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Abstract

Soil salinity and sodicity are critical abiotic stresses that severely affect global rice production by causing osmotic stress, ionic
toxicity, oxidative damage and nutrient imbalance, collectively impairing plant growth and vyield. This review highlights the
physiological, morpho-anatomical, molecular and hormonal mechanisms underlying salt tolerance, with particular emphasis on
traditional landraces as reservoirs of adaptive genetic diversity. Tolerant mechanisms include osmotic adjustment via compatible
osmolytes, antioxidant defence systems, ion homeostasis through salt overly sensitive (SOS), Na*/H" exchanger (NHX) and
high-affinity K* transporter (HKT), root apoplastic barriers by lignin and suberin deposition and aerenchyma-mediated sodium
(Na) sequestration. The contributions of stress-responsive genes, transcription factors and quantitative trait loci (QTLs), with
particular emphasis on the Saltol QTL, in governing salt tolerance are comprehensively discussed. The role of key hormonal
regulators, including abscisic acid (ABA), auxin, gibberellins (GA), cytokinins (CK), ethylene, melatonin, jasmonic acid (JA) and
salicylic acid in mediating stress adaptation is also elaborated. Additionally, the efficacy of exogenous ameliorants such as
silicon, biochar and microbial biostimulants in alleviating salt-induced damage is evaluated. The remarkable adaptive potential of
traditional landraces and wild rice species is highlighted as a crucial genetic resource for breeding stress-resilient cultivars,
offering a comprehensive framework for advancing salt tolerance research and ensuring food security in increasingly salt-
affected agricultural environments.
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and sodium bicarbonate (NaHCO3) are responsible for
sodicity (Fig. 1) (5, 6).

Salt stress is a major threat to agricultural
productivity, as it adversely affects plant growth and

1. Introduction

Rice is a staple food crop that serves as the primary
food source for more than 50 % of the world’s
population and therefore plays a central role in global

food security (1, 2). Rice can be grown in a wide range
of environmental conditions, from tropical and
subtropical to temperate zones (2). However, crop
production is affected by diverse biotic and abiotic
stresses. Among the abiotic stresses, soil salinity and
sodicity have emerged as major constraints to rice
production, limiting soil fertility and crop growth (3).
Saline soils are defined by an electrical conductivity
greater than 4 dS m?, an exchangeable sodium (Na)
percentage less than 15 and a pH less than 8.5. In
contrast, sodic soils have an electrical conductivity less
than 4 dS m?, an exchangeable sodium percentage
greater than 15 and a pH between 8.5 and 10 (4).
Salinity is caused by the accumulation of sodium
chloride (NaCl), whereas sodium carbonate (Na.CO7

development by inducing osmotic stress, ion toxicity and
oxidative stress, thereby disrupting physiological and
biochemical processes (7). Although salt stress affects
all stages of the rice crop, the seedling stage and the
reproductive stage are the most sensitive stages (8).
Regions of saline soil are expected to increase because
of limited rainfall, high surface evaporation, weathering
of rocks and inefficient farming practices (9).
Additionally, coastal areas are becoming salinity-prone
due to seawater incursion and rising sea levels (10). On
the other hand, the increasing world population
necessitates an increase in rice production to meet higher
demand and to ensure food security (11). To address this
challenge, developing rice varieties with improved salt
tolerance is essential to minimise the detrimental effects
of salinity and sodicity on rice yield (12). Screening and
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development of salt-tolerant varieties will reduce the
effect of salt stress on rice productivity and safeguard
food security (13). This article focuses on understanding
the physiological, biochemical and morphological
mechanisms underlying salt (salinity and sodicity)
tolerance in rice, with special reference to traditional rice
landraces as reservoirs of adaptive genetic diversity, to
facilitate the identification and development of resilient
genotypes capable of sustaining productivity under saline
and sodic conditions.

2. Materials and Methods
Information sources and search strategy

A systematic literature search was conducted to compile
relevant studies on salinity and sodicity tolerance in rice.
The search was performed between November 2025 and
January 2026 using major scientific databases, including
Scopus (https:/imww.scopus.com/), Web of Science,
PubMed (https://pubmed.ncbi.nim.nih.gov/) and Google
Scholar (http://scholar.google.com), to ensure
comprehensive coverage of available literature. Various
combinations of keywords and Boolean operators related
to salt stress, salinity, sodicity, rice and tolerance were
used to retrieve relevant research articles. The complete
keyword combinations and search strings used for the
literature search are provided in Table 1.

Inclusion and exclusion criteria

Studies were selected based on predefined criteria to
ensure relevance and scientific quality. Only peer-

reviewed journal articles focusing on rice (Oryza sativa
L.) under salinity and/or sodicity stress were included,
particularly those addressing physiological, biochemical,
molecular, anatomical and hormonal mechanisms such
as sodium (Na')/potassium (K*) homeostasis, ion
transport, osmotic adjustment, antioxidant defence and
gene regulation. Studies on crops other than rice, articles
not directly related to salinity or sodicity stress, non-peer-
reviewed sources, duplicate records and studies lacking
defined salinity or sodicity stress conditions, appropriate
controls or measurable responses related to key
tolerance mechanisms, including ion homeostasis,
osmotic adjustment, antioxidant activity, photosynthetic
stability, root adaptation, molecular and hormonal
regulation or full-text availability were excluded.

