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Abstract: Salinity, which is usually associated with a nitro-oxidative stress component, is one of the
major environmental factors limiting plant growth and development. Plants have thus developed
specific ways of dealing with this problem. The compartmentalization of sodium (Na') ions in
vacuoles and the capacity to sharply discriminate between potassium (K') and Na' in order to
maintain high K'/Na" ratios are two of the most effective strategies to overcome salt stress. Plants
require large amounts of K™ to maximize growth and yields. This macronutrient is involved in
physiological processes such as growth, photosynthesis, osmoregulation, enzyme activation, stomatal
movement, water and nutrient transport via the xylem and protein synthesis. Resistance to salt stress
is mainly related to the capacity of plants to maintain improved K uptake despite competition from
Na". The Brassicaceae family includes species such as Arabidopsis thaliana (plant model for
glycophytes), Thellungiella salsuginea and Cakile maritima (plant models for halophytes), which
exhibit significant variations in response to salt stress. In this review, we provide a comprehensive
update with respect to differential responses to salt stress in these three plant species, with particular
emphasis on the potential involvement of reactive oxygen species (ROS) and nitric oxide (NO) in
maintaining K'/Na" homeostasis and their contribution to salt tolerance.
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1. Introduction

The macronutrient potassium (K "), which is the second most abundant mineral nutrient in plants
after nitrogen, needs to be maintained within a range of 100-200 mM in the cytosol for efficient
metabolic functioning [1,2]. Table 1 summarizes the most important functions of K in higher plants.
However, although sodium (Na') is not an essential nutrient for plants, it can act as a substitute for
K" in relation to some functions, as has been demonstrated under certain K'-limiting conditions. For
example, the decrease in nutrient uptake under salt stress conditions could be explained by the
osmotic pressure exerted by the soil solution on the plant cell, leading to a reduction in water
absorption and consequently nutrient acquisition [3,4]. The maintenance of ionic homeostasis is
therefore necessary for plant salt resistance [5,6].To deal with such severe conditions, plants have
developed different strategies, in particular, adequate uptake of K' via discrimination between K"
and Na' in order to maintain high cytosolic K'/Na" ratios. The effect of salt stress on plant K
nutrition has been the subject of numerous studies of both glycophytes and halophytes. These studies
reveal that the presence of Na” reduces K acquisition by inhibiting K transport in the aerial parts of
the plant. Since Na' ions are positively charged, they affect K absorption and related enzymatic
activities in plant cells [7]. Therefore, the survival of plants depends on their ability to maintain
homeostasis and transport of K™ across cell membranes [8]. Many studies indicate that relatively
closed plant species have an evolutionary stage that enables them to develop adaptive mechanisms to
cope with variations in environmental factors. The Brassicaceae family contains several species, the
best known being the glycophyte Arabidopsis thaliana, the halophyte Thellungiella salsuginea
(formerly known as Thellungiella halophila) and, more recently, Cakile maritima. The distinct salt
stress responses of these plant species reside in their ability to discriminate between K™ and Na+ and
to maintain high K'/Na" ratios despite intense competition from Na’. This review highlights the
differential responses to salt stress in these three plant species, with particular emphasis on the
potential involvement of reactive oxygen species (ROS) and nitric oxide (NO) in maintaining K'/Na"
homeostasis and their contribution to salt tolerance.

2. Na' and K' Transporters
The ionic transport systems operating at the plasmalema and tonoplast play a crucial role in

regulating the K'/Na" ratio in the cell [9]. Under salt stress conditions, a series of transporters for
Na' and K, called co-transporters, are activated to ensure high K'/Na" ratios [5,10]. The common
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transporters for K™ and Na' include the high affinity K'/Na" transporter (HKT) [11], capable of
co-transporting Na" and K or only Na' [12] and KT/HAK/KUP, K'(Na")/H" cation/proton
antiporters (CPAs), and NHX proteins [13]. These transporters can transport 2 K" ions over 1 Na'ion.
Potassium transporters are classified into two groups: cluster I transporters (AtHAKS, HYHAK1 and
OsHAKI1) and cluster II transporters (AtKUP4, HVHAK2, OsHAK2, OsHAK7 and OsHAK10).
Several KT/HAK/KUP transporters may be involved in plant responses to salt stress [14]. A number
of HYHAKI cluster I transporters mitigate the influx of Na' [15]. Others transporters, such as KUP-
HAK, are known to be highly K’ selective, although the presence of Na' at certain NaCl
concentrations blocks these carriers [15]. For example, a 5 mM concentration of NaCl is sufficient to
inhibit cluster IT K" transporters KUP1 responsible for mediating both high- and low-affinity K
transport [16]. HAKS, a high-affinity K transporter and the largest contributor to K™ acquisition
under salt stress and insufficient K" availability conditions [17], can transport either K" or Na' and is
often inhibited by Na' [18], leading to sodium ion accumulation in plant cells [19]. These carriers are
therefore important for the balance between K™ and Na " and are efficiently regulated under salt stress
conditions. In this context, many genes and transporters have been identified and shown to contribute
significantly to the regulation of K'/Na" ratios. As described above, the tolerance of plants to salt
stress depends on their ability to regulate the expression of genes encoding several K transporters.
This can be done by activating the high-affinity K transporter, particularly HAKS. According to the
literature, many crops, as in the case of wheat, cultivated under saline conditions, are characterized
by genetic regulation of K'/Na" ratios, resulting in effective discrimination of K over Na" at the
xylem loading stage [20]. Recently, a study of tobacco has demonstrated that OsHAKS expression in
plant cells results in an increase in salt tolerance through the accumulation of K, while Na" content
remains unaltered [21]. Most K" uptake systems, particularly non-selective cation channels (NSCCs)
and high-affinity potassium transporters (HKTs), can be inhibited by Na" [22].

Table 1. Summary of the main functions of potassium in higher plants.

Function

e Control of plant water status (stomatal activity)

pH homeostasis, control of membrane electrical potential, and the regulation of cell
osmotic pressure

Increasing the rate of photosynthesis.

Enhancing the loading and unloading of photosynthates into and out of the phloem.
Activation of some enzymes

Improve plant stress resistance

3. How does Na" Affect K" Uptake?

Na' enters the cell and plant via non-selective channels located at the plasma membrane. The
activity of these channels induces a change in membrane potential and leads to its depolarization.
Such modifications in membrane potential makes passive absorption of K™ through inward-rectifying
K" channels thermodynamically impossible, while an activation of outward-rectifying K channels
occurs simultaneously, leading to a loss of K*. However, an increase in compatible solute synthesis
ensures osmo-protection under these conditions, thus sharply reducing the pool of ATP and further
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decreasing K" uptake [23]. Despite the fundamental role played by K" in, for example, cell turgor
pressure regulation [24,25,26], Na' can substitute for K™ in functions such as osmotic adjustment,
enzymatic activity and protein synthesis [27]. In terms of their chemical properties, Na” and K"
actually share many physicochemical similarities which enable Na' to compete with K" at absorption
sites and to impair K uptake. Thus, NaCl affects K" status by reducing its uptake as a result of
competition between Na' and K' for uptake sites as well as high- and low- affinity
transporters [6,28,23] or by inducing K leakage due to membrane depolarization which activates
outward-rectifying K" channels [29]. According to Shabala and Cuin [23], NaCl can induce K"
deficiency via the two aforementioned mechanisms.

