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Introduction 

Being a critical factor of the global economy, agriculture is essential for 

human existence and national development. Steady-state rise in the 

global population, drastic decline in the arable land and devastating 

effects of stressors, including pests, drought, salt and flooding, 

threaten food security (1–6). Among these, salt-affected soils have 

been the major issue in agricultural production since it is mostly 

prevalent in arid and semi-arid regions where irrigation remains the 

major source of raising crops  (7). Nearly 26.10 million hectares (Mha) 

of land is affected by salt stress in India (8). Annually, one-fifth of the 

global area and 1.5 Mha of cultivable land become degraded owing to 

high salinity in the soil (9). Soil salinisation is induced by both natural 

and artificial processes such as water deficiency, low-quality irrigation, 

mineral weathering and excessive evaporation. High salinity in the soil 

leads to several detrimental impacts, including decreased water 

uptake, reduced photosynthesis, impaired nutrient absorption and 

perturbed microbial population (10–17). One of the significant ways 

that salt stress impacts plants is through its influence on water intake. 

Soil salinisation arrests the water inflow through the gradual loss of 

water from the cell interior to the outside because of the higher salt 

content in the soil than that of the roots, which creates the differences 

in the water potential (18). The chloroplast is the major organelle 

impaired under salt stress that directly impacts net photosynthetic 

rate, thereby arresting plant growth through the production of 

reactive oxygen species (ROS), which affects stomatal closure and 

photosynthesis (19). Higher salt content also interferes with the 

absorption of macro nutrients like nitrogen, phosphorus and 

potassium by obstructing the function of nutrient transporters, which 

also hinders plant development (20). Agronomic practices like 

effective irrigation management, mulching, foliar spray of calcium, 

magnesium  and zinc and using soil amendments such as gypsum or 

sulfur can reduce soil salinity by eliminating excess sodium from the 

soil (21).  

 Extensive signalling pathways have been orchestrated 

inside the plant cells to cope with salt stress (22). These pathways 

mainly include signal perception, transduction and stress-responsive 

gene expression. At the cellular level, the components of salt stress, 

such as ionic and osmotic stresses, are perceived by the hypothetical                

sensors  (23). The osmotic component of the salt stress arises due to 

excessive salt content in the soil, which reduces the water uptake and 

arrests cell expansion, whereas the ionic component of salt stress 

leads the cells to accumulate excessive sodium, which affects leaf 

photosynthesis and metabolic processes (24). Through signalling 

mechanisms, plants coordinate the salt-responsive physiological 

processes such as sodium exclusion, sodium compartmentalisation, 

turgor maintenance and osmotic adjustment through the production 

of key osmolytes like proline, trehalose and glycine betaine (25).   

 In this review, we aimed to cover the key events of                           

salt-responsive mechanisms mediated by plants at the molecular, 

physiological  and biochemical levels. We have summarised few 
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Abstract  

Salt stress is one of the crucial abiotic factors limiting plant growth and production. It is caused by high salt levels in the soil, which limit the 

availability of irrigated water and other minerals required for plant growth. It can cause poor crop yields and food insecurity, particularly in 

coastal and desert areas. Mitigating plant salt stress is critical for increasing agricultural yields and maintaining food security. There are 
numerous approaches to reducing the negative consequences of salt stress, including genetic modification, hormone therapy  and improved soil 

management practices. Recent discoveries in the field include microbial consortia, nanotechnology, metabolomics, systems biology  and CRISPR

-Cas technologies for improving plant salt tolerance. Minimising salt stress in plants is crucial for enhancing agricultural output and food security 

and several quantitative methods can be utilised to accomplish this goal. This review will address recent findings on salt tolerance in plants, 
utilising microbial, morpho-physical, biochemical  and genetic approaches  and nanoparticle applications. 
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pieces of evidence on the transgenic approaches and genome 

editing aspects for generating salt-tolerant plants. Further, we have 

addressed the recent application of plant growth-promoting 

bacteria (PGPB) and bio-stimulants such as nanoparticles for salt 

stress management.  

Responses of salt stress on plants 

Effect on the morphological and anatomical level (Root and leaf) 

The salt stress reduced the number of lateral roots, which resulted 

in poor nutrient use efficiency (26). It severely inhibits root growth 

and function by causing osmotic stress, ion toxicity, nutrient 

imbalance  and oxidative damage. Since roots control water and 

mineral uptake, salt-induced root damage ultimately reduces 

overall plant growth and productivity. Salt stress affects leaves by 

reducing growth, impairing photosynthesis, inducing ionic toxicity, 

oxidative damage  and premature senescence (27). As leaves are a 

source of energy production, these effects ultimately result in 

reduced plant productivity and yield. 

Effect on physiological parameters (Photosynthetic, plant water 
relation sand stomatal physiology) 

It restricts CO₂ diffusion, damaging chlorophyll and the PSII system, 

disrupting electron transport  and inhibiting carbon assimilation 

enzymes (28). The combined decline in photosynthetic parameters 

ultimately leads to reduced growth and development. It lowers the 

water potential, restricts water uptake, reduces hydraulic 

conductance and induces osmotic stress (29). It ultimately leads to 

water deficit, growth inhibition  and reduced productivity. It affects 

stomatal physiology by inducing abscisic acid (ABA) mediated 

stomatal closure, disrupting guard cell ion homeostasis  and 

reducing stomatal conductance and density (30). It also restricts 

CO₂ uptake and contributes to reduced photosynthesis, leading to 

reduced growth. 

