptake of these 

ions based on cellular needs. HKTs regulate Na⁺ exclusion to enhance salt 

tolerance. They help plants maintain ion balance, supporting growth and 

survival in saline conditions (Govindan et al., 2024). 

 

Role of proton pumps in salt tolerance 

Plants use different mechanisms to maintain cytosolic Na⁺ balance. They either 

sequester excess Na⁺ into vacuoles or export it from the cytosol. Plants use different 

mechanisms to maintain cytosolic Na⁺ balance. They either sequester excess Na⁺ into 

vacuoles or export it from the cytosol. These processes prevent salt stress damage. They 

rely on membrane proton pumps, ion transporters, and channels. 

 

Key proton pumps in salt stress tolerance 

(1) Plasma membrane H⁺-ATPase (P-type H⁺ ATPase) 

• Embedded in the plasma membrane as a homodimer. 

• Functions in secondary active transport, driving ion movement across 

membranes. 

• It also helps maintain turgor pressure. Additionally, it supports cell wall 

expansion and regulates intracellular pH. 

 

(2) Vacuolar H⁺-ATPase (V-ATPase) 

• Composed of two major subcomplexes: 

– V₀ complex (membrane-integral proton transporter). 

– V₁ complex (ATP hydrolysis-driven energy provider). 

• It acts as an eco-enzyme, especially under salt stress. It drives H⁺ into vacuoles 

to establish an electro-chemical gradient. 

 

(3) Vacuolar H⁺-Pyrophosphatase (H⁺-PPase) 

• Utilizes inorganic pyrophosphate (PPi) as an energy source instead of ATP. 

• It creates a strong proton motive force (PMF) across the vacuolar membrane. 

This drives secondary transporters to sequester Na⁺ into vacuoles. 

• In Arabidopsis thaliana, type-1 H⁺-PPase (AtVHP1 or AVP1) localizes 

specifically to the vacuolar membrane (Uzun et al., 2025; Fu et al., 2022). 

 

Under salinity stress, H⁺-ATPases and H⁺-PPases generate proton motive force 

(PMF). Na⁺/H⁺ and K⁺/H⁺ antiporters harness this energy to store Na⁺ in vacuoles. They 

help maintain a high cytosolic K⁺/Na⁺ ratio (He et al., 2025). 

Scientists have studied AVP1 overexpression in various plants. These include 

Arabidopsis, creeping bentgrass, cotton, peanut, and barley. It improves salt tolerance 

(Esmaeili et al., 2021; Xu et al., 2025b). Proton pumps regulate ion compartmentalization. 

As a result, they are key targets for genetic and biotechnological strategies. These 

approaches aim to improve salt tolerance in crops. 

 

Antioxidant defense system and oxidative stress 

Reactive oxygen species (ROS) cause oxidative stress in plants. Plants have developed 

adaptive mechanisms to withstand salinity stress. They undergo morphological, 
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physiological, biochemical, and molecular changes. Salt tolerance depends on 

cytoplasmic ion regulation. This includes ion homeostasis and compartmentalization. It 

also involves osmotic and enhanced antioxidant metabolism. Antioxidant metabolism 

helps remove ROS. This process supports plant survival under salinity stress (Yu et al., 

2020; Nawaz et al., 2025). 
Salt stress causes excessive production of reactive oxygen species (ROS). ROS have 

strong oxidative properties. They damage membrane lipids, proteins, and nucleic acids. 

This leads to metabolic dysfunction. Plants have a defense system to reduce oxidative 

damage. This system includes enzymatic and nonenzymatic antioxidants. 

 

Enzymatic and nonenzymatic antioxidants 

Enzymatic antioxidants help protect plants. These antioxidants comprise superoxide 

dismutase (SOD), catalase (CAT), peroxidase (POX), and ascorbate peroxidase (APX) 

(Rao et al., 2025). Nonenzymatic antioxidants include glutathione (GSH), ascorbates 

(ASC), and carotenoids. These antioxidants work together to remove ROS. Mitochondria 

and chloroplasts produce ROS. SOD is the first line of defense. It converts superoxide 

radicals into oxygen and hydrogen peroxide. This reduces the formation of toxic hydroxyl 

radicals. POX and CAT break down hydrogen peroxide. This prevents cellular damage 

under salt stress (Kozlov et al., 2024). 

Studies show a strong link between salt tolerance and antioxidant activity. Salt-tolerant 

plants have higher antioxidant levels. Research on A. tricolor plants showed this effect. 

A salt-tolerant variety (VA14) had increased levels of SOD, ascorbate, and APX. These 

antioxidants helped remove ROS. Salt stress damages membranes. This damage increases 

malondialdehyde (MDA) levels. Lipid peroxidation causes MDA accumulation. In wheat, 

salt-tolerant genotypes produced less MDA. This reduced oxidative damage (Hussain et 

al., 2022). 