Relevancy, duplicates and quality assessment

The PRISMA flow diagram was used to represent the
study selection process (Fig. 2). Initially, relevant
publications on salinity and sodicity tolerance in rice
were identified from databases such as Scopus, Web of
Science and Google Scholar. During the screening
phase, duplicates and non-relevant studies were
removed, retaining articles focused on physiological,
biochemical, morpho-anatomical, molecular and
hormonal mechanisms of salt stress. Full-text articles
were further assessed based on title, abstract and
keyword relevance. Finally, only original research
studies addressing salt tolerance mechanisms and
mitigation strategies in rice were included after eligibility
assessment, ensuring the quality and relevance of the
selected literature.
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Fig. 1. Characteristics of saline and sodic soils with their dominant ions.
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Table 1. Keywords used as search strings in Scopus, Web of Science, PubMed and Google Scholar

SI. No Search strings
1 “Rice” and “Salinity stress” and “Crop productivity”
2 “Rice” and “Sodicity stress” and “Physiological responses”
3 “Oryza sativa” and “Salt stress” and “Molecular mechanisms”
4 “Rice” and “Na’/K* homeostasis” and “lon transporters”
5 “Rice” and “SOS pathway” and “Salt stress”
6 “Rice” and “Reactive oxygen species” and “Antioxidant defense”
7 “Gene regulation” and “Salt stress”
8 “Rice” and “Phytohormones” and “Salinity stress”
9 “Rice” and “Root anatomical adaptations” and “Salinity tolerance”
10 “Traditional landraces” and “saltinity and sodicity tolerance”
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Fig. 2. The PRISMA flow diagram representing the number of studies taken for systemic review.

3. Results and Discussion
Publication analysis from search strings

A systematic literature search was conducted using
multiple keyword combinations related to salinity and
sodicity tolerance in rice across major databases,
including Scopus, Web of Science, PubMed and Google
Scholar, as described in the methodology. The search
strategy covered multiple dimensions of salt stress
biology, including physiological, biochemical, morpho-
anatomical, molecular and hormonal mechanisms, along
with specific terms such as ion homeostasis, salt overly
sensitive (SOS) signalling, antioxidant defence, gene
regulation, phytohormones and traditional landraces. The
initial search yielded a total of 520 publications (n = 520).
During the first stage of screening, 329 records were
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excluded (n = 329) due to duplication, irrelevance to rice
salinity and sodicity, non-peer-reviewed sources and lack
of experimental evidence, leaving 191 studies (n = 191)
for further evaluation. In the second stage, title and
abstract screening resulted in the exclusion of 87 articles
(n = 87) that did not explicitty address the targeted
mechanisms or lacked sufficient mechanistic depth, with
104 studies (n = 104) progressing to full-text assessment.
Subsequently, full-text evaluation led to the exclusion of
an additional 7 studies (n = 7) due to limited clarity,
indirect relevance or inadequate experimental validation.
Finally, 97 studies (n = 97) were included for detailed
qualitative synthesis, as they satisfied all inclusion criteria
and contributed directly to understanding the
physiological, molecular and adaptive mechanisms
governing salinity and sodicity tolerance in rice.
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Effect of salinity and sodicity

Salinity is one of the important factors affecting the
growth of rice plants, as it drastically changes the
morphology and physiology (14). Salt stress negatively
impacts the growth and yield of rice, but the severity of
damage varies with the stage of the crop, salt
concentration, duration of stress and the variety’s
tolerance. It also differs among genotypes (13). Salt
stress manifests its effect progressively, starting from
osmotic stress, followed by ionic toxicity and nutrient
imbalance, which ultimately affect plant morphology and
lower the reproductive success (Fig. 3) (15). The visual
symptoms under salt stress include leaf chlorosis, leaf
rolling and senescence, which eventually reduce the
yield by affecting photosynthetic activity (16).

Osmotic stress

The reduction in water uptake under salt stress is due to
the accumulation of salts, which lowers the osmotic
potential near the root zone (17). Osmotic stress caused
by excess solutes in the rhizosphere reduces water
uptake by the plant, affecting cell expansion and
turgidity (18). Osmotic stress also disrupts nutrient
uptake, limits photosynthesis and enzyme activity
because water is a critical medium for metabolic
reactions. Especially under sodicity, the increased Na
level in the soil degrades the soil structure and
permeability, further complicating the water uptake (19).
Excess accumulation of Na* in leaves causes osmotic
stress affecting several metabolic processes, leading to
acceleration of leaf senescence and resulting in a
significant reduction of biomass (20). When rice plants
are exposed to high salinity, they produce an excess of
reactive oxygen species (ROS) such as superoxide

(O2"), hydrogen peroxide (H2O2) and hydroxyl radicals
(OH). Although ROS are normal byproducts of cellular
metabolism, their levels rise sharply under salt stress.
This overproduction of ROS surpasses the plant's
antioxidant defences and leads to oxidative stress.
These highly reactive molecules attack cellular
components such as membrane lipids, which weakens
membrane integrity and increases ion leakage. Proteins
suffer structural changes and enzyme inactivation,
disrupting the majority of the biochemical processes. It
also damages the nucleic acids (DNA/RNA), leading to
genetic instability and impaired cellular functions (21).
This disruption also impairs key physiological processes
like photosynthesis and respiration, ultimately reducing
plant growth, biomass and grain yield under saline
conditions.

lon toxicity

The harmful effects of salinity are mainly due to
increased accumulation of Na+ ions inside the plant,
which impairs the ionic homeostasis. lonic homeostasis
is important as it controls various physiological functions
such as osmoregulation, development of chloroplasts,
stomatal conductance, maintaining pH, phloem
translocation and membrane stability (22). lonic
imbalance is due to elevated uptake of toxic ions such
as Na* and CI. Increased Na* concentration will
ultimately limit the K* uptake, affects the ion
homeostasis, causing nutrient imbalance. Under salt
stress, there would be competition in the uptake of Na+
and K* as both are monovalent cations. This ultimately
results in an increased Na*/ K* ratio in the plant tissues.
Further, there will be leakage of K* ions from the plant
due to depolarisation of the plasma membrane by
increased Na* accumulation (23).
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Fig. 3. Effects on the seedling, morphological, biochemical and yield parameters of rice under salt stress.
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Effect on germination,
parameters

seedling and growth

High salt concentration increases the osmotic pressure
of the solution, hindering the uptake of water during
germination. Salt stress disrupts the plasma membrane,
leading to increased permeability of the membrane; as a
result, germination is reduced (13). Saline conditions
hinder the cell cycle, resulting in reduced growth of the
plant's plumule and radicle. Salt stress during the entire
seedling phase significantly decreases the germination
index and vigour of seedlings (24). Salinity decreases
the growth of the shoot and root significantly in the rice
cultivars. It also causes a reduction in plant height and
the number of tillers per hill (7). It was also evident from
the experiments that there is a significant reduction in
shoot and root biomass under stress in comparison with
the control (25). The major reason for growth inhibition
under salt stress is due to the quick build-up of Na*
concentration that interferes with several metabolic
processes that normally faciltate growth and
development (26).

