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Abstract Soil salinity is an unavoidable constraint in crop production globally.
Soil salinization is often caused by improper soil management and/or crop produc-
tion practices, which has made highly productive lands barren/unusable. Plant spe-
cies have evolved several mechanisms to cope with salinity stress. Nutrient
homeostasis is among the different mechanisms employed by plant species to with-
stand elevated salt levels in the root zone. Nutrients are the mediators of metabo-
lism, so their cytoplasmic levels need to be effusively controlled both under stressful
and benign environments. Several studies report the homeostasis of a single ion, i.e.,
sodium, potassium, or chloride. However, limited studies are available reporting the
role of nutrient homeostasis (all nutrients together) under salinity stress. This chap-
ter describes the role of nutrient homeostasis and ion channels and transporters in
salt stress tolerance of plant species. The ion efflux at plasma membrane and vacu-
olar compartmentation in response to salinity stress has been described in detail.
The impaired uptake of the nutrients is an obvious effect of salinity, mainly disturb-
ing the sodium and potassium uptake. Much of the research has been done to test the
role of different nutrients on salinity alleviation, and silicon is found to alleviate the
negative effects of salinity. The nutrient homeostasis starts from ion sensing, uptake,
transport, and activation of defense mechanisms as well as regulation of genes or
gene networks to alleviate/withstand the adverse effects of salinity. Thus, the ion
sensing, uptake, transport, and gene defense activation in response to salinity stress
have also been described comprehensively.
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17.1 Introduction

Soil and water salinity stresses are unavoidable globally as around 830-950 million
hectares of global soils are estimated to be affected by salinity (Rengasamy 2006,
2010; Ruan et al. 2010; Teakle and Tyerman 2010). Nearly half of the salt-affected
soils are sodic, where 15% of cation exchange capacity is contributed by Na* (Brady
and Weil 2008; Rozema and Flowers 2008). The chloride (Cl-), sulfate (SO4>),
carbonates (CO;>"), and bicarbonates (HCO5~) salts of different metals such as
sodium (Na*), potassium (K*), magnesium (Mg*), and calcium (Ca*") may give rise
to soil salinity; however, sodium chloride (NaCl) is the most prevalent cause of
salinity globally (Rengasamy 2002; Yadav et al. 2011).

Soil salinization is caused by improper management practices, which has made
highly productive lands barren/unusable. The Mesopotamia, different regions of
Indian and Pakistani Punjab, and the Fubei region in China are some of the exam-
ples of the areas where salinity has rendered productive lands barren (Hillel 2000,
2005; Swarajyalakshmi et al. 2003; Wang et al. 2008). The salts from deep in
groundwater are moved upward by cultivation practices (Rengasamy 2006; Brady
and Weil 2008; Yadav et al. 2011). The increased consumption of water by human
has made salinity more acute today than before (Epstein and Bloom 2005; Brady
and Weil 2008; Rozema and Flowers 2008). Out of the total available water for
human consumption, 70% is consumed by agriculture, and this amount is rising
with escalating population pressure (Hightower and Pierce 2008).

The noteworthy challenge for global agriculture is the production of an extra
70% food crops for another 2.3 billion people worldwide by the year 2050 (FAO
2009). However, the increased food demand is constrained by salinity. Over 20% of
arable land around the world is influenced by salt stress, and the area is expanding
steadily with each passing day. The crop plants could be divided into two major
groups on the basis of their adaptive response to elevated salt levels in the soil. The
first group comprises of the plants which can withstand salinity, known as halo-
phytes (Hasanuzzaman et al. 2014), whereas the second group consists of the crop
plants which are unable to tolerate the elevated salt levels and die, termed as glyco-
phytes. Thus, salinity is regarded among the most ruthless abiotic stresses, which
severely hamper the productivity of arable crops globally (Flowers 2004; Munns
and Tester 2008).

Numerous physiological and metabolic processes are significantly altered by
salinity stress. The extent of change in these processes depends on the nature of salts
and the level and duration of stress, eventually hampering crop production (James
etal. 2011; Rahnama et al. 2010; Munns 2005; Rozema and Flowers 2010). Salinity
stress creates osmotic stress, which impair plant growths at the initial phases that is
followed by ion toxicity at the later stages. Both osmotic stress and ion toxicity cre-
ate unfavorable conditions for the normal growth and development of crop plants
(James et al. 2011; Rahnama et al. 2010). High accumulation of salts at the initial
phases of plant growth decreases the water absorption capacity of roots. Similarly,
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the osmotic stress caused by salinity stress increases water loss form the leaves.
Thus salinity stress is also termed as hyperosmotic stress due to these reasons
(Munns 2005).

Osmotic stress caused by elevated salt levels induces numerous physiological
changes in crop plants. These physiological changes include membrane disruption,
nutrient imbalance, lower detoxification of reactive oxygen species (ROS), dimin-
ished photosynthesis, opening of stomata, etc. (Munns and Tester 2005; Rahnama
et al. 2010). Since NaCl is the most prevalent cause of salinity, accumulation of Na*
and CI~ ions in plant tissues is the most devastating effect on the crop plants exposed
to elevated NaCl concentration in the soil. The K* is a necessary element for normal
plant growth; however, elevated levels of Na* disrupt its uptake. The Na*-induced
reduction in K* uptake results in disturbed plant growth, low productivity, and even
mortality based on the adaptive response of the crop plants to elevated salt levels in
the soil (James et al. 2011). The ROS, such as singlet oxygen, superoxide, hydroxyl
radical, and hydrogen peroxide, are produced in excess when plants are exposed to
salinity stress (Apel and Hirt 2004; Mahajan and Tuteja 2005; Ahmad 2010; Ahmad
et al. 2012; Ahmad and Umar 2011). Salinity-induced overproduction of ROS
affects various cellular components (i.e., lipids, proteins, and DNA) through oxida-
tive damage. Salinity induced oxidative damage eventually interrupts numerous
functions at cell level in crop plants.

