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Abstract

Salinity is a significant abiotic stress that decreases plant growth and productivity in many parts of the world due to
increased use of poor-quality water for irrigation and soil salinization. Salinity stress negatively impacts agricultural
yields globally, affecting production for both subsistence and financial gain. Salt stress affects every aspect of crop
growth, inhibiting plant growth and reducing the fresh and dry weight of roots, stems, and leaves. It also decreases leaf
expansion and alters leaf morphology. Additionally, salt stress represses photosynthesis and disrupts plant ion
homeostasis, leading to metabolic imbalances and oxidative stress. The adaptation or resistance of plants to salinity
stress involves complex physiological features, metabolic pathways, and networks of molecules or genes. To develop
salt-tolerant plant varieties for salt-affected areas, a comprehensive understanding of plant responses to salinity stress
at various levels and an integrated approach combining molecular, physiological, and biochemical techniques are
necessary. Recent research has identified many adaptive responses to salinity stress at genetic, cellular, metabolic, and
physiological levels. However, the mechanisms underlying salinity tolerance are still not fully understood. In this
review, we investigate the damage caused to plants by environmental salt stress and explore how plants tolerate this
stress at the molecular level.
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1. Introduction

Salinity is one of the most significant factors limiting agricultural crop productivity, with negative impacts on
germination, crop yield, and plant vigor [1]. Soil salinity is a major constraint on food production as it reduces crop
yields and limits the use of previously uncultivated land. The United Nations Environment Programme estimates that
salt stress affects approximately 20 percent of the world’s agricultural land and 50 percent of the world’s cropland [2].

Environmental abiotic stress factors, particularly drought and soil salinity, are major causes of declining agricultural
yields worldwide [3, 4]. A significant challenge for global agriculture is to increase food crop production by 70% to feed
about 2.3 billion people by 2050 [5].

Globally, salt has affected over 45 million hectares of irrigated land, and high salinity levels in the soil result in the loss
of 1.5 million hectares of land each year [1]. High salinity impacts plants in various ways, including water stress, ion
exposure, nutritional disorders, membrane disorganization, oxidative stress, metabolic cycle alterations, reduced cell
division and expansion, and genotoxicity [6-8]. These effects collectively impair plant growth, production, and survival.
Major processes such as photosynthesis, protein synthesis, and energy and lipid metabolism are disrupted during the
onset and progression of salt stress [9]. Initial exposure to salinity causes water stress, reducing leaf expansion. The
osmotic effects of salinity are evident immediately after salt application and can persist, leading to impaired cell
expansion, cell division, and stomatal closure [7,10].
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Long-term exposure to salinity induces ionic stress, which can lead to premature senescence of adult leaves, thereby
increasing the photosynthetic area available for continued growth [11]. Excess sodium and chloride can adversely affect
plant enzymes, cause cell swelling, and result in reduced energy production and other physiological changes [12]. lonic
stress leads to premature apoptosis of older leaves and toxicity symptoms, such as chlorosis and necrosis, in mature
leaves due to high Na+ levels affecting protein synthesis and enzyme activity [6,7,13,14]. Most plants have developed
mechanisms to either remove excess salt from their cells or tolerate its presence. As salt accumulates in the root zone,
it negatively impacts plant growth through water deficiency (osmotic stress), ion toxicity, and ion imbalance (ionic
stress), or a combination of these factors [15]. This review primarily discusses salinity stress and its effects on plants. A
fundamental understanding of salt stress and its impact on plants is essential for analyzing plant responses to salinity
and for developing strategies to mitigate its effects, thereby improving the performance of species crucial to human
health and sustainable agriculture.

2. Salinity causes

Salinity can be classified into primary and secondary categories, depending on the origin of the cause. Primary salinity
originates from natural sources such as salt marshes, salt lakes, tidal swamps, or naturally occurring salt deposits.
Secondary salinity, on the other hand, results from human activities such as urbanization and agriculture (both irrigated
and dryland farming).