Effect on gas exchange parameters and chlorophyll
content

Photosynthesis plays a major role in converting the solar
energy into chemical energy to be utilised by the plants,
which is drastically reduced under salt stress (27). Salt
stress severely impairs the chloroplast structure, which
intensifies degradation of chlorophyll pigment, resulting in
decreased absorption of light and photosynthetic
efficiency (28). It also causes a considerable reduction in
chlorophyll synthesis. Salt stress inhibits photosynthesis
to a considerable extent, which ultimately limits the
resources for cell division to take place (14). Salinity and
sodicity create osmotic and ionic stress, resulting in
partial or complete stomatal closure to limit water loss.
This stomatal limitation impairs stomatal conductance,
transpiration rate and restricts internal CO. diffusion.
Thus, the reduced internal CO. concentration causes a
pronounced reduction in photosynthetic rate (27).
Additionally, photosynthesis is also reduced by stress as
it disrupts the enzyme activity (29), restricting the electron
flow (30), stimulating the ROS production (31) and
impairing chloroplasts (32). Salt-affected plants constrain
the area of the photosynthetic carbon pool and create a
scenario in which the plant becomes vulnerable to
guenching excess light (33).

Effect on biochemical parameters: Proline,

malondialdehyde and relative water content

A considerable reduction in intracellular proline with
increasing salt concentration has been reported in rice,
potentially due to reduced biosynthesis and enhanced
catabolism of proline (7). Reduced P5CS (A!-
pyrroline-5-carboxylate  synthetase) activity and
enhanced proline dehydrogenase (PDH) activity may
contribute  to decreased endogenous proline
accumulation under severe stress conditions. Proline
accumulation is not universal and may vary with
genotype, tissue developmental stage and stress
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intensity or duration. Proline metabolism may differ
between tolerant and susceptible genotypes, with
tolerant genotypes potentially maintaining a better
balance between synthesis and degradation to support
osmotic adjustment and cellular protection, whereas
susceptible genotypes may exhibit insufficient
accumulation or enhanced depletion under stress (34).
Under salinity and sodicity, plants experience oxidative
stress due to excess ROS. These ROS attack
membrane lipids in a process called lipid peroxidation.
During this process, malondialdehyde (MDA) is formed
as a hy-product and higher MDA levels serve as an
indicator of cellular damage. When the redox system
(balance between antioxidants and ROS) becomes
disturbed, the plant's cell membranes become
damaged, affecting normal growth and function (18). In
saline soils, the accumulation of salt reduces the soil
water potential, limiting the plant’s ability to absorb water
from the soil. This will lead to a decline in leaf relative
water content (RWC), despite sufficient moisture being
present in the soil (35).

Effect on nutrient transport and mobilisation -
nutrient dynamics

Elevated Na" can inhibit K* uptake and disrupt K*
homeostasis, which are essential for plant growth and
development (24). The concentration and solubility of
nutrients are altered by salinity. Under salt stress, there
will be a reduction in the solubility of iron (Fe®*), which
results in chlorosis. There is also a considerable decline
in the uptake of zinc (Zn?") (25). Under sodic conditions,
the alkaline pH has a strong influence on the solubility
and uptake of nutrients by the rice roots. Higher pH
causes precipitation of phosphorus in the form of
calcium phosphates, limiting the solubility and hence the
availability of phosphorus to the rice roots. Alkalinity also
leads to chemical infertility, a case in which nutrients are
present but physiologically unavailable (3). Excess
accumulation of Na* disturbs the Na*/Ca2* balance,
limiting calcium uptake and leading to nutrient deficiency
in plants. It further reduces the movement and
availability of essential nutrients such as nitrate,
sulphate, calcium (Ca), magnesium (Mg), silica (Si),
boron (B) and particularly K*, whose absorption is
suppressed by Na. Further, higher salt concentration
also leads to cadmium toxicity in rice (15). As K is vital
for enzyme function, cell turgor maintenance,
photosynthesis and carbohydrate transport, its decline
negatively affects plant growth and metabolism. It also
leads to reduced uptake of N, which significantly impairs
the normal growth and development (36).

Effect on yield and grain quality

Salt stress (salinity and sodicity) results in a
considerable reduction in the number of spikelets per
panicle. There was a reduction in floret fertility with
increasing sodicity. A significant decrease in thousand-
seed weight is also observed under salt stress (37).
Genotypic factors such as ecotype, genotype and
tolerance type were shown to significantly influence
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yield and its components under salinity stress (38). The
yield loss of salt-sensitive cultivars is significantly higher
because they have a simultaneous negative effect on all
the yield components. It was also reported that there is
a reduction in milling quality and increased chalkiness of
susceptible varieties under saline conditions. It is
evident from several studies that the amylopectin
content and protein content increase and starch content
decreases under salt stress. This will eventually reduce
the cooking and eating quality of rice grains (39).

Molecular mechanism of salt tolerance in rice

Rice responds to salt stress through numerous
coordinated mechanisms. Rice maintains ion
homeostasis under salt stress by regulating key ion
transporters, including OsHKT1;1, OsHKT1;5, OsSOS1
and OsNHX1-OSNHX5, which mediate Na* exclusion,
redistribution and vacuolar sequestration, together with
K* transporters such as OsHAK21 to maintain Na'/K*
balance. It also maintains the osmotic balance by
facilitating the accumulation of compatible osmolytes
like proline and glycine betaine. Further, rice plants
enhance antioxidant defence through increased activity
of antioxidant enzymes along with non-enzymatic
antioxidants (40). The interplay of these mechanisms
allows rice to perceive, respond and adapt to saline
environments, ensuring survival and functional integrity

under stress. Understanding these integrated responses
provides a comprehensive framework for studying the
physiological and molecular basis of salt tolerance in
rice (Fig. 4).