The physiology, development, and cellular metabolism in plants are driven by
nutrient homeostasis (Clemens et al. 2002; Amtmann and Blatt 2009). The synthesis
of organic macromolecules requires nutrient elements, which complete various
functions in the key proteins. Moreover, they also act as cofactor of enzymes or as
signaling molecules. The daily fluctuations posed by the environment on the plants
have dramatic effects on the physiology and metabolism. The environmental fluc-
tuations cause recurring fluctuations in the demands of essential nutrients required
for the photosynthesis in chloroplasts. Moreover, nutrient transport pathways in
xylem are also altered by the rhythmic changes in transpiration rates. Hence, con-
tinuous nutrient mobilization is required among organelles and tissues, particularly
under nutrient deficit environments.

The identification of Na* transport was a key gap in understanding the ionic
homeostasis in plants under salinity stress (Niu et al. 1995). Generally, living cell
under low or high salinity tend to balance passive Na* inclusion with Na* exclusion
at two different levels. The balance is required at the plasma membrane and back to
the apoplast, or across the tonoplast into the vacuole. Time is an imperative aspect
needing consideration for salinity tolerance in addition to the considerable energy
required for Na* flow, as the Na * uptake rate determines the rate at which Na*
reaches toxic levels within the cell. Although there are number of studies available
dealing with salinity tolerance and nutrient homeostasis under salinity stress, only a
few aspects of nutrient homeostasis has been addressed. In this chapter, we will
discuss all aspects of nutrient homeostasis and salinity tolerance in plant species. In
summary, the chapter provides detailed information about how nutrients are mobi-
lized under salinity stress to maintain normal growth.
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17.2 Role of Nutrient Homeostasis in Salt Tolerance

Nutrients are the mediators of metabolism, so their cytoplasmic levels need to be
effusively controlled both under stressful and benign environments. The reestablish-
ment of nutrient homeostasis under stressful environments is the key strategy of
plant species to improve their resistance against abiotic stresses, particularly salin-
ity. Both types of nutrient homeostasis, i.e., ionic and osmotic homeostasis, need to
be restored for salinity tolerance. The ionic homeostasis is determined/mediated by
various ion transporters. Two nutrients, i.e., Na* and CI-, are the most detrimental to
plant health under salinity stress; therefore both need to be under control in order to
withstand higher salt levels (particular of NaCl) in growth medium. Many enzyme
activities are inhibited by elevated levels of Na*, therefore Na* accumulation in the
cytoplasm or in organelles other than the vacuole needs to be prevented to reach at
higher levels. This can be accomplished by either preventing Na* entry or reducing
it to safe or lower levels. The Na* entry into plant cells is known to be controlled by
nonselective cation channels (NCC) (Amtmann and Sanders 1998). The NCC is a
channel, independent of voltage and serves as Na* entry gate into the plant cells.
Furthermore, there is the K* outward-rectifying channel, opened by depolarization
of plasma membrane and enables K* exclusion and Na* entry, which leads to the
accumulation of Na* in cytosol. The excess Na* is pushed into vacuole with the help
of vacuolar Na*/H* exchanger. Another pump, the H*/Ca?* antiporter, also aids
toward Ca?* homeostasis (Zhu 2002; Mahajan et al. 2006).

Na* homeostasis is imbalanced by high salinity, while collective action of numer-
ous pumps, ions, Ca*" sensors, and their downstream interacting partners tends to
normalize it. The organized action of these pumps, ions, and Ca* sensors ultimately
causes efflux of excess Na* ions. Certain channels tend to exhibit higher K* sensitiv-
ity/selection over Na*, and K inward-rectifying channel is one of them. The exces-
sive NaCl hyperpolarizes the plasma membrane, thus K-rectifying channel mediates
K* influx in response to higher NaCl, thus results in selective accumulation of K*
over Na*. On the other hand, there are some channels restrict the Na* influx into the
cytosol rather than selective accumulation of K* over Na*. The histidine kinase
transporter (HKT) is such an ion transporter, which restricts Na* entry into the cyto-
sol (Platten et al. 2006). There are numerous voltage-dependent anions, which are
upregulated in response to elevated salinity, thus normalizing the Na* homeostasis.
The upregulation of a voltage-dependent anion has been observed in Pennisetum
glaucum under salinity stress (Desai et al. 2006).

The Ca?* has a significant role in salinity tolerance of crop plants by keeping the
pivotal role in nutrient signaling under elevated salt levels. The cytosolic Ca** is
increased under salinity stress, which initiates stress signal transduction pathways
for tolerance to increased salinity levels. In addition, Ca?* binding proteins may
deliver an extra regulation level of Ca?* signaling. The information provided by Ca?*
signaling is recognized and decoded by sensor proteins, which communicate this
information to start a phosphorylation cascade regulating gene expressions.
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Any Na* entering the cells can be stored in the vacuole or transferred outside the
cell. Na* compartmentation is an inexpensive way to prevent Na* toxicity in the
cytoplasm, as Na* can be used as a vacuolar osmolyte to provide osmotic homeosta-
sis. Many salt-tolerant plants (halophytes) use this strategy to withstand the negative
effects of salinity stress (Flowers et al. 1977).