On the other hand, Na' can have a beneficial impact on the halophytic plants and stimulate plant
growth. Through the involvement of Na" in osmoregulation, the energy used for osmoticum synthesis,
such as proline in the form of adenosine triphosphate (ATP), contributes to the maintenance of plant
growth. Moreover, large amounts of Na', at levels similar or equal to those of K', can be
accumulated in the cell [30,31]. The antagonism between these two ions intensifies when the level of
Na' concentrations is excessive, as the accumulation of Na in plant tissue leads to a significant loss
of K [32,33] through Na', K" and H" antiporter activity. As described previously, under severe
salinity conditions, the activation of outward-rectifying K* channels, following the depolarization of
the plasma membrane, leads to massive loss of K'[23,34]. Given that salinity affects many regions
around the world and can induce K' deficiency [35], it is very important for plants to discriminate
between Na'" and K™ and to maintain adequate K'/Na" ratios.

4. TImportance of K'/Na" Ratio for Plant Salinity Tolerance

Plant tolerance to salt stress is related to the maintenance of K™ homeostasis at both the cellular
and whole plant levels mainly through high K" selectivity over Na' [36]. The maintenance of K'/Na"
ratios is therefore crucial for plant survival. Maintaining the lowest possible Na'/K' ratios in the
cytosol, which are regarded as a phytophysiological indicator of salt stress levels, is crucial to
preserve vital cell functions [37,38]. Furthermore, the preservation of the intracellular K'/Na" ratio,
mainly in the cytoplasm, is a crucial factor in maintaining appropriate internal K™ concentrations and
plant growth under salt stress conditions [9,39]. Thus, the cytoplasmic K'/Na" ratio, considered to be
an indicator of salt tolerance [23,40—43], enables plants to minimize Na" accumulation in the cytosol
and to avoid massive loss of K' [32,44]. Plants tend to promote Na" exclusion and K accumulation
in tissues [25,45] in order to maintain a high cell K'/Na" ratio [46] and to preserve vital metabolic
pathways.

5. Role of Transporters in Maintaining K'/Na*" Homeostasis

K'/Na" homeostasis occurs through a series of Na™ and K " transporters located at the plasma
membrane. To regulate cytosolic Na™ concentrations, plants tend to continuously exclude Na'. The
principal mechanism of Na' extrusion is mediated by power pumps located at the plasma membrane
H'-ATPases [47].These pumps generate a H' electrochemical gradient that transports ions and
nutrients across the membrane [48]. H'-ATPases provide the plant cell with the energy to promote
Na'/H" antiporter activity involved in the extrusion of Na' [48]. Once Na' enters the plant cell, it
needs to be accumulated in vacuoles to preserve the activity of several cytosolic enzymes. At the
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tonoplast, these Na'/H' antiporters facilitate the sequestration of sodium ions in vacuoles and are
encoded by AtNHX genes, as described in relation to Arabidopsis [49]. Vacuolar
H'-pyrophosphatases, which are responsible for this process, have been identified in plants. Several
channels and transporters mediating Na' transport across the plasma membrane have also been
identified [50]. The Ca®"-permeable nonselective cation channels (NSCCs) [6] and glutamate-like
receptor (GLR) [51] families are among the most well known channels permeable to Na" [50]. In
Arabidopsis plants, 20 non-selective cation channels (NSCC) have been described [52]. Na" flux is
not only regulated at the root but also along its transport pathways to the aerial parts where a series
of mainly KORC and NORC outward-rectifying K" channels [53] and high-affinity K" transporters
(HKTs) play a crucial role in this process. The former are responsible for K xylem loading [54],
while the latter facilitate the unloading of Na* from the xylem sap [55,50,52]. In rice, Yang et al [56]
found that OsHAKS mediates high-affinity K= acquisition and K'-regulated salt tolerance. In
Arabidopsis, HAKS expression was observed to increase under salt stress, reaching maximum
transcript levels after 6 h of saline treatment [9]. Na" and K transport is due to Na'/K -symport
activity which controls the transport of both ions. At the molecular level, the mechanisms involved in
K'/Na" uptake have been very well studied. The best known transporters, which contribute to K
homeostasis, are the high-affinity HKT and HAK transporters [46,57]. SOS, a genetic locus essential
for salt tolerance and potassium acquisition [58] in plants, regulates Na” efflux across the plasma
membrane to the soil solution. Other transporters play a crucial role in salt tolerance by mediating
the K'/Na' ratio. Some transporters such as OsHKTI1;5, TaHKT1;5 and TmHKT;4/5 are able to
retrieve Na' from the xylem in the xylem parenchyma, thus enabling the plant to avoid excessive
Na" accumulation, as in the case of SOS1 detected in T. salsuginea [59]. In wild-type Arabidopsis
thaliana, the application of NaCl for a period of 6 days did not affect HAKS transporter gene
expression [60]. While Bassil et al. [39] observed an increase in HAKS expression following the
application of NaCl, which reached a peak after 6 h of treatment followed by a decrease after 24 h of
treatment. In the same species, long term salt stress (16 days) reduced HAKS expression [18].
Another high-affinity K transporter HKT, which is able to transport Na', has been identified in
plants. HKT1;1, which regulates Na" penetration of plant cell roots and its distribution in the phloem,
is crucial for salt stress tolerance in Arabidopsis [61]. Very recent new data indicate that the cation
selectivity of HKT1 transporters is convertible by exchanging a single amino acid (Asp or Asn) in
the 2nd pore-loop domain. In addition it was demonstrated that the amino acid serine in the 1st pore-
loop domain is essential to facilitate Na™ uptake [62]. On the other hand, class I HKT transporters
include the high-affinity Na/K" TaHKT?2;1 transporter, which acts as a symporter under normal
conditions and as a low-affinity Na' uniporter under salt stress conditions [63]. Recent studies of the
model A. thaliana glycophyte plant have identified two high-affinity K transporters (AtHAKS and
AKTI), which are key elements in plant K uptake [64,65]. When K concentrations are highly
limited [66,67,68] or under salt stress [69,19], AtHAKS is the only system that ensures adequate K
uptake, suggesting that Na' can induce K" deficiency [70]. In Arabidopsis, AtHAKS is needed for K"
uptake when this nutrient is limited in the medium under saline conditions, although its expression is
affected when Na' concentrations are considerably higher in this glycophyte species [17].
Sun et al [71] attribute the variations in salinity tolerance between certain A. thaliana accessions to
their ability to retain K', with the tolerant accessions actually exhibiting low Na'/K " ratios and high
tissue K™ content [71]. These findings could be explained by significant up-regulation of genes
coding for K' transporters such as AtHAKS, AtCHX17 and AtKUP1 [71]. Recently,
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Aleman et al [22] have identified the conserved amino acid residue Phel30 in the HAK transporter
family, which is required for AtHAKS transporter selectivity. Moreover, the mutation Phel130Ser in
the high-affinity Arabidopsis K transporter caused an increase in K™ uptake over Na'. The NHX
protein, another K'/Na' antiporter, is known to be expressed under salt stress conditions. In A.
thaliana, overexpression of tomato antiporter LeNHX2 (NHX Class II) resulted in high sensitivity to
K" depletion [72].