Osmotic adjustment

To counter the effects of osmotic stress, rice plants
accumulate several osmolytes. These osmolytes play a
key role in maintaining osmotic balance and protecting
the cell organelles from harmful effects of salt stress
(40). This osmotic adjustment maintains an osmotic
equilibrium inside the vacuole. These are soluble and
low molecular weight osmolytes facilitating intracellular
osmotic adjustment and ROS scavenging. They also
play a crucial role in stabilising the membrane structure
without affecting the plant metabolism (41). Cellular
osmotic adjustment facilitates the cells to maintain
internal salt concentrations, thus regulating the water
uptake under stress conditions, resulting in reduced
water loss (25). Tolerant genotypes usually exhibit
higher osmotic potential than susceptible genotypes. It
is due to the accumulation of compatible osmolytes like
proline, total sugar and K* ion content (40). The tolerant
capacity of the plant to survive under saline conditions
depends on the degree of osmotic adjustment. In rice,
trehalose and other carbohydrates play a greater role
than proline and other osmoprotectants (36).

Osmotic adjustment
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Fig. 4. Physiological and molecular mechanisms of salt tolerance in rice.
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Antioxidant defence

Plants overcome the effect of ROS generated as a
result of oxidative stress by employing a two-stage
system of defence to maintain redox homeostasis. One
is through enzymatic antioxidants like superoxide
dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), glutathione peroxidase (GPX) and by
non-enzymatic antioxidants such as ascorbate (ASC),
glutathione (GSH), tocopherols, phenolics and
flavonoids (42). The most common ROS produced
under salt stress include H;O,, singlet oxygen, hydroxyl
radicals and superoxide. These harmful molecules are
mostly neutralised by antioxidant enzymes, starting with
SOD, which enables the conversion of superoxide
radicals into oxygen and H,O,. The resulting H,O, is
further detoxified by peroxidase (POX) and CAT,
helping protect plant cells from oxidative damage (43).

lon homeostasis

Plants evolved several ion exclusion and sequestration
mechanisms to counter the detrimental effects driven by
salt stress and to eliminate the buildup of toxicity (44).
The magnitude of salt tolerance of tolerant genotypes is
highly associated with the root system architecture, as
they have the potential to elongate roots for nutrient
uptake even in saline conditions (20). Several
researchers reported that the selectivity of root to Na-K,
along with the restriction of Na* transport to leaves,
plays a key role in determining the tolerance (40). Salt
Overly Sensitive 1 (SOS1), a membrane Na'/H"
exchanger, is crucial for facilitating salt tolerance in rice.
It is involved in the efflux of Na* from the root and in
xylem loading of Na*. SOS1 is also important for K*
retention as it has a positive correlation with salt
tolerance and maintains a low Na*/K" ratio (24).
Members of the Na/proton antiporter (NHX) family are
involved in maintaining Na* homeostasis in plants and
play a key role in imparting salinity tolerance. These
antiporters ensure salt tolerance by sequestering Na*,
thereby reducing the accumulation of toxic ions inside
the cytoplasm. Mutations studied confirmed that the
loss-of-function mutants of SOS1 have shown increased
sensitivity under saline and alkaline conditions (45). In
rice, HKT transporters contribute to salt tolerance by
regulating Na* distribution within the plant. OsHKT 1; 5
limits Na* in shoots by retrieving it from the xylem, while
OsHKT1; 4 prevents its movement from leaf sheath to
blade under stress. Thus, HKT family transporters
contribute to salt tolerance particularly during the
reproductive stage (18).

However, the relative contribution of salt-
tolerance mechanisms varies with plant developmental
stage. During the seedling stage, ion homeostasis,
particularly Na* exclusion and maintenance of ionic
balance, is critical for minimising ion toxicity and
sustaining early growth (24). During the vegetative
stage, tolerance increasingly depends on the
coordinated action of ionic homeostasis, osmotic
adjustment and antioxidant defence to maintain cellular
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integrity and physiological activity under prolonged salt
stress (25). During the reproductive stage, sustained ion
homeostasis and tissue tolerance become particularly
important for protecting reproductive development and
maintaining yield under salinity and sodicity (45). Thus,
salt tolerance is a developmentally dynamic trait and
mechanisms conferring seedling-stage tolerance may
not necessarily ensure reproductive-stage tolerance or
yield stability.

Quantitative trait loci governing salinity and sodicity
tolerance in rice

Salt tolerance in rice is a complex quantitative trait
controlled by multiple interacting genes that
cooperatively regulate ion balance, stress responses
and growth under stress environments. Quantitative trait
loci (QTLSs) are regions of the genome that comprise the
genes controlling these quantitative traits (46). Among
these, the Saltol QTL on chromosome 1 associated with
the Pokkali-derived salt-tolerance region (47, 48),
remains one of the most extensively characterised loci
for seedling-stage salinity tolerance, particularly through
its association with Na* exclusion and maintenance of
shoot Na'/K* homeostasis. Recent genome-wide
analysis in an indica multi-parent advanced generation
inter-cross (MAGIC) population detected the SKC1
gene within the Saltol region, confirming its continued
relevance to salt tolerance. However, Saltol should not
be considered the single or universal determinant of
tolerance, as the study identified multiple additional loci
associated with salinity tolerance on chromosomes 1, 5,
11 and 12 and distinct loci associated with sodicity
tolerance on chromosomes 4, 6 and 11, highlighting the
polygenic nature of salt tolerance (8). Development of
QTLs related to the reproductive stage is crucial for
alleviating the vyield losses. QTLs of the reproductive
stage are more important for survivability and yield than
the seedling stage. Previous studies have reported
nearly 18 QTLs identified by RIL populations that have
significant yield advantages under saline and sodic
conditions (49). Thus, multiple salt-tolerant varieties can
be developed by integrating these QTLs into high-
yielding salt-sensitive cultivars.

