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OPEN ACCESS 

ABSTRACT 

This review article summarises the role of membrane transporters and their regulatory kinases in 
minimising the toxicity of Na+ in the plant under salt stress. The salt-tolerant plants keep their 
cytosolic level of Na+ up to 10–50 mM. The first line of action in this context is the generation 
of proton motive force by the plasma membrane H+-ATPase. The generated proton motive 
force repolarises the membrane that gets depolarised due to passive uptake of Na+ under salt 
stress. The proton motive force generated also drives the plasma membrane Na+/H+ antiporter, 
SOS1 that effluxes the cytosolic Na+ back into the environment. At the intracellular level, Na+ 

is sequestered by the vacuole. Vacuolar Na+ uptake is mediated by Na+/H+ antiporter, NHX, 
driven by the electrochemical gradient for H+ , generated by tonoplast H+ pumps, both 
H+ATPase and PPase. However, it is the expression of the regulatory kinases that make these 
transporters active through post-translational modification enabling them to effectively manage 
the cytosolic level of Na+ , which is essential for tolerance to salinity in plants. Yet our 
knowledge of the expression and functioning of the regulatory kinases in plant species differing 
in tolerance to salinity is scant. Bioinformatics-based identification of the kinases like OsCIPK24 
in crop plants, which are mostly salt-sensitive, may enable biotechnological intervention in 
making the crop cultivar more salt-tolerant, and effectively increasing its annual yield. 

Keywords: Na+/H+ antiporter, NHX-Na+/H+ ion exchanger, OsCIPK24, phosphorylation, plasma 
membrane H+-ATPase, salinity, salt overly sensitive 1, vacuolar H+-ATPase. 

Introduction 

Salinity is a major abiotic stresses that greatly affects plant growth resulting in loss in crop 
production. The concern for agriculture is not just the natural occurrence of saline soils, but 
also the increasing salinisation of the agricultural lands threatening the crop production in 
future. The agricultural lands in the coastal zone in addition are also affected by intrusion of 
sea water during cyclones and carrying of the ocean aerosols far inland. According to one 
estimate, more than 80 million ha of agricultural land, representing 40% of total irrigated 
land over the world, are affected by salinisation (Xiong and Zhu 2001). Further, more than 
50% of all arable lands are likely to be affected soil salinisation by 2050 due to excessive 
ground water irrigation and climate change resulting in sea water intrusion in the coastal 
zones because of the rise in sea level (Wang et al. 2003; Smajgl et al. 2015). 

The subject has been reviewed extensively (Munns and Tester 2008; Shahid et al. 2018; 
van Zelm et al. 2020; Chen et al. 2021) and it is now quite clear that salt tolerance is a 
quantitative trait with a complex phenomenon working at several levels of the cellular 
metabolic events. Nonetheless, salt tolerance can be broadly categorised as the ability of 
plants to reduce the effects of the osmotic and ionic stresses of a saline soil (Munns and 
Tester 2008). Exposure of the plants to high external salinity leads to change in the 
electrochemical gradient across the plasma membrane favouring passive transport of 
Na+ from the external environment into the root cytoplasm through ion transporters 
and channels, including the non-selective cation channels (NSCCs), high-affinity potassium 
transporters (HKTs) and H+/K+ symporters (HAKs). Any build-up of Na+ in the cytoplasm 
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influences cellular metabolism by inhibiting enzyme 
activities, although the exact mechanism of the toxicity 
remains uncertain (Møller and Tester 2007; Munns and 
Tester 2008). Salt tolerance is thus avoidance of 
dehydration stress in the initial response to an increase in 
soil salinity, and avoidance of ion toxicity over time. 
However, it is difficult to draw a clear boundary between 
the two phases of the stress, particularly when the plant is 
exposed to high salinity (Munns and Tester 2008). Rather, 
a significant overlap between the response to the two 
stresses, including the early and downstream signalling has 
been suggested (van Zelm et al. 2020). 

Even after decades of research on understanding the 
mechanism of salt tolerance, the scientific community has 
rarely been able to apply these efforts to bring salt affected 
agricultural lands under effective cultivation. The mechanism 
of salt tolerance has been reviewed many times covering 
various aspects. These include reviews mainly providing 
information on Na+ and K+ transport, ion relation and 
tissue tolerance (Møller and Tester 2007; Munns and Tester 
2008; Roy et al. 2014; Munns et al. 2016; Almeida et al. 
2017; van Zelm et al. 2020; Zhao et al. 2020; Chen et al. 
2021) and osmolyte accumulation and osmotic adjustment 
(Roy et al. 2014; Munns et al. 2020; Zhao et al. 2020; 
Chen et al. 2021) along with molecular understanding of 
the process. Several reviews also provide information on the 
genes involved in salt stress sensing, response and signalling 
and their transcription regulation (Osakabe et al. 2013; Hanin 
et al. 2016; Almeida et al. 2017; Ismail and Horie 2017; 
van Zelm et al. 2020; Zhao et al. 2020; Chen et al. 2021; 
Ponce et al. 2021). Studies of functional analysis of genes 

involved in salt tolerance and molecular breeding and 
genetic manipulation of plants for salt tolerance have also 
been reviewed (Møller and Tester 2007; Roy et al. 2014; 
Hanin et al. 2016; Ismail and Horie 2017; van Zelm et al. 
2020; Chen et al. 2021). 

However, the importance of the work on post-translational 
modification of proteins post-signal perception and their role 
in salt tolerance has relatively remained unclear. Hence, the 
aim of this review is to bring to the notice of the readers 
the diversity and the importance of protein phosphorylation 
in salt tolerance in plants focusing only on the proteins 
involved in Na+ uptake, transportation and sequestration. 

Na+ uptake and toxicity 

NSCCs, HKTs and HAKs are the primary routes of entry of Na+ 

inside the plant cells. The Na+ taken up passively finds its way 
to the xylem following both symplastic pathway using the 
plasmodesmata route and apoplastic pathway using the route 
through the cell wall and the intracellular spaces (Plett and 
Moller 2010; Adams and Shin 2014) (Fig. 1). The symplastic 
pathway is primarily used to cross the hurdle of the Casparian 
strips and suberin layers on the endodermis, but in certain 
plants, such as rice (Oryza sativa L.), the apoplastic flow 
may contribute to as much as 50% of the total Na+ uptake 
(Yeo et al. 1987; Ochiai and Matoh 2002). Endodermal tissue 
adjacent to stele is an important regulatory site for apoplast 
and transcellular transport because of the deposition of 
suberin and lignin. 