Halophytes appear to be more effective in maintaining K transporter activity as compared to
glycophytes. In T’ salsuginea, salinity does not reduce K" uptake via the high-affinity K transporter
HAKS to a lesser degree than in A. thaliana [69]. In this halophyte, two HKT genes, TsHKTI,1 and
TsHKTI;2, encoding plasma membrane Na'/K" co-transporters have been identified. One of these
genes is induced and up-regulated at the transcriptional level under salt stress conditions [42]. This
finding highlights the importance of TsHKT1 in the maintenance of K" uptake and thus in the salt
tolerance of this species. With regard to C. maritima, molecular studies are required to elucidate the
transporters responsible for K™ homeostasis under high salinity stress conditions.

6. Differential Behaviors of Arabidopsis thaliana, Thellungiella salsuginea and Cakile
maritima in Maintaining Cell K'/Na" Homeostasis

To overcome salt stress, plants need to maintain adequate nutrient uptake despite competition
from Na" and C1  ions. It is critical for plants to maintain sufficient K™ uptake given the importance
of this factor for plant survival. Thus, plants induce high K'-uptake systems such as HAK
transporters.

A. thaliana is a model plant to investigate the physiology and biochemistry of plants under
stressful and non-stressful conditions. A. thaliana, known to be sensitive to salt stress, prevents the
accumulation of Na' in its tissues through the extrusion of these ions in the external medium and in
vacuoles. SOSI is a transporter involved in Na" extrusion at the roots. NHX proteins located at the
tonoplast are responsible for Na™ accumulation in the vacuole, thus making Arabidopsis plants
salinity-tolerant [73]. On the other hand, Thellungiella salsuginea (2n = 14), which is relatively close
to A. thaliana (2n = 10), presents the characteristics of a halophytic model plant. This plant’s
tolerance to salinity is due to its high capacity to prevent Na" accumulation in shoots. This species
has thus been found to be more efficient in accumulating less Na" in its aerial parts as compared to
A. thaliana [74]. Cakile maritima (2n = 18), another plant which is relatively close to 4. thaliana [75], is
an excellent model for investigating salinity tolerance mechanisms in halophytic species. This plant
tolerates high levels of salt even during germination and presents a germination rate of
approximately 75% at 200 mM NaCl [76]. Unlike A4. thaliana and T. salsuginea, C. maritima is able
to accumulate Na' in shoots, which it uses for osmotic adjustments and to maintain growth activity
even at high salinity levels [36,77]. Competition from Na' for K™ uptake is offset by high K"
selectivity and use efficiency levels [78].

In A. thaliana plants, Na" can enter roots without difficulty due to the presence of various non-
selective cation channels [6]. These channels are characterized by very low selectivity for K™ over
Na" [79], resulting in very high Na'/K" ratios. Despite their intolerance to salt stress, glycophytes
have developed saline resistance mechanisms, especially by maintaining high K'/Na" ratios via the
activation of ionic transport systems and the establishment of electrochemical gradients across the
membrane [80]. Subjecting 4. thaliana to 400 mM NaCl for 72 h has recently been found to
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maintain an ionic balance in roots, which results in high Na"/K" ratios [81]. Unlike glycophytes,
halophytes are able to support salinity levels of up to 1000 mM NaCl, with, for example, 800 mM
NaCl in the case of the halophyte Sesuvium portulacastrum [82] and up to 500 mM NacCl in the case
of Cakile maritima [83]. According to Newell [7], the ability of halophytes to tolerate high salinity
levels is due to the compartmentalization of Na™ in vacuoles, the accumulation of osmolytes such as
proline and the maintenance of constant K' tissue concentrations via the induction of several
transporters with high K" selectivity resulting in adequate K'/Na" ratios [75]. Given the interaction between
K" and Na", the halophytes are characterized by high K" discrimination rates and are able to maintain K"
homeostasis and transport across cellular membranes [8]. Thellungiella salsuginea is considered to be a
halophytic model plant due to its high tolerance to several abiotic stresses [84,85,86], which explains its
status as an extremophile plant, with its tolerance to salt stress being related to its K retention
capacity [42,87]. Thellungiella salsuginea is able to regulate the uptake of K™ which is acquired very
efficiently from the medium, thus enabling this species to maintain high K'/Na" ratios, which is not
the case for 4. thaliana [88,89,90]. T. salsuginea and A. thaliana respond differently to salt stress in
terms of K™ content, with the highest shoot K* content being found in the halophytes rather than in
the glycophyte. Moreover, although shoot K™ content is decreased by salt stress in 4. thaliana
(10-20%), it is increased by this type of stress in 7. salsuginea (10-50%). This behavior is explained
by the ability of T. salsuginea to accumulate less Na® and more K’ than
A. thaliana under salt stress conditions due to selective K'/Na" channels located at the plasma
membrane [91]. With regard to K'/Na" selectivity, major differences between 4. thaliana and
T. salsuginea plants have been observed. In fact, despite the presence of large Na' concentrations in
the medium, the halophyte species exhibits the largest K concentrations and highest K'/Na" ratios,
as documented by Ghars et al [74] and Bailey et al [75] . This is due to the capacity of the halophyte
to prevent Na' accumulation in its tissues [91] and to maintain high K" -affinity transporter HAKS
activity as compared to the glycophyte species [69].

The voltage-independent channels at the root plasma membrane are extremely potassium-
selective and contribute to more efficient K" uptake in 7. salsuginea than in A. thaliana [91]. In
A. thaliana, a negative correlation between Na" and K™ was found, while a positive correlation was
detected in 7. salsuginea [91]. The authors attribute their findings to the fact that both species differ
in terms of their Na” and K transport pathways. While intense competition between Na” and K™ was
observed in A. thaliana under salt stress conditions, this was not the case for 7. salsuginea.
Following the application of 100 mM NaCl, Volkov et al [91] detected significant differences
between A. thaliana and T. salsuginea in terms of Na” and K" uptake and their distribution in shoots
in these two species. 7. salsuginea exhibits a specific behavior pattern following the saline
application, and when the medium is deprived of salt, its epidermal cells acquire large amounts of K.
Salt stress treatment significantly modified the distribution of K" in cells, with the sharp decrease in
epidermal K" concentrations leading to an increase in bulk K concentrations. This modification
enabled 7. salsuginea to maintain high K'/Na" ratios in mesophyll cells, a pattern not observed in 4.
thaliana which is able to accumulate more K than Na" during the first 25 h of salt treatment. These
authors point to the existence of two different pathways for K™ and Na' permeability to explain this
behavior. T. salsuginea presents higher selectivity for K™ over Na™ at both the inward- and outward-
rectifying K channel K™ uptake sites as compared to A. thaliana [91].They point out that the
adaptation of 7. salsuginea to salt stress is linked to high K'/Na" selectivity in roots and to the
exchange of K over Na’ between epidermal and mesophyll cells. More recently, Volkov and
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Amtmann [90] demonstrate that 7. salsuginea maintains K uptake despite the presence of salt in the
medium due to the slight depolarization generated, thus making the plasma membrane poorly
permeable to Na' under these conditions.