Effect on biochemical responses (Plant growth hormones and 

antioxidant enzymes)  

The stress up-regulates stress-associated hormones -ABA, ethylene, 

Jasmonic acid (JA), Salycilic acid (SA) and down-regulates                                  

growth-promoting hormones  (auxins, cytokinins, gibberellins) (31). 

Which prioritises survival and stress adaptation over growth, 

ultimately shaping plant tolerance or sensitivity to salinity. 

 Effect on oxidative stress 

It enhances ROS production beyond the scavenging capacity of plant 

cells, leading to membrane damage, enzyme inactivation  and 

genetic instability (32). The strength and efficiency of the antioxidant 

defence system play an important role. The stress triggers oxidative 

compounds, counteracted by the coordinated modulation of 

antioxidant enzymes. These include superoxide dismutase (SOD), 

catalase (CAT), ascorbate peroxidase (APX), general peroxidases  

(PRX)  (e.g. guaiacol peroxidase GPX), glutathione reductase (GR) and 

Peroxidase (POD), which reduce ROS accumulation and protect 

cellular structures (33). 

Effect on gaseous molecules (Nitric oxide and hydrogen sulfide) 

It acts as a central gaseous regulator in plants under salt stress. By 

interacting with ROS, hydrogen sulfide  and carbon monoxide, nitric 

oxide reduces oxidative damage, maintains ion homeostasis  and 

strengthens antioxidant defences (34). While hydrogen sulfate 

modulates a wide array of genes that orchestrate morphological, 

anatomical, physiological and biochemical changes to enhance 

tolerance, with gaseous signalling molecules playing a central role 

in this regulation (35). Morphologically and anatomically, stress-

responsive genes regulate root architecture (e.g. deeper roots, 

altered lateral root formation) and leaf structure to improve water 

uptake and reduce ion toxicity.  

Mechanisms of salt tolerance 

Morpho-physiological responses to salt stress  

Morphological and physiological responses to salt tolerance involve 

modifications in root and shoot growth and architecture such as 

profound root growth or the formation of specialist salt-excluding 

roots, as well as changes the ways, they transport and store water 

and nutrients (Table 1 and Fig. 1). Physiological factors such as the 

accumulation of solutes and the regulation of ion transporters also 

play a role in salt tolerance (42). 

Name of the plant Type of experiment Concentration of 
salt applied 

Major outcome of the study Reference 

Tomato (Transgenic, 
SOD overexpressing) 

Controlled pot 
experiment under 

NaCl stress 
150 mM NaCl Overexpression of SOD mitigated salt-induced structural 

damage in chloroplasts and improved cellular integrity 
 (36) 

Paddy (Rice) 
  

Pot experiment with 
rhizosphere bacteria 

100 mM NaCl Zinc-mobilising bacteria improved plant physiology and growth 
parameters under salt stress 

 (37) 

 Arabidopsis 

  
Laboratory 

microscopy and 
molecular study 

100–150 mM NaCl Microtubule reorganisation plays a vital role in salt tolerance 
and adaptive growth 

 (38) 

Barley (Aleurone cells) 
  

High-salt germination 
experiment 

200 mM NaCl High salt altered actin cytoskeleton organisation and induced 
vacuolisation changes 

 (39) 

 Arabidopsis 
  

Molecular and 
cytoskeleton analysis 

150 mM NaCl The microfilament cytoskeleton plays an essential role in 
osmotic and salt stress tolerance 

 (39) 

Barley 
  

Comparative 
proteomic study 

100–200 mM NaCl 
Differential root proteome changes associated with salt 

tolerance mechanisms 
 (40) 

Pistachio  (Rootstocks) Field/pot morpho-
physiological study 

EC 8–16 dS m-1  
(salinity levels) 

Sodium compartmentalisation and morpho-physiological 
adjustments improved tolerance 

 (41) 

Table 1. Morpho-physical modifications in plants for survival under salt stress  
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Name of the plant 
Name of the bacteria  

(PGPB) Type of experiment Major outcome of the study Reference 

Triticum aestivum  
(Wheat) 

ACC deaminase–producing 
PGPR (e.g. Pseudomonas, 

Bacillus) 

Review-based analysis of 
experimental studies 

Reduced stress ethylene levels, improved root 
elongation, better Na+/K+ balance, enhanced 

biomass and yield under salt stress. 
 (44) 

Pisum sativum  (Pea) 
ACC deaminase-containing 

endophytic bacteria 
Pot experiment under salt 

stress 

 Reduced oxidative damage (MDA), enhanced 
antioxidant enzymes (SOD, CAT, POD) and 

improved shoot/root biomass under salinity. 
 (45) 

Olea europaea  (Olive) Beneficial rhizobacteria  
(PGPB consortium) 

In vitro plantlet experiment 
 Improved photosynthetic efficiency, enhanced 

ROS scavenging, better chlorophyll retention 
and growth under salt stress. 

