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ABSTRACT

Salinity stress poses a significant challenge to plant growth and agricultural productivity
worldwide. However, certain plant species, known as halophytes, have evolved remarkable
adaptive mechanisms to thrive in high salinity environments. Understanding the physiological and
molecular mechanisms underlying the salt tolerance of halophytes holds great potential for
enhancing salinity tolerance in non-halophytic crop plants. This review aims to explore the
adaptive strategies employed by halophytes to cope with salinity stress and their implications for
improving plant salinity tolerance. Physiological adaptations of halophytes include mechanisms to
regulate ion homeostasis, maintain osmotic balance, and minimize water loss under high salinity
conditions. These adaptations involve the accumulation of compatible solutes, such as proline and
glycine betaine, as well as the compartmentalization of toxic ions in vacuoles. Halophytes also
exhibit efficient antioxidant systems to counteract oxidative stress induced by salt accumulation.
At the molecular level, halophytes employ a range of genetic and epigenetic mechanisms to
regulate gene expression and enhance salt tolerance. These mechanisms include the activation of
stress-responsive transcription factors, modulation of ion transporters and channels, and epigenetic
modifications that alter chromatin structure and gene expression patterns. Recent advancements in
molecular techniques, such as transcriptomics and proteomics, have provided valuable insights
into the complex regulatory networks involved in halophyte salt tolerance. Harnessing the
knowledge gained from halophyte adaptation mechanisms can offer promising prospects for
improving the salinity tolerance of economically important crop plants. Genetic engineering and
breeding approaches can be employed to introduce or enhance the expression of key salt tolerance
genes in non-halophytic species. Additionally, the identification and utilization of halophyte-
derived salt tolerance traits through conventional breeding strategies hold great potential for
developing salt-tolerant crop varieties. Therefore, the investigation of halophytes' physiological
and molecular mechanisms of salt tolerance provides valuable insights into the intricate strategies
employed by plants to adapt and thrive in high salinity environments. The knowledge gained from
these studies can be harnessed to enhance the salinity tolerance of non-halophytic crop plants,
thereby contributing to sustainable agriculture in salinity-affected regions.
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INTRODUCTION These adaptive mechanisms encompass a range of

physiological, biochemical, and molecular processes

Salinity stress, resulting from high salt concen-
trations in the soil, is a major abiotic stress that
severely affects plant growth, agricultural productivity
and ecosystem sustainability worldwide. As global
climate change and human activities continue to
contribute to soil and water salinization, there is an
urgent need to develop strategies to mitigate the
negative impacts of salinity on plant growth and
survival. It also poses a significant threat to food
security and sustainable agriculture, particularly in
regions where irrigation water or groundwater is saline.
However, certain plant species, known as halophytes,
have evolved unique adaptive mechanisms that enable
them to thrive in high salinity environments.
Halophytes have evolved a diverse array of adaptive
mechanisms to cope with high salinity levels, enabling
them to maintain cellular homeostasis and sustain
growth under saline conditions.
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that collectively contribute to their enhanced salt
tolerance. Understanding these physiological and
molecular mechanisms underlying the salt tolerance of
halophytes can provide valuable insights into enh-
ancing salinity tolerance in economically important
crops and contribute to sustainable agriculture in saline
environments. This review will provide a compre-
hensive overview of the current knowledge on
halophyte adaptive mechanisms and their potential
applications in increasing plant salinity tolerance,
ultimately paving the way for more resilient and
productive agricultural systems in the face of escalating
salinity stress. Therefore, this review focuses on the
negative impact of salinity on plants and explores the
physiological and molecular mechanisms by which
halophytes adapt to high salinity environments. The
review reveals key findings that provide insights into


mailto:Randa.Abdel-Zaher@science.suez.edu.eg

Exploring the Physiological and Molecular Mechanisms of Halophytes

the potential implications of these mechanisms for
enhancing plant salinity tolerance.

Mechanisms of salinity-mediated Negative Impacts
on Plants

Increasing salinity of soil can have a variety of
negative effects on plant performance. One of the
negative consequences is the scarcity of water caused
by salinity, which hampers seed germination due to a
decrease in the osmotic capacity of soil water, making
it difficult for plant seeds to absorb water (Ugarli,
2020; El-Keblawy et al., 2021). Any interruption to
seed imbibition can disrupt enzyme and proteins are
metabolism, disrupt hormonal equilibrium, slow down
the utilization of seed reserves, and often lead to
alternation in the ultrastructure of cells, tissues, and
organs (Miransari and Smith, 2014; Alencar et al.,
2015). The primary adverse impact of soil salinity is a
decrease in plant development and biomass following
germination, which is influenced by the level of
salinity, duration of salt exposure, and plant species
(Ugarl1, 2020).

Upon exposure to salinity, plant cells can rapidly
lose water, resulting in cell shrinkage within a few
seconds (Munns and Tester, 2008). Although cells
return to their initial volume over hours, their
elongation rates are significantly decreased (Munns,
2002). The rate of cell division is also significantly
slowed down over time, which reduces plant
development (Arif et al., 2020). Furthermore, salinity
results in noticeable harm to the oldest leaves, leading
to death of both mature and young leaves, and
ultimately resulting in plant mortality before seed
maturation (Munns, 2002; Munns and Tester, 2008).
However, since roots are directly exposed to saline
soils and play a crucial role in transporting minerals to
the plant's aboveground parts, root responses primarily
contribute to the deceleration of plant growth in saline
environments (Arif et al., 2020).

