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Potassium (K+) and nitrogen (N) are essential nutrients, and their absorption and distribution within the plant must be coordinated for optimal growth and development. Potassium is involved in charge balance of inorganic and organic anions and macromolecules, control of membrane electrical potential, pH homeostasis and the regulation of cell osmotic pressure, whereas nitrogen is an essential component of amino acids, proteins, and nucleic acids. Nitrate (NO3–) is often the primary nitrogen source, but it also serves as a signaling molecule to the plant. Nitrate regulates root architecture, stimulates shoot growth, delays flowering, regulates abscisic acid-independent stomata opening, and relieves seed dormancy. Plants can sense K+/NO3– levels in soils and adjust accordingly the uptake and root-to-shoot transport to balance the distribution of these ions between organs. On the other hand, in small amounts sodium (Na+) is categorized as a “beneficial element” for plants, mainly as a “cheap” osmolyte. However, at high concentrations in the soil, Na+ can inhibit various physiological processes impairing plant growth. Hence, plants have developed specific mechanisms to transport, sense, and respond to a variety of Na+ conditions. Sodium is taken up by many K+ transporters, and a large proportion of Na+ ions accumulated in shoots appear to be loaded into the xylem by systems that show nitrate dependence. Thus, an adequate supply of mineral nutrients is paramount to reduce the noxious effects of salts and to sustain crop productivity under salt stress. In this review, we will focus on recent research unraveling the mechanisms that coordinate the K+-NO3–; Na+-NO3–, and K+-Na+ transports, and the regulators controlling their uptake and allocation.
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INTRODUCTION

Plants take up essential nutrients and other minerals from the soil in various chemical forms. Some of them (K+ or NO3–) are essential for growth and taken in large quantities if available, while others (Na+ or NH4+) are potentially toxic at high concentrations. Contrary to nitrate and phosphate, K+ is not incorporated into organic matter, and hence it is the most abundant cation in tissues of well-fed plants, constituting between 2 to 10% of the dry weight of the plant (Leigh, 2001).

The physiological function of K+ ions include enzyme activation, osmotic regulation, turgor generation, cell expansion, pH homeostasis, regulation of electrical membrane potentials and electrical neutralization of the abundant negative charges within cells (Clarkson and Hanson, 1980; Pettigrew, 2008; Hawkesford et al., 2012; Zorb et al., 2014). Thus, large quantities of K+ are taken up from the soil solution by root epidermal and cortical cells, and then distributed throughout the plant. The concentration of K+ in the cytoplasm is kept rather constant, typically in the range of 75−100 mM when measured as K+ activity by ion-selective microelectrodes in several species (Maathuis and Sanders, 1993; Walker et al., 1996; Leidi et al., 2010; Planes et al., 2015). The vacuolar K+ pool is highly dynamic and serves as a repository that is replenished in times of abundance or wasted to preserve the homeostatic cytosolic concentration upon starvation (Martinoia et al., 2012; Ahmad and Maathuis, 2014). In barley roots, cytosolic K+ content began to decline only after the total tissue concentration dropped below 25 mM, while vacuolar concentrations ranged widely from 10 to 125 mM depending on the K+ status of the plant (Walker et al., 1996). Despite the homeostatic design to preserve optimal cytosolic K+ levels, both abiotic and biotic stresses result in the disturbance of intracellular K+ levels (Shabala and Pottosin, 2014). Relatively small changes in K+ concentration have profound effects on the electrical charge of the plasma membrane, which in turn initiates signaling events that trigger pertinent responses in K+ acquisition (Rubio et al., 2014), salinity (Leidi et al., 2010; Shabala, 2017), plant immunity (Brauer et al., 2016), and programmed cell death (Demidchik et al., 2010). Consequently, a signaling role has been proposed for the shifting levels of cytosolic K+ (Shabala, 2017).

Nitrogen is another macronutrient required by plants in the greatest amounts for optimal growth, and incorporated into numerous organic compounds (Mengel et al., 2001). For most plants, NO3– and NH4+ are the prevalent nitrogen sources (Crawford, 1995; Gazzarrini et al., 1999). To be assimilated, NO3– has to be taken up from the soil and converted into ammonium by nitrate and nitrite reductases, and then incorporated into amino acids via the glutamine-synthetase and glutamate synthase (GS-GOGAT) pathway. On the other hand, ammonium, as nitrogen source, is preferred over nitrate by most plants, but ammonium uptake through roots is tightly controlled because an elevated ammonium concentration in the cytosol becomes toxic to the plant (Gazzarrini et al., 1999; Straub et al., 2017). Potassium plays an essential role as counter-ion of NO3–, facilitating the uptake, translocation, and distribution of these ions between roots and shoots (Engels and Marschner, 1993; Zhang et al., 2010; Rodenas et al., 2017). Hence, the acquisition rates of K+ and NO3– are often positively correlated (reviewed by Coskun et al., 2017). Under nutrient-sufficient conditions, K+:NO3– co-translocation from the root-to-shoot is enhanced, while on the contrary, under nutrient-limited conditions the transport of both nutrients is restricted (Pettersson, 1984; Lin et al., 2008; Drechsler et al., 2015; Meng et al., 2016). The amount of supplied N and K must also be balanced to achieve maximum growth (Coskun et al., 2017). However, the mechanistic basis for the mutual influences exerted by these nutrients is poorly understood. By contrast, NH4+ is a strong inhibitor of the high-affinity K+ uptake by roots and translocation to shoots (Scherer et al., 1984; Wang et al., 1996; Spalding et al., 1999; Santa-Maria et al., 2000; ten Hoopen et al., 2010).

Sodium is the 7th most abundant element in the earth’s crust (2.4 vs. 2.1% of K+), present in all soils and surface and subterranean water bodies. However, unlike K+ and NO3–, it is not essential for either development or for the reproduction of plants with the exception of a subgroup of C4 plants that require traces of Na+ to drive the Na+-pyruvate co-transporter chloroplasts (Furumoto et al., 2011). In all other plants, this function is mediated by a H+-coupled pyruvate carrier. Under typical physiological conditions, plants maintain a high cytosolic K+:Na+ ratio with relatively low Na+ concentrations (20–30 mM) (Carden et al., 2003; Rodriguez-Navarro and Rubio, 2006; Kronzucker et al., 2013). However, as the ionic radii of Na+ and K+ in their hydrated forms are similar, under sodic conditions a failure in the discrimination among them often occurs, thus facilitating the Na+ influx through pathways that generally function for K+ uptake (Benito et al., 2014). The accumulation of toxic concentrations of Na+ in cells may have harmful effects, such as induction of cytosolic K+ efflux from both root and leaf cells and, subsequently an imbalance in cellular homeostasis, oxidative stress, interference with Ca2+ and K+ functions, disruption of protein synthesis, retarded growth and even plant death (Tester and Davenport, 2003; Munns and Tester, 2008; Craig Plett and Moller, 2010; Cabot et al., 2014).

Considering the extent and physiological importance of these interactions between NO3–, K+, and Na+, in this review we describe the operation and diversity of the main mechanisms that coordinate the K+-NO3–, Na+-NO3–, and K+-Na+ transports, and their regulators that control their uptake and movements. Most of the proteins and processes described herein belong to Arabidopsis thaliana and rice because of the wealth of information available in these model species.



POTASSIUM–NITRATE INTERACTIONS

In most plant species, the uptake rates of K+ and NO3– from the soil are positively correlated and to enhance one another. This effect can be explained by the improved charge balance during nutrient uptake and long-distance transport and by the K+-induced activation of the enzymes involved in nitrate assimilation. Consequently, plants grown in the presence of NO3– take up and accumulate more K+ than when grown with NH4+. However, little is known about the direct influences produced by one ion on the transport of the other (Coskun et al., 2017).

To cope with variable nitrate concentrations in soil, tissues and within cells, plants have developed both a High-Affinity Transport System (HATS; Km in the μM range) and a Low-Affinity Transport System (LATS; Km of mM) for the acquisition and distribution of nitrate. When the external nitrate concentration is high (e.g., >1 mM), LATS is preferentially used; otherwise, the inducible HATS are activated and take over nitrate transport (Glass et al., 1992; Crawford and Glass, 1998). Two protein families, NRT1/NPF and NRT2, have been identified as responsible for LATS and HATS, respectively. Exceptions are NRT1.1, which has a dual high- and low-affinity for nitrate, depending on the phosphorylation state, and NRT2.7 which despite belonging to NRT2 family, shows low nitrate affinity (Glass et al., 1992; Orsel et al., 2002; Chopin et al., 2007; Tsay et al., 2007). Some endosomal channel-like exchangers of the CLC family, and the slow anion channels SLAC1/SLAH also transport nitrate. Collectively, these four families of anion transporters amount to 70 genes in A. thaliana, albeit just a few of them have been confirmed to transport nitrate (Fan et al., 2017).

The NRT1/NPF family shares significant sequence identity to mammalian and bacterial PTR peptide transporters. The NRT1/NPF family belongs to the Major Facilitator Superfamily (MFS) of secondary active transporters that use the proton electrochemical gradient to drive substrate uptake into cells. Although several members of the NRT1/NPF have been shown to mediate nitrate transport, other members of this large family may not be competent for this process but instead mobilize diverse substrates ranging from dipeptides to hormones, including ABA and auxin (Leran et al., 2015a; Fan et al., 2017). NRT1.1/CHL1 is the most studied nitrate transporter and represents a major pathway for nitrate uptake (Tsay et al., 1993, 2007; Figure 1). Notably, the Arabidopsis NRT1.1 is a dual-affinity nitrate transporter that also serves as a sensor for its substrate (Wang et al., 1998). In conditions of high nitrate availability (>1mM) NRT1.1 behaves as a low-affinity transporter (Km ∼4 mM). However, when nitrate levels fall below 1 mM, NRT1.1 is phosphorylated by the CIPK23 protein kinase, switching into a high-affinity mode (Km ∼40 μM) (Wang et al., 1998; Liu et al., 1999; Ho et al., 2009). NRT1.2, expressed in root epidermis and cortex also contributes in low-affinity nitrate uptake, together with other LATS yet to be identified (Figure 1; Huang et al., 1999; Nacry et al., 2013). On top of the nitrate transport activity of NRT1.1, this sensor protein governs essential physiological, developmental and molecular features of the plant response to nitrate availability by means of its capacity for auxin transport. Under low nitrate conditions, NRT1.1 functions to take up and remove auxin from the lateral root primordia, thus repressing the development of lateral roots. Nitrate inhibits NRT1.1-dependent auxin uptake, which in turn stimulates lateral root development (Krouk et al., 2010). Mutations in residues P492 and T101, the later being phosphorylated by CIPK23, decrease auxin transport of NRT1.1 and impair the regulation of lateral root development (Bouguyon et al., 2015, 2016).
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FIGURE 1. Transporters involved in the main pathways for the uptake of nitrate and potassium. The diagram represents an idealized root cell disregarding developmental differentiation. Major signaling pathways regulating the expression and biochemical activity of these transporters are also represented. Solid lines represent signaling events and connections that have been confirmed experimentally. Dotted lines signify known or suspected connections for which the molecular events involved remain to be defined. PLC represents an unidentified phospholipase C. Further details are given in the main text.


The NRT2 family consists of seven members in the Arabidopsis genome. NRT2.1, NRT2.2, NRT2.4 and NRT2.5 are involved in inducible high-affinity nitrate uptake (Figure 1; Cerezo et al., 2001; Li et al., 2007; Kiba et al., 2012; Kiba and Krapp, 2016). These four NRT2 transporters are responsible of approximately 95% of high-affinity nitrate influx activity under nitrate-limited conditions, as evidenced by the phenotype of the quadruple mutant nrt2.1/nrt2.2/nrt2.4/nrt2.5 (Lezhneva et al., 2014). Although NRT1 and NRT2 proteins are functionally and phylogenetically distinct, both are believed to couple nitrate and proton translocation to sustain nitrate transport regardless of the thermodynamical constraints imposed by the nitrate gradient across biological membranes (Paulsen and Skurray, 1994; Orsel et al., 2002). Passive efflux, i.e., downward the electrochemical gradient of nitrate, is facilitated by channels, including SLAH3 in guard cells (Geiger et al., 2011; Zheng et al., 2015). Efflux in the cortex of mature roots is achieved by the electroneutral NO3–/H+ symporter NAXT1/NPF2.7 (Figure 1; Segonzac et al., 2007). The biological role of this nitrate leak leading to a decrease in root NO3– content is unclear because interference with NAXT1 gene expression did not reveal a role in plant N nutrition in standard culture conditions (Segonzac et al., 2007). A NAXT-like protein, NPF2.3, contributes to nitrate efflux in the root pericycle and loading into the xylem sap (Taochy et al., 2015).

Long-distance transport of nitrate involves xylem loading and unloading, two successive steps that determine net distribution and assimilation efficiency (Figure 2; Krapp, 2015). After entering the root cytoplasm, nitrate can be loaded into xylem vessels by NRT1.5, expressed in root pericycle cells, and subsequently retrieved from the xylem sap in plant roots and aerial tissues by NRT1.8, expressed predominantly in xylem parenchyma cells (Lin et al., 2008; Li et al., 2010). Under stress conditions (salinity, drought, and cadmium treatment), NRT1.5 expression in roots decreases and nitrate loading into xylem vessels is reduced. By contrast, NRT1.8 expression in roots increases, enhancing nitrate unloading back into roots. This coordinated regulation is mediated by ethylene and jasmonic pathways (Li et al., 2010; Zhang et al., 2014). Once nitrate has reached the aerial tissues, the low-affinity nitrate transporter NRT1.4, preferentially expressed in leaf petioles, gates nitrate distribution within leaves (Figure 2). The activity of NRT1.4 contributes to cell expansion. Under high nitrate conditions, NRT1.9 mediates nitrate transport back to roots via phloem (Figure 2). This mechanism prevents excess amounts of nitrate being accumulated in shoots (Wang and Tsay, 2011). Moreover, nitrate can be remobilized from older leaves to feed young leaves via NRT1.7, expressed in the phloem of minor veins (Fan et al., 2009). At destination, nitrate is either stored inside vacuoles using K+ as counterion, where both ions contribute to osmotic adjustment (Barragan et al., 2012; Martinoia et al., 2012), or reduced to nitrite and then partitioned into plastids to be assimilated to organic nitrogen (Wang et al., 2012, 2018). The low-affinity nitrate transporter NRT2.7 and the channel-like NO3–/H+ exchanger CLCa were identified as responsible for nitrate translocation into vacuoles (De Angeli et al., 2006; Chopin et al., 2007; Figure 2). The transporters responsible for exporting nitrate out of vacuoles remain to be identified.
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FIGURE 2. Simplified representation of the source (root) and sink (shoot) organs in terms of mineral uptake and distribution, connected by xylem and phloem. Transporters involved in the root-shoot partition of nitrate and potassium are represented in their preferential placement based on gene expression and protein activity. AKT2 is represented as bidirectional owing to its facultative inward-rectification.


Potassium uptake by roots often exhibits complex biphasic kinetics in response to increasing external concentrations. At least two transport systems are involved in potassium uptake, corresponding to high- and low- affinity transports systems, which work at low (<1 mM) and high (>1 mM) external K+ concentrations, respectively (Nieves-Cordones et al., 2014; Ragel et al., 2019). At high concentrations outside, K+ crosses the plasma membrane mostly through selective channels, e.g., the Shaker-like channel AKT1 (Lagarde et al., 1996; Nieves-Cordones et al., 2016; Figure 1). At low K+ concentrations, proton-coupled transport systems, such as HAK5 of Arabidopsis and HAK1 of rice, are needed in order to pull potassium inside cells against its electrochemical gradient (Gierth et al., 2005; Nieves-Cordones et al., 2016; Santa-Maria et al., 2018). The cryo-EM structure of KimA, a KUP-like protein from Bacillus subtilis, has been resolved recently (Tascon et al., 2020). The structure shows a homodimer alternating between occluded and opened arrangements formed by tilted protomers that likely rock with a “breading” motion during K+/H+ symport.