The nutrient homeostasis prevents the Na* entry into the cell, reduces it or pushes
the excess Na* into the vacuoles. There are a lot of channels and transporters
involved in this process, which ultimately reduce the brutal effects of Na* on plant
growth. The most commonly observed homeostasis is for K* and Ca** ions, which
mitigate the adverse effects of Na*. The channels and transporters involved will be
discussed in the coming sections. It can be briefly concluded that nutrient homeo-
stasis is inevitable to achieve salinity tolerance for plants, which is accomplished by
several ways as described under.

17.3 Types of Homeostasis

The homeostasis in plant species under salinity stress is divided into two categories,
i.e., osmotic and ionic homeostasis. The osmotic homeostasis comprises of accumu-
lation of compatible solutes, while ionic homeostasis consists of ionic influx and
efflux and compartmentation at different levels in plant cells. Since the scope of the
chapter is nutrient homeostasis, we will only discuss osmotic homeostasis in this
chapter.

17.3.1 Ionic Homeostasis and Salt Tolerance

The maintenance of ionic homeostasis by partitioning and absorption of ions is not
only required for the normal growth of plants under salinity-free conditions but also
for highly saline environments (Niu et al. 1995; Serrano et al. 1999; Hasegawa
2013). Both glycophytes and halophytes species are unable to tolerate elevated salt
levels in the cytoplasm. Therefore, the extra salt is elated to vacuole or reserved in
old tissues, which are then for protection against salinity stress (Reddy et al. 1992;
Zhu 2003). The main salt in the soil is NaCl, so this chapter focused on the transport
mechanism and Na* and its compartmentation.

The Na*/H* antiporter transport the excess Na* entering to the vacuole. There
are two different kinds of H* pump in the vacuolar membrane, i.e., H*-ATPase
(V-ATPase) type vacuole and vacuolar pyrophosphatase (V-PPase) (Dietz et al.
2001; Otoch et al. 2001; Wang et al. 2001). Among these two pumps, V-ATPase
dominates plant cells. These pumps have a vital role in the preservation of solute
homeostasis, ensure secondary transfer energy, and facilitate vesicle fusion in
stress-free conditions. The viability of the plant species under stress conditions
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is dependent on V-ATPase activity (Dietz et al. 2001). It has been observed that
the efficacy of the VATPaz pump was increased in hypocotyls of Vigna unguicu-
lata when exposed to elevated salt levels (Otoch et al. 2001). However, V-PPase
activity was retarded under same conditions. The activity of V-ATPase was
increased in halophytic species Suaeda salsa, while V-PPase had a negligible
role (Wang et al. 2001).

The role of “Salt Overly Sensitive” (SOS) stress signaling pathway has increas-
ingly been suggested in ionic homeostasis as well as tolerance to elevated salinity
(Hasegawa et al. 2000; Sanders 2000). The SOS signaling pathway includes three
main proteins, which are SOS1, SOS2, and SOS3. The first protein, i.e., SOSI,
encodes the Na*/H* antiporter of plasma membrane and is vital for the regulation of
Na* flux at the cellular level. At the same time, the Na* transport from roots to the
shoot is eased by this protein; thus overexpression of the protein imparts tolerance
to the crop plants against elevated salt levels (Shi et al. 2000, 2002). The second
protein, i.e., SOS2, encrypts a serine/threonine kinase and is activated by the Ca*
signals resulting from salinity stress. This protein comprises of well-developed
N-terminal catalytic domain and a C-terminal regulatory domain (Liu et al. 2000).
The third protein, i.e., SOS3, is a myristoylated protein that binds Ca?* and contains
a myristoylation site in its N-terminus. This site has an important role in imparting
tolerance to crop plants against elevated salinity (Ishitani et al. 2000). Therefore, a
strong increase in intracellular Ca?* level is observed with increasing Na* concentra-
tion, which eases the binding with SOS3 protein. Intracellular Na* homeostasis is
moderated by Ca** along with SOS proteins. The SOS2 protein is activated by SOS3
protein thus releasing the spontaneous inhibition. The SOS3-SOS2 complex is then
laden onto the plasma membrane, where SOS1 is phosphorylated.

Phosphorylated SOS1 increases Na* flux, thus reducing the toxicity of Na*
(Martinez-Atienza et al. 2007). Many plant species have established an effective
method to maintain ion concentration at a low level in the cytoplasm. Membranes,
together with their associated apparatuses, regulate the uptake and transport of ions
under elevated salinity, thus play an essential role in maintaining the ions concentra-
tion of in the cytosol in response to increased salt levels (Sairam and Tyagi 2004).
Different carrier and proteins, antiporters, and symporters carry out the transplanta-
tion phenomenon.

The maintenance of cellular Na*/K* homeostasis is vital for plant survival under
highly saline conditions. Ma et al. (2011) reported that Arabidopsis NADPH oxi-
dases function under salt stress in the ROS-dependent regulation of Na*/K* homeo-
stasis in Arabidopsis by AtrbohD and AtrbohF genes. Plants maintain high K* level
in cytoplasm (approximately 100 mM) for cytoplasmic enzyme activities. The K*
concentration in the vacuole ranges from 10 to 200 mM. The vacuole is the largest
K* pool within the plant cell. K* has a vital role in maintaining the turgor within the
cell. The K* transporter and membrane channels transport K* to the plant cells
against the concentration. The K* intake mechanism is strongly mediated by its
amount present in the soil. When extracellular concentration of K* is low, high affin-
ity K* carriers uptake K* from the soil. However, the low affinity K* channels get
activated for restricted uptake when extracellular concentration of K* is high. On the
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other hand, a very low Na* ion concentration is maintained in the cytosol. Since
both K* and Na* share the same transport mechanism, Na* competes K* for the car-
rier, under salinity stress due to the increased Na* concentration in the soil, thus
reducing K* absorption (Sairam and Tyagi 2004; Munns and Tester 2008).