 (46) 

Solanum lycopersicum  
(Tomato) 

ACC deaminase–producing 
PGPR  (e.g. Pseudomonas 

putida) 
Pot experiment 

 Improved plant height, root length, chlorophyll 
content; reduced ethylene accumulation; 

enhanced salt tolerance. 
 (47) 

Panax ginseng 
Paenibacillus yonginensis 

DCY84T Controlled pot experiment 
 Activated antioxidant defence-related genes, 
enhanced enzymatic activity  (SOD, CAT)  and 

improved biomass under salinity. 
 (48) 

Trigonella foenum-
graecum  (Fenugreek) Priestia endophytica SK1 Pot experiment 

Improved nitrogen assimilation increased 
secondary metabolites, enhanced growth and 

salt tolerance. 
 (49) 

Table 2. Use of plant growth-promoting bacteria in the alleviation of salt stress 

Fig. 1. Morpho-physiological modifications in plants under salt stress conditions. 
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Microbe-mediated salt tolerance 

Using PGPB is one of multiple ways to enhance plant salt tolerance 

(Fig. 2). Plant growth promoting bacteria are naturally prevalent in 

the soil and provide an environmentally friendly approach to get rid 

of soil salinity and restore soil health as well (43). They can boost 

plant resistance against salt stress by several mechanisms, which 

are listed in Table 2. Applying PGPB in agriculture can provide a 

sustainable crop yield and food security in salt-affected areas. 

 In Pisum sativum L., endophytic bacteria are involved in the 
mitigation of salt stress by boosting the plant's ability to absorb and 

transport water, lowering water loss through stomata and 

enhancing the synthesis of hormones such as indole acetic acid 

(IAA) and gibberellins (GA). These hormones stimulate root 

development, which increases the absorption of nutrients and 

enhances the plant's ability to cope with environmental challenges 

(50). The bacteria were also discovered to strengthen the plant's 

antioxidant defence system, by triggering the synthesis of 

antioxidant enzymes viz. POD and superoxide dismutase SOD, 

which lower the levels of ROS under salt stress. Plant growth 

promoting rhizobacteria also help to minimise the accumulation of 

sodium ions by lowering the intake of sodium ions and boosting the 

capacity to reject sodium ions  (51, 52).  

 In addition to PGPRs, Azospirillum and Bacillus have been 

demonstrated to control photosynthesis and reactive ROS levels in 

Olea europaea L. (olive tree) (53). These bacteria colonise the 

rhizosphere and influence photosynthesis by boosting the activity 

of photosynthetic enzymes. The regulation of photosynthesis and 

ROS together leads to enhancing stress tolerance. Rhizosphere 

bacteria from rice improved salt tolerance by the mechanism of 

solubilising the salt crystals mediated through proteases and 

increasing nutrient availability (54). Further, these bacteria 

increased the accumulation of solutes such as proline and glycine 

betaine in the leaves for osmotic stress tolerance. Similarly, 

Paenibacillus yonginensis  (DCY84T) modulates the plant's 

Fig. 2. Role of plant growth-promoting bacteria in salt stress tolerance.  
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antioxidant defence mechanism in Panax ginseng C.A.Mey. by 

altering numerous defence-related genes related to ion transport, 

root hair formation, solute accumulation, ROS scavenging, total 

sugars and ABA synthesis  (55, 56). 

 Mung bean (Vigna radiata (L.) R.Wilczek) is well known crop 

that performs better under saline soils (57). The rhizosphere 

microbiome of V. radiata comprises a vast population of 

microorganisms such as bacteria, fungi  and archaea, which 

increase resistance against salt stress. Fungi such as Penicillium and 

Aspergillus can also enhance the plant's resistance to salt stress by 

producing enzymes such as chitinases, glucanases and 

exopolysaccharides  (EPS) that can help to boost water retention in 

the soil. Priestia endophytica SK1 is a bacterium that was discovered 

to increase the salt tolerance of fenugreek                                                         

(Trigonella foenum-graecum L.) under salt stress by increasing the 

accumulation of compatible solutes, modulating the plant's 

antioxidant defence system and producing plant growth-

promoting compounds  (58).  

 Studies have demonstrated that plants with high levels of               

1-Aminocyclopropane 1-carboxylic acid (ACC) deaminase are better 

able to handle salt stress, with increased growth and development 

than plants without ACC (59). Additionally, the enzyme has been 

demonstrated to boost the plant's capacity to absorb and transport 

water, further minimising the harmful consequences of salt stress. 

Similarly, Achromobacter piechaudii is a soil-borne bacterium that 

has been demonstrated to have a favourable influence on the 

growth and development of tomato plants through regulating the 

synthesis of IAA and GA. It was shown that A. piechaudii could 

promote the growth and development of tomato plants by 

promoting root growth and increasing the absorption of nutrients. 

These bacteria can also boost the plant's resistance to salt stress by 

enhancing water intake and lowering water loss through stomata 

(60). 

 Also, Biochar has proven to be beneficial against abiotic 

stress. It is a form of charcoal created by pyrolysis, a technique of 

heating organic materials under oxygen-poor conditions. It has 

been discovered to have a good influence on the growth and 

development of plants and can also aid in mitigating the 

detrimental effects of environmental pressures, such as salt stress. It 

mitigates the harmful impacts of salt stress by improving soil 

structure, boosting nutrient availability, lowering the buildup of 

sodium ions  and promoting plant defence systems (61). 

 Wheat exhibits physiological and anatomical modifications-
including osmotic adjustment, proline accumulation, enhanced 

root architecture, stomatal closure, leaf senescence  and activation 

of the antioxidant defence system-to cope with salt stress. Similarly, 

pistachio nut plants subjected to elevated salt concentrations 

demonstrate sodium compartmentalisation in leaf cells, which 

minimises damage to the photosynthetic machinery (36). However, 

the reduction in the number of developing leaves, The soil plant 

analysis development (SPAD) index  of leaves, chlorophyll content  

and stomatal conductance is still detected under salt stress 

conditions in salt-tolerant plants. A similar technique of excluding 

the salt level by root cells through the apoplastic barrier was also 

reported in olive plants. A study has also demonstrated that the 

alteration of root cells in connection to the function of exodermis 

and endodermis is elevated in response to salt stress in the olive 

tree, indicating that these barriers play an essential part in the olive 

tree's salt tolerance mechanism  (62). 