 

Genetic and metabolic contributions to salt tolerance 

The peroxidase gene GsPRX9 from wild soybean improves salt tolerance. 

Overexpression of this gene strengthens the antioxidant response. Secondary 

metabolites also help plants adapt to salt stress. Anthocyanins are an example of these 

metabolites. In Arabidopsis, the air1 mutant gene prevents anthocyanin production. 

Without anthocyanins, plants fail to respond to salt stress. This shows the role of 

anthocyanins in oxidative stress regulation. Antioxidant enzymes, nonenzymatic 

molecules, and pigments reduce oxidative damage. They help plants survive under 

salt stress. These mechanisms improve plant resilience (Balasubramaniam et al., 

2023). 

 

Hormonal regulation and signaling pathways 

Phytohormones are essential regulatory molecules in plants. They control growth, 

development, and responses to stress. There are nine well-known groups of plant 

hormones. Each hormone plays a unique but connected role in salt stress adaptation (Chen 

et al., 2020). Some hormones respond to stress. These include abscisic acid (ABA), 

ethylene, salicylic acid (SA), and jasmonic acid (JA). Other hormones promote growth 

and development. These include auxins, gibberellins (GA), cytokinins, brassinosteroids 

(BRs), and strigolactones (SLs). Plant responses to stress depend on hormone 

interactions. No single hormone controls stress adaptation alone. 
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Abscisic acid (ABA) and salt stress 

ABA plays a key role in helping plants survive salt stress. It triggers a signaling 

cascade that controls gene expression. When plants face salt stress, ABA levels rise. This 

increase activates a kinase cascade. The cascade controls stomatal closure. As a result, 

plants regulate water balance and osmotic homeostasis. ABA signaling depends on 

specific protein kinases. These include SnRK2.2, SnRK2.3, and SnRK2.6. These kinases 

activate transcription factors. These transcription factors regulate genes that improve salt 

tolerance (Zhao et al., 2021). ABI1 protein reduces salt tolerance. ABI1 inhibits SnRK2 

kinases. This inhibition affects primary root growth. Salt stress increases ABA 

production. Several enzymes help produce ABA. These include zeaxanthin oxidase (ZEP) 

and 9-cis-epoxycarotenoid dioxygenase (NCED). ABA biosynthesis follows the MEP 

pathway. The Ca²⁺ and salt overly sensitive (SOS) pathways work with ABA signaling. 

They prevent excessive activation of SOS2. This coordination fine-tunes the plant’s 

response to salt stress. 

 

Auxins, gibberellins (GA), and cytokinins in salt stress 

Salt stress affects auxin transport and signaling. It reduces polar auxin transport. It also 

lowers auxin levels in roots. As a result, plants downregulate auxin-related genes. These 

genes include TRANSPORT INHIBITOR RESPONSE 1 and AUXIN SIGNALING F-BOX. 

Lower auxin signaling slows root growth. GA levels also change under salt stress. Plants 

reduce GA signaling to improve salt tolerance. The DELLA protein SLR1 helps regulate 

GA signaling. Reduced GA levels after germination improve salt tolerance. Cytokinins 

usually promote cell division and differentiation. But, they react differently under salt 

stress. Losing the isopentenyl transferase (IPT) enzyme improves salt tolerance. 

Overexpression of cytokinin oxidase (CKX) also enhances salt tolerance (Singroha et al., 

2022). Foliar application of gibberellin and cytokinin at 50 mg L⁻¹ enhances growth, 

yield, and salt tolerance in faba bean under saline conditions (El-Beltagi et al., 2025). 

 

Ethylene and salt stress 

Ethylene is a key stress hormone. It accumulates under salt stress. Ethylene affects 

many important physiological processes. Ethylene signaling influences salt tolerance. 

Mutations in ethylene receptors ETR1 and EIN4 increase salt tolerance. Yet, mutations 

in EIN2 and EIN3 make plants more sensitive to salt stress. Ethylene also interacts with 

other plant hormones, and together they help regulate how plants respond to salinity stress 

(Riyazuddin et al., 2020). These findings highlight the importance of phytohormones in 

salt stress adaptation. Phytohormones help balance plant growth and stress responses. 

 

Process of plant salt tolerance development 

The process of plant salt tolerance development is multi-layered, involving sensing, 

signaling, gene regulation, and physiological adaptation. Plants first encounter high salt 

in soil (Na⁺, Cl⁻), which causes osmotic stress (reduced water uptake) and ionic stress 

(toxic Na⁺ accumulation). Stress is sensed by membrane receptors, ion transporters, and 

mechanosensitive channels (Wang et al., 2022). Stress perception triggers signaling 

cascades, including: Calcium signaling → cytosolic Ca²⁺ spikes act as early messengers. 