2.1. The factors responsible for salinity are as follows:

2.1.1. Primary salinity

Weathering of rocks

Capillary rise of shallow brackish groundwater
Windblown sand containing salt from the sea
Seawater intrusion along the coast

Impeded drainage

2.1.2. 2- Secondary Salinity (due to human activity)

Implementation of irrigation without an adequate drainage system
Overuse of fertilizers

Industrial effluents

Removal of natural plant cover

High water table and use of poor-quality water for irrigation
Inundation with salt-rich waters

3. Types of salinity

e Sodic
e Saline

The main differences between these two types of salinity are the origin of the anions and the soil’s pH. Studies show
that sodic soils, which have a pH above 8.5, are characterized by carbonate or bicarbonate ions. In contrast, saline soils
are dominated by chloride or sulfate ions and have a pH below 8.5. Some plants thrive in coastal areas affected by salt,
such as the shores of backwater lakes and marshy lands. Halophytes are crops that thrive well in high salt
concentrations. Many plants, however, which cannot tolerate even 10% seawater, are classified as glycophytes or non-
halophytes [16-20].

4. The effect of salinity on plants

There are several aspects to the toxic effects of salt stress. Excessive uptake of Na+ and Cl- interferes with many
intracellular metabolic processes. High concentrations of salt in the soil induce osmotic pressure, reducing soil water
absorption [1]. Elevated Na* concentrations inhibit nutrient absorption, and the combined effects of ion toxicity and
osmotic stress also cause metabolic and oxidative stress imbalances [2]. The toxic effects of salt stress can lead to plant
death or reduced production capacity. Nearly all plants exhibit growth inhibition under salt stress, with the degree of
growth repression and the critical concentration leading to death varying among species. Salt stress affects nearly every
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aspect of biological processes, including plant growth, photosynthesis, protein synthesis, and protein and phospholipid
metabolism.
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Figure 1 Scheme of the two-phase growth response to salinity.[22]

Soil salinity is a major factor limiting agricultural crop yields, jeopardizing agriculture’s capacity to sustain the
burgeoning human population [1, 10, 18]. At low salt concentrations, yields may be only slightly affected or not affected
at all [21]. However, as concentrations increase, yields may fall to zero, as most crops, including glycophytes (which
include most crop plants), do not thrive at high salt concentrations and are severely inhibited or even killed by 100-200
mM NacCl. This is because these plants evolved under low salinity conditions and lack salt tolerance [13]. In contrast,
halophytes can tolerate salinity levels exceeding 300-400 mM NaCl. These plants have developed specific salt tolerance
mechanisms during their phylogenetic adaptation, enabling them to grow in salinized soils in coastal and arid regions.
Depending on their salt tolerance, these plants can be classified as either obligate or facultative halophytes. Obligate
halophytes exhibit low morphological and taxonomic diversity and can grow in environments with up to 50% seawater.
Facultative halophytes, on the other hand, are found in less saline environments along the boundary between saline and
non-saline areas and have a broader physiological scope, allowing them to cope with both saline and non-saline
conditions [9]. Measurements of ion content in salt-stressed plants show that halophytes accumulate salts, whereas
glycophytes tend to exclude them [8].
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Figure 2 Effect of salinity stress on plants

High salinity affects plants in two main ways: it disrupts the roots' ability to extract water due to high salt levels in the
soil, and it causes harmful effects within the plant itself, impairing various physiological and biochemical processes,
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such as nutrient uptake and assimilation [1,6,7,22]. These effects collectively minimize plant growth, production, and
survival. Munns (1995) proposed a two-phase model to explain the osmotic and ionic effects of salt stress [22] (Figure
2). The frequency at which salt reaches toxic levels in leaves varies between salt-sensitive and salt-resistant plants.
Depending on the species and salinity levels, this time scale can range from days to weeks or even months.

During Phase 1, the osmotic effect of the saline solution reduces development outside the roots for both plant types. In
Phase 2, old leaves in salt-sensitive plants die, which can increase the plant’s photosynthetic capacity and further affect
growth.

In the initial osmotic phase, which begins as soon as the salt concentration around the roots reaches a threshold level,
it becomes more difficult for the roots to extract water, causing a significant drop in shoot growth. Stomatal closure is
an immediate response to this osmotic effect, which also reduces ion flux to the shoots. However, this is not a practical
long-term tolerance strategy for managing the water potential difference between the atmosphere and leaf cells and for
maintaining carbon fixation [6]. Shoot growth is more susceptible to salt-induced osmotic pressure compared to root
growth, possibly because a reduction in the leaf’s production area relative to root growth helps minimize the plant’s
water use, allowing it to conserve soil moisture and avoid high soil salt concentrations [1]. This often results in reduced
shoot growth, characterized by decreased leaf area and stunted shoots [23]. Growth inhibition in salt-sensitive leaves
also involves the inhibition of Ca?+ symplasty and xylem function in the roots [15]. The final size of the leaf depends on
both cell division and cell elongation. Leaf initiation, which is governed by cell division, has been shown to be unaffected
by salt stress in sugar beet, but leaf extension is found to be salt-sensitive [24], depending on the Ca?* status.
Additionally, salt-induced inhibition of essential mineral nutrient absorption, such as K* and Ca?*, further hinders root
cell growth [12], particularly affecting the expansion of root tips.