 Apoplastic modifications in roots also lead to lower ion 

fluxes, including the inflow of sodium ions (Na+) and chloride ions     

(Cl-), which can contribute to plant salt tolerance. This system 

manages ion transport and homeostasis by preventing excess ion 

intake and allowing the plant to actively exclude ions when needed  

(63). The Apoplast operates as a barrier and synthesises apoplastic 

ascorbate oxidase (AAO) which plays a role in the antioxidant 

defence mechanism in response to salt stress (64). It catalyses the 

conversion of ascorbate to dehydroascorbate (DHA) and hydrogen 

peroxide (H2O2). The elevated H2O2 acts as a signalling molecule that 

stimulates additional antioxidant enzymes and prevents cell 

damage. 

 Studies in Mesembryanthemum crystallinum L., a C3 plant, 

revealed a shift in the photosynthetic system to crassulacean acid 

metabolism (CAM) under salt stress within 2 weeks (65). The 

Kalanchoe  (Crassulaceae family, CAM plants) plants adjusted the 

leaf succulence and stomatal closure during the day to reduce the 

water loss through transpiration and instead opened them at night 

to allow carbon dioxide. This permits the plant to conserve water 

and thrive in areas with limited water supplies, such as salt-affected 

soils. Further, it also revealed modulation of photosynthetic 

metabolic plasticity and chloroplast ultrastructure (66). The 

Kalanchoe plants maintained their chloroplast ultrastructure even 

under high salt conditions (2 % w/v) and the changes included 

increased stacking of thylakoid membranes through the 

upregulation of heat shock proteins (HSPs) (67, 68). Salt stress leads 

the plants to remodel their cytoskeleton to preserve standard cell 

shape and prevent excessive salt uptake (69). Under salt stress, 10–50 

dS/m ECe in the microtubule cytoskeleton in the root cells (wheat or 

Kalanchoe) would be changed in a process termed root twisting, also 

known as gravitropic bending in which the root cells encounter a 

change in their form and orientation, through which plants can 

redirect their root growth to escape areas of high salt concentration 

and obtain water from deeper soil layers (70). According to root 

twisting in response to salt stress is mediated by changes in the 

activity of microtubule-associated proteins (MAPs) by the 

overexpression of FBA8, TUB3  and TUB4 genes, which can modify the 

stability and orientation of microtubules (71). In Arabidopsis plants, 

research has also demonstrated that the cytoskeleton, particularly 

actin microfilaments, plays a crucial role in the plant's response to salt 

stress. The actin cytoskeleton can also aid in pumping away excess 

salt from the cell. Additionally, microfilaments can assist in reinforcing 

the cell wall to avoid damage from the salt  (72).  

Salt tolerance through a transgenic approach 

Genomics, transcriptomics, proteomics and metabolomics have 

been applied to explore different components involved in the 

response to high salt concentration to understand the underlying 

salt tolerance mechanisms  (73–77). Transgenic tomato plants have 

been genetically engineered with ROS transporters, showing the 

phenotype of specialised salt-excluding roots or the growth of 

deeper roots to access water from deeper soil layers, an increased 

size or number of chloroplasts to support the increased 

biosynthesis of compatible solutes (78). The overexpression of the 

SOD genes in sweet potato plants has been found to increase 

tolerance to salt stress, drought  and other environmental 

conditions (79). 

https://www.youtube.com/watch?v=O3l85nnwgPg
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Genetic and transcriptional modification  

Salt tolerance in plants can be increased by genetic manipulation, 

where specific genes involved in salt tolerance are introduced, 

overexpressed or silenced to enhance growth, survival and 

production under salt stress (80, 81)  (Table 3).  

 There are numerous strategies used to achieve salt 

tolerance through genetic changes by introducing genes encoding 

for                 sodium-transporting ATPases or other transporters, over-

expression of genes involved in osmoregulation and stress 

response,                                over-expression of transcription factors and 

antioxidant enzymes and by gene silencing through RNA 

interference  (RNAi) for salt sensitivity, metabolic engineering to 

modify the plant's metabolic pathways and increase its ability to 

tolerate salt (95). In apples, the chloroplast-localised MdPRP6 

protein  (naturally encoded gene, not genetically modified) 

stabilises chloroplast structure under salt stress, preserving its 

integrity, supporting photosynthesis  and aiding cellular stress 

responses (96). Specifically, it has been identified as important in 

controlling the plant's response to extreme salt stress via altering 

gene expression and ion transport. Similarly, in Arabidopsis, the 

WRKY23 gene has been demonstrated to affect genes related to 

ethylene and auxin signalling pathways. By discussing WRKY TFs 

like SlWRKY23 (tomato ortholog) in                          NGS-enabled 

breeding, where its overexpression modulates hormone crosstalk 

for osmotic/NaCl tolerance (e.g., via root architecture changes). 