Plants respond to K+ availability by different means. Hyperpolarization of the root cell membrane is considered to be the earliest signaling event elicited by K+ deficiency (Nieves-Cordones et al., 2008; Figure 1). Also associated to K+ starvation are increases in cytosolic calcium (Ca2+), the alteration of different hormone levels (such as ethylene and jasmonate), and production of reactive oxygen species (ROS) (Armengaud et al., 2004; Shin and Schachtman, 2004; Jung et al., 2009; Behera et al., 2017; Figure 1). Together, these stimuli lead to transcriptional and post-translational regulation of K+ uptake systems. At the transcriptional level, the HAK5 transporter is activated by K+ starvation, specifically responding to hyperpolarization of the plasma membrane (Nieves-Cordones et al., 2008), and quickly repressed after K+ supply (Ahn et al., 2004; Gierth et al., 2005; Aleman et al., 2009). At the post-transcriptional level, Ca2+ signaling under K+ deprivation is registered by the CBL1/CBL9 Ca2+ sensors, that activate and recruit the kinase CIPK23 to the plasma membrane to achieve the phosphorylation and activation of both AKT1 and HAK5 transporters (Li et al., 2006; Xu et al., 2006; Ragel et al., 2015; Figure 1). HAK5 activation produced an increase in the affinity and the Vmax of K+ transport, ensuring the entry of K+ inside the cell at concentrations lower than 0.1 mM (Nieves-Cordones et al., 2014; Ragel et al., 2015), whereas phosphorylation of AKT1 results in channel activation that maximizes K+ influx (Geiger et al., 2009).

The CIPK23/CBL1-9 module not only phosphorylates and activates K+ uptake systems AKT1 and HAK5, but also mediates high- and low-affinity transition of the nitrate transporter and sensor (transceptor) NRT1.1 (Ho et al., 2009; Leran et al., 2015b; Figure 1). The crystal structure of NRT1.1 reveals a biologically relevant dimer, whose dynamic coupling and decoupling of monomers is controlled by the phosphorylation of a single residue, Thr101, by CIPK23 (Ho et al., 2009; Parker and Newstead, 2014; Sun et al., 2014). This residue is strictly conserved among plant NRT1.1 orthologs. Non-phosphorylated NRT1.1 is a low-affinity nitrate transporter working as a dimer. According to the common view, at low external nitrate concentration, a Ca2+ signaling cascade leads to the phosphorylation of NRT1.1 by CIPK23/CBL1-9 and dimer dissociation. Phosphorylated NRT1.1 monomers show a higher nitrate affinity than the dimers (Tsay et al., 2011; Li et al., 2017). These findings bring about two questions. One is how the CIPK23/CBL1-9 complex is capable of resolving different nutrient-related stimuli and then targets the pertinent K+ or nitrate transporter. One reason could be the sequence of events leading to transporter phosphorylation/activation. Rashid et al. (2019) proposed that nitrate binding by only one NRT1.1 monomer triggers dimer dissociation and exposes the Thr101 residue to enable phosphorylation by CIPK23. This phosphorylation stabilizes the monomeric state of NRT1.1. However, at higher nitrate concentrations, substrate binding by both monomers promotes NRT1.1 dimerization, which attenuates CIPK23 activity and thereby maintains the low-affinity mode of nitrate signaling and transport (Rashid et al., 2019). Moreover, a functional NRT1.1 is necessary to trigger nitrate-induced Ca2+ waves through the action of an unknown phospholipase C (Riveras et al., 2015; Figure 1). Whether this kinetic model also applies to HAK5 and AKT1, which likely are dimers and tetramers themselves (Daram et al., 1997; Daras et al., 2015; Tascon et al., 2020), is unknown. In K+ transport, it is assumed that K+ starvation elicits a Ca2+ signal perceived by CBL1 and CBL9 (Behera et al., 2017), which then recruit CIPK23 to the plasma membrane to phosphorylate and activate AKT1 and HAK5 transporters. In other words, Ca2+-induced phosphorylation of K+ transport protein leads to conformational and kinetics changes, whereas for NRT1.1 the low availability of the substrate is what induces the phase transition from dimers to monomers. This, in turn, facilitates phosphorylation to stabilize the new conformation, which also elicits a Ca2+ signal that reinforces the output by stimulating CBL1/9-dependent CIPK23 activity (Rashid et al., 2019). How those alternative models apply to ammonium, magnesium and iron transporters, and channels SLAC1 and SLAH3, all of which are also regulated by CIPK23, is unclear (Maierhofer et al., 2014; Tang et al., 2015; Straub et al., 2017; Dubeaux et al., 2018).

The second, broader question is why nitrate and potassium transporters need to be regulated by the same kinase in the first place. The answer to this question likely relates to the tight linkage between K+ and nitrate uptake and distribution. The expression of NRT1.1 in roots is enhanced by low K+-treatment, and the transporter is required for plants to resist K+ deficiency under sufficient NO3– in concert with K + uptake channels (Fang et al., 2019). In these conditions, the nrt1.1 knockout mutant exhibited severe leaf senescence, shorter roots and less biomass than Col-0 plants, while the quadruple mutant nrt2.1, nrt2.2, nrt2.4, and nrt2.5 lacking several high-affinity nitrate transporters showed a phenotype similar to wild-type plants. In addition, the rates of root Rb+ uptake (the closest analog of K+) in nrt1.1 mutant were considerably less than those in Col-0 plants in low-Rb+ medium. How low-K+ stress up-regulates NRT1.1 activity is not yet known, but it likely involves activation of the CIPK23/CBL1-CBL9 module.

Potassium and nitrate are also linked with each other in their translocation to shoots (Figure 2). In general, under nutrient sufficient conditions, the root-to-shoot transport of K+ and NO3– is enhanced (Coskun et al., 2017). Conversely, co-translocation is restricted in plants under limited availability of either nutrient. However, under low-NO3– and K+-sufficient conditions, NO3– can be partially substituted by other anions such a chloride, indicating that charge balance is a key factor behind the observed linkage. The cooperative translocation of K+ and NO3– via the vasculature has been interpreted as an internal ion cycling by which NO3– is transported from root to shoot using K+ as counterion in the xylem sap. In the shoot NO3– is assimilated into amino acids and organic acids. Malate is then transported to roots via the phloem, again accompanied by K+ as counterion (Zioni et al., 1971; Kirkby and Knight, 1977; Touraine et al., 1988; Engels and Kirkby, 2001). Potassium circulating in the phloem is also involved in supporting sucrose transport from source to sink tissues. The K+ channel AKT2, a facultative inward-rectifier controlled by phosphorylation (Figure 2), energizes sucrose loading into the phloem of Arabidopsis (Michard et al., 2005; Gajdanowicz et al., 2011).

Molecular mechanisms that directly coordinate the long-distance transport of NO3– and K+ are beginning to emerge. To transport ions to the shoot, they must be loaded into the xylem vessels of the root vascular stele (Ahmad and Maathuis, 2014). Until recently, only the K+ channel SKOR had been implicated in root-to-shoot K+ translocation in Arabidopsis (Gaymard et al., 1998; Figure 2). SKOR belongs to the voltage-dependent Shaker-like superfamily of K+ channels. SKOR is expressed in the root pericycle and xylem parenchyma of Arabidopsis, and mediates K+ secretion into xylem vessels. At high external K+ concentration in the vasculature, the channel stabilizes in a closed state. However, with a low external K+ concentration and when the plasma membrane of xylem parenchyma cells becomes depolarized, SKOR opens and mediates the release of cellular K+ to the stele apoplast and xylem vessels. Since the cell interior is electrically negative relative to the exterior, the uptake of the nitrate anion driven by the co-transport of two protons would initially depolarize the plasma membrane. Likewise, the efflux of anions, such as NO3– or Cl–, out of parenchyma cells in the stele could lead to membrane depolarization that in turn would elicit K+ release via SKOR, thereby explaining the observed linkage between anionic (NO3–, SO4–, Cl–) and cationic (K+, Ca2+, Mg2+) nutrients (Leigh, 2001; Drechsler et al., 2015). The skor mutation strongly reduced the K+ content in the shoot and xylem sap with little effect on the root K+ content (Gaymard et al., 1998), but surprisingly skor null mutants do not exhibit a particular K+-deficient phenotype, which suggests that other proteins may also participate in this process. Notably, one nitrate transporter, NRT1.5, has been shown to affect root-to-shoot K+ translocation under low NO3– availability (Drechsler et al., 2015) and to be involved in K+ and NO3– transport by xylem under K+ limited conditions (Li et al., 2017; Figure 2).

As said before, nitrate can be assimilated into ammonium and then to amino acids. A significant proportion of nitrate assimilation takes place in shoot because the reducing power required for the assimilation processes comes from photosynthesis (Searles and Bloom, 2003; Krapp, 2015). NRT1.5 of Arabidopsis was first identified as a bona fide nitrate transporter in Xenopus oocytes and shown to facilitate nitrate loading into xylem vessels (Lin et al., 2008). However, NRT1.5 has later been shown to operate as a proton-coupled H+/K+ antiporter (Li et al., 2017). Thus, at external acidic pH (as in the xylem sap) NRT1.5 promotes K+ release out of cells into the xylem. In nrt1.5 mutants, the amount of K+ transported to the shoot is reduced in K+-sufficient and K+- deficient conditions, while the mutant nrt1.5 accumulates higher K+ and NO3– in the root under K+-deficient conditions (Lin et al., 2008; Li et al., 2017). According to the crystal structure of NRT1.1, which is an electrogenic NO3–/H+ symporter, the “ExxER” motif (containing three conserved residues) on transmembrane TM1 together with the conserved residue Lys-164 on TM4 is responsible for proton coupling (Parker and Newstead, 2014). These four charged residues are highly conserved in most Arabidopsis NRT1 members. By contrast, NRT1.5 only has non-charged residues in these four sites, suggesting that this transporter must have an alternative proton-coupling mechanism compared with other NRT1 members. One possibility that deserves further exploration is whether differences in amino acids related to proton-binding in NRT1.1 allow NRT1.5 to couple the co-transport K+ and nitrate as substrates. Despite the controversial mechanism of transport by NRT1.5, the consensus is that NRT1.5 affects the homeostatic balance between K+ and nitrate in the xylem stream (Lin et al., 2008; Li et al., 2017). Inactivation of NRT1.5 also promoted the expression of genes responsive to phosphate deficiency and increased the concentration of phosphate in tissues compared to wild-type plants under phosphate starvation. However, this appeared to be an indirect effect of ethylene production in the mutant since inhibition of ethylene synthesis canceled differences between nrt1.5 and wild-type plants with regard to the phosphate response (Cui et al., 2019).

Coordinated regulation between K+ and NO3– in translocation to xylem also exists at the transcriptional level. The expression of genes SKOR and NRT1.5 was up-regulated by nitrate supply. During low-K+ stress, the NRT1.5 transcript is down-regulated, presumably to adjust root-to-shoot K+/NO3– transport to K+ levels (Wang et al., 2004; Lin et al., 2008; Li et al., 2017). Similar results have been reported in rice regarding the nitrate transporter OsNPF2 expressed in the root epidermis, xylem parenchyma, and phloem companion cells (Xia et al., 2015). Knockout of OsNPF2.4 decreased K+ concentration in xylem sap. Conversely, K+ deprivation resulted in the up-regulation of the nitrate transporters NRT1.2 and NRT2.1 in tomato roots (Wang et al., 2001) and of NRT1.1 in Arabidopsis (Armengaud et al., 2004).

Recently, the Arabidopsis transcription factor MYB59 has been shown to positively regulate NRT1.5 expression and to balance K+/NO3– transport (Du et al., 2019). Under K+/NO3– sufficient conditions, MYB59 binds to the NRT1.5 promoter and facilitates NRT1.5-mediated root to shoot K+/NO3– transport (Figure 2). When plants are subjected to K+/NO3– deficient conditions, MYB59 is down-regulated, which subsequently impairs the accumulation of the NRT1.5 transcript. These data further support a co-regulation at the level of xylem transport that maintains the balance between NO3– and K+.

Guard cells represent a paradigmatic example of how NO3– and K+ transport are functionally linked at the cellular level (Figure 3). Stomata consist of pairs of guard cells that dynamically and reversibly change their turgor and volume to adjust the size of the stomatal pore. This is accomplished by the massive uptake and release of K+ and nitrate ions among other solutes, and by the biosynthesis of organic compounds (Eisenach and De Angeli, 2017; Hedrich and Shabala, 2018). To open the stomata, firstly the activation of H+-ATPase AHA1 hyperpolarizes the plasma membrane, negative inside, which then triggers the influx of K+ into the cytoplasm following the electrochemical gradient (Figure 3). The influx of K+ partly depolarizes the membrane, which in turn favors that charge-balancing anions accumulate in the guard cell (Yamauchi et al., 2016; Jezek and Blatt, 2017). The inward-directed H+ gradient allows the symport of sugars, and of organic (malate) and inorganic anions (Cl–, NO3–) in co-transport with H+ (Eisenach and De Angeli, 2017; Jezek and Blatt, 2017). This increased uptake of osmolytes triggers water influx, inflates the guard cells and the stomatal pore opens. NRT1.1, which is expressed not only in roots but also in the guard cells, contributes to promoting stomatal opening (Guo et al., 2003). Conversely, stomatal closure activates the anion channels SLAC1 and SLAH3, which differ in their Cl–/NO3– permeability and are activated by a distinct set of protein kinases that are stimulated by ABA (Vahisalu et al., 2008; Geiger et al., 2009, 2010, 2011; Lee et al., 2009; Figure 3). As result of anion exit through these channels, the plasma membrane depolarizes. This voltage drop at the plasma membrane activates the potassium outward-rectifying channel GORK, what finally leads to K+ efflux for decreasing turgor and stomatal closure.
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FIGURE 3. Depicted are the main transporters mediating anion and cation fluxes at the plasma membrane of guard cells and involved in stomatal movements. Left side, stomata opening; right side, stomata closure. PK represents protein kinases, including OST1 and CPK3.


Abscisic acid (ABA) promotes stomatal closure at least in part by driving the increase in nitric oxide, which in turn leads cytosolic calcium elevation (Chen et al., 2016). The effects in elevating cytosolic calcium results in the suppression of currents at the plasma membrane through the K+ inward channel to prevent K+ influx and activation of K+ outward and anion channels for ion efflux and stomatal closure. The main source of nitric oxide is the reduction of nitrite to nitric oxide, catalyzed by two nitrate reductases encoded by NIA1 and NIA2 genes (Wilson et al., 2008). Accordingly, stomatal opening is significantly affected in the double mutant nia1 nia2 in normal growth conditions throughout the day. Beside this, nia1 nia2 was unable to fully open its stomata even under high external K+, suggesting the mutations may affect guard cell K+ transport, as K+ is the main solute for stomatal opening (Chen et al., 2016).



NITRATE–SODIUM INTERACTIONS

Substantial interactions between nitrate and sodium transport could be expected in marine plants and algae thriving in a medium with high salinity and moderately alkaline pH (pH 7.5–8.4). Nitrate is present at low (1–10 μM) concentrations in seawater and must be captured against a steep electrochemical gradient across the plasma membrane, which theoretically could be coupled to the co-transport of H+ or the abundant Na+ ions (Rubio et al., 2005). However, only few reports have described Na+-linked nutrient uptake in marine plants. One example is the seagrass Zostera marina, which evolved from a terrestrial angiosperm that returned to the sea. Like extant land species, the ancestor of Z. marina presumably transported NO3– from the soil using H+-coupled transport systems. Therefore, an interesting question is how Na+-coupled NO3– transport evolved in Z. marina (Garcia-Sanchez et al., 2000). Identifying the transporter(s) involved in Na+/NO3– co-transport could potentially yield important structural information regarding the ion selectivity of nitrate transporters.