Once inside the xylem, Na+ moves to different parts of 
shoots along with the water moving to the shoots as a 

Fig. 1. Na+ ion regulation in plant system under salt stress through ion transport channels. 
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result of the transpirational pull. While plants systematically 
work towards minimising the entry of Na+ into the 
xylem through the symplast, they have also developed 
mechanisms to retrieve back the Na+ ions out of the xylem 
restricting their movement into the sensitive aerial tissues 
and simultaneously facilitating their sequestration and 
accumulation primarily in the root tissues (Tester and 
Davenport 2003; Munns and Tester 2008; Almeida et al. 
2017). A low level of accumulation of Na+ in shoots and its 
sequestration in roots are facilitated in Arabidopsis thaliana 
L. by AtHKT1 that unloads the ion from the xylem in root 
for preventing the movement of the ion to the shoot tissues 
(Almeida et al. 2017). The preferential expression of the 
plasma membrane-bound OsHKT1;5/OsHKT8 (locus SKC1) 
in the parenchyma cells surrounding the xylem vessels in 
rice (Ren et al. 2005; Kobayashi et al. 2017) eloquently 
speaks of its role in Na+ partitioning between roots and 
shoot (Almedia et al. 2017), although a recent study 
(Alnayef et al. 2020) has questioned a direct role of the 
transporter in removal of the ion, and suggested its 
expression to be linked to feedback regulation of other ion 
transporters for removal of Na+ from the xylem. Alnayef 
et al. (2020) also observed that the changes in the expression 
of OsHKT1;5 leads to alter the activity of the transporters 
that are involved in acquisition and homeostasis of K+ and 
Ca2+ . Besides prevention of the salt toxicity through cellular 
sequestration of Na+ and its efflux from the root cells, 
examples of plants do exist where the protection against 
the ion occurs either by the exclusion of salt through the 
leaves, as in the recretohalphytes, Limonium bicolor (Bunge) 
Kuntze (Deng et al. 2015; Yuan et al. 2015), or its temporary 
storage in the bladder before getting excreted out upon 
encountering strong wing, as in Chenopodium quinoa 
Willd. (Kiani-Pouya et al. 2017; Bohm et al. 2018) (Fig. 1). 
In C. quinoa genotypes contrasting for salt tolerance, it has 
also been specifically demonstrated that under saline 
conditions, the salt-tolerant Q16 is able to keep the slow 
(SV) and fast (FV) tonoplast channel activity much lower 
compared with the salt sensitive Q5206 in order to prevent 
the leakage of Na+ accumulated in the vacuole (Bonales-
Alatorre et al. 2013b). However, by and large, irrespective 
of the mechanisms involved, the ultimate objective in the 
prevention of salt toxicity in plants is the prevention of 
tissue accumulation of Na+ in the aerial part. 

The key factors in salt tolerance 

Research over the years have revealed that principal 
component of salinity stress is protection against Na+ toxicity 
(Pardo et al. 2006). A minimal accumulation of Na+ in the 
cytoplasm is the primary requirement by the plant for 
tolerance to salinity, as Na+ entering into the cells interferes 
with essential cytosolic metabolic enzymes by replacing K+ 

that is required for their functional activity as a cofactor 
(Duggleby and Dennis 1973). Thus the disturbances in K+ 

homeostasis due to its replacement by Na+ creates essential 
metabolic process impairment in the root and shoot tissue 
(Marschner 1995; PPI – Potash and Phosphate Institute 
1998). Firstly, a low level of cellular accumulation of Na+ in 
plants challenged by salt is achieved by minimisation of 
entry of the ion into the cytoplasm via the ion channels and 
transporters and exclusion or efflux of the cytoplasmic Na+ 

into the external milieu. Secondly, excessive cytoplasmic 
Na+ is sequestered into the vacuole through an active ion 
transport mechanism operating at the tonoplast, a mechanism 
also referred to as tissue tolerance (Munns and Tester 2008). In 
root cells, this would minimise its transport to the younger 
tissue. Nevertheless, tissue tolerance to Na+ is also observed 
in leaves where they accumulate the ion to a high level and 
excrete it into the environment (Bonales-Alatorre et al. 
2013a; Deng et al. 2015; Yuan et al. 2015). Another important 
factor in salt tolerance is the requirement of maintenance of 
optimum negative cytosolic osmotic potential to facilitate 
water uptake and prevent dehydration stress, and this is 
achieved by the biosynthesis and accumulation of compatible 
osmolytes in the cytoplasm (Peleg et al. 2011). The 
requirements under these categories for tolerance to salinity 
may vary from species to species, but these are operated 
simultaneously in the plant for survival under saline 
environment (Munns and Tester 2008; Roy et al. 2014; Pires 
et al. 2015). The cellular sequestration mechanism of the 
ions works in the aerial tissue as well (Fig. 1). 