Studies confirm effects in Arabidopsis transgenics ties to wheat/

linseed salt stress (97). The BES1 transcription factor reduces 

malondialdehyde  (MDA) levels-a marker of oxidative stress and lipid 

peroxidation that damages plant cell membranes-under salt 

stress. In Arabidopsis, BES1 directly regulates salt-responsive genes for 

antioxidant defence (SOD, POD) and ion homeostasis, as shown 

in bes1-D gain-of-function mutants                                (150 mM NaCl) with 

lower MDA/electrolyte leakage vs. RNAi knockdowns. BES1 

overexpression in birch  (BpBZR1-6) and wheat homologs  (TaBZR2) 

enhances salt tolerance by scavenging ROS and cutting MDA 

accumulation. Further salt-specific crop engineering using BES1 is 

warranted to develop salinity-resilient varieties like previous wheat/

linseed studies. It is also found similar downregulation of ROS occurs 

in Chrysanthemums by CmCIPK8  (98). The downregulation has 

resulted in enhancing the expression of genes related to ion 

transport. Similar downregulation of the phenylpropanoid pathway 

was found in foxtail millet by R2R3-MYB, consequently influencing 

the generation of these secondary metabolites  (99). The 

phenylpropanoid pathway is responsible for forming secondary 

metabolites, including flavonoids, lignins and tannins, which play 

critical functions in plant growth, development  and defence against 

biotic and abiotic stress (100). 

 The combination of PwNAC1 and the RNA-binding protein 

has been discovered to modulate gene expression implicated in the 

ABA signalling pathway, leading to variations in stomatal 

conductance. By modifying the stomatal conductance, PwNAC1 

and the RNA-binding protein may aid in increasing water use 

efficiency and free radical scavenging during drought and salt stress 

(101). Further study is needed to thoroughly understand the 

processes by which PwNAC1 and the RNA-binding protein control 

ABA-dependent stomata conductance and to identify their 

potential for generating drought-tolerant crops  (102, 103). 

Overexpression of the anthranilate synthase (AS) gene 

in Catharanthus roseus (L.) G.Don hairy roots increases anthranilate 

synthesis, boosting                  indole-3-acetic acid (auxin/IAA) and JA 

Table 3. Genetical and transcriptional changes in plants for sustaining under salt stress 

Name of the gene/
transcript 

Name of the 
source plant 

Mode of expression  
(Upregulation/

downregulation) 
Important outcome of the study  (specific to salt stress) Reference 

MdPR6 Malus domestica Upregulation 
Enhanced chloroplast structure stability, improving 

photosynthetic efficiency and salt tolerance 
  (82) 

WRKY23 Solanum 
lycopersicum 

Upregulation Modulated ethylene and auxin signalling pathways, 
improving stress adaptation 

  (83) 

BES1  (Transcription 
factor) 

Vitis vinifera Upregulation Reduced malondialdehyde (MDA) levels and increased 
proline accumulation, lowering oxidative damage 

  (84) 

CmCIPK18  (CIPK gene) Chrysanthemum Upregulation Decreased ROS accumulation and enhanced antioxidant 
defence 

  (85) 

PwNAC1 Arabidopsis Upregulation Regulated ABA-dependent stomatal conductance, 
improving water use efficiency under salinity 

  (86) 

OsDSR2 Oryza sativa Downregulation / 
Suppression 

Modulated ABA and IAA signalling pathways, enhancing 
salt stress tolerance 

  (87) 

R2R3-MYB transcription 
factor 

Setaria italica Upregulation Regulated phenylpropanoid pathway, strengthening 
antioxidant and structural defence 

  (88) 

BnGRP7  (Glycine-rich RNA-
binding protein 7) 

Brassica napus Post-transcriptional 
modulation 

Regulated mRNA stability and stress-responsive gene 
expression under salinity 

  (89) 

Anthranilate Synthase α-
Subunit  (ASA1) 

Catharanthus 
roseus 

Overexpression Enhanced jasmonic acid biosynthesis and altered 
metabolic pathways improve salt stress response 

  (90) 

Phytoene Synthase  (PSY) / 
β-Carotene Hydroxylase  
(BCH) 

Dunaliella salina Upregulation Increased carotenoid biosynthesis leading to improved 
photoprotection and oxidative stress tolerance 

  (91) 

HSP70 and LEA Proteins 
(Late Embryogenesis 
Abundant Proteins) 

Solanum tuberosum Upregulation 
Enhanced cellular protection and multi-protein regulatory 

mechanisms under salt stress   (92) 

SHE1 and CESA6 Arabidopsis Upregulation Enhanced cellulose synthesis, improving cell wall integrity 
under salinity 

  (93) 

PtNAC10 Populus trichocarpa Downregulation of 
lignin-related genes 

Reduced lignin synthesis, modifying cell wall composition 
for improved stress adaptation 

  (94) 
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precursors in tryptophan metabolism. Under salinity (100–200 mM 

NaCl), endogenous IAA drops due to disrupted transport 

and YUCCA/P450 downregulation, impairing root halotropism and 

osmotic adjustment. AS-OE elevates IAA levels, promoting lateral 

root growth to access deeper water, enhancing K+/Na+ ratios and 

activating JA-mediated ROS scavenging/ABA signalling for ionic 

homeostasis (104). Hairy roots have been genetically engineered to 

generate huge quantities of useful metabolites. The increase in 

anthranilate production by AS overexpression can also lead to up-

regulation of the endogenous biosynthesis of JA, which is a 

signalling chemical implicated in plant stress responses. This up-

regulation alters the metabolic networks in the hairy roots by 

modifying the expression of genes involved in secondary 

metabolism and the production of metabolites (105).  