Numerous genes and proteins encoding K* carriers and channels such as Na*
influx transporter (HKT) and the tonoplast Na*/H* antiporter (NHX) have been rec-
ognized and duplicated in several crop plants. The expression of low abundance
transcripts increases the uptake of K* under salinity stress. This expression of low
abundance transcripts has been recorded in a halophyte species, i.e.,
Mesembryanthemum crystallinum (Yen et al. 2000).

The HKT family transporters found on the plasma membrane have a significant
role in salinity tolerance through the regulating the transport of Na* and K*. HKT
Class 1 (HKT1) transporters, classified in Arabidopsis, prevent excessive buildup of
Na* in leaves, thus protecting plants form the adverse effects of salinity stress. The
HKTT1 rice transporter removed extra Na* from xylem, thus protecting the photo-
synthetic tissue of the rice leaves from the Na* toxicity (Schroeder et al. 2013).
Barragan et al. (2012) indicated that two localized tonoplast NHX proteins (NHX1
and NHX?2) are vital for active K* uptake at the tonoplast. These proteins are
required for regulation of turgor regulation and normal functioning of stomata.
Several NHX isoforms have been proved to play an imperative role in ionic homeo-
stasis (Na*, K*, H") in different crop species (Galvez et al. 2012).

17.4 Cation Uptake, Mechanisms, Transporters Involved,
and Role of Ion Channels

Crop plants grown under elevated salt levels are exposed to explicit ionic effects,
which damage the enzymes structure as well as some macromolecules including
Na* and CI". The ionic effects also exert damages to the cell organelles as well as
resulted in impaired photosynthesis and respiration. Salinity stress also results in
the physiological drought resulting in impaired uptake and transport of nutrients.
The disturbed uptake and transport of nutrients leads to imbalanced nutrition in crop
plants under elevated salt levels (Munns and Tester 2008; Ruiz-Lozano et al. 2012).
Higher accumulation and degradation of Na* and reduced K* uptake are the obvious
detrimental effects of elevated salt levels on plant growth, while these mechanisms
are still unclear or understudied (Chen et al. 2007). Na* is an important cation pre-
vailing in the soils affected by salinity. The K* and Na* activate and inhibit numer-
ous cytosolic enzymes, respectively (Shi et al. 2002). Under natural physiological
circumstances, the plants hold 1-10 mM Na* and 60-100 mM K* in the cytosol
(Bassil et al. 2012).

The Na* is a cytotoxin which severely disrupts proteins and membranes. Moreover,
several physiological processes including cell expansion and cell division, metabo-
lism (primary and secondary) and Na* severely impacts nutrient homeostasis
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(Hasegawa et al. 2000; White and Broadley 2001; Munns and Tester 2008; Teakle
and Tyerman 2010). The presence of excessive Na* in the soil restricts K*, which
decreases intracellular K* ultimately disturbing K*/Na* imbalance (Hauser and Horie
2010; Leidi et al. 2010; Aleman et al. 2011; Pardo and Rubio 2011). Excessive pres-
ence of Na* offers strong competition to K* for even in the presence of high-affinity
K* transport systems (Rus et al. 2004; Kronzucker et al. 2008; Alemdn et al. 2009,
2011; Pardo and Rubio 2011). The conductance of K* is reduced by Na* through
AKT1 (Qi and Spalding 2004) which suppresses the expression of AtHAK5 (Nieves-
Cordones et al. 2008; Aleman et al. 2011; Pardo and Rubio 2011).

The synthesis of proteins and activities of cytosolic enzymes are inhibited under
abnormally high cytosolic Na*/K* ratio (Shabala and Cuin 2008). Thus, plants are
equipped with numerous mechanisms (biochemical and molecular) to withstand the
brutal impacts of salt stress. Regulating salinity uptake genes and Na* and/or K*
transport or compartmentation are the mechanisms developed by plants for ade-
quate ionic homeostasis. The undue Na* accrual in cytosol is prohibited through a
number of mechanisms by glycophyte plant species. The first mechanism is the
selective uptake of ions to restrict Na* for the regulation of ionic homeostasis under
salinity stress. The second mechanism is to maximize the Na* efflux to growth
medium or to apoplastic spaces. The plant species finally can impound Na* into
vacuoles for restricting the Na* transfer to the shoot (Cuin et al. 2011). The two
mechanisms described above are vital and usually used by crop plants to control
undue Na* buildup (Cuin et al. 2011; Cabot et al. 2014). The vacuolar Na* and K*/
H* antiporters NHXs catalyze the impounding of Na* into vacuoles (Cuin et al.
2011). Four different genes (OsNHX1—4) relating to these antiporters have recently
been identified in rice crop (Fukuda et al. 2011; Kumar et al. 2013).

Plasma membrane Na*/H* antiporter (SOS1) catalyzes the Na* efflux from cyto-
sol to the growth medium or to apoplastic spaces in numerous crop plants (Kumar
et al. 2013). The SOSI1 is preferentially expressed in the cells which surround
xylem, thus suggesting that this transporter plays a vital role in the redistribution of
Na* between roots and shoots. The transporter has also been suggested to have abil-
ity of preventing Na* to reach the photosynthetic tissues (Shi et al. 2002; Olias et al.
2009). The unloading of Na* from photosynthetic organs and its recirculation to
roots have also suggested as a mechanism imparting salinity tolerance to crop
plants (Davenport et al. 2007). The high-affinity HKT transporters are reported to
be involved in this mechanism from several crop plants (Garciadeblds et al. 2003;
Ren et al. 2005).