To gain a greater insight into high K" selectivity in 7. salsuginea, Bailey et al [75] studied the
effect of low and high salinity levels on K content in both 4. thaliana and T. salsuginea and found
that treatment with 100 mM NaCl for 72 h during a period of 6 weeks caused a very rapid loss of K"
in the glycophyte due to an increase in Na™ uptake, resulting in high Na'/K" ratios. By contrast, the
halophyte can maintain the balance between K and Na', which is essential to enable 7. salsuginea to
survive under salt stress conditions. The tolerance of this species to salinity appears to be related to
the maintenance of K™ homeostasis via the discrimination between Na" and K* which results in low
K'/Na" ratios. Coskun et al [46] have also studied the responses of A. thaliana and T. salsuginea to
salt stress, with particular emphasis on K'/Na" homeostasis. Thus, while salinity significantly
reduced K'/Na' ratios in both Brassicaceae species, K'/Na" values were significantly higher in
T. salsuginea than in A. thaliana, with larger saline concentrations being observed in the medium.
The K'/Na" ratio was 2-fold higher in 7. salsuginea following the application of 50 and 75 mM NaCl
and 4-fold higher after treatment with 100, 150 and 200 mM NaCl. Coskun et al [46] have also
demonstrated that K'/Na" levels remain significantly higher in the halophyte species after treatment
with 500 mM NacCl as compared to the glycophyte species treated with 200 mM NaCl. They also
point out that the application of 50, 100, 150 and 200 mM NaCl did not affect K* concentration
levels in T. salsuginea, while a decrease of 40% was observed in 4. thaliana after treatment with 100
mM NaCl. Under severe salinity conditions (300-500 mM NaCl), K* content levels in the halophyte
species were similar to those in the glycophyte species cultivated under control conditions. These
differences between the two species could be explained by the highly K'/Na'-selective channels
found in 7. salsuginea as compared to A. thaliana [91].

Cakile maritima, an annual C3 species commonly found on sandy beaches around the world, is
of great ecological interest mainly due to its soil fixation capacity. This species is capable of
maintaining highly selective uptake of K™ as against Na' [83] and of increasing K" use efficiency [78].
These authors attribute this behavior to a Na" flux regulation mechanism which occurs at the
intracellular level and contributes to salt tolerance in this species. In fact, C. maritima preserves its
K" content by allocating Na" to the vacuole and by preventing its accumulation in the cytoplasm [36].
As this behavior is typical of halophyte species, Na' can be used as an osmoticum to carry out
osmotic adjustments [92] and also as a signal to enable the plant to prevent ionic toxicity [93]. Na"
sequestration in C. maritima is caused by Na'/H' tonoplastic antiport activity which exchanges the
Na" ion over a H' proton [94]. C. maritima is very K'-selective as compared to A. thaliana [94].
These authors suggest that efficient transport systems are present in the halophyte species which are
responsible for the discrimination of K™ over Na' to improve ionic status and to preserve crucial
metabolic functions.

Indeed, a Na'/H™ exchange is necessary for the purposes of plant salinity tolerance. Many
intracellular NHX transporters, which are responsible for Na" accumulation in vacuoles, have been
identified and are the first family of cation/H" exchangers to be investigated in plant tissues [95, 96].
Further molecular and genetic studies are required to investigate the capacity of these species to
maintain K'/Na" homeostasis when subjected to salinity. On the other hand, very recently, a new
transporter called KUP7 has been described in Arabidopsis roots; this appears to be crucial for K"
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uptake and might also be involved in K transport into xylem sap, affecting K translocation from
root to shoot, especially under K -limited conditions [97].

Figure 1 shows a simplified flowchart model to compare response mechanisms under salinity
stress in glycophyte (Arabidopsis thaliana) and halophyte (Thellungiella salsuginea and Cakile
maritima) plants to regulate K'/Na' ratios.

Glycophytes Halophytes
(Arabidopsis thaliana) (Thellungiella salsuginea) (Cakile maritima)
SOS1 activation, at the root S0S1activation,attheroot  Accumulation of
plasmalemma, responsible plasmalemma, responsible Na* in shoots
for Na* extrusion for Na* extrusion
NHX proteins, located at the S081 activation Na* isod for osmotic
tonoplast, responsible for Na+ to avoid Na* adjustment
accumulation in the vacuole accumulationin
its shoots
. . o Maintain K* uptake
A thaliana cannot avoid Na* Maintain the in spite of the
accumulationin its shoots activity of HAKS competition
exerted by Na*
_________________ I 1
. wgw R o - o e e R e e e e '
Inhibition of HAKS T

_________________ High K* selectivity and use efficiency

Disequilibrium of

+ + 1
K*/Na* ratio Maintain of K*/Na* homeostasis

Figure 1. Comparative flowchart model of the mechanism of response under salinity stress in
glycophyte (Arabidopsis thaliana) and halophyte (Thellungiella salsuginea and Cakile maritima)
plants to regulate K'/Na" ratio. HAKS, High Affinity K transporter 5. NHX, Sodium-Proton
exchanger. SOS1, Salt Overly Sensitive.

7. Role of ROS and Nitric Oxide (NO) in Maintaining K'/Na" Homeostasis

A strong link between ROS production and the mediation of K'/Na" homeostasis has been
observed in many plant species [98]. In Populus euphratica, NaCl increases the production of
hydrogen peroxide (H,0,), which contributes to the preservation of the K'/Na" balance and high
antioxidant capacity, enabling this species to regulate its ionic status and antioxidant defense system
under long term salt stress conditions [99]. Under salt stress, ROS production increases and acts as a
signal to maintain Na'/K " homeostasis. ROS actually play an important role in regulating the Na' /K"
ratio, as ROS content increases significantly under salinity stress [9]. ROS are therefore also
involved in regulating HAKS expression [100,101]. Other studies have demonstrated that ROS also
control ionic channel activity [102]. To cope with salinity, plants have developed specific strategies,
which include both the regulation of ionic homeostasis and detoxification of ROS under these
environmental conditions [10].
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The role of ROS in maintaining K'/Na" homeostasis is well documented. Ho and Tsay [103]
have shown that, under K~ deficiency conditions, ethylene production increases and stimulates the
generation of ROS in A. thaliana. The increased production of ROS contributes to the regulation of
K" transporters, particularly the high-affinity potassium transporter HAKS which is induced under
these conditions. Thus, ROS are crucial for generating K starvation responses at the root level via
the regulation of AtHAKS gene expression encoding a high-affinity K transporter induced under low
K" supply conditions [104].

In this context, a common response to ROS accumulation is the activation of the defense system
which includes a diverse range of antioxidant enzymes, especially the superoxide dismutase (SOD),
representing the first line of defense against oxidative stress [77]. In A. thaliana, a total of seven
SOD isozymes has been identified which are differentially regulated in response to oxidative
damage [105]. The manipulation of the Arabidopsis genome provides new mutants that are tolerant
to salt stress. For example, the pst/ mutant presents higher levels of SOD activity under extremely
stressful saline conditions as compared to the wild-type plant [106]. In 7. salsuginea, four SOD
isozymes have been described [107], and, surprisingly, a total of ten SOD isozymes have been found
to be differentially expressed during development and under long term salt stress in the halophyte C.
maritima [77] (Table 2). The antioxidant a-tocopherol can also contribute to the maintenance of
cellular Na'/K" homeostasis [108]. Thus, Arabidopsis mutants vtel and vte4, characterized by
tocopherol loss, have been shown to be sensitive to salt stress due to a sharp decrease in their growth
and the generation of high oxidative stress levels under saline conditions.