 Interestingly, amplifying cellulose production has been 

proven to improve plant salt tolerance  (106). It was observed that 

there was an overexpression of a gene At1g45688  (CC1), which 

might have helped in cell wall development. Cellulose is a significant 

component of plant cell walls and is vital in maintaining cell shape 

and stiffness. Increased cellulose production can lead to thicker cell 

walls, which can give more protection to the plant against salt 

stress. In addition, cellulose production can also modify the 

regulation of other genes involved in plant stress responses and 

enhance                          water-use efficiency, which can further 

contribute to salt                                               tolerance (107). At the same 

time, an increase in cellulose production has shown promise as a 

technique for strengthening salt tolerance (106). In contrast, the 

downregulation of lignin production has been demonstrated to 

promote salt tolerance. 

 Likewise, Lignin is a complex polymer that provides 

structural support and reinforces the cell walls of plants. However, 

excessive quantities of lignin can also impair water intake and limit 

the capacity of roots to absorb nutrients, making it more difficult for 

the plant to endure salt stress. Downregulation of lignin production 

can lead to lower lignin concentration and higher water-use 

efficiency, which can aid in enhancing plant salt tolerance (108). 

However, lignin is also crucial for plant defence against pathogens. 

Therefore, lowering lignin concentration also makes the plant more 

vulnerable to disease. And the overexpression of cellulose by gene 

OsNHX1 in Arabidopsis and downregulation of lignin by PtNAC101 

transcription factor in Populus trichocarpa Torr. & A.Gray ex Hook. 

were reported  (93, 109). In pomegranate, transcriptional regulation 

of NHX1 leads to sequestering Na+ in vacuoles and effluxing Na+ from 

mature leaves (110).  

Biochemical alterations 

Salt stress can induce numerous metabolic modifications in plants, 

thereby impairing their development and survival. These 

abnormalities include ion imbalances, osmotic stress, oxidative 

damage  and changes in gene expression (Table 4). These 

alterations can lead to cellular damage, diminished growth  and 

lower agricultural yields (119–121). 

 Salt stress in plants generates a hormonal response that 

involves the regulation of multiple plant hormones (122). Abscisic 

acid levels increase in response to salt stress, whereas GA levels fall 

(123). This leads to diminished root development and increased 

oxidative stress (124). Similarly, a rise in ethylene has a role in 

regulating ion transport, perhaps contributing to salt stress 

tolerance. While GA levels drop during salt stress, limiting cell 

division and root development  (124, 125). The response of plants to 

external hormone treatment under salt stress has been 

antagonistic with the application of GA and ABA, where GA 

stimulates growth and ABA reduces it  and synergetic with the 

administration of SA and ABA, where they act together to enhance 

stress tolerance (126). Also, it was discovered that simultaneous 

application of GA and cytokinins  (CK) under salt stress resulted in an 

overall impact equivalent to the sum of the effects of each hormone 

alone, where GA and CK have different and unique effects on plant 

growth and development. It was also observed that a rise in IAA and 

amino flunitrazepam levels in response to salt stress was associated 

with increased salt tolerance in plants (127). Both have been 

identified as crucial functions in altering the activity of signalling 

pathways involved in stress response and regulating the production 

of stress-responsive genes. Root system design is a key aspect in 

plant survival and development, especially under stressful 

circumstances like salt stress (128). It refers to the morphological 

and structural properties of a plant's root system, including root 

length, branching pattern, root diameter  and root hairs. Several 

Name of the plant Type of experiment  
(pot / field / lab) 

Concentration of 
salt applied 

Major outcome of the study Reference 

Brassica juncea  
(Seedlings) Pot experiment 100 mM NaCl 

 Nitric oxide accumulation, increased osmolytes, enhanced 
antioxidant defense and reduced ROS damage   (111) 

Arabidopsis thaliana 
Controlled lab 

experiment 150 mM NaCl 
Flavonoid overaccumulation, reduced oxidative stress and 

enhanced tolerance   (112) 

Pennisetum glaucum  
(Pearl millet) 

Pot experiment with 
fungal inoculation 150 mM NaCl 

Secondary metabolite modulation, improved osmotic balance 
and enhanced antioxidant activity   (113) 

Mustard  (Green & 
Purple) 

Pot experiment  
(melatonin 

application) 
100–150 mM NaCl 

Enhanced anthocyanin accumulation, upregulation of 
antioxidant enzymes and improved ROS scavenging   (114) 

Arabidopsis thaliana 
Laboratory genetic & 
physiological study 100–150 mM NaCl 

Upregulation of cellulose synthesis genes  (CESA6, CSI1) 
improved cell wall integrity and enhanced salt tolerance   (115) 

Wheat  (Seedlings) Pot experiment 100 mM NaCl 
Hydrogen sulfide improved antioxidant defence, activation of 

the SOS pathway and reduced ion toxicity   (116) 

Maize  (Seedlings) 
Laboratory 

germination study 150 mM NaCl 
Auxin seed priming improved ROS detoxification, enhanced 
carbohydrate metabolism and improved germination under 

salinity 
  (117) 

Rice  (Oryza sativa) 
Laboratory molecular 

study 100 mM NaCl 
JA-Ile metabolism regulation, hormonal signalling adjustment 

and improved salt stress adaptation   (118) 

Table 4. Biochemical alterations in plants under salt stress 
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plant hormones, including auxin, CK, ABA  and GA, can also impact 

the modification of root system architecture through activating 

multiple key pathways (129). Studies have shown the relationship 

between hormones and root system architecture for tolerance to salt 

stress (130). The administration of exogenous auxin and/or cytokinin 

has been found to enhance root system architecture and salt 

tolerance in Arabidopsis (128). 