Not surprisingly, there are very few reports about Na+-coupled transport systems in terrestrial plants. Na+-dependent nitrate transport has been described in the halophytes Suaeda physophora and Salicornia europea (Junfeng et al., 2010; Nie et al., 2015). In Beta vulgaris, Na+ enhances both nitrate uptake and translocation to shoots (Kaburagi et al., 2014, 2015). On the other hand, a large proportion of Na+ ions accumulated in Arabidopsis shoots were loaded into the xylem by transport systems that appeared to couple the movement of Na+ to that of nitrate (Alvarez-Aragon and Rodriguez-Navarro, 2017). The nitrate-dependent loading of Na+ into the xylem was additive to that of SOS1, a Na/H exchanger mediating Na+ efflux at the xylem parenchyma cells (Shi et al., 2002; El Mahi et al., 2019). Nitrate-dependent Na+ transport was partially interrupted in the nrt1.1 mutant but not in nrt1.2, implying that unidentified nitrate transporters under the regulation of the NRT1.1 transceptor were involved in this process (Alvarez-Aragon and Rodriguez-Navarro, 2017). Notably, this linked Na+/NO3– transport served the purpose of osmotic adjustment since it prevented the wilting of plants challenged with a hyperosmotic medium. The combined use of nitrate and chloride as permeable anions showed a predominant role of nitrate to stimulate Na+ accumulation, suggesting that nitrate fulfilled a specific function that chloride did not achieve. Thus, it appears that under high salinity Na+ may partly substitute for K+ in the extensive K+-NO3– interactions described above, particularly in those connected to charge balance and the re-distribution of K+ as a cellular osmoticum.

Under stress conditions, a significant amount of nitrate assimilation into organic matter is shifted from shoots to roots (Krapp, 2015). As explained above, the coordinate action of NRT1.5/NPF7.3 and NRT1.8/NPF7.2 determines the root/shoot partition of nitrate in Arabidopsis. Upon salinity or heavy metal stress, expression of NRT1.5 in roots decreases to limit the nitrate load of xylem vessels, while that of NRT1.8 is induced to favor nitrate unloading back into the root symplasm (Li et al., 2010; Chen et al., 2012; Zhang et al., 2014). Cadmium and sodium stresses initiated ethylene (ET) and jasmonic acid (JA) signaling pathways, which promoted the binding of the ET-responsive transcription factors ERF59, ERF1B, and ERF104 to the NRT1.8 promoter, and of EIN3 to the NRT1.5 promoter (Zhang et al., 2014). Moreover, EIN3 further induced the expression of ERF59, ERF1B, and ERF104, thereby acting as an integrator of ET and JA signaling.

The nitrate efflux protein NPF2.3 is preferentially expressed in the root pericycle, where it contributes to nitrate loading in the xylem together with NRT1.5/NPF7.3 (Taochy et al., 2015). NPF2.3 gene disruption resulted in salt sensitivity and reduced nitrate translocation to shoots, but only under salt stress even though NPF2.3 was expressed at similar levels to control conditions. The prevalence of NPF2.3 under salt stress may result from transcriptional repression of NRT1.5/NPF7.3. Presumably, the salinity-induced repression of NRT1.5/NPF7.3 likely prevents detrimental Na+ accumulation in shoots since disruption of this gene led to decreased Na+ content in shoots and enhanced tolerance to salinity (Chen et al., 2012). Hence, it is unlikely that NRT1.5/NPF7.3 is involved in the nitrate-dependent Na+ transport reported by Alvarez-Aragon and Rodriguez-Navarro (2017) because these authors evidenced the beneficial effect of Na+ distribution along the plant axis to improve osmotic adjustment. On the other hand, translocation of nitrate to shoots by NPF2.3 proceeded without inducing any significant increase in shoot Na+ content, and growth impairment probably resulted from defective nitrate assimilation (Taochy et al., 2015). It remains to be resolved whether the patterns of Na+ distribution in nrt1.5 and npf2.3 mutants result from altered xylematic transport K+, an antagonist of Na+, as we discuss in the next Section, and whose transport is intimately connected to that of nitrate.



SODIUM–POTASSIUM INTERACTIONS

Sodium and potassium interact at two main levels: the interference of Na+ with K+ nutrition, and the substitution of Na+ for K+ as highly dynamic and mobile cellular osmolyte in conditions of K+ shortage (Haro et al., 2010; Kronzucker and Britto, 2011; Kronzucker et al., 2013; Alvarez-Aragon et al., 2016). Soil salinity is often associated with elevated levels of Na+ (Munns and Tester, 2008). Although it is not clear what cytosolic levels of Na+ are harmful to the plant cell (Kronzucker and Britto, 2011; Alvarez-Aragon et al., 2016), this cation is usually excluded from the cytosol. Due to their physicochemical similarity, Na+ and K+ can compete for binding to amino acids of protein surfaces, pockets of allosteric regulation or selectivity filters of ion channels (Benito et al., 2014). As a result, high Na+ concentrations in plants trigger K+-deficiency symptoms and disrupt many physiological processes mediated by K+ such as protein synthesis and enzymatic reactions. Moreover, membrane depolarization caused by the entry of Na+ into the cell results in compromised K+ uptake through inward-rectifying K+ channels, making it thermodynamically unfavorable, together with the increased K+ efflux through outward-rectifying channels (Shabala et al., 2006; Coskun et al., 2013). Contrary to the debate regarding whether NRT proteins transport NO3–, K+ or both, it is clear that Na+ competes with K+ in plant uptake specifically through High-Affinity K+/K+ UPtake/K+ Transporter (HAK/KUP/KT), High-Affinity Potassium Transporters (HKTs) and Non-Selective Cation Channels (NSCCs) (Kronzucker and Britto, 2011).

HAK transporters are essential for K+ absorption related to mineral nutrition, root hair formation and adaptation to abiotic stresses (Osakabe et al., 2013; Nieves-Cordones et al., 2014; Very et al., 2014). However, they could also have an important role in enabling Na+ uptake. Indeed, different members of this family have been shown to mediate high-affinity Na+ uptake. PpHAK13 from the moss Physcomitrella patens transports Na+ but not K+. This transporter appears to be a major pathway for Na+ entry at low external concentration in P. patens because high-affinity Na+ uptake was abolished in the hak13 knockout (Benito et al., 2012). PhaHAK2 from reed plants (Phragmites australis) is permeable to Na+, and its gene induced by low-K+ conditions but repressed under salt stress, thereby limiting toxic Na+ uptake through this transporter (Takahashi et al., 2007a). Another P. australis protein, PhaHAK5, could also be involved in Na+ transport, as suggested from heterologous expression in yeast (Takahashi et al., 2007b). Recently, a bona fide high-affinity Na+-selective transporter of higher plants, ZmHAK4, has been identified in maize (Zhang et al., 2019). ZmHAK4 is predominantly expressed in the root vascular tissue. Knock-out mutants and natural hypomorphic alleles with reduced expression of this gene had increased Na+ contents in shoot and xylem sap, and reduced root Na+ content under high-Na+ conditions. Thus, ZmHAK4 appears to promote shoot Na+ exclusion and salt tolerance by retrieving Na+ from xylem sap and preventing root-to-shoot Na+ translocation (Figure 4). HAK4 orthologs in rice and wheat are also preferentially expressed in the root stele and encode Na+-selective transporters. Thus, HAK4 orthologs in cereals probably constitute a conserved salt-tolerance mechanism governing Na+ delivery to shoots. Last, HvHAK1 of barley (Hordeum vulgare) and the rice OsHAK2 could also be involved in Na+ influx (Santa-Maria et al., 1997; Horie et al., 2011).


[image: image]

FIGURE 4. Simplified representation of plant organs and vascular tissues, and the Na+ and K+ fluxes mediated by ion transporters involved in root uptake and root-shoot partition. Further details are given in the main text.


In parallel with HAK transporters, several HKTs also contribute to Na+ uptake from the soil, functioning as Na+:K+ symporters or as Na+ uniporters at high Na+ concentrations (reviewed by Benito et al., 2014; Hamamoto et al., 2015; Figure 4). Plant HKT proteins display a core structure similar to that of the K+ transporter TrkH from Vibrio parahaemolyticus (Cao et al., 2011), comprising eight transmembrane (TM) and four pore-forming (P) domains successively arranged in four TM1-P-TM2 motifs in a single polypeptide chain. The assembly of these four TM1-P-TM2 motifs results in the formation of a central permeation pathway similar to that of tetrameric Shaker-like K+ channels. The plant HKT family has been divided into at least two classes based on a distinguishing feature that lies in the selectivity filter. Class-I (HKT1) members are ubiquitous in plants, mostly Na+-selective, and often involved in Na+ recirculation through vascular tissues (Maathuis, 2014; Very et al., 2014; Figure 4). Most members of this clade have a highly conserved serine (SGGG motif) in the first pore-loop domain of the protein, while class-II (HKT2) members, found exclusively in monocots, have a glycine instead of the serine (GGGG motif) in this domain and are generally permeable to both Na+ and K+ (Hauser and Horie, 2010). This classification is not strict as HKT proteins may display different permeation modes depending on the external concentrations of Na+ and K+. At concentrations of Na+ and K+ below 1–10 mM, these transporters function essentially as Na+:K+ symporters (Rubio et al., 1995; Haro et al., 2005), whereas at high external Na+ concentrations, above 1–10 mM, HKTs lose their permeability to K+ and become Na+ uniporters (Gassman et al., 1996; Horie et al., 2001; Jabnoune et al., 2009). On the other hand, an increase in K+ concentration reduces the transport rate of both the Na+:K+ symport and Na+ uniport modes (Gassman et al., 1996; Garciadeblas et al., 2003; Jabnoune et al., 2009). These different permeation mechanisms have been explained through two mechanistic models: (i) carrier-mediated transport by an alternating-access model (Gassman et al., 1996; Rubio et al., 1999; Haro and Rodriguez-Navarro, 2002) and (ii) a pore-mediated model very similar to that of K+ channels (Durell and Guy, 1999; Tholema et al., 2005; Corratge et al., 2007). The first mechanism posits the existence of two high-affinity binding sites, named K+- and Na+-coupling sites. In this model, both binding sites need to be occupied for uptake to occur (Rubio et al., 1995; Jabnoune et al., 2009). Thus, the competitive binding of K+ and Na+ at the K+-coupling site would explain both permeation modes, Na+:K+ symport or Na+ uniport. On the other hand, high external K+ could inhibit the symport activity assuming that the binding of K+ at the Na+ coupling site results in a non- or weakly conductive state (Jabnoune et al., 2009). While this mechanism can readily explain the different uniport and symport modes, it does not explain the large currents measured for different HKTs in oocytes for Na+ and/or K+ (5–10 μA) (Oomen et al., 2012). Considering that the turnover rate reaches values around 106 ions per second, it is likely that HKTs have a pore and they function as ion channels. According to the channel-like model of transport, Na+ ions would be bound by two coordination sites in a partially dehydrated form, i.e., retaining only its first hydration shell (Benito et al., 2014). One or two water molecules of the shell might be substituted with polar oxygens of the side chain of the serine residue in the SGGG signature in the first P-loop region. The flexible hydration shell of K+ would also allow the coordination of this ion in the two coordination sites. Thus, the molecular permeation model proposed for HKTs, based on Na+ permeation in a channel-like structure, could account for the different transport modes observed in the HKT, namely Na+ uniport, Na+:K+ symport and K+ uniport (Benito et al., 2014).

An interesting example of the fuzzy classification of HKT proteins is that of two class-II HKT proteins of rice, OsHKT2;1, isolated from Nipponbare, and OsHKT2;2 present in the salt-tolerant Pokkali cultivar. Both proteins share high homology (91%), and yet they exhibit differential Na+:K+ transport selectivity when expressed in heterologous expression systems. OsHKT2;1 mediates mainly Na+ uptake (Jabnoune et al., 2009; Yao et al., 2010), whereas OsHKT2;2 transports both K+ and Na+ (Horie et al., 2001, 2007). Protein OsHKT2;2 has the typical four Gly residues (GGGG motif) of class-II HKT transporters, permeates both K+ and Na+ in a large range of concentrations, and functions preferentially as a Na+:K+ symport, and with low concentration of K+ ions exerting an stimulating effect on Na+ transport (Horie et al., 2001; Yao et al., 2010; Oomen et al., 2012; Riedelsberger et al., 2018). However, OsHKT2;1 is an atypical HKT class-II member because it contains the SGGG signature in the first pore-loop and mediates selective Na+ uptake, which are typical features of class-I HKT transporters (Horie et al., 2001; Garciadeblas et al., 2003). OsHKT2;1 enables Na+ uptake into K+-starved roots, thereby compensating for the lack of K+ as cellular osmolyte (Horie et al., 2007). In wheat, TaHKT2;1 is preferentially expressed in the root cortex and induced by K+ deficiency (Schachtman and Schroeder, 1994) and seems to have a function similar to that of OsHKT2;1 (Horie et al., 2009). HvHKT2;1 from barley (Hordeum vulgare) is also induced by K+ deficiency, and the protein demonstrated the co-transports Na+ and K+ over a large range of concentrations (Mian et al., 2011; Hmidi et al., 2019). Together, these result suggest that HKT2;1 proteins may contribute both to the K+ uptake in the presence of Na+, and to Na+ uptake for osmotic adjustment.

Of note is that substrate selectivity of HKT1 transporters could be modified by single amino acid changes outside the SGGG/GGGD motif dichotomy. Using 3D comparative modeling, Cotsaftis et al. (2012) suggested that K+ can be transported unfavorably in class-I members due to a steric hindrance imposed through the G to S substitution, while the G in class-II HKTs would facilitate the transport of K+, although under certain conditions these proteins also could transport Na+ (Maser et al., 2002a). Some exceptions to this general rule are EcHKT1;2 from Eucalyptus camaldulensis, EsHKT1;2 from Eutrema salsugineum (formerly Thellungiella salsuginea or T. halophila), SpHKT1;2 from Schrenkiella parvula (formerly T. parvula), and McHKT1;1 from Mesembryantemum crystallinum, all of which have a Ser in the first pore-loop domain and are permeable to K+ (Fairbairn et al., 2000; Su et al., 2003; Jabnoune et al., 2009; Ali et al., 2012). This indicates that K+ permeability in HKTs does not depend only on the Gly residue at the pore. Indeed, the alignment of HKTs homologs from Arabidopsis, Eutrema and Schrenkiella species with ScTRK1, a high-affinity potassium transporter of Saccharomyces cerevisiae, showed that both EsHKT1;2 (E. salsugineum) and SpHKT1;2 (S. parvula) contained, alike ScTRK1, conserved Asp residues in their second pore-loop domains (Asp207 and Asp205, respectively) (Ali et al., 2012). However, in most HKT1-like proteins an Asn is present at the corresponding position. The change of Asp207 to Asn207 in EsHKT1;2 and Asp205 to Asn205 in SpHKT1;2 abolished K+ uptake and generated the typical Na+-selective transport of class-I HKTs (Ali et al., 2012, 2018). Moreover, changing the Asn residue in the 2nd pore-loop domain of AtHKT1 to Asp, converted a highly selective Na+ transporter into a transporter more similar to EsHKT1;2, with high affinity for K+. Transgenic Arabidopsis plants that expressed the AtHKT1-Asn211Asp variant were more tolerant to salt stress than controls with wild type AtHKT1, and showed the same tolerance phenotype than having EsHKT1;2 or SpHKT1;2 overexpressed in Arabidopsis plants (Ali et al., 2016, 2018). Consequently, Ser in the SGGG motif of the first pore-loop domain appears not to be the only essential amino acid favoring Na+ uptake (at least in Arabidopsis, Eutrema, and Schrenkiella species), but it possibly functions as a supporting residue. All these examples show that the cation selectivity of HKT transporters could be convertible by exchanging single amino acids, and that structural elements localized in regions outside the selectivity filter can determine the ionic selectivity for Na+ and/or K+ of HKT proteins.

Notably, mutations inactivating Na+-selective HKT1-like transporters reduce the K+ contents of shoots during salt exposure. For instance, mutations of hkt1 in Arabidopsis cause opposite effects on the K+ content with respect to that of Na+ both in roots and shoots, maintaining lower K+ levels in shoots but higher K+ in roots (Maser et al., 2002b; Sunarpi et al., 2005). In rice, the SKC1 locus identified as a QTL for shoot K+ content encodes the Na+-selective protein HKT1;5 whose activity, however, determines the accumulation of K+ in aerial parts (Ren et al., 2005). A similar situation has been described for the salt-tolerance NAX2 locus of wheat, also encoding an HKT1;5 protein (Munns et al., 2012). These results suggest a connection between Na+ unloading via HKT1-like proteins and K+ loading from xylem parenchyma cells under salt stress. This phenomenon could be explained if the uptake of Na+ through HKT1 proteins caused membrane depolarization in xylem parenchyma cells, thereby promoting the opening of outward-rectifying K+ channels, such as SKOR, and the K+ accumulation in the xylem and leaves (Horie et al., 2009). SKOR allows of K+ release into the xylem vessels from xylem parenchyma cells (Gaymard et al., 1998). Together, these results suggest that HKT1-like proteins provide two essential mechanisms toward mediating salt tolerance: (i) prevention of Na+ over-accumulation in leaves; and (ii) allowing the K+ accumulation in leaves through outward-rectifying K+ channels.