Reactive oxygen species (ROS) → moderate ROS act as signals, while excess must be 

detoxified. Mitogen-activated protein kinases (MAPKs) → phosphorylate proteins and 
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activate transcription factors (Signal Transduction). Signal pathways activate stress-

responsive transcription factors: DREB, NAC, bZIP, MYB, WRKY families. These 

regulate salt-responsive genes involved in ion transport, osmolyte biosynthesis, and 

antioxidant defense. Epigenetic modifications (DNA methylation, histone modifications, 

small RNAs) fine-tune expression and enable stress memory (Gene Regulation). Plants 

restrict Na⁺ entry and compartmentalize excess Na⁺ into vacuoles. SOS1 (Salt Overly 

Sensitive 1) exports Na⁺ out of the cell. NHX1 sequesters Na⁺ into vacuoles. HKT1 

prevents Na⁺ accumulation in shoots. K⁺ retention is maintained to balance cellular 

metabolism (ion homeostasis). Plants synthesize compatible solutes (osmolytes) like 

proline, glycine betaine, sugars, and polyols. These stabilize proteins, membranes, and 

maintain water balance (osmotic adjustment). Salt stress generates oxidative stress (ROS). 

Plants activate enzymatic antioxidants (SOD, CAT, APX, POD) and non-enzymatic 

antioxidants (ascorbate, glutathione, carotenoids, flavonoids) (antioxidant defense). 

Abscisic acid (ABA) regulates stomatal closure and stress gene expression. Ethylene, 

salicylic acid (SA), jasmonic acid (JA), gibberellins (GA), cytokinins (CK) modulate 

stress responses via crosstalk (Hormonal Regulation). Improved water-use efficiency, 

controlled stomatal conductance, and adjusted root/shoot architecture. Some halophytes 

develop salt glands or succulent tissues for salt exclusion or dilution (Physiological and 

Developmental Adaptation) (Liu et al., 2025b) (Fig. 4). 

 

 

Figure 4. Strategies for enhancing salt tolerance in crops 
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Conventional breeding approaches 

Researchers have studied crop breeding for salinity tolerance. This subject has been 

reviewed periodically (Haque et al., 2021; Guo et al., 2022; Afzal et al., 2023). 

Conventional breeding methods help develop salt-tolerant varieties. These methods 

include hybridization, selection, polyploidy, and introgression. Wild relatives of crops 

provide salt-tolerant genes. Using these genes increases genetic variation for salt 

tolerance improvement. 

But, conventional breeding faces challenges. Many crop species have limited genetic 

variation. The process is labor-intensive and time-consuming. It may transfer undesirable 

genes along with beneficial traits. The outcomes are often unpredictable. Conventional 

breeding cannot introduce non-native traits. Reproductive barriers prevent transferring 

useful alleles from different species. 

Another challenge is evaluating genetic materials under optimal conditions. This method 

may overlook salt-tolerant traits. Plants respond to abiotic stress at various growth stages. 

This complexity makes it difficult to select for salt-stress tolerance (Yousefirad et al., 2018). 

 

Molecular breeding approaches 

To address the challenges of conventional breeding, alternative breeding strategies are 

available. Mutational breeding (Geetha et al., 2021) introduces genetic variations for salt 

tolerance. Double haploid production speeds up breeding programs. Marker-assisted 

breeding (Turki et al., 2023) allows precise selection of salt-tolerant traits. These methods 

help develop crops with better resistance to salinity stress. 

 

QTL mapping and marker-assisted selection for salt tolerance 

Quantitative trait loci (QTL) mapping and marker-assisted selection (MAS) improve 

plant breeding by enabling selection based on genotype rather than solely phenotype, 

thereby often reducing time and labor. These methods can be more efficient than traditional 

phenotypic screening—especially when traits are heritable and markers closely linked to 

causative loci—but their success depends on stable marker-trait associations and adequate 

marker density. Molecular techniques (PCR-based markers, SNP arrays, etc.) help identify 

and track genetic markers, reducing the time needed for genotype screening and limiting—

but not eliminating—environmental effects and genotype × environment interactions. Salt 

tolerance is a complex trait controlled by multiple QTLs. Many of these show additive 

effects; some also show dominance or epistasis (Nakhla et al., 2021). 

In rice, several quantitative trait loci (QTLs) influence salinity tolerance, particularly 

during the reproductive phase, which is critical for maintaining grain yield under salt 

stress. The Saltol QTL, although mainly effective at the seedling stage, is among the best 

characterized: it helps maintain a high K⁺/Na⁺ ratio and reduces Na⁺ accumulation in 

shoots. For instance, Saltol was introgressed into Pusa44 and Sarjoo52, resulting in near-

isogenic lines that show lower salt injury scores and favorable Na⁺/K⁺ ratios under 

seedling‐stage salinity (Krishnamurthy et al., 2020). 