  (JA-Ile) is a JA facilitates the functions in plant growth, 

development and under stress conditions (129). It has been 

reported that, in rice, using exogenous JA-Ile can increase salt 

tolerance by activating defence mechanisms and boosting 

antioxidant activity  (131). Additionally, compared to control plants, 

transgenic rice plants overexpressing the gene encoding the 

enzyme responsible for JA-Ile production demonstrated enhanced 

salt tolerance (132). Further, in soybeans, SA and JA were revealed 

to play a role in the plant's response to different environmental 

challenges, including salt stress (133). Salicylic acid  is implicated in 

producing systemic acquired resistance  (SAR), a plant defence 

mechanism against salt stress. Salicylic acid is shown to activate the 

production of defence-related genes, leading to an increase in 

antioxidant activity and better salt stress tolerance (134). 

Zwitterionic osmolytes are tiny, neutral molecules that function 

critically to maintain cellular osmotic equilibrium and resist salt 

stress in plants, including glycine betaine, proline  and other amino 

acids with a zwitterionic structure. Under salt stress, they can 

operate as osmoprotectants, preventing osmotic stress and the 

buildup of harmful ions in the cytoplasm (135). It has been observed 

that glycine betaine can desorb salt ions from the root surface of 

barley by interacting with the surface, lowering the buildup of 

harmful ions and enhancing osmotic balance (136). They were also 

shown to be vital in regulating different stress-responsive genes 

(SOS5; JAS) and signalling pathways, enabling plant survival and 

adaptability to salt stress (132). Another osmolyte, proline, has been 

found to activate stress-responsive genes (P5CS1 and P5CS2) and 

enhance plant tolerance to salt stress by boosting cellular 

antioxidant defence systems and lowering oxidative damage (137, 

138). Nitric oxide is another key osmolyte and signalling molecule 

that has been found to have a role in plant responses to various 

stress situations, particularly salt                 stress (138). Nitric oxide has 

been demonstrated to influence the activity of nitrate reductase 

(NR), a critical enzyme involved in nitrate absorption and plant 

development (138). During salt stress situations, NO can control NR 

activity by lowering its activity, resulting in reduced nitrate 

absorption and plant development. In tomato plants, NO donors 

like sodium nitroprusside  (SNP) enhance NR activity under salt 

stress, which helps delay ammonium accumulation and supports 

nitrogen metabolism (139). 

 This NR activity is expected to help lessen the harmful 

effects of salt stress on plant development and survival. Also, NO has 

been demonstrated to activate antioxidant defence systems and 

minimise oxidative damage. The buildup of anthocyanin in plants 

has been found to guard against oxidative stress and lower the 

accumulation of ROS. The buildup of anthocyanin in response to 

stressful circumstances is a complicated and dynamic process that 

plays a critical function in protecting plants against oxidative stress 

and boosting their tolerance to diverse stress situations (140). 

Flavonoids and lignin precursors have been demonstrated to 

increase in response to salt stress and enhance tolerance to stress in 

Zea mays L. (141). Similarly, lignin precursors, such as p-coumaric 

acid and ferulic acid, have also increased in response to salt stress. 

The formation of lignin precursors has been demonstrated to 

reinforce the plant cell wall, giving greater protection against 

environmental stresses, including salt stress (111, 112, 142–144). 

 

Fig. 3. The action of different nanoparticles in alleviating the salt stress. 
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 Under stressful circumstances like salt stress, plants engage 

multiple signalling pathways to activate their defensive systems and 

minimise oxidative damage. The synchronisation of these signalling 

pathways is critical for the efficient activation of antioxidant defence 

mechanisms and the increased tolerance to stress  (98, 145). 

Calcium ions (Ca2+) act as pivotal secondary messengers in response 

to salt stress. Increased salinity instigates temporary surges in 

cytosolic Ca2+, detected by calcium-binding proteins like 

calmodulins and calcium-dependent protein kinases  (CDPKs) (146).  

 These proteins phosphorylate downstream targets to 

modulate ion transporters, such as Na+/H+ antiporters, thereby 

preserving ion homeostasis and mitigating Na+ toxicity in cells. 

Similarly, SA is a versatile signalling molecule that mitigates salt 

stress by enhancing antioxidant defences, promoting osmolyte 

accumulation  (e.g. proline, soluble sugars)  and modulating 

nutrient uptake. 

Application of nanoparticles 

Nanoparticles have emerged as a possible approach for alleviating 

the harmful effects of salt stress in plants  (Fig. 3). Nanoparticles are 

microscopic particles with a size range of 1 to 100 nanometers. They 

have unique features that make them valuable for diverse 

purposes, including plant growth and stress tolerance (Table 5). 

There are numerous ways, such as lowering oxidative stress, harmful 

chelating ions, boosting water and nutrient absorption and 

promoting photosynthesis. The use of nanoparticles in agriculture has 

the potential to provide a sustainable and environmentally friendly 

solution to increase crop yields and food security in salt-affected 

areas. 