Salinity has been found to also have a negative
impact on various root functions, such as nutrient
uptake and water transport, ultimately impairing the
overall growth and development of plants in high
salinity conditions (Arif et al., 2020; Munns and
Tester, 2008). The inhibitory effects of salt stress on
root systems significantly compromise the ability of
plants to uptake water and minerals, resulting in
reduced growth and biomass accumulation (Arif et al.,
2020).

Negative effect on:

a. photosynthesis

High levels of CI" and Na® in the soil solution
prevent macronutrients like Ca** and Mg?** from being
absorbed and accumulated, which disrupts chlorophyll
synthesis, membrane stability, signaling transmission
and stomatal opening (Geilfus, 2019; Arif et al., 2020).
Additionally, the negative effects of salinity on
photosynthesis are directly associated with the
oxidation of photosynthetic pigments; however, the
essential details continue to be undefined. Plants
exposed to salt stress have a reduction in stomatal
conductance, stomatal density, photosynthetic activity,
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and carbon uptake, although an increment in mesophyll
resistance, which lowers the performance of phot-
osystems (PS)-1 and PS- Il ability to absorb light
(Gururani et al., 2015). Under salinity stress another
enzyme crucial for assimilating carbon dioxide (CO,)
throughout photosynthesis dark phase, ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) is
inhibited (Gururani et al., 2015).

b. ROS generation

Additionally, salinity stimulates ROS generation,
like superoxide (O%), hydroxyl radical (OH"), singlet
oxygen (0% and hydrogen peroxide (H,O,) and in
cellular organelles as mitochondria, chloroplasts,
endoplasmic reticulum as well as peroxisomes (Zaid
and Wani, 2019; Mostofa et al., 2021). Increased ROS
levels can harm a plant's ability to grow and develop
because they damage cell membranes, reduce protein
synthesis, genomic instability, and harm photosynthetic
machinery (Czarnocka and Karpi” nski, 2018; Mostofa
et al., 2021).

c. Plant Performance and Crop Yield

The most common anion in salt soils is Cl-, although
compared to Na*, less research has been done on how it
affects plant performance and how it is absorbed and
moved within plants (Geilfus, 2018). As a necessary
micronutrient, CI" thought to have a role in activation
in the cytoplasmic activation of enzymes, stabilization
of membrane potential, oxygen evolution during
photosynthesis as well as maintaining the pH and
turgor pressure of plant cells (Geilfus, 2018). However,
excessive accumulation of CI° can have more
detrimental effects on cellular functionality than Na*
(Geilfus, 2018). These salinity-induced deleterious
effects ultimately lead to a reduction in crop yield,
although the severity and extent of damage vary
depending on the plant species.

Strategic Approaches for Enhancing Crop Salinity
Tolerance in Saline Soil Conditions

To achieve sustainable crop production in saline soil
conditions, it is crucial to adopt a strategic approach.
Cultivating salt-tolerant crops emerges as the most
effective solution to address this environmental
challenge. Extensive efforts have been made in the past
three decades to gain a deeper understanding of how
plants tolerate salt stress. However, translating this
valuable knowledge into practical applications to
enhance crops' ability to withstand salt stress in real
field conditions requires time and dedicated efforts.

a. Physiological Adaptations of Halophytes

Plants employ various physiological and biochemical
mechanisms to survive in soils with high salt
concentrations. These mechanisms include, but are not
limited to, (1) maintaining ion homeostasis and
compartmentalization, (2) facilitating ion transport and
uptake, (3) synthesizing osmo-protectants and comp-
atible solutes, and (4) activating antioxidant enzymes
and synthesizing antioxidant compounds (Figure 1).
These adaptations enable plants to cope with the
detrimental effects of salt stress and enhance their
tolerance to saline soil conditions. Regulation of ion
homeostasis and osmotic balance maintaining ion
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homeostasis through ion absorption and compartm-
entalization is not only critical for normal plant growth
but is also an important process for growth under salt
stress (Niu Xiaomu et al., 1995; Serrano et al., 1999;
Hasegawa, 2013). Regardless of their nature, neither
halophytes nor glycophytes can handle having a lot of
salt in their cytoplasm. Because of this, the extra salt is
either transferred to the vacuole or stored in ageing
tissues that eventually die, saving the plant from
salinity stress (Zhu, 2003). Through number of
channels and transporters, halophytic plants' tissues
actively accommodate Na*, CI', and K.

Generally, root-Na* absorption is typically mediated
by nonselective cation channels (NSCCs), such as
high-affinity K* transporters (as, HAK5 and HKT?2),
plasma membrane intrinsic protein (PIP) isoforms of
aqua-porins,  cyclic  nucleotide-gated  channels
(CNGCs) and glutamate receptor-like channels
(GLRs). Through the Na*/H" antiporter, the Na* ion is
then moved from the cytoplasm to the vacuole. The
vacuolar membrane contains two different types of H*
pumps: the vacuolar type H*-ATPase (V-ATPase) as
well as the vacuolar pyrophosphatase (V-PPase) (Dietz
et al., 2001; Wang et al., 2001). V-ATPase is the most
prevalent H+ pump present in the plant cell. The plant's
ability to survive under stress is dependent on V-
ATPase activity (Dietz et al., 2001).