Additional pathways for Na+ entry in plant cells may be provided by Non-Selective Cation Channels (NSCC) (Figure 4). Negative electrical membrane potential and high extracellular Na+ concentrations promote passive entry of Na+ into roots through ion channels. Electrophysiological experiments in A. thaliana protoplasts have shown that NSCCs could be Na+ influx pathways (Demidchik and Tester, 2002; Tyerman, 2002). These proteins form a heterogeneous group of plasma membrane channels with a high selectivity for cations over anions, while differing in their ability to conduct mono- and divalent cations (Tyerman, 2002; Zhang et al., 2002; Demidchik et al., 2002a, b; Demidchik and Maathuis, 2007). NSCC channels are classified into three major families according to their response to changes in membrane electrical potential: depolarization-activated NSCCs (DA-NSCCs), hyperpolarization-activated NSCCS (HA-NSCCs) and voltage-insensitive NSCCs (VI-NSCCs) (Demidchik and Maathuis, 2007). This last group is commonly found in plasma membrane of roots and leaves of different plant species (Tyerman et al., 1997; Demidchik and Tester, 2002; Demidchik et al., 2002b; Shabala et al., 2006, 2007; Zhao et al., 2007, 2011; Velarde-Buendia et al., 2012). VI-NSCCs weakly differentiate among different cations, with the preference K+ > NH+4 > Rb+ ∼ Cs+ ∼ Na+ > Li+ > tetraethylammonium (TEA+). In general, they have significant Na+ conductance, but still lower than that of K+ (Kronzucker and Britto, 2011). Cyclic nucleotide-gated channel (CNGC), have been suggested to be VI-NSCCs channels (Maathuis and Sanders, 2001; Demidchik et al., 2002b; Demidchik and Maathuis, 2007), or weakly voltage-sensitive (Leng et al., 2002; Lemtiri-Chlieh and Berkowitz, 2004; Wang et al., 2013; Mori et al., 2018). CNGCs permit the diffusion of monovalent and divalent cations such as Na+, K+, and Ca2+ (Leng et al., 1999, 2002; Demidchik and Maathuis, 2007; Mian et al., 2011; Hanin et al., 2016). They are ligand-gated channels regulated by reversible binding of adenosine 3′,5′-cyclic monophosphate (cAMP), guanosine 3,5-cyclic monophosphate (cGMP) (Balague et al., 2003; Chin et al., 2009; Ramanjaneyulu et al., 2010), or calmodulin (CaM) to the cyclic nucleotide binding domain (Kohler and Neuhaus, 2000; Hua et al., 2003). In fact, the first CNGC gene in plants was identified during a screen for CaM binding partners in Hordeum vulgare (Schuurink et al., 1998). Subsequently, 20 CNGC family members have been identified in A. thaliana (Kohler et al., 1999), 16 in rice, Oryza sativa (Nawaz et al., 2014), 18 in tomato, Solanum lycopersicum (Saand et al., 2015), 21 in pear, Pyrus bretschneideri (Chen et al., 2015) and 26 in the Chinese cabbage Brassica oleracea (Kakar et al., 2017). The largest family was recently described in wheat, Triticum aestivum, with 47 TaCNGC genes (Guo et al., 2018). These proteins share structural homology with Shaker-like channels, with six transmembrane segments and a long cytosolic C-terminal domain harboring a cyclic nucleotide-binding domain. However, they lack the canonical motif TxGYG, a hallmark of K+-selective channels (Talke et al., 2003; Szczerba et al., 2009). All CNGCs of P. bretschneideri and A. thaliana contain positively charged residues in the S4 motif, similar to voltage-dependent K+ channels (Chen et al., 2015). Likewise, in HvCNGC2-3, four arginine residues and a lysine are present through S2 to S4 (Mori et al., 2018). Thus, it is possible that the voltage sensitivity observed in some CNGCs could discredit a significant involvement in mediating Na+ fluxes for extended periods of time (Kronzucker and Britto, 2011). More electrophysiological experiments are required to determine the real importance of the charged residues in the voltage sensitivity of these channels. Moreover, salt stress increases cGMP level in Arabidopsis roots, thereby inhibiting the permeability of CNGC channels to Na+ and reducing its entry to root cells (Maathuis and Sanders, 2001; Donaldson et al., 2004). Together, these findings question that CNGC could represent a significant pathway for Na+ entry.

Some members of A. thaliana, like AtCNGC2, appears to be selective for K+ over other alkali metal cations (Cs+, Li+, and Rb+) and to exclude Na+ (Leng et al., 2002), while others are able to transport both K+ as well as Na+, thereby impacting on cytosolic K+:Na+ ratios under saline conditions. AtCNGC3 is mostly expressed in epidermal and cortical root tissues. The loss of function of CNGC3 alters the ionic composition of seedlings of Arabidopsis, reducing the net Na+ uptake and promoting K+ accumulation (Gobert et al., 2006). AtCNGC10 is also permeable to Na+ and K+, and antisense lines exhibited alterations in the content of both cations within roots and shoots (Guo et al., 2008) while overexpression could partially compensate the knockout mutation akt1-1 inactivating a Shaker-type channel implicated in uptake of K+ by roots (Li et al., 2005). Recently, electrophysiological analysis of the barley HvCNGC2-3 (Hordeum vulgare) has shown that this channel is activated only by the co-presence of K+ and Na+ (Mori et al., 2018). This property has not been reported for any other CNGC, and although its meaning is still unclear, the root-expressed HvCNGC2-3 could be involved in the response to salinity stress, improving the osmotic adjustment of roots. In the case of barley, the permeability of Na+ and K+ by CNGC2-3 could have a role in balancing the ratio of these cations in the cells sustaining osmotic potential in the roots.

As mentioned before, Na+ can partially substitute for K+ as a cellular osmolyte, particularly in conditions in which K+ is limiting. The Na+ acquired for osmotic purposes must be sequestered within the vacuoles to avert its cytotoxic effect in the cytosol and other intracellular components (Mittler and Blumwald, 2010). Cation/H+ antiporters are thought to mediate the transport of Na+ into the vacuole, driven by the electrochemical gradient of protons generated by the vacuolar ATPase (V-ATPase) and pyrophosphatase (V-PPase) enzymes (Sze and Chanroj, 2018; Shabala et al., 2019; Figure 4). Na+/H+ exchange is mediated by members of a family of transporters referred to as Na+-H+ exchangers, named NHXs in plants and NHEs in animals (Jiang et al., 2010; Chanroj et al., 2012). However, detailed biochemical and molecular genetic analyses have shown that members of the plant NHX family have different ion selectivities that correlate with the cellular membrane in which they are placed (Jiang et al., 2010; Chanroj et al., 2012; Ragel et al., 2019). Thus, the plasma membrane localized proteins SOS1/NHX7 and NHX8 show great selectivity for Na+ and Li+, respectively, and they are involved in the plant tolerance to high levels of these cations (Shi et al., 2002; An et al., 2007; Quintero et al., 2011), whereas family members sorted to endosomal membranes show various degrees of non-selective transport of the monovalent alkali cations Na+, K+ and Li+ (Jiang et al., 2010; Huertas et al., 2013; Bassil et al., 2019; Figure 4).

Shortly after the identification of plant NHXs, Apse et al. (1999) showed that overexpression of the vacuolar isoform AtNHX1 of Arabidopsis increased salinity tolerance and greater Na+/H+ exchange activity in isolated leaf vacuoles. Although this first report concluded that AtNHX1 was specific to Na+ transport, later studies have shown that AtNHX1 and other tonoplast localized NHXs mediate vacuolar K+ uptake under normal growth conditions and in the presence of moderate Na+ concentrations (Venema et al., 2002; Leidi et al., 2010; Bassil et al., 2011; Barragan et al., 2012; Andres et al., 2014). Overexpression of AtNHX1 in tomato plants promoted higher vacuolar K+ content under different growth conditions, and increased the salinity tolerance of transgenic plants via retention of intracellular K+ and without influencing vacuolar Na+ accumulation (Leidi et al., 2010). Similarly, transgenic alfalfa overexpressing the wheat TaNHX2 exchanger, a vacuolar isoform, decreased K+ efflux by reducing plasma membrane depolarization and activation of K+ outwardly rectifying channels, thereby retaining more intracellular K+ under salt stress conditions (Zhang et al., 2015). LeNHX2 protein, which is preferentially localized in non- endomembranes from tomato, catalyzes specifically K+/H+ antiport in proteoliposomes, showing very low activities with other monovalent cations, including Na+ (Venema et al., 2003; Huertas et al., 2013). Endosomes have been identified as a target for Na+ toxicity (Hernandez et al., 2009) and it has been suggested that intracellular non-vacuolar isoforms, such as LeNHX2 or Arabidopsis NHX5 and NHX6 could have greater selectivity for K+ over Na+ as to prevent excessive Na+ uptake into endosomes (Hernandez et al., 2009; Jiang et al., 2010), whereas those NHXs localized to the tonoplast would not discriminate since their main function is to accumulate ions in the vacuolar lumen for osmotic adjustment, cell turgor and control of the vacuolar pH (Venema et al., 2002; Bassil et al., 2011; Barragan et al., 2012; Andres et al., 2014).

Recently, multiple knockout mutants of Arabidopsis lacking all but one of the four vacuolar isoforms (NHX1, NHX2, NHX3, NHX4) and quadruple knockout plants lacking all vacuolar NHX activity, have been analyzed (Bassil et al., 2019). Kinetic analysis of K+ and Na+ transport indicated that NHX1, NHX2, and NHX4, are the main transporters of K+ in the vacuoles, while AtNHX3 could mediate Na+ transport. The lack of NHX activity at the tonoplast (nhx1–nhx4) resulted in no K+ uptake and in highly acidic vacuolar lumen. This mutant displayed Na+ transport with an apparent Km of 9.9 mM, suggesting the existence of an alternative, cation/H+-independent mechanism that permitted the transport of Na+ into vacuoles, as previously suggested (Barragan et al., 2012). These results confirm a large amount of evidence demonstrating the polyvalent role of NHX as Na+/H+ and/or K+/H+ exchangers in vacuolar membranes. Refined structural modeling combined with the identification of amino acid residues involved in ion coordination and transport (Wang et al., 2015) could allow the rational design of Na+-selective tonoplast-localized NHXs that would be instrumental in achieving salt tolerance based on efficacious Na+ sequestration into vacuoles. This strategy should most likely be combined with the reduction of Na+ leaks back to the cytosol through vacuolar channels (Shabala et al., 2019).



AUTHOR CONTRIBUTIONS

All authors have contributed to literature search, discussion, and writing of the manuscript. LM prepared the figures. JP assembled all the sections. All authors checked and approved the manuscript.



FUNDING

This work was supported by grants RTI2018-094027-B-I00 and BIO2016-81957-REDT from the Spanish AEI-MCIU (co-financed by the European Regional Development Fund), and the SSAC grant PJ01318205 from the Rural Development Administration, South Korea, to JP. We acknowledge support of the publication fee by the CSIC Open Access Publication Support Initiative through its Unit of Information Resources for Research (URICI).


ACKNOWLEDGMENTS

We apologize to all authors whose work relevant to this topic could not be cited because of space limitations.


REFERENCES

Ahmad, I., and Maathuis, F. J. (2014). Cellular and tissue distribution of potassium: physiological relevance, mechanisms and regulation. J. Plant Physiol. 171, 708–714. doi: 10.1016/j.jplph.2013.10.016

Ahn, S. J., Shin, R., and Schachtman, D. P. (2004). Expression of KT/KUP genes in Arabidopsis and the role of root hairs in K(+) uptake. Plant Physiol. 134, 1135–1145. doi: 10.1104/pp.103.034660

Aleman, F., Nieves-Cordones, M., Martinez, V., and Rubio, F. (2009). Differential regulation of the HAK5 genes encoding the high-affinity K(+) transporters of Thellungiella halophila and Arabidopsis thaliana. Environ. Exp. Bot. 65, 263–269. doi: 10.1016/j.envexpbot.2008.09.011

Ali, A., Khan, I. U., Jan, M., Khan, H. A., Hussain, S., Nisar, M., et al. (2018). The high-affinity potassium transporter EpHKT1;2 from the extremophile Eutrema parvula mediates salt tolerance. Front. Plant Sci. 9:1108. doi: 10.3389/fpls.2018.01108

Ali, A., Raddatz, N., Aman, R., Kim, S., Park, H. C., Jan, M., et al. (2016). A single amino-acid substitution in the sodium transporter HKT1 associated with plant salt tolerance. Plant Physiol. 171, 2112–2126. doi: 10.1104/pp.16.00569

Ali, Z., Park, H. C., Ali, A., Oh, D. H., Aman, R., Kropornicka, 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. doi: 10.1104/pp.111.193110

Alvarez-Aragon, R., Haro, R., Benito, B., and Rodriguez-Navarro, A. (2016). Salt intolerance in Arabidopsis: shoot and root sodium toxicity, and inhibition by sodium-plus-potassium overaccumulation. Planta 243, 97–114. doi: 10.1007/s00425-015-2400-7

Alvarez-Aragon, R., and Rodriguez-Navarro, A. (2017). Nitrate-dependent shoot sodium accumulation and osmotic functions of sodium in Arabidopsis under saline conditions. Plant J. 91, 208–219. doi: 10.1111/tpj.13556

An, R., Chen, Q. J., Chai, M. F., Lu, P. L., Su, Z., Qin, Z. X., et al. (2007). AtNHX8, a member of the monovalent cation: proton antiporter-1 family in Arabidopsis thaliana, encodes a putative Li/H antiporter. Plant J. 49, 718–728. doi: 10.1111/j.1365-313X.2006.02990.x

Andres, Z., Perez-Hormaeche, J., Leidi, E. O., Schlucking, K., Steinhorst, L., McLachlan, D. H., et al. (2014). Control of vacuolar dynamics and regulation of stomatal aperture by tonoplast potassium uptake. Proc. Natl. Acad. Sci. U.S.A. 111, E1806–E1814. doi: 10.1073/pnas.1320421111

Apse, M. P., Aharon, G. S., Snedden, W. A., and Blumwald, E. (1999). Salt tolerance conferred by overexpression of a vacuolar Na(+)/H(+) antiport in Arabidopsis. Science 285, 1256–1258. doi: 10.1126/science.285.5431.1256

Armengaud, P., Breitling, R., and Amtmann, A. (2004). The potassium-dependent transcriptome of Arabidopsis reveals a prominent role of jasmonic acid in nutrient signaling. Plant Physiol, 136, 2556–2576. doi: 10.1104/pp.104.046482

Balague, C., Lin, B., Alcon, C., Flottes, G., Malmstrom, S., Kohler, C., et al. (2003). HLM1, an essential signaling component in the hypersensitive response, is a member of the cyclic nucleotide-gated channel ion channel family. Plant Cell 15, 365–379. doi: 10.1105/tpc.006999

Barragan, V., Leidi, E. O., Andres, Z., Rubio, L., De Luca, A., Fernandez, J. A., et al. (2012). Ion exchangers NHX1 and NHX2 mediate active potassium uptake into vacuoles to regulate cell turgor and stomatal function in Arabidopsis. Plant Cell 24, 1127–1142. doi: 10.1105/tpc.111.095273

Bassil, E., Tajima, H., Liang, Y. C., Ohto, M. A., Ushijima, K., Nakano, R., et al. (2011). The Arabidopsis Na(+)/H(+) antiporters NHX1 and NHX2 control vacuolar pH and K(+) homeostasis to regulate growth, flower development, and reproduction. Plant Cell 23, 3482–3497. doi: 10.1105/tpc.111.089581

Bassil, E., Zhang, S., Gong, H., Tajima, H., and Blumwald, E. (2019). Cation specificity of vacuolar NHX-type cation/H(+) antiporters. Plant Physiol. 179, 616–629. doi: 10.1104/pp.18.01103

Behera, S., Long, Y., Schmitz-Thom, I., Wang, X. P., Zhang, C., Li, H., et al. (2017). Two spatially and temporally distinct Ca(2+) signals convey Arabidopsis thaliana responses to K(+) deficiency. New Phytol. 213, 739–750. doi: 10.1111/nph.14145