Genes involved in regulation of tolerance in rice

Salt stress is becoming a major abiotic stress
threatening rice cultivation and reducing its productivity
across the globe. It was calculated that around 20 % of
the world’s land is affected by salinity and is predicted to
reach around 50 % by 2050 (50). Though the rice plant
has evolved several molecular mechanisms to cope
with salt stress, there are numerous genes and key
transcription factors involved in the regulation of salt
tolerance. OsPP2C8, a protein phosphatase 2C
involved in abscisic acid (ABA)-dependent stress
signalling, contributes to seedling-stage salt tolerance
by regulating downstream ABA-responsive stress
responses. Its salt-induced expression and sequence
variation in the highly tolerant rice landrace
Changnmaogu suggest a role in enhancing cellular
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stress adaptation, which may help maintain
photosynthetic machinery including PS Il, under salinity
and sodicity (51). Another gene, BIG RICE GRAIN1
(BIRG1), encodes a detoxification efflux carrier
belonging to the DTX/MATE transporter family that
regulates grain size and salt tolerance in rice by
maintaining cellular CI~ homeostasis (52).

OsMPK4, a mitogen-activated protein kinase,
contributes to salt tolerance in rice by regulating the
stability of Ideal Plant Architecture 1 (IPA1/SPL14), a
transcription factor governing tillering, panicle branching
and plant architecture. OsMPK4-mediated phosphorylation
of IPA1l promotes its degradation, redirecting the plant's
response from growth to stress response, ultimately
enhancing tolerance (53). Transcriptome analysis revealed
the upregulation of the OsWRKY54 transcription factor
under salt stress. This gene regulates Na® and K*
homeostasis in rice. Loss-of-function mutants of
OsWRKY54 showed an imbalance in Na*/K* homeostasis,
representing the role of this gene in enhancing salt
tolerance (54).

Root apoplastic barrier

Roots are the primary plant organs that encounter salt
stress, responsible for structural and anatomical
maodifications that help restrict excessive Na movement
into the root xylem. Under stress conditions, plants
undergo modifications such as variations in root
diameter, thickening of cortical tissues and vascular
reorganisation (55). Water and dissolved substances
move from the outer to the inner parts of the root
through three main pathways: the symplastic, apoplastic
and transcellular routes (56). Under salt stress, the
symplastic pathway becomes less efficient, so the
apoplastic pathway becomes the primary route for Na
entry due to its high concentration in the soil. In such
conditions, a well-lignified endodermis plays a crucial
role by forming a strong barrier that restricts excessive
Na* entry into the plant (55).

Plant roots have the capacity to modify their root
system architecture, root growth and morphology to
overcome the deleterious effects of salt stress. The
plant cell wall is composed of lignin and
polysaccharides. Lignin contributes to mechanical
strength and its deficiency leads to dwarfism, xylem
collapse and increased sensitivity to stress. Casparian
strips and suberin lamellae are the root transport
barriers in the root apoplast, which restrict the entry of
toxic Na and chloride ions into the rice shoot (56). Salt
stress causes the casparian strips to develop near the
root tips to block the entry of Na* and ensure improved
survival under stress (57). Exposure to high salinity
conditions modifies root cell wall structure by reducing
cellulose levels, interfering with pectin cross-linking and
increasing  lignin  deposition.  These  structural
adjustments reduce the permeability of the cell wall,
restrict Na* movement into the stele and thereby
enhance the salt tolerance (58).
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Lignin deposition at the sites of casparian strips in
response to salt stress is governed by OsDIR55, a
dirigent (DIR) family protein acting as a positive
regulator of root lignification (59). The casparian strip
must remain as a continuous band in the endodermis
for proper regulation of water and ion movement. If the
strip is broken or poorly formed, it loses its ability to
control nutrient uptake effectively, leading to an
imbalance in ion distribution within the plant (60). The
accumulation of phenolic and lipophilic biopolymers in
the primary cell wall makes the endodermis
hydrophabic, establishing an effective apoplastic barrier
against water and ion movement. Activation of the
CIF1/2-SGN3-SGN1 (SCHENGEN) signalling pathway
triggers lignin deposition on the endodermal cell wall,
forming a continuous ‘U’-shaped lignified structure (Fig.
5) that restricts Na* influx into the stele and thereby
contributes to salt tolerance (55).

Additionally, several abiotic stresses, including
salinity, will induce the suberin lamellae (Fig. 6), another
major component of the root diffusion barrier (61).
Enhanced suberisation is often triggered by a deficit in
lignin deposition. This compensation helps maintain the
root diffusion barrier, facilitating effective control of water
and solute movement despite structural damage (62).

Aerenchyma gas space formation

Salt-tolerant rice genotypes also exhibit tolerance
through the formation of aerenchyma gas spaces
(AGS). Its development occurs through ROS-mediated
programmed cell death in root cortical tissues, which
creates intercellular spaces that restrict Na* movement
through the xylem and limit K* loss (63). Under stress
conditions, these air spaces sequester Na* ions,
restricting their entry into the shoot. The cortical cells
actively exclude Na* ions into the air spaces, preventing
their entry into the vascular system, thus minimising
damage (64). At the molecular level, respiratory burst
oxidase homologs (RBOHs/NOXs), especially OsNOX5,
OsNOX9 and OsRbohA, promote ROS production and
aerenchyma formation, supporting K* homeostasis and
salt tolerance. This anatomical adaptation lowers the
metabolic cost of root maintenance and enhances plant
survival under saline conditions (63).

Root system architecture under salt stress

Root image analysis is a rapid and easy method to
evaluate the root architecture under different salt stress
(56). Root image analysis enables precise, quantitative
assessment of root system architecture, including root
length, surface area and branching patterns, which are
critical for water and nutrient uptake. The WINRHIZO
software quantitatively measures root architectural traits
like total root length, root surface area and average root
diameter (65). During stress conditions, tolerant and
sensitive  rice  genotypes  exhibited  different
morphological responses. Tolerant genotypes initially
showed a decrease in root growth, surface area and tip
number but recovered later, reflecting effective
adaptation under stress (66).
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C“"‘P"f:":"m:::: (€s) Compensatory lignification (U' shape)

Casparian strip along with
compensatory lignification

d) is a desired trait for salt
tolerance.

Fig. 5. Casparian strip formation and salt stress induced lignification in rice roots.