In root cells, the inflow of CI is regulated by H*/CI
symporters, CI/H" co-transporters and nitrate
transporters (NRTSs). Under salt stress, the passive
transfer of CI" is controlled by a variety of anion
channels, including slow anion channels (SLAC
channels) (Wu and Li, 2019). CI" infiltration into
tissues of xylem and shoot is facilitated by Cation
chloride cotransporters (CCCs) (Li et al., 2017). While
the chloride channels (CLCs) present on tonoplast is
responsible for CI" sequestration (Tran et al., 2019). In
the presence of Na’, HAK5, HKT2, and AKT1
aggressively absorb K* (Zaid and Wani, 2019).

There is growing evidence supporting that the Salt
Overly Sensitive (SOS) stress signaling pathway plays
a functional role in salt tolerance and ion homeostasis
(Hasegawa et al., 2000; Sanders, 2000). There are three
main proteins in the SOS signaling pathway: SOS1,
SOS,, and SOS;. SOS;, which expresses a plasma
membrane Na*/H" antiporter, is crucial for controlling
Na* outflow at cellular level. Additionally, it helps the
long-distance movement of Na* from the root to the
shoot. Overexpression of this protein result in salt
tolerance in plants (Shi et al., 2000; Shi et al., 2002).
Ca" signals induced by salt stress cause the SOS2 gene
to become active and then, encodes a serine/threonine
kinase. The SOS; protein, a Ca* binding protein, is the
third kind of protein engaged in the SOS stress
signalling pathway. With the quantity of Na" rises, the
level of intracellular Ca®* also rises dramatically, which
helps the SOS; protein. The SOS;-SOS, complex
interaction is then transported into the plasma
membrane, where it phosphorylates SOS;. The
phosphorylated SOS1 causing an increase in Na'
efflux, and reduction in Na" toxicity (Mart iez-Atie-
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nza et al., 2007).

a. Accumulation of compatible solutes for osmotic

adjustment

Compatible solutes, also referred to compatible
osmolytes, are a class of chemically varied organic
molecules that are polar, uncharged, and soluble by
nature and do not disrupt the cellular metabolism
even at high levels. They primarily consist of proline
(Ahmad et al., 2010; Hossain et al., 2011; Nounjan
et al., 2012; Tahir et al., 2012), glycine betaine
(Khan et al., 2000), sugar (Kerepesi and Galiba,
2000), and polyols (Ashraf and Foolad, 2007; Saxena
et al., 2013). Organic osmolytes are produced and
accumulated in different amounts between different
plant species. The concentration of suitable solutes
within the cell is kept constant either by irreversible
synthesis of the chemicals or by a mix of synthesis
and degradation. Due to the fact that their accumu-
lation is proportional to the external osmolarity, the
primary roles of these osmolytes are to protect the
structure and to maintain osmotic balance within the
cell by way of continual water input (Hasegawa et
al., 2000).

Under salt stress, amino acids including arginine,
cysteine, and methionine, which make up roughly
55% of all free amino acids, decline, whereas proline
concentration increases (Shintinawy and EIl-
Shourbagy, 2001). Proline accumulation is a
common strategy used to reduce salt stress (Ashraf
and Foolad, 2007; Saxena et al., 2013). During salt
stress, the intracellular proline accumulation, not
only increase salt tolerance but also acts as an
organic nitrogen store during stress recovery. Its
capacity to quench O, reveals that it has antioxidant
properties. This was noted in a study that was done
by Matysik et al. (2002). According to reports,
proline increases the activity of enzymes involved in
the antioxidant defense system in Nicotiana
tabacum, improving the plant’s ability to tolerate salt
(Hoque et al., 2008).

Glycine betaine is a nontoxic cellular osmolyte
which plays a crucial role in stress reduction by
increasing the osmolarity of the cell during period of
stress. Additionally, glycine betaine shields the cell
by adjusting the osmotic pressure, stabilizes proteins,
guards the photosynthetic system against stress
damage (Cha-Um and Kirdmanee, 2010), and lowers
ROS (Shintinawy and El-Shourbagy, 2001; Saxena
et al,, 2013). Within the cell, glycine betaine is
synthesized from either choline or glycine. Glycine
betaine had a positive impact on the ultrastructure of
Oryza sativa seedlings when they were subjected to
salt stress, according to Rahman et al. (2002). Under
stressed condition (150mM NaCl), the seedling’s
ultrastructure is damaged such including disint-
egration of grana and intergranal lamellae, disruption
of the mitochondria and enlargement of thylakoids.
Nevertheless, pre-treating seedlings with glycine
betaine significantly reduced the severity of these
damages. Glycine betaine, when used as a foliar
spray on a stressed plant, stabilized pigment and acc-



Exploring the Physiological and Molecular Mechanisms of Halophytes

20\

Salt Tolerance

dc

T\
Osmolytes production )

C

—
lon Accumulation

i Better Growth &
Development

Q’ lon Channelsﬁ/:s %l.

High Salt Concentration

7
{ Osmotic Balance
| S

{ Water and Salt Tolerance

/— ABA Signaling
\ Cascades

1\

Halophytes

Figure (1): Regulatory mechanisms of physiological and biochemical processes in halophytes for salinity adaptation: Insights on ionic
compartmentalization, osmotic adjustment, enzymatic activities, polyamines, and stress signaling regulation.

elerated growth and photosynthetic rate (Cha-Um and
Kirdmanee, 2010; Ahmad et al., 2013).