 Silicon Nanoparticles  (Si-NPs) have been found to boost the 

activity and stability of photosystems I (PS-I) and II (PS-II) in plants 

under stress conditions, including salt stress  (152). As per the 

studies, Si-NPs can boost the movement and strength of PS-I and 

PS-II (153), raise the expression of genes involved in PS-I and PS-II 

repair  and enhance the activities of antioxidant enzymes that 

protect the photosystems from oxidative damage (154–156). Seed 

priming of Pigeon pea with AgNPs has been proposed to boost seed 

resistance to salt stress (157). The processes by which AgNPs 

increase salt tolerance may include benefits in root development, 

photosynthesis  and antioxidant defence systems (158, 159). A 

Study has demonstrated that nSi treatment can improve soybean 

resistance to salt stress by regulating ion balance, increasing K+ 

concentration, antioxidant activities, non-enzymatic chemicals  and 

decreasing Na+ concentration (160). Increased potassium  (K+) ions 

in plant tissues have been related to enhanced plant salt stress 

tolerance. This is because K+ helps control cellular water balance 

and maintain ion homeostasis in salty circumstances. Some 

Nanoparticles, such as potassium-based nanoparticles, have been 

found to raise K+ content in plant tissues and improve salt tolerance  

(161). 

 Zinc oxide nanoparticles have also proved to boost salt 

tolerance in plants. These particles alleviate salt stress by enhancing 

root development and controlling the movement of ions in the 

plant. They can also scavenge reactive oxygen species and 

strengthen the overall antioxidant defence system in the plant, 

hence minimising the harmful effects of salt stress  (162, 163). They 

function as scavengers of ROS and boost plants' overall antioxidant 

defence system, lowering oxidative stress produced by salt stress. 

Also, it may control the ion balance in plants, allowing for better 

management of salt intake and decreasing its damaging                         

effects (164). Further, they modulate gene expression of the 

biosynthesis pathway of carotenoids and chlorophylls, leading to 

changes in plant growth and development that improve tolerance 

to salt stress, can enhance root growth and development, which 

can improve the plant's ability to absorb water and nutrients, 

reducing the adverse effects of salt stress (165).  

 

Conclusion  

Recent advances in alleviating salt stress in plants highlight a clear 
shift from single-factor solutions toward integrated, multi-level 

strategies. Progress in plant physiology, molecular biology  and 

biotechnology has deepened our understanding of how plants 

perceive and respond to salinity, particularly through ion 

Table 5. Recent advances in the application of nanotechnology in the alleviation of salt stress in plants 

Name of the 
nanoparticles Plant studied Type of experiment 

Magnitude of salt 
stress applied 

Outcome with respect to amelioration 
by nanoparticles Reference 

Silver nanoparticles  
(AgNPs) 

Pearl millet  
(Pennisetum 

glaucum) 

Controlled pot 
experiment + 

transcriptome analysis 

NaCl-induced 
salinity stress 

Improved biomass, enhanced antioxidant 
defence system, reduced ROS 

accumulation, regulated stress-
responsive genes  and improved ion 

homeostasis. 

  (147) 

Proline-functionalized 
graphene oxide 
nanoparticles  (GO-
Pro NPs) 

Grape  (Vitis 
vinifera) Pot experiment 

NaCl-induced 
salinity 

Increased proline accumulation, 
enhanced ROS scavenging, improved 

chlorophyll content and photosynthesis, 
reduced membrane damage 

  (148) 

  
Octa-aminopropyl 
polyhedral oligomeric 
silsesquioxanes  (OA-
POSS) nanoparticles 

Sweet basil  
(Ocimum 

basilicum) 
Pot experiment NaCl salinity stress 

Improved growth parameters, enhanced 
antioxidant enzymes, better osmotic 

adjustment, reduced lipid peroxidation 
  (149) 

  
Astaxanthin-
synthesised gold 
nanoparticles  
(AuNPs) 

Rice  (Oryza sativa) In vitro experiment NaCl salinity stress 

Enhanced tetrapyrrole biosynthesis, 
improved chlorophyll content, increased 

ROS scavenging  and improved salt 
tolerance. 

  (150) 

Cerium oxide 
nanoparticles 

Brassica sp. Pot experiment NaCl salinity stress Inhibited salt uptake by salt  (151) 



ATUL ET AL  10     

https://plantsciencetoday.online 

homeostasis, osmotic adjustment, antioxidant defence  and 

hormonal signalling. Genetic and genomic approaches-including 

marker-assisted breeding, QTL mapping  and modern gene-editing 

tools-have enabled the development of salt-tolerant cultivars with 

improved yield stability under saline conditions. At the same time, 

beneficial plant–microbe interactions, such as the use of plant 

growth-promoting rhizobacteria and mycorrhizal fungi, have 

emerged as eco-friendly tools that enhance nutrient uptake and 

stress resilience. Agronomic innovations, including priming 

techniques, optimised nutrient management  and the application 

of biostimulants and nanoparticles, further complement genetic 

strategies by improving plant performance in salt-affected soils. It is 

a severe barrier to plant growth, development and yield, particularly 

in coastal and dry environments. However, many techniques have 

been developed to reduce their impacts, including genetic 

modification, hormone therapy, soil management practices  and              

salt-tolerant crops. Recent breakthroughs in the field, including the 

utilisation of microbial consortia, nanotechnology, metabolomics, 

systems biology  and CRISPR-Cas technology, offer the potential to 

increase plant tolerance to salt stress significantly. Addressing salt 

stress is vital for guaranteeing food security and enhancing 

agricultural output in impacted areas. 
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