In tomato (Solanum lycopersicum), recent meta-analyses and genome studies have 

uncovered QTLs and allelic variation associated with fruit yield and reproductive traits 

under salinity. For example, a Meta-QTL study grouped 60 of 85 productivity-linked QTLs 

into 12 robust productivity-MQTLs, some of which (e.g. MQTL4.2, MQTL1.2) co-localize 

fruit yield QTLs operating under saline conditions, affecting fruit set, fruits per truss, and 

flower number (Asins and Carbonell, 2024). Another recent study via GWAS identified a 
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major QTL that controls sodium accumulation in leaf tissue, with SlHKT1.2 implicated. 

Variation in this transporter may help limit ion toxicity and thus contribute indirectly to 

maintenance of yield under high salinity. Additionally, wild tomato S. pimpinellifolium 

accession ‘LA0480’ demonstrates superior yield-related performance under salt stress 

compared to the cultivated line Heinz 1706, primarily via maintaining fruit number. 

Genomic analyses revealed expansion of stress-related pathways (e.g. inositol metabolism) 

in ‘LA0480’, offering promising candidate genes for introgression (Hereil et al., 2024). 

In maize (Zea mays), recent studies have identified several QTLs and genes contributing 

to salinity tolerance, particularly through Na⁺ exclusion and ion homeostasis. For example, 

ZmNC3/ZmHKT1;2 is a HKT1-family transporter with a teosinte-derived allele (SNP947-

G) that significantly reduces shoot Na⁺ accumulation by withdrawing Na⁺ from root xylem 

sap, enhancing salt tolerance (Zhang et al., 2023). Similarly, ZmHAK4 (also known as 

ZmNC2) accounts for approximately 11% of the variation in shoot Na⁺ content and 

functions in shoot Na⁺ exclusion by acting in the root stele to retrieve Na⁺ from xylem sap. 

A linkage mapping study in mature, field-grown maize identified the major QTL qSPH1 

on chromosome 1, which explains ~31.24% of phenotypic variance for plant height under 

saline conditions (across three seasons), indicating a stable, environment-insensitive locus. 

More recent work shows that ZmSnRK2.10, a kinase, enhances salt tolerance by 

phosphorylating ZmHAK4, boosting its activity. Natural variation in ZmHAK11 promoter 

also influences shoot Na⁺ accumulation (minor effect, ~7.5%) and contributes to salt 

tolerance (Zhang et al., 2025b). These validated loci represent promising targets for marker-

assisted breeding, though their effects on yield under saline stress in adult plants (grain 

yield) require further field validation across developmental stages. 

Nax2 from the diploid relative Triticum monococcum has substantially improved salt 

tolerance. The candidate gene at the Nax2 locus, TmHKT1;5-A, encodes a Na⁺-selective 

transporter in root xylem parenchyma cells that removes Na⁺ from the xylem sap, thereby 

reducing shoot Na⁺ accumulation and preserving ion homeostasis. Field trials on saline 

soils show that durum wheat lines carrying Nax2 yield about 25% more grain compared 

to near-isogenic lines lacking the locus, with no significant yield penalty under non-saline 

conditions. 

In another study, researchers created a genetic linkage map for Brassica napus. The 

map included 532 molecular markers covering 1341.1 cM. They identified a candidate 

gene, Bra003640, associated with salt tolerance (Farooq et al., 2021) of high-density SNP 

and InDel markers, and improved genotyping platforms—have greatly enhanced DNA 

marker technology. Over the past two decades, these tools have enabled the construction 

of dense linkage and physical maps in many crop species, increasing resolution and 

accuracy. Marker-assisted selection (MAS) based on tightly linked or functional markers 

allows early-stage screening of genotypes, reducing time and cost compared to 

phenotypic selection. While MAS reduces reliance on phenotype in early generations and 

avoids some environmental noise, environmental effects and genotype × environment 

interactions remain important for validating trait performance in field conditions. 

 

Genetic engineering and biotechnology 

Transgenic approaches for salt resistance 

Scientists have identified many salt stress-related genes. They used recombinant DNA 

technology and genomic studies. Some genes encode proteins involved in plant growth 

and metabolism under stress. Other genes encode regulatory proteins, such as 
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transcription factors. Transcription factors control multiple target genes by binding to 

specific DNA sequences (Qamer et al., 2021). Several transcription factor families 

contribute to salt tolerance. These families include ERF/AP2, bZIP, WRKY, NAC, MYB, 

and C2H2 zinc finger proteins (C2H2-ZFP). Different Brassica genotypes showed the 

upregulation of genes involved in the SOS pathway. These genes include SOS1, SOS2, 

and SOS3. SOS1 is a plasma membrane Na⁺/K⁺ antiporter. SOS2 is a protein kinase. 