The second phase, ion-specific, involves the accumulation of ions, particularly Na*, in the leaf blades. Na* accumulates
in the leaves rather than in the roots after being transported via the transpiration stream [7]. This accumulation
becomes toxic, especially in older leaves that are no longer expanding and therefore do not dilute the incoming salt as
young leaves do. If the rate of leaf death exceeds the rate of new leaf formation, the plant’s photosynthetic ability may
no longer meet the carbohydrate needs of the young leaves, further reducing their growth rate [1]. Na* accumulation
affects photosynthetic components, such as enzymes, chlorophylls, and carotenoids in photosynthetic tissues [25]. In
salt-sensitive plants, reduced photosynthetic activity may also increase the production of reactive oxygen species (ROS).
Normally, antioxidant mechanisms quickly remove ROS, but salt stress can impair this removal [27]. ROS signaling is
integral to the salinity acclimation response, playing a dual role in plant response to abiotic stresses as both toxic by-
products and essential signals for stress response pathways, including calcium, hormone, and protein phosphorylation-
mediated networks [27]. ABA (abscisic acid) plays a crucial role in the plant response to salinity, and ABA-deficient
mutants perform poorly under salt stress [28]. Salt stress signaling by Ca2+ and ABA mediates the expression of late
embryogenesis abundant (LEA)-type genes, including stress-responsive components like DRE/C-repeat (CRT) class
genes. Activating LEA-type genes may reflect pathways for repairing damage [29].

The modulation of LEA gene expression by salt and osmotic stress is mediated by both ABA-dependent and ABA-
independent signaling pathways. Both pathways utilize Ca?* signaling during salinity to trigger LEA gene expression. It
has been shown that ABA-dependent and ABA-independent transcription factors can intersect synergistically to
enhance the response and develop stress tolerance [30].

4.1. The effect of salt stress on plant development

Salt stress affects all facets of plant growth, from germination to vegetative growth to reproductive development.
Sodium is an important microelement for plant growth, but while low salt concentrations can promote plant growth
and increase biomass, high salt concentrations inhibit growth and reduce the fresh and dry weight of roots, stems, and
leaves [31, 32]. For example, the fresh weight of Alhagi pseudoalhagi increased under low salt stress (50 mM NaCl), but
decreased with higher concentrations (100 and 200 mM NacCl). Excessive NaCl concentration also resulted in decreased
biomass in cotton roots, shoots, and leaves [33].

Many crops are sensitive to soil salinity. Salt stress can inhibit the growth of plant tissues and organs, shorten the
flowering period, accelerate aging, and cause the premature senescence and shedding of mature leaves [34]. The most
immediate response to high salt concentration is a reduction in the leaf expansion rate [35]. For instance, 100 mM NaCl
can shorten the leaf region in sorghum and decrease the cell growth rate in this area [36]. Salt stress can also delay the
development of the main stem in wheat by 18 days and advance reproductive structure formation. The flowering time
of salt-stressed wheat is significantly earlier compared to untreated wheat, indicating that salt stress can speed up plant
growth. Additionally, salt stress can reduce the number of phyllopodia and leaves [37].
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Salt stress can also lead to dry material deposition and slow down cell wall maturation [38]. It can alter leaf morphology
by increasing the thickness of the leaf epidermal cells, mesophyll cells, and palisade cells [39]. Conversely, NaCl-induced
salt stress can decrease the thickness of leaf epidermal cells and intercellular spaces [40]. In potatoes, salt stress results
in rounded leaf cells, reduced cell spaces, and fewer chloroplasts [41]. Additionally, salt stress can reduce leaf surface
area and cause stomata to open [42].