Benito, B., Garciadeblas, B., and Rodriguez-Navarro, A. (2012). HAK transporters from Physcomitrella patens and Yarrowia lipolytica mediate sodium uptake. Plant Cell Physiol. 53, 1117–1123. doi: 10.1093/pcp/pcs056

Benito, B., Haro, R., Amtmann, A., Cuin, T. A., and Dreyer, I. (2014). The twins K(+) and Na(+) in plants. J. Plant Physiol. 171, 723–731. doi: 10.1016/j.jplph.2013.10.014

Bouguyon, E., Brun, F., Meynard, D., Kubes, M., Pervent, M., Leran, S., et al. (2015). Multiple mechanisms of nitrate sensing by Arabidopsis nitrate transceptor NRT1.1. Nat. Plants 1:15015. doi: 10.1038/nplants.2015.15

Bouguyon, E., Perrine-Walker, F., Pervent, M., Rochette, J., Cuesta, C., Benkova, E., et al. (2016). Nitrate controls root development through posttranscriptional regulation of the NRT1.1/NPF6.3 transporter/sensor. Plant Physiol. 172, 1237–1248. doi: 10.1104/pp.16.01047

Brauer, E. K., Ahsan, N., Dale, R., Kato, N., Coluccio, A. E., Pineros, M. A., et al. (2016). The Raf-like kinase ILK1 and the high affinity K(+) transporter HAK5 are required for innate immunity and abiotic stress response. Plant Physiol. 171, 1470–1484. doi: 10.1104/pp.16.00035

Cabot, C., Sibole, J. V., Barcelo, J., and Poschenrieder, C. (2014). Lessons from crop plants struggling with salinity. Plant Sci. 226, 2–13. doi: 10.1016/j.plantsci.2014.04.013

Cao, Y., Jin, X., Huang, H., Derebe, M. G., Levin, E. J., Kabaleeswaran, V., et al. (2011). Crystal structure of a potassium ion transporter. TRKH Nature 471, 336–340. doi: 10.1038/nature09731

Carden, D. E., Walker, D. J., Flowers, T. J., and Miller, A. J. (2003). Single-cell measurements of the contributions of cytosolic Na(+) and K(+) to salt tolerance. Plant Physiol. 131, 676–683. doi: 10.1104/pp.011445

Cerezo, M., Tillard, P., Filleur, S., Munos, S., Daniel-Vedele, F., and Gojon, A. (2001). Major alterations of the regulation of root NO3(-) uptake are associated with the mutation of Nrt2.1 and Nrt2.2 genes in Arabidopsis. Plant Physiol. 127, 262–271. doi: 10.1104/pp.127.1.262

Chanroj, S., Wang, G., Venema, K., Zhang, M. W., Delwiche, C. F., and Sze, H. (2012). Conserved and diversified gene families of monovalent cation/H(+) antiporters from algae to flowering plants. Front. Plant Sci. 3:25. doi: 10.3389/fpls.2012.00025

Chen, C. Z., Lv, X. F., Li, J. Y., Yi, H. Y., and Gong, J. M. (2012). Arabidopsis NRT1.5 is another essential component in the regulation of nitrate reallocation and stress tolerance. Plant Physiol. 159, 1582–1590. doi: 10.1104/pp.112.199257

Chen, J., Yin, H., Gu, J., Li, L., Liu, Z., Jiang, X., et al. (2015). Genomic characterization, phylogenetic comparison and differential expression of the cyclic nucleotide-gated channels gene family in pear (Pyrus bretchneideri Rehd.). Genomics 105, 39–52. doi: 10.1016/j.ygeno.2014.11.006

Chen, Z. H., Wang, Y., Wang, J. W., Babla, M., Zhao, C., Garcia-Mata, C., et al. (2016). Nitrate reductase mutation alters potassium nutrition as well as nitric oxide-mediated control of guard cell ion channels in Arabidopsis. New Phytol. 209, 1456–1469. doi: 10.1111/nph.13714

Chin, K., Moeder, W., and Yoshioka, K. (2009). Biological roles of cyclic-nucleotide-gated ion channels in plants: what we know and don’t know about this 20 member ion channel family. Botany 87, 668–677. doi: 10.1139/B08-147

Chopin, F., Orsel, M., Dorbe, M. F., Chardon, F., Truong, H. N., Miller, A. J., et al. (2007). The Arabidopsis ATNRT2.7 nitrate transporter controls nitrate content in seeds. Plant Cell 19, 1590–1602. doi: 10.1105/tpc.107.050542

Clarkson, D. T., and Hanson, J. B. (1980). The mineral nutrition of higher plants. Annu. Rev. Plant Physiol. 31, 239–298. doi: 10.1146/annurev.pp.31.060180.001323

Corratge, C., Zimmermann, S., Lambilliotte, R., Plassard, C., Marmeisse, R., Thibaud, J. B., et al. (2007). Molecular and functional characterization of a Na(+)-K(+) transporter from the Trk family in the ectomycorrhizal fungus Hebeloma cylindrosporum. J. Biol. Chem. 282, 26057–26066. doi: 10.1074/jbc.M611613200

Coskun, D., Britto, D. T., Jean, Y. K., Kabir, I., Tolay, I., Torun, A. A., et al. (2013). K(+) efflux and retention in response to NaCl stress do not predict salt tolerance in contrasting genotypes of rice (Oryza sativa L.). PLoS One 8:e57767. doi: 10.1371/journal.pone.0057767

Coskun, D., Britto, D. T., and Kronzucker, H. J. (2017). The nitrogen-potassium intersection: membranes, metabolism, and mechanism. Plant Cell Environ. 40, 2029–2041. doi: 10.1111/pce.12671

Cotsaftis, O., Plett, D., Shirley, N., Tester, M., and Hrmova, M. (2012). A two-staged model of Na(+) exclusion in rice explained by 3D modeling of HKT transporters and alternative splicing. PLoS One 7:e39865. doi: 10.1371/journal.pone.0039865

Craig Plett, D., and Moller, I. S. (2010). Na(+) transport in glycophytic plants: what we know and would like to know. Plant Cell Environ. 33, 612–626. doi: 10.1111/j.1365-3040.2009.02086.x

Crawford, N. M. (1995). Nitrate: nutrient and signal for plant growth. Plant Cell 7, 859–868. doi: 10.1105/tpc.7.7.859

Crawford, N. M., and Glass, A. D. (1998). Molecular and physiological aspects of nitrate uptake in plants. Trends Plant Sci. 3, 389–395. doi: 10.1016/S1360-1385(98)01311-9

Cui, Y. N., Li, X. T., Yuan, J. Z., Wang, F. Z., Wang, S. M., and Ma, Q. (2019). Nitrate transporter NPF7.3/NRT1.5 plays an essential role in regulating phosphate deficiency responses in Arabidopsis. Biochem. Biophys. Res. Commun. 508, 314–319. doi: 10.1016/j.bbrc.2018.11.118

Daram, P., Urbach, S., Gaymard, F., Sentenac, H., and Cherel, I. (1997). Tetramerization of the AKT1 plant potassium channel involves its C-terminal cytoplasmic domain. EMBO J. 16, 3455–3463. doi: 10.1093/emboj/16.12.3455

Daras, G., Rigas, S., Tsitsekian, D., Iacovides, T. A., and Hatzopoulos, P. (2015). Potassium transporter TRH1 subunits assemble regulating root-hair elongation autonomously from the cell fate determination pathway. Plant Sci. 231, 131–137. doi: 10.1016/j.plantsci.2014.11.017

De Angeli, A., Monachello, D., Ephritikhine, G., Frachisse, J. M., Thomine, S., Gambale, F., et al. (2006). The nitrate/proton antiporter AtCLCa mediates nitrate accumulation in plant vacuoles. Nature 442, 939–942. doi: 10.1038/nature05013

Demidchik, V., Bowen, H. C., Maathuis, F. J., Shabala, S. N., Tester, M. A., White, P. J., et al. (2002a). Arabidopsis thaliana root non-selective cation channels mediate calcium uptake and are involved in growth. Plant J. 32, 799–808. doi: 10.1046/j.1365-313x.2002.01467.x

Demidchik, V., Cuin, T. A., Svistunenko, D., Smith, S. J., Miller, A. J., Shabala, S., et al. (2010). Arabidopsis root K(+)-efflux conductance activated by hydroxyl radicals: single-channel properties, genetic basis and involvement in stress-induced cell death. J. Cell Sci. 123(Pt 9), 1468–1479. doi: 10.1242/jcs.064352

Demidchik, V., Davenport, R. J., and Tester, M. (2002b). Nonselective cation channels in plants. Annu Rev. Plant Biol. 53, 67–107. doi: 10.1146/annurev.arplant.53.091901.161540

Demidchik, V., and Maathuis, F. J. (2007). Physiological roles of nonselective cation channels in plants: from salt stress to signalling and development. New Phytol. 175, 387–404. doi: 10.1111/j.1469-8137.2007.02128.x

Demidchik, V., and Tester, M. (2002). Sodium fluxes through nonselective cation channels in the plasma membrane of protoplasts from Arabidopsis roots. Plant Physiol. 128, 379–387. doi: 10.1104/pp.010524

Donaldson, L., Ludidi, N., Knight, M. R., Gehring, C., and Denby, K. (2004). Salt and osmotic stress cause rapid increases in Arabidopsis thaliana cGMP levels. FEBS Lett. 569, 317–320. doi: 10.1016/j.febslet.2004.06.016

Drechsler, N., Zheng, Y., Bohner, A., Nobmann, B., von Wiren, N., Kunze, R., et al. (2015). Nitrate-dependent control of shoot K homeostasis by the nitrate transporter1/peptide transporter family member NPF7.3/NRT1.5 and the stelar K(+) outward rectifier SKOR in Arabidopsis. Plant Physiol. 169, 2832–2847. doi: 10.1104/pp.15.01152

Du, X. Q., Wang, F. L., Li, H., Jing, S., Yu, M., Li, J., et al. (2019). The transcription factor MYB59 regulates K(+)/NO3 (-) translocation in the Arabidopsis response to low K(+) stress. Plant Cell 31, 699–714. doi: 10.1105/tpc.18.00674

Dubeaux, G., Neveu, J., Zelazny, E., and Vert, G. (2018). Metal sensing by the IRT1 transporter-receptor orchestrates its own degradation and plant metal nutrition. Mol Cell 69, 953.e4–955.e5. doi: 10.1016/j.molcel.2018.02.009

Durell, S. R., and Guy, H. R. (1999). Structural models of the KtrB, TrkH, and Trk1,2 symporters based on the structure of the KcsA K(+) channel. Biophys. J. 77, 789–807. doi: 10.1016/S0006-3495(99)76932-8

Eisenach, C., and De Angeli, A. (2017). Ion transport at the vacuole during stomatal movements. Plant Physiol. 174, 520–530. doi: 10.1104/pp.17.00130

El Mahi, H., Perez-Hormaeche, J., De Luca, A., Villalta, I., Espartero, J., Gamez-Arjona, F., et al. (2019). A critical role of sodium flux via the plasma membrane Na(+)/H(+) exchanger SOS1 in the salt tolerance of rice. Plant Physiol. 180, 1046–1065. doi: 10.1104/pp.19.00324

Engels, C., and Kirkby, E. A. (2001). Cycling of nitrogen and potassium between shoot and roots in maize as affected by shoot and root growth. J. Plant Nutr. Soil Sci. 164, 183–191.

Engels, C., and Marschner, H. (1993). Influence of the form of nitrogen supply on root uptake and translocation of cations in the xylem exudate of maize (Zea mays L). J. Exp. Bot. 44, 1695–1701. doi: 10.1093/jxb/44.11.1695

Fairbairn, D. J., Liu, W., Schachtman, D. P., Gomez-Gallego, S., Day, S. R., and Teasdale, R. D. (2000). Characterisation of two distinct HKT1-like potassium transporters from Eucalyptus camaldulensis. Plant Mol. Biol. 43, 515–525. doi: 10.1023/a:1006496402463

Fan, S. C., Lin, C. S., Hsu, P. K., Lin, S. H., and Tsay, Y. F. (2009). The Arabidopsis nitrate transporter NRT1.7, expressed in phloem, is responsible for source-to-sink remobilization of nitrate. Plant Cell 21, 2750–2761. doi: 10.1105/tpc.109.067603

Fan, X., Naz, M., Fan, X., Xuan, W., Miller, A. J., and Xu, G. (2017). Plant nitrate transporters: from gene function to application. J. Exp. Bot. 68, 2463–2475. doi: 10.1093/jxb/erx011

Fang, X. Z., Liu, X. X., Zhu, Y. X., Ye, J. Y., and Jin, C. W. (2019). K(+) uptake and root-to-shoot allocation in Arabidopsis require coordination of nitrate transporter1/peptide transporter family member NPF6. 3/NRT1.1. bioRxiv. [Preprint]. Available At https://www.biorxiv.org/content/10.1101/674903v1.abstract (accessed June 20, 2019).

Furumoto, T., Yamaguchi, T., Ohshima-Ichie, Y., Nakamura, M., Tsuchida-Iwata, Y., Shimamura, M., et al. (2011). A plastidial sodium-dependent pyruvate transporter. Nature 476, 472–475. doi: 10.1038/nature10250

Gajdanowicz, P., Michard, E., Sandmann, M., Rocha, M., Corrêa, L. G. G., Ramiìrez-Aguilar, S. J., et al. (2011). Potassium K+ gradients serve as a mobile energy source in plant vascular tissues. Proc. Natl. Acad. Sci. U.S.A. 108, 864–869. doi: 10.1073/pnas.1009777108

Garciadeblas, B., Senn, M. E., Banuelos, M. A., and Rodriguez-Navarro, A. (2003). Sodium transport and HKT transporters: the rice model. Plant J. 34, 788–801. doi: 10.1046/j.1365-313x.2003.01764.x

Garcia-Sanchez, M. J., Jaime, M. P., Ramos, A., Sanders, D., and Fernandez, J. A. (2000). Sodium-dependent nitrate transport at the plasma membrane of leaf cells of the marine higher plant Zostera marina L. Plant Physiol. 122, 879–885. doi: 10.1104/pp.122.3.879

Gassman, W., Rubio, F., and Schroeder, J. I. (1996). Alkali cation selectivity of the wheat root high-affinity potassium transporter HKT1. Plant J. 10, 869–852. doi: 10.1046/j.1365-313x.1996.10050869.x

Gaymard, F., Pilot, G., Lacombe, B., Bouchez, D., Bruneau, D., Boucherez, J., 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. doi: 10.1016/s0092-8674(00)81606-2

Gazzarrini, S., Lejay, L., Gojon, A., Ninnemann, O., Frommer, W. B., and von Wiren, N. (1999). Three functional transporters for constitutive, diurnally regulated, and starvation-induced uptake of ammonium into Arabidopsis roots. Plant Cell 11, 937–948. doi: 10.1105/tpc.11.5.937

Geiger, D., Becker, D., Vosloh, D., Gambale, F., Palme, K., Rehers, M., et al. (2009). Heteromeric AtKC1-AKT1 channels in Arabidopsis roots facilitate growth under K(+)-limiting conditions. J. Biol. Chem. 284, 21288–21295. doi: 10.1074/jbc.M109.017574

Geiger, D., Maierhofer, T., Al-Rasheid, K. A., Scherzer, S., Mumm, P., Liese, A., et al. (2011). Stomatal closure by fast abscisic acid signaling is mediated by the guard cell anion channel SLAH3 and the receptor RCAR1. Sci. Signal. 4:ra32. doi: 10.1126/scisignal.2001346

Geiger, D., Scherzer, S., Mumm, P., Marten, I., Ache, P., Matschi, S., et al. (2010). Guard cell anion channel SLAC1 is regulated by CDPK protein kinases with distinct Ca2(+) affinities. Proc. Natl. Acad. Sci. U.S.A. 107, 8023–8028. doi: 10.1073/pnas.0912030107

Gierth, M., Maser, P., and Schroeder, J. I. (2005). The potassium transporter AtHAK5 functions in K(+) deprivation-induced high-affinity K(+) uptake and AKT1 K(+) channel contribution to K(+) uptake kinetics in Arabidopsis roots. Plant Physiol. 137, 1105–1114. doi: 10.1104/pp.104.057216

Glass, A. D., Shaff, J. E., and Kochian, L. V. (1992). Studies of the uptake of nitrate in barley : IV. Electrophysiology. Plant Physiol. 99, 456–463. doi: 10.1104/pp.99.2.456

Gobert, A., Park, G., Amtmann, A., Sanders, D., and Maathuis, F. J. (2006). Arabidopsis thaliana cyclic nucleotide gated channel 3 forms a non-selective ion transporter involved in germination and cation transport. J. Exp. Bot. 57, 791–800. doi: 10.1093/jxb/erj064

Guo, F. Q., Young, J., and Crawford, N. M. (2003). The nitrate transporter AtNRT1.1 (CHL1) functions in stomatal opening and contributes to drought susceptibility in Arabidopsis. Plant Cell 15, 107–117. doi: 10.1105/tpc.006312

Guo, J., Islam, M. A., Lin, H., Ji, C., Duan, Y., Liu, P., et al. (2018). Genome-wide identification of cyclic nucleotide-gated ion channel gene family in wheat and functional analyses of TaCNGC14 and TaCNGC16. Front. Plant Sci. 9:18. doi: 10.3389/fpls.2018.00018

Guo, K. M., Babourina, O., Christopher, D. A., Borsics, T., and Rengel, Z. (2008). The cyclic nucleotide-gated channel, AtCNGC10, influences salt tolerance in Arabidopsis. Physiol. Plant 134, 499–507. doi: 10.1111/j.1399-3054.2008.01157.x

Hamamoto, S., Horie, T., Hauser, F., Deinlein, U., Schroeder, J. I., and Uozumi, N. (2015). HKT transporters mediate salt stress resistance in plants: from structure and function to the field. Curr. Opin. Biotechnol. 32, 113–120. doi: 10.1016/j.copbio.2014.11.025

Hanin, M., Ebel, C., Ngom, M., Laplaze, L., and Masmoudi, K. (2016). New insights on plant salt tolerance mechanisms and their potential use for breeding. Front. Plant Sci. 7:1787. doi: 10.3389/fpls.2016.01787

Haro, R., Banuelos, M. A., and Rodriguez-Navarro, A. (2010). High-affinity sodium uptake in land plants. Plant Cell Physiol. 51, 68–79. doi: 10.1093/pcp/pcp168

Haro, R., Banuelos, M. A., Senn, M. E., Barrero-Gil, J., and Rodriguez-Navarro, A. (2005). HKT1 mediates sodium uniport in roots. Pitfalls in the expression of HKT1 in yeast. Plant Physiol. 139, 1495–1506. doi: 10.1104/pp.105.067553

Haro, R., and Rodriguez-Navarro, A. (2002). Molecular analysis of the mechanism of potassium uptake through the TRK1 transporter of Saccharomyces cerevisiae. Biochim. Biophys. Acta 1564, 114–122. doi: 10.1016/s0005-2736(02)00408-x

Hauser, F., and Horie, T. (2010). A conserved primary salt tolerance mechanism mediated by HKT transporters: a mechanism for sodium exclusion and maintenance of high K(+)/Na(+) ratio in leaves during salinity stress. Plant Cell Environ. 33, 552–565. doi: 10.1111/j.1365-3040.2009.02056.x

Hawkesford, M., Horst, W., Kichey, T., Lambers, H., Schjoerring, J., Møller, I. S., et al. (2012). “Functions of macronutrients,” in Marschner’s Mineral Nutrition of Higher Plants (3rd Edn), ed. P. Marschner (San Diego: Academic Press), 135–189.

Hedrich, R., and Shabala, S. (2018). Stomata in a saline world. Curr. Opin. Plant Biol. 46, 87–95. doi: 10.1016/j.pbi.2018.07.015

Hernandez, A., Jiang, X., Cubero, B., Nieto, P. M., Bressan, R. A., Hasegawa, P. M., et al. (2009). Mutants of the Arabidopsis thaliana cation/H(+) antiporter AtNHX1 conferring increased salt tolerance in yeast: the endosome/prevacuolar compartment is a target for salt toxicity. J. Biol. Chem. 284, 14276–14285. doi: 10.1074/jbc.M806203200

Hmidi, D., Messedi, D., Corratgi-Faillie, C., Marhuenda, T. O., Fizames, C. C., Zorrig, W., et al. (2019). Investigation of Na(+) and K(+) transport in halophytes: functional analysis of the HmHKT2;1 transporter from Hordeum maritimum and expression under saline conditions. Plant Cell Physiol. 60, 2423–2435. doi: 10.1093/pcp/pcz136

Ho, C. H., Lin, S. H., Hu, H. C., and Tsay, Y. F. (2009). CHL1 functions as a nitrate sensor in plants. Cell 138, 1184–1194. doi: 10.1016/j.cell.2009.07.004

Horie, T., Costa, A., Kim, T. H., Han, M. J., Horie, R., Leung, H. Y., et al. (2007). Rice OsHKT2;1 transporter mediates large Na(+) influx component into K(+)-starved roots for growth. EMBO J. 26, 3003–3014. doi: 10.1038/sj.emboj.7601732

Horie, T., Hauser, F., and Schroeder, J. I. (2009). HKT transporter-mediated salinity resistance mechanisms in Arabidopsis and monocot crop plants. Trends Plant Sci. 14, 660–668. doi: 10.1016/j.tplants.2009.08.009

Horie, T., Sugawara, M., Okada, T., Taira, K., Kaothien-Nakayama, P., Katsuhara, M., et al. (2011). Rice sodium-insensitive potassium transporter, OsHAK5, confers increased salt tolerance in tobacco BY2 cells. J. Biosci. Bioeng. 111, 346–356. doi: 10.1016/j.jbiosc.2010.10.014

Horie, T., Yoshida, K., Nakayama, H., Yamada, K., Oiki, S., and Shinmyo, A. (2001). Two types of HKT transporters with different properties of Na(+) and K(+) transport in Oryza sativa. Plant J. 27, 129–138. doi: 10.1046/j.1365-313x.2001.01077.x

Hua, B. G., Mercier, R. W., Zielinski, R. E., and Berkowitz, G. A. (2003). Functional interaction of calmodulin with a plant cyclic nucleotide gated cation channel. Plant Physiol. Biochem. 41, 945–954. doi: 10.1016/j.plaphy.2003.07.006

Huang, N. C., Liu, K. H., Lo, H. J., and Tsay, Y. F. (1999). Cloning and functional characterization of an Arabidopsis nitrate transporter gene that encodes a constitutive component of low-affinity uptake. Plant Cell 11, 1381–1392. doi: 10.1105/tpc.11.8.1381

Huertas, R., Rubio, L., Cagnac, O., Garcia-Sanchez, M. J., Alche Jde, D., Venema, K., et al. (2013). The K(+)/H(+) antiporter LeNHX2 increases salt tolerance by improving K(+) homeostasis in transgenic tomato. Plant Cell Environ. 36, 2135–2149. doi: 10.1111/pce.12109

Jabnoune, M., Espeout, S., Mieulet, D., Fizames, C., Verdeil, J. L., Conejero, G., et al. (2009). Diversity in expression patterns and functional properties in the rice HKT transporter family. Plant Physiol. 150, 1955–1971. doi: 10.1104/pp.109.138008

Jezek, M., and Blatt, M. R. (2017). The membrane transport system of the guard cell and its integration for stomatal dynamics. Plant Physiol. 174, 487–519. doi: 10.1104/pp.16.01949

Jiang, X., Leidi, E. O., and Pardo, J. M. (2010). How do vacuolar NHX exchangers function in plant salt tolerance? Plant Signal. Behav. 5, 792–795. doi: 10.4161/psb.5.7.11767

Junfeng, Y., Changyan, T., and Gu, F. (2010). Effects of sodium on nitrate uptake and osmotic adjustment of Suaeda physophora. J. Arid Land 2, 190–196. doi: 10.3724/SP.J.1227.2010.00190

Jung, J. Y., Shin, R., and Schachtman, D. P. (2009). Ethylene mediates response and tolerance to potassium deprivation in Arabidopsis. Plant Cell 21, 607–621. doi: 10.1105/tpc.108.063099

Kaburagi, E., Morikawa, Y., Yamada, M., and Fujiyama, H. (2014). Sodium enhances nitrate uptake in Swiss chard (Beta vulgaris var. cicla L.). Soil Sci. Plant Nutr. 60, 651–658. doi: 10.1080/00380768.2014.938595

Kaburagi, E., Yamada, M., and Fujiyama, H. (2015). Sodium, but not potassium, enhances root to leaf nitrate translocation in Swiss chard (Beta vulgaris var. cicla L.). Environ. Exp.Bot, 112, 27–32. doi: 10.1016/j.envexpbot.2014.11.007

Kakar, K. U., Nawaz, Z., Kakar, K., Ali, E., Almoneafy, A. A., Ullah, R., et al. (2017). Comprehensive genomic analysis of the CNGC gene family in Brassica oleracea: novel insights into synteny, structures, and transcript profiles. BMC Genomics 18:869. doi: 10.1186/s12864-017-4244-y

Kiba, T., Feria-Bourrellier, A. B., Lafouge, F., Lezhneva, L., Boutet-Mercey, S., Orsel, M., et al. (2012). The Arabidopsis nitrate transporter NRT2.4 plays a double role in roots and shoots of nitrogen-starved plants. Plant Cell 24, 245–258. doi: 10.1105/tpc.111.092221

Kiba, T., and Krapp, A. (2016). Plant nitrogen acquisition under low availability: regulation of uptake and root architecture. Plant Cell Physiol. 57, 707–714. doi: 10.1093/pcp/pcw052

Kirkby, E. A., and Knight, A. H. (1977). Influence of the level of nitrate nutrition on ion uptake and assimilation, organic acid accumulation, and cation-anion balance in whole tomato plants. Plant Physiol. 60, 349–353. doi: 10.1104/pp.60.3.349

Kohler, C., Merkle, T., and Neuhaus, G. (1999). Characterisation of a novel gene family of putative cyclic nucleotide- and calmodulin-regulated ion channels in Arabidopsis thaliana. Plant J. 18, 97–104. doi: 10.1046/j.1365-313x.1999.00422.x

Kohler, C., and Neuhaus, G. (2000). Characterisation of calmodulin binding to cyclic nucleotide-gated ion channels from Arabidopsis thaliana. FEBS Lett. 471, 133–136. doi: 10.1016/s0014-5793(00)01383-1

Krapp, A. (2015). Plant nitrogen assimilation and its regulation: a complex puzzle with missing pieces. Curr. Opin. Plant Biol. 25, 115–122. doi: 10.1016/j.pbi.2015.05.010

Kronzucker, H. J., and Britto, D. T. (2011). Sodium transport in plants: a critical review. New Phytol. 189, 54–81. doi: 10.1111/j.1469-8137.2010.03540.x

Kronzucker, H. J., Coskun, D., Schulze, L. M., Wong, J. R., and Britto, D. T. (2013). Sodium as nutrient and toxicant. Plant Soil 369, 1–23. doi: 10.1007/s11104-013-1801-2

Krouk, G., Lacombe, B., Bielach, A., Perrine-Walker, F., Malinska, K., Mounier, E., et al. (2010). Nitrate-regulated auxin transport by NRT1.1 defines a mechanism for nutrient sensing in plants. Dev. Cell 18, 927–937. doi: 10.1016/j.devcel.2010.05.008

Lagarde, D., Basset, M., Lepetit, M., Conejero, G., Gaymard, F., Astruc, S., et al. (1996). Tissue-specific expression of Arabidopsis AKT1 gene is consistent with a role in K(+) nutrition. Plant J. 9, 195–203. doi: 10.1046/j.1365-313x.1996.09020195.x

Lee, S. C., Lan, W., Buchanan, B. B., and Luan, S. (2009). A protein kinase-phosphatase pair interacts with an ion channel to regulate ABA signaling in plant guard cells. Proc. Natl.Acad. Sci. U.S.A. 106, 21419–21424. doi: 10.1073/pnas.0910601106

Leidi, E. O., Barragan, V., Rubio, L., El-Hamdaoui, A., Ruiz, M. T., Cubero, B., et al. (2010). The AtNHX1 exchanger mediates potassium compartmentation in vacuoles of transgenic tomato. Plant J. 61, 495–506. doi: 10.1111/j.1365-313X.2009.04073.x

Leigh, R. A. (2001). Potassium homeostasis and membrane transport. J. Plant Nutr. Soil Sci. 164, 193–198.

Lemtiri-Chlieh, F., and Berkowitz, G. A. (2004). Cyclic adenosine monophosphate regulates calcium channels in the plasma membrane of Arabidopsis leaf guard and mesophyll cells. J. Biol. Chem. 279, 35306–35312. doi: 10.1074/jbc.M400311200

Leng, Q., Mercier, R. W., Hua, B. G., Fromm, H., and Berkowitz, G. A. (2002). Electrophysiological analysis of cloned cyclic nucleotide-gated ion channels. Plant Physiol. 128, 400–410. doi: 10.1104/pp.010832

Leng, Q., Mercier, R. W., Yao, W., and Berkowitz, G. A. (1999). Cloning and first functional characterization of a plant cyclic nucleotide-gated cation channel. Plant Physiol. 121, 753–761. doi: 10.1104/pp.121.3.753

Leran, S., Edel, K. H., Pervent, M., Hashimoto, K., Corratge-Faillie, C., Offenborn, J. N., et al. (2015a). Nitrate sensing and uptake in Arabidopsis are enhanced by ABI2, a phosphatase inactivated by the stress hormone abscisic acid. Sci. Signal. 8:ra43. doi: 10.1126/scisignal.aaa4829

Leran, S., Garg, B., Boursiac, Y., Corratge-Faillie, C., Brachet, C., Tillard, P., et al. (2015b). AtNPF5.5, a nitrate transporter affecting nitrogen accumulation in Arabidopsis embryo. Sci. Rep. 5:7962. doi: 10.1038/srep07962

Lezhneva, L., Kiba, T., Feria-Bourrellier, A. B., Lafouge, F., Boutet-Mercey, S., Zoufan, P., et al. (2014). The Arabidopsis nitrate transporter NRT2.5 plays a role in nitrate acquisition and remobilization in nitrogen-starved plants. Plant J. 80, 230–241. doi: 10.1111/tpj.12626

Li, H., Yu, M., Du, X. Q., Wang, Z. F., Wu, W. H., Quintero, F. J., et al. (2017). NRT1.5/NPF7.3 functions as a proton-coupled H(+)/K(+) antiporter for K(+) loading into the xylem in Arabidopsis. Plant Cell 29, 2016–2026. doi: 10.1105/tpc.16.00972

Li, J. Y., Fu, Y. L., Pike, S. M., Bao, J., Tian, W., Zhang, Y., et al. (2010). The Arabidopsis nitrate transporter NRT1.8 functions in nitrate removal from the xylem sap and mediates cadmium tolerance. Plant Cell 22, 1633–1646. doi: 10.1105/tpc.110.075242

Li, L., Kim, B. G., Cheong, Y. H., Pandey, G. K., and Luan, S. (2006). A Ca(2)+ signaling pathway regulates a K(+) channel for low-K response in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 103, 12625–12630. doi: 10.1073/pnas.0605129103

Li, W., Wang, Y., Okamoto, M., Crawford, N. M., Siddiqi, M. Y., and Glass, A. D. (2007). Dissection of the AtNRT2.1:AtNRT2.2 inducible high-affinity nitrate transporter gene cluster. Plant Physiol. 143, 425–433. doi: 10.1104/pp.106.091223

Li, X. T., Borsics, T., Harrington, H. M., and Christopher, D. A. (2005). Arabidopsis AtCNGC10 rescues potassium channel mutants of E. coli, yeast and Arabidopsis and is regulated by calcium/calmodulin and cyclic GMP in E. coli. Funct. Plant Biol. 32, 643–653. doi: 10.1071/FP04233

Lin, S. H., Kuo, H. F., Canivenc, G., Lin, C. S., Lepetit, M., Hsu, P. K., et al. (2008). Mutation of the Arabidopsis NRT1.5 nitrate transporter causes defective root-to-shoot nitrate transport. Plant Cell 20, 2514–2528. doi: 10.1105/tpc.108.060244

Liu, K. H., Huang, C. Y., and Tsay, Y. F. (1999). CHL1 is a dual-affinity nitrate transporter of Arabidopsis involved in multiple phases of nitrate uptake. Plant Cell 11, 865–874. doi: 10.1105/tpc.11.5.865

Maathuis, F. J. (2014). Sodium in plants: perception, signalling, and regulation of sodium fluxes. J. Exp. Bot. 65, 849–858. doi: 10.1093/jxb/ert326

Maathuis, F. J., and Sanders, D. (2001). Sodium uptake in Arabidopsis roots is regulated by cyclic nucleotides. Plant Physiol. 127, 1617–1625. doi: 10.1104/pp.010502

Maathuis, F. J. M., and Sanders, D. (1993). Energization of potassium uptake in Arabidopsis thaliana. Planta 191, 302–307. doi: 10.1007/bf00195686

Maierhofer, T., Diekmann, M., Offenborn, J. N., Lind, C., Bauer, H., Hashimoto, K., et al. (2014). Site- and kinase-specific phosphorylation-mediated activation of SLAC1, a guard cell anion channel stimulated by abscisic acid. Sci. Signal. 7:ra86. doi: 10.1126/scisignal.2005703

Martinoia, E., Meyer, S., De Angeli, A., and Nagy, R. (2012). Vacuolar transporters in their physiological context. Annu. Rev. Plant Biol. 63, 183–213. doi: 10.1146/annurev-arplant-042811-105608

Maser, P., Eckelman, B., Vaidyanathan, R., Horie, T., Fairbairn, D. J., Kubo, M., et al. (2002a). Altered shoot/root Na(+) distribution and bifurcating salt sensitivity in Arabidopsis by genetic disruption of the Na(+) transporter AtHKT1. FEBS Lett. 531, 157–161. doi: 10.1016/s0014-5793(02)03488-9

Maser, P., Hosoo, Y., Goshima, S., Horie, T., Eckelman, B., Yamada, K., et al. (2002b). Glycine residues in potassium channel-like selectivity filters determine potassium selectivity in four-loop-per-subunit HKT transporters from plants. Proc. Natl. Acad. Sci. U.S.A. 99, 6428–6433. doi: 10.1073/pnas.082123799

Meng, S., Peng, J. S., He, Y. N., Zhang, G. B., Yi, H. Y., Fu, Y. L., et al. (2016). Arabidopsis NRT1.5 mediates the suppression of nitrate starvation-induced leaf senescence by modulating foliar potassium level. Mol. Plant. 9, 461–470. doi: 10.1016/j.molp.2015.12.015

Mengel, K., Kirkby, E. A., Kosegarten, H., and Appel, T. (2001). “Nitrogen,” in Principles of Plant Nutrition, (Dordrecht: Springer Netherlands), 397–434.

Mian, A., Oomen, R. J., Isayenkov, S., Sentenac, H., Maathuis, F. J., and Very, A. A. (2011). Over-expression of an Na(+)-and K(+)-permeable HKT transporter in barley improves salt tolerance. Plant J. 68, 468–479. doi: 10.1111/j.1365-313X.2011.04701.x

Michard, E., Dreyer, I., Lacombe, B., Sentenac, H., and Thibaud, J. B. (2005). Inward rectification of the AKT2 channel abolished by voltage-dependent phosphorylation. Plant J. 44, 783–797. doi: 10.1111/j.1365-313X.2005.02566.x

Mittler, R., and Blumwald, E. (2010). Genetic engineering for modern agriculture: challenges and perspectives. Annu. Rev. Plant Biol,. 61, 443–462. doi: 10.1146/annurev-arplant-042809-112116

Mori, I. C., Nobukiyo, Y., Nakahara, Y., Shibasaka, M., Furuichi, T., and Katsuhara, M. (2018). A cyclic nucleotide-gated channel, HvCNGC2-3, is activated by the co-presence of Na(+) and K(+) and permeable to Na(+) and K(+) non-selectively. Plants 7:61. doi: 10.3390/plants7030061

Munns, R., James, R. A., Xu, B., Athman, A., Conn, S. J., Jordans, C., et al. (2012). Wheat grain yield on saline soils is improved by an ancestral Na(+) transporter gene. Nat. Biotechnol. 30, 360–364. doi: 10.1038/nbt.2120

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Nacry, P., Bouguyon, E., and Gojon, A. (2013). Nitrogen acquisition by roots: physiological and developmental mechanisms ensuring plant adaptation to a fluctuating resource. Plant Soil 370, 1–29. doi: 10.1007/s11104-013-1645-9

Nawaz, Z., Kakar, K. U., Saand, M. A., and Shu, Q. Y. (2014). Cyclic nucleotide-gated ion channel gene family in rice, identification, characterization and experimental analysis of expression response to plant hormones, biotic and abiotic stresses. BMC Genomics 15:853. doi: 10.1186/1471-2164-15-853

Nie, L., Feng, J., Fan, P., Chen, X., Guo, J., Lv, S., et al. (2015). Comparative proteomics of root plasma membrane proteins reveals the involvement of calcium signalling in NaCl-facilitated nitrate uptake in Salicornia europaea. J. Exp. Bot. 66, 4497–4510. doi: 10.1093/jxb/erv216

Nieves-Cordones, M., Aleman, F., Martinez, V., and Rubio, F. (2014). K(+) uptake in plant roots. The systems involved, their regulation and parallels in other organisms. J. Plant Physiol. 171, 688–695. doi: 10.1016/j.jplph.2013.09.021

Nieves-Cordones, M., Martinez, V., Benito, B., and Rubio, F. (2016). Comparison between Arabidopsis and rice for main pathways of K(+) and Na(+) uptake by roots. Front. Plant Sci. 7:992. doi: 10.3389/fpls.2016.00992

Nieves-Cordones, M., Miller, A. J., Aleman, F., Martinez, V., and Rubio, F. (2008). A putative role for the plasma membrane potential in the control of the expression of the gene encoding the tomato high-affinity potassium transporter HAK5. Plant Mol. Biol. 68, 521–532. doi: 10.1007/s11103-008-9388-3

Oomen, R. J., Benito, B., Sentenac, H., Rodriguez-Navarro, A., Talon, M., Very, A. A., et al. (2012). HKT2;2/1, a K(+)-permeable transporter identified in a salt-tolerant rice cultivar through surveys of natural genetic polymorphism. Plant J. 71, 750–762. doi: 10.1111/j.1365-313X.2012.05031.x

Orsel, M., Krapp, A., and Daniel-Vedele, F. (2002). Analysis of the NRT2 nitrate transporter family in Arabidopsis. Structure and gene expression. Plant Physiol. 129, 886–896. doi: 10.1104/pp.005280

Osakabe, Y., Arinaga, N., Umezawa, T., Katsura, S., Nagamachi, K., Tanaka, H., et al. (2013). Osmotic stress responses and plant growth controlled by potassium transporters in Arabidopsis. Plant Cell 25, 609–624. doi: 10.1105/tpc.112.105700

Parker, J. L., and Newstead, S. (2014). Molecular basis of nitrate uptake by the plant nitrate transporter NRT1.1. Nature 507, 68–72. doi: 10.1038/nature13116

Paulsen, I. T., and Skurray, R. A. (1994). The POT family of transport proteins. Trends Biochem. Sci. 19:404. doi: 10.1016/0968-0004(94)90087-6

Pettersson, S. (1984). Effects of nitrate on influx, efflux and translocation of potassium in young sunflower plants. Physiol. Plant. 61, 663–669. doi: 10.1111/j.1399-3054.1984.tb05188.x

Pettigrew, W. T. (2008). Potassium influences on yield and quality production for maize, wheat, soybean and cotton. Physiol. Plant 133, 670–681. doi: 10.1111/j.1399-3054.2008.01073.x

Planes, M. D., Ninoles, R., Rubio, L., Bissoli, G., Bueso, E., Garcia-Sanchez, M. J., et al. (2015). A mechanism of growth inhibition by abscisic acid in germinating seeds of Arabidopsis thaliana based on inhibition of plasma membrane H(+)-ATPase and decreased cytosolic pH, K(+), and anions. J. Exp. Bot. 66, 813–825. doi: 10.1093/jxb/eru442

Quintero, F. J., Martinez-Atienza, J., Villalta, I., Jiang, X., Kim, W. Y., Ali, Z., et al. (2011). Activation of the plasma membrane Na/H antiporter Salt-Overly-Sensitive 1 (SOS1) by phosphorylation of an auto-inhibitory C-terminal domain. Proc. Natl. Acad. Sci. U.S.A. 108, 2611–2616. doi: 10.1073/pnas.1018921108

Ragel, P., Raddatz, N., Leidi, E. O., Quintero, F. J., and Pardo, J. M. (2019). Regulation of K(+) nutrition in plants. Front. Plant Sci. 10:281. doi: 10.3389/fpls.2019.00281

Ragel, P., Rodenas, R., Garcia-Martin, E., Andres, Z., Villalta, I., Nieves-Cordones, M., et al. (2015). The CBL-interacting protein kinase CIPK23 regulates HAK5-mediated high-affinity K(+) uptake in Arabidopsis roots. Plant Physiol. 169, 2863–2873. doi: 10.1104/pp.15.01401

Ramanjaneyulu, G., Seshapani, P., Naidu, B. R., Rayalu, D. J., Raju, P. C., and Kumari, J. P. (2010). Genome wide analysis and identification of genes related to cyclic nucleotide gated channels (CNGC) in Oryza sativa. Bull. Pure Appl. Sci. 29b, 83–91.

Rashid, M., Bera, S., Banerjee, M., Medvinsky, A. B., Sun, G. Q., Li, B. L., et al. (2019). Feedforward control of plant nitrate transporter NRT1.1 biphasic adaptive activity. Biophys. J. 118, 1–11. doi: 10.1016/j.bpj.2019.10.018

Ren, Z. H., Gao, J. P., Li, L. G., Cai, X. L., Huang, W., Chao, D. Y., et al. (2005). A rice quantitative trait locus for salt tolerance encodes a sodium transporter. Nat. Genet. 37, 1141–1146. doi: 10.1038/ng1643

Riedelsberger, J., Vergara-Jaque, A., Piñeros, M., Dreyer, I., and González, W. (2018). Extracellular cation binding pocket is essential for ion conduction of OsHKT2; 2. bioRxiv. [Preprint]. Available at https://www.biorxiv.org/content/10.1101/471003v1.abstract (accessed November 16, 2018).

Riveras, E., Alvarez, J. M., Vidal, E. A., Oses, C., Vega, A., and Gutierrez, R. A. (2015). The calcium ion is a second messenger in the nitrate signaling pathway of Arabidopsis. Plant Physiol. 169, 1397–1404. doi: 10.1104/pp.15.00961

Rodenas, R., Garcia-Legaz, M. F., Lopez-Gomez, E., Martinez, V., Rubio, F., and Angeles Botella, M. (2017). NO3(-), PO4(3)(-) and SO4(2)(-) deprivation reduced LKT1-mediated low-affinity K(+) uptake and SKOR-mediated K(+) translocation in tomato and Arabidopsis plants. Physiol. Plant 160, 410–424. doi: 10.1111/ppl.12558

Rodriguez-Navarro, A., and Rubio, F. (2006). High-affinity potassium and sodium transport systems in plants. J. Exp. Bot. 57, 1149–1160. doi: 10.1093/jxb/erj068

Rubio, F., Fon, M., Rodenas, R., Nieves-Cordones, M., Aleman, F., Rivero, R. M., et al. (2014). A low K(+) signal is required for functional high-affinity K(+) uptake through HAK5 transporters. Physiol. Plant 152, 558–570. doi: 10.1111/ppl.12205

Rubio, F., Gassmann, W., and Schroeder, J. I. (1995). Sodium-driven potassium uptake by the plant potassium transporter HKT1 and mutations conferring salt tolerance. Science 270, 1660–1663. doi: 10.1126/science.270.5242.1660

Rubio, F., Schwarz, M., Gassmann, W., and Schroeder, J. I. (1999). Genetic selection of mutations in the high affinity K(+) transporter HKT1 that define functions of a loop site for reduced Na(+) permeability and increased Na(+) tolerance. J. Biol. Chem. 274, 6839–6847. doi: 10.1074/jbc.274.11.6839

Rubio, L., Linares-Rueda, A., Garcia-Sanchez, M. J., and Fernandez, J. A. (2005). Physiological evidence for a sodium-dependent high-affinity phosphate and nitrate transport at the plasma membrane of leaf and root cells of Zostera marina L. J. Exp. Bot. 56, 613–622. doi: 10.1093/jxb/eri053

Saand, M. A., Xu, Y. P., Munyampundu, J. P., Li, W., Zhang, X. R., and Cai, X. Z. (2015). Phylogeny and evolution of plant cyclic nucleotide-gated ion channel (CNGC) gene family and functional analyses of tomato CNGCs. DNA Res. 22, 471–483. doi: 10.1093/dnares/dsv029

Santa-Maria, G. E., Danna, C. H., and Czibener, C. (2000). High-affinity potassium transport in barley roots. Ammonium-sensitive and -insensitive pathways. Plant Physiol. 123, 297–306. doi: 10.1104/pp.123.1.297

Santa-Maria, G. E., Oliferuk, S., and Moriconi, J. I. (2018). KT-HAK-KUP transporters in major terrestrial photosynthetic organisms: a twenty years tale. J. Plant Physiol. 226, 77–90. doi: 10.1016/j.jplph.2018.04.008

Santa-Maria, G. E., Rubio, F., Dubcovsky, J., and Rodriguez-Navarro, A. (1997). The HAK1 gene of barley is a member of a large gene family and encodes a high-affinity potassium transporter. Plant Cell 9, 2281–2289. doi: 10.1105/tpc.9.12.2281

Schachtman, D. P., and Schroeder, J. I. (1994). Structure and transport mechanism of a high-affinity potassium uptake transporter from higher plants. Nature 370, 655–658. doi: 10.1038/370655a0

Scherer, H. W., Mackown, C. T., and Leggett, J. E. (1984). Potassium-ammonium uptake interactions in tobacco seedlings. J. Exp. Bot. 35, 1060–1070. doi: 10.1093/jxb/35.7.1060

Schuurink, R. C., Shartzer, S. F., Fath, A., and Jones, R. L. (1998). Characterization of a calmodulin-binding transporter from the plasma membrane of barley aleurone. Proc. Natl. Acad. Sci. U.S.A. 95, 1944–1949. doi: 10.1073/pnas.95.4.1944

Searles, P. S., and Bloom, A. J. (2003). Nitrate photo-assimilation in tomato leaves under short-term exposure to elevated carbon dioxide and low oxygen. Plant Cell Environ. 26, 1247–1255. doi: 10.1046/j.1365-3040.2003.01047.x

Segonzac, C., Boyer, J. C., Ipotesi, E., Szponarski, W., Tillard, P., Touraine, B., et al. (2007). Nitrate efflux at the root plasma membrane: identification of an Arabidopsis excretion transporter. Plant Cell 19, 3760–3777. doi: 10.1105/tpc.106.048173

Shabala, S. (2017). Signalling by potassium: another second messenger to add to the list? J. Exp. Bot. 68, 4003–4007. doi: 10.1093/jxb/erx238

Shabala, S., Chen, G., Chen, Z. H., and Pottosin, I. (2019). The energy cost of the tonoplast futile sodium leak. New Phytol. 225, 1105–1110. doi: 10.1111/nph.15758

Shabala, S., Cuin, T. A., and Pottosin, I. (2007). Polyamines prevent NaCl-induced K(+) efflux from pea mesophyll by blocking non-selective cation channels. FEBS Lett. 581, 1993–1999. doi: 10.1016/j.febslet.2007.04.032

Shabala, S., Demidchik, V., Shabala, L., Cuin, T. A., Smith, S. J., Miller, A. J., et al. (2006). Extracellular Ca(2+) ameliorates NaCl-induced K(+) loss from Arabidopsis root and leaf cells by controlling plasma membrane K(+) -permeable channels. Plant Physiol. 141, 1653–1665. doi: 10.1104/pp.106.082388

Shabala, S., and Pottosin, I. (2014). Regulation of potassium transport in plants under hostile conditions: implications for abiotic and biotic stress tolerance. Physiol. Plant 151, 257–279. doi: 10.1111/ppl.12165