SOS3 is a calcium-binding protein. The NHX1 gene, which encodes a vacuolar Na⁺/K⁺ 

antiporter, is also upregulated under salt stress. Similarly, salt-stressed rice genotypes 

showed increased expression of OsHKT, OsNHX, and OsSOS1. These genes help 

maintain Na⁺/K⁺ balance (Pramanik et al., 2021). 

A key strategy for engineering salt tolerance is gene manipulation. These genes 

regulate ion homeostasis. Genes controlling water uptake, transport, and 

compartmentalization also play a role. Overexpressing genes encoding transporters or 

antiporters in root tissues reduces excessive ion uptake. Scientists modified proton 

pumps. They also modified Na⁺/H⁺ antiporters. Scientists modified potassium 

transporters to improve salt tolerance. Yet, single-gene overexpression is often 

insufficient for high salt tolerance. Transgenic plants overexpressing AtNHX1, 

SOS1/AVP1 tolerated only 100–150 mM NaCl (Long et al., 2020). To improve salt 

tolerance, researchers have explored co-overexpression strategies. Transgenic plants co-

overexpressing AVP1 and SOS1 tolerated up to 200–250 mM NaCl. Similarly, plants co-

overexpressing AVP1 and OsSIZ1/AVP1 and PP2A-C5 showed higher salt tolerance. 

Transgenic Arabidopsis plants overexpressing AVP1, AtCLCc, and PP2A-C5 tolerated 

300 mM NaCl. These findings highlight the effectiveness of multi-gene strategies in 

improving salt tolerance (Esmaeili et al., 2021). 

 

Genetic engineering 

In tomato (Solanum lycopersicum), transgenic lines overexpressing the BADH 

(betaine aldehyde dehydrogenase) gene show increased accumulation of glycine betaine 

and improved physiological performance under salinity in greenhouse or controlled-

environment conditions (higher chlorophyll retention, osmotic balance). However, strong 

field trials demonstrating fruit yield improvement under saline soils are scarce. 

In wheat, some transgenic approaches—e.g. overexpressing NHX-family 

antiporters—have exhibited improved salt tolerance and increased yield in saline-alkali 

soils under controlled experimental conditions. Still, as with tomato, robust multi-season, 

field-scale yield data for specific transgenes like SbNHX1 is limited in recent literature. 

Transgenic Arabidopsis lines showed markedly higher glycine betaine accumulation; 

reduced leaf damage (lower relative electrical conductivity under salt stress); longer root 

growth under 100-150 mM NaCl; better survival and growth during germination and 

seedling stages (Sun et al., 2019). 

 

CRISPR and gene-editing technologies 

 Genome editing technologies have emerged as powerful tools. These tools help in 

engineering salt tolerance in plants. CRISPR/Cas is one such genome editing technology. 

These technologies go beyond traditional transgenic approaches. CRISPR-based 

modifications have altered structural genes. They have also modified regulatory genes 

and cis-regulatory elements. These changes impact salt stress responses in plants. 

Scientists inserted a 60 bp translational enhancer at the SOS1 locus in rice. This insertion 
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increased salt tolerance in rice. CRISPR/Cas9-mediated knockout of the barley HVP10 

gene disrupted ion homeostasis. This disruption led to excessive Na⁺ accumulation in 

shoots. Customized nucleases allow precise modifications for crop improvement. Zinc-

finger nucleases (ZFNs) and TALENs are examples of these nucleases. These tools help 

improve crop traits. 

Small RNA-mediated gene silencing is also an effective tool for engineering salt 

tolerance. This includes microRNAs (miRNAs) and RNA interference (RNAi) 

technology. RNAi silences target genes. It controls gene expression with precision. It 

does this without disrupting the expression of other essential genes. Computational tools 

help identify stress-responsive miRNAs and their regulatory targets. For example, 

miR172a in soybean is shown to enhance salt tolerance. This miRNA also contributes to 

long-distance stress signaling. Engineered plants with miR172a can survive under severe 

salt stress conditions. Yet, applying genetic engineering strategies in the field remains a 

challenge. Further research needs to understand the complexity of salt tolerance. 

Scientists must also study the regulatory networks that control salt signaling. Species-

specific variations in salt tolerance need more investigation. Genome-editing 

technologies continue to advance. These technologies hold great potential for developing 

salt-tolerant crops. Salt-tolerant crops can withstand harsh environmental conditions. 

They can also contribute to global food security. 