Figure 3 Effect of salinity stress on plant growth and development at different NaCl concentrations: 25 (a), 50 (b), 75
(c) and 100mM (d) after 30 days of culture

4.2. The effect of salt stress on plant photosynthesis

Salt stress impacts plant photosynthesis both in the short term and long term. The short-term effects occur within a few
hours to one or two days of salt exposure, leading to a critical response where carbon assimilation is halted completely.
In the long term, after a few days of exposure to salt stress, carbon assimilation naturally decreases due to salt
accumulation in the leaves [34, 43]. Numerous studies have shown that salt stress suppresses photosynthesis [42, 44,
45]. However, some research indicates that under certain salt conditions, photosynthesis levels may not decrease and
might even be slightly higher than in untreated plants [42, 46]. For example, in Alhagi pseudoalhagi, the rate of carbon
dioxide assimilation was slightly higher under low salt stress. At 100 mM Nac(l, the assimilation rate was unaffected, but
at 200 mM Nac(l, the rate dropped to 60% of that in untreated plants. Similarly, stomatal behavior mirrored the carbon
dioxide assimilation rate. Additionally, the carbon dioxide concentration in the plant's intercellular space was lower
compared to the control group [46]. In Bidens parviflora, the carbon dioxide assimilation rate increased under low salt
stress but decreased under high salt stress [40].

Salt treatment also disrupts the thylakoid structure of chloroplasts. The number and size of plastids increase, while
starch content decreases [47, 48]. In salt-treated potatoes, chloroplast expansion and thylakoid membrane changes
were observed [49]. In salt-treated tomato leaves, chloroplasts aggregated, and no grana or thylakoid structures were
present [50]. Similarly, salt treatment altered the ultra-microstructure of chloroplasts in Eucalyptus microcorys, leading
to increased starch granule production [51].

4.3. The effect of salt stress on plant ion homeostasis

Excessive NaCl has inhibited the synthesis of other nutrient ions, contributing to K* deficiency. An increase in NaCl in
the soil leads to elevated levels of cellular Na+ and Cl-, while decreasing Ca?*, K*, and Mg2* [52, 53]. In broad beans, salt
stress increases the content of Na*, Ca2+, and Cl- while decreasing the K*/Na* ratio [54]. In U. fasciata, increased Na* and
Cl- levels lead to proline accumulation, while proline dehydrogenase (PDH) activity and soluble Ca2+ content decrease
[55].
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Figure 4 Regulation of ion homeostasis under salt stress

4.4. Molecular mechanisms of plant salt stress tolerance

Tolerance to salt stress in plants involves regulating multiple physical and biochemical responses. Several proteins and
metabolites play a role in this process, which involves complex gene network communication. Different plants exhibit

varying responses and mechanisms for adaptation.
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Figure 5 Mechanisms of plant salt tolerance

4.5. The salt-sensitive pathway

High salt stress levels can lead to Na* toxicity, causing osmotic and oxidative stress that impairs plant growth and
development. Under salt stress, plant cells can either export Na* to reduce toxicity or sequester Na* in the vacuole to
maintain ion homeostasis. The genes Salt Overly Sensitive (SOS1, SOS2, and SOS3) are critical components of the SOS
signal transduction pathway, which was identified through genetic research [56]. SOS1 encodes a Na*/H* antiporter
with 10-12 transmembrane domains [57]. It functions as a Na+ detector and helps to export Na+ out of the cell. SOS2 is
a protein kinase with Ser/Thr residues, featuring a C-terminal regulatory domain and an N-terminal catalytic domain
[58]. SOS3 is a calcium-binding protein located in the cytoplasm that detects transient increases in Ca2* levels induced
by salt stress [59, 60]. SOS3 then activates SOS2, which subsequently phosphorylates SOS1 to enhance Na+* extrusion
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[61, 62]. Mutations in this pathway increase plant sensitivity to salt, while overexpression of SOS1 or activation of SOS2
can improve salt tolerance [63, 64].

Salt stress also increases ABA levels in the cell. ABA signaling can modulate the SOS pathway through SOS2. Yeast two-
hybrid assays have shown that SOS2 binds to ABA Insensitive2 (ABI2), but not to the ABI2 mutant [65]. Plants with the
abi2 mutation are more susceptible to salt stress. Additionally, salt stress can induce oxidative stress. Research has
demonstrated that SOS1 interacts with the RCD1 (radical-induced cell death 1) protein, an oxidative stress transcription
regulator in Arabidopsis. Under salt or oxidative stress, RCD1 is present in both the nucleus and the cytoplasm, whereas
itis absent from the nucleus under normal conditions. Mutants lacking SOS1 and RCD1 are more prone to oxidative and
salt stress [66].