On the other hand, the Arabidopsis double mutants of plant membrane-bound NADPH oxidases
(NOXs), also known as respiratory burst oxidase homologues (RBOHs), specifically atrbohDI1/F1
and atrbohD2/F2, in which the generation of the superoxide radical (O, ) is considerably inhibited,
have been found to be much more sensitive to NaCl treatments than wild-type plants. These two
Arabidopsis double mutants also have much higher Na" content, lower K* content and consequently
higher Na'/K" ratios than WT mutants under salt stress conditions [109]. These results strongly
suggest that ROS generated by both AtrbohD and AtrbohF act as signal molecules to regulate Na" /K"
homeostasis, thus improving the salt tolerance of Arabidopsis plants [109]. Studies of H,O, signaling
in halophytes and glycophytes demonstrate that the kinetics of this process are faster in halophytes
than in glycophytes [110]. In the halophyte Cakile maritima, H,O, reached a peak in leaves 4 hours
after salt stress treatment and was maintained after 16 h and 24 h of treatment before decreasing after
72 h. On the other hand, in 4. thaliana, the H,O, levels detected in leaves continued to be higher
even after 72 h of treatment [94].

Nitric oxide (NO) is a free radical molecule involved in a wide spectrum of plant
processes [111]. It contributes to salt stress tolerance by acting as a signal molecule when produced
in small quantities; even when accumulated in the plant cell, NO enhances anti-oxidative responses
by stimulating its special scavengers [112,113]. Moreover, some studies show that NO helps to
maintain the K'/Na" equilibrium in Populus euphratica under long-term salt stress [99]. It has also
been found to contribute to K" homeostasis under salt stress by regulating both the Na'/K" ratio and
H'-ATPases located at the plasma membrane [114] through its involvement in establishing a proton
gradient generated by H'-ATPase (H'-PPase) activity, thus contributing to K'/Na" homeostasis [115].

Up to now, little information has been available on how NO regulates K™ homeostasis under salt
stress in Brassicaceae species, especially in relation to the model plant 4. thaliana. However, a
recent study [116] has pointed out that NO is involved in regulating K™ absorption and Na'/K ratios
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under salt stress in A. thaliana. These authors have demonstrated that NO lowers A. thaliana K"
absorption by repressing the AKT1 channel function. Thus, in 4. thaliana exposed to salt stress, NO
up-regulates K™ absorption and the Na" to K ratio through its impact on the gene encoded for
vitamin B6; this leads to an excessive accumulation of vitamin B6 (PLP) which is responsible for the
repression of K channel AKT1 activity, resulting in a reduction in K™ uptake by roots [116].
Arabidopsis mutant (Atnoal) plants, with reduced endogenous levels of NO, display higher Na to
K" ratios in shoots than wild-type plants due to enhanced Na“ accumulation and reduced K"
accumulation when plants are exposed to NaCl, suggesting that NO is involved in maintaining
K'/Na" homeostasis [117].

The molecular connections, which explain how plants exposed to salinity rapidly accumulate
NO and reorganize Na" and K content, have begun to be elucidated. Thus, using an A. thalina
mutant called snol (sensitive to nitric oxide 1), which is allelic to the well-known mutant sos4 (salt
overly sensitive 4), NO has been shown to be capable of reducing K channel AKT1-mediated plant
K" uptake by modulating vitamin B6 biosynthesis [116]. However, in the halophyte Kandelia
obovata, exposed to exogenous applications of NO, NO has been demonstrated to greatly contribute
to the K'/Na" balance under high salinity conditions by activating the AKT1-type K* channel and
Na'/H" antiporter, which are critical components in the K'/Na" transport system [118].

Table 2. Type and number of superoxide dismutase (SOD) isozymes present in C.
maritima, T. salsuginea and A. thaliana.

Plant species MnSOD FeSOD CuZnSOD Ref.
C. maritima 2 1 7 77

T. salsuginea 1 1 2 107
A. thaliana 1 3 3 120

8. Conclusion

The tolerance of plants to salt stress resides in their ability to maintain ion homeostasis despite
competition from sodium ions. Plants need to preserve K™ uptake under saline conditions in order to
maintain their biological activity. Salt-tolerant plants are capable of maintaining high K'/Na" ratios,
which are later up-regulated at different levels through hormonal control, nitric oxide, ROS
production, the antioxidant system and gene expression. A comparative study of the A. thaliana, T.
salsuginea and C. maritima Brassicaceae species reveals that halophytes are more efficient in terms
of salt resistance due to their ability to maintain K" uptake and high K'/Na" ratios.

Acknowledgements
We thank Dr Maria P. Rodriguez-Rosales for her constructive comments of this manuscript.

Research in FJC laboratory is supported by an ERDF grant co-financed by the Ministry of Economy
and Competitiveness (AGL2015-65104-P) and the Junta de Andalucia (group BIO192) in Spain.

AIMS Biophysics Volume 3, Issue 3, 380-397.



391

Conflict of Interest
The authors declare that there are no conflicts of interest related to this study.

References

1. Kader MA, Lindberg S (2010) Cytosolic calcium and pH signaling in plants under salinity
stress. Plant Signal Behav 5: 233-238.

2. Wang Y, Wu WH (2013) Potassium transport and signaling in higher plants. Annu Rev Plant
Biol 64: 451-76.

3. Munns R, James RA, Lauchli A (2006) Approaches to increasing the salt tolerance of wheat
and other cereals. J Exp Bot 57: 1025-1043.

4. Kader MA (2010) Cytosolic calcium and pH signaling in plants under salinity stress. Plant
Signal Behav. 5: 233-238.

5. Hasegawa PM, Bressan RA, Zhu JK, et al. (2000). Plant cellular and molecular responses to
high salinity. Annu Rev Plant Physiol Plant Mol Biol 51: 463—499.

6. Tester M, Davenport R (2003) Na" tolerance and Na' transport in higher plants. Ann Bot 91:
503-527.

7. Newell N (2013) Review: Effects of Soil Salinity on Plant Growth. Plant Physiol.

8. Shabala S, Pottosin II (2010) Potassium and potassium-permeable channels in plant salt
tolerance. Signal Commun Plants 2010: 87-110.

9. Jiang C, Belfield EJ, Cao Y, et al. (2013) An Arabidopsis Soil-Salinity-Tolerance Mutation
Confers Ethylene-Mediated Enhancement of Sodium/Potassium homeostasis. Plant Cell 25:
3535-3552.

10. Zhu JK (2003) Regulation of ion homeostasis under salt stress. Curr Opin Plant Biol 6: 441—
445.

11. Rubio F, Gassmann W, Schroeder JI (1995) Sodium-driven potassium uptake by the plant
potassium transporter HKT1 and mutations conferring salt tolerance. Science 270: 1660—1663.

12. Uozumi N, Kim EJ, Rubio F, et al. (2000) The Arabidopsis HKT1 Gene Homolog Mediates
Inward Na" Currents in Xenopus laevis Oocytes and Na™ Uptake in Saccharomyces cerevisiae.
Plant Physiol 122: 1249-1259.

13. Venema K, Quintero FJ, Pardo JM, et al. (2002) The Arabidopsis Na'/H" exchanger AtNHX1
catalyzes low affinity Na"and K transport in reconstituted liposomes. J Biol Chem 277: 2413—
2418.