 

Agronomic strategies for alleviating salt stress in plants 

Endogenous phytohormones play a crucial role in modulating plant responses to 

salinity stress. Key hormones help enhance salt tolerance. These hormones include 

abscisic acid (ABA) and auxin. They also include salicylic acid (SA) and jasmonic acid 

(JA). Other important hormones are cytokinins, gibberellins, ethylene, and 

brassinosteroids (BR). These hormones regulate various stress-related pathways. Many 

salinity-responsive genes become active under salt stress. Transcription factors are also 

upregulated in response to salt stress. These genetic changes help plants adapt to saline 

environments. 

 

Role of compatible organic solutes in salt stress alleviation 

Plants respond to salt stress by accumulating compatible organic solutes. These solutes 

include proline, soluble sugars, glycine betaine, and polyols. These compounds have low 

molecular weight. They act as osmoprotectants. They help with intracellular osmotic 

change. They detoxify reactive oxygen species (ROS). They protect membrane integrity. 

They do this without disrupting cellular metabolism. 

 

Glycine betaine 

Glycine betaine is a quaternary ammonium compound. It accumulates significantly 

under dehydration and salt stress conditions. It is synthesized in the chloroplast. It plays 

a crucial role in osmotic adjustment of the thylakoid membrane. This helps maintain 

photosynthetic efficiency. Genetic engineering approaches have shown its potential in 

enhancing salt tolerance. Overexpression of the betaine aldehyde dehydrogenase gene in 

transgenic tobacco improved salt tolerance. This gene was taken from Suaeda 

liaotungensis. Similarly, scientists introduced the choline oxidase gene from 

Arthrobacter globiformis into Indica rice. This modification enabled rice to withstand salt 

stress up to 150 mM. The gene helped convert choline into glycine betaine. Apart from 
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genetic modifications, exogenous application of glycine betaine improves salt tolerance. 

It has been effective in crops like Phaseolus vulgaris L. and Dalbergia odorifera. It 

reduces Na⁺ uptake. It enhances K⁺ absorption. Thereby maintaining a favorable K⁺/Na⁺ 

ratio (Cisse et al., 2021). 

 

Proline 

Proline is an important osmolyte and antioxidant. It accumulates in plants under 

salinity stress and helps maintain cell turgor. An increase in proline content is a key sign 

of a plant’s response to salinity stress. It serves as a well-known physiological marker. 

Salinity stress activates genes involved in proline biosynthesis. This leads to increased 

proline accumulation in plant cells. The enzyme Pyrroline-5-carboxylate synthetase 

(P5CS) catalyzes the first step of proline biosynthesis. Its isoform, P5CS1, plays a key 

role in salt-induced proline accumulation. 

Studies in Arabidopsis thaliana show that P5CS1 is essential for salt stress tolerance. 

Knocking out P5CS1 makes plants more sensitive to salt stress (Jamil et al., 2018). 

Additionally, applying proline to Capsicum annuum L. helps mitigate salinity’s inhibitory 

effects. This improves plant growth and yield (Balasubramaniam et al., 2022). 

In desert plants like Pancratium maritimum L., proline accumulation enhances 

antioxidative enzyme activity. It also increases the production of stress-protective 

dehydrin proteins. This helps improve salt tolerance (Singh et al., 2022). 

 

Soluble sugars and polyols 

Soluble sugars, such as glucose, sucrose, and trehalose, help plants tolerate salt stress. 

They protect soluble enzymes from toxicity. High intracellular inorganic ions can be 

harmful. 

Trehalose, in particular, has a reversible water absorption capacity. This property 

shields molecules from osmotic damage (Liang et al., 2018). Transgenic Arabidopsis 

plants overexpressing the wheat gene TaSST show higher soluble sugar content. These 

plants exhibit better salt tolerance under NaCl treatment than wild-type plants. 

Researchers inserted the enzyme mannitol-1-phosphate dehydrogenase (mt/D) into 

Indica rice. This enzyme originates from E. coli. This modification increased mannitol 

accumulation and enhanced salt tolerance (Byrt et al., 2017). 

Understanding how specific osmolytes help plants withstand salt stress is essential. 

These insights help develop salt-tolerant crops. They offer promising solutions for 

sustainable agriculture in saline environments. 

 

Multi-omics perspectives on salt-stress tolerance: the role of epigenetic regulation 

In recent years, researchers have studied transcriptional responses to salt stress. They 

aim to identify key signaling pathways and regulatory proteins. The proteins help with 

stress adaptation. Epigenetics refers to gene expression regulation through heritable 

covalent modifications in chromatin architecture. It plays a crucial role in making 

transcription more accessible. Major epigenetic components regulate genes and maintain 

genome stability. These include DNA methylation, histone modifications, histone 

variants, and noncoding RNAs (ncRNAs). DNA methylation is one of the most studied 

epigenetic modifications. It involves adding a methyl group to the 5’ position of cytosine 

in CG, CHG, and CHH sequence contexts. Here, H represents A, T, or C. Changes in 

DNA methylation patterns occur under saline conditions. These changes affect gene 
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expression. For example, in wheat, TaFLS1 is a salt-stress-responsive gene. Its promoter 

region showed lower methylation levels in a salt-tolerant cultivar. This suggests that DNA 

methylation regulates salt tolerance. 