Essential membrane transporters operating in 
salt tolerance 

Plants have developed a variety of mechanisms to keep the 
level of Na+ to minimal in the cytoplasm. The first ever 
proof of the genetic control of salt tolerance came from the 
forward genetic approach in which mutants of Arabidopsis 
generated by ethyle methane sulfonate and were tested for 
their salt hypersensitivity (Wu et al. 1996). Several mutants 
allelic to each other, named salt overly sensitive 1 (sos1), 
were identified and the SOS1 gene was mapped to 
chromosome 2 (Wu et al. 1996). Later on, the map-based 
cloning revealed that SOS1 encodes a plasma membrane-
bound antiporter protein, Na+/H+ (Shi et al. 2000, 2002). 
Thus, the first level of protection against salt stress in the 
plant is at the level of the root by SOS1, which effluxes the 
Na+ entering into the root, particularly at the root tip 
where its expression has been observed in the epidermal 
cells (Shi et al. 2002; Shabala et al. 2005; Pardo et al. 
2006). The role of SOS1 in the net exclusion of Na+ and its 
importance in salt tolerance is reflected from enhanced 
efflux of the ion in the salt-tolerant poplar species compared 
with the salt-sensitive ones when plants were exposed to NaCl 
(Sun et al. 2009). The importance of SOS1 in salt tolerance is 
realised from the fact that Arabidopsis overexpressing SOS1 
shows increased salt tolerance (Shi et al. 2003). In addition, 
support for the role of SOS1 salt tolerance also comes from 
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the down regulation of its expression in Thelluuingiella 
halophila (TNGHA – https://gd.eppo.int/taxon/TNGHA) 
that converted the halophyte to a salt-sensitive plant (Oh 
et al. 2007). Furthermore, grapevine (Vitis vinifera L.) 
overexpressing SOS1 was also found to maintain a lower 
cellular Na+ content and showed higher tolerance to salinity 
compared with the wild-type (Upadhyay et al. 2012), clearly 
indicating the cellular exclusion of the ion to be an important 
mechanism of salt tolerance in plants. In addition to 
expression at the root tips, SOS1 also expresses in the inner 
tissues roots, primarily in parenchyma and pericycle cells 
surrounding the vasculature, suggesting its role in the 
regulation of long-distance transport of Na+ in plants from 
root to shoot as well via xylem (Shi et al. 2002; Pardo et al. 
2006). In stem and petiole, the expression of SOS1 is primarily 
confined to the parenchyma cells neighbouring the xylem 
vessel. It has been suggested that SOS1 plays a dual role in 
Na+ transport where it serves to load the ion into the xylem 
at low or moderate salt stress and it retrieves the ion from 
the xylem in root at severe salt stress (Shi et al. 2002). The 
purpose of such dual role of SOS1 is to facilitate the 
accumulation of Na+ in the leave tissues at low salt stress 
and to restrict movement of Na+ to shoot through xylem 
vessel to prevent its rapid accumulation in the leaves and 
other aerial tissues at high salt stress (Shi et al. 2002; Pardo 
et al. 2006). The role of SOS1 in the long-distance transport 
of Na+ also comes from the transgenic experiments in which 
the tobacco (Nicotiana tabacum L.) plant overexpressing 
SbSOS1 showed enhanced loading of Na+ into the xylem 
besides showing an increase in tolerance to salinity (Yadav 
et al. 2012). In addition to the role of SOS1 in the transport 
of Na+ across the cell membrane, its role has also been 
indicated as a possible sensor of the cytoplasmic level of 
the ion through it’s the long cytoplasmic tail, although the 
mechanism is not yet clear (Shi et al. 2000). 

Vacuolar Na+/H+ antiporter 

The second level of protection against salt stress is through 
sequestration of Na+ in the cellular vacuole mediated by 
another Na+/H+ antiporter, NHX, located in the tonoplast, 
and is a critical feature of salt tolerance in plants. The concept 
of the existence of Na+/H+ antiporter in the tonoplast was 
developed more than three decades ago by the observation 
of Na+-dependent change in pH of the tonoplast vesicles 
isolated from the storage tissue of Beta vulgaris L. 
(Blumwald and Poole 1985). However, the identity of the 
vascular Na+/H+ could only be established when the data 
bank of ESTs and the data on the whole-genome sequencing 
of Arabidopsis were available. AtNHX1 was the first cloned 
tonoplast Na+/H+ exchanger that was reported (Gaxiola 
et al. 1999), and currently at least six such exchangers have 
been annotated from the Arabidopsis genome sequence. 
Sequestration of Na+ in the vacuole ensures that its 
concentration in the cytoplasm lies in the range of 10–30 mM 

(Munns and Tester 2008), as enzymes are sensitive to Na+ and 
the activity of most of the enzymes starts getting inhibited at 
100 mM NaCl, or even lesser concentration (Greenway and 
Osmond 1972; Flowers and Dalmond 1992). It has been 
observed that the expression of NHX1 and the capacity of 
Na+ sequestration in the vacuoles is greater in the salt-
tolerant cultivars of wheat (Triticum aestivum L.) compared 
with the salt-sensitive ones (Cuin et al. 2011), eloquently 
speaking for the important role of the transporter in salt 
tolerance in plants mediated by sequestration of Na+ in 
the vacuole. In addition, overexpression of AtNHX1 in 
Arabidopsis thaliana and other plants has also been found 
to increase salt tolerance in the plant with increased Na+ 

compartmentation in the vacuole (Apse et al. 1999; Zhang 
and Shi 2013). Several exhaustive reviews on research on 
NHX supporting its role in salt tolerance in plants can be 
referred (Zhang and Shi 2013; Almeida et al. 2017; Assaha 
et al. 2017) that establish NHX as one of the most 
important effectors imparting salt resistance features to 
plants. 

High affinity K+ transporter (HKTs) 

The movement of Na+ inside the plant after the entry of the 
ion through the root is also controlled and regulated by a 
high-affinity potassium transporter (HKT) group of trans­
porters, which primarily have two functions. In contrast 
to the current understanding of the role of HKT in the 
maintenance of cellular ion homeostasis, the first function 
of HKT in plant was considered earlier to be linked to 
transport of K+ , as the name suggests (Schachtman and 
Schroeder 1994). It was also observed that the uptake of K+ 

by the wheat root, HKT1 was activated by micromolar 
concentration of Na+ and that at a high external concen­
tration of Na+ the uptake of K+ was blocked and low-
affinity Na+ uptake started, indicating an important role of 
HKT in Na+ uptake and toxicity in plants (Rubio et al. 1995). 
HKTs are active at the plasma membrane and are permeable 
only to Na+ or both Na+ and K+ (Schachtman and Schroeder 
1994; Rodríguez-Navarro and Rubio 2006). The number of 
members in HKTs family varies with plant species. While 
Arabidopsis has a single member, AtHKT1;1, permeable 
only to Na+ (Uozumi et al. 2000), rice comprises seven to 
nine members depending on the cultivar (Garciadeblás et al. 
2003) of which OsHKT4 (OsHKT1;1), OsHKT6 (OsHKT1;3) 
and OsHKT8 (OsHKT1;5) are permeable only to Na+ 

and OsHKT1 (OsHKT2;1) functions as Na+–K+ symport 
(Garciadeblás et al. 2003; Jabnoune et al. 2009). The 
functional role of a few of the OsHKTs has been elucidated, 
like OsHKT2;1 mediates influx of Na+ into roots under the 
condition of K+ starvation acting as Na+–K+ symporter 
(Horie et al. 2007), OsHKT1 (OsHKT2;1) and OsHKT4 
(OsHKT1;1) are high affinity and low-affinity Na+ trans­
porters, respectively, that facilitates uptake of the ion by 
root (Garciadeblas et al. 2003), OsHKT4 (OsHKT1;1) may 
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also function as xylem transporter removing Na+ from 
xylem sap in roots and leaf sheaths (Garciadeblás et al. 
2003; Suzuki et al. 2016; Kobayashi et al. 2017), OsHKT8/ 
SKC1 (OsHKT1;5) functions in retrieval of Na+ from xylem 
apoplastic space by the xylem parenchyma in root and leaf 
sheath (Kobayashi et al. 2017) and Na+ exclusion in phloem 
parenchyma cells at the basal nodes (Kobayashi et al. 
2017), and OsHKT2;2 (OsHKT2) drives Na+-dependent K+ 

uptake in root (Horie et al. 2007; Brini and Masmoudi 
2012). The functional significance of other HKTs has not 
been elucidated so far. 