14. Maathuis FJIM (2009) Physiological functions of mineral macronutrients. Curr Opin Plant Biol
12: 250-258.

15. Santa-Maria GE, Rubio F, Dubcovsky J, et al. (1997) The HAK1 gene of barley is a member of
a large gene family and encodes a high-affinity potassium transporter. The Plant Cell 9: 2281—
2289.

16. Fu HH, Luan S (1998) AtKuP1: a dual-affinity K" transporter from Arabidopsis. Plant Cell 10:
63-73.

17. Nieves-Cordones M, Aleman F, MartinezV, et al. (2010) The Arabidopsis thaliana HAKS K"
transporter is required for plant growth and K acquisition from low K" solutions under saline
conditions. Mol Plant 3: 326-333.

AIMS Biophysics Volume 3, Issue 3, 380-397.



392

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rubio F, Santa-Maria GE, Rodriguez-Navarro A (2000) Cloning of Arabidopsis and barley
cDNAs encoding HAK potassium transporters in root and shoot cells. Physiol Plant 109: 34—43.
Qi Z, Hampton CR, Shin R, et al. (2008) The high affinity K' transporter AtHAKS plays a
physiological role in planta at very low K' concentrations and provides a caesium uptake
pathway in Arabidopsis. J Exp Bot 59: 595-607.

Gorham J, Bridgers J. Dubcovsky J, et al. (1997) Genetic analysis and physiology of a trait for
enhanced K'/Na" discrimination in Wheat. New Phytol 137: 109-116.

Horie T, Sugawara M, Okada T, et al. (2011) Rice sodium-insensitive potassium transporter,
OsHAKS, confers increased salt tolerance in tobacco BY2 cells. J Biosci Bioeng 111: 346-356.
Aleman F, Caballero F, Rddenas R et al. (2014) The F130S point mutation in the Arabidopsis
high affinity K transporter AtHAKS increases K™ over Na™ and Cs" selectivity and confers Na"
and Cs" tolerance to yeast under heterologous expression. Front Plant Sci 5: 430.

Shabala S, CuinTA (2008) Potassium transport and plant salt tolerance. Physiol Plant 133:
651-669.

Haro R, Bafiuelos MA, Rodriguez-Navarro A (2010) High-affinity sodium uptake in land plants.
Plant Cell Physiol 51: 68—79.

Kronzucker HJ, Britto DT (2011) Sodium transport in plants: A critical review. New Phytol 189:
54-81.

Kronzucker HJ, Coskun D, Schulze LM et al. (2013) Sodium as nutrient and toxicant. Plant
Soil 369: 1-23.

Adams E, Shin R (2014) Transport, signaling, and homeostasis of potassium and sodium in
plants. J Integr Plant Biol 56: 231-249.

Demidchik V, Maathuis FIM (2007) Physiological roles of nonselective cation channels in
plants: from salt stress to signalling and development. New Phytol 175: 387—-404.

Sun J, Dai S, Wang R, et al. (2009) Calcium mediates root K'/Na" homeostasis in poplar
species differing in salt tolerance. Tree Physiol 29: 1175-1186.

Gattward JN, Almeida AA, Souza JO, et al. (2012) Sodium-potassium synergism in Theobroma
cacao: Stimulation of photosynthesis, water-use efficiency and mineral nutrition. Physiol Plant
146: 350-362.

Schulze LM, Britto DT, Li M, et al. (2012) A pharmacological analysis of high-affinity sodium
transport in barley (Hordeum vulgare L.): a **Na"/*K" study. J Exp Bot 63: 2479-2489.

Zhu JK (2002) Salt and drought stress signal transduction in plants. Annu Rev Plant Biol 53:
247-273.

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59: 651-681.
Jayakannan M, Bose J, Babourina O, et al. (2013) Salicylic acid improves salinity tolerance in
Arabidopsis by restoring membrane potential and preventing salt-induced K" loss via a GORK
channel. J Exp Bot 64: 2255-2268.

Romheld V, Kirkby E (2010) Research on potassium in agriculture: needs and prospects. Plant
Soil 335: 155-180.

Debez A, Ben Rejeb K, Ghars MA, et al. (2013) Ecophysiological and genomic analysis of salt
tolerance of Cakile maritima. Environ Exp Bot 92: 64—72.

Zhu JK, Liu J, Xiong L (1998) Genetic analysis of salt tolerance in Arabidopsis: Evidence for a
critical role to potassium nutrition. Plant Cell 10: 1181-1191.

AIMS Biophysics Volume 3, Issue 3, 380-397.



393

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Keutgen AJ, Pawelzik E (2008) Impacts of NaCl stress on plant growth and mineral nutrient
assimilation in two cultivars of strawberry. Environ Exp Bot 65: 170-176.

Bassil E, Coku A, Blumwald E (2012) Cellular ion homeostasis: emerging roles of intracellular
NHX Na'/H" antiporters in plant growth and development. J Exp Bot 63: 5727-5740.

Maathuis FJM, Amtmann A (1999) K" nutrition and Na" toxicity: The basis of cellular K'/Na"
ratios. Ann Bot 84: 123-133.

Flowers TJ, Galal HK, Bromham L (2010) Evolution of halophytes: multiple origins of salt
tolerance in land plants. Funct Plant Biol 37: 604—612.

Ali Z, Park HC, Ali A, et al. (2012) TsHKT1;2, a HKT1 Homolog from the Extremophile
Arabidopsis Relative Thellungiella salsuginea, Shows K" Specificity in the Presence of NaCl.
Plant Physiol 158: 1463—1474.

Wang M, Zheng Q, Shen Q, et al. (2013) The Critical Role of Potassium in Plant Stress
Response. Int J Mol Scil4: 7370-7390.

Smith A, Jain A, Deal R, et al. (2010). Histone H2A.Z regulates the expression of several
classes of phosphate starvation response genes, but not as a transcriptional activator. Plant
Physiol 152: 217-225.

Ardie SW, Liu S, Takano T (2010) Expression of the AKT1-type K' channel gene from
Puccinellia tenuiflora, PutAKT1, enhances salt tolerance in Arabidopsis. Plant Cell Rep 29:
865-874.

Coskun D, Britto DT, Li MY, et al. (2013) Capacity and plasticity of potassium channels and
high-affinity transporters in roots of barley and Arabidopsis. Plant Physiol 162: 496-511.
Sussman MR (1994) Molecular analysis of protein in the plant plasma membrane. Annu Rev
Plant Physiol Plant Mol Biol 45: 211-234.

Blumwald E, Aharon GS, Apse MP (2000) Sodium transport in plant cells. Biochim Biophys
Acta 1465: 140-151.

Gaxiola RA, Rao R, Sherman A, et al. (1999) The Arabidopsis thaliana proton transporters
AtNhx1 and Avpl can function in cation detoxification in yeast. Proc Natl Acad Sci USA 96:
1480-1485.

Deinlein U, Stephan AB, Horie T, et al. (2014). Plant salt-tolerance mechanisms. 7Trends Plant
Sci 19: 371-379.

Tapken D, Hollmann M (2008) Arabidopsis thaliana glutamate receptor ion channel function
demonstrated by ion pore transplantation. J Mol Biol 383: 36—48.

Shabala S, Wu H, Bose J (2015) Salt stress sensing and early signalling events in plant roots:
Current knowledge and hypothesis. Plant Sci 241: 109-119.