Histone proteins also undergo various covalent modifications. These include 

acetylation, methylation, phosphorylation, sumoylation, and ubiquitination. Specific 

histone-modifying enzymes mediate these changes. Such modifications play a key role in 

regulating gene expression under salt stress. A recent study (Feng et al., 2022) explored 

histone acetylation. Researchers discovered that GsMYST1 is a histone acetyltransferase 

in wild soybean. It undergoes phosphorylation by GsSnRK1 kinase. This process leads to 

the acetylation of histone H4 on stress-responsive genes. As a result, salt tolerance 

improves (Han et al., 2020). 

Histone methylation is another important epigenetic process. It alters histone 

hydrophobicity and creates binding sites for regulatory proteins. In castor bean, 

methylation at H3K4me3 and H3K27me3 regulates the transcription of RSM1. This gene 

plays a critical role in ABA-mediated salt-stress signaling (Yung et al., 2021). 

Beyond histone modifications, chromatin remodeling plays an essential role in modulating 

gene expression. Histone-DNA interactions change over time. These changes control the 

accessibility of transcriptional machinery to genomic regions (Nguyen et al., 2019). 

Chromatin remodeling factors (CHR) include several ATPase subfamilies. These 

subfamilies are SWI/SNF, Imitation Switch (ISWI), and Chromodomain-Helicase-DNA-

binding (CHD). CHRs facilitate ATP-dependent chromatin remodeling. They also 

regulate post-translational histone modifications (Yung et al., 2021). 

In the brm-3 mutant, the expression of ABA-related PP2C genes (ABI1, ABI2, and 

HAI1) increased after NaCl treatment. This suggests that the brm-3 mutation affects the 

regulation of these genes. It may make them more active under salt stress. This finding 

suggests that BRAHMA (BRM) is a chromatin-remodeling ATPase. It suppresses these 

genes under salt stress (Haque et al., 2021). 

Recent advancements in epigenetic research provide new insights. “Understanding 

these regulatory mechanisms could improve crop resilience to salt stress. Leveraging 

genome-editing technologies may further enhance this process”. 

As researchers explore epigenetics, they may develop innovative strategies for crop 

breeding. These strategies could increase salt tolerance and boost agricultural productivity. 

 

Integrated multi-omics discoveries 

Genomics + transcriptomics identified candidate salt tolerance genes in rice (e.g., 

OsHKT1;5). Proteomics + metabolomics integration helped ROS detoxification and 

osmolyte synthesis (central to stress resilience). Antioxidants and osmolytes are key for 

stress survival. Epigenomics + transcriptomics uncovered stress memory mechanisms, 

guiding breeding strategies (Fig. 5). 

 

Plant growth-promoting microbes (PGPMs) 

Plant growth-promoting microbes (PGPMs), including plant growth-promoting 

rhizobacteria (PGPR), endophytes, and arbuscular mycorrhizal fungi (AMF), enhance plant 

salt tolerance through various mechanisms. PGPR such as Halomonas alkaliantarcticae 

M23 and Bacillus halotolerans KKD1 improve ion homeostasis by increasing the K⁺/Na⁺ 

ratio and reducing Na⁺ uptake in plants like maize and wheat (Liu et al., 2025c). They also 

promote osmotic adjustment by stimulating the accumulation of osmolytes like betaine and 
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proline. Additionally, PGPMs enhance antioxidant defense by boosting the activity of 

enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), 

thereby mitigating oxidative stress. They regulate hormonal balance by modulating levels 

of abscisic acid (ABA), salicylic acid (SA), and jasmonic acid (JA), which are crucial for 

stress responses. Furthermore, PGPMs produce exopolysaccharides (EPS) that bind Na⁺ in 

the rhizosphere, reducing its uptake by plants Bohrium. AMF-like Rhizophagus 

intraradices improve nutrient uptake, especially P, K, and micronutrients, and enhance 

water absorption under saline conditions. They also induce systemic tolerance by priming 

plants for better stress responses through modulation of gene expression and signaling 

pathways (Hidri et al., 2025). Collectively, PGPMs mitigate salt stress by regulating ion 

balance, enhancing osmotic and antioxidant defenses, modulating phytohormones, 

producing EPS, and improving nutrient acquisition via symbiosis, thereby supporting better 

growth, yield, and resilience in saline environments. 