Shi, H., Quintero, F. J., Pardo, J. M., and Zhu, J. K. (2002). The putative plasma membrane Na(+)/H(+) antiporter SOS1 controls long-distance Na(+) transport in plants. Plant Cell 14, 465–477. doi: 10.1105/tpc.010371

Shin, R., and Schachtman, D. P. (2004). Hydrogen peroxide mediates plant root cell response to nutrient deprivation. Proc. Natl. Acad. Sci. U.S.A. 101, 8827–8832. doi: 10.1073/pnas.0401707101

Spalding, E. P., Hirsch, R. E., Lewis, D. R., Qi, Z., Sussman, M. R., and Lewis, B. D. (1999). Potassium uptake supporting plant growth in the absence of AKT1 channel activity: inhibition by ammonium and stimulation by sodium. J. Gen. Physiol. 113, 909–918. doi: 10.1085/jgp.113.6.909

Straub, T., Ludewig, U., and Neuhauser, B. (2017). The kinase CIPK23 inhibits ammonium transport in Arabidopsis thaliana. Plant Cell 29, 409–422. doi: 10.1105/tpc.16.00806

Su, H., Balderas, E., Vera-Estrella, R., Golldack, D., Quigley, F., Zhao, C., et al. (2003). Expression of the cation transporter McHKT1 in a halophyte. Plant Mol. Biol. 52, 967–980. doi: 10.1023/a:1025445612244

Sun, J., Bankston, J. R., Payandeh, J., Hinds, T. R., Zagotta, W. N., and Zheng, N. (2014). Crystal structure of the plant dual-affinity nitrate transporter NRT1.1. Nature 507, 73–77. doi: 10.1038/nature13074

Sunarpi, H. T., Motoda, J., Kubo, M., Yang, H., Yoda, K., Horie, R., et al. (2005). Enhanced salt tolerance mediated by AtHKT1 transporter-induced Na(+) unloading from xylem vessels to xylem parenchyma cells. Plant J 44, 928–938. doi: 10.1111/j.1365-313X.2005.02595.x

Szczerba, M. W., Britto, D. T., and Kronzucker, H. J. (2009). K(+) transport in plants: physiology and molecular biology. J. Plant Physiol. 166, 447–466. doi: 10.1016/j.jplph.2008.12.009

Sze, H., and Chanroj, S. (2018). Plant endomembrane dynamics: studies of K(+)/H(+) antiporters provide insights on the effects of pH and ion homeostasis. Plant Physiol. 177, 875–895. doi: 10.1104/pp.18.00142

Takahashi, R., Nishio, T., Ichizen, N., and Takano, T. (2007a). Cloning and functional analysis of the K(+) transporter, PhaHAK2, from salt-sensitive and salt-tolerant reed plants. Biotechnol. Lett. 29, 501–506. doi: 10.1007/s10529-006-9246-9

Takahashi, R., Nishio, T., Ichizen, N., and Takano, T. (2007b). High-affinity K(+) transporter PhaHAK5 is expressed only in salt-sensitive reed plants and shows Na(+) permeability under NaCl stress. Plant Cell Rep. 26, 1673–1679. doi: 10.1007/s00299-007-0364-1

Talke, I. N., Blaudez, D., Maathuis, F. J., and Sanders, D. (2003). CNGCs: prime targets of plant cyclic nucleotide signalling? Trends Plant Sci. 8, 286–293. doi: 10.1016/S1360-1385(03)00099-2

Tang, R. J., Zhao, F. G., Garcia, V. J., Kleist, T. J., Yang, L., Zhang, H. X., et al. (2015). Tonoplast CBL-CIPK calcium signaling network regulates magnesium homeostasis in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 112, 3134–3139. doi: 10.1073/pnas.1420944112

Taochy, C., Gaillard, I., Ipotesi, E., Oomen, R., Leonhardt, N., Zimmermann, S., et al. (2015). The Arabidopsis root stele transporter NPF2.3 contributes to nitrate translocation to shoots under salt stress. Plant J. 83, 466–479. doi: 10.1111/tpj.12901

Tascon, I., Sousa, J. S., Corey, R. A., Mills, D. J., Griwatz, D., Aumuller, N., et al. (2020). Structural basis of proton-coupled potassium transport in the KUP family. Nat. Commun. 11:626. doi: 10.1038/s41467-020-14441-7

ten Hoopen, F., Cuin, T. A., Pedas, P., Hegelund, J. N., Shabala, S., Schjoerring, J. K., et al. (2010). Competition between uptake of ammonium and potassium in barley and Arabidopsis roots: molecular mechanisms and physiological consequences. J. Exp. Bot. 61, 2303–2315. doi: 10.1093/jxb/erq057

Tester, M., and Davenport, R. (2003). Na(+) tolerance and Na(+) transport in higher plants. Ann. Bot. 91, 503–527. doi: 10.1093/aob/mcg058

Tholema, N., Vor der Bruggen, M., Maser, P., Nakamura, T., Schroeder, J. I., Kobayashi, H., et al. (2005). All four putative selectivity filter glycine residues in KtrB are essential for high affinity and selective K(+) uptake by the KtrAB system from Vibrio alginolyticus. J. Biol. Chem. 280, 41146–41154. doi: 10.1074/jbc.M507647200

Touraine, B., Grignon, N., and Grignon, C. (1988). Charge balance in NO3(-) fed soybean: estimation of K and carboxylate recirculation. Plant Physiol. 88, 605–612. doi: 10.1104/pp.88.3.605

Tsay, Y. F., Chiu, C. C., Tsai, C. B., Ho, C. H., and Hsu, P. K. (2007). Nitrate transporters and peptide transporters. FEBS Lett. 581, 2290–2300. doi: 10.1016/j.febslet.2007.04.047

Tsay, Y. F., Ho, C. H., Chen, H. Y., and Lin, S. H. (2011). Integration of nitrogen and potassium signaling. Annu. Rev. Plant Biol. 62, 207–226. doi: 10.1146/annurev-arplant-042110-103837

Tsay, Y. F., Schroeder, J. I., Feldmann, K. A., and Crawford, N. M. (1993). The herbicide sensitivity gene CHL1 of Arabidopsis encodes a nitrate-inducible nitrate transporter. Cell 72, 705–713. doi: 10.1016/0092-8674(93)90399-b

Tyerman, S. D. (2002). Nonselective cation channels. Multiple functions and commonalities. Plant Physiol. 128, 327–328. doi: 10.1104/pp.900021

Tyerman, S. D., Skerrett, M., Garrill, A., Findlay, G. P., and Leigh, R. A. (1997). Pathways for the permeation of Na(+) and Cl(-) into protoplasts derived from the cortex of wheat roots. J. Exp. Bot. 48, 459–480. doi: 10.1093/jxb/48.Special_Issue.459

Vahisalu, T., Kollist, H., Wang, Y. F., Nishimura, N., Chan, W. Y., Valerio, G., et al. (2008). SLAC1 is required for plant guard cell S-type anion channel function in stomatal signalling. Nature 452, 487–491. doi: 10.1038/nature06608

Velarde-Buendia, A. M., Shabala, S., Cvikrova, M., Dobrovinskaya, O., and Pottosin, I. (2012). Salt-sensitive and salt-tolerant barley varieties differ in the extent of potentiation of the ROS-induced K(+) efflux by polyamines. Plant Physiol. Biochem. 61, 18–23. doi: 10.1016/j.plaphy.2012.09.002

Venema, K., Belver, A., Marin-Manzano, M. C., Rodriguez-Rosales, M. P., and Donaire, J. P. (2003). A novel intracellular K(+)/H(+) antiporter related to Na(+)/H(+) antiporters is important for K(+) ion homeostasis in plants. J. Biol. Chem. 278, 22453–22459. doi: 10.1074/jbc.M210794200

Venema, K., Quintero, F. J., Pardo, J. M., and Donaire, J. P. (2002). The Arabidopsis Na(+)/H(+) exchanger AtNHX1 catalyzes low affinity Na(+) and K(+) transport in reconstituted liposomes. J. Biol. Chem. 277, 2413–2418. doi: 10.1074/jbc.M105043200

Very, A. A., Nieves-Cordones, M., Daly, M., Khan, I., Fizames, C., and Sentenac, H. (2014). Molecular biology of K(+) transport across the plant cell membrane: what do we learn from comparison between plant species? J. Plant Physiol. 171, 748–769. doi: 10.1016/j.jplph.2014.01.011

Walker, D. J., Leigh, R. A., and Miller, A. J. (1996). Potassium homeostasis in vacuolate plant cells. Proc. Natl. Acad. Sci. U.S.A. 93, 10510–10514. doi: 10.1073/pnas.93.19.10510

Wang, L., Wu, X., Liu, Y., and Qiu, Q. S. (2015). AtNHX5 and AtNHX6 control cellular K(+) and pH homeostasis in Arabidopsis: three conserved acidic residues are essential for K(+) transport. PLoS One 10:e0144716. doi: 10.1371/journal.pone.0144716

Wang, M. Y., Siddiqi, M. Y., and Glass, A. D. M. (1996). Interactions between K(+) and NH4(+): effects on ion uptake by rice roots. Plant Cell Environ. 19, 1037–1046. doi: 10.1111/j.1365-3040.1996.tb00210.x

Wang, R., Liu, D., and Crawford, N. M. (1998). The Arabidopsis CHL1 protein plays a major role in high-affinity nitrate uptake. Proc. Natl. Acad. Sci. U.S.A. 95, 15134–15139. doi: 10.1073/pnas.95.25.15134

Wang, R., Tischner, R., Gutierrez, R. A., Hoffman, M., Xing, X., Chen, M., et al. (2004). Genomic analysis of the nitrate response using a nitrate reductase-null mutant of Arabidopsis. Plant Physiol. 136, 2512–2522. doi: 10.1104/pp.104.044610

Wang, Y. F., Munemasa, S., Nishimura, N., Ren, H. M., Robert, N., Han, M., et al. (2013). Identification of cyclic GMP-activated nonselective Ca(2+)-permeable cation channels and associated CNGC5 and CNGC6 genes in Arabidopsis guard cells. Plant Physiol. 163, 578–590. doi: 10.1104/pp.113.225045

Wang, Y. H., Garvin, D. F., and Kochian, L. V. (2001). Nitrate-induced genes in tomato roots. Array analysis reveals novel genes that may play a role in nitrogen nutrition. Plant Physiol. 127, 345–359. doi: 10.1104/pp.127.1.345

Wang, Y. Y., Cheng, Y. H., Chen, K. E., and Tsay, Y. F. (2018). Nitrate transport, signaling, and use efficiency. Annu. Rev. Plant Biol. 69, 85–122. doi: 10.1146/annurev-arplant-042817-040056

Wang, Y. Y., Hsu, P. K., and Tsay, Y. F. (2012). Uptake, allocation and signaling of nitrate. Trends Plant Sci. 17, 458–467. doi: 10.1016/j.tplants.2012.04.006

Wang, Y. Y., and Tsay, Y. F. (2011). Arabidopsis nitrate transporter NRT1.9 is important in phloem nitrate transport. Plant Cell 23, 1945–1957. doi: 10.1105/tpc.111.083618

Wilson, I. D., Neill, S. J., and Hancock, J. T. (2008). Nitric oxide synthesis and signalling in plants. Plant Cell Environ. 31, 622–631. doi: 10.1111/j.1365-3040.2007.01761.x

Xia, X., Fan, X., Wei, J., Feng, H., Qu, H., Xie, D., et al. (2015). Rice nitrate transporter OsNPF2.4 functions in low-affinity acquisition and long-distance transport. J. Exp. Bot. 66, 317–331. doi: 10.1093/jxb/eru425

Xu, J., Li, H. D., Chen, L. Q., Wang, Y., Liu, L. L., He, L., et al. (2006). A protein kinase, interacting with two calcineurin B-like proteins, regulates K(+) transporter AKT1 in Arabidopsis. Cell 125, 1347–1360. doi: 10.1016/j.cell.2006.06.011

Yamauchi, S., Takemiya, A., Sakamoto, T., Kurata, T., Tsutsumi, T., Kinoshita, T., et al. (2016). The plasma membrane H(+)-ATPase AHA1 plays a major role in stomatal opening in response to blue light. Plant Physiol. 171, 2731–2743. doi: 10.1104/pp.16.01581

Yao, X., Horie, T., Xue, S., Leung, H. Y., Katsuhara, M., Brodsky, D. E., et al. (2010). Differential sodium and potassium transport selectivities of the rice OsHKT2;1 and OsHKT2;2 transporters in plant cells. Plant Physiol. 152, 341–355. doi: 10.1104/pp.109.145722

Zhang, F., Niu, J., Zhang, W., Chen, X., Li, C., Yuan, L., et al. (2010). Potassium nutrition of crops under varied regimes of nitrogen supply. Plant Soil 335, 21–34. doi: 10.1007/s11104-010-0323-4

Zhang, G. B., Yi, H. Y., and Gong, J. M. (2014). The Arabidopsis ethylene/jasmonic acid-NRT signaling module coordinates nitrate reallocation and the trade-off between growth and environmental adaptation. Plant Cell 26, 3984–3998. doi: 10.1105/tpc.114.129296

Zhang, M., Liang, X., Wang, L., Cao, Y., Song, W., Shi, J., et al. (2019). A HAK family Na(+) transporter confers natural variation of salt tolerance in maize. Nat. Plants 5, 1297–1308. doi: 10.1038/s41477-019-0565-y

Zhang, W. H., Skerrett, M., Walker, N. A., Patrick, J. W., and Tyerman, S. D. (2002). Nonselective currents and channels in plasma membranes of protoplasts from coats of developing seeds of bean. Plant Physiol. 128, 388–399. doi: 10.1104/pp.010566

Zhang, Y. M., Zhang, H. M., Liu, Z. H., Li, H. C., Guo, X. L., and Li, G. L. (2015). The wheat NHX antiporter gene TaNHX2 confers salt tolerance in transgenic alfalfa by increasing the retention capacity of intracellular potassium. Plant Mol. Biol. 87, 317–327. doi: 10.1007/s11103-014-0278-6

Zhao, F., Song, C. P., He, J., and Zhu, H. (2007). Polyamines improve K(+)/Na(+) homeostasis in barley seedlings by regulating root ion channel activities. Plant Physiol. 145, 1061–1072. doi: 10.1104/pp.107.105882

Zhao, X., Wang, Y. J., Wang, Y. L., Wang, X. L., and Zhang, X. (2011). Extracellular Ca(2+) alleviates NaCl-induced stomatal opening through a pathway involving H2O2-blocked Na(+) influx in Vicia guard cells. J. Plant Physiol. 168, 903–910. doi: 10.1016/j.jplph.2010.11.024

Zheng, X., He, K., Kleist, T., Chen, F., and Luan, S. (2015). Anion channel SLAH3 functions in nitrate-dependent alleviation of ammonium toxicity in Arabidopsis. Plant Cell Environ. 38, 474–486. doi: 10.1111/pce.12389

Zioni, A. B., Vaadia, Y., and Lips, S. H. (1971). Nitrate uptake by roots as regulated by nitrate reduction products of the shoot. Physiol.Plant. 24, 288–290. doi: 10.1111/j.1399-3054.1971.tb03493.x

Zorb, C., Senbayram, M., and Peiter, E. (2014). Potassium in agriculture–status and perspectives. J Plant Physiol. 171, 656–669. doi: 10.1016/j.jplph.2013.08.008

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Raddatz, Morales de los Ríos, Lindahl, Quintero and Pardo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Coordinated Transport of Nitrate, Potassium, and Sodium



		INTRODUCTION



		POTASSIUM–NITRATE INTERACTIONS



		NITRATE–SODIUM INTERACTIONS



		SODIUM–POTASSIUM INTERACTIONS



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science

Coordinated Transport of Nitrate,
Potassium, and Sodium









OPS/images/fpls-11-00247-g003.jpg
Water accumulation I

Water loss






OPS/images/fpls-11-00247-g002.jpg
Low NO3

Root






OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-11-00247-g004.jpg
TN\

H* Na* Na*
K+
Na* Na*
K+ H* K" Na*

[






OPS/images/fpls-11-00247-g001.jpg
Low K* Low K* H*

4 Ethylene ADP+Pi

+++ ++

K+

H#
B

K+

- Low NO3

N

1
1
1
1
[ ]
]
1

4

Low NO3 NOs