(a) Fluorescent microscopic images showing casparian strip formation and lignification in roots of salt sensitive cultivar CO 52, (b)
salt tolerant landrace Mundan with ‘U’ shaped lignification (represented by arrows), (c) Formation of dot-like casparian strips during
early stages of root differentiation in the salt tolerant landrace Mundan, (d) Schematic representation of lignification patterns showing
Casparian strip (CS) formation and compensatory ‘U’-shaped lignification along the endodermal walls, which together enhance the
apoplastic barrier and contribute to salt tolerance (55).

Poldcali

IR 64

125mM NaCl sivess

Fig. 6. Development of casparian bands and suberin lamella in endodermis (indicated by arrows) of three rice genotypes under salt
stress observed by fluorescent staining of root cross sections.

en: endodermis; s: suberin lamella; x: xylem (56).
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Hormonal regulation of salt tolerance

Salt stress significantly influences plant hormonal balance
and the coordinated interaction of phytohormones is
essential for stress perception, signal transduction and
adaptive responses. Salt stress induces ABA
accumulation in rice, activating the PYL/RCAR-PP2C-
SnRK2 signalling pathway, which regulates stomatal
closure, ion homeostasis and ROS detoxification (67).
Abscisic acid-mediated stomatal regulation and ion
transport facilitate water conservation, Na* sequestration
and Na'/K* homeostasis, with vacuolar Na'/H*
antiporters limiting cytosolic Na* toxicity. Abscisic acid
also enhances antioxidant defence and the ascorbate-
glutathione cycle, promoting ROS scavenging and
limiting oxidative damage. Furthermore, ABA interacts
with ROS and other hormonal pathways, particularly
jasmonate, to coordinate ion transport and antioxidant
defence. This hormonal interaction integrates ion
compartmentalisation, ROS detoxification and stress-
responsive growth, thereby increasing salt tolerance (68).

Indole-3-acetic acid (IAA) contributes to rice
salinity and sodicity tolerance by regulating auxin
homeostasis, polar transport and signalling, thereby
influencing cell division, elongation, lateral-root initiation
and overall root-system architecture. Salt-induced
changes in IAA distribution can alter the
TIR1/AFB-Aux/IAA-ARF signalling pathway, leading to
changes in auxin-responsive gene expression and root-
system plasticity that may improve water and nutrient
acquisition under stress. The effect of IAA therefore
depends on its spatial and temporal distribution rather
than simply its absolute concentration. Indole-3-acetic
acid also interacts with hormones like ABA, cytokinins
and brassinosteroids to coordinate root development
and stress responses. IAA-mediated hormonal
interactions contribute to the coordination of root
development and stress adaptation in rice (69).

Reduced gibberelin  (GA) accumulation,
mediated by GA catabolic genes OsGAZox5 and
OsCYP71D8L, enhances salt tolerance in rice by
restricting excessive plant growth and redirecting
resources towards stress adaptation. Reduced GA
levels promote growth restraint through GA-responsive
growth pathways, thereby limiting energy expenditure
during stress. GA-mediated growth regulation is closely
associated with ABA-GA cross-talk, in which increased
ABA signalling promotes stress responses while
reduced GA availability favours growth inhibition,
allowing plants to balance growth with stress survival.
Consequently, the ABA-GA balance links hormonal
signalling with growth regulation, contributing to salt
tolerance (67).

Cytokinins  (CKs) regulate plant growth,
development and stress responses, with their
homeostasis contributing to salinity and sodicity
tolerance. Salt stress alters CK distribution between
roots and shoots, thereby influencing root-shoot growth

and stress responses. In rice, RST31 regulates salt
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tolerance through the CK pathway, highlighting the role
of CK signalling in stress adaptation (70). Cytokinin-
mediated responses may also contribute to root
structural modifications associated with diffusion barrier
formation, which restricts uncontrolled ion and solute
movement towards the stele and supports ion
homeostasis (59). Cytokinin signalling further interacts
with other hormones, particularly ABA and auxin, to
coordinate root development and stress tolerance.
Cytokinin-mediated salt tolerance integrates hormonal
signalling, root barrier function and ion homeostasis to
coordinate growth and stress responses (70).

Under salinity and sodicity, increased ethylene
biosynthesis activates the ETR/ERS-CTR1-EIN2-
EIN3/EIL-ERF pathway, leading to expression of stress-
responsive genes. In rice, OsEIN3/EIL proteins respond
to salt stress, ABA and jasmonic acid (JA), indicating an
important node of ethylene-ABA-JA interaction.
Ethylene also interacts with auxin, coordinating root
development and adaptive root growth under salt stress,
while interactions with ABA and JA integrate hormonal
signalling with ROS metabolism and stress tolerance.
Downstream ethylene signalling coordinates ROS
homeostasis, ion transport, osmotic adjustment and root
development, while its interactions with ABA, JA and
auxin collectively contribute to salinity and sodicity
tolerance (71).

Melatonin enhances rice salt tolerance by acting
as a ROS scavenger and antioxidant regulator, reducing
H.O, and MDA through upregulation of OsAPX1,
cytosolic APX, CAT, GPOD, Mn-SOD and Cu/Zn-SOD,
while  improving Na'/K* homeostasis, proline
accumulation and relative water content. Melatonin also
preserves chlorophyll, photosynthetic activity and root-
shoot growth under stress. Its association with ABA-
responsive genes such as OsABI3 and OsLEA
indicates interaction with ABA-mediated stress
signalling, integrating antioxidant defence, osmotic
adjustment and hormonal responses (14).

Jasmonic acid enhances salt tolerance by
upregulating SOD, POD, CAT and APX, reducing
membrane damage and protecting cellular membranes.
Jasmonic acid promotes GSH, chlorophyll and
carotenoid accumulation and interacts with ABA and SA
to coordinate ROS detoxification, osmotic adjustment,
membrane protection and photosynthetic stability,
thereby enhancing salt tolerance (72). Exogenous SA
enhances rice salt tolerance by improving ion
homeostasis, antioxidant defence and GA-ABA
hormonal balance. It promotes Na® exclusion and
reduces the Na*/K"* ratio through OsHKT and OsSOS1
pathways, while increasing SOD, POD and CAT
activities to control ROS and membrane damage (73).

Mitigation of salinity and sodicity

Soil salinity poses a significant threat to global rice
(O.sativa) production by inducing osmotic stress, ion
imbalance and oxidative damage, which collectively
impair plant growth, physiology and vyield (74). To
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sustain rice productivity under saline conditions,
research has increasingly focused on strategies that
enhance stress resilience beyond inherent tolerance
mechanisms. Among these, the exogenous application
of plant hormones, biostimulants and beneficial
microbial consortia has emerged as a promising and
environmentally friendly suite of approaches for
mitigating salt-induced damage in rice (68). Microbial
biostimulants, particularly halophilic microbial consortia
comprising Staphylococcus arlettae and
Paraburkholderia fungorum, can enhance rice resilience
under sodic conditions through their salt-tolerance and
plant growth-promoting properties, including Na* stress
mitigation,  exopolysaccharide  and  antioxidant
production and improved nutrient availability (75).

Biochar has also been identified to ameliorate the
effects of saline-sodic stress in plants. Biochar
enhances yield under stress conditions by maintaining
ionic balance and by regulating enzyme activities.
Biochar, considered as one of the potent sources of
Ca? and Mg?*, enables the exclusion of Na* from the
exchange sites, thus contributing to ion homeostasis. It

also upregulates the activities of sucrose synthase,
ADGP pyrophosphorylase, starch synthase and starch
branching enzyme in the rice grains grown under saline-
sodic soils. Furthermore, biochar has emerged as a soil
amendment with the potential for the reclamation of salt-
affected soils (6). Silicon is recognised as a beneficial
component that promotes healthy plant growth and
development. External silicon application in the root
zone can mitigate the negative effects of salinity. Silicon
accumulation in rice develops a protective physical
barrier through the formation of a thick layer of silicified
cells underneath the cuticular layer of leaf blades, thus
reducing the Na accumulation. Stress conditions induce
the generation of ROS, which will cause membrane
damage. Silicon controls or reduces excessive ROS
generation under stress conditions, resulting in reduced
electrolyte leakage and MDA content, ensuring
membrane stability and salt tolerance (76). Together,
these interventions represent a multilayered mitigation
strategy that operates at physiological, biochemical and
molecular levels, offering sustainable avenues to
enhance rice resilience in salt-affected environments
(Table 2).

Table 2. Role of exogenously applied hormones, chemicals, nutrients and soil-based amendments in alleviating salt stress

Type of stress Ameliorant Physiological responses Reference
Salinity Salicylic acid Enhanced antioxidant activity (74)
Silicon (Si) Reduced Na accumulation, lipid peroxidation, enhanced 7
antioxidant activity (76)
Methyl jasmonic acid (MeJA) Modulated fatty acid profiles, Metabolic reprogramming 77)
Abscisic acid (ABA) Improved photosynthesis, pollen viability, grain yield, reduced
spikelet sterility (78)
Brassinosteroids (BRs) Enhanced photosynthetic efficiency, grain development and 7
reduced spikelet sterility (78)
Auxin (IAA) Improved grain filling and starch accumulation under salt stress (79)
Cytokinin (CK) Delayed senescence, maintains photosynthesis and improved 79
carbohydrate partitioning (79)
Sodicity Potassium nitrate, Salicylic Increased photosynthesis, physiological traits, Na/K balance and 80
acid, Thio-urea yield (80)
Daincha Reduced exchangeable sodium percentage (ESP), improved soil
organic matter and nutrient availability
(81)
Anti-oxidant microbial consortia Increased proline and chlorophyll content, enhanced osmotic
(AOMC) adjustment (81)
Saline- sodic stress Zinc (Zn%) Regulated chlorophyll fluorescence and carbohydrate
metabolism, improved seedling vigour (82)
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Traditional rice varieties as source of tolerance

Salt tolerance (ST) is a complex quantitative trait
governed by multiple genes and shaped by a wide
range of molecular and biological processes (83). It is
inferred that the identification of tolerance from modern
cultivars has reached a steady state. This might be due
to the long-term domestication of these varieties (84).
Domesticated varieties have a narrow genetic base for
salinity tolerance (85). There is one more reason that
stands as a bottleneck for using modern cultivars as a
source of tolerance because it might cause linkage drag
of detrimental characteristics like photosensitivity,
reduced standability and inferior yield performance (86).
Traditional rice genotypes act as a reservoir of beneficial
alleles providing tolerance against major biotic and
abiotic stresses across the globe (Table 3). This will
facilitate modern rice cultivars in acquiring adaptation to
climate change and gaining resistance to counteract
various stresses (87). Landraces have the adaptive
ability to thrive in local environments, attributed to
metabolic components specific to the landraces (88).
Traditional varieties possess broad genetic diversity with
vital quantitative and qualitative traits, making them a
rich source of valuable genes for crop improvement
(Table 4) (89). Wild rice species exhibit superior salinity
tolerance compared to cultivated rice, employing diverse
adaptive mechanisms including salt gland secretion,
enhanced ion homeostasis, osmolyte accumulation,
ROS scavenging and osmotic adjustment. Collectively,
wild rice species represent valuable genetic resources
for enhancing salinity tolerance in cultivated rice (90).

Research gaps, emerging mechanisms and future
directions

Despite extensive research on salt tolerance in rice,
several gaps persist in translating well-established
mechanisms into field-level applications. Key adaptive
responses such as ion homeostasis, osmotic
adjustment and antioxidant defences are widely
recognised, where Na* exclusion and sequestration
mediated by transporters such as SOS1, NHX and HKT
maintain ionic balance and reduce toxicity (50).
Osmolyte accumulation supports cellular osmotic
equilibrium and membrane stability (41) and ROS
detoxification is achieved through enzymatic antioxidant
systems (48). Additionally, hormonal regulation involving
ABA, auxin, CK and ethylene plays a crucial role in
coordinating stress perception, signalling and adaptation
(78). Nevertheless, much of this mechanistic
understanding has been generated under controlled
hydroponic or growth-chamber conditions, which may
not fully represent the complex and heterogeneous
conditions encountered in the field. Variations in soil
salinity and sodicity, soil nutrient availability,
temperature and the occurrence of multiple stresses can
modify the effectiveness of individual tolerance
mechanisms, resulting in differences between
controlled-environment responses and field
performance. Beyond this translational limitation, the
integration of the above-mentioned mechanisms within
higher-order regulatory networks remains poorly
understood. In particular, miRNA-mediated regulation,
which potentially links ion transport, ROS detoxification,
transcriptional control and hormonal signalling, is still
insufficiently characterised. Although miRNAs are
proposed as key post-transcriptional regulators
coordinating gene expression, ion homeostasis and
stress signalling under salinity, their mechanistic
integration and application in crop improvement remain
largely unexplored (97).