 

 

Figure 5. Flowchart showing how different omics layers build upon each other to explain 

salinity tolerance—from genome (potential) all the way to phenome (observed tolerance) 
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In maize, Halomonas alkaliantarcticae M23 improved tolerance via K⁺/Na⁺ balance, 

antioxidant enzyme upregulation, and ABA regulation. In wheat, Bacillus halotolerans 

KKD1 and other halotolerant PGPRs improved seedling growth, reduced Na⁺ uptake, 

increased betaine, and improved morphological traits under salt stress. In salt-affected 

facultative halophyte Sulla carnosa, Rhizophagus intraradices AMF dramatically 

increased biomass, nutrient uptake, limited Na⁺ accumulation and modulated stress 

hormone levels (Fig. 6). 

 

 

Figure 6. PGPM mediated salt stress in plants 

 

 

Use of biofertilizers 

Biofertilizers are microorganisms that enhance nutrient availability and improve plant 

health. Nitrogen-fixing bacteria (Rhizobium, Azospirillum, Azotobacter) → improve 

nitrogen supply under saline soils. Phosphate solubilizing microbes (Pseudomonas, 

Bacillus, Aspergillus) → increase phosphorus availability. Potassium solubilizing 

bacteria (Frateuria aurantia) → improve K⁺ availability, balancing Na⁺. Arbuscular 

mycorrhizal fungi (AMF) improve water/nutrient uptake. They also enhance Na⁺ 

exclusion, and regulate osmolytes. For example, Rhizobium inoculation in chickpea 

improved nodulation and yield under saline conditions. 

 

Use of biostimulants 

Biostimulants are substances or microorganisms (other than nutrient fixing 

organisms). Plant growers apply these to enhance growth, nutrient uptake, and stress 

tolerance. Humic and Fulvic acids Improve nutrient uptake, stimulate root growth. 

Seaweed extracts (Ascophyllum nodosum, Sargassum spp.) are rich in hormones, 

polysaccharides, and antioxidants. Improve chlorophyll content, osmolyte levels, and 

antioxidant activity. Protein hydrolysates & amino acids Supply building blocks for stress 

proteins. Enhance osmotic regulation and metabolism. Microbial biostimulants 
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(Trichoderma, Bacillus) enhance root vigor, induce systemic tolerance, and modulate 

hormones. Silicon and Chitosan-based biostimulants Strengthen cell walls, reduce Na⁺ 

toxicity, enhance antioxidant defense. Seaweed extract helps tomato plants build up 

proline and antioxidant activity during stress. Maintain ion homeostasis (low Na⁺, high 

K⁺). Enhance antioxidant activity to combat ROS. Stimulate root growth for better 

water/nutrient uptake. Improve yield and quality in saline soils. Provide a sustainable 

alternative to chemical inputs. 

Concluding remarks and future perspectives 

In the past ten years, researchers have learned more about how plants react to salt 

stress. They have also studied the mechanisms behind salt tolerance. These mechanisms 

involve complex interactions at the genetic, cellular, and physiological levels. Key 

processes help plants survive salt stress. These include ion balance and ion movement 

control. Water regulation is also important. Antioxidant activity protects cells. Hormone 

signaling helps plants respond to stress. Transgenic approaches, gene editing 

technologies, and computational tools have helped develop salt-tolerant plants. Despite 

these advancements, several challenges remain. Scientists must improve multi-omics 

methods. These include genomic, transcriptomic, proteomic, and metabolomic studies. 

This refinement will help identify key pathways that regulate salinity tolerance. We do 

not understand ion transport across membranes completely. Signal detection is also not 

completely clear. Long-distance signaling needs more research. Researchers need more 

insights into root-to-shoot communication under salt stress. We still lack knowledge 

about ion uptake. Ion exclusion is not understood completely. Scientists need to study ion 

storage. Ion transport in major crops needs more research. The role of hormonal crosstalk 

in salt-stress responses requires further investigation. Future research should focus on 

unraveling the regulatory networks involved in salt tolerance. It is important to ensure 

that improved crops keep high agronomic value. Bridging fundamental discoveries with 

field-based applications is critical for developing resilient crop varieties. These crops 

must thrive in saline environments. Integrating advanced breeding technologies, genome 

editing, and systems biology may enhance crop productivity. This integration could also 

improve sustainability in salt-affected regions. Looking ahead, a multidisciplinary 

approach is essential. It should combine genetics, epigenetics, bioinformatics, and 

agronomic practices. This approach will help address salt stress and improve crop 

productivity. Collaboration between researchers, policymakers, and farmers will be 

crucial. These efforts will help translate scientific discoveries into practical solutions. 

Innovative technologies and sustainable agricultural practices can support global food 

security. These strategies will create strong crops. The crops will survive salty soil. They 

will also endure climate change. 
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