Different studies relating to physiological and molecular mechanisms/processes
have identified the channels and transporters involved in the tolerance mechanisms
to elevated salt levels in various plant species. These channels and transporters are
the passages for the ions required for cellular function related to ionic toxicity.

It is now known that HKT1 transporter-mediated salinity tolerance is too much
complex than expected. To infer the role of these transporters, Chen et al. (2017)
evaluated the correlation between the activity of two Mg?* transporter, i.e., OsSMGT1
and OsHKTI. It was observed that OsMGTI] mutants accumulated excessive
amount of Na* with OsHKT1 mutants. The expression of OsMGT1 different plant
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parts such as parenchyma cells in xylem and phloem and leaf sheath tissue spatially
overlapped with the expressions OsHKT1 (Kobayashi et al. 2017). These findings
regarding the co-expression of these transporters added valuable information toward
understanding complex Na* regulation mechanisms at the organismal level. The
recent findings of Kobayashi et al. (2017) and Chen et al. (2017) cleared that nodes
and sheaths have an imperative role in avoiding ion toxicity in the reproductive
organs of plant species. The restricted transport of Na* to older leaves is a typical
mechanism of salinity tolerance in plants (Cotsaftis et al. 2012); however, this
mechanism vanished in OsMGT1 mutants (Chen et al. 2017). These findings sug-
gest that the fine-tuning of HKT1 activity is mediated by OsMGT1 mutants. Thus,
it is noteworthy to determine the cell-specific expression and functions/roles of
OsMGT1 mutant at later stages, particularly reproductive development of the crop
plants. The OsHKT]1 is overexpressed during reproductive developmental stage of
crop plants, particularly in node I (Kobayashi et al. 2017). It is obvious from the
abovementioned both studies (Chen et al. 2017; Kobayashi et al. 2017) that nodes
function as fences where OsMGT1 regulates the gating of OsHKT]1 in a spatiotem-
poral manner to limit the ion toxicity.

Different cation channels which are nonselective (NSCC) are indulged in the uni-
directional intracellular Na* influx. The members of NSCC, including HAK/KUP/
KT and AKTI, are the channels having higher affinity for K* acquisition, whereas
the low-affinity acquisition is mediated by different cation transporters including
cation-CI- cotransporter and high-affinity K* transporter (HKT1 and HKT2) (Plett
and Mgller 2010; Zhang et al. 2010; Kronzucker and Britto 2011). Although NSCCs
and HKT1 transporters are main mediators of Na* uptake, their comparative contri-
bution is ambiguous (Roberts and Tester 1997; Amtmann and Sanders 1998;
Demidchik and Maathuis 2007). Among two classes of HKT proteins, HKT1 is more
selective for Na*, while HKT2 proteins exhibit higher K* selectivity than Na* or
remain nonselective (Hauser and Horie 2010; Lan et al. 2010; Mian et al. 2011). Ali
et al. (2012) have recently identified a HKT1 family transporter having higher K*
selectivity than Na* from Thellungiella sp. The SOS1 Na*/H* antiporter controls the
Na* efflux across the plasma membrane. The antiporter has phylogenetic similarity
with mammalian NHE and bacterial NhaP Na*/H* antiporters (Zhu 2002, 2003;
Pardo and Rubio 2011; Kronzucker and Britto 2011). The Na* efflux to the apoplast
is mediated by SOS1 against the electrochemical potential by secondary active trans-
port driven by the H* gradient across the plasma membrane.

17.5 Anion Uptake, Mechanisms, Transporters Involved,
and Role of Ion Channels

The anions are more prevalent than cations in the soil; however, the transport mech-
anisms of anions are less understood than cation transport mechanisms both under
normal soil conditions and elevated salt levels. The CI- transport mechanisms are
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also less discussed than cations for plant mineral nutrition as well. The C1~ performs
several mechanisms such as enzyme activities’ regulation in cytoplasm acting as an
important cofactor in photosynthesis and counteranion stabilizing membrane poten-
tial and also regulates turgor and pH. Thus it is considered as an important micronu-
trient for plant growth (Tyerman 1992; Marschner 1995; Teodoro et al. 1998; Xu
et al. 1999; White and Broadley 2001). The higher amounts of C1~ are toxic for crop
plants. The critical toxicity level of CI~ is known to be 4-7 and 15-50 mg g~! dry
weight for Cl™-sensitive and Cl™-tolerant species, respectively (Xu et al. 2000). The
most dominant ions in NaCl-affected soils are Na* and CI-, which at higher concen-
trations are toxic for plant species. However, some of the plant species are able to
better tolerate Na* transport than Cl-, while others have better control on Cl~ trans-
port (Munns and Tester 2008). The differential salt tolerance level of plant species
has strong correlation with Cl~ transport and exclusion from shoots. Different
legume species such as Trifolium pratense (Winter 1982; Rogers et al. 1997),
Medicago sativa (Sibole et al. 2003), Glycine max (Luo et al. 2005), and Lotus
(Teakle et al. 2006, 2007) have higher tolerance level to salinity and thus can better
exclude CI~ than nonleguminous species. Similarly, some woody species, such as
Pinus banksiana (Franklin and Zwiazek 2004), Citrus reticulata, and Vitis vinifera
(Sykes 1992; Romero-Aranda et al. 1998; Moya et al. 2003), also have better con-
trol over Cl~ transport and exclusion.

The focus of research dealing with salinity tolerance has been to maintain favor-
able K*/Na" ratio through establishing selectivity between Na* and K*. Several spe-
cific transport systems, or combination of selective transporters at different
membranes as well as different cells alongside the transport pathways through root
to shoot, are related to Na* and K* selectivity (Hua et al. 2003; Horie et al. 2005;
Volkov and Amtmann 2006; Apse and Blumwald 2007; Byrt et al. 2007). A resem-
bling mechanism might be present for the exclusion or selectivity of CI~ at least for
major macronutrient anions (NO;~, SO,*") and organic anions. However, the mech-
anisms and transporters mediating the C1~ exclusion and or the pathways involved
are not well-studied until now. Several micronutrients impart salinity tolerance to
crop plants, which might be attributed to the activities of transporters and selective
channels (Grattan and Grieve 1998). The NO;~ is the most prevalent univalent anion
in soils under salinity-free conditions; therefore it must be focused to understand
CI~ and salinity tolerance (Fricke et al. 1994; Frachisse et al. 1999). There are
numerous anion channels having higher affinity and more selective to NO;~ than
CI~ (Roberts 2006). Thus the NO;™ in growth media could decrease the concentra-
tion of Cl concentration in (Abdolzadeh et al. 2008; Gimeno et al. 2009; Song et al.
2009). The NO;/CI~ balance is akin of K*/Na* balance or interactions as well as
selectivity for Cl~ efflux mechanisms.

Charge balance is another subject which has not been sufficiently addressed and
correlated with the comparative roles of Cl~ and Na* in salinity tolerance. For salin-
ity tolerance the movement and net charge must be in equiliburium by the opposite
ions in each compartment to reach the similar charge in each section. If CI~ uptake
is higher, then a cation (e.g., Na*) uptake or exclusion of anion must balance this
charge from Cl~ perspective. The potential anions which could balance this charge
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are not readily moved out as these are related to nutrition (e.g., NO;™) or carbon
balance (e.g., malate). However, from Na* viewpoint, addition to the opposite of
abovementioned mechanisms, either CI~ or K* might be excluded (Shabala et al.
2006). This exclusion is true in a sense if Na* substitutes K* role in vacuole and
concentration of K* in the cytoplasm is retained below or equal to adequate limits
(Carden et al. 2003). The voltage changes across the membrane eventually regulate
charge balance, which then impacts the driving force on counterions, effectually as
a self-regulating system. The type, nature, and selectivity of transporters present at
the membrane barriers as well as their response to voltage changes in the membrane
eventually determine the nature of the charge balance. These responses are also
important for the energy needs of transport (Britto and Kronzucker 2009). Plett and
Mgller (2009) are referred for the further readings on Na* transport mechanisms.

Various aspects of anion transport have been covered in detail by several reviews
(Roberts 2006; De Angeli et al. 2009). However, there has been lacking information
on the CI~ transport mechanisms and their role in salinity tolerance (White and
Broadley 2001). Salinity tolerance of different plant species is imparted by a num-
ber of traits including osmotic stress tolerance, compatible solute accumulation, and
tolerance to oxidative stress. Several reviews have described the traits imparting
salinity tolerance in various crop species (Bartels and Sunkar 2005; Munns 2005;
Flowers and Colmer 2008; Munns and Tester 2008). In summary, not only cation
uptake and balance is essential for salinity tolerance, but anions also play an integral
role. Thus studying the anion uptake mechanisms, regulation of anions, transport-
ers, and channels involved in transport of anions should be the focus of salinity
tolerance studies to be conducted in the future.

17.6 Ion Efflux at the Plasma Membrane

Maintenance of high tissue K*/Na* ratio through regulating Na* uptake and trans-
port in plant species has been interpreted in various studies for salinity tolerance.
Thus, a high K*/Na* has been considered as an important trait imparting salinity
tolerance to crop plants (Shabala and Pottosin 2014). Since K* participates in vari-
ous physiological processes; thus, this interpretation is logical. Moreover, higher
concentration of Na* often competitively disrupts K* uptake, and increased K* defi-
ciency under elevated salt levels severely impedes plant growth and development.
Thus, it could be concluded that sensitivity of crop plants to salinity stress is because
of K* deficiency, especially keeping in view that concentration of K* in soil is typi-
cally in the micromolar range (Very and Sentenac 2003). Several recent studies have
focused the plant adaptation mechanisms to low K* under elevated salts or salinity-
free conditions. Hence, these mechanisms must be explored to better understand
salinity tolerance in crop plants. The studies focusing on these mechanisms have
concluded that sufficient or higher K* availability imparts salinity tolerance to crop
plants, while low K* availability in soils makes salinity stress highly devastating for
crop plants.
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The Na*-induced K* exclusion form root and leaf cells is the most obvious effect
of salinity stress on K* homeostasis (Wang et al. 2009; Demidchik et al. 2014). The
K* exclusion has been concluded to be the exclusive result of Na* entering into the
cytoplasm. The Na* inclusion depolarizes membrane potential below the resting
potential. This depolarization consequently activates K* outward rectifier channels,
such as GORK (guard cell outward rectifying K* channel), through which K* is
excluded from the plant cells and tissues. Thus, maintenance of higher inside nega-
tive potential through prevention of membrane depolarization for enhancing intra-
cellular K* retention (inhibition of K* efflux) (Falhof et al. 2016) would be a salinity
tolerance mechanism of crop plants. Recent studies have identified that retention
capacity of intracellular K* is a crucial mechanism for salinity stress tolerance
(Janicka-Russak and Kabata 2015). The PM H*-ATPases and tonoplast H*-ATPases/
H*-PPases, K* transporters, NHX antiporter, and SOS1 proteins have been consid-
ered as vital players in the process of subsiding salinity stress and negative effects
of low K* availability on crop plants (Pottosin and Dobrovinskaya 2014; Janicka-
Russak and Kabata 2015; Falhof et al. 2016). It is concluded that K* efflux and
influx mechanism are really crucial for salinity tolerance in crop plants. Thus,
equipping crops with these mechanism will assure survival and sustained produc-
tion under elevated salt levels in the soil.

17.7 Vacuolar Compartmentation and Ion Homeostasis

The ability of different plant species to tolerate elevated salinity levels is determined
by the CI~ partitioning between different types of roots and shoots cells. Some evi-
dence report that C1~ is accrued in the epidermis cells of leaves, which reduces the
CI™ toxicity photosynthetically important mesophyll cells. The differential ability to
exclude CI~ from mesophyll cells has been observed in two barley cultivars where
salt-tolerant genotype was better able to exclude Cl~ than salt-sensitive genotype
(Huang and Van Steveninck 1989). A more sophisticated analyses conducted by
using single-cell-sampling techniques revealed that CI~ accumulation increased in
both epidermal and mesophyll cells with rising NaCl (Fricke et al. 1996). It was also
concluded that photosynthesis in salt-stressed plants was mildly affected, which
gives rise to the doubts that C1~ accumulation in epidermal cells is linked with salin-
ity tolerance. Fricke et al. (1996) also revealed that the CI~ accumulation in epider-
mal cells was three times higher than the Cl~ accumulation in mesophyll cells.
However, regardless of this fact, Na* and K* accumulation was similar in both types
of cells. James et al. (2006) studied the accumulation of CI~ in two barley cultivars
differing in a salinity tolerance. It was concluded that ClI~ preferred epidermis cells
over mesophyll cells for accumulation. Similar pattern of CI~ accumulation was
observed in both sensitive and tolerant cultivar, which indicates that CI~ accumula-
tion in a specific type of cells could not be concluded a major trait conferring salin-
ity tolerance in crop plants.
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The CI~ accumulation in salt glands or bladders is one other form of intercellular
compartmentation. Halophyte group of crop plants possesses these special struc-
tures, which can store CI~ (and even Na*), helping plants to withstand the negative
effects of elevated salt levels. The secretion of Cl~ through salt glands can be con-
cluded as an important salinity tolerance trait as >20% Cl~ in the leaves of Leptochloa
fusca under 100 mm NaCl level was secreted by salt glands (Jeschke et al. 1995).
Different studies have focused the salt glands possessed by some halophytic spe-
cies, i.e., Bienertia sinuspersici and Limonium sinense (Ding et al. 2009; Park et al.
2009). A cation-chloride cotransporter (CCC) was localized to leaf trichomes and
hydathodes in Arabidopsis (Colmenero-Flores et al. 2007). The ultimate role of
CCC is still unclear, however, investigating whether CCC are also present in the slat
glands of halophyte species to infer the possible Cl~ efflux (and Na*) from leaves.

The salinity tolerance of the crop plants could not always be attributed to the low
concentrations of Cl~ and Na* in the shoots. The CI~ tolerance largely varies among
genotypes of a same species. Therefore, salinity tolerance could not be attributed to
the shoot CI~ concentration. The CI~ and Na* are excluded by most of the plant spe-
cies up to a certain level (90-98%; Munns 2005); however, effective ClI- and Na*
sequestration in the vacuole to prevent them to accumulate at toxic levels will impart
ultimate salinity tolerances to crop plants. Even the halophyte plant species are
unable to elevate levels of cytoplasmic Cl7; thus they have evolved strategies which
effectively sequester CI~ into vacuoles to control the accumulation of Cl~ and other
ions through turgor-driven growth (Flowers et al. 1977; Glenn et al. 1999).

The direct measurements of Cl~ fluxes and its concentration in the vacuoles of
the plants intact from salinity through experimental studies are difficult; however,
there exist some estimates conducted through X-ray microanalysis, intracellular
ion-sensitive microelectrodes, tracer compartmental analysis, or Cl™-sensitive fluo-
rescent probes (Hajibagheri and Flowers 1989; Felle 1994; Britto et al. 2004;
Lorenzen et al. 2004). All these estimates have concluded that the vacuole of plant
cells are able to accumulate CI~ up to 500 mm (Cram 1973).

There have been some indirect confirmation that efficient CI~ sequestration in the
vacuole imparts salinity tolerance to some plant species. The salinity-tolerant geno-
types of citrus, grapevine, and Lotus had low Cl~ in shoots, while accumulated more
CI~ in the roots compared to their respective sensitive genotypes (Storey and Walker
1998; Storey et al. 2003). These findings suggest that the tolerant genotypes effi-
ciently compartmentalized the Cl~ in root vacuoles. Some avocado rootstocks have
been found to possess high amount of ClI~ in the leaves, which has been linked to
their salinity tolerance (Xu et al. 2000). Similarly, some lupin cultivars also accu-
mulated more Cl1~ in the leaves for salinity tolerance (Van Steveninck et al. 1982).

Some direct comparison among different genotypes has concluded that effective
compartmentation of intracellular Cl~ imparts salinity tolerance to crop plants.
Hajibagheri et al. (1989) compared two maize genotypes differing salinity tolerance
for cytoplasmic CI~ concentrations. It was concluded that sensitive genotypes accu-
mulated more root cytoplasmic Cl~ concentrations than tolerant genotype. The
accumulated amount of C1~ was comparable to accumulated amount of C1~ (350 mm
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for barley at 100 mm NaCl) in barley genotypes (Britto et al. 2004). Flowers and
Hajibagheri (2001) compared two barley genotypes having differential ability of
salt tolerance through X-ray microanalysis. It was concluded that cytoplasmic and
vacuolar concentrations of Cl~ (and Na*) were similar; however, the tolerant barley
cultivar accumulated half of the Cl~ concentration accumulated by the sensitive
genotype. The higher concentration of ions in the cell wall of sensitive genotype
reduced turgor, which ultimately resulted poor growth. To assess whether vacuolar
CI™ sequestration is involved in salinity tolerance, further studies are needed focus-
ing on the comparison of genotypes having differential salt tolerance level, but hav-
ing similar leaf or root Cl~ concentrations.

17.8 Ion Sensing and Gene Defense Activation

Several genes imparting salinity tolerance to crop plants have been identified
through the use of genetic damage or gain of function methods (Zhu 2002, 2003;
Apse and Blumwald 2007; Pardo and Rubio 2011; Peleg et al. 2011). The identified
genes encode transport determinants mediating Na* homeostasis (Plett and Mgller
2010; Pardo and Rubio 2011; Peleg et al. 2011). These identified determinants
mainly from glycophyte plant species enhance the salinity tolerance capabilities of
halophytic species as well as crop plants (Oh et al. 2010, 2012; Dassanayake et al.
2011a, b; Munns et al. 2012). There has been a lot of conversation on the underlying
mechanisms and determinants imparting salinity tolerance to halophytes and glyco-
phytes. There are emerging evidence which provide a degree of systematic clarifica-
tion that why halophytes are better able to tolerate elevated salt levels (Amtmann
2009; Dassanayake et al. 2011b; Oh et al. 2012).

The halophytic plant species possess “superior” alleles and novel loci involved in
Na* homeostasis and salinity tolerance (Edelist et al. 2009; Dassanayake et al.
2011a, b; Oh et al. 2012). There have been several critical questions relating to Na*
homeostasis in halophytic plant species. These critical questions include the follow-
ing: Do halophytes have unique transport determinants? Do halophytes have orthol-
ogous determinants with diverse actions? And do halophytes differentially control
transport protein action or expression of encoding genes to increase salinity toler-
ance (Oh et al. 2009, 2012; Plett and Mgller 2010; Dassanayake et al. 2011b)? The
rapidly advancing omics technologies such as massively parallel sequencing, whole
genome sequencing, and sequencing by genotyping as well as phenotyping could
facilitate to find the answers of all these critical questions providing valuable
insights on the salinity tolerance mechanisms of halophytic plant species (Lin et al.
2004; Takeda and Matsuoka 2008; Dassanayake et al. 2011b; Oh et al. 2012).

The well-known and suggested salinity tolerance signaling pathway includes
facilitation of ionic and osmotic homeostasis, growth regulation, and regulation of
development (Zhu 2002). The SOS proteins, phospholipid, ROS, ABA, cytokinin,
Ca?, hyperosmotic and osmotic solute, and kinase/phosphatase pathways are the
probable pathways integrated to cope salinity tolerance/acclimation in plant species,
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which are mainly concluded from the studies conducted on Arabidopsis (Gong et al.
2001; Zhu 2002; Qin et al. 2011; Reddy et al. 2011; Suzuki et al. 2012). It has been
described that several determinants are governed and regulated by abovementioned
networks and various transcriptomic and proteomic analyses have identified that
these determinants play a crucial role in salinity tolerance of crop plants (Zhu 2002;
Golldack et al. 2011; Pérez-Alfocea et al. 2011; Singh et al. 2011; Zhang et al. 2012).

The Na* homeostasis, as described above, is mediated by a highly defined SOS
Ca?* signaling pathway (Zhu 2002, 2003). The Na* signal perception is unclear;
however, Ca** is known to be a secondary messenger in signal transduction (Zhu
2002, 2003; Conde et al. 2011). The activates of SOS1 Na*/H* antiporter are regu-
lated by SOS pathway, which facilitates Na* efflux across the plasma membrane
(Zhu 2002, 2003; Pardo and Rubio 2011). Calcineurin B and neuronal Ca?* sensor-
like protein SOS3 decode the NaCl-induced cytosolic Ca*" increase (CBL4). The
CBL4 is a myristoylated protein with EF-hand Ca®*-binding places (Zhu 2002,
2003; Gong et al. 2004; Sanchez-Barrena et al. 2005; Tracy et al. 2008; Pardo and
Rubio 2011). Ca?*-activated SOS3 interacts with the auto-inhibitory domain of
SOS2 (CIPK24), a member of the SnRK family (Zhu 2002, 2003; Gong et al. 2004;
Cosello et al. 2011; Kulik et al. 2011; Pardo and Rubio 2011). SOS3 binding to the
SOS2 auto-inhibitory domain triggers kinase action and enables localization of the
SOS2-SOS3 complex (Zhu 2002, 2003; Sanchez-Barrena et al. 2007; Pardo and
Rubio 2011). SOS2 then acquaintances with SOS1 Na*/H* in the plasma membrane,
phosphorylating the transporter and triggering Na* exclusion (Zhu 2002, 2003;
Martinez-Atienza et al. 2007; Pardo and Rubio 2011; Quintero et al. 2011). Several
genes and gene networks are being identified with each passing day with techno-
logical advancements. Thus a comprehensive understanding of nutrient homeostasis
requires sound knowledge of different mechanisms involved. Although, several
mechanisms are discussed in this chapter, still gaps exist which need to be filled
through comprehensive studies on salt tolerance and nutrient homeostasis in plants.
Moreover, the studies focusing on mediating nutrient homeostasis could provide
valuable insights on inducing salinity tolerance in plant species through the manipu-
lation of nutrient homeostasis.
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