Table 3. Phenotypic and physiological responses of rice genotypes and landraces to salinity stress

Genotypes Region Stress level Observed responses References
Traditional landraces vs high India 0-250 mM NaCl Landraces outperformed high-yielding varieties

yielding varieties (HYVs) in biomass, chlorophyll retention and stress (11)

tolerance
Rice landraces India 6-12dS m*  Traditional landraces showed higher shoot and root (20)
length and lower salt injury score
76 germplasm accessions India 6 and 12dS m* FL478 and MTU1290 maintained low Na*/K* ratio (24)
and higher seedling biomass
79 landraces and 18 varieties Vietnam 8dsSm? Tolerant genotypes showed reduced Na* @1)
accumulation in shoot
8 Landraces Thailand 75-100 mM NaCl Tolerant landraces maintained high photosynthesis (92)

and antioxidant activity
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Table 4. Quantitative comparison of salt-tolerance indices, Saltol-QTL allele combinations and salt-responsive gene expression in

rice landraces

Landrace Indices studied
Pokkali Salt ot tolerance ) Key findings Reference
Susceptibility . Salt response index
. index
index
4.35 0.96 1.20 Stable yield _u_nder (93)
Salt tolerance stress conditions
index Komol Indices studied Superior salinity
Bhog Shoot Length Root Length  Shootdry Root dry weight toﬁﬁ?}ﬂi‘gﬁg{;‘}”;ﬂgl
stress index stress index (%) weight stress index (%) bgtter biomass retention (94)
(%) stress index
(%)
76.47 73.68 71.74 68.09
Pokkali QTL Chromo_somal Associated Trait controlled Contribution to salt
location gene tolerance
Saltol Chromosome 1 OsHKT1;5 Shoot Na*/K* ratio Improved ionic
homeostasis and
seedling stage salinity
tolerance
qSNCl Chromosome 1 OsHKT1;5 Shoot Na* Removes Na* from
Saltol-QTL concentration  xylem sap and restricts
allele Na* transport to shoots (95)
combinations
qSKC1 Chromosome 1 OsHKT1;5 Shoot K* Maintains K*
concentration homeostasis during salt
stress
gRKC1 Chromosome 1 OsHKT1;5 Root K* Enhances K* uptake
concentration and retention in roots
gRNK1 Chromosome 1  OsHKT1;5 Root Nat/K* ratio Regulates Na*
exclusion from roots
Pokkali Increase in . . .
Gene gene . Site (.’f Pl]ys!qloglcal Key findings
. induction significance
expression
OsHKT1,5 2-fold increase Roots Enhanced Na* Increased gene
" retrieval from expression restricted
e xylem and reduced Na* transport to shoots,
transporter . ; d cellular i 96
Gene Na* transport to |mprov$ Cet ul'artl'on (96)
. shoots compartmentalisation
Expression o ) ) and sustained better
Myo-inositol  4.8-fold increase Roots Osmotic physiological balance
oxygenase adjustment and under stress
(Os06936560) salinity-responsive

metabolic
regulation

Future research should adopt an integrative multi-omics
framework to elucidate miRNA-centred regulatory
networks and their interactions with physiological and
biochemical traits under field conditions. Functional
validation of key miRNAs and their targets using
genome editing and transgenic approaches is essential
for establishing their roles in salt tolerance, particularly
genes involved in ion homeostasis such as OsHKT1;5,
0sS0OS1 and OsNHX1. Genomic selection integrating
genome-wide  markers  with multi-environment
phenotypic data can accelerate the identification and
deployment of polygenic salt-tolerance alleles. The
incorporation of speed breeding with marker-assisted
and genomic selection can further reduce generation
time and accelerate the development of improved rice
varieties.  Similarly,  high-throughput  phenomics,
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including root-system analysis and multispectral
imaging, can support rapid screening of large breeding
populations. Potential alleles from tolerant traditional
landraces can be introduced into elite varieties through
advanced backcrossing, together with marker-assisted
and genomic selection, while reducing undesirable
genetic linkages. Overall, combining multi-omics,
genome editing, genomic selection, speed breeding,
phenomics and advanced backcrossing can help bridge
the gap between laboratory findings and field
performance and provide a more effective pathway for
developing rice cultivars with durable salinity and
sodicity tolerance.
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4. Conclusion

Salinity and sodicity tolerance in rice are regulated by
coordinated physiological, anatomical and molecular
mechanisms that maintain ion homeostasis, osmotic
balance and cellular protection under stress. Traditional
landraces should be prioritised as donor parents in
breeding programmes as they possess efficient sodium
(Na") exclusion, potassium (K*) retention, antioxidant
defence and adaptive root traits. Key transporter and
regulatory genes including SOS1, NHX1, HKTL1;5,
OsAKT2, OsWRKY54, OsDIR55 and OsPP2C8
represent potential targets in genome editing for
improving salt tolerance through coordinated ion
regulation and root barrier development. While Saltol
remains an important seedling-stage quantitative trait
locus (QTL), future breeding strategies should focus on
stacking Saltol with reproductive-stage QTLs, root
architectural traits, apoplastic barrier genes and stress-
responsive regulatory loci, which will be essential for
achieving tolerance throughout the plant’s life cycle and
stabilising grain yield under saline and sodic conditions.
Integrating landrace diversity, multi-omics and genome
editing approaches will contribute significantly to
developing climate-resilient rice cultivars.
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