Polyols are compounds having numerous hydroxyl
functional groups that can be used in chemical
processes. A class of polyols known as sugar alcohols
serves as suitable solutes, low-molecular-weight
chaperones, and ROS scavengers (Ashraf and Foolad,
2007). They can be divided into two major categories,
cyclic (such as pinitol) and acyclic (e.g., mannitol). It
was shown that both Arabidopsis and tobacco
(Nicotiana tabacum) plants confer salt tolerance by
transforming with the bacterial mltd gene, which
encodes for mannitol-1-phosphate dehydrogenase,
preserving normal growth and development when
subjected to high degree of salt stress (Thomas et al.,
1995). Based on the distribution of polyols in several
species, including microorganisms, plants, and
mammals, accumulation of polyols like pinitol and
mannitol is related to tolerance to salinity and/or
drought (Bohnert et al., 1995).

Under salt stress, accumulating sugars and starches
such fructose, fructans, glucose and trehalose take
place (Parida et al., 2004). Numerous plants of various
species have been shown to respond to salt stress by
increasing the amount of reducing sugars (fructans and
sucrose) inside the cell. It was shown that tomato
(Solanum lycopersicum) had higher sucrose content
when exposed to salinity due to enhanced activity of
sucrose phosphate synthase (Nounjan et al., 2012).
There have been reports of both increases and
decreases in sugar content in several rice genotypes
under salinity stress (Schroeder et al., 2013).

b. Maintenance of water uptake and transpiration

rates under saline conditions
The relationship between plants and water can be
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used to understand how plants regulate the hydration of
their cells, which has significant effects on the
physiological and metabolic processes that regulate the
quality and quantity of plant growth (Maurel and
Nacry, 2020).It is commonly recognized that the
buildup of salts in the root zone reduces the amount of
water available to the root zone by lowering the
osmotic potential and, in turn, the water potential
(Karlova et al., 2021).

Plants employ various mechanisms to cope with
salinity stress and manage water. Exposure to high
concentrations of NaCl reduces the root's hydraulic
conductivity by 70% (Boursiac et al., 2005). Suberin
deposition decreases root hydraulic conductivity, while
aquaporins enhance it (Steudle and Peterson, 1998;
Chaumont and Tyerman, 2014). Salt stress and
signaling pathways affect the activity and localization
of aquaporins (Kaldenhoff et al., 2008; Meng and
Fricke, 2017).

In saline soil conditions, ABA-mediated stomatal
closure helps reduce water loss through transpiration
(Zhu, 2016). Osmotic or salt stresses rapidly upregulate
ABA biosynthetic genes, such as ABAs, NCEDs, and
ALDEHYDE OXIDASE 3, in vascular tissues (Barrero
et al., 2006; Brookbank et al., 2021). ABA is known to
be involved in transporting signals from roots to guard
cells for stomatal closure, although tomato grafting
studies suggest that stomatal closure can occur
independently of root-produced ABA (Takahashi et al.,
2018).

Transpiration is the process of water loss through
leaf stomata in plants. It plays a crucial role in cooling
plant tissues and transporting water from roots to
leaves. Salt stress can cause stomatal closure by
reducing cytokinins and increasing abscisic acid levels,
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leading to decreased transpiration rates (Hasegawa et
al., 2000). Additionally, salt crusts formed on the soil
surface under salt stress can restrict water access and
further lower transpiration rates (Munns, 2002).
However, halophytes have evolved unique mechanisms
to maintain transpiration rates even in high salinity
environments (Munns et al., 2006). These uniques
mechanism involve: Salt exclusion, halophytes have
the ability to selectively uptake essential ions; Salt
secretion, some halophytes have salt glands or bladder
cells on their leaves that actively secrete excess salt
onto the leaf surface; Succulence, certain halophytes
have succulent leaves or stems that store water. This
adaptation helps to maintain turgor pressure and sustain
transpiration even under high salt concentrations;
Osmotic adjustment, halophytes can accumulate
compatible solutes, such as proline and glycine betaine,
in their cells and Anatomical modifications, halophytes
may exhibit structural adaptations, such as sunken
stomata or thick cuticles, which reduce water loss.

d.Tissue and cellular compartmentalization of toxic

ions

It is necessary for a species to survive in salty
environment by avoiding the destruction of the
metabolism by Na+ or Cl-. As a result, it is crucial to
safeguard the relevant enzymes. For halophytes to
exist, plant cells must be able to keep their cytosolic
sodium concentrations low (Borsani et al., 2003).
Large amounts of sodium are given to leaves by the
transpiration stream, so this must be controlled. In
response to salt stress, plant cells increase sodium
buildup in the vacuole and sodium efflux at the plasma
cell membrane. Because of this, the proteins and
eventually the genes, engaged in these processes, can
be thought of as salt tolerance determinants. In plant
salt resistance, the function of intracellular sodium
compartmentalization has been explained clearly by the
cloning of Na*/H" antiporters (Ohta, 2002). Such
compartmentalization of sodium and chloride in leaf
vacuoles may only be occurred with an active transport
into the vacuole and poor tonoplast permeability to
these ions.