Wegner, LH, De Boer AH (1997) Properties of two outward-rectifying channels in root xylem
parenchyma cells suggest a role in K' homeostasis and long-distance signaling. Plant Physiol
115: 1707-1719.

Gaymard F, Pilot G, Lacombe B, et al. (1998) Identification and disruption of a plant shaker-
like outward channel involved in K release into the xylem sap. Cell 94: 647-655.

Ren, Z.H, Gao JP, Li LG, et al. (2005) A rice quantitative trait locus for salt tolerance encodes a
sodium transporter. Nat Genet 37: 1141-1146.

Yang T, Zhang S, Hu Y, et al. (2014) The role of a potassium transporter OsHAKS in
potassium acquisition and transport from roots to shoots in rice at low potassium supply levels.
Plant Physiol 166: 945-959.

AIMS Biophysics Volume 3, Issue 3, 380-397.



394

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Benito B, Garciadeblas B, Rodriguez-Navarro A (2012) HAK transporters from Physcomitrella
patens and Yarrowia lipolytica mediate sodium uptake. Plant Cell Physiol 53: 1117-1123.

WU SJ, Ding L, Zhu JK (1996) SOSI1, a genetic locus essential for salt tolerance and potassium
acquisition. Plant Cell 8: 617-627.

Oh DH, Gong QQ, Ulanov A, et al. (2007) Sodium stress in the halophyte Thellungiella
halophila and transcriptional changes in a thsos1-RNA interference line. J Integr Plant Biol 49:
1484-1496.

Ahn SJ, Shin R, Schachtman DP (2004) Expression of KT/KUP genes in Arabidopsis and the
role of root hairs in K™ Uptake. Plant Physiol 134: 1135-1145.

Berthomieu P, Conéjéro G, Nublat A, et al. (2003) Functional analysis of AtHKTI1 in
Arabidopsis shows that Na" recirculation by the phloem is crucial for salt tolerance. EMBO J
22:2004-2014.

Ali A, Raddatz N, Aman R, et al. (2016) A Single Amino Acid Substitution in the Sodium
Transporter HKT1 Associated with Plant Salt Tolerance. Plant Physiol. 171: 2112-2126.
Corratgé-Faillie C, Jabnoune M, Zimmermann S, et al. (2010) Potassium and sodium transport
in non-animal cells: the Trk/Ktr/HKT transporter family. Cell Mol Life Sci 67: 2511-2532.
Aleman F, Nieves-Cordones M, Martinez V, et al. (2011) Root K" acquisition in plants: the
Arabidopsis thaliana model. Plant Cell Physiol 52: 1603—1612.

Nieves-Cordones M, Alemén F, Martinez V, et al. (2014) K uptake in plant roots. the systems
involved, their regulation and parallels in other organisms. J Plant Physiol 171: 688—695.

Rubio F, Nieves-Cordones M, Aleman F, et al. (2008) Relative contribution of AtHAKS and
AtAKT]1 to K" uptake in the high-affinity range of concentrations. Physiol Plant 134: 598—-608.
Rubio F, Aleman F, Nieves-Cordones M, et al. (2010) Studies on Arabidopsis athak$5, ataktl
double mutants disclose the range of concentrations at which AtHAKS, AtAKT1 and unknown
systems mediate K" uptake. Physiol Plant 139: 220-228.

PyoYJ, Gierth M, Schroeder JI, et al. (2010) High-Affinity K" transport in Arabidopsis:
AtHAKS and AKTI1 are vital for seedling establishment and postgermination growth under
low-potassium conditions. Plant Physiol 153: 863—875.

Aleman F, Nieves-Cordones M, Martinez V, et al. (2009). Differential regulation of the HAKS
genes encoding the high-affinity K transporters of Thellungiella halophila and Arabidopsis
thaliana. Environ Exp Bot 65: 263-269.

Adams E, Abdollahi P, Shin R (2013) Cesium inhibits plant growth through Jasmonate
signaling in Arabidopsis thaliana. Int J Mol Sci 14: 4545-4559.

Sun Y, Kong X, Li C et al. (2015) Potassium retention under salt stress is associated with
natural variation in salinity tolerance among Arabidopsis accessions. PLoS One 10: €0124032.
Rodriguez-Rosales MP, Jiang XJ, Galvez FJ, et al. (2008) Overexpression of the tomato K'/H"
antiporter LeNHX2 confers salt tolerance by improving potassium compartmentalization. New
Phytol 179: 366-77.

Leidi EO, Barragan V, Rubio L, et al. (2010) The AtNHX1 exchanger mediates potassium
compartmentation in vacuoles of transgenic tomato. Plant J 61: 495-506.

Ghars MA, Parre E, Debez A, et al. (2008) Comparative salt tolerance analysis between
Arabidopsis thaliana and Thellungiella halophila, with special emphasis on K'/Na" selectivity
and proline accumulation. J Plant Physiol 165: 588—599.

AIMS Biophysics Volume 3, Issue 3, 380-397.



395

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

Bailey CD, Koch MA, Mayer M, et al. (2006) Toward a global phylogeny of the Brassicaceae.
Mol Biol Evol 23: 2142-2160.

Debez A, Ben HK, Grigno C, et al. (2004) Salinity effects on germination, growth, and seed
production of the halophyte Cakile maritime. Plant Soil 262: 179-189.

Houmani H, Rodriguez-Ruiz M, Palma JM, et al. (2016). Modulation of superoxide dismutase
(SOD) isozymes by organ development and high long-term salinity in the halophyte Cakile
maritima. Protoplasma 253: 885-894.

Debez A, Koyro HW, Grignon C, et al. (2008) Relationship between the photosynthetic activity
and the performance of Cakile maritima after long-term salt treatment. Physiol Plantarum 133:
373-385.

Demidchik V, Tester M (2002) Sodium Fluxes through Nonselective Cation Channels in the
Plasma Membrane of Protoplasts from Arabidopsis Roots. Plant Physiol 128: 379-387.

Yadav S, Irfan M, Ahmad A, et al. (2011) Causes of salinity and plant manifestations to salt
stress: A review. J Environ Biol 32: 667—685.

Ellouzi H, Ben Hamed K, Hernandez I, et al. (2014) A comparative study of the early osmotic,
ionic, redox and hormonal signaling response in leaves and roots of two halophytes and a
glycophyte to salinity. Planta 240: 1299-1317.

Fan W, Zhang Z, Zhang Y (2009) Cloning and molecular characterization of fructose-1,6-
bisphosphate aldolase gene regulated by high-salinity and drought in Sesuvium portulacastrum.
Plant Cell Rep 28: 975-984.

Debez A, Saadaoui D, Ramani B, et al. (2006). Leaf H'-ATPase activity and photosynthetic
capacity of Cakile maritima under increasing salinity. Environ Exp Bot 57: 285-295.

Volkov V, Wang B, Dominy PJ, et al. (2004) Thellungiella halophila, a salt-tolerant relative of
Arabidopsis thaliana, possesses effective mechanisms to discriminate between potassium and
sodium. Plant Cell Environ 27: 1-14.

Wang B, Davenport RJ, Volkov V, et al. (2006) Low unidirectional sodium influx into root
cells restricts net sodium accumulation in Thellungiella halophila, a salt-tolerant relative of
Arabidopsis thaliana. J Exp Bot 57: 1161-1170.