Unlike HKTs, Na+/H+ antiporter, whether SOS1 or NHX, is 
functionally driven by the development of trans-membrane 
H+ gradient that is built up by the cells in the direction oppo­
site to the movement of Na+; i.e. the direction of movement of 
Na+ is dependent on the difference in the concentrations of 
free Na+ and H+ across the membrane and the transport 
of Na+ across the membrane occurs towards lower the 
acidic environment (Martinoia et al. 2007; Munns and 
Tester 2008). The H+ gradient across the plasma membrane is, 
however, achieved by two different classes of membrane-
bound enzymes; across the plasma membrane the pH 
gradient is achieved by the plasma membrane-bound 
H+ATPase, PM-H+ATPase, EC 3.6.1.35, and that across the 
tonoplast the function is fulfilled by the tonoplast-bound 
H+ATPase, V-H+ATPase, EC 3.6.1.34 and H+pyrophosphatase, 
V-H+PPase, EC 3.6.1.1 (Martinoia et al. 2007). The proton 
gradient generated across the tonoplast by the V-H+ATPase 
and V-H+PPase enables the vacuoles to serve as reservoirs 
for metabolites and ions necessary for the maintenance of 
general cell homeostasis and detoxification of cytoplasm 
(Taiz 1992; Martinoia et al. 2007). Both V-H+ATPase and 
V-H+PPase although have a similar function, structurally 
they are much different. While the former is comprised of 
multiple subunits with complex organisational structure 
(Sze et al. 2002), the latter is a single polypeptide (Martinoia 
et al. 2007). The importance of both the enzymes has been 
indicated in salt tolerance by overexpression of ‘c’ and ‘E1’ 
subunits of V-H+ATPase and V-H+PPase as a whole in 
Arabidopsis (Gaxiola et al. 2001; Zhou et al. 2016; Dabbous 
et al. 2017) with the plant overexpressing them showing 
higher salt tolerance than the wild-type. 

CCC chloride-cation co-transporter 

Although the efforts on understanding the mechanism of 
salt tolerance has remain largely centred on the cation 
transporters, the importance of the transporter facilitating 
movement of both cation and anion together, like cation 
chloride co-transporters (CCC) for co-transport of Cl−, Na+ 

and K+ has been recognised (Colmenero-Flores et al. 2007; 
Ishikawa et al. 2018). Based upon the mechanism and 
preference of symport for the combination of ions, CCC can be 
broadly divided into three categories: (1) K+:Cl− transporter, 
known as KCC group; (2) Na+:Cl− transporter known as NCC 

group; and (3) Na+:K+:Cl− co-transport, known as NKCC 
group. All these three members share the absolute 
requirement of Cl− and at least one cation (Na+ or K+) for 
its symport. The symport mechanism of Na+:K+:2Cl− is 
completely electroneutral or electrically silent (Geck et al. 
1980; Russel 2000). It has been shown that CCC is 
preferentially expressed at symplast/xylem boundary in 
Arabidopsis (Colmenero-Flores et al. 2007), which suggests 
its importance in the long-distance ion transport. The 
functional significance of CCC in Na+:Cl− symport is 
recognised from the fact that efflux of Na+ from barley 
(Hordeum vulgare L.) stelar root gets significantly reduced 
due to the presence of the inhibitor bumetanide known to 
inhibit mammalian CCC (Zhu et al. 2017). In addition, it 
has also been reported that RNAi lines for CCC in rice 
accumulate less K+ compare to wild-type plant, indicating 
its significant role in K+ homeostasis as well (Kong 
et al. 2011). 

The regulatory mechanism regarding CCC through the 
phosphorylation process (post-translational regulation) is 
still scant for the plant kingdom. There are few reports are 
available for NKCC in the animal kingdom where the 
activity of NKCC is regulated by phosphorylation mechanism. 
Although the effector regulatory kinase is still not 
characterised (Lytle and Forbush 1992; Lytle 1997). 

NaCl signalling 

The regulatory role of biomolecules, primarily proteins, 
starts at sensing the presence of excess Na+ in the external 
milieu, although excess is only a relative term when 
referred to in the context of glycophytes or halophytes. It is 
widely presumed that the perception of salinity stress in the 
environment happens as ionic stress, as the salt components 
are ionic, but mechanisms for sensing Na+ that are present 
mainly in animal, like Na+ selective ion channels and Na+ 

transporters (Maathuis 2014). However, the evidence of the 
presence of Na+ sensing mechanism does come from the 
halotropism observed in the root growth direction that is 
away from and specific to Na+ (Galvan-Ampudia et al. 2013). 
Besides, some other details on Na+ sensing mechanisms at the 
plasma membrane level are also available (Maathuis 2014; 
van Zelm et al. 2020). One among them is the Ca2+ wave-
based where it has been shown that the moca1 (monocation­
induced [Ca2+] increases 1) mutant of Arabidopsis does 
not show early calcium wave response to the monovalent 
ions like Na+, K+ and Li+ (Jiang et al. 2019). MOCA1 is a 
glucuronosyltransferase that leads to the production of 
glycosyl inositol phosphorylceramide (GIPC) sphingolipids 
at the plasma membrane that upon binding with the 
monovalent ions supposedly binds Ca2+ channel and open it 
to produce a wave of Ca2+ as the response (Jiang et al. 
2019; van Zelm et al. 2020). Furthermore, the generation and 
propagation of long-range waves of calcium are exclusively 
induced by high salt, not by osmotic stress, and the 
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response is almost instantaneous; the wave is initiated as early 
as 10 s after salt application and propagate throughout the 
plant system, including the leaves, within 30 s (Choi et al. 
2014). Hence, although it is difficult to draw a clear 
boundary between osmotic and ionic phases of the salt 
stress, it is can be said with surety that the stress is a due to 
the excess of monovalent ions in the environment. The 
other well-documented mechanisms of Na+ sensing studied 
in some detail is that mediated by the receptor-like kinases 
(RLKs), which function by phosphorylating the intracellular 
serine/threonine kinase for the transduction of the 
extracellular signals to the downstream cellular effector 
molecules (Osakabe et al. 2013). Genome sequencing has 
revealed the presence of more than 600 RLK members in 
Arabidopsis and 1100 members in rice with the leucine-rich 
repeat constituting the largest group (Shiu and Bleecker 
2001a, 2001b; Gish and Clark 2011). Not all these are 
involved in environmental signalling, they function in 
developmental processes as well. The possible role of RLKs 
in salt stress signalling, or abiotic stress signal transduction 
in general, is indicated from their responsiveness to the 
applied environmental stress in terms of expression. Any 
physical interaction of the abiotic factors with RLKs leading 
to sensing and transduction of the signal has not been 
reported so far. However, their important role in salt 
tolerance is evident from the biotechnological approaches, 
such as the alleviation of root growth inhibition in 
Medicago roots subjected to salt stress in transgenic roots 
with RNAi-mediated down-regulation of a salt-inducible 
LRR-RKL gene (SRLK), indicating a negative regulatory role 
(de Lorenzo et al. 2009). In contrast, however, Ouyang 
et al. (2010) reported a positive regulatory role of RLK in 
which it was observed that a salt- or drought-inducible 
gene, O. sativa stress-induced kinase gene 1 (OsSIK1) when 
overexpressed increased salt tolerance in the plant (rice), 
and the reason was attributed to a reduction in the 
accumulation of ROS with a concomitant increase in the 
ROS scavenging enzymes like peroxidases, superoxide 
dismutases and catalases. Thus, although RLKs have been 
reported to play important role in abiotic stress tolerance in 
plants, including salt stress, the functional details are little 
understood, making it a subject of further investigation. 

The two-component signalling system, Histidine (His)­
Aspartate (Asp) phosphorelay, has also been reported to 
sense and transduce the abiotic stress signal through 
phosphorylation (Tran et al. 2007; Jeon et al. 2010; Pham 
et al. 2012). In Arabidopsis, HKs have been categorised into 
two groups: one group, including ETR1, ERS1, AHK2, 
AHK3 and AHK4 functions as the receptors of the plant 
hormone ethylene and/or cytokinins (Schaller et al. 2008), 
while the other group forms the non- hormonal receptors, 
including AHK1, AHK5 and AKH4/CKI1 (Tran et al. 2007; 
Osakabe et al. 2013). The signal from the receptors passed 
downstream as phosphorelay involving five AHPs, the 
histidine-containing phosphotransmitter and numerous 

response regulators (ARRs), which are comprised of type-A 
and type-B ARRs that execute the perceived signal in the 
form of changes in gene expression or protein activity. 
Among the HKs the role of AHK1, AHK2, AHK3, AHK5 and 
CRE1 has been studied in some detail concerning abiotic 
stress response and tolerance. The possible role of AHK1 
has been related to osmotic sensing since it was discovered 
to complement deletion of SLN1, an HK (osmosensor) in 
yeast (Urao et al. 1999; Tran et al. 2007). The ahk1 mutant 
developed further revealed that many stress-inducible 
genes, like DREB, ANAC and AREB1, were down-regulated 
in the plant along with the down-regulation of the 
downstream genes, indicating that AHK1 was a positive 
regulator of the abiotic stress-responsive genes (Tran et al. 
2007). Furthermore, Arabidopsis plant overexpressing 
AHK1 showed greater tolerance to drought than the wild-
type, and the ahk1 knockdown mutants exhibited severe 
sensitivity to drought stress, but the mutants were more 
sensitive to salinity stress than the wild-type, indicating 
that salt and drought tolerance follow different root 
somewhere in the signal transduction pathway (Tran et al. 
2007). In contrast to AHK1, the AHK2 and AHK3 
knockdown mutants were highly tolerant to both drought 
and salinity, and the ahkt2 ahk3 double mutants were even 
more tolerant, indicating their negative regulatory role in 
salt tolerance in oppose to AHK1 (Tran et al. 2007). The 
negative regulatory role in salt tolerance has also been 
demonstrated for AHK5 by generating its loss of function 
mutant ahk5 that conferred tolerance to high salinity to 
Arabidopsis, opposite to the non-hormonal HK receptor 
AHK1 (Pham et al. 2012). Thus, among the HKs, only AHK1 
appears to be a sensor to drought stress, and others appear to 
perceive hormonal signal from other environmental factors, 
including abiotic and biotic, and could be involved in 
integrating multiple stress responses. The nature of signal 
perception for abiotic factors, however, remains unknown, 
including that of AHK1, which is reported to perceive 
osmotic stress. Nevertheless, AHK1 could be considered to 
be involved in salt stress signalling as the initial phase of 
salt stress is osmotic stress and the ahk1 mutant Arabidopsis 
becomes highly susceptible to salt stress compared with the 
wild-type (Tran et al. 2007). Furthermore, the knockout 
ahkt2 and ahkt3 showed down-regulation of expression of 
the type-A ARR4 and ARR7, suggesting their suppression of 
expression might overcome the negative regulatory role 
of AHKT2 and AHKT3 leading to enhanced salinity tolerance 
of the genetically modified plants (Tran et al. 2007). As a 
piece of circumstantial evidence to the supposition, the loss of 
function of ARR1 and ARR12 has been reported to enhance 
salt tolerance (Mason et al. 2010), similar to that of ARR4 
and ARR7 (Tran et al. 2007). Overall, the collective reports 
support the premise that cross-talk between hormone and 
stress signalling networks plays an important role in plant 
stress response in which MOCA1 could be playing an 
important role. In all probability, it appears that the Na+ 
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sensing mechanism works intracellular when Na+ enters 
through the HKTs and NASCs into the cytoplasm, which of 
course has not been elaborated so far (Ponce et al. 2021). 
The suggestion of the intracellular sensing of Na+ level is 
primarily based on the increase in the cytosolic level of 
Ca2+ in plants under salt stress (Gupta and Shaw 2021a) 
needs further experimental support. Further, the mechanism 
of binding of the GIPCs to the monovalent ions followed 
by their interaction with the Ca2+ channel is not yet 
sufficiently clear to demonstrate external sensing of Na+ . 
However, it has been found that the propagation of the Ca2+ 

wave is facilitated by two-pore channel 1 (TPC1), which is 
tonoplast bound facilitating release of Ca2+ from the 
vacuole (Choi et al. 2014; Evans et al. 2016). Evans et al. 
(2016) further reported that ROS production by AtBROHD 
(Arabidopsis respiratory burst oxidase homologue D) 
mutually assists to amplify the Ca2+ wave transmission 
originated from TPC1-mediated Ca2+ releases. 

Phosphorylation as the determinants of salt 
tolerance 

The role of the effectors stated above, including SOS1, NHX1, 
PM-H+ATPase, V-H+ATPase, and HKTs in uptake, transport 
and sequestration of Na+ is well demonstrated, as is evident 
from the references cited. However, the research over the 
years has also indicated that the process of salt tolerance is 
quantitative; i.e. salt tolerance in plants is achieved by 
several intracellular biochemical events, besides the acts of 
the effectors, and phosphorylation of the effector proteins is 
one such event. The entire process is not so simple. Barring 
HKTs, the functioning of all other effectors are regulated 
through various biochemical processes. Many articles are 
documenting the regulatory mechanism of transporters like 
PM H+-ATPase, V-H+-ATPase, SOS1 and NHX1 through 
phosphorylation through kinases, which is a key factor in 
their functioning under saline stress conditions (Qiu et al. 
2004; Klychnikov et al. 2007; Fuglsang et al. 2010; Brini 
and Masmoudi 2012; Ji et al. 2013; Fuglsang et al. 2014) 
(Fig. 1). 

Phosphorylation of plasma membrane 
H+ ATPase 

As the name suggests, PM-H+ATPase is a plasma membrane-
bound enzyme, and it catalyses the breakdown of ATP that 
occurs on the cytoplasmic side. It is a single polypeptide 
unit comprised of 948 amino acid residues, but it is 
integrated into the membrane with the help of 10 trans-
membrane α-helical hydrophobic segments with most of the 
remaining mass, including both N-terminal and C-terminals 
remaining exposed to the cytoplasm (Falhof et al. 2016). 
During the breakdown of ATP, H+ is exported outside the 
cell into the apoplast and environment, the reverse of ATP 
synthesis in which the flow of H+ occurs from the matrix to 

the outer compartment of the mitochondria while throwing 
H+ outside the cell. The PM-H+ATPase not only generates a 
trans-membrane gradient of protons (acidic outside), it also 
leads to the establishment of electrical gradient; i.e. 
membrane potential (inside negative and outside positive). 
The proton motive force generated by the PM-H+-ATPase, a 
P-type ATPase, contributes towards the transport of various 
ions and also organic molecules like sugar and amino acids 
across the plasma membrane that are required for various 
biochemical and physiological events including opening 
and closing of stomata, cell growth, nutrient uptake 
through the root and movement of ions from root to shoot 
and nutrients from shoot to root through xylem and phloem 
(Blumwald et al. 2000; Gaxiola et al. 2007; Mansour 2014). 
Apart from these physiological roles, PM-H+ATPase helps 
plants adapt to salinity stress as its proton pumping 
activity, which is induced in response to exposure to 
salinity, particularly in the salt-tolerant plants, leads to 
repolarisation of the plasma membrane depolarised in the 
presence of an excess of NaCl (Mansour 2014). The proton 
motive force generated across the plasma membrane also 
drives the Na+/H+ antiporter for the efflux of the Na+ back 
to the apoplast and to the environment (Gaxiola et al. 
2007). This also implies that that the functioning of the 
PM-H+ATPase must be salt-inducible, which can be through 
the regulation of its expression. However, the functioning 
of many proteins, particularly the membrane-bound, are 
regulated by phosphorylation of their amino acid residue. 
Phosphorylation of PM H+-ATPase is a well-recognised 
way of post-translational regulation of its activity, and it 
happens by phosphorylation of the threonine (Thr) residue 
at the C-terminal end (Gaxiola et al. 2007; Mansour 2014). 
The regulatory site of the protein in Arabidopsis has been 
reported at its C-terminal end that consists of 100 amino 
acid residues, which forms the auto-inhibitory domain 
(Palmgren et al. 1991; Falhof et al. 2016). 

Phosphosite mapping of the Arabidopsis PM-H+ATPase 
(AHA1, AHA2, AHA3, AHA4/11) has revealed a total of 11 
phosphorylation site in the enzyme, including the several 
identified earlier (Niittylä et al. 2007; Rudashevskaya et al. 
2012). The phosphorylation sites were mostly in the N and 
C terminal regulatory domains and seven out of nine 
phosphosites were found identical for AHA2 in plants and 
fungi (Rudashevskaya et al. 2012). EMBL-Clustal omega 
bioinformatics sequence alignment analysis revealed 
conservation of phosphorylation sites in the PM-H+ATPase 
(AHA2 of Arabidospis) among several plants, including 
wheat, rice, maize, and tomato (Fig. 2). 

In Arabidopsis, the positive regulatory kinase enzyme 
(PSY1R) phosphorylates the protein at Thr-948 in AHA1 
and Thr-947 in AHA2 at the C-terminal end (Fuglsang et al. 
2010, 2014). However, the activation of the PM-H+ATPase 
function is not achieved merely by phosphorylation. 
The phosphorylation at the C-terminal end merely creates 
a binding site for the 14-3-3 proteins that releases 
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Fig. 2. The C-terminal protein sequence alignment file of PM H+ ATPase of Arabidopsis (AHA2) aligned with 
wheat, rice, Zea mays and tomato by clustal omega (EMBL) bioinformatics tool proving the information of 
conserved residue of Thr-947 and Ser-931 residue of phosphorylation site. 

autoinhibition of the enzyme. The binding of the 14-3-3 
proteins further pairs with another phosphorylated and 
14-3-3 protein-bound PM-H+ATPase leading to the formation 
of PM-H+ATPase-14-3-3/PM-H+ATPase-14-3-3 dimer, which 
is the active form of the enzyme (Fuglsang et al. 2007; 
Duby et al. 2009). Thus, phosphorylation of the Thr-948 
is the beginning of initiation of making the dormant 
PM-H+ATPase active enabling proton pumping to create a 
proton gradient across the plasma membrane (Fig. 3) 
(Fuglsang et al. 2010, 2014). 

Apart from activation through Thr phosphorylation, a 
study in Arabidopsis has further revealed that the activity of 
PM-H+ATPase is also regulated by phosphorylation of the 
Ser-931 residue by PKS5 kinase enzyme; the phosphorylation 
at the Ser-931 residue in AHA2 creates a steric hindrance 
for 14-3-3 interactions with PM H+-ATPase resulting in 
inactivation of the enzyme (Fig. 3) (Fuglsang et al. 2007; 
Duby et al. 2009). 

Altogether it is well proven that phosphorylation 
events regulate the activity of the plasma membrane proton 
pump, at least in Arabidopsis. The evidence of the role 
of phosphorylation in the regulation of the activity of 
PM-H+ATPase is limited in other plant species including the 

crop plants because of a lack of information on the 
regulatory kinase in them. Nevertheless, recently Gupta and 
Shaw (2021b) working with four rice cultivars, including 
Nona Bokra and Pokkali and salt-sensitive IR-64 and IR-29, 
have shown that application of salt stress dose not lead to 
an increase in the expression of PM H+-ATPase either at 
the level of protein or mRNA, but the activity level of the 
enzyme increases several folds in both roots and shoot 
tissues of the salt-tolerant cultivars compared with the 
sensitive ones concomitant with a significant increase in 
Thr-phosphorylation of the enzyme in the former compared 
with the latter, clearly emphasize an important role of 
phosphorylation in regulation of the activity of the enzyme. 
In fact, it can very well be realised that response time to 
environmental stress in terms of enhancing the function of 
the protein directly linked to alleviation of the stress, such 
as that of NaCl, should be as less as possible, and it may not 
be possible for the plant to fulfil this requirement if it relies 
on the synthesis of new proteins. Hence, keeping the level 
of an effector protein to a connotationally high level and 
regulating its function based on the requirement upon 
getting the environmental signal would be the best option. 
Therefore, a high level of expression of PM H+-ATPase in a 

Fig. 3. Regulation of plasma membrane H+ ATPase pump activity through PSY1 and PKS5 phosphorylation. 
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plant may not be the criteria for its salt tolerance. The criteria 
of salt tolerance rather would largely be the ability of the 
plant to activate the PM-H+ATPase by phosphorylating its 
Thr-residue at the C-terminal end (Kanczewska et al. 2005), 
which in the salt-tolerant cultivars of rice but not in the 
salt-sensitive cultivars (Gupta and Shaw 2021b). Thus, 
future research work on salt tolerance in terms of the 
PM-H+ATPase as a effector or the membrane-bound protein 
effectors should focus on the identification of the kinases 
that could be phosphorylating them for activation. 

Regulation of vacuolar-H+-ATPase by 
phosphorylation 

Vacuolar H+-ATPase is the proton gradient generating 
pump that is well reported at the endomembrane system 
(mainly vacuolar membrane, trans-Golgi network, and 
endoplasmic reticulum) (Ratajczak 2000). Vacuolar 
H+-ATPase is structurally composed of two sub complexes, 
V1 and V0, for which this enzyme has been categorised 
under multi-subunit structures. The peripheral V1 complex 
is an actual site for ATP hydrolysis while V0 is an integral 
membrane complex that carries out the proton transloca­
tion (Gaxiola et al. 2007). 

V-H+-ATPase maintains the cytosolic pH homeostasis that 
plays an important role in cell elongation and growth 
(Hanitzsch et al. 2007). An increase in the activity of 
V-H+ATPase has been reported in response to salt stress in 
many plants where this pump facilitates the Na+ 

sequestration in vacuole with the Na+/H+ antiporter NHX 
driven by H+ gradient generated across the tonoplast by the 
V-H+ATPase (Jiang et al. 2010; Bassil and Blumwald 2014). 
Being a multi-subunit enzyme, data on the expression of 
V-H+ATPase in response to salt stress is not expected, but 
an increase in expression through the transgenic approach 
of a few of its subunits, like V-H+ATPase A, a, C, c, D, d, 
F, G, and H subunit in response to salt stress has been 
reported (He et al. 2014). However, the regulation of the 
activity of V-H+ATPase at the level of the enzyme becomes 
more significant than that of the PM-H+ATPase, as the 
former is being a multi-subunit structure, and hence 
regulation of its activity by regulation of expression may 
not be feasible. Although not much data on the regulation 
of activity of V-H+ATPase by phosphorylation is available, 
the report of Batelli et al. (2007) demonstrating the 
interaction of Ser/Thr kinase (SOS2) with the B1 and B2 

subunit of V-H+ATPase through yeast two-hybrid experiment 
leading to stimulation of its proton pumping activity in 
Arabidopsis does support the regulation of activity of 
the enzyme by phosphorylation. However, the details of 
the amino acid residues phosphorylated are lacking. In 
addition, Klychnikov et al. (2007) reported that 14-3-3 also 
regulates the activity of V-H+-ATPase, the details are of 
course lacking. 

Regulation of SOS1-Na+/H+ activity through 
phosphorylation 

Salt overly sensitive 1 protein (SOS1) is the major Na+/H+ 

antiporter that facilitates Na+ efflux in plants. SOS1 
mediates the Na+ efflux outside of the cell into the 
environment from the epidermal tissue of the root together 
with regulating the Na+ transportation from root to shoot 
(Shi et al. 2002; Olías et al. 2009). Approximately 70–90% 
of the Na+ entering into the xylem is retrieved from 
the transpiration stream by SOS1 back into the xylem 
parenchyma for the sequestration in the vacuoles of the 
root cells via the V-H+ATPase/NHX sequestration mechanism 
(Tester and Davenport 2003; Munns 2005). The ion pumping 
activity of SOS1 is largely dependent on the proton gradient 
generated by PM H+-ATPase. SOS1 functional activity is 
regulated by the SOS2 (CIPK24: CBL-interacting serine/ 
threonine-protein kinase) and SOS3 (CBL4: Calcineurin 
B-like protein). In the presence of Ca2+ , the N-terminal of 
SOS3 gets modified through myristoylation due to the 
binding of Ca2+ in the EF-hand of SOS3. The activated SOS3 
protein interacts with CIPK 24 (SOS2) that is classified under 
SnRK (sucrose non-fermenting-related serine/threonine 
kinase) protein family. The SOS2-SOS3 protein complex 
phosphorylates the amino acid residue at the C-terminal 
site of SOS1 that leads to its activation (Pardo 2010; Brini 
and Masmoudi 2012; Hasegawa 2013; Ji et al. 2013). It has 
been shown that a mutation in the SOS2 (CIPK) kinase gene 
in the yeast system leads to disruption of SOS1 activation, 
illustrating the importance of phosphorylation for its ion 
exchange capability (Quintero et al. 2011). In a monocot 
species like rice, OsCIPK24 (LOC_Os06g40370) plays 
the major role of SOS2 (Gupta and Shaw 2021a), and its 
CDS sequence is conserved in most of the monocots 
species, including Oryza coarctata L., Oryza brachyantha L., 
H. vulgare subsp. Spontaneum, Sorghum bicolor L., Panicum 
virgatum L., Setaria viridis (L.) P. Beauv., Triticum 
dicoccoides L., T. aestivum and Zea mays L. The similarity of 
OsCIPK24 with the dicots like Glycine max L., Solanum 
lycopersicum L., and Vigna radiata L. is, however, less than 
80% and thus, it is very likely that the role of OsCIPK24 
might be being played by a different member of CIPKs, 
which is yet to be identified. 

Regulation of NHX pump through 
phosphorylation 

NHX-Na+/H+ antiporter helps in mitigating the Na+ toxicity 
through sequestration of the Na+ in the vacuole ensuring 
the concentration of the ion in the cytosol remain between 
10 and 30 mM. NHX mediates the sequestration of Na+ into 
the vacuole by utilising the electrochemical proton gradient 
in the vacuole sap that is created by V-H+ATPase and 
V-H+PPase (Jiang et al. 2010; Bassil and Blumwald 2014). 
In Arabidopsis, the activity of NHX1 is regulated through its 
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C-terminal tail by the interaction of calmodulin-like protein 
15 (AtCaM15) in the presence of Ca2+ and optimum pH 
(Yamaguchi et al. 2003). Under the control physiological 
acidic pH at the vacuolar lumen and high Ca2+ concentration, 
AtCaM15 interacts preferentially with AtNHX1 for K+/H+ 

exchange activity over Na+/H+ (Yamaguchi et al. 2003), 
but under saline stress that causes alkalisation of vacuole, 
AtNHX1 starts favouring Na+/H+ activity when compared 
to K+/H+ transport because of reduced binding of AtCaM15 
to the antiporter (Yamaguchi et al. 2003; Rodríguez-Rosales 
et al. 2009). 

The activity of NHX is regulated by the phosphorylation 
of its amino acid residues (Qiu et al. 2004). In OsNHX3 
the phosphorylation has been reported to occur at the 
residue S471 located at the C-terminus of the enzyme, and 
this residue shows conservation in several NHXs of rice, 
including OsNHX1, 2 and 4 (Bassil et al. 2012). The 
conservation of S471 residue at the C-terminus of the 
enzyme is also found in Arabidopsis NHX like NHX3, 5 and 
6 (Bassil et al. 2012). The regulation of activity of OsNHX1 
has also been proven by mutation study in which non-
synonymous mutation of serine to asparagine (S477N) leads 
to loss of the phosphorylation event in OsNHX1 that 
impairs the SOS2 interaction leading to a lower antiporter 
functional activity of the antiporter (Negrão et al. 2013). 
However, the biological role of the phosphorylation event 
at S477 is questionable as both salt-susceptible (IR29 and 
IR64) and salt-tolerant (FL478) rice varieties show mutation 
of S477 to S477N (serine to aspargine) (Negrao et al. 2013). 

Conclusion and perspectives 

Developing crop cultivars resistant to salinity is required to 
bring the salt-affected lands into productive cultivation. 
Through ion relation studies, it has been realised that the 
maintenance of a low cytosolic Na+ level is the primary 
requirement for the resistance of a plant to salinity. 

The primary factors in preventing the build-up of cytosolic 
Na+ level in plants exposed to an excess of external Na+ are the 
control of its entry into the cell, followed by its efflux and 
sequestration into the vacuoles. While the entry of the ion 
through the ion channel is reduced by repolarisation of the 
depolarised plasma membrane by efficient pumping out of 
H+ by the PM-H+ATPase, its built-in cytoplasm is further 
reduced by the action of SOS1 driven by the proton motive 
force generated by the action of the PM-H+ATPase, the 
second level of protection against prevention of accumulation 
of the ion in the cytoplasm. The third level of protection 
against the accumulation of Na+ in the cytosol is by the 
action of NHX that is driven by V-H+ATPase. The important 
role of CCC in the co-transport of Na+:Cl− and K+:Cl− has 
also been recognised. Because of the occurrence of these 
multiple levels of protection, it has not been possible to 

successfully develop or make a salt-sensitive crop cultivar 
into a salt-tolerant one, although several investigations 
have worked on the overexpression of the H+ transporters 
(PM H+ATPase and Vacuolar H+ ATPase) and the 
antiporters (NHX and SOS1) for improving salt tolerance in 
several of the crop species by the way of improving Na+ 

efflux and sequestration (Chen et al. 2021), despite Na+ 

sequestration being considered as very important since the 
leaves of the salt-tolerant plants function normally even 
after high tissue built-up of the ion (Munns and Tester 2008). 

The overexpression of these transporters has failed to 
produce the desired result probably because that their 
activity is regulated by the post-translational phosphorylation 
events. Hence, any amount of constitutional expression of 
these transporters may not provide the desired result. There 
is no need for overexpression of a protein that is available 
constitutionally at a high level in the tissue, such as that of 
PM-H+ATPase (Gupta and Shaw 2021b). However, investiga­
tions have shown that the level of Thr phosphorylation 
in PM-H+ATPase does show a significantly greater increase 
in the salt-tolerant rice cultivars compared with the salt-
tolerant ones (Gupta and Shaw 2021b). Hence, it can be 
inferred that by regulating the expression of the kinases that 
phosphorylates the effectors, other than CCC, information on 
which is scant, it could be possible to improve the salt 
tolerance of a salt-sensitive plant. However, the task is not 
straightforward. Firstly, it is necessary to understand the 
long-distance salt stress signalling mechanism, information 
on which is limited (Munns and Tester 2008; van Zelm et al. 
2020); precisely, we still lack a clear understanding of the 
perception of salt and the signalling pathway that directs an 
effector to act (van Zelm et al. 2020). Secondly, to achieve 
the goal of intervention at the level of the regulatory 
kinases, it would be necessary to identify the kinases that 
regulate the effectors. So far our information on the kinases 
phosphorylating the effectors involved in salt tolerance is 
limited. In silico approach in the direction of identification 
of the regulatory kinases of the effectors may be of great 
help. In this context, the CIPK24 and PSY1 already identified 
for their role in the phosphorylation of PM-H+ATPase and 
SOS1 in rice and Arabidopsis, respectively, may be good 
as a starting point. Biological intervention in the line of 
raising a transgenic plant engineered with the identified 
and characterised interactive kinases expressed under salt 
responsive promoter element could prove a promising and 
successful approach for converting a high yielding salt-
sensitive crop cultivar into a salt-resistance transgenic (Roy 
et al. 2014), which could lead to increase in total yield of 
the crop by bringing into the salt-affected land into cultivation. 
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