Ion’s transport through the plasma membrane and
tonoplast requires energy, that is supplied by plasma
membrane and vacuolar ATPase (Koyro and
Huchzermeyer, 1997; Leigh, 1997). Via a membrane
Na'/H* antiporters, sodium ions are exchanged for
hydrogen ions using a proton gradient created by these
pumps. Glycophytes and halophytes have been
demonstrated to have increased Na+/H+ activity under
salt stress (Apse and Blumwald, 2002). Under salinity,
the activation of these antiporters probably functions to
lessen sodium toxicity in salt-tolerant plants.

c. Activation of antioxidant enzyme and synthesis of
antioxidant compounds
Activation of antioxidant enzymes and synthesis of
antioxidant compounds contribute to the mitigation of
oxidative damage caused by salt stress in plants. Plants
possess antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX),
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and ascorbate peroxidase (APX), along with non-

enzymatic antioxidant molecules including glutathione

(GSH), ascorbates (ASC), and carotenoids (Azeem et

al., 2023). These antioxidant systems effectively

quench or scavenge reactive oxygen species (ROS) like

hydrogen peroxide (H,O,), singlet oxygen (10,),

hydroxyl radicals (OH), and superoxide (O%)

generated under salt stress conditions. The detox-

ification process involves the sequential action of SOD,

POX, and CAT to break down H,0, (Qamer et al.,

2021).

Studies have shown that salt-tolerant plant varieties
exhibit elevated levels of SOD, ascorbate, and APX,
aiding in ROS detoxification (Sarker and Oba, 2020).
Reduced membrane lipid peroxidation and lower
malondialdehyde (MDA) production are associated
with enhanced salt tolerance in wheat genotypes
(Hussain et al., 2022). Overexpression of the
peroxidase gene GsPRX9 in soybean enhances salt
tolerance and antioxidant response (Jin et al., 2019).

Anthocyanins, a group of antioxidants, play a role in
salt stress response. The mutant gene anthocyanin-
impaired-response-1 (airl) in Arabidopsis affects salt
tolerance by regulating flavonoid and anthocyanin
biosynthesis pathways (Van Oosten et al., 2013). These
findings highlight the protective roles of antioxidant
enzymes, molecules, and pigments in mitigating
oxidative damage and enhancing plant salt tolerance.
The sequential detoxification process begins with the
production of SOD in plant cells, while Hydrogen
peroxides and their derivatives generated under salt-
stress conditions are then broken down by POX and
CAT (Qamer et al., 2021).

Molecular mechanisms of halophytes' adaptation
Activation of stress-responsive genes in ion transport
and osmotic regulation
The cellular balance between sodium (Na®) and

potassium (K*) is crucial for plant survival in saline

soils. Despite molecular similarities, sodium cannot
fully replace potassium's vital role in cellular processes

(Grigore et al., 2014). To maintain this delicate

balance, a diverse range of channels, transporters, and

antiporters are involved in  sodium/potassium
homeostasis during salt stress (Cushman, 2001). One
notable family of transporters is the NA"/H"

EXCHANGERS (NHXs). Among the NHX family,

NHX7/SOS1, localized in the plasma membrane, plays

a predominant role in sodium transport and is vital for

excluding sodium from the root (Khan et al., 2016).

Additionally, other members of the NHX family, such

as NHX8, are also plasma membrane-localized, while

the rest are found in intercellular compartments. These
transporters have the capability to transport both
potassium and sodium, which has demonstrated
significant relevance for salt tolerance in crop plants

(Cushman, 2001).

Overexpression of NHX1 has been shown to increase
salt tolerance and promote sodium accumulation in the
shoot under salt stress conditions (Kronzucker and
Britto, 2011). This accumulation, along with the
tonoplast localization of NHX1 and NHX2, suggests
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their involvement in sodium sequestration within the
vacuole. However, studies indicate that NHX1 and
NHX2 primarily contribute to vacuolar potassium
homeostasis due to their equal affinity for potassium
(Rozema and Schat, 2013; Sharma et al., 2016).

Experimental evidence supports this hypothesis, as
nhxl nhx2 double mutants exhibited decreased
vacuolar potassium content and increased sodium
content in leaf tissue during salt stress (Rigd et al.,
2016). This disrupted potassium homeostasis led to
reduced growth and delayed stomatal closure.
Furthermore, nhx5 nhx6 mutants displayed heightened
salt sensitivity. The endosome-localized NHX5 and
NHX6 play a role in modulating the pH of
endomembrane compartments, thereby influencing the
sorting of transmembrane proteins (Zhu, 2000).

NHX7/SOS1 is crucial for sodium export, while
NHXs localized in endomembranes and tonoplast play
roles in protein sorting, intercellular potassium
transport, and endomembrane pH maintenance during
salt stress. Additionally, the HIGH-AFFINITY
POTASSIUM TRANSPORTER 5 (HAKS5) facilitates
potassium transport under low extracellular potassium
or high salt conditions. Shaker-type potassium
channels, such as GATED OUTWARDLY-
RECTIFYING K" CHANNEL (GORK) and ARABI-
DOPSIS K* TRANSPORTER 1 (AKT1), maintain
sodium/potassium  balance. K* CHANNEL IN
ARABIDOPSIS THALIANA 1 (KAT1) and
CATION/H+ EXCHANGER 13 (CHX13) are involved
in stomatal closure and root growth direction,
respectively, on a salt gradient. CHX17 influences K*
accumulation in the root, and CHX21 affects Na*
accumulation in the shoot (Figure 2).