Excessive Na* in the cytosol can also impede potassium absorption. Salt-sensitive mutants often lack K*. Screening for
sos3 suppressors led to the identification of AtHKT1, a Na* transporter that helps to transport Na* into cells. The AtHKT1
mutant fails to compensate for the salt-sensitive phenotype of other mutants. Another effective strategy for managing
cytoplasmic Na* is transporting it into the vacuole. AtNHX1, an Na*/H* antiporter, facilitates Na* uptake into the vacuole.
Salt stress induces the expression of AtNHX1, as well as its homologues AtNHX2 and AtNHXS5, which also contribute to
Na* sequestration in the vacuole [68-70].

4.6. Signal path of MAPK

There are three key components in the typical mitogen-activated protein kinase (MAPK) signaling pathway: MAPKKK,
MAPKK, and MAPK. In plants, MAPK signaling plays a critical role in development, cell division, hormone regulation,
and tolerance to both biotic and abiotic stresses [71]. Salt stress can activate the MAPK protein SIMK, while SIMKK can
activate SIPK. Additionally, salt stress enhances MAPK activation [72], leading to increased expression and kinase
activity of various MAPKs. Under salt stress, AtMPK6 and AtMPK4 are activated [73]. These two MAPKs are activated
by the phosphorylated upstream kinase AtMKK2. The mkk2 mutant is particularly susceptible to salt stress [74]. Studies
have shown that MPK6 can bind to and phosphorylate SOS1. Furthermore, research indicates that phosphatidic acid
binds to MPK6 following salt application [75]. MPK6 immunoprecipitated from Arabidopsis thaliana may increase the
phosphorylation of SOS1 under salt stress, along with an increase in phosphatidic acid [76].

4.7. Other kinase of protein

Protein kinases are essential molecules in vivo for signal transmission. In addition to mitogen-activated protein kinases,
which play a significant role in salt stress signal transduction, many other protein kinases are critical in the signal
transduction network under salt stress. Calcium-dependent protein kinase (CDPK) acts as an upstream signal that uses
calcium concentration as a signal transduction factor. CDPK can sense calcium levels by binding downstream proteins
to calcium ions and phosphorylating them to convert calcium signals into phosphorylated signals. In Arabidopsis, both
high salinity and drought stress can induce AtCDPK1 and AtCDPK2 [77]. One salt-induced protein, McCDPK, found in
the nucleus, may be involved in transcriptional regulation [78]. Additionally, a class of proteins on the cell membrane
can sense external signals and participate in intracellular signaling. These proteins are classified as receptor-like protein
kinases (RPKs). RPK1 is a receptor-like protein kinase on the Arabidopsis cell membrane, and its expression can be
induced by high salinity or drought, indicating its involvement in the plant's response to salt stress [79]. AtGSK1 is
another salt-induced protein kinase, a glycogen synthase kinase (GSK). Overexpression of AtGSK1 enhances Arabidopsis
resistance to salt stress [80]. Studies have shown that AtGSK1 can induce the expression of certain salt-induced genes
[81]. GRIK1, an upstream kinase of SnRK, can phosphorylate SOS2 in vitro. Mutants of GRIK1 are also more susceptible
to high salt conditions [82].

4.8. Abscisic acid (ABA) signaling in moderate salt stress

Abscisicacid (ABA) is an essential plant hormone that plays a key role in plant growth and development. It is best known
for its role in plant drought stress resistance, but ABA also plays a significant role in salt stress tolerance. Salt stress can
cause the accumulation of ABA in certain tissues. For example, in maize, the concentration of ABA in salt-stressed roots
may be ten times higher than in leaves [83]. Osmotic stress resulting from high salinity also leads to the synthesis and
accumulation of ABA, which helps regulate the osmotic stress. By controlling stomatal closure, ABA maintains cellular
water balance and regulates the expression of genes involved in osmotic stress responses [84,85]. Specifically, ABA
modulates stomatal pore closure and downstream gene expression by regulating Ca®* concentration [86,87].