Wong CE, Li Y, Whitty BR, et al. (2005) Expressed sequence tags from the Yukon ecotype of
Thellungiella reveal that gene expression in response to cold, drought and salinity shows little
overlap. Plant Mol Biol 58: 561-574.

Cuin TA, Betts SA, Chalmandrier R, et al. (2008). A root’s ability to retain K" correlates with
salt tolerance in wheat. J Exp Bot 59: 2697-2706.

Wang ZI, Li PH, Fredricksen M, et al. (2004) Expressed sequence tags from Thellungiella
halophila, a new model to study plant salt-tolerance. Plant Sci 166: 609—-616.

Vera-Estrella R, Barkla BJ, Garcia-Ramirez L, et al. (2005) Salt stress in Thellungiella
halophila activates Na transport mechanisms required for salinity tolerance. Plant Physiol 139:
1507-1517.

Volkov V, Amtmann A (2006) Thellungiella halophila, a salt-tolerant relative of Arabidopsis
thaliana, has specific root ion-channel features supporting K /Na" homeostasis under salinity
stress. Plant J 48: 342-353.

Volkov V, Wang B, Dominy PJ, et al. (2003) Thellungiella halophila, a salt-tolerant relative of
Arabidopsis thaliana, possesses effective mechanisms to discriminate between potassium and
sodium. Plant Cell Environ 27: 1-14.

AIMS Biophysics Volume 3, Issue 3, 380-397.



396

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kosova K, Prasil TI, Vitamvas P (2013) Protein contribution to plant salinity response and
tolerance acquisition. Int J Mol Sci 14: 6757-6789.

Maathuis FJM (2014) Sodium in plants: perception, signaling, and regulation of sodium fluxes.
J Exp Bot 65: 849-858.

Ellouzi H, Ben Hamed K, Cela J, et al. (2011) Early effects of salt stress on the physiological
and oxidative status of Cakile maritima (halophyte) and Arabidopsis thaliana (glycophyte).
Physiol Plant 142: 128-43.

Horie T, Hauser F, Schroeder JI (2009) HKT transporter-mediated salinity resistance
mechanisms in Arabidopsis and monocot crop plants. Trends Plant Sci 14: 660—668.
Rodriguez-Rosales MP, Galvez FJ, Huertas R et al. (2009). Plant NHX cation/proton
antiporters. Plant Signal Behav 4: 265-276.

Han M, Wu W, Wu WH, et al. (2016) Potassium Transporter KUP7 Is Involved in K
Acquisition and Translocation in Arabidopsis Root under K™-Limited Conditions. Mol Plant 9:
437-446.

Trono D, Laus MN, Soccio M, et al. (2015) Modulation of potassium channel activity in the
balance of ROS and ATP production by durum wheat mitochondria-an amazing defense tool
against hyperosmotic stress. Front Plant Sci 6: 1072.

Sun J, Wang MJ, Ding MQ et al. (2010) H,O, and cytosolic Ca*" signals triggered by the PM
H'-coupled transport system mediate K'/Na" homeostasis in NaCl-stressed Populus euphratica
cells. Plant Cell Environ 33: 943-958.

Jung JY, Shin R, Schachtman DP (2009) Ethylene mediates response and tolerance to
potassium deprivation in Arabidopsis. Plant Cell 21: 607-621.

Shin R, Schachtman DP (2004) Hydrogen peroxide mediates plant root cell response to nutrient
deprivation. Proc Natl Acad Sci USA 101: 8827—-8832.

Garcia-Mata C, Wang J ,Gajdanowicz P, et al. (2010) A Minimal Cysteine Motif Required to
Activate the SKOR K Channel of Arabidopsis by the Reactive Oxygen Species H,0,. J Biol
Chem 285: 29286-29294.

Ho CH, YF tsay (2010) Nitrate, ammonium, and potassium sensing and signaling. Curr Opin
Plant Biol 13: 604-610.

Kim MJ, Ciani S, Schachtman DP (2010) A peroxidase contributes to ROS production during
Arabidopsis root response to potassium deficiency. Mol Plant 3: 420-427.

Alscher RG, Erturk N, Heath LS (2002) Role of superoxide dismutases (SODs) in controlling
oxidative stress in plants. J Exp Bot 53: 1331-1341.

Tsugane K, Kobayashi K, Niwa Y, et al. (1999) A recessive Arabidopsis mutant that grows
photoautotrophically under salt stress shows enhanced active oxygen detoxification. Plant Cell
11: 1195-1206.

M’rah S, Ouerghi Z, Berthomieu C, et al. (2006) Effects of NaCl on the growth, ion
accumulation and photosynthetic parameters of Thellungiella halophila. J Plant Physiol 163:
1022-1031.

Ellouzi H, Ben Hamed K, Asensi-Fabado MA, et al. (2013) Drought and cadmium may be as
effective as salinity in conferring subsequent salt stress tolerance in Cakile maritima. Planta
237: 1311-1323.

AIMS Biophysics Volume 3, Issue 3, 380-397.



397

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

Ma L, Zhang H, Sun L, et al. (2012) NADPH oxidase AtrbohD and AtrbohF function in ROS-
dependent regulation of Na*/K*homeostasis in Arabidopsis under salt stress. J Exp Bot 63:
305-317.

Bose J, Rodrigomoreno A, Shabala S (2014) ROS homeostasis in halophytes in thecontext of
salinity stress tolerance. J Exp Bot 65: 1241-1257.

Corpas FJ, Barroso JB (2015) Nitric oxide from a "green" perspective. Nitric Oxide 45: 15-19.
Tanou G, Molassiotis A, Diamantidis G (2009) Hydrogen peroxide- and nitric oxide-induced
systemic antioxidant prime-like activity under NaCl-stress and stress-free conditions in citrus
plants. J Plant Physiol 166: 1904-1913.

Manai J, Kalai T, Gouia H, et al. (2014) Exogenous nitric oxide (NO) ameliorates salinity-
induced oxidative stress in tomato (Solanum lycopersicum) plants. J Soil Sci Plant Nutr 14:
433-446.

Crawford NM (2006) Mechanisms for nitric oxide synthesis in plants. J Exp Bot 57: 471-478.
Gupta B, Huang B (2014) Mechanism of salinity tolerance in plants: physiological, biochemical,
and molecular characterization. Int J Genomics 2014: 727-740.

Xia J, Kong D, Xue S, et al. (2014) Nitric oxide negatively regulates AKTI1-mediated
potassium uptake through modulating vitamin B6 homeostasis in Arabidopsis. P Natl Acad Sci
US4 111: 16196-16201.

Zhao MG, Tian QY, Zhang WH (2007) Nitric oxide synthase-dependent nitric oxide production
is associated with salt tolerance in Arabidopsis. Plant Physiol 144: 206-217.

Chen J, Xiong DY, Wang WH, et al. (2013) Nitric oxide mediates root K'/Na" balance in a
mangrove plant, Kandelia obovata, by enhancing the expression of AKT1-type K channel and
Na'/H" antiporter under high salinity. PLoS One 8: 71543.

Kliebenstein DJ, Monde RA, Last RL (1998) Superoxide dismutase in Arabidopsis: an eclectic
enzyme family with disparate regulation and protein localization. Plant Physiol. 118: 637-650.

© 2016 Francisco J Corpas et al., licensee AIMS Press. This is an open

A _'_!___\_1_ \ AIMS Press access article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Biophysics Volume 3, Issue 3, 380-397.