Expression of transcription factors and protein

kinases

Transcription factors are essential proteins involved
in chromatin remodeling and protein modification,
acting as transcriptional regulators (Udvardi et al.,
2007). They connect cis-elements in stress-inducible
gene promoter regions, triggering the upregulation of
downstream genes crucial for abiotic stress tolerance
(Agarwal and Jha, 2010). Riechmann et al. (2000)
identified 1500 stress-responsive transcription factors
in Arabidopsis. The transcriptional control of tolerance
or susceptibility to stress has been reported, with plants
exhibiting independent responses to different stress
conditions (Umezawa et al., 2006).

Several families of transcription factors, including
bzIP, WRKY, AP2, NAC, C2H2 zinc finger genes,
and DREB, encompass numerous stress-responsive
members. These transcription factors regulate the
expression of various target genes by binding to
specific cis-acting elements in their promoters. Johnson
et al. (2018) observed upregulation of bZIP genes in a
salt-sensitive wheat cultivar under long-term salinity,
whereas their expression decreased in a salt-tolerant
variety (Figure 2). In halophytes, overexpression of
TsSNAC1 in Thellungiella halophila and Arabidopsis
has been shown to enhance abiotic stress resistance,
particularly salt stress tolerance (Liu et al., 2018).
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Additionally, the SINAC8 gene from Suaeda
liaotungensis confers improved tolerance to drought
and salt stress in Arabidopsis, suggesting its potential
to enhance the expression of stress-responsive genes in
transgenic plants (Wu et al., 2018).

Another important transcription factor is DREB. It
plays an important role in regulating the expression of
stress-inducible genes under abiotic stresses. The
expression of SSDREBa and SSDREBb genes in S.
salsa roots and leaves was remarkably induced by high-
salt and dehydration treatments, further indicating them
as novel stress-responsive transcription factors (Figure
2), through ABA-independent pathways (Sun et al.
2014).

Among the important TFs, basic leucine zipper
proteins (bZIPs) are one of the large families, where
bZIP has been identified as one of the TF having great
potential in improving crop tolerance against salinity
stress. Like other transcription factors, the bZIPs play
important roles in plant growth and developmental
processes; apart from this it also responds to numerous
other abiotic stresses including drought, salinity (Liu et
al., 2014), and cold stresses (Jakoby et al. 2002).
Increased tolerance to drought and salinity was
observed in Arabidopsis due to over-expression of a
ThbZIP from the woody halophyte Tamarix hispida (Ji
etal., 2013).

WRKY transcription factors are one of the largest
families of transcriptional regulators in plants with
their known functions associated with growth, seed
development, leaf senescence, and responses to abiotic
and biotic stresses (Rushton et al., 2010). In
Arabidopsis, the function of WRKY33 TF is targeting
the salt responsive downstream genes that helps in
detoxification of ROS and regulation of LOX1
(lipoxygenase), GSTU11l (glutathione-S-transferase),
and peroxidases; along with this WRKY25 and
WRKY33 are two WRKY factors which have shown to
enhance salinity stress tolerance (Jiang and Deyholos,
2009). Salt-specific induced Goup IlI-b WRKY gene
IHWRKY?2 from I. lacteal var. chinensis. Were cloned
indicated that IIWRKY?2 may play an important role in
halophyte 1. lactea var. chinensis adaptation to
environmental salt stress (Tang et al., 2018).

Hormones and signaling pathways in salt stress
adaptation

Plant hormones, also known as phytohormones, are
crucial internal regulatory molecules that play a vital
role in controlling plant growth and development.
There are nine distinct groups of plant hormones that
exhibit diverse functions in mediating stress tolerance
and promoting growth in plants. Among these groups,
ABA, ethylene, SA, and JA are classified as stress-
responsive hormones, while auxin, GA, cytokinins,
brassinosteroids (BRs), and strigolactones (SLs) are
considered growth-promotion hormones.

In response to salt stress, abscisic acid (ABA) acts as
a key stress-responsive hormone, playing a central role
in activating adaptive signaling pathways and regul-
ating gene expression. When plants experience salt
stress, the levels of endogenous ABA rapidly increase,
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triggering a kinase cascade. This cascade involves
sucrose nonfermenting 1-related protein kinases
(SnRK2s), which are essential components of ABA
signaling transduction pathways.

Under salt-stress conditions, the activities of
SnRK2.2/2.3/2.6 kinases and ABA-responsive element
(ABRE)-binding protein/ABRE-binding factor
(AREB/ABF) transcription factors are enhanced. This
leads to stomatal closure and improved salt tolerance.
However, the abscisic acid insensitive 1 (ABI1) protein
inhibits the kinase activity of SnRK2, negatively
impacting salt tolerance and primary root growth.

In addition to ABA signaling, salt stress also triggers
the upregulation of ABA biosynthesis genes,
facilitating ABA production through the methylery-
thritol 4-phosphate (MEP) pathway. Key enzymes
involved in this pathway, such as zeaxanthin oxidase
(ZEP), 9-cis-epoxycarotenoid (NCED), and short-chain
alcohol dehydrogenase (SCAD), play critical roles in
regulating ABA biosynthesis under salt-stress cond-
itions. Moreover, the calcium ion (Ca®*) and SOS (salt
overly sensitive) pathways collaborate with ABA
signaling to prevent excessive activation of SOS,,
thereby contributing to the adaptation to salt stress.

Auxin, another plant hormone, regulates root growth
plasticity in response to salt stress. Reduced polar
auxin transport and lower auxin accumulation in the
roots, along with the downregulation of auxin-receptor
encoding genes, result in decreased auxin signaling and
ultimately downregulate auxin-mediated root growth
under salt stress conditions. Moreover, bioactive
gibberellin (GA) levels are adjusted at different growth
stages of plants to enhance salt tolerance by slowing
down growth. The DELLA protein SLR1, an inhibitor
of GA signaling, and other GA metabolism-related

genes lead to reduced GA levels or GA signaling after
germination, which is necessary for enhancing plant
tolerance to salt stress.

Implications for enhancing plant salinity tolerance

Potential of Halophytes as Genetic Resources for the
Engineering of Crops with Improved Salt Tolerance

Through harnessing the genetic traits responsible for
salt tolerance in halophytes, it is possible to transfer
these traits to conventional crops through genetic
engineering or breeding approaches. One of the key
advantages of using halophytes as genetic resources is
their genetic diversity. Halophytes comprise a wide
range of species, each with its own set of adaptive
traits. This genetic diversity provides a vast pool of
potential genes and alleles that can be incorporated into
crop plants to confer salt tolerance. By harnessing the
genetic variation present in halophytes, it is possible to
develop crop varieties with enhanced salt tolerance that
can thrive in saline environments.

Furthermore, halophytes offer the advantage of being
In addition to ABA signaling, salt stress also triggers
the upregulation of ABA biosynthesis genes,
facilitating ~ABA  production  through  the
methylerythritol 4-phosphate (MEP) pathway. Key
enzymes involved in this pathway, such as zeaxanthin
oxidase (ZEP), 9-cis-epoxycarotenoid (NCED), and
short-chain alcohol dehydrogenase (SCAD), play
critical roles in regulating ABA biosynthesis under
salt-stress conditions. Moreover, the calcium ion (Ca*")
and SOS (salt overly sensitive) pathways collaborate
with ABA signaling to prevent excessive activation of
SOS2, thereby contributing to the adaptation to salt
stress. the agricultural land available for cultivation.
Therefore, the identification and characterization of
novel salt tolerance-associated genes from halophytes,
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followed by their utilization in genetic engineering,
represent crucial areas of plant research. These
endeavors deserve increased attention to sustainably
enhance crop production and achieve global food
security in the face of climate change.

Breeding approaches for developing salt-tolerant crop
varieties

Numerous studies have explored the screening and
breeding of crop plants to enhance salinity tolerance,
and the subject has been periodically reviewed
previously (Afzal et al., 2023). Advances in identifying
genetic markers, molecular markers, germplasm
modification, and mapping have improved salt
tolerance. Conventional breeding methods such as
hybridization, selection, polyploidy, and introgression
are considerably effective in enhancing salt tolerance,
and the utilization of wild relatives of crop plants as a
source of salt-tolerant genes to increase the range of
variation for salt tolerance improvement is still
ongoing. However, conventional breeding faces a
serious challenge due to the limited genetic variation
present in the gene pool of most crop species.

Sustainable agriculture practices in saline-affected

regions

Useful techniques for reclaiming salt-affected soils
in affected countries along with their major cropping
systems are an urgent need. Various organic and
inorganic amendments, applications of microor-
ganisms, halophytes, tree species, and innovative
irrigation and drainage strategies have been employed
to reclaim salt-affected soils worldwide.

a. Amendments

Organic amendments, such as biochar and compost
of municipal solid wastes (MSW), as well as inorganic
amendments rich in calcium (e.g., fly ash, gypsum,
phosphogypsum), and zeolites, have been utilized for
the reclamation of sodic soils (Singh et al., 2018;
Mishra et al., 2019). The application of these
amendment materials has shown positive effects on
various soil properties in salt-affected soils.
Specifically, improvements in soil bulk density,
aggregate stability, hydraulic conductivity, as well as
reductions in pH, electrical conductivity (EC), and
exchangeable sodium percentage (ESP) have been
reported (Mishra et al., 2019; Sundha et al., 2020).
Moreover, the application of these amendments has
been found to enhance soil biological properties,
including soil enzymatic activities, microbial
population, and microbial biomass nitrogen (N) and
phosphorus (P) contents, thereby indicating their
beneficial effects (Mishra et al., 2019; Sundha et al.,
2020).

b. Phytoremediation

Phytoremediation is a well-known technique that
uses plant species to accumulate salts in order to reduce
their soil concentration. Mainly three kinds of
approaches of phytoremediation are available to min-
imize soil salinity: (i) agroforestry and (ii) biodrainage.

i. Agroforestry

Salt-tolerant fruits, fodder, and tree species could
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survive under low water requiring saline irrigation in
arid and semi-arid regions (Minhas et al., 2020b).
alfalfa (Medicago sativa) was evaluated for five years,
and it reduced salinity considerably and added high C
and N in soil to improve the soil quality across the
profile (Cao et al., 2012). Biomass mulching, root
exclusion and salt removal through alfalfa shoots could
be the mechanisms for reduced soil salinity.

ii. Biodrainage

Is a technique of using tree species that reduce the
water table by transpiration, mainly in waterlogged
areas. Ram et al. (2011) evaluated the performance of
clonal Eucalyptus (Eucalyptus tereticornis) planted on
field boundaries in a waterlogged soil and found that
groundwater table was lowered down by 2 m after 5
years. Till date, Eucalyptus has been the most efficient
species for lowering down of water table in canal
command areas (Dagar et al., 2016).

c. Bioremediation

Bioremediation involves the wuse of various
microorganisms or microbial consortium to reclaim
salt-affected soil. The soil microbes include plant
growth promoting-rhizobacteria (PGPR), bacteria,
mycorrhiza, and cyanobacteria able to reclaim salt-
affected soil by producing various hormones and
beneficial substances that enhance soil quality and
plant growth.

i. Plant growth promoting rhizobacteria

Various PGPR showed their impact on salt-affected
soil remediation by improving plant growth. They
included: Enterobacter sp., Pseudomonas spp.,
Klebsiella sp, Azotobacter sp., Bacillus amylolique-
faciens, Enterobacter cloacae. The main mechanisms
include production of 1-aminocyclo-propane-1-
carboxylate (ACC) deaminase, indole acetic acid
(IAA), and exopolysaccharides secretion to enhance
crop growth (Singh, 2015).

ii. Salt tolerant bacteria

Salt-tolerant  bacteria  generally show  high
requirement of salts and exist in highly saline
environment to regulate high osmotic pressure. The
genera  include  Ammoniphilus,  Arthrobacter,
Azospirillum, Bacillus, Brevibacillus, and Breviba-
cterium which produce IAA, gibberellic acid, and other
organic acids that can solubilize and transform
nutrients present in soils. Some salt-tolerant
endophytes have been reported to show similar
mechanisms to PGPR for salt tolerance (Thijs et al.,
2014). Research revealed that Bacillus foraminis and
Bacillus gibsonii tolerated up to 7.5% NaCl (Arora et
al., 2014). However, future researches should focus on
salt-tolerant  bacteria and their application to
agricultural fields to avail success in this potential area.

iii. Mycorrhiza

Mycorrhiza is the symbiotic association between
roots of higher plants and fungi. Mycorrhiza is known
for mobilization and solubilisation of nutrients even
under saline environment. Reports are available on the
beneficial impact of mycorrhiza such as improved
mobility and availability of nutrients (Zn**, Cu®*, P*)
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in soils (Chang et al., 2018). Vesicular arbuscular
mycorrhizae (VAM) generally helps in solubilization
of phosphate and P supply to plant roots in salt-affected
soils because phosphate remains in precipitated forms
due to presence of Ca®*- and Mg**-based carbonate
salts (Zhu et al., 2016). Other mechanism related to
mycorrhizal action to salt-tolerance is the control of
abscisic acid accumulation under osmotic stress (Auge
etal., 2015).

iii. Cyanobacteria

Cyanobacteria are gram negative, prokaryote,
autotrophic, and blue-green bacteria. They can survive
in extreme environments including under highly saline
condition, and improve soil quality (Rossi et al., 2017).
Mostly cyanobacteria were utilized as biofertilizer. It is
a challenge to remove salts from soil using
cyanobacteria in terms of quantity, but the use of
cyanobacteria in association with salt-tolerant plants
helps to increase the quantity of removed salts (Jesus et
al., 2015). The main mechanisms employed by
cyanobacteria are N-fixation, high biomass production,
and extra-cellular polymeric substances (EPS)
production that help the microorganisms to survive
under salt stress conditions.

The cyanobacterial genera which were used in
different pot and field studies include Anabaena,
Nostoc, Calothrix, and Spirulina (Li et al., 2019). Soil
pH and EC were decreased (Singh and Singh, 2015),
while soil fertility and soil enzyme activities were
improved using Nostoc ellipsosporum HH- 205 and
Nostoc punctiforme HH-under saline soil of India
(Nisha et al., 2018). Additionally, Anabaena laxa
RPANS8 showed 21-times higher acetylene reducing
activity under salt stress condition, which was an
indication of N-fixation (Babu et al., 2015). Similarly,
the intracellular trehalose content of Anabaena
fertilissima increased significantly under mmol NaCl
concentration (Swapnil and Rai, 2018).

CONCLUSION

The exploration of the physiological and molecular
mechanisms underlying halophytes' adaptation to high
salinity environments has provided valuable insights
into the strategies employed by these plants to thrive
under extreme conditions. This knowledge holds
significant potential for enhancing the salinity
tolerance of non-halophytic crop plants, thereby
contributing to sustainable agriculture in salt-affected
areas. By unraveling the involved mechanisms through
which halophytes maintain ion homeostasis, osmotic
adjustment, and antioxidant defense systems,
researchers can identify key genes and regulatory
pathways involved in salt tolerance. This understanding
opens up avenues for genetic engineering and breeding
approaches to introduce these salt tolerance traits into
conventional crops. Furthermore, the genetic diversity
present in halophytes offers a vast pool of potential
genes and alleles that can be incorporated into crop
plants. By harnessing this genetic variation, researchers
can develop crop varieties with improved salt
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them to thrive in saline
expanding agricultural land
usability. The application of halophyte-derived
knowledge and techniques can also aid in the
reclamation of salt-affected soils. By utilizing organic
and inorganic amendments, as well as beneficial soil
microorganisms identified in halophytes, it is possible
to improve soil properties, such as bulk density,
aggregate stability, hydraulic conductivity, and pH,
while  reducing  electrical ~ conductivity  and
exchangeable sodium percentage.

tolerance, enabling
environments  and
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