ABA also regulates osmotic stress-related genes and ion transporters under salt stress. It activates the stress response

genes RD29A and KIN2 [88] and may induce the expression of AtPLC1. Studies on transgenic plants expressing an
antisense strand of AtPLC1 show that ABA induces the expression of RD22, RD29A, and KIN2 through AtPLC1 [89].
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Genetic screening using the RD29A::LUC reporter gene has improved the identification of abiotic stress mutants and
ABA signaling pathway mutants in Arabidopsis [90]. The expression of stress response genes under salt stress, such as
RD29A, COR15A, COR47, RD22, and P5CS, was reduced in the los5 and los6 mutants. However, exogenous ABA
application could restore RD29A::LUC expression induced by salt stress in these mutants. Cloning of the LOS5 and LOS6
genes revealed that they correspond to ABA3 and ABA1 alleles, respectively [91,92]. During germination, the ABA-
deficient mutants los5 and los6 were more tolerant to salt stress, but during vegetative growth, los5 was hypersensitive
to salt stress [91,93]. These findings indicate that ABA mediates the expression of salt stress-responsive genes. The
vacuolar Na*/H" transporter AtNHX1 is upregulated by both salt stress and ABA. However, its expression is decreased
in the ABA-deficient mutants aba2-1 and aba3-1, but not in salt-deficient mutants. The mutant abil-1 showed reduced
ABA content and salt-induced AtNHX1 expression, while abi2-1 did not. AtNHX1 also contains ABRE elements,
suggesting that the upregulation of AtNHX1 transcription under salt stress partly depends on ABA synthesis and
signaling, which involves ABI1 [94]. The quantitative trait loci (QTL) for salt tolerance during germination differ from
those at the seedling stage, indicating that the mechanisms of salt tolerance vary between these stages [95,96]. The
inhibition of seed germination under salt stress is primarily due to the inhibitory effects of ABA [32].

4.9, Studies of other mutants related to salt stress

In addition to research on the previously mentioned kinases and their pathways, many other mutants linked to salt
stress have been identified, although their precise roles in salt stress tolerance remain unclear. The sos4 and sos5
mutants were identified through screening for hypersensitive salt mutants, both of which exhibit significantly shorter
root lengths than wild-type plants under salt stress. SOS4 encodes a pyridoxal kinase involved in the formation of
pyridoxal 5-phosphate, a cofactor for many important enzymes. By producing pyridoxal 5-phosphate, SOS4 may
contribute to plant salt tolerance [94]. SOS5 encodes a cell surface-adhering protein, and the sos5 mutant is salt-
sensitive due to the lack of the normal expansion of cells that SOS5 typically promotes [97].

To study salt tolerance, Ren et al. investigated the differences in salt stress sensitivity between Landsberg erecta (Ler),
a salt- and ABA-sensitive ecotype of Arabidopsis thaliana, and Shakdara (Sha), an ecotype that is not sensitive to salt or
ABA. Using quantitative trait locus (QTL) mapping, they cloned a salt stress- and ABA-induced gene, RASI.
Overexpression of this gene improved plant tolerance to both ABA and salt stress [98]. Salt stress leads to the
accumulation of reactive oxygen species (ROS) in plant cells, which requires the plant to neutralize the excess ROS
through various enzymes [99,100]. RSA3 is a bifunctional protein that can bind and stabilize cytoskeletons, thereby
minimizing oxidative damage during salt stress [101].

5. Conclusion

Salt is essential to all forms of earthly life, including humans, plants, and bacteria. Modern biology shows that salt
controls animal blood flow and stress responses, mediates plant osmosis, and acts as a vital messenger in cellular signal
transduction. However, while these elements are crucial in moderate amounts, they become detrimental to life when
they exceed appropriate levels. Salt stress is one of the major abiotic stresses that negatively impacts plant growth and
reduces crop yield.

The issue of salinity is becoming increasingly severe worldwide. Over half a billion hectares of land are not being used
effectively for crop production due to salinity. Thus, there is a pressing need to improve saline soils to transform them
into highly productive and functional land-use systems, thereby addressing current global food security challenges.

In this study, we examined the damaging effects of environmental salt stress on plants and the molecular mechanisms
that plants use to tolerate salt stress. Current research has significantly advanced our understanding of plant salt
resistance mechanisms. We discussed various signaling pathways, including certain identified elements and several
common determinants of salt tolerance, which are part of the complex signaling network that plants use to cope with
salt stress. Other factors, such as proteins, signal molecules, non-coding RNAs, and epigenetic regulation, are also
involved but were not covered in this study. Nevertheless, further research on these components of the signaling
pathways is necessary to fully comprehend the mechanisms of plant stress tolerance.
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