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II. INTRODUCTION 

 

I.1. Potassium 

 

I.1. Potassium is an essential macronutrient for plants. 
 

 Potassium (K+) is one of the most abundant inorganic cation in plant tissues, 

comprising up to 10% of their dry weight or concentrations of about 200 mM (Leigh 

and Wyn Jones, 1984; Epstein and Bloom, 2005). Potassium is concentrated in young 

developing tissues and reproductive organs, indicating the crucial functions of K+ in cell 

metabolism, growth and stress adaptation (Amtmann et al., 2006; Römheld and Kirkby, 

2010; White and Karley, 2010). Generally, these functions are classified into two 

groups: those that depend on stable concentrations of K+ in specific tissues or 

intracellular compartments, and those that rely on K+ movement between different 

compartments, cells and tissues (Amtmann et al., 2006). The former group of functions 

includes enzyme activation, stabilisation of protein synthesis, neutralisation of fixed 

negative charges and the regulation of pH homeostasis (Marschner, 1995; Amtmann et 

al., 2006; White and Karley, 2010). Potassium activates many enzymes including those 

involving energy metabolism, protein synthesis and solute transport (Leigh and Wyn 

Jones, 1984; Mengel et al., 2001; Amtmann et al., 2008; Römheld and Kirkby, 2010; 

White and Karley, 2010). To maintain the rate of K+-dependent processes, K+ 

concentrations are tightly regulated in metabolically active compartments, such as the 

cytosol, the nucleus, the stroma of chloroplasts and the matrix of mitochondria. These 

compartments contain about 100 to 150 mM of K+ (Leigh and Wyn Jones, 1984; Walker 

et al., 1996). The second class of functions are linked to the high mobility of K+ which is 

the driving force for osmotic changes that control, among other processes, the 

stomatal movements (Véry and Sentenac, 2003; Fan et al., 2004), the elongation of 

pollen tubes towards the fertile ovules (Mouline et al., 2002), seismonastic and 

circadian movements of leaves (Moran, 2007) and phloem transport (Hermans et al., 

2006; Amtmann et al., 2008). Furthermore, K+ fluxes create trans-membrane voltage 

gradients indipensable for supporting the transport of inorganic ions and metabolites 
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(e.g., sugars, amino acids and nitrate) both within and outside the cell (Marschner, 

1995; Amtmann et al., 2006). The directed movement of K+ into the vacuole is 

essencial for growth. The vacuole contains the major pool of K+ in plant cells, which 

fulfils a biophysical function contributing to lower the sap osmotic potential to 

generate turgor and drive cell expansion (Leigh and Wyn Jones, 1984; Walker et al., 

1996; Mengel et al., 2001). Rapid cell expansion relies on high mobility of the active 

osmoticum and, therefore, only a few other inorganic ions can replace K+ in this role 

(e.g., Na+) (Amtmann et al., 2006). Once cell expansion ceases the maintenance of 

turgor can be accomplished by less mobile osmotica, such as sugars, organic acids and 

compatible solutes, and K+ ions can be partly removed from the vacuole (Leigh and 

Wyn Jones, 1984; Poffenroth et al., 1992; Marschner, 1995; Amtmann et al., 2006). 

Nevertheless, K+ concentration in the vacuole does not decline to zero and is 

maintained at a limit concentration around 10-20 mM, even under K+-starvation. This 

K+ concentration is supposed to reflect equilibrium with the cytosol at a maximum 

trans-tonoplast voltage of about -40 to -60 mV (Leigh and Wyn Jones, 1984; Leigh, 

2001). Greater concentrations of K+ inside the vacuole could be achieved by 

nonelectrogenic K+/H+ antiporters (Walker et al., 1996).  

 

I.1.2. The acquisition and cellular distribution of potassium. 
 

 Potassium acquisition from the soil solution takes place through root epidermal 

and cortical cells. Inside the root symplast K+ can be stored in the vacuole, where it 

carries out osmotic functions, or transported to the aerial parts via the xylem. 

Potassium in the apoplast and xylem is taken up by shoot cells that also may provide 

stored K+ for its redistribution via phloem. Cell membranes are not permeable to ions, 

water and other polar molecules, thus K+ crosses different cells membranes through 

K+-specific transport systems that regulate K+ nutrition and functions (Aleman et al., 

2011; Pardo and Rubio Muñoz, 2011).  

 

I.1.2.1. Root K+ acquisition in plants. 
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 The uptake of K+ by the roots exhibit a biphasic kinetics in response to 

increasing external K+ concentrations with high- and low-affinity transport systems, 

operating at low (<1 mM) and high (>1 mM) rhizosphere K+ concentrations (Epstein et 

al., 1963). These transport systems are not only different regarding the external K+ 

concentration at which they operate but they catalyse the flux of K+ across the plasma 

membrane using distinct mechanisms. High-affinity K+ uptake is an active process 

mediated by H+/K+ symporters and involving a transmembrane H+ gradient generated 

by a H+-ATPase. By contrast, ion channels mediate low-affinity and passive K+ uptake 

using the K+ electrochemical potential gradient (Maathuis and Sanders, 1994; Britto 

and Kronzucker, 2008; Aleman et al., 2011).  

 

 The use of heterologous systems allowed to isolate two Arabidopsis thaliana 

cDNAs encoding the Shaker-like Inward-Rectifier K+ Channels (KIRCs) AKT1 (Sentenac et 

al., 1992) and KAT1 (Anderson et al., 1992; Schachtman et al., 1992). The low-affinity 

K+ uptake was attributed to AKT1, expressed mainly in root epidermal cells (Lagarde et 

al., 1996). Afterwards, the cDNA of HvHAK1 from barley was isolated based on the 

homology between the Escherichia coli Kup K+ transporters and the Schwanniomyces 

occidentalis high-affinity K+ transporter SoHAK1 (Santa-María et al., 1997). HAK1-type 

transporters of the KT/HAK/KUP family are considered the major contributors to high-

affinity K+ uptake since they exhibit high affinity for K+, low discrimination between K+ 

and Rb+, NH4
+-inhibited K+ uptake and induced expression in roots as a result of K+ 

starvation, which is in agreement with the hallmarks of the high-affinity K+ uptake 

observed in plant roots (Epstein et al., 1963; Glass and Dunlop, 1978; Rodríguez-

Navarro and Rubio, 2006).  In Arabidopsis thaliana, tomato and Thellungiella halophila 

root high-affinity K+ transport is mediated by the orthologous protein HAK5 

(Rodríguez-Navarro and Rubio, 2006). Even if their transport mechanism is not known 

in detail, HAK5 is likely to act as a H+-K+ symport as it was demonstrated for the 

Neurospora crassa protein NcHAK1 (Rodriguez-Navarro et al., 1986; Haro et al., 1999). 

On the other hand, members of the TRK-HKT family (e.g., TaHKT1) have also been 

associated to the high-affinity root K+ transport (Schachtman and Schroeder, 1994). 

However, TaHKT1 mediates high-affinity Na+-coupled K+-uptake (Rubio et al., 1995) 

and, in most plants, HKT1-like proteins seem to be mainly related to the regulation of 
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Na+ accumulation in roots and the recovery of Na+ from the xylem (Uozumi et al., 

2000; Sunarpi et al., 2005; Davenport et al., 2007; Haro et al., 2010; Aleman et al., 

2011). In order to investigate the physiological relevance of the transporters HAK5 and 

AKT1, several works using reverse genetic have been carried out. AtHAK5 is required 

for K+ uptake at external concentrations below 10 µM (Qi et al., 2008; Nieves-Cordones 

et al., 2010; Rubio et al., 2010b). Between 10 and 200 µM K+, both systems contribute 

to K+ uptake (Pyo et al., 2010; Rubio et al., 2010a). At external concentrations higher 

than 500 µM AKT1 is the major responsible for K+ acquisition by the roots (Rubio et al., 

2010a). The existence of other unidentified systems has been postulated since above 

an external K+ concentration of 10 mM the double mutant athak5 athkt1 did not show 

phenotype deficiencies compared to the wild type (Rubio et al., 2010a; Pardo and 

Rubio Muñoz, 2011). Candidate systems to mediate the K+ transport over 10 mM of 

external K+ are members of the cyclic nucleotide gated channels family (CNGCs) 

(Gobert et al., 2006; Kaplan et al., 2007), of the cation proton exchanger family (CHX) 

(Zhao et al., 2008) and of the glutamate receptor-like channel family (GLR) (Dietrich et 

al., 2010; White and Karley, 2010; Aleman et al., 2011; Pardo and Rubio Muñoz, 2011). 

 

I.1.2.2. Potassium redistribution within the plant. 
 

 Subsequently to the uptake of K+ by root epidermal and cortical cells, K+ is 

delivered into the xylem. Up to 90% of K+ entering the xylem is loaded through a 

symplastic route, with K+ crossing different root cell layers through plasmodesmata 

until it reaches the stellar parenchyma cells (White and Karley, 2010). The member of 

the Outward-Rectifying K+ Channels family (KORCs) SKOR is thought to mediate the 

efflux of K+ from the root pericycle and stelar parechyma to the xylem, favoured by a 

symplast/xylem boundary voltage of around -80 mV (Gaymard et al., 1998; De Boer 

and Volkov, 2003; Johansson et al., 2006). The xylem K+ concentration can vary from 2 

to 25 mM, since several factors determine the net loading into the xylem. The 

presence of other ions (e.g., Na+ or Ca2+) in the soil solution drops down K+ uptake and 

xylem K+ concentration. Phosphate-starved plants present less K+ in the xylem sap. The 

xylem K+ concentration is also affected by the transpiration and diurnal cycles. Hence, 
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under drought stress, when the stomata are close and the transpirational water flux is 

reduced, the K+ fluxes to the shoot diminish (Gaymard et al., 1998; De Boer and 

Volkov, 2003; White and Karley, 2010). 

 

 Potassium from mature leaves is redistributed to developing tissues via the 

phloem, where K+ can reach concentrations of about 10 to 150 mM (White and Karley, 

2010). The weakly inward-rectifying channel AKT2/3, which is expressed in phloem 

cells (Deeken et al., 2000), facilitates K+ loading into the phloem stream (Deeken et al., 

2002; Hafke et al., 2007). Aproximately 90% of the K+ delivered to the shoot via the 

xylem is transported back to the root via the phloem (Peuke et al., 2002; White and 

Karley, 2010) and most of it is released again to the xylem, acting again as an osmotic 

driving force for xylem transport.  

 

The fast K+ recirculation within the plant via phloem participates in many 

physiologically processes involved in keeping a balanced distribution of nutrients and 

optimal photosynthate partitioning. It maintains the cation-anion inbalance within the 

plant, most importantly acting as the main counter anion of nitrate in the xylem sap 

along the repeated xylem-phloem-xylem K+ circulatory cycles. Potassium flux is also 

essential for the loading of sugars, organic acids and amino acids into the phloem. 

Translocation is also important for the redistribution of K+ from senescing to 

developing tissues, and for maintaining high K+/Na+ ratios in sensitive meristematic 

tissues (White and Karley, 2010). Recently, it has been shown that posttranslational 

modifications of the AKT2 channel switches on a “potassium battery” which efficiently 

assists the plasma membrane H+-ATPase in energising the transmembrane phloem 

(re)loading processes.  AKT2 loss-of-function mutant plants are defective in reloading 

assimilates leaking away from the sieve tube into the main phloem stream (Deeken et 

al., 2002; Gajdanowicz et al., 2011; Sandmann et al., 2011). It is also thought that 

phloem K+ concentrations and its flux from the shoot to the root could function as a 

putative feedback signal for plant K+ status modulating K+ uptake upon plant growth 

demands (Amtmann et al., 2006; White and Karley, 2010).  
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I.1.2.3. K+ transport within the vacuole. 
 

 The changes in tissue K+ concentration are mostly a reflection of the dynamics 

of the vacuolar pool as the central vacuole of mature cells may occupy over the 80% of 

the intracellular volume and it is the main cellular reservoir for K+. (Leigh, 2001; 

Martinoia et al., 2012). In K+ replete plants, the vacuolar pool plays an essential role as 

osmoticum to generate turgor and drive cell expansion (MacRobbie, 2006). The 

vacuolar K+ pool is also responsible of maintaining the cytosolic K+ concentration 

within narrow limits independently of K+ abundance in the growth medium. Cytosolic 

K+ concentration is thought to decline only when the vacuolar K+ reserve has been 

depleted below the thermodynamical equilibrium with the cytosolic pool. For that 

reason, the activity of vacuolar K+ channels and transporters is fundamental to 

maintain the cellular K+ homeostasis (Walker et al., 1996; Leigh, 2001; White and 

Karley, 2010). Due to the membrane potential difference between the vacuole and the 

cytosol, positive inside, it is generally accepted that K+ transporters are responsible for 

the active uptake of K+ into the vacuole, whereas K+ channels chiefly mediate its efflux 

(Martinoia et al., 2012).  

 

Three types of K+-permeable channels have been determined in the vacuolar 

membrane which maintain the K+ homeostasis in the cytosol: fast vacuolar (FV), slow 

vacuolar (SV) and vacuolar K+-selective (VK) channels (Isayenkov et al., 2010b; Voelker 

et al., 2010; Hedrich and Marten, 2011; Martinoia et al., 2012).  

 

 The FV channel activity was first described in vacuoles isolated from sugarbeet, 

and subsequent studies found it also in Vicia faba guard cells and barley mesophyll 

vacuoles (Hedrich and Neher, 1987; Allen and Sanders, 1997; Tikhonova et al., 1997), 

but the gene(s) encoding the FV channels still remain(s) unknown. This channel 

presents a low selectivity for K+ and Na+ and other monovalent cations can permeate 

it. FV-type currents are quickly elicited by membrane depolarisation, and channel 

inactivation takes place in presence of high Ca2+ concentrations (> 0.1 µM) (Hedrich 

and Neher, 1987). The FV channel is also regulated by the K+ levels both in the cytosol 

and in the lumen of the vacuole affecting the channel open probability. Hence it was 
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hypothesised that this protein could be involved in the cellular K+ partitioning between 

vacuole and cytoplasm (Pottosin et al., 2009).  

 

 The slow vacuolar (SV) channels are responsible for a large outward-rectifying 

conductance in the presence of Ca2+, and slowly activate at depolarizing potentials 

(more positive at the cytoplasmic side) (Hedrich and Neher, 1987). These conditions 

favour the K+ release from the vacuole, although a large depolarisation can invert the 

K+ flux and then K+ is permeated into the vacuole (Ivashikina and Hedrich, 2005). This 

SV-type current is present in every cell type and plant species studied (Isayenkov et al., 

2010b). As the FV channels, the K+/Na+ selectivity ratio of SV channels is around 1, and 

it can permeate divalent cations e.g. Ca2+ (Hedrich and Neher, 1987; Pottosin et al., 

2009; Hedrich and Marten, 2011). SV channels are inactive at low concentrations of 

Ca2+, whereas the channel opening requires Ca2+ concentrations of around 10 µM 

(Pottosin and Schonknecht, 2007; Pottosin et al., 2009). In addition, SV channel activity 

is regulated by phosphorylation, 14-3-3 proteins, redox potential and organic cations 

(Isayenkov et al., 2010b). The Arabidopsis SV channel is encoded by the single copy 

gene AtTPC1 (two-pore channel) (Peiter et al., 2005). Albeit TPC1 is ubiquitous and 

shows high expression levels, loss of function mutants present only weak phenotypes. 

Stomatal closure in presence of high external Ca2+ and ABA-induced delay of 

germination are defective in the tpc1-2 mutant (Peiter et al., 2005). 

 

 The vacuolar K+-selective (VK) channel currents were originally identified in 

guard cells (Ward and Schroeder, 1994; Allen and Sanders, 1996) but it has been 

shown that these currents are present in other cell types derived from shoot and root 

tissues such as mesophyll or epidermal cells (Gobert et al., 2007; Voelker et al., 2010). 

Gobert and coworkers (2007) found that the current mediated by the AtTPK1 protein 

presented the hallmarks described for the guard cell VK current (Ward and Schroeder, 

1994; Allen and Sanders, 1996). TPK1 is very selective for K+ over Na+, its channel 

activity is voltage-independent, and exhibits intrinsic rectification and regulation by 

cytoplasmic Ca2+ and pH (Gobert et al., 2007). TPK1 belongs to the two-pore K+ 

channels gene family, which contains 5 TPK isoforms, four of them localized at the 

tonoplast (TPK1, 2, 3 and 5) and one (TPK4) at the plasma membrane (Becker et al., 
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2004; Voelker et al., 2006; Isayenkov et al., 2010b). VK activity is also modulated by 14-

3-3 proteins, but contrarily to SV channels, TPK channel activity increases after binding 

of 14-3-3 (Latz et al., 2007). TPK proteins are likely involved in several processes 

related with K+ homeostasis as is pointed out by phenotypic analyses of tpk1 mutant of 

Arabidopsis and TPK1-overexpressing plants. Seedling growth differences correlated 

with TPK1 expression level at both, low (0.01 mM) and high (80 mM) K+ concentration 

(Gobert et al., 2007). In guard cells TPK1 participates in K+ release from the vacuole 

during stomatal closure. TPK1 loss of function mutants show slower stomatal closure 

kinetics in response to ABA, albeit they reach the same aperture than the wild type. 

However, fusicoccin-induced stomatal opening is not affected in tpk1 plants (Ward and 

Schroeder, 1994; Gobert et al., 2007). 

 

 K+ is transported into the vacuole and other endomembrane systems through 

members of the monovalent cation/proton-antiporter (CPA) superfamily, which is 

divided into two major families: CPA1 and CPA2 (Sze et al., 2004; Pardo et al., 2006; 

Gierth and Mäser, 2007; Chanroj et al., 2012). The family CPA1 includes eight members 

of the Na+/H+ exchanger (NHX) family, which are the focus of this work and will be 

thoroughly described in section I.3. CPA2 comprises three families: the putative K+ 

exchange antiporters KEA, the cation/H+ exchangers CHX and the NHD group (White 

and Karley, 2010; Chanroj et al., 2012). In Arabidopsis, the KEA family includes six 

members but little is know about their subcellular localization and physiological 

functions. The detection of AtKEA1 and AtKEA3 peptides in chloroplast preparations 

suggests a role of these proteins in ion homeostasis in plastids (Zybailov et al., 2008; 

Chanroj et al., 2012). The AtCHX family contains 28 isoforms localized in different 

cellular compartments. Most of the CHX proteins are expressed in pollen, specifically 

during microgametogenesis or in sporophytic tissue, indicating the importance of the 

K+ homeostasis in pollen development and germination (Sze et al., 2004). The 

Arabidopsis CHX16-CHX20 proteins are involved in K+ and pH homeostasis of dynamic 

endomembranes. AtCHX17 is preferentially expressed in roots under NaCl stress, K+ 

starvation, low external pH or ABA treatment. In addition, chx17 mutants accumulate 

less K+ than the wild type under salt stress (Cellier et al., 2004) and AtCHX17 expressed 

in yeast is able to complement the pH sensitive phenotype of the yeast kha1 mutant 
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and co-localises with Golgi markers (Maresova and Sychrova, 2006). AtCHX20 

participates in stomatal opening mediating K+ and pH regulation in the prevacuolar 

compartment (PVC) thus affecting the endomembranes dynamics and osmoregulation 

(Padmanaban et al., 2007). Another well-characterized CHX member is AtCHX23 which 

localises to the chloroplast envelope where it is likely involved in K+ homeostasis and 

stromal pH regulation (Song et al., 2004). 

 

I.1.3. Potassium deficiency 
 

 Plants have developed mechanisms to take up and accumulate K+ from very low 

external concentrations and they can grow properly over a wide range of external K+ 

supplies (from 10 µM to 10 mM). This is due to the high mobility of this cation which 

can be quickly redistributed within the plant among different compartments and 

tissues under fluctuating external K+ conditions (Amtmann et al., 2006). It is commonly 

accepted that the typical K+ concentrations in the soil solution vary between 0.1 and 1 

mM (Maathuis, 2009; Aleman et al., 2011). However, besides the plant’s uptake 

mechanisms, acquisition of K+ from the soil is dependent on several physical and 

chemical soil factors that can affect the K+ availability; among others, salinity, soil 

compaction and drought. These factors together with an inadequate nutrient recycling 

turn K+ deficiency into an agriculture issue (Römheld and Kirkby, 2010).  

 

 The response of plant growth to increasing K+ availability follows a steep 

curvilinear relationship. From this relationship a “critical” concentration of K+ can be 

determined, defined as the concentration at which 90% of maximum yield is obtained. 

Above this concentration, growth shows little response to increased K+ content in 

tissues, but at lower K+ concentrations growth declines rapidly. The “critical” 

concentration is around a 2% of the total dry matter, albeit tissue K+ concentrations 

normally exceed those necessary for maximal growth (Leigh and Wyn Jones, 1984; 

White and Karley, 2010). 
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 Plants experiencing K+ deficiency show phenotypic traits consistent with the 

vital role that this cation plays in plant growth and metabolism (Mengel et al., 2001; 

Amtmann et al., 2006; Hermans et al., 2006; White and Karley, 2010). They exhibit 

reduced growth, particularly of shoots, but also the roots are poorly developed. The 

growth of lateral roots is arrested in Arabidopsis seedlings grown under K+ starvation 

on agar plates (Armengaud et al., 2004). They present scorching along the margins of 

older leaves, chlorosis, weak stems and small and withered seeds and fruits. In 

addition, they are more susceptible to different stresses, pests and diseases (Amtmann 

et al., 2008; Römheld and Kirkby, 2010). Physiological symptoms of K+ deficiency 

include impaired phloem transport, especially of sucrose, increased leaf carbohydrate, 

a reduction in chlorophyll concentration and photosynthesis, decreased water content 

and turgor, impaired stomatal function and reduced transpiration (Cakmak et al., 1994; 

Hermans et al., 2006; White and Karley, 2010). The decline in photosynthesis by K+ 

deficiency seems to be caused by several processes (Cakmak, 2005; Hermans et al., 

2006; Amtmann et al., 2008). The lack of K+ would hinder the establishment of a 

proton flux across the thylakoid membrane which is necessary to create the proton 

gradient that drives the ATP-synthesis via photophosphorylation (Tester and Blatt, 

1989). In addition, K+ is required for CO2 fixation in the chloroplast (Pier and Berkowitz, 

1987) and for Rubisco activity (Peoples and Koch, 1979). Potassium is also necessary to 

create steep pH, voltage and osmotic gradients between phloem and parenchyma cells 

within the sieve tubes that are essential for phloem and transport (Marschner, 1995; 

Amtmann et al., 2008; Römheld and Kirkby, 2010). Export and utilization of the 

photoassimilates within the plants maintain the photosynthesis at high rate. However 

a several-fold increase in sucrose accumulation in leaves, but not in roots, is observed 

under K+ deficiency (Cakmak et al., 1994; Amtmann et al., 2008). This suggests a 

decrease in sugar export via phloem towards the sink sites or insufficient incorporation 

of carbon into proteins (Amtmann et al., 2008). This effect of plant K+ status on source-

sink allocation of sugars and other metabolites is related to the fact that K+ deficiency 

increases the stomatal resistance, thus reducing the transpiration rate (Peoples and 

Koch, 1979) and the root-shoot allocation of root-born metabolites such as nitrate and 

amino acids (Amtmann et al., 2008). Also, K+ deficiency has repercussions on nitrogen 

metabolism. Concentrations of amino acids (lysine, arginine and tyrosine), amide 
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nitrogen and polyaminas (e.g., putrescine) increase dramatically in K+-deficient plants, 

probably for the incapacity of incorporate nitrogen into proteins by inhibition of 

nitrogen enzymes (Amtmann et al., 2008; White and Karley, 2010).  

 

I.1.3.1. Plant sensing of K+-deficiency. 
 

  Plants can detect the K+ external conditions through the root apoplast that is in 

contact with epidermic root cells and root hairs. In conditions of K+-deficiency, root 

cells can sense the drop in external K+ concentration and trigger a series of 

physiological responses (Schachtman and Shin, 2007; Wang and Wu, 2010). Apoplastic 

K+ concentration controls the membrane voltage of root cells in a linear relationship 

with the log of [K+]ext. Hence, the hyperpolarization of the root cell membrane 

potential induced by a decrease in K+ concentration is the primary signal of K+ 

deprivation (Maathuis and Sanders, 1993; Nieves-Cordones et al., 2008). Membrane 

hyperpolarization activates the plasma membrane H+-ATPases that generate a 

extracellular acidification (Palmgren, 2001). Membrane hyperpolarization and apoplast 

acidification enhance in turn the activities of inward K+ channels belonging to the AKT1 

subfamily and K+/H+ symporters (Wang and Wu, 2010). 

 

 Little is known about the molecular K+ sensors. It has been proposed that K+ 

transporters with a wide range of K+ affinities, as in the case for AKT1, coupled to the 

PM-located H+-ATPases might be the K+ sensor (Wang and Wu, 2010). It has been 

reported that K+ ions can bind to the cytoplasmic part of the H+-ATPases and inhibit 

their conformational change thus abolishing the H+ efflux. Under K+ deprivation, AKT1-

mediated K+ influx to the cytoplasm would decrease and subsequently, the uncoupling 

effect of K+ on H+-ATPase activities would be impeded, leading to membrane 

hyperpolarization and extracellular acidification. Finally, K+ channels and transporters 

would be activated favouring the entry of K+ with a higher affinity (Buch-Pedersen et 

al., 2006; Wang and Wu, 2010). The pyruvate kinase, whose activity is strongly 

sensitive to cytoplasmic K+ concentrations, has been also proposed as a putative 

cytoplasmic K+ sensor (Schachtman and Shin, 2007; Armengaud et al., 2009). As a 
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central enzyme involved in plant glycolysis it is likely that the pyruvate kinase drives 

some of the metabolic changes induced by K+-deficiency (Armengaud et al., 2009).  

 

 Low external K+ concentrations can induce Ca2+ and ROS accumulation in 

Arabidopsis root cells (Wang and Wu, 2010). Ca2+ elevation can be mediated by 

hyperpolarization-activated Ca2+ channels as well as by ROS-activated Ca2+ channels, 

and ROS production can be caused by NADPH oxidase activation induced by Ca2+ 

magnifying the signal. Thus, a cytoplasmic Ca2+ signal would be generated and 

transduced by downstream Ca2+ sensors such as CaMs, CDPKs and CBLs (Kudla et al., 

1999; Luan et al., 2002; Wang and Wu, 2010). Ethylene in also involved in relying the 

signal for K+ deprivation (Jung et al., 2009). 

 

I.1.3.2. Acclimatory responses to potassium starvation. 
 

 In order to maintain the K+ homeostasis, the Ca2+ and ROS signals generated by 

the K+-deficiency must be further transduced to regulate K+ channels and transporters 

at both transcriptional and post-transcriptional level. 

 

I.1.3.2.1. Transcriptional regulation. 
 

 Several Arabidopsis K+ transporters increase their expression under K+-

starvation, such as HAK5, KEA5, KUP3, CHX13 and CHX17 (Armengaud et al., 2004; 

Cellier et al., 2004; Gierth et al., 2005; Amtmann et al., 2006; Zhao et al., 2008; Wang 

and Wu, 2010). At least for HAK5, CHX13 and CHX17 their involvement in K+ acquisition 

and homeostasis under K+-starvation have been demonstrated (Cellier et al., 2004; 

Gierth et al., 2005; Zhao et al., 2008). Channels AtSKOR1 and AtKC1, are 

transcriptionally induced in response to low K+ conditions (Pilot et al., 2003; Shin and 

Schachtman, 2004).  As described above, Ca2+ channels play an important role in the 

K+-deprivation signaling, and, as expected, two putative Ca2+ transporters show 

transcriptional regulation in response to K+ deprivation: ACA1, a root plasma 

membrane Ca2+ pump, and CAX3, a vacuolar cation/H+ antiporter (Armengaud et al., 
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2004). A large number of non-transporter genes also show transcriptional regulation 

under low-K+ stress. Among them, genes related to the plant hormones jasmonic acid 

(JA) and salicylic acid which are involved in pathogen defense (Armengaud et al., 2004; 

Amtmann et al., 2008), cell wall proteins (e.g. extensins), transcription factors (e.g. 

bZIP), protein kinases and phosphatases (e.g. CIPK and PP2C), ROS production and 

detoxification proteins, enzymes involved in ethylene synthesis and enzymes of the 

primary metabolism (e.g. pyruvate kinase and malic enzyme) (Armengaud et al., 2004; 

Shin and Schachtman, 2004; Amtmann et al., 2006). 

 

I.1.3.2.2. Protein modification. 
 

 Recently, new data about the post-transcriptional regulation of K+ channels and 

transporters triggered by K+-starvation have been reported, being the best 

characterized pathway the one comprising AKT1/CIPK23/CBL1 (and/or CBL9). The 

plasma membrane Ca2+ sensor CBL1 (and/or CBL9) detects the cytoplasmic Ca2+ 

increase induced by low-K+ stress, interacts with the cytoplasm-located Ser/Thr kinase 

CIPK23 and recruits it to the plasma membrane. Here, CIPK23 phosphorylates and 

activates the AKT1 channel (Li et al., 2006a; Xu et al., 2006). To cease the low-K+-

induced signaling, the phosphatase AIP1 deactivates the AKT1 channel via 

dephosphorylation (Lee et al., 2007). A similar pathway has been proposed to occur at 

the vacuole, where CIPK9 may interact with the tonoplast-located protein CBL3 to 

regulate tonoplast-located K+ channels through phosphorylation (Pandey et al., 2007; 

Liu et al., 2012).  Also, the interaction between different subunits of heteromeric 

channel complexes can shift the activation threshold of the channels alone, as has 

been demonstrated for AtKC1 and AKT1 (Geiger et al., 2009a). 
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I.2. Stomata. 

 

The leaves of land plants are covered by a waxy cuticle on their epidermis, 

which prevents excessive loss of water but also limits the uptake of CO2 essential for 

photosynthesis. To bypass the latter limitation, stomatal pores located in the leaf 

epidermis enable the diffusion of gases between the plant tissues and the atmosphere. 

The degree of opening of these stomata result from the reversible osmotic swelling 

and shrinking of the two surrounding guard cells (Roelfsema and Hedrich, 2005). 

During stomatal opening, the uptake of solutes into guard cells decrease the water 

potential creating a driving force for water entry and increasing turgor and volume of 

guard cells. This turgor pressure causes the separation of the two guard cells, resulting 

in the opening of the stomatal pore. To close the stomatal pore, there is a loss of 

solute and water content from the two guard cells that decrease their volume and 

result in guard cell deflation (Pandey et al., 2007). The major solutes involved in 

stomatal movements are K+, sucrose, Cl-, malate2- and NO3
-. Since mature guard cells 

lack plasmodesmata, solute uptake and efflux must take place through ion channels 

and transporters located in the plasma and vacuolar membranes (Pandey et al., 2007; 

Kim et al., 2010). The next section will focus in the description of these ion 

transporters and their roles in the stomatal movements. 

 

I.2.1. Ion channels and transporters. 
 

I.2.1.1. Ion transport at the plasma membrane. 
 

H+-ATPases 

 

 Stomatal opening is initiated by the hyperpolarisation of the guard cell plasma 

membrane, which is caused by the H+-ATPase-dependent proton efflux from the 

cytoplasm to the apoplast (Assmann et al., 1985; Shimazaki et al., 1986). H+-ATPases 

are encoded by 11 genes in Arabidopsis, all of them expressed in guard cells (Ueno et 

al., 2005). H+-ATPases are regulated by auxins, ABA, Ca2+ and blue light and have an 
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autoinhibitory domain at the C-terminus, which is released from the catalytic site upon 

blue light illumination. Blue light perception by the receptors PHOT1 and PHOT2 

trigger a signaling cascade where the phosphorylation at the C-terminus of the H+-

ATPase, and the consequent binding of a 14-3-3 protein that displaces the 

autoinhibitory domain, activates the proton pump and results in stomatal opening 

(Kinoshita and Shimazaki, 1999; Emi et al., 2001; Kinoshita et al., 2001; Kinoshita et al., 

2003). Dominant mutants in the Arabidopsis gene alleles AHA1/OST2 (ARABIDOPSIS 

H+-ATPASE 1/OPEN STOMATA 2) present a constitutive H+-ATPase activity that leads to 

ABA insensitivity and to permanent stomatal opening (Merlot et al., 2007b). Guard 

cells maintain a cytoplasmic pH of 7.5-7.8, at which the H+-ATPase presents a low 

activity. H+-ATPases become more active to acidic pH values suggesting a role in H+ 

homeostasis for these proteins (Becker et al., 1993; Blatt and Armstrong, 1993; Grabov 

and Blatt, 1997).  

 

K+ transport 

  

 Plant plasma membrane has three types of K+ channels: outward-rectifying 

channels (KORCs), which become more active at positive potentials; inward-rectifying 

channels (KIRCs), activated at more negative potentials; and voltage-independent K+ 

channels. The first two types of K+ channels have been recorded in guard cells of 

several species while voltage-independent K+ channel currents have not been 

detected, so far, for guard cells (Roelfsema and Hedrich, 2005). Derived from their 

voltage dependence, at physiological conditions KORCs seem to be resposible for K+ 

efflux from the guard cells to the apoplast whereas KIRCs are mainly involved in K+ 

influx to the cytoplasm (Roelfsema and Hedrich, 2005). Among the K+ channels 

expressed in guard cells are KIRCs KAT1, KAT2 (Pilot et al., 2001) and AKT1, the K+ 

channel AKT2/3 whose voltage dependence changes with its phosphorylation status, 

AtKC1 that forms heteromeric channels with KAT1 and AKT1 (Szyroki et al., 2001; 

Michard et al., 2005), and a single outward-rectifying channel, GORK (Ache et al., 

2000).  
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Functional K+ channels likely work as homomeric or heteromeric complexes 

formed by four subunits (Dreyer et al., 1997). Several interactions between the K+ 

channels have been found in heterologous systems and such interactions can change 

the current properties of the individual channels (Pandey et al., 2007). Although loss of 

function kat1 mutant plants show normal stomatal opening and K+ currents similar to 

those of the wild type (Szyroki et al., 2001), the overexpression of a nonfunctional 

KAT1 allele decreases the inward K+ conductance of guard cells by 70% and light-

induced stomatal opening suggesting that the nonfunctional protein form defective 

tetrameric channels in combination with the other five wild-type proteins (Kwak et al., 

2001).  K+ currents can also be regulated by K+ channels relocalization. It has been 

shown that ABA induces specific endocytosis of KAT1 in guard cells, reducing inward K+ 

currents at the plasma membrane and consequently stomatal opening. Endosomal 

KAT1 is recycled to the plasma membrane after ABA signaling in a process dependent 

of the SNARE protein SYP121 (Sutter et al., 2006; Sutter et al., 2007). Guard cell inward 

K+ currents are inhibited by cytoplasmic Ca2+ elevation. Also, membrane 

hyperpolarization allows Ca2+ permeation through the inward-rectifying channels, 

blocking the channel lumen (Fairley-Grenot and Assmann, 1992; Ivashikina et al., 

2005). Apoplastic and cytosolic pH have different effects over the inward K+ channels 

expressed in heterologous systems. For example, KAT1 is activated by acidification of 

both cytosol and apoplast whereas KAT2 is activated by the apoplast acidic pH (Hoth et 

al., 2001; Pilot et al., 2001; Pandey et al., 2007). However, in planta measurements of 

the whole guard cell inward K+ currents show that K+ currents step up by external 

acidification but not by changes in cytosolic pH (Blatt, 1992; Ilan et al., 1996). 

 

 GORK is the only outward-rectifying channel present in Arabidopsis guard cells 

(Ache et al., 2000; Hosy et al., 2003). Although disruption of the GORK gene causes the 

complete loss of the outward-rectifying K+ currents in the plasma membrane of guard 

cells and slowed closure of stomata, they still close in response to ABA and darkness 

(Hosy et al., 2003). These results indicate that guard cells possess alternative transport 

systems for K+ releasing during stomatal closure. Outward K+ currents are insensitive to 

Ca2+ regulation while are pH regulated. External acidification causes a decrease in the 

availability of the channel for activation by membrane depolarisation (Blatt, 1992; Ilan 
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et al., 1996; Ache et al., 2000). Conversely, outward K+ currents are facilitated by 

cytosolic alkalinization (Blatt, 1992; Blatt and Armstrong, 1993; Miedema and 

Assmann, 1996). 

 

 With regard to ABA signaling, it is well studied the inhibition of guard cell KIRCs 

by ABA (Blatt and Armstrong, 1993). It has been also reported that ABA can promote 

KORC activity in guard cells of isolated epidermal strips (Blatt et al., 1990) but this 

could not be demonstrated by measurements on guard cells in intact plants 

(Roelfsema et al., 2004). 

 

Anion transport 

 

 It is well known that during stomatal opening guard cells accumulate Cl- and 

malate as counterions of K+ (Van Kirk and Raschke, 1978a). Stomatal opening in 

epidermal strips can be supported by both Cl- and malate or just by malate synthesis if 

no plasma membrane-permeable anions are applied (Raschke and Schnabl, 1978). It 

has been postulated that Cl-, due to its electrochemical gradient, might be imported by 

H+/anion or OH-/anion antiporters, but these transporters still remains to be identified. 

 

 When Cl- is not available NO3
- can also contribute to stomatal opening as was 

demonstrated using Arabidopsis plants mutated in the NO3
- transporter 

CHL1/AtNRT1.1. Plants lacking CHL1 present reduced stomatal aperture when NO3
- is 

supplied in the medium in the absence of Cl-, while no differences relative to the wild 

type can be observed with Cl-, supporting the hypothesis that the CHL1 transporter 

allows the uptake of NO3
- into guard cells (Guo et al., 2003). 

 

 Anion channels located in the plasma membrane of guard cells mediate anion 

efflux during stomatal closure driving the depolarisation of the membrane that 

subsequently facilitates K+ efflux across the outward-rectifying K+ channels. They are 

classified as slow-activating and sustained (S-type) and rapid transient (R-type) anion 

channels. The R-type channels show rapid activation kinetics over a narrow voltage 

range while the S-type channels exhibit slow activation and deactivation kinetics over a 



 24 

broader range of voltages (Schroeder and Hagiwara, 1989; Hedrich et al., 1990; 

Schroeder and Keller, 1992; Schroeder, 1995). Both types of channels can permeate Cl-, 

NO3
- and malate, the main anions involved in guard cell function.  

 

 It has been postulated that S-type channels play a key role in membrane 

depolarisation and stomatal closure (Kim et al., 2010). The first identified gene 

encoding a S-type anion channel has been SLAC1 (SLOW ANION CHANNEL-ASSOCIATED 

1), which is a distant homologue of fungal and bacterial dicarboxylate/malate 

transporters. SLAC1 was isolated in two independent mutant screenings for CO2-

insensitive stomatal closure mutants (Negi et al., 2008) and ozone-sensitive mutants 

(Vahisalu et al., 2008). S-type currents induced by ABA and Ca2+ are impaired in slac1 

guard cells, indicating that SLAC1 is the main component of S-type anion channels in 

guard cells. However, slac1 mutants still retain the R-type anion channel activities 

(Vahisalu et al., 2008). slac1 mutants also show reduced stomatal closure in response 

to ABA, Ca2+ CO2 and O3 treatments (Negi et al., 2008; Vahisalu et al., 2008). 

Heterologous expression of AtSLAC1 in Xenopus oocytes demonstrated that SLAC1 

functions as an anion channel with selectivity for Cl- and NO3
- (Geiger et al., 2009b; Lee 

et al., 2009). Recently, a second S-type anion channel, SLAH3 (SLAC1 homolog 3), has 

been identified. SLAH3 is also present in guard cells and mediates nitrate-induced 

anion currents in Xenopus oocytes. Nitrate, calcium and ABA-stimulated 

phosphorylation regulate SLAH3 activity (Geiger et al., 2011).  

 

The presence of anions in the apoplast, including Cl-, nitrate and malate, play a 

chief role in activating anion release during stomatal closure likely by inducing a shift in 

the voltage dependence of R-type anion channels, thus increasing the potency of the 

channel to initiate a depolarisation (Roelfsema and Hedrich, 2005). The R-type identity 

has remained elusive until Meyer and collegues (2010) found that the AtALMT12 

transporter, which is expressed in guard cells, shows a malate-dependet R-type 

channel activity. Previously it was shown that Arabidopsis almt12 mutants present 

impaired stomatal closure in response to ABA, Ca2+ and darkness but the authors 

related this phenotype to an anion release from the endoplasmic reticulum (ER) 

(Sasaki et al., 2010). Afterward, using an ALMT12:GFP fusion protein, the guard cell 
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plasma membrane localization of this channel was determined (Meyer et al., 2010). 

The ALMT12 channel is permeable not only to Cl- and NO3
- (Sasaki et al., 2010) but also 

to malate and sulphate suggesting a role in long-term anion release from guard cells 

(Meyer et al., 2010). 

 

Ca2+ transport 

 

 External Ca2+ application inhibits stomatal opening and induces stomatal 

closure. It is believed that extracellular Ca2+ elicits an increase in the intracellular Ca2+ 

concentration, thus activating S- and R-type anion channels and inhibiting the inward 

K+ channels (Roelfsema and Hedrich, 2005; Pandey et al., 2007). Because the 

apoplastic Ca2+ concentration is ~ 100 µM (Felle et al., 2000; Roelfsema and Hedrich, 

2002) while the cytoplasmic concentrations vary between 100-300 nM it was thought 

that leak Ca2+ currents across the plasma membrane could sustain the rise in 

intracellular Ca2+ (Webb et al., 2001; Levchenko et al., 2005). Ca2+ probably enters to 

the guard cells via nonselective Ca2+ channels located in the plasma membrane. This 

type of channels has been found in different plant cells and are permeable to 

monovalent and divalent cations. They have been identified in guard cell protoplasts 

activated by several stimuli, including hyperpolarization that induces a rise in the 

cytoplasmic Ca2+ concentration in guard cells (Grabov and Blatt, 1998; Roelfsema and 

Hedrich, 2005). The cyclic nucleotide gated channels (CNGC) have been suggested to 

play a role in stomatal function since cAMP can activate a Ca2+ current in Arabidopsis 

guard cell protoplasts (Lemtiri-Chlieh and Berkowitz, 2004). In Arabidopsis roots, 

glutamate produces large and rapid elevations of cytoplasmic Ca2+ and transient 

membrane depolarisation. Hence, GLR3.4, a member of the glutamate receptor family 

(GLR) that is expressed in guard cells, is another candidate to facilitate Ca2+ currents 

(Meyerhoff et al., 2005; Qi et al., 2006). Furthermore, loss-of-function mutants in the 

guard cell-expressed transmembrane ABC (ATP binding cassette) protein AtMRP5 

(MULTIDRUG RESISTANCE PROTEIN 5) have impaired activation of Ca2+ currents, but 

there is no evidence that AtMRP5 functions as a Ca2+ permeable channel (Gaedeke et 

al., 2001; Suh et al., 2007). 
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I.2.1.2. Ion transport at the vacuolar membrane. 
 

H+-ATPases and PPases 

 

 Proton fluxes across the vacuolar membrane serve to guard cells as a pH 

secondary messenger, regulate the tonoplast membrane potential and mediate the 

movements of solutes between vacuoles and cytoplasm through H+-coupled 

antiporters (Pandey et al., 2007). Proton uptake into the Arabidopsis vacuole is carried 

out by the vacuolar H+-ATPase (V-ATPase) and the H+-translocating vacuolar 

pyrophosphatases (V-PPases) (Gaxiola et al., 2002). The V-ATPase consists of a 

multimeric complex whose subunits are encoded by at least 26 genes (Padmanaban et 

al., 2004). V-PPases, which use energy from pyrophosphate hydrolysis to translocate 

H+ into the vacuole, work as homodimeric enzymes (Schumacher, 2006). The V-ATPase 

is involved in the control of Ca2+ homeostasis in guard cells since the Arabidopsis 

mutant in the C-subunit of the V-ATPase (det3) induce, prolonged Ca2+
cyt oscillations in 

response to external Ca2+ and oxidative stress, thus abolishing the stomatal closure 

(Allen et al., 2000). However, evidences for a role of the V-PPases in stomatal function 

are still lacking.  

  

K+ transport 

 

 The three types of K+ permeable channels described previously in section 

I.1.2.3. have been found in the tonoplast of guard cells  (Allen et al., 1998). All of them 

are likely involved in K+ efflux from the vacuole during stomatal closure as the studies 

performed by reverse genetic and electrophysiology suggest (Ward and Schroeder, 

1994; Peiter et al., 2005; Gobert et al., 2007). By contrast, K+ ions are taken up into the 

vacuole against the vacuolar membrane potential. A recent study carried out by our 

group suggested that Arabidopsis NHX1 and NHX2 proteins sustain most of the 

accumulation of K+ into plant cell vacuoles, including those of guard cells where these 

genes are highly expressed (Shi and Zhu, 2002; Apse et al., 2003; Barragán et al., 2012). 

Null double nhx1 nhx2 mutant plants are unable to withstand osmotic stress 

presenting higher transpiration rates than the wild type. In addition, mutant plants 
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show less leaf turgor, abnormal stomata morphology and a reduction in guard cell K+ 

contents (Barragán et al., 2012). The role of NHX1 and NHX2 proteins in stomatal 

function will be studied in depth along this work.  

 

Anion transport 

 

 The role played by vacuolar anion channels in the stomatal movements is so far 

not fully characterized. In 1996, Pei and collegues identified a chloride and malate 

conductance in guard cell vacuoles of Vicia faba. This anion channel was thought to be 

activated by a Ca2+-dependent protein kinase (Pei et al., 1996). Recently, two different 

vacuolar anion transporters have been characterized. AtCLCc, which localizes at the 

tonoplast and is expressed in guard cells, is involved in the accrual of Cl- into the 

vacuole. T-DNA insertion mutants in AtCLCc present lower Cl- vacuolar contents, and 

this fact correlates with the impaired light-induced stomatal opening and ABA-induced 

stomatal closure showed by these mutants (Jossier et al., 2010). The malate 

transporter AtALMT6 is also expressed in guard cell vacuoles and is able to mediate 

malate inward-rectifying currents. This activity can be modulated by cytosolic Ca2+, 

cytosolic malate and vacuolar pH, to accumulate or release vacuolar malate at 

physiological membrane potentials. However, likely due to the presence in guard cells 

of functional redundant malate transporters, the stomatal function in almt6 knockout 

mutant plants is normal, even though they show lower malate currents than the wild-

type vacuoles (Meyer et al., 2011).  

 

I.2.2. Stomatal movements. 
  

 The stomatal movements are completely dependent of the proper coupling of 

ion fluxes through the plasma membrane and the vacuolar membrane. Thus, H+-

pumps, ion channels and transporters must function coordinately in response to the 

opening and closure stimulus. The most distinctive difference between the stomatal 

opening and the stomatal closure are the transport mechanisms involved in both 

processes. Stomatal opening is based on active transport (ions symport and antiport) 
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whereas closure is based on passive transport (ion channels) (Roelfsema and Hedrich, 

2005). Thus, stomatal closure is faster than opening. In Arabidopsis the transpiration 

rate increases with a velocity of 1.0 µmol m-2 s-2 in the light while it decreases with a 

velocity of 4.4 µmol m-2 s-2 after the application of ABA (Langer et al., 2004). 

 

I.2.2.1. Stomatal opening. 
 

 During stomatal opening the activation of the H+-ATPases generate an 

electrochemical gradient across the plasma membrane that can be decomposed in an 

electrical potential and in an H+-concentration difference. This membrane 

hyperpolarisation drives K+ uptake through inward-rectifying K+ channels. Anions such 

as Cl- or NO3
- can enter into the cell by H+-coupled symporters while malate is 

synthesized in the cytoplasm from phosphoenolpyruvate and CO2. Most of the solutes 

taken up during stomatal opening, including malate, are sequestered in the vacuole. 

The tonoplast potential is negative at the cytoplasmic side, so anions can be 

transported into vacuoles through low-affinity anion channels as long as the 

concentration difference between the cytoplasm and the vacuole is counterbalanced 

by the membrane potential difference, and then the H+/anion exchange systems can 

operate. Potassium ions are transported into the vacuole against its electrochemical 

gradient thus requiring a H+-coupled antiport mechanism. This accumulation of solutes 

inside of guard cells drives the subsequent entry of water increasing cell turgor and 

volume that induces stomatal opening (MacRobbie, 1998; Roelfsema and Hedrich, 

2005; Kim et al., 2010). 

 

I.2.2.2. Stomatal closure. 
 

 When the stomata perceive the closure signalling (e.g. ABA) the rise in Ca2+
cyt 

activates the vacuolar K+ (VK) channels that produce the K+ efflux from the vacuole and 

vacuolar membrane depolarisation. Then, anion-permeable channels are activated and 

anions are released from the vacuole to the cytoplasm. Contemporarily, the increase in 

cytosolic Ca2+ concentration activates both types of plasma membrane anion channels, 
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S-type and R-type, driving the anion release from guard cells to the apoplast. The 

consequent plasma membrane depolarisation favours the efflux of K+ through the 

activation of the outward-rectifying K+ channels. This large and fast loss of ions is 

accompanied by the outflow of water from the guard cells that reduce their turgor and 

volume causing stomatal closure (Roelfsema and Hedrich, 2005; Kim et al., 2010). 

 

I.2.3. Regulation of stomatal movements. 
 

Guard cells constantly sense the information coming from the leaf 

environment, including abiotic and biotic stimuli as well as long-distance signals from 

the roots. Guard cells integrate all these signals and respond with appropriate changes 

in pressure turgor in order to balance CO2 assimilation and water loss. Numerous 

important environmental factors affect stomata opening, including blue and red light, 

hormones, air humidity, atmospheric CO2 concentration and biotic and abiotic stresses 

(Kim et al., 2010; Araujo et al., 2011). Some of the signal transduction networks that 

function in the response to these environmental factors will be described below, 

particularly those related with the ion transport regulation in guard cells. 

 

I.2.3.1. CO2 sensing and signaling. 
 

 Low atmospheric CO2 concentration induces stomatal aperture in order to keep 

CO2 available in the sub-stomatal chambers so the carbon fixation rate in the 

mesophyll cells would not be affected (Araujo et al., 2011). By contrast, elevated CO2 

concentrations decrease stomatal conductance. In the short term, CO2 leads to 

stomatal closure while long-term exposure to high CO2 concentrations decreases 

stomatal density in leaves (Kim et al., 2010).  

  

 In Vicia faba guard cells an elevation in CO2 concentration controls the stomatal 

aperture by the activation of KORC and anion channels at the plasma membrane. 

Hence, CO2 triggers chloride release from guard cells and membrane depolarisation 

(Brearley et al., 1997; Hanstein and Felle, 2002). 
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 Recently, a few genes involved in the CO2-mediated regulation of the stomatal 

movements have been identified. The Arabidopsis mutant gca2 (growth controlled by 

abscisic acid 2) shows CO2-induced stomatal closure impairment in response to 

elevated CO2 in epidermal strips as well as in intact leaves. Furthermore, the changes 

in CO2 concentration do not alter the cytoplasmic Ca2+ transient rate in gca2 mutant 

guard cells, denoting impairment in CO2-induced depolarisation of the plasma 

membrane (Young et al., 2006). The S-type anion channel SLAC1 is also a positive 

mediator of the CO2-induced stomatal closure signaling network, as slac1 mutants are 

strongly impaired in the high CO2-induced stomatal closure response (Negi et al., 2008; 

Vahisalu et al., 2008). By contrast, HT1 (HIGH LEAF TEMPERATURE 1) protein kinase 

functions as a negative regulator in the high CO2-induced stomatal closure pathway. 

Gas-exchange analyses performed on ht1-2 recessive mutant show a constitutive high-

[CO2] stomatal closure (Hashimoto et al., 2006). Another negative regulator of CO2-

induced stomatal closure identified is the plasma membrane malate uptake 

transporter ABCB14 (ABC TRANSPORTER B FAMILY MEMBER 14). CO2-induced stomatal 

closure is faster in abcb14 detached leaves compared to the wild type, while is slower 

in ABCB14 overexpressing plants. Lack of ABCB14 function may increase extracellular 

malate enhancing the anion channel activity (Hedrich and Marten, 1993) and reduce 

the intracellular malate levels, thus slightly accelerating CO2-induced stomatal closure 

and reducing stomatal apertures at the same time (Lee et al., 2008). 

 

 Little is know, however, about the mechanism by which the physiological 

stimulus of CO2 is transduced to regulate stomatal apertures. Albeit CO2 is converted 

to carbonic acid, bicarbonate and protons, cytosolic pH does not change in response to 

an elevation of CO2 concentration (Brearley et al., 1997). It has been proposed that, as 

a consequence of the elevated CO2 concentrations, malate is released from mesophyll 

cells and that this rise in extracellular malate induces the activation of guard cell anion 

channels resulting in stomatal closure (Hedrich and Marten, 1993; Hedrich et al., 

2001). Since guard cells release malate into the cell wall during stomatal closure (Van 

Kirk and Raschke, 1978b; Negi et al., 2008) and malate augments the R-type anion 

channel activity in guard cells (Raschke, 2003), malate released from guard cells could 
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generate a positive feedback by further stimulating anion channels (Lee et al., 2008). A 

recent report suggest that carbonic anhydrases could mediate the CO2 response 

directly in guard cells, since the disruption of two of them, βCA1 and βCA4, strongly 

impaired the stomatal CO2 reponses (Hu et al., 2010). 

 

I.2.3.2. ABA sensing and signaling. 
 

 ABA is the most extensively studied hormone in relation with the stomatal 

movements. Under abiotic stresses such as drought and high salinity the levels of ABA 

increase in the roots. Next, ABA travels to the aerial parts where it is perceived by the 

guard cells. In guard cells, ABA triggers diverse signaling pathways that change ion 

fluxes leading to both stomatal closure and inhibition of stomatal opening. Hence, ABA 

minimize the water loss and improve the ability of plants to cope with abiotic stresses 

(Araujo et al., 2011).  

 

 Several candidate ABA receptors have been reported in the last few years. 

Among them the H subunit of the Mg-chetalase (CHLH), an ubiquitous protein involved 

in chlorophyll biosynthesis and plastid-to-nucleus signalling has been reported as a 

positive regulator of the ABA signaling (Shen et al., 2006). It has been reported that a 

G-protein coupled receptor 2 (GCR2) is able to bind ABA with high affinity at 

physiological concentration at the plasma membrane and it has been proposed that 

interaction of GCR2 with the G protein α-subunit GPA1 would mediate a subset of ABA 

responses, among them the stomatal movements (Liu et al., 2007). However, the 

etiology of GCR2 as an authentic ABA receptor remains controversial (Gao et al., 2007; 

Guo et al., 2008). More recently, it has been published that the GPCR-like proteins 

GTG1 and GTG2 are redundantly involved in G protein-coupled ABA signaling and that 

they could function as ABA receptors since they present highly specific ABA binding, 

and gtg1 gtg2 mutants show ABA hyposensitive phenotype (Pandey et al., 2009). The 

PYR/PYL/RCAR family of proteins has been recently identified in two independent 

studies as ABA receptors  that would function at the top of a negative regulatory 

pathway that controls ABA signaling by inhibiting the type 2C protein phosphatases 
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(PP2Cs) ABI1 and ABI2, which are themselves inhibitors of the SnRK2 protein kinases 

mediating most of the ABA responses (Ma et al., 2009; Park et al., 2009; Pardo, 2010).  

 

 Many second messengers regulate ABA signaling in guard cells, including 

reactive oxygen species (ROS), nitric oxide (NO), phosphatidic acid (PA), phosphatidyl-

inositol-3-phosphate (PIP3), inositol-3-phosphate (IP3), inositol-6-phosphate (IP6), and 

sphingolipids (Hirayama and Shinozaki, 2007; Kim et al., 2010). ABA induces ROS 

production through the guard cell-expressed NADPH oxidases AtRBOHD and AtRBOHF. 

Mutations in both genes impair ABA-induced stomatal closing, ABA elevation of ROS 

production, ABA-induced cytosolic Ca2+ increases and ABA activation of plasma 

membrane Ca2+-permeable channels in guard cells (Kwak et al., 2003). It has been 

shown that AtRBOHF directly interacts with and is phosphorylated by the OST1 protein 

kinase which indicates that these NADPH oxidases function in early ABA-mediated ROS 

signaling (Kwak et al., 2003; Sirichandra et al., 2009). Furthermore, ROS downregulate 

the PP2C phosphatases ABI1 and ABI2 activity in vitro (Meinhard and Grill, 2001). The 

MAP kinases 9 and 12 (MAPK9 and MAPK12) function downstream of ROS to positively 

regulate guard cell ABA signaling through the activation of anion channels (Jammes et 

al., 2009). In addition, ROS activate Ca2+ channels in the plasma membrane of guard 

cells and stimulate NO and PIP3 signaling in response to ABA, which in turn modulates 

the Ca2+
cyt concentration levels in the cell (Pei et al., 2000; Neill et al., 2008). 

 

 It is known that ABA triggers an elevation in guard cell cytosolic free Ca2+ in 

Commelina communis and this precedes the stomatal closure (McAinsh, 1990). 

However, later reports show that the cytosolic Ca2+ elevation induced by ABA only 

takes place in a part of the guard cell population during stomatal closure (Kim et al., 

2010). Due to the absence of a established link between ABA-induced stomatal closure 

and ABA-induced Ca2+ increases, a Ca2+-independent mechanism may exist in the ABA 

signaling network (Allan et al., 1994). 

 

 To translate the upstream signal [Ca2+]cyt elevations to downstream signaling 

events and responses, plants have several families of Ca2+ sensors. The most studied 

Ca2+ sensor families involved in the stomatal function are the Calcium Dependent 
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Protein Kinases (CDPKs or CPKs) and the Calcineurin-B Like Proteins (CBLs) together 

with their partners the CBL-Interacting Protein Kinases (CIPKs). From the 34 CDPK 

isoforms encoded by the Arabidopsis genome, 6 CDPKs have been identified with 

functions in guard cells positively regulating ABA signaling (Mori et al., 2006; Zhu et al., 

2007; Geiger et al., 2010). CBL1 and CBL9 have been identified thus far as negative 

regulators of ABA signaling in guard cells by the synergistical activation of CIPK23 

during the Ca2+-dependent response. Double cbl 1cbl9 and single cipk23 mutants are 

hypersensitive to ABA during the stomatal movements (Cheong et al., 2007). It has 

been proposed that CIPK23, after its activation and recruitment to the plasma 

membrane by CBL1 and CBL9, activates an inward K+ channel to promote stomatal 

opening. Loss-of-function akt1 mutants present the same stomata phenotype than 

cipk23 plants, thus AKT1 is the most likely target for this signaling pathway (Cheong et 

al., 2007; Nieves-Cordones et al., 2012).  

 

I.2.3.3. Light sensing and signaling. 
 

 In plants, light quality and quantity is perceived by several photoreceptors, and 

stomatal function is regulated by both blue and red light (Shimazaki et al., 2007; Araujo 

et al., 2011). Blue light-induced stomatal opening is mediated by phototropins (PHOT1 

and PHOT2) and cryptochromes (CRY1 and CRY2) (Mao et al., 2005). Phototropins are 

plant-specific Ser/Thr autophosphorylating kinases that are activated by blue light. 

Activated phototropins cause the phosphorylation of a Thr residue in the C-terminus of 

the plasma membrane H+-ATPase provoking the binding of a 14-3-3 protein to the Thr 

residue and its subsequent activation (Kinoshita and Shimazaki, 1999; Emi et al., 2001; 

Kinoshita et al., 2001; Kinoshita et al., 2003). It has been demonstrated that the 

signaling between the phototropins and the H+-ATPase is mediated by the protein 

phosphatase 1 (PP1) (Takemiya et al., 2006) indicating that probably ABA could be 

involved in the inhibition of this signaling pathway. By contrast, it has been proposed 

that guard cells respond indirectly to red light through a decrease of the intercellular 

CO2 concentration in mesophyll cells (Roelfsema et al., 2002). Supporting this finding 
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guard cells in albino sections of variegated leaves do not respond to photosynthetically 

active radiation, but are sensitive to blue light and CO2 (Roelfsema et al., 2006). 

 

I.3. Plant NHX cation/proton antiporters. 

 

I.3.1. Phylogeny and subcellular localization. 
 

 Cation/H+ antiporters can be grouped into the CPA1 and CPA2 families (Saier et 

al., 1999). Proteins of the NHX group in plants and fungi belong to the intracellular 

NHE/NHX subfamily (IC-NHE/NHX) of the CPA1 family. These proteins, which are 

localized in intracelular membranes, can be found across all taxonomic groups of 

eukaryotes (Pardo et al., 2006; Rodriguez-Rosales et al., 2009). Plant NHXs can be 

divided into two main subgroups based on protein similarity and their subcellular 

localization. Arabidopsis class-I NHX members (AtNHX1-4) show a sequence homology 

of around 56-87% between them, while class-II members (AtNHX5-6) are 79% similar 

to each other. Class-I and class-II just share a 21-23% sequence similarity (Yokoi et al., 

2002; Pardo et al., 2006). All NHX isoforms of class-I characterized to date are localized 

in the tonoplast and form a separate clade within the IC-NHE/NHX group that solely 

contains plant exchangers. On the contrary, class-II proteins are found in endosomal 

vesicles and other intracellular compartments in plants, animals and fungi (Pardo et al., 

2006). In addition, the selectivity for ion substrate also distinguishes class-I and class-II 

exchangers. While the vacuolar members show similar Na+/H+ and K+/H+ exchange 

affinity (Venema et al., 2002; Apse et al., 2003; Barragán et al., 2012) the endosomal 

class-II proteins present a preference for K+ over Na+ as substrate (Venema et al., 

2003).  

I.3.2. Plant NHX protein structure. 
 

 Plant NHX exchangers are proteins of about 550 residues in length and present 

the typical transporter structure of 10-12 transmembrane domains with a hydrophilic 

C-terminal tail. To date, two different topological models have been proposed. They 
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will be described in section I.3.4 due to their implication in the possible mechanisms of 

antiporter regulation. The highest sequence homology among NHXs is found in the N-

terminal part that forms the membrane pore. By contrast, the C-terminal domains 

sequences are more divergent (Pardo et al., 2006; Rodriguez-Rosales et al., 2009). In 

the animal NHE family the C-terminal domain regulates the ion translocation by the 

membranous region of the molecule. Hence, it is probably that variation in amino acid 

sequences reflects differential regulation of each isoform (Putney et al., 2002). The 

NHE/NHX proteins present the conserved domain of the CPA superfamily (Pfam00999) 

and also a small conserved stretch of 14 amino acids in the TM-4 segment, with the 

consensus FF(I/L) (Y/F)LFLLPPI. The drug amiloride and its derivates are able to bind to 

this conserved sequence and inhibit the activity of this family of exchangers (Putney et 

al., 2002; Brett et al., 2005a). Ion exchange by AtNHX1 was inhibited 70% by the 

amiloride analog ethylisopropylamiloride (Venema et al., 2002). 

 

I.3.3. Plant NHX protein function. 
 

 Plant NHX protein activity were originally described as Na+/H+ exchangers at the 

vacuolar membrane of Beta vulgaris (Blumwald and Poole, 1985; Niemietz and 

Willenbrink, 1985). Early reports after isolation of the Arabidopsis NHX1 genes further 

suggested that the encoded protein mediated Na+/H+ exchange in vacules (Apse et al., 

1999). Because of that, historically the NHX antiporters have been considered salt 

tolerance determinants that control the accumulation of Na+ into the cellular vacuole, 

and to prove this hypothesis many studies in different species have been conducted. 

Nevertheless, the results of these reports have been contradictory in many cases and 

the mechanisms through which NHXs improve the plants salt tolerance became a 

matter of controversy until recently, when it was demonstrated that Arabidopsis and 

tomato NHX proteins play essential physiological roles related with the accrual of K+ 

into the vacuole (Rodríguez-Rosales et al., 2008; Leidi et al., 2010; Bassil et al., 2011a; 

Barragán et al., 2012). The roles ascribed to the NHX exchangers in salt tolerance, K+ 

nutrition and pH regulation will be summarized in the next sections. 
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I.3.3.1. Salt tolerance. 
 

 Many plant species respond to salt stress mainly by excluding Na+ from leaves 

and compartmentalizing Na+ into the vacuole to avoid toxic concentrations within the 

cytoplasm (Munns and Tester, 2008). The sequestration of ions that are damaging to 

cellular metabolism (e.g. Na+, Cl-) into the vacuole while maintaining high K+/Na+ ratios 

in the cytosol provide the osmotic driving force necessary for water influx in saline 

environments and, at the same time, provided an efficient mechanism for ion 

detoxification. Hence, the storage of Na+ inside leaf vacuoles has been suggested as a 

key mechanism to support growth during salt stress in most plant species (Maathuis 

and Amtmann, 1999; Pardo et al., 2006; Munns and Tester, 2008). The prevailing 

model until recently posited that NHX antiporters participate in these processes since 

the Na+/H+ antiport activity of these proteins and because the NHX gene expression in 

many plant species is induced when grown in saline environments (Rodriguez-Rosales 

et al., 2009). AtNHX1 expression in mature Arabidopsis plants was shown to be 

upregulated in leaves but not in roots by ABA and NaCl (Quintero et al., 2000) while 

NaCl stress, hyper-osmotic stress and ABA induced AtNHX1 and AtNHX2 expression in 

seedlings. In addition, AtNHX5 expression responded only to NaCl treatment (Yokoi et 

al., 2002). In expression pattern analyses using the AtNHX1 promoter fused to the GUS 

reporter gene, a higher GUS activity was obtained in response to salt stress in leaves 

and root hair cells (Shi and Zhu, 2002).  

 

 The role of NHX antiporters in ion accumulation and salt tolerance have been 

studied by overexpression or deletion of the genes, or by comparison of NHX gene 

expression and ion accumulation in closely related species that differ in salt tolerance 

(Rodriguez-Rosales et al., 2009). For instance, the salt-sensitive species Plantago media 

presented lower Na+/H+ antiporter activity under salt stress (50 mM NaCl) than its 

related salt-tolerant species Plantago maritima (Staal et al., 1991). The halophyte 

Melilotus indicus, which can grow up to 400 mM NaCl, accumulated less Na+ and 

maintained higher levels of K+ than its glycophytic relative Medicago intertexta. In this 

case, only the glycophytic species showed an induction of NHX expression under salt 

stress (Zahran et al., 2007).  
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 Early studies showed that AtNHX1 T-DNA insertion mutants  and tomato plants 

in which the antiporter LeNHX2 was silenced were more sensitive to salt stress 

(Rodríguez-Rosales et al., 2008). However, these reports could not explain the cause by 

which these mutants were more salt-sensitive due to lack of systematic data on ion 

accumulation. Furthermore, subsequent studies with nhx1 and nhx2 null single 

mutants did not show differences in salt tolerance compared to the wild-type line 

(Barragan, 2007; Bassil et al., 2011a; Barragán et al., 2012). Marginal differences in 

growth and in Na+ and K+ contents were observed between the single mutants and the 

wild-type, although nhx1 and nhx2 single mutants presented slight disturbances in 

germination and survival rate (Barragan, 2007). 

 

 Arabidopsis Class-II NHX5 and NHX6 seem to be functionally redundant 

proteins that localized to endosomal compartments associated with the TGN and 

Golgi. By a reverse genetic approach it has been observed that the double knockout 

nhx5 nhx6 displays reduced growth, due to a smaller cell size and slowed cell 

proliferation, and salt sensitivity (Bassil et al., 2011b). The authors suggest that NHX5 

and NHX6 could be involved in the pH regulation of the endosomal vesicles traveling 

from the Golgi/TGN to the vacuole. Thus, the lack of both antiporters may be affecting 

the sorting of vacuolar transporters necessary for Na+ sequestration into the vacuole. 

In addition, nonfuntional Golgi/TGN may cause missorting of vesicles containing 

membrane and cell wall proteins essential for cell expansion, as well as affecting their 

pH-dependent posttranslational modifications (Bassil et al., 2011b). 

 

 In order to create salt-tolerant crops most of the studies have been focused in 

the ectopic overexpression of NHX genes in different species. However, the 

heterologuos expression approach presents several limitations. For instance, the 

expression of the heterologous NHX genes is no longer tissue-specific or stress-

inducible. In addition, the cell machinery might be saturated due to the high 

overexpression, leading to alterated cellular localization and inefficient regulation 

(Rodriguez-Rosales et al., 2009). For these reasons data obtained by NHX 

overexpression must be interpreted carefully. Most of the published reports on 
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overexpression of plant NHX isoforms in several plant species showed increased salt 

tolerance as improved plant survival and shoot growth over the control lines (Apse et 

al., 1999; Zhang and Blumwald, 2001; Zhang et al., 2001; Ohta et al., 2002; Fukuda et 

al., 2004; Wu et al., 2004; Li et al., 2006b; Brini et al., 2007; Liu et al., 2008; Rodríguez-

Rosales et al., 2008; Zhang et al., 2008; Leidi et al., 2010; Li et al., 2011). Only one 

report stated that overexpression of AtNHX1 does not improve salt tolerance in 

transgenic Arabidopsis plants (Yang et al., 2009). In these reports salt tolerance is not 

always associated to the expected increment in vacuolar Na+ accumulation, and all the 

combinations of changes in Na+ and K+ concentrations can be found in these reports in 

which the ion profiles were measured (e.g. higher Na+ and lower K+ (Apse et al., 1999); 

higher Na+ and K+ (Brini et al., 2007); higher K+ and lower Na+ (Rodríguez-Rosales et al., 

2008; Leidi et al., 2010); only minimal differences between both ions and the control 

plants (Fukuda et al., 2004)). These studies demonstrate that differences in salt 

tolerance may be related to the regulation of NHX gene expression instead to protein 

efficiency since all NHX isoforms, nothwithstanding that they belong to Class-I or Class-

II antiporters, present similar effects in salt tolerance.  

 

 Yeast have only one NHX isoform that belongs to the Class-II antiporters. The 

disruption of ScNHX1 or the overexpression of plant antiporters in the yeast nhx1 

mutant also affects intracellular Na+ and K+ concentrations in yeast (Nass et al., 1997; 

Nass and Rao, 1998; Gaxiola et al., 1999; Quintero et al., 2000; Venema et al., 2003). 

Yeast cells have two different Na+ efflux systems at the plasma membrane, the NHA1 

exchanger and the Na+-ATPases ENA1-4. Deletion of these genes causes salt sensitivity 

to the cells (Prior et al., 1996; Nass et al., 1997; BañueIos et al., 1998). Disruption of 

ScNHX1 in the former mutant background further decreases the Na+ tolerance in yeast 

by slightly decreasing the intracellular Na+ content and, notably, by producing a great 

diminution of internal K+ (Nass et al., 1997; Quintero et al., 2000; Venema et al., 2003). 

Overexpression of AtNHX1 and AtNHX2 isoforms in an ena1-4 nha1 nhx1 mutant yeast 

strain strongly increases intracellular K+ and Na+ while the overexpression of Class-II 

antiporters AtNHX5 and LeNHX2 increases intracellular K+ while reducing intracellular 

Na+ (Yokoi et al., 2002; Venema et al., 2003). Also, plant V-PPase (AVP1) overexpressed 

in yeast in association with ScNHX1 increased salt tolerance, increased K+ contents, 
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and reduced intracellular Na+ levels (Gaxiola et al., 1999). In addition, it has been 

observed that NHX genes are alike induced by NaCl, KCl or osmotic treatments, and 

that plant and yeast antiporters also confer tolerance to high KCl or hyper-osmotic 

shock in yeast cells (Gaxiola et al., 1999; Nass and Rao, 1999; Yokoi et al., 2002; Fukuda 

et al., 2004). All these observations together suggest that the mechanisms by which 

NHX antiporters confers salt tolerance seems to be more complex than the simple Na+ 

accumulation into the vacuole to avoid Na+ toxicity in the cytosol. According to these 

data, the role of these proteins in relation to salt tolerance would be mainly related to 

maintaining the cellular K+ homeostasis. 

 

I.3.3.2. K+ nutrition. 
 

 Transgenic tomato plants overexpressing AtNHX1 showed larger K+ vacuolar 

pools in all growth conditions tested while their accumulation of Na+ was not increased 

under salt stress. Indeed, these plants showed toxicity symptoms only under K+-

limiting conditions due to an enhanced K+ compartmentation in the vacuole that 

occurred at the expense of the cytosolic K+ pool, which was lower in transgenic tomato 

plants. The decreased cytoplasmic K+ concentrations triggered a K+-starvation response 

leading to higher K+ uptake at the root. Hence, the capacity of transgenic tomato 

plants to retain intracellular K+ makes them more tolerant to a salt-shock (Leidi et al., 

2010). The same situation has been previously reported for Arabidopsis transgenic 

plants overexpressing the tomato Class-II antiporter LeNHX2 (Rodríguez-Rosales et al., 

2008). 

 

 Recently, two independent reports performed with the Arabidopsis nhx1 and 

nhx2 double mutants ruled out the involvement of these antiporters in Na+ accrual into 

the vacuole while they demonstrated that these functionally redundant proteins are 

essential in K+ nutrition and homeostasis (Bassil et al., 2011a; Barragán et al., 2012). 

These mutants, that show stunted growth, are very sensitive to increasing K+ 

concentrations in the growth media (Bassil et al., 2011a; Barragán et al., 2012). Among 

the phenotypic traits, these mutant plants present impaired flower development and 
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low fertility (Bassil et al., 2011a). In addition, nhx1 nhx2 double mutants show a 

reduced water content, leaf turgor, and impaired stomatal regulation (Barragán et al., 

2012). All these symptoms are linked to the fundamental role that intracellular K+ plays 

as osmoticum (Mengel et al., 2001; White and Karley, 2010). Indeed, K+ concentration 

analysed in leaf sap extracts and expressed on dry weight basis (i.e., percentage of 

content) showed a significantly lower K+ concetrations in shoots of nhx1 nhx2 double 

mutants in plants growing at various K+ regimenes (Barragán et al., 2012). 

Furthermore, a great reduction in the vacuolar K+ pool in different cell types was found  

by SEM-EDX measurements (Barragán et al., 2012) and by using a ratiometric K+-

sensitive dye (Bassil et al., 2011a). Albeit both Na+/H+ and K+/H+ antiporter activities 

were reduced in tonoplast vesicles isolated from double mutant leaves, the plants 

were not more sensitive to salt stress than the wild type. In fact, non-toxic Na+ 

concentrations in the media improved growth, and mutant plants accumulated more 

Na+ in the shoot than the wild type (Barragán et al., 2012). Together, these results 

indicate that NHX1 and NHX2 are resposible for the accrual of K+ into the vacuole 

where it fulfils osmotic roles involved in physiological processes such as cell expansion 

and stomatal movements. The enhance Na+ accumuation observed in the nhx1 nhx2 

mutant implyes that there must exist other systems involved in Na+ uptake into the 

vacuole (Bassil et al., 2011a; Barragán et al., 2012). 

 

 Other results pointing out to a role for AtNHX1 in K+ homeostasis are the 

enhanced expression of the high affinity K+ uptake system KUP7/HAK7 and decreased 

expression of AtKEA4 in DNA array analysis of the nhx1 null mutant (Sottosanto et al., 

2004). Also, the high expression of NHX isoforms in known sinks for K+, like guard cells 

(Shi and Zhu, 2002; Barragán et al., 2012), reproductive organs (Wang et al., 2007) and 

fruits (Hanana et al., 2007), furhter support the involvement of NHX proteins in K+ 

homeostasis. Moreover, the activity of the ItNHX1 exchanger of Ipomoea tricolor 

coupled with V-ATPase, V-PPase and PM-ATPase activity induced not only a shift in 

vacuolar pH changing the petal color but also synchronised the uptake of K+ into the 

vacuole to drive petal expansion and flower opening (Yoshida et al., 2005; Yoshida et 

al., 2009). 
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I.3.3.3. pH regulation. 
 

 Cellular pH homeostasis is a key factor for proper cellular function. Most 

metabolic and enzymatic processes are dependent on specific pH conditions, due both 

to the regulation of protein structure and function. Also, a pH gradient along the 

secretory pathway is important for protein modification and sorting. Proton gradients 

across the cellular membranes are required for active transport processes. Moreover, 

it has been postulated that a change in pH could act as signal (Pittman, 2012). 

 

 Involvement of plant NHX genes in vacuolar pH regulation has been extensively 

illustrated by the flower colour transition in Ipomoea spp. The colour change in flowers 

of Ipomea tricolor cv heavenly blue from red-purple to blue as the flower matures is 

driven by a vacuolar pH increase from 6.6 to 7.7 during flower opening, as pH 

determines the colour of anthocyanins inside the vacuole (Yoshida et al., 1995; 

Fukada-Tanaka et al., 2000; Yoshida et al., 2005). Insertion of a transposable element 

in the Ipomoea nil NHX1 gene partly abolished the vacuolar pH change and flower 

color transition (Fukada-Tanaka et al., 2000; Yamaguchi et al., 2001). Recently, Bassil et 

al. (2011) demonstrated, using a ratiometric fluorescein-based pH sensitive dye, that 

Arabidopsis nhx1 nhx2 root cell vacuoles are more acidic than in the wild type (Bassil et 

al., 2011a). Nevertheless, more investigation is needed to unravel the role of plant 

NHX antiporters in pH regulation. 

 

 By contrast, involvement of yeast ScNHX1 in pH homeostasis is well 

established. Deletion of ScNHX1 renders the yeast cells sensitive to low pH and they 

show more acidic cytoplasmic and vacuolar pH (Brett et al., 2005b). Cytoplasmic 

acidosis linked to a reduction in activity of the yeast plasma membrane H+-ATPase 

(PMA1) is thought to activate ScNHX1, thus increasing Na+ uptake (Nass et al., 1997). In 

yeast, pH regulation through ScNHX1 fulfils numerous functions. On one hand, nhx1 

yeast cells show a “class E” vacuolar protein sorting (VPS) phenotype characterized by 

missorting of vacuolar carboxypeptidase Y (CPY) to the cell surface, late endosomal 

enlargement, and accumulation in endosomes of the G protein coupled receptor Ste3 

or the dye FM4-64 that are delivered to the vacuole in wild-type cells (Bowers et al., 



 42 

2000; Bonangelino et al., 2002; Brett et al., 2005b). In addition, disruption of 

ScNHX1/VPS44 produces strong sensitivity to the drug hygromycin B that is detoxified 

at the vacuole, suggesting that the VPS phenotype is dependent on defective vacular 

biogenesis (Gaxiola et al., 1999; Bowers et al., 2000; Mukherjee et al., 2006). Addition 

of weak bases can suppress the VPS phenotype in nhx1 null mutants indicating that 

ScNHX1-dependent endosomal alkalinisation is essential for vesicle trafficking in yeast 

(Mukherjee et al., 2006). ScNHX1 is localized in several endomembrane compartments 

such as vacuoles (Qiu and Fratti, 2010), trans-Golgi/TGN compartments, early and late 

endosomes in the biosynthetic, endocytic, and recycling pathways (Kojima et al., 2012) 

and also in the multivesicular bodies (MVBs) (Mitsui et al., 2011). ScNHX1 regulates the 

pH in all these compartments throught its ion exchange activity. For instance, ScNHX1 

carrying point mutations in conserved acidic residues required for ion transport are not 

able to rescue yeast vacuolar fusion in a nhx1Δ mutant background (Qiu and Fratti, 

2010). It is likely that such a fundamental role in pH regulation depend on the more 

physiologically relevant K+ instead of the toxic ion Na+ (Rodriguez-Rosales et al., 2009).  

 

 Both Class-I and Class-II plant NHX exchangers complement the NaCl, KCl and 

hygromycin sensitivity exhibited by the yeast nhx1 disruption mutant (Quintero et al., 

2000; Yokoi et al., 2002; Rodríguez-Rosales et al., 2008; Barragán et al., 2012). AtNHX1 

has also been shown to suppress the VPS phenotype of nhx1 null mutant (Hernandez 

et al., 2009). Thus, a role for plant NHX proteins in endosomal pH regulation and 

protein trafficking has been suggested, particularly for Class-II antiporters that are 

more closely related to yeast NHX1 (Rodriguez-Rosales et al., 2009; Bassil et al., 

2011b). Still, Class-I antiporters could play a role in intracellular vesicle trafficking since 

DNA array analysis of the Arabidopsis nhx1 null mutant showed expression changes in 

several genes encoding proteins implicated in vesicular trafficking (Sottosanto et al., 

2004). 
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I.3.4. NHX regulation. 
 

 Although NHX proteins have been extensively studied in relation with their role 

in abiotic stress tolerance and plant nutrition, little is known about the signaling 

pathways that regulate the expression and function of NHX antiporters to regulate 

those processes. In animal NHE proteins, the C-terminal domain play a major role in 

the control of the transport activity by phosphorylation and interaction with regulatory 

proteins. NHE proteins interact with the Ca2+-binding proteins calmodulin and CHP 

(calcineurin B homologous), thereby changing the affinity of the pore domain for 

intracellular protons (Putney et al., 2002). A similar regulatory mechanisms may 

operate in plant NHX antiporters. It has been reported that Arabidopsis NHX1, through 

its C-terminal domain, interacts with the calmodulin-like protein AtCaM15 (Yamaguchi 

et al., 2005). Upon binding of AtCaM15 , the antiporter reduces the rate of Na+/H+ but 

not of K+/H+ exchange, leading to a 46% decrease in the Na+/K+ selectivity ratio. This 

interaction is Ca2+- and acidic pH-dependent (Yamaguchi et al., 2005). This study also 

suggested that the interaction of both proteins takes place inside the vacuolar lumen 

since the AtCaM15 appeared to be a vacuolar protein (Yamaguchi et al., 2005). 

However, the topology of AtNHX1 is still a matter of discussion. Yamaguchi et al. 

(2003) described that the AtNHX1 transmembrane domains (TMs) closer to the C-

terminus would have the opposite orientation relative to the corresponding TMs of 

human NHE. Thus, the AtNHX1 C-terminal domain would be inside the vacuolar lumen 

instead at the cytosol as in the animal NHEs (Yamaguchi et al., 2003). However, other 

studies localized the AtNHX1 C-terminal domain at the cytosolic side (Sato and 

Sakaguchi, 2005; Hamaji et al., 2009). Sato and Sakaguchi (2005) posit that the first TM 

of AtNHX1 should be considered equivalent to the second TM of animal NHEs, thus 

discrediting the work by Yamaguchi et al. (2003). Morevoer, Hamaji et al. (2009) 

showed that the C-terminus of AtNHX1 was on the cytoslic side of the tonoplast by 

combining immunofluorescence staining with antibodies against AtNHX1 and 

proteinase K assays in isolated vacuoles. Several phosphoproteomic analyses of 

tonoplast proteins have identified phosphopeptides derived from the C-termini of NHX 

proteins of different species: Arabidopsis, (Sugiyama et al., 2008; Whiteman et al., 

2008b); barley, (Endler et al., 2009); rice, (Whiteman et al., 2008a). This is additional 
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evidence supporting the cytosolic localization of the NHX C-terminal domain since ATP, 

as the substrate of protein kinases, has not been so far detected inside the vacuole 

(Farré et al., 2001; Endler et al., 2009). The protein kinases that phosphorylate the 

cytosolic C-termini of NHX proteins remain unknown to date. It has been reported that 

the NHX activity is regulated by SOS2(CIPK24) in a process that does not involve 

CBL4/SOS3(CBL4) and direct protein phosphorylation (Qiu et al., 2004). The tonoplast 

Na+/H+ exchange activity is significantly higher, greatly reduced, and unchanged in 

sos1, sos2, and CBL4/SOS3 mutants respectively compared to the wild type. Moreover, 

the addition of a recombinant SOS2 protein to endosomal vesicles isolated from sos2 

plants increased the tonoplast Na+/H+ exchange activity (Qiu et al., 2004), although 

AtNHX1 phosphorylation by SOS2 was not observed. On the other hand, it has been 

demonstrated that SOS2 is able to stimulate the tonoplast ion exchange activity 

without in vitro protein phosphorylation through direct protein-protein interaction as 

is the case of CAX1 (Cheng et al., 2004) and the V-ATPase (Batelli et al., 2007). Hence, 

SOS2 could stimulate the NHX activity by direct protein-protein interaction, or 

indirectly by increasing the H+ gradient across the tonoplast through the regulation of 

V-ATPase activity (Pardo and Rubio Muñoz, 2011). 
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III. OBJECTIVES 
 

 

Considering the background exposed along the Introduction section, it is 

obvious the importance of K+ not only as a macronutrient and the major ionic 

osmoticum in plant cells but also as an essential element involved in processes that 

require ion, electric potential, pH and osmotic fast changes. Stomatal aperture and 

closure are the paradigm of these kind of processes since are completely dependent of 

such K+ movements between the apoplast and the cytosol and between the cytosol 

and the vacuole. As new insights about the mechanisms involved in the accumulation 

of K+ into the vacuole, attributing a relevant role to cation/H+ transporters NHX1 and 

NHX2 have been recently obtained, and taking the previous knowledge as starting 

point, this work aims to three different but related objectives: 

 

1. Unravel the role of the proteins AtNHX1 and AtNHX2 in the cellular K+ 

homeostasis.  

 

2. Study the involvement of both antiporters in the stomatal function. 

 

3. Investigate the posttranslational regulation of AtNHX1 and AtNHX2, particularly 

in relation to the importance of the phosphorylation of their C-terminal 

domains and search for protein-kinases interactor candidates, mainly among 

the members of the CIPK family. 

 

To achieve these objectives, reverse genetic, molecular biology, plant 

physiology and cell biology analyses will be carried out. The well-known model 

organisms Arabidopsis thaliana and Saccharomyces cerevisiae will be used. 
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IV. MATERIALS AND METHODS 
 

M.1. Biological material. 

 

M.1.1. Bacteria. 
 

Escherichia coli. 

 

 The following E. coli strains were used for plasmid propagation: 

 

Strain Genotype Reference 

One Shot® 

TOP10 

F-, mcrA, (mrr-hsdRMS-mcrBC), 

80lacZM15, lacX74, recA1, ara139, (ara-

leu)7697, galU, galK, rpsL, (StrR), endA1, 

nupG> 

InvitrogenTM Life 

Technologies. 

BNN132 E. coli JM107 (λKC). endA1, gyrA96, thi, 

hsdR17, supR44, relA1, Δ(lac-proAB), (F’, 

traD36, proAB+, lacIαlacZAM15) 

(Yanisch-Perron 

et al., 1985) 

 

Agrobacterium tumefaciens 

 

 Agrobacterium tumefaciens was used for transient expression in Nicotiana 

benthamiana and for stable transformation of Arabidopsis thaliana. 

 

Strain Genotype Reference 

GV3101 RifR, pMP90 (pTiC58DT-

DNA) 

(Koncz and Schell, 1986) 

p19 pBin61-p35S:p19 (Voinnet et al., 2003) 
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M.1.1.2. Bacterial culture media and growth conditions. 
 
Escherichia coli. 

 

Escherichia coli strains were cultivated in Luria-Bertani medium (LB). When 

needed, ampicillin at 0.1 g/L, kanamycin at 0.05 g/L or streptomycin at 0.025 g/L were 

added into the cultures. Unless otherwise stated, E. coli strains were grown at 37°C. 

  

LB medium: 

 

BactoTM yeast extract (Difco) 0.5% (w/v) 

BactoTM tryptone (Difco) 1% (w/v) 

KCl 1% (w/v) 

 

For preparing solid LB medium 1.5% (w/v) of BactoTM Agar (Difco) were added. 

 

 Super Optimal Broth medium (SOB) and Super Optimal broth with Catabolite 

repression medium (SOC) were used for growth and preparation of E. coli competent 

cells. 

 

SOB medium: 

 

BactoTM tryptone (Difco) 2% (w/v) 

BactoTM yeast extract (Difco) 0.5% (w/v) 

NaCl 10 mM 

KCl 2.5 mM 
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SOC medium: 

 

BactoTM tryptone (Difco) 2% (w/v) 

BactoTM yeast extract (Difco) 0.5% (w/v) 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

Glucose 20 mM 

 

Agrobacterium tumefaciens. 

 

Yeast Extract Peptone medium (YEP) was used for Agrobacterium growth. 

When needed, rifampicin at 0.05 g/L, gentamicin at 0.02 g/L or kanamycin at 0.05 g/L 

were added into the cultures. Unless otherwise stated, A. tumefaciens strains were 

grown at 30°C. 

 

YEP medium: 

 

BactoTM yeast extract (Difco) 1% (w/v) 

BactoTM peptone (Difco) 1% (w/v) 

KCl 0.5% (w/v) 

 

For preparing solid YEP medium 1.5% (w/v) of BactoTM Agar (Difco) were added. 
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M.1.2. Yeast. 
 

M.1.2.1. Yeast strains. 
 

Strain Genotype Use Reference 

AXT3K MATα,  ∆ena1::HIS3::ena4, 

nha1::LEU2, nhx1::KanMX, 

ura3-1,  trp1, ade2-1,  can1-

100 

Functional studies of 

AtNHX proteins  

(Quintero et al., 

2002) 

GRF167  MATα, ura3, his3, GAL+ Expression and 

purification of 

chimaeric proteins 

(Curcio and 

Garfinkel, 1991) 

JPZN1 MATα,  ∆ena1::HIS3::ena4, 

nha1::LEU2, nhx1::KanMX, 

pma1::AtNHX1, ura3-1,  

trp1, ade2-1,  can1-100 

Functional studies of 

AtNHX1 in yeast. 

(Present work) 

 

JPZN2 MATα,  ∆ena1::HIS3::ena4 , 

nha1::LEU2, nhx1::KanMX, 

pma1::AtNHX1, ura3-1,  

trp1, ade2-1,  can1-100 

Functional studies of 

AtNHX2 in yeast. 

(Present work) 

 

AH109 MATa, trp1-901, leu2-3, 

112, ura3-52, his3-200, 

gal4Δ, gal80Δ, 

LYS2::GAL1UASGAL1TATA- 

HIS3, GAL2UAS-GAL2TATA-

ADE2, URA3::MEL1UAS-

MEL1TATA-lacZ 

Yeast two-hybrid (Clontech 

Laboratories, 

Mountain View, 

California, USA) 
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M.1.2.2. Yeast culture media and growth conditions. 
 

Yeast manipulation techniques and growth conditions were performed as 

described in (Guthrie and Fink, 1991) and (Ausubel et al., 1996). Unless otherwise 

stated, yeast were grown at 28°C. 

 

 For routine growth and propagation of yeast cells YPD medium was used. 

 

YPD medium: 

 

BactoTM yeast extract (Difco) 1 % (w/v) 

BactoTM peptone (Difco) 2 % (w/v) 

Glucose 2 % (w/v) 

 

For preparing solid YPD medium 2% (w/v) of  BactoTM Agar (Difco) was added. 

 

The minimal YNB medium media lacking the appropriate aminoacids, according 

to the strain genotype, was used as selective medium. 

 

YNB medium: 

 

Yeast nitrogen base w/o aminoacids 0.17% (w/v) 

(NH4)2SO4 0.5% (w/v) 

Glucose 2% (w/v) 

 

For preparing solid YNB medium 2% (w/v) of bactoagar (Difco) was added, and 

pH was adjusted at 6.5 with NaOH. 

 

For yeast two-hybrid assays (section M.14.1.) an YNB medium with a modified 

amino acid dropout solution was prepared. 
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Modified 10X Dropout solution: 

 

L-Isoleucine 300 mg/L 

L-Valine 1500 mg/L 

L-Adenine hemisulfate salt 200 mg/L 

L-Arginine HCl 200 mg/L 

L-Histidine HCl monohydrate 200 mg/L 

L-Leucine 1000 mg/L 

L-Lysine HCl 300 mg/L 

L-Methionine 200 mg/L 

L-Phenylalanine 500 mg/L 

L-Threonine 2000 mg/L 

L-Tryptophan 200 mg/L 

L-Tyrosine 300 mg/L 

L-Uracil 200 mg/L 

 

For salt tolerance assays (section M.15.) the alkali cation-free AP medium was 

used (Rodriguez-Navarro and Ramos, 1984).  

 

AP medium: 

 

PO4H3 8 mM 

L-arginine 10 mM 

SO4Mg 2 mM 

Cl2Ca 0.2 mM 

KCl 1 mM 

Glucose 2 % (w/v) 

Trace elements (100X stock) 1 % (v/v) 

Vitamins 1% (v/v) 
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pH was brought to 6.5 with L-arginine. NaCl was added as required. 

 

Trace elements 100X stock: 

 

H3BO3 50 mg/L 

CuSO4 4 mg/L 

KI 10 mg/L 

Fe3Cl 20 mg/L 

MnSO4.H2O 40 mg/L 

Na2MoO4.2H2O 20 mg/L 

ZnSO4  .7H2O 4 mg/L 

 

To avoid stock contamination, several chloroform drops were added. 

 

Vitamins stock: 

 

Biotin 1mL (0.2 mg/mL in ethanol)/100 mL 

Nicotinic acid 4 mg/100 mL 

Pyridoxine 4 mg/100 mL 

Thiamine 4 mg/100 mL 

Panthotenic acid 4 mg/100 mL 

 

 Vitamins solution was sterilized by filtration, and added to the autoclaved 

medium.  
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M.1.3. Plant material. 
 

M.1.3.1. Plant species. 
 

Arabidopsis thaliana. 

 

 For the experiments where insertional T-DNA mutants in AtNHX1 and AtNHX2 

genes were studied the following Arabidopsis lines were used: 

 

Line Source 

Col-0 

 

SALK_065623 (Atnhx1-2) 

SALK_034001 (Atnhx1-1) 

SALK_036114 (Atnhx2-1) 

L14 

KO 

Arabidopsis Biological Resource Center 

(ABRC, Ohio State University, Ohio, EE.UU). 

SALK Institute, San Diego CA, EE.UU. 

SALK Institute, San Diego CA, EE.UU. 

SALK Institute, San Diego CA, EE.UU. 

Atnhx1-1 Atnhx2-1. 

Atnhx1-2 Atnhx2-1. 

 

 

Nicotiana benthamiana. 

 

 Nicotiana benthamina was used for Agrobacterium mediated transient protein 

expression. 
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M.1.3.2. Arabidopsis thaliana growth conditions. 
 

Plant media. 

 

Murashige & Skoog medium (MS) (Murashige and Skoog, 1962). 

 

Macronutrients (mM)  Micronutrients (µM)  

NH4NO3 20.6 H3BO3 100 

KNO3 18.5 FeSO4 .7H2O 100 

CaCl2 .2H2O 3.0 MnSO4.H2O 100 

MgSO4.7H2O 1.5 EDTA- Na2 100 

KH2PO4 1.2 ZnSO4 .7H2O 30 

  KI 5 

  Na2MoO4.2H2O 1 

  CoCl2 .6H2O 0.1 

  CuSO4.5H2O 0.1 

 

 The medium solution was supplemented with 30 g/L of sucrose and buffered 

with MES 2.5 mM, pH was brougth at 5.7 with KOH. MS solid plates were prepared by 

adding 0.8-1% (w/v) of bactoagar (Difco). For selection of transgenic Arabidopsis lines, 

kanamycin or hygromycin was added to a final concentration of 50 mg/L or 20 mg/L 

respectively. 
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LAK solution (Barragán et al., 2012): 

 

Macronutrients (mM)  Micronutrients (µM)  

KH2PO4 1 H3BO3 30 

Ca(NO3)2 2 MnSO4 10 

MgSO4 1 ZnSO4 1 

  CuSO4 1 

  (NH4)6Mo7O24 0.03 

  Fe2+ as Sequestrene 138-Fe 100 

 

Solution was prepared with deionized water and pH was adjusted to 5.3 with 

KOH. In experiments with higher K+ levels (10 and 20 mM), supplemental K+ was added 

as K2SO4. For low (<1 mM) K medium, KH2PO4 was replaced by NaH2PO4 and K+ was 

added as K2SO4. 

 

M.1.3.2.1. In vitro plant growth conditions. 
  

 Unless otherwise indicated, plant materials were handled in a Telstar A-H 

laminar flow cabinet, to guarantee sterility. Mediums and solutions were sterilized by 

autoclaving at 120°C and 2 atm for 20 minutes. Scalpels, tweezers and needles were 

sterilized by heat and ethanol. 

 

Seeds sterilization. 

 

Seeds were surface sterilized, first immersed in 70% ethanol for two minutes, 

followed by a 5-minute soak in sodium hypochlorite 70%. Finally, seeds were rinsed 

five times with sterile deionized water. To synchronize germination, seeds were 

stratified at 4°C in the dark for 2-4 days prior to sowing. 
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M.1.3.2.2. Plant growth conditions on soil. 
 

 Seeds of Arabidopsis thaliana were sowed on pots with Compo® Sana Universal 

substrate in a Sanyo MLR-351 plant growth chamber under short day regime: 8h 

day/16h night, 23/19ºC, 60-70% relative humidity, and 250µmol m-2 s-1 

photosynthetically active radiation (PAR). 

 

 For routine plant propagation, plants grown in soil were potted in Compo® Sana 

Universal substrate in a greenhouse under ambient light conditions supplemented 

with 16 hours per day illumitation with a sodium lamp light.  

 

 

Seeds harvesting and conservation.  

 

Commercial AraconsTM seed collectors  (Arasystem-Betatech, Gent, Belgium) 

were placed soon after bolting. After pots were allowed to dry, harvesting was carried 

out by carefully cutting off the inflorescences over the cone device and placing the 

Aracon content directly onto a stainless steel tea strainer. After threshing, seeds were 

kept in Eppendorf tubes inside hermetic containers with Chameleon silica gel (VWR 

International) at room temperature. 

  

M.1.3.2.3. Plant hydroponic culture. 
 

Seeds of Arabidopsis thaliana were stratified for 2-4 days at 4°C and then 

germinated at room temperature in 1.5 mL bottomless Eppendorf tubes half filled with 

rockwool imbibed in distilled water. Seedlings in Eppendorf tubes were transferred to 

8-liter plastic containers for hydroponic culture. A modified Long Ashton mineral 

solution with 1 mM K+ and nominally free of Na+ and NH4
+ (LAK solution) (Barragán et 

al., 2012) was used as base solution for hydroponic cultures. Hydroponic tanks were 

maintained in a controlled growth chamber with the day/night regime: 25/20 ±2°C, 

40/60% relative humidity, 14/20 h illumination, and 250 µmol m-2 s-1 

photosynthetically active radiation (PAR). Every week the solution was renewed. An 
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aquarium air pump was connected to the tank to provide adequate aireation to the 

nutrition solution. 

 

M.1.3.3. Nicotiana benthamiana growth conditions. 
  

 Nicotiana benthamiana plants were grown in Compo® Sana Universal substrate 

at 25°C and 70% humidity under a 16-h photoperiod and an 8-h dark period in 

environmentally controlled growth chambers. 

 

M.2. DNA analysis and purification. 

 

M.2.1. DNA purification. 
 

M.2.1.1. Bacteria. 
 

Plasmid mini-preparations (“Minipreps”). 

 

 The small scale isolation of plasmidic DNA from E. coli and A. tumefaciens for 

subsequent analysis was performed according to Sambrook et al. (1989). One single 

colony was inoculated in 3 mL of LB liquid medium containing the appropriate 

antibiotic and was incubated overnight al 37°C with continous shaking. Eppendorf 

tubes containing 1.5 mL culture aliquot were centrifuged at 13,000 rpm for 1 min. The 

supernatant was discarded and cells were resuspended in 100 L of Solution I/GTE. 

Then, 200 L of Solution II was added and the mixture was inverted gently 6-8 times 

and incubated 2-3 minutes in ice. 150 L of Solution III was added and mixed by 

inversion and incubated 20 minutes in ice. The mixture was centrifuged at 13,000 rpm 

for 10 min, the supernatant was transferred into a new Eppendorf tube and 1 mL of 

ethanol 100% was added. The mixture was incubated 10 minutes in ice and 

centrifuged again. The pellet was resuspended in 100 L of Solution IV and 200 L of 
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ethanol 100% were added. Mixtures were incubated 10 min in ice and centrifuged at 

13,000 rpm for 10 minutes. Pellet was dried and resuspended in 30 L of T:E (1:10).  

 

Solution I/GTE: 

 

Tris 25 mM 

EDTA pH 8 10 mM 

Glucose 1% (w/v) 

 

 

Solution II: 

 

NaOH 0.2 N 

SDS 10% 

 

Solution III: 

 

AcNa pH 4.8 3 M 

 

Solution IV: 

 

AcNa pH 4.8 60 mM 

Tris-HCl pH 8 30 mM 

 

For sequencing reactions (section M.3.7.) and electroporation (section M.6.1.) 

the NucleoSpin® Plasmid Kit from Macherey-Nagel (Düren, Germany) was used, 

following the manufacturer’s specifications. 
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Plasmid maxi-preparations (“Maxipreps”). 

 

A colony of E. coli, containing the plasmid of interest, was inoculated in 100 mL 

of LB medium and grown o/n at 37°C with shaking. Culture was centrifuged at 5,000 

rpm for 10 min. Cell pellet was resuspended with 5 mL of GTE buffer and 0.1 mL of 5% 

(w/v) lysozime (Sigma) was added. The suspension was incubated 10 min in ice. 

Afterwards, 10 mL of freshly prepared solution II was added and mixed by gentle 

inversion (8-10 times). The mixture was incubated 10 min in ice. 7.5 mL of AcK 3M pH 

4.8 was added before incubating the mixture 30-60 minutes in ice to precipitate SDS, 

proteins and chromosomic DNA. The mixture was centrifuged at 15,000 rpm for 15 

minutes at 4°C. Supernatant was filtrated using Miracloth (Calbiochem) and collected it 

in a new tube. DNA was precipitated with 15 mL of isopropanol and incubated 20 min 

in ice. Then, DNA was spinned at 10,000 rpm for 10 min at 4°C. Isopropanol was 

removed and the pellet resuspended, by vortexing, in 2.5 mL of T:E (1:10) pH 8. To 

purify the plasmid 2.5 mL of LiCl 6 M were added and the mix incubated 15 min in ice. 

The RNA precipitate was centrifuged at 10,000 rpm for 10 minutes and the 

supernatant was placed in a new tube where 5 mL of isopropanol were added before 

incubating for 20 min in ice. Plasmidic DNA was spinned again at 10,000 rpm for 10 

min and the pellet resuspended with 0.75 mL of T:E (1:10) pH 8. Liquid was placed in a 

2 mL Eppendorf tube. It was incubated 15 min at 37°C after the addition of 10 µL of 1% 

(v/v) RNAse. Afterward, 0.75 mL of phenol:chloroform:isoamyl alcohol (25:24:1) were 

added and the mixture vortexed 20 seconds and centrifuged at 13,000 rpm for 10 s. 

The aqueous phase was placed in a new tube, this step was repeated once more and 

then the aqueous phase placed in a fresh 2 mL Eppendorf tube where 75 µL of AcNa 3 

M and 0.75 mL of isopropanol were added. The mixture was incubated 20 min in ice 

and then centrifuged at 13,000 rpm for 10 min. Isopropanol was discarted and the 

pellet dissolved in 0.2 mL of T:E (1:10) pH 8. Plasmid was precipitated with 0.7 mL of 

absolut ethanol:ammonium acetate 7.5 M (6:1) and incubated 10 min in ice. The mix 

was spinned and the pellet washed with 1 mL of 70% ethanol. Plasmidic DNA was dried 

and dissolved in 0.2 mL of T:E (1:10) pH 8. 
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M.2.1.2. Yeast. 
 

Plasmidic DNA. 

 

 To extract plasmidic DNA from yeast one colony was inoculated in 10 mL of 

selective medium YNB and it was incubated at 30°C o/n with shaking. The culture was 

centrifuged at 5,000 rpm for 5 minutes. Cells were resuspended in 0.5 mL of sorbitol 1 

M: EDTA 0.1 M pH 7.5 and placed in a 2 mL eppendorf tube. To lysate yeast cells 20 µl 

of lyticase (5 mg/mL in KH2PO4 pH 7.5) were added and the mixture was incubated at 

37°C for 1 h. Afterwards the mixture was centrifuged at 13,000 rpm and the pellet was 

resuspended in 0.5 mL of Tris 50 mM pH 7.4: EDTA 20 mM. 0.2 mL of AcK 5 M were 

added before incubating for 1h in ice. The supernatant was placed in a new tube after 

centrifugation at 13,000 rpm for 5 minutes. To precipitate the DNA 1 volume of 

isopropanol was mixed with the supernatant and it was incubated 5 minutes at room 

temperature. After centrifugation at 13,000 rpm for 1 minute the pellet was dried and 

resuspended in TE buffer (10:1).  

 

Genomic DNA. 

 

To extract genomic DNA from yeast one colony was inoculated in 5 mL of YPD 

medium and it was incubated at 30°C o/n with shaking. The culture was centrifuged at 

5,000 rpm for 5 minutes. Cells were resuspended in 0.5 mL of sorbitol 1 M: EDTA 0.1 M 

pH:7.5 and placed in a 2 mL eppendorf tube. To lysate yeast cells 20 µl of lyticase (5 

mg/mL in KH2PO4 pH:7.5) were added and the mixture was incubated at 37°C for 1 h in 

gently shaking. Afterwards the mixture was centrifuged at 13,000 rpm and the pellet 

was resuspended in 0.5 mL of Tris 50 mM pH 7.4 : EDTA 20 mM. 50 µL of SDS 10% 

were added and the mixture was heated at 65°C for 30 min. Then, 0.2 mL of AcK 3 M 

were added and the sample was incubated 1 hour in ice and centrifuged at 10,000 rpm 

for 5 minutes. The supernatant was transferred to a new Eppendorf tube and 1 volume 

of isopropanol was added before centrifugation at 10,000 rpm for 10 seconds. The 

pellet was dried and resuspended in 0.5 mL Tris 50 mM pH 7.4 : EDTA 20 mM. The 

suspension was treated with RNAse at 37°C for 15 min. The sample was centrifuged at 
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10,000 rpm for 15 min and then the supernatant was placed in a new Eppendorf tube 

where 1 volume of isopropanol and 1/10 volume of AcNa 3M were added. After 

incubating for 5 min at room temperature, the mixture was centrifuged at 10,000 rpm 

for 10 seconds. The pellet was dried and diluted in 50 µL of T:E (10:1) pH 7.4. 

 

M.2.1.3. Arabidopsis thaliana. 
 

Isolation of Arabidopsis DNA was performed according to (Edwards et al., 1991) 

with modifications. Around 100 mg of fresh tissue, previously frozen with liquid 

nitrogen, were macerated with a plastic piston. 400 µl of extraction buffer (140 mM d-

sorbitol, 220 mM Tris-HCl pH:8, 22 mM EDTA-Na2 pH:8, 800 mM NaCl, 0.8% (w/v) 

CTAB, 1% (w/v) n-Lauroylsarcosine) heated to 65°C and  400 µl of chloroform were 

added to the sample that was vortexed and heated for 5 minutes at 65°C. The cellular 

debris was removed by centrifugation at 13,000 rpm for 10 minutes and the 

supernatant transferred to a fresh Eppendorf tube. This supernatant was mixed with 1 

volume of isopropanol and left at room temperature for 20 minutes, then centrifuged 

at 13,000 rpm for 15 minutes. The pellet was washed with ethanol 70% (v/v), air dried 

and dissolved in 50µl of milliQ sterile water. 

 

M.2.2. DNA quantification. 
 

 DNA concentration was quantified using the spectrophotometer NanoDrop® 

ND-1000 Spectrophotometer (Thermo Fisher Scientific Inc.). 

 

M.2.3. DNA electrophoresis in agarose gels. 
 

Agarose gels for the electrophoresis of DNA contained 0.7-1% (w/v) agarose 

melted in 1x TAE buffer (40 mM Tris-acetate, 20 mM sodium acetate, 2 mM EDTA. pH 

8.2). Electrophoresis was performed in 1x TAE buffer, supplemented with 0.5 µg/mL 

ethidium bromide, between 70-120 V. After electrophoresis the gel was photographed 
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with the ChemiDocTM XRS Gel documentation system (Bio-Rad). The software Quantity 

One (Bio-Rad) was used for band densiometry analysis.  

 

M.2.4. DNA fragments extraction from agarose gels. 
 

 DNA extraction from agarose gels was performed with NucleoSpin® Extract II Kit 

from Macherey-Nagel (Düren, Germany) following the manufacturer’s instructions. 

 

M.3. Enzymatic reactions. 

 

M.3.1. Amplification of DNA fragments by PCR with Taq DNA polymerase. 
 

  Each reaction mix contained ~ 100 ng of DNA, 0.25 µM of both forward and 

reverse primers, 0.2 mM dNTPs (dATP+dCTP+dGTP+dTTP, Deoxynucleotides Set 

(5prime, Hamburg, Germany)), 2.5-5 µL of Taq buffer 10x (Sambrook et al., 1989) and 

0.5-1 U of Taq polymerase in a volume of 25 or 50 µL. Standard conditions were: 95°C 

for 5 minutes followed by 25-30 cycles of: 95°C for 30 s; 50-65°C for 45 s (around 5°C 

below the lower primer Tm); 72°C for 90 s (1 minute for each kb to amplify) and a final 

5-minutes elongation step at 72°C. Samples were used immediately or stored at –20°C. 

 

Taq polymerase 10X buffer: 

 

KCl 500 mM 

Tris-HCl pH:8.3 100 mM 

MgCl2 15 mM 

Gelatin 0.1% (w/v) 
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M.3.2. High-fidelity PCR 
 

PCR reactions were performed with the AccuzymeTM DNA polymerase kit 

(Bioline, London, UK) according to the manufacturer’s instructions. 

 

M.3.3. Ligation of DNA fragments. 
 

For the ligation of DNA fragments a ratio of insert to vector of 3:1 was used. 

Each 20 µL ligation mix contained 1U of T4 DNA ligase (InvitrogenTM, Karlsruhe, 

Germany) and 4 µL of the 5X ligation buffer supplied by the manufacturer. Blunt end 

ligations were incubated at 14°C o/n and cohesive end ligations were incubated at 

room temperature for 1 h. 10 µL of the ligation mix were used for bacterial 

transformation (section M.6.1.). 

 

M.3.4. DNA digestions with restriction enzymes. 
 

Restriction enzyme digestion of DNA was performed using the buffers and 

conditions recommended by the manufacturer. One µg of DNA was treated with at 

least 1 U of restriction enzyme. 

 

For subsequent manipulations, DNA products digestion were separated by 

electrophoresis in agarose gels (section M.2.3.) and the DNA fragment of interest was 

isolated using the kit described in the section M.2.4. 

 

M.3.5. DNA 5’end dephosphorylation. 
 

Calf intestinal alkaline phosphatase (CIP) (Roche, Mannheim, Germany) was 

used to dephosphorylate linearized vector DNA prior to insert ligation, in order to 

avoid the recircularization of linearized plasmids during the ligation step. 1-2 U of CIP 

were added to the plasmid restriction mix after the digestion was completed. The mix 

was incubated at 37°C for 30 minutes. Then the alkaline phosphatase was inactivated 
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at 75°C for 10 minutes. Dephosphorylated plasmids were purified from agarose gel as 

described in sections M.2.3. and M.2.4. 

 

M.3.6. Blunt ends generation. 
 

This method was used to allow the subsequent ligation of DNA fragments 

generated with different restriction enzymes that produce incompatible ends. 5’ 

overhangs were fill-in and 3’ overhangs were removed with the activities 5’→3’ 

polimerase and 3’→5’ exonuclease respectivelyof the DNA Polymerase I, Large 

(Klenow) Fragment (New England BioLabs®) following the manufacturer’s instruction. 

 

M.3.7. Sequencing reaction. 
 

 Sequencing was done by the company Secugen (Madrid, Spain). For each 

sequencing reation, 15 µL of 100 ng/µL plasmidic DNA samples and specific primers at 

a concentration 5 µM were used. 

 

M.4. Transcriptional analysis by RT-PCR. 

 

M.4.1. Arabidopsis RNA extraction. 
 

 Plant tissue (~ 100 mg per sample) was collected in Eppendorf tubes and frozen 

in liquid nitrogen. Samples were macerated with a plastic piston and 1 mL of TRIsure 

reagent (Bioline, London, UK) was added. The mixture was homogenized in the vortex, 

incubated at 25°C for 5 minutes and centrifuged at 12,000 rpm for 10 minutes at 4°C to 

eliminate genomic DNA, polysaccharides and insoluble material. The supernatant was 

carefully collected and placed in a fresh tube where 0.2 µL of chloroform:isoamyl 

alcohol (24:1) were added. Samples were incubated 2-3 minutes at room temperature 

and centrifuged at 12,000 rpm for 15 minutes at 4°C. To precipitate the RNA 250 µL of 

isopropanol were added to the supernatant and the samples were incubated 10 
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minutes at 25°C. Next, mixtures were centrifuged at 12,000 rpm for 10 minutes at 4°C. 

Pellets were washed with 75 % ethanol, dried for 5 minutes at room temperature and 

resuspended in 10 µL of milli-Q water treated with 0.1% (v/v) of DEPC. Samples were 

heated at 55°C for 10 minutes to facilitate the RNA resuspension. In order to verify the 

RNA quality, an aliquot was run in a 0.8% (w/v) TAE gel of agarose prepared with milli-

Q water treated with 0.1% (v/v) DEPC. To prevent RNA degradation the electrophoresis 

tank was previously cleaned with 10% (w/v) SDS and treated for 30 minutes with 3% 

(v/v) H2O2. All solutions were prepared with milli-Q water treated with 0.1% (v/v) DEPC 

and the material used was autoclaved twice and  handled with latex gloves. RNA 

concentration was measured using the spectrophotometer NanoDrop® (ND-1000 

Spectrophotometer). The concentration of the RNA samples was adjusted to 1 g/L  

in a final volume of 12 L with milli-Q water treated with 0.1% (v/v) DEPC. 

M.4.2. Synthesis of cDNA. 
 

 DNA was eliminated and cDNA was synthesized using the QuantiTect Reverse 

Transcription Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions.  

 

M.4.3. Amplification of cDNA fragments by PCR. 
 

 To quantify the abundance of a messenger RNA, in a given tissue, time or/and 

condition, PCR reactions (section M.3.1.) were performed using the same amount of 

cDNA (sections M.4.1. and M.4.2.) and specific primers for each gene of interest 

(Annex 2). To standarize the quantity and quality of cDNA samples the constitutively 

expressed  β-TUBULIN-4 (TB4) gene was amplified with specific primers (TUB4-F and 

TUB4-R, Annex 2). 
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M.5. Protein analysis. 

 

M.5.1. Isolation of GST fusion proteins expressed in yeast. 
 

M.5.1.1.The pEG(KT) system. 
  

 The pEG(KT) vector is a useful system for the expression and purification of 

eukaryotic proteins fused to glutathione S-transferase (GST) (Mitchell et al., 1993). The 

fusion gene is expressed from a CYC1 promoter under the control of a galactose 

inducible upstream activator sequence (GAL1-10 UAS).  

 

 Fragments of the genes AtNHX1 and AtNHX2 encoding the c-terminal region of 

their respective protein were cloned into the pEG(KT) vector in frame with the GST 

open reading frame. The AtNHX1 C-terminal end (a fragment of 371 bp that includes 

the TGA stop codon) was amplified by high fidelity PCR (section M.3.2.) using as 

template the vector pAtNHX1-1 (Quintero et al., 2000) and primers NHX1ct-5’/NHX1ct-

3’ (annex 2). AtNHX1ct fragment was first cloned in vector pCR®-Blunt (Annex 3) 

creating the plasmid pCB-NHX1ct. Then, AtNHX1ct was subcloned into the MCS of 

plasmid pEG(KT) as a BamHI/HindIII  fragment. The resulting plasmid was called 

pEG(KT)-NHX1ct. To make the plasmid pEG(KT)-NHX2ct, the fragment AtNHX2ct was 

amplified by high fidelity PCR  (section M.3.2.) using as template the vector pDR-

AtNHX2 (Yokoi et al., 2002) and primers NHX2ct-5’/NHX2ct-3’ (annex 2). The resulting 

fragment was subcloned in the pCR®-Blunt vector (Annex 3) creating the plasmid pCB-

NHX2ct, that was then  cut with the restriction enzymes BamHI/SalI to clone AtNHX2ct 

in pEG(KT). pEG(KT)-SOS1ct (Quintero et al., 2011)  was used as control in 

phosphorylation assays (section M.5.4.). 

 

 For in vitro phosphorylation assays, kinases were purified using the same 

system to create chimeric proteins fused to GST. AtCIPK23 CDS was amplified by high 

fidelity PCR  (section M.3.2.) using as template the vector pSPYNE(R)173-CIPK23 (kindly 

provided by Jörg Kudla) and primers CIPK23_pEG(KT)_F/CIPK23 R (Annex 2). AtCIPK23 
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CDS fragment was cloned into the pCR®-Blunt vector (Annex 3), creating the plasmid 

pCRBlunt-CIPK23, and then into pEG(KT) as a SmaI/SalI fragment, obtaining the 

plasmid pEG(KT)-CIPK23. AtCIPK24 and its hyperactive allele CIPK24 T168D Δ308 were 

subcloned in pEG(KT) as BamHI/EcoRI fragments from the pGEX-2TK vector described 

in (Guo et al., 2001b)., obtaining the plasmids pEG(KT)-CIPK24 and pEG(KT)-CIPK24 

T168D/Δ308. 

 

 To increase the kinase activity in phosphorylation assays (section M.5.4.), in 

some cases CBL proteins were added to the reaction mixes. To obtain pEG(KT)-CBL10, 

the vector pGEX-6P-1-SCABP8 (Quan et al., 2007) was digested with BamHI/SalI and a 

fragment containing the whole AtCBL10 cDNA was isolated and subcloned in plasmid 

pEG(KT) digested with the same restriction enzymes. 

 

 

M.5.1.2. GST fusion protein induction and purification from yeast. 
 

Yeast strain GRF167 (section M.1.2.1.) was transformed with the plasmids 

pEG(KT) (Annex 3) containing the different GST-tagged chimeric proteins.  

 

1 L of YNB-Ura containing 2% raffinose as source of carbon was inoculated with 

5 mL of pEG(KT)-transformed yeasts grown to stationary phase in YNB-Ura dropout 

medium (section M.1.2.2.) and incubated at 30°C overnight. Cells were harvested by 

centrifugation at 5000 rpm for 5 minutes and resuspended in 1 L of YNB-Ura 

containing 2% galactose and 0.01% glucose as sources of carbon in order to the induce 

the protein expression from the promoter CYC1. The culture was grown for 4-5 hours 

at 30°C before collecting the cells by centrifugation at 5000 rpm for 5 minutes.  

  

Pellets were resuspended in 5 mL PBS + 1% Triton (v/v) + 1 tablet of protease 

inhibitors (Complete Protease Inhibitor Cocktail Tablets, Roche). The resuspended 

yeast were transferred to a 50 mL conical Falcon tube and pre-chilled glass beads of 

0.5 mm ø added until reaching the meniscus. To break the cells, samples were 
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subjected to three pulses of 1 minute shaking on the vortex at maximal speed 

separated by 1-minute incubation in ice. Then 10 mL of PBS+ 1% Triton (v/v) were 

added, and the mix was thoroughly shaked on the vortex. Tubes were centrifuged for 

10 minutes at 3000 rpm at 4°C.  

 

The supernatant recovered on the previous step was incubated for 45 minutes 

in gentle shaking at 4°C with 100 µL of the affinity chromatography medium 

glutathione-sepharose 4B resin (Amershan Pharmacia) washed with PBS. Then, the 

resin was leaving to sediment for 30 minutes and the liquid was discarded. The resin 

was collected with PBS, placed in a column Bio-Spin® (Bio-Rad, Richmond, California, 

EE.UU.) and washed with at least 5 mL of PBS. The protein concentration in the eluate 

was measured in the spectrophotometer NanoDrop® (ND-1000 Spectrophotometer) 

and when the concentration was lower than 0.01 mg/µL the resin, with our protein of 

interest, was collected with 200 µL of PBS + 10% glycerol (v/v) and stored at -80°C. The 

quality of the extraction was checked by running different amounts of the resin in a 

10% acrylamide gel (section M.5.2.). 

 

PBS: 

 

NaCl 136.9 mM 

KCl 2.7 mM 

Na2HPO4 10.1 mM 

KH2PO4 1.8 mM 

 

 pH was adjusted at 7.4 with HCl. 

 

M.5.2. SDS-PAGE. 
 

Protein electrophoresis was performed using the Mighty Small SE 250 system 

(GE Healthcare). PAGE gels were prepared following the instructions of Sambrook et 

al., (1989). Electrophoresis was performed at 20 mA/gel for approximately 1 hour. 
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Acrylamide gel mix: 

 

Reagents Running gel 10% 

(10 mL) 

Stacking gel 5% 

(6 mL) 

Milli-Q water 4 mL 4.1 mL 

30% Bisacrylamide/Acrylamide  3.3 mL 1 mL 

1.5 M Tris pH 8.8 2.5 mL ---- 

1 M Tris pH 6.8 ---- 0.75 mL 

10% SDS 0.1 mL 0.06 mL 

10% APS 0.1 mL 0.06 mL 

TEMED 0.004 mL 0.006 mL 

 

 

Electrophoresis buffer 10X  

 

Tris Base 250 mM 

Glycine 1.94 M 

SDS 1% (w/v) 

 

The pH of the 1x electrophoresis buffer must be 8.3. 

 

4X Laemmli buffer  

 

Tris-HCl pH 6.8 250 mM 

SDS 4% (w/v) 

Β-mercaptoethanol 10% (v/v) 

Glycerol 40% (v/v) 

Bromophenol blue 100 µg/mL 

 

Store at -20°C. 
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 M.5.3. Coomassie staining of SDS-PAGE gels. 
 

 Proteins in acrylamide gels were stained in two steps (Bradford, 1976).  First 

the gel was was incubated in Coomassie staining solution with gentle shaking at room 

temperature for at least 1 h. After removal of the staining solution, the gel was 

incubated in destaining solution until the protein bands appeared without background 

staining of the gel. 

 

 

Staining solution 

 

Glacial acetic acid 50 % (v/v) 

Methanol 10 % (v/v) 

Coomassie brilliant blue R-250 0.25 % (w/v) 

 

Destaining solution 

 

Glacial acetic acid 10 (v/v) 

Methanol 10 % (v/v) 

 

For preservation, protein gels were dried overnight using the DryEase® Mini-Gel 

Drying System (Invitrogen). 

 

M.5.4. Protein in vitro phosphorylation. 
 

GST:AtNHX1ct and GST:AtNHX2ct fusion proteins (section M.5.1.1.) obtained 

and purified from yeast (section M.5.1.2.) were used as substrate in phosphorylation 

reactions. GST:AtSOS1ct was used as control (Quintero et al., 2011). As protein kinases 

GST:AtCIPK23 and GST:AtCIPK24 were used. In order to regulate the kinase activity, 

GST:CBL10 was added to some reactions. To check the kinase activity and possible 

substrate contaminations with other kinases histone from calf thymus H4524 suitable 
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for substrate for protein kinase C (sigma-Aldrich) was used as control. There were 

mixed 100 ng of kinase protein with the indicated amount of substrate in 

phosphorylation buffer (20 mM Tris-HCl pH 8, 5 mM MgCl2, 0.1 mM CaCl2, 1 mM DTT) 

and the reaction was initiated by adding 0.2 mM of ATP with 1 µCi of [-32P]ATP (1 

Ci=37 GBq) in a final volume of 30 µL. The mix was incubated at 30°C for 30 minutes 

and the reaction was stopped by adding 10 µL of 4X LaemmLi buffer. Proteins were 

heated at 95°C for 1 minute before to perform SDS-PAGE (section M.5.2.) with 10 µL of 

each sample. Gels were stained and dried (section M.5.3.). Gels were exposed for 

different times on a x-ray film. 

M.6. Organisms transformation. 

 

M.6.1. Bacterial transformation. 
 

M.6.1.1. Preparation of competent cells. 
 

Escherichia coli. 

 

 To prepare E. coli One Shot® TOP10 chemically competent cells a 1 mL vial of 

seed stock was inoculated in 250 mL of SOB medium and grown at 20°C to an O.D.600nm 

of 0.3. Culture was centrifuged at 3000g at 4°C for 10 min in a flat bottom centrifuge 

bottle. The pellet was gently resuspended in 40 mL of ice-cold CCMB80 buffer and 

incubated on ice for 20 min. Cells were centrifuged at 3000g at 4°C for 10 min and 

resuspended in 5 mL of ice-cold CCMB80 buffer. The O.D.600nm  of a mixture composed 

of 200 µL of SOC medium and 50 µL of the resuspended cells was measured. Chilled 

CCMB80 buffer was added until reaching an O.D.600nm of 1.0-1.5. Then, the suspension 

was incubated 20 minutes on ice. Aliquots of 100 µL in 1.5 mL Eppendorf tubes were 

immediately frozen in liquid nitrogen and stored at -80°C. 
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CCMB80 buffer: 

 

KOAc pH 7.0 10 mM 

CaCl2.2H2O 80 mM 

MnCl2.4H2O 20 mM 

MgCl2.6H2O 10 mM 

Glycerol 10% (v/v) 

 

 pH was adjusted below 6.4 with HCl. 

 

 

Agrobacterium tumefaciens. 

 

 In order to prepare electrocompetent Agrobacterium tumefaciens cells, single 

colonies of strain GV3101 were inoculated in 3 mL of YEP medium supplemented with 

rifampicin (50 g/mL) and gentamicin (20 g/mL) and incubated at 30°C o.n. with 

vigorous shaking. 100 mL of YEP medium were inoculated with 0.5 mL of this pre-

inoculum. Cells were incubated to an O.D.600nm of 0.5-1, spun at 3,000 g for 5 minutes 

and washed with 1/2 volume of cold sterile 10% (v/v) glycerol. Centrifugation was 

repeated and cells were resuspended in 4 mL of sterile 10% (v/v) glycerol. Cells were 

separated into two tubes, centrifuged and resuspended in 2 mL of sterile 10% (v/v) 

glycerol. Both tubes were combined into one tube that was centrifuged. The pellet was 

finally resuspended in 1.5 mL of ice-cold 10% (v/v) glycerol. Cells were dispensed in 50 

µL aliquots into 1.5 mL Eppendorf tubes and immediately frozen by adding liquid 

nitrogen. Aliquots were stored at -80°C. 
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M.6.1.2. Bacterial competent cells transformation.  
 

Escherichia coli. 

 

Competent cells were prepared from E. coli strains One Shot® TOP10 (section 

M.6.1.1.). For transformation, 10-100 ng of plasmidic DNA, in a maximum volume of 10 

µL, were added to 100-200 µL E. coli competent cell aliquots. The mix was incubated 

for 15 minutes in ice before subjecting them to a heat shock of 42°C for 1 minute and 

letting to recover for 5 minutes in ice. Then, cells were incubated in 1 ml of LB medium 

(section M.1.1.2.) for 1 hour at 37°C. Cells were collected by centrifugation at 13,000 

rpm for 1 minute and plated in LB medium supplemented with the appropriate 

antibiotic using sterile glass beads of 4 mm ø. 

 

Agrobacterium tumefaciens. 

 

A. tumefaciens strain GV3101 (section M.1.1.1.) competent cells were 

transform by electroporation. 50 ng of plasmidic DNA were added to 100-200 µl of 

Agrobacterium competent cells and the mix was incubated for 3 minutes in ice. The 

culture was placed in a Gene Pulser®/MicroPulser™ electroporation cuvette (Bio-Rad, 

Richmond, California, EE.UU.) and electroporation was performed with the 

MicroPulser™ Electroporator (Bio-Rad, Richmond, California, EE.UU.) according to the 

optimal conditions for Agrobacterium set up by the manufacturer. Cells were collected 

from the cuvettes and incubated in 2 mL of YEP medium (section M.1.1.2.) for 2-3 

hours at 30°C. Then 100 µl of the culture were plated in YEP medium supplemented 

with the appropriate antibiotics using sterile glass beads of 4 mm ø. 

  

M.6.2. Yeast transformation. 
 

Yeast transformation was performed using the lithium acetate/PEG method, as 

described by (Elble, 1992) in 10 mL of YPD medium (section M.1.2.2.) and incubated 

o/n at 30°C. ~ 2 x 108 cells (D.O.600 0.5 is equivalent to  ~ 5 x 106 cells/mL) were taken 

by centrifugation, to which 1-2 µg of plasmidic DNA and 500 µl of  PLATE solution were 
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added. Cells were incubated for 40 minutes at 42°C or o/n at 25°C. For DNA integration 

into the genomic yeast DNA by homologous recombination the incubation took 48 

hours at 25°C using linearized DNA. Cells were taken by centrifugation, resuspended in 

100 µl of YNB and extended on selective plates using sterile glass beads of 4 mm ø. 

  

 

PLATE solution: 

 

PEG (WM 3350) 45% 40.5% (v/v) 

Lithium acetate 100 mM 

Tris-HCl pH:7.5 10 mM 

EDTA pH:8 1 mM 

 

M.6.3. Plant transformation. 
 

M.6.3.1. Agrobacterium-mediated transformation of Arabidopsis thaliana. 
 

Arabidopsis was transformed by the floral dipping method (Clough and Bent, 

1998). Plants were grown under long day conditions to induce flowering. The first bolts 

were removed to allow proliferation of many secondary inflorescences from the  

axillary buds of the rosette. Completely developed flowers were eliminated during the 

three days previous to transformation to decrease the percentage of non-transformed 

siliques. Plant inflorescences were dipped during 30 seconds in an A. tumefaciens 

suspension containing 5% (w/v) sucrose and 0.02% (v/v) Silwet L-77 as surfactant. 

After dipping, plants were sealed in plastic bags and transferred to the greenhouse. 

The plastic bags were removed after two days and plants were kept in the greenhouse 

until seeds were harvested. 

 

Hygromycin-resistant T1 transgenic plants were selected on Murashige and Skoog agar 

medium (M.1.3.2.) supplemented with 20 g/mL hygromycin B. Resistant plants were 

transferred to soil and kept in the greenhouse until seeds were harvested. T2 
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transgenic plants were selected again in MS with 20 g/mL hygromycin B. Ten 

hygromycin-resistant T2 transgenic plants which showed a 3:1 segregation for the 

resistant marker were selected and grown on soil in the greenhouse until seeds were 

harvested. T3 transgenic plants homozygous for the resistance trait were selected in 

MS with 20 g/mL hygromycin B. Kanamycin-resistant transgenic plants were selected 

following the same process, but MS medium was supplemented with 50 g/mL 

kanamycin. 

M.6.3.2. Agrobacterium-mediated infiltration of Nicotiana benthamiana. 
 

Nicotiana benthamina agroinfiltration was performed according to (Waadt and 

Kudla, 2008). A colony of A. tumefaciens carrying the construct of interest (section 

M.6.1.) was inoculated in 5 mL of YEP medium with antibiotics and incubated o.n. at 

30°C. O.D.600 was measured and the volume needed to get a final O.D.600 of 0.5  was 

calculated in accordance to the formula V= (Vfinal x 0.5)/O.D.600. For the p19 strain 

(section M.1.1.1.) the final O.D.600 was 0.3. The calculated culture volumes of both 

Agrobacterium strains were put together in a Falcon tube and centrifuged at 5000 rpm 

for 15 minutes. The supernatant was removed and the pellet resuspended in the final 

volume of activation buffer, where cells were incubated at least 2 h at room 

temperature. 5-6-week old well-irrigated N. Benthamiana plants were infiltrated with 

the mixed cultures in their leaf abaxial side using a 5 mL syringe without a needle. 

Activation buffer 

MES 10 mM 

MgCl2 10 mM 

Acetosyringone 150 µM 

 

M.7. Obtention of nhx1 nhx2 null double mutants by crossing. 

 Homozygous plants of null mutants SALK_065623 (Atnhx1-2) and SALK_036114 

(Atnhx2-1) were crossed to obtain the null double mutant. Plants were grown in soil 
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(section M.1.3.2.2.) in individual pots. Both genotypes were used as female and male 

parentals. For female parental a single inflorescence per bolt was chosen, and  open 

flowers and flower primordia which were not going to be used were eliminated. The 

flower primordium was carefully emasculated under the stereomicroscope SteREO 

Discovery.V8 (Zeiss). A stamen of the male parental was taken and rubbed over the 

stigma of the female parental. Once fertilized, the flower primordium was closed and 

covered with plastic film to maintain the humidity until the silique was formed. The 

mature silique was harvested when brown and placed in an Eppendorf tube until 

completely dried. F1 plants were sown on soil and F2 was obtained by self-pollination 

of F1 plants. Because the probability of appereance of double null mutants is 1/16 in 

the F2, we selected by PCR F2 plants with the genotype nhx1-2/nhx1-2 NHX2/nhx2-1 to 

obtain a F3 enriched in double homozygous mutants (1/4 instead of 1/16). Therefore, 

double mutant plants carrying the null alleles nhx1-2 and nhx2-1 were produced by 

self-pollination of a plant of genotype nhx1-2/nhx1-2 NHX2/nhx2-1 and null 

homozygous nhx1-2 nhx2-1 plants were recovered under high relative humidity (above 

60%) and selected by diagnostic PCR. 

 

M.7.1. Null double mutant selection by PCR genotyping. 
 

 Insertion mutant information was obtained from the SIGnAL website 

(http://signal.salk.edu) and confirmed experimentally. Mutant nhx1-2 has a T-DNA 

insertion at nucleotide +1246 relative to the start codon, whereas mutant nhx2-1 

carries the insertion at nucleotide +2429. To confirm the obtention of the nhx1 nhx2 

knockout double mutant line diagnostic PCR screening with allele-specific primers 

designed to amplify wild-type or mutated loci was performed. For nhx1-2 allele PCR 

were used two combinations of primers: nhx1-5’-2/nhx1-3’ that hybridizes with the T-

DNA insertion flanking regions, and nhx1-5’-2/LBa1 that hybridize upstream the T-DNA 

insertion point and at nucleotide +437 of the LB end, respectively. Two primer 

combinations were used for diagnostic PCR of the nhx2-1 allele: nhx2-5’/nhx2-3’ that 

hybridize with the T-DNA insertion flanking regions, and LBa1/nhx2-3’ that hybridize 

inside the T-DNA and downstream the T-DNA insertion point respectively. 
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Homozygous knockout double mutants were selected as those that for both alleles  

presented DNA amplification only from the primer pair that hybridizes with the T-DNA  

sequence and one of the sequences flanking the T-DNA insertion and not from the 

primer pair that anneals with both sequences flanking the T-DNA insertion. Col-0 line 

was used as a control, thus wild type plants PCR showed DNA amplification from the  

nhx1-5’-2/nhx1-3’ and nhx2-5’/nhx2-3’ primer combinations but not by any 

combination that includes the LBa1 primer. 

 

 Primer sequences are described in the annex 2. 

M.8. Obtention of Arabidopsis transgenic lines. 

 

M.8.1. NHX2prom:GUS transgenic line. 
 

A genomic DNA fragment upstream of the ATG start codon of AtNHX2 

encompassing ca. 3.1 kb of the promoter region was amplified from Arabidopsis 

genomic DNA with the primers PromNHX2-F and PromNHX2-R (Annex 2). The 

promoter region was fused with the β-glucuronidase reporter gene (GUS) in plasmid 

pBI101 (Annex 3) and the resulting construct was introduced into wild-type 

Arabidopsis Col-0 plants as described in section M.6.3.1. Kanamycin-resistant T1 

transgenic plants were selected as described in section M.6.3.1. 

M.8.2. -TIP:GFP  and NHX2:GFP transgenic lines. 
 
 A -TIP:GFP translational fusion was created using the GFPmut1 variant with 

enhanced fluorescence and optimized for translation in eukaryotic cells (Cormack et 

al., 1996) and the ORF of the -TIP (At2g36830) gene. The C-terminus of -TIP and the 

N-terminus of the GFP polypeptides were modified by PCR using oligonucleotides -

TIP-Not and GFP-Not (Annex 2). NotI digestion of amplified sequences and subsequent 

ligation generated an in-frame fusion of GFP to the C-terminus of -TIP. The 

pBI321Kan-TIP:GFP vector was constructed by cloning the -TIP:GFP translational 

fusion into the plasmid pBI321 (Martinez-Atienza et al., 2007) (annex 3) as XhoI-BamHI 
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fragment. To construct the pBI321Hyg-TIP:GFP vector, the NOS-NPTII-NOS expression 

cassette of plasmid pBI321 (Annex 3) (Martinez-Atienza et al., 2007) was replaced by a 

NOS-HptII-NOS cassette as a ClaI/EcoRV insert into the ClaI/PmeI sites of plasmid 

pBI321, producing plasmid pBI321Hyg; and the -TIP:GFP translational fusion was 

subcloned into the XhoI/BamHI sites of pBI321Hyg. Plasmid pBI321Hyg-TIP:GFP was 

introduced into mutant plants homozygous for the nhx1-2 mutation and heterozygous 

for the nhx2-1 mutation by Agrobacterium tumefaciens-mediated transformation 

(section M.6.3.1) whereas the plasmids pBI321Kan-TIP:GFP and pBI321-NHX2:GFP 

(Yokoi et al., 2002) were introduced into Col-0 wild-type plants following the same 

methodology. Kanamycin or Hygromycin-resistant T1 transgenic plants were selected 

as described in section M.6.3.1. In mutant transgenic lines, seeds were obtained by 

self-fertilization, and homozygous nhx1-2 nhx2-1 lines expressing TIP:GFP were 

identified from the T2 generation by hygromycin resistance selection combined with 

diagnostic PCR screening with allele-specific primers designed to amplify wild-type or 

mutant NHX2 alleles (M.7.1. and annex 2). 

 

M.9. Physiological caracterization of nhx1 nhx2 mutant lines in hydroponic culture. 

 In all cases plants were cultivated as described in section M.1.3.4. 

M.9.1. Growth at different K+ concentrations. 
 
 Plants of the null nhx1 nhx2 mutant and Col-0 lines were grown for 2 weeks in 

control conditions at 1 mM K+ (M.1.3.4.). Then, 5 plants of each line were transferred 

to hydroponic containers with LAK solution supplemented with 0.1, 1, 10 and 20 mM 

of K+ (section M.1.3.4.). After two weeks of K+ treatments plants were collected, 

weighed and ionic contents were determined. 

M.9.2. Phenotypic characterization. 
 

Rosette diameter, root elongation, shoot fresh and dry weight and root fresh 

weight were measured after collecting plants subjected to K+ treatments (section 

M.9.1.). 
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M.9.3. Ion contents. 
 

Ion contents of whole shoot and roots of plants grown at different regimes of 

K+ were measured by atomic absorption spectrophotometry (AAS). When ion content 

of a specific cellular type was measured, energy-dispersive X-ray spectroscopy couple 

to electronic microscopy (SEM-EDX) was used. 

M.9.3.1. AAS. 
 

For ion content analyses, plants shoots and roots were separated and their 

fresh weight measured. Roots were washed thoroughly with Elix water (Millipore) and 

blotted dry before weighing. Dry weight was also measured after drying samples at 70 

°C for 48 h in a forced-air oven to obtain water contents (g water per g dry weight). 

Potassium was extracted by autoclaving finely ground material, and measured by 

atomic absorption spectrophotometry (AAS) (Perkin-Elmer 1100B, Norwalk, CT, USA). 

M.9.3.2. SEM-EDX. 
 

For SEM-EDX analysis, fragments of freshly harvested, fully expanded leaves 

were processed as described previously (Leidi et al., 2010). The plant pieces were 

mounted in slots of copper holders and fixed with optimal cutting temperature 

compound (BDH, http:// uk.vwr.com). The copper holder containing the samples was 

dipped into a bath of slush N2 before transferring it under vacuum into the 

cryopreparation chamber (CT1500; Oxford Instruments, http://www.oxford-

instruments.com) attached to a SEM (DSM 960, Zeiss, http://www.zeiss.com). The 

temperature in the chamber was left to rise from -163 to -90°C and was then set for 10 

min for ice sublimation before sputter-coating with gold (2 min). The SEM was fitted 

with an ATW detector interfaced with a Link ISIS analyzer (http://www.oxford-

instruments.com). Samples were analyzed keeping the following parameters constant: 

accelerating voltage, 15 kV; take-off angle 42°; collecting time of X-ray counts, 100 s; 

working distance between sample and detector, 24 mm. Measurements were 

performed by focusing on exposed vacuoles of specific cells (guard cells and subsidiary 

cells). The number and energy of the X-rays re-emitted from the specimen were 

measured by an energy-dispersive spectrometer and counts pertaining to C, O, K, Na, 
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Ca and Mg atoms were recorded. Results are presented as the percent of K and Na 

counts relative to total counts. 

M.10. GUS staining. 

 

The expression pattern of AtNHX2 was studied using the GUS reporter system. 

As described in section M.8.2. a fragment of the NHX2 promoter was fused to the 

beta-glucuronidase gene. This construction was transformed into Arabidopsis ecotype 

Col-0 (section M.6.3.1.). Histochemical GUS analyses were performed as described 

(Jefferson et al., 1987). The GUS expression pattern was determined in young seedlings 

and organs of mature plants at different stages of development, including roots, 

rosette leaves, young flowers and green siliques. Samples were incubated at 37 °C for 

18 h in GUS staining buffer (200 mM phosphate buffer pH 7.2, 0.1% v/v Triton X-100, 

and 1 mM X-Gluc) and then placed for 5 hours in 90% ethanol to remove chlorophyll. 

Photographs of GUS-stained tissues were taken using a Zeiss Axioskop microscope 

equipped with Nomarski optics and the AxioVision Release 4.8.2. Zeiss software. 

 

M.11. Stomatal aperture bioassays. 

 

 Light-induced stomatal opening bioassays were done on leaves of 4-6 week-

old-plants growing as described in section M.1.3.3. Abaxial epidermal strips were 

harvested at the end of the night period and incubated for 2 h in darkness in stomatal 

incubation buffer and then for 2 h under light (250 µmol m-2 s-1) at 22°C. Images were 

captured with a CCD digital camera connected to a Zeiss Axioskop microscope and 

stomatal apertures were measured with the AxioVision Release 4.8.2. Zeiss software. 

For ABA-induced stomatal closure experiments, abaxial epidermal peels were 

incubated for 2 h under light. Then ABA was added at a concentration of 0.1 µM, and 

stomatal closure was measured 2 h after treatment. Four different plants were used 

for each experiment, taking one leaf of each one per treatment. Stomatal apertures 

were determined by measuring the inner width of the stomatal pore from captured 
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photographs of a minimum of 40 stomata per line and condition. Stomatal aperture 

bioassays were performed three times as blind experiments.  

 

 Na+-supported stomata opening bioassays were performed as described above 

but replacing KCl for NaCl (30, 50 or 75 mM) in the stomatal incubation buffer. 

 

 To monitor the vacuolar dynamics in guard cells during the stomatal 

movements, stomatal bioassays were performed using the transgenic lines expressing 

-TIP:GFP and AtNHX2:GFP proteins. Bioassays were done as described above but 

using 10 µM of ABA to promote stomatal closure and 3 µM of fusicoccin from 

Fusicoccum amygdali (Sigma) to stimulate stomatal opening. Images were taken with 

FluoView FV1000 Confocal Microscope (Olympus) using a 488-nm Ar/ArKr laser and 

60X magnification. Images were analysed with Olympus FluoView 2.1. software 

(Olympus). 

  

 For time-lapse experiments leaf disc were pre-incubated in stomatal incubation 

buffer for 2h in dark or in light, to close and open the stomata respectively. Then, 

microscope samples were prepared adding the stimulus (3 µM of fusicoccin to open 

the closed stomata or 10 µM of ABA to close the opened stomata) and images of a 

single stomata were taken a different times. Interval times were the same for the wild-

type and mutant lines.  

 

Stomatal incubation buffer 

 

MES-KOH pH:6.5 10 mM 

KCl 10 mM 

CaCl2 50 µM 
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M.12. Thermal imaging. 

 

Thermal images of 3-4 week-old plants cultivated as described in section 

M.1.3.3. were obtained using a ThermaCam SC5000 infrared camera (Inframetrics, FLIR 

Systems, http://www.flir.com/) placed in a  chamber with constant humidity (70%), 

temperature (21°C) and light intensity (90 µmol m-2 s-1). Images were obtained at 1-

minute intervals in a 3,5/14/2,5h light/dark/light cycle. Leaf temperature was 

calculated as the average temperature of the pixels contained into a standard area 

drawn on leaves using the FLIR Altair software (Flir Systems Inc., 

http://www.flir.com/). Data represent the temperature moving average of two leaves 

per plant from three differents plants per line. 

 

M.13. NHX1 and NHX2 circadian regulation analysis. 

 

M.13.1. Semiquantitative RT-PCR. 
 

 To study the transcripcional regulation of NHX1 and NHX2 genes along a 

day/night cycle leaves of 6-week old Col-0 plants growing on soil in a Sanyo MLR-351 

plant growth chamber under short day regime (8h day/16h night, 23/19°C, 60-70% 

relative humidity) (section M.1.3.2.2.) were harvested and frozen in liquid nitrogen at 

different points of a complete cycle: dawn, 2h light, 4h light, dusk and 4h dark. Then 

RNA extraction and cDNA synthesis were made as described in sections M.4.1. and 

M.4.2. PCR was performed with specific primers for NHX1, NHX2 and TB4 cDNA 

(sections M.4.3. and M.3.1.) (Annex 2). Images of the RT-PCR ethidium bromide-

stained agarose gels were acquired with the ChemiDocTM XRS Gel documentation 

system (Bio-Rad) and the software Quantity One (Bio-Rad) was used for band 

densiometry analysis (section M.2.3.). The ratio between the sample RNA to be 

determined and TB4 was calculated to normalize for initial variations in sample 

concentration. Mean and standard error of two replicas were calculated after 

normalization to TB4. 
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M.13.2. Stomatal conductance measurements. 
 

 Leaf gas exchange was determined using the steady state porometer LI-1600 

(LI-COR). Stomatal conductance rate (Gs; mmol m-2 s-1) was measured in 7-week-old 

Col-0 and KO lines (section M.1.3.1.) growing on soil in a Sanyo MLR-351 plant growth 

chamber under short day regime (8h day/16h night, 23/19°C, 60-70% relative 

humidity) (section M.1.3.2.2.). Measurements were recorded at six different points of 

the day: dawn, 2h light, 4h light, dusk, 2h dark and 4h dark. A total of 3 measurements 

for each genotype (3 plants per line) were recorded and mean and standard error 

calculated. 

  

M.14. Drought assay and transpiration measurements. 

 

 Col-0, L14 and KO plants (section 1.3.2.2.) were grown under short day 

conditions (8h day/16h night) in a growth chamber with constant temperature and 

humidity (section M.1.3.2.2.) during 7 weeks when they were subjected to drought. 

The same watering regime was applied to all the lines along the plant growth and pots 

were cover with plastic film to avoid water evaporation from the soil. Before to initiate 

the drought phase pots were well watered until their reach the field capacity of the 

soil and the surplus water drained away. The start of the drought tolerance assay was 

in coincidence with the begin of  the dark period. Pots were weighed at the dusk and 

the onset during four consecutive days and transpiration (mL H2O cm-2 min-1) was 

calculated. At least 7 plants per line were used and their foliar area was calculated with 

the AxioVision Release 4.8.2 Zeiss software from pictures of their rosettes. Images of 

the plants were taken at different days until all plants died. 
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M.15. Morphology analysis. 

 

M.15.1. Epidermal impressions using dental resin. 
 

 Impressions of the abaxial surface of 5 week-old mature rosette leaves grown 

as described in section M.1.3.3. were made using Genie Light Body Regular dental resin 

as previously described (Casson et al., 2009). Impressions were viewed on a Zeiss 

Axioskop microscope and imaged with the AxioVision Release 4.8.2 Zeiss software. For 

each line 42 images at 20X magnification were obtained (3 areas per leaf, 2 leaves per 

plant, 7 plants per line) and the frequency of stomatal and epidermal cells was 

determined with the software ImageJ (National Institutes of Health, Bethesda, 

Maryland). Density data and stomatal index was calculated for each area individually, 

and the mean was then calculated from these data. Stomatal index was calculated with 

the following formula: S.I. = [number of stomata/(number of other epidermal cells + 

number of stomata)] x 100. Cell areas were measured with the Cintiq 12WX pen 

display (Wacom©) and image software AxioVision Release 4.8.2. 

 

M.15.2. Scanning Electron Microscope (SEM). 
 

 For Scanning Electron Microscope (SEM) images, Arabidopsis leaves samples 

were processed as described in section M.9.3.2. 

 

M.16. Search of  AtNHX1 and AtNHX2 interacting proteins. 

 

 Two different approaches have been used for revealing NHXs interactions with 

other proteins: yeast two-hybrid assays (Y2H) and bimolecular fluorescence 

complementation (BiFC). Both will be described in detail bellow. 

 



 85 

M.16.1. Yeast two-hybrid assays. 
  

Yeast two-hybrid (Y2H) is a technique used to reveal physical interactions 

between two proteins. The two proteins of interest are fused in frame to two separate 

fragments of a transcription factor: the binding domain (BD) that is able to interact 

with its target DNA and the activation domain (AD) that activates the transcription. 

Thus, if two proteins interact physically, both fragments of the transcription factor 

come together and activate a downstream reporter gene. 

 

 To test the homo- and heteromer formation between AtNHX1ct and AtNHX2ct 

they were cloned in Y2H plasmid, as in those that carry the biding domain as in those 

that bear the activation domain. AtNHX1ct was cloned in pBD-GAL4 cam (Stratagene) 

(Annex 3) vector as EcoRI/SalI creating the plasmid pBD-NHX1ct. AtNHX2ct was cloned 

in pGBKT7 (Clontech) (Annex 3) as EcoRI/SalI fragment by PCR amplification using the 

primers NHX2ct-5’/NHX2ct-3’. The resulting plasmid was called pGB-NHX2ct. pGAD-

NHX1ct and pGAD-NHX2ct (Clontech) (Annex 3) were kindly provided by Jörg Kudla’s 

laboratory. 

 

Yeast strain AH109 (section M.1.2.1.) was cotransformed with all combinations 

of pBD and pAD vectors containing the C-terminal fragments of NHX1 and NHX2. Each 

vector was also contrasformed with the corresponding empty vector as controls. 

Positive colonies carrying the vectors were selected in YNB/-Trp/-Leu (section 

M.1.2.2.). Yeast transformants were inoculated in 2 mL of YNB/-Trp/-Leu media and 

grown at 28°C until saturation (D.O.600nm ~ 2). From the saturated cultures, 1:10 serial 

dilutions were made and a 5 µL drop of each dilution was deposited on YNB/-Trp/-Leu 

and YNB/-His/-Trp/-Leu plates. Plates were incubated at 28°C during 2-3 days. 

 

M.16.2. Bimolecular fluorescence complementation (BiFC). 
  

 This technique allows the detection of protein-protein interactions in planta in 

their native subcellular localization. This approach is based on complementation 

between two nonfluorescent fragments of a fluorescent protein when they are 
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brought together by interactions between proteins fused to each fragment (Hu et al., 

2002).  

 

 BiFC was performed as described previously (Waadt et al., 2008) in order to 

find out interactions between AtNHX1 and AtNHX2 with AtCIPKs and to reveal the 

possible oligomerization of NHX proteins. 

 

M.16.2.1. BiFC plasmid. 
 

 All vectors used were described in (Waadt et al., 2008) (Annex 3) and DNA 

manipulations were performed as described in section M.3.  

 

The complete collection of the 26 AtCIPKs cloned in plasmid pSPYNE(R)173 and  

AtNHX1 and AtNHX2 cloned as in frame SpeI/XhoI fragments in the vector pSPYCE(M) 

were kindly provided by Jörg Kudla’s laboratory. For oligomerization experiments 

AtNHX1 and AtNHX2 were subcloned as XbaI/XhoI fragments in the plasmid 

pSPYNE173 from pSPYCE(M)-NHX1 and pSPYCE(M)-NHX2 respectively (Annex 3). 

 

M.16.2.2. Infiltration of transformed Agrobacteria in N. benthamiana leaves. 
 

 Agrobacterium tumefaciens strain GV3101 (section M.1.1.1.) was transformed 

with BiFC constructs as described in section M.6.1. These transformants were used 

together with the p19 strain (section M.1.1.1.) for transient expression by infiltration 

of 5-6-week-old N. benthamiana leaves as was indicated in section M.6.3. 

 

M.16.2.3. BiFC microscopy. 
 

 Microscopy analyses were performed as in (Waadt et al., 2008). N. 

Benthamiana leaf discs were cut 3 days after infiltration. To make comparison of 

differents samples and fluorescence intensity quantification, the lower epidermis was 

analyzed in an inverted fluorescence microscope Leica DMI6000B (http://www.leica-
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microsystems.com) and a Hamamatsu Orca camera (model C4742-80-12AG, 

Hamamatsu Photonics, http:// www.hamamatsu.com) operated with Openlab 5.0.2 

software (Improvision, http://www.improvision.com) at 20X magnification. Images 

were obtained using constant imaging conditions: exposure time of 1ms for bright field 

and 1.2 s for U.V. light, gain of 100, without offset and 1 of binning. eYFPC/eYFPN 

complexes were visualized using a YFP filter. For BiFC quantification, 10 images were 

taken in random distribution and the mean fluorescence emission was measured using 

Openlab 5.0.2. software. Relative fluorescence was calculated after subtraction of the 

p19-background fluorescence. 

 

 Higher-resolution pictures were taken with a FluoView FV1000 Confocal 

Microscope (Olympus) using a 515-nm laser and 60X magnification. Images were 

analysed with the Olympus FluoView 2.1. software (Olympus). 

 

M.17. Fuctional study of  NHXs and CIPKs interactions in Saccharomyces cerevisiae. 

 

M.17.1. Plasmid constructs and yeast strains generation. 
 

The mutant alleles nhx1S526A, nhx2S532A and nhx2S532D were generated by 

PCR (section M.3.2.) using the vectors pAtNHX1-1 and pDR-NHX2 as template and the 

specific primers AtNHX1 Xho5’, Atnhx1SA-3’, AtNHX2 Xho5’, Atnhx2SA-3’ and 

Atnhx2SD-3 (Annex 2). The PCR products were cloned in plasmid pDR195 as 

XhoI/BamHI fragments creating the vectors pDR-nhx1S526A, pDR-nhx2S532A and pDR-

nhx2S532D (Annex 3). 

 

 AtNHX1 and AtNHX2 were integrated in the genome of Saccharomyces 

cerevisiae strain AXT3K (Quintero et al., 2002) (section M.1.2.1.) to produce the strains 

JPZN1 and JPZN2 (section M.1.2.1.). The coding sequences of AtNHX1 and AtNHX2 

were previously cloned in the yeast expression vector pDR195 (Rentsch et al., 1995; 

Quintero et al., 2000; Yokoi et al., 2002). A DNA fragment containing PMA1-AtNHX1-



 88 

ADH coming from pAtNHX1-1 (Quintero et al., 2000) was subcloned in pCR®2.1-TOPO® 

(InvitrogenTM) (annex 3) as a HindIII/SphI fragment generating pCR2.1-pDRNHX1. To 

create the plasmid pCR2.1-pDRNHX2, AtNHX1 cDNA was replaced from pCR2.1-

pDRNHX1 by a HindIII/BamHI fragment encompassing the complete ORF of AtNHX2. 

Both plasmids were linearized by the restriction enzyme KpnI and Saccharomyces 

cerevisiae strain AXT3K (Quintero et al., 2002) (section M.1.2.1.) was transformed 

following the procedure described in M.6.2. and incubating the transformation mix for 

48 hours to allow homologous recombination between PMA1 promoter and ADH 

terminator from genomic yeast DNA and plasmid DNA to take place. Yeast containing 

AtNHX1 and AtNHX2 integrated in their genomes were selected in YPD medium 

(section M.1.2.2.) supplemented with 90 µg/mL of hygromycin B. The presence of both 

genes was confirmed by PCR with the primers AtNHX1 Xho5’, AtNHX2 Xho5’ and 

ADH1-R (Annex 2). 

 

 To test the yeast salt tolerance achieved by the simultaneous expression of 

NHX2 with its interacting CIPKs, the coding regions of CIPK23 (SmaI/XhoI), CIPK24 

(BamHI/EcoRI), CIPK24T168D/Δ308 and CIPK26 (SpeI/XhoI) were cloned into the yeast 

expression vector p414GPD (Annex 3). The CBLs 1, 2, 3, 4, 6 and 10 were cloned in the 

yeast expression vector pYPGE15 creating the plasmids pYPGE15-CBL1, pYPGE15-CBL2, 

pYPGE15-CBL3, pYPGE15-CBL4, pYPGE15-CBL6, and pYPGE15-CBL10 (Annex 3). 

 

M.17.2. Yeast drop-test. 
 

 Yeast drop-test was used to determine the tolerance of yeast transformants to 

different NaCl and hygromycin concentrations in AP or YPD medium respectively 

(section, M.1.2.2.). Yeast transformants were inoculated in 2 mL of YNB media 

supplemented with the corresponding amino acids and grown at 28°C until saturation 

(D.O.600nm ~ 2). From the saturated cultures, 1:10 serial dilutions were made and a 5 µL 

drop of each dilution was deposited on AP or YPD plates supplemented with different 

NaCl or hygromycin concentrations. Plates were incubated at 28°C during 3-5 days. 
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M.18. Phosphoproteomic analysis. 

 

 The phosphoproteomic analysis of the AtNHX2ct protein purified from yeast 

was performed by Proteored (http://proteo.cnb.csic.es/proteomica/, Centro Nacional 

de Biotecnología, CSIC, Spain).  

 

M.19. Statistical analysis. 

 

 Statistical analysis were performed using the IBM® SPSS® Statistics 19 program 

(IBM®, Armonk, New York, U.S.). 
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V. RESULTS 
 

R.1. Construction of the null double mutant line nhx1-2 nhx2-1. 

 

 Previous work showed that proteins NHX1 and NHX2 are functionally 

redundant and that nhx1 and nhx2 single mutants have moderate disturbances in the 

germination rate, biomass production, and foliar area compared with wild-type plants 

(Apse et al., 2003; Bassil et al., 2011a; Barragán et al., 2012). This is in agreement with 

the extensive overlapping expression pattern of NHX1 and NHX2 (Shi and Zhu, 2002; 

Bassil et al., 2011a), identical subcellular localization of the proteins, high protein 

sequence similarity (87.5%), alike transcriptional regulation (Yokoi et al., 2002; Bassil et 

al., 2011a), and similar transport activity (Venema et al., 2002; Barragán et al., 2012). 

To further investigate the physiological role of vacuolar NHX proteins, we sought to 

produce homozygous null double mutants with alleles nhx1-2 and nhx2-1 carrying 

mutations within the coding regions of NHX1 and NHX2 respectively (figure R.1.) 

(Barragan, 2007; Bassil et al., 2011a; Barragán et al., 2012). However, early attempts to 

produce double knockout plants with nhx1-2 nhx2-1 null alleles were unsuccessful. To 

circumvent this problem, we used for prior work another allele, nhx1-1, that carries a 

T-DNA insertion in the 5’-untranslated region of NHX1 (at nucleotide -114 relative to 

the start codon). Contrary to mutant nhx2-1, which failed to produce detectable levels 

of gene transcript as determined by RNA gel blot and RT-PCR assays, mutant nhx1-1 

showed a low, yet detectable amount of NHX1 transcript, which accumulated slightly 

under salt stress. Mutant nhx2-1 produced a 5’-truncated mRNA that accumulated at 

greater levels than in wild-type plants (Barragán et al., 2012). Homozygous lines of 

genotype nhx1-1 (leaky allele) and nhx2-1 were crossed to generate double mutant 

Arabidopsis plants (from now on L2 and L14). These plants were severely stunted and 

failed to produce seeds. The differences in growth between L2 and L14 nhx1 nhx2 

plants and Col-0  were progressively more pronounced at increasing K+ concentrations 

(from 0.1 to 20 mM K+) in hydroponic culture, most probably due to the impossibility 

of the mutants to accrual the K+ into the vacuole.The diminished size of the vacuolar K+ 

pool hindered water uptake as these plants were no longer able to supply the vacuole 
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with sufficient amounts of K+ to create the turgor pressure necessary for the normal 

expansion of leaf cells. Furthermore, nhx1-1 nhx2-1 mutant plants could not withstand 

osmotic stress, suffering a significantly greater water loss than wild-type plants 

(Barragán et al., 2012). These data demonstrate that the absence of NHX1 and NHX2 

proteins severely impaired water relations in the mutants. 

 

 

 
 

Figure R.1. T-DNA Insertion Sites in Mutant Alleles nhx1-2 and nhx2-1. Black boxes and lines 
represent exons and introns, respectively, in the coding region. White boxes represent 5’-UTRs 
in cDNAs. Black arrowheads in the coding region represents the direction of transcription. 
Arrows labelled with T-DNA indicate the point of insertion and direction of the intervening T-
DNA. 
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Figure R.2. Schematic description of the Null Double nhx1-2 nhx2-1 Mutant Obtention. 
Yellow boxes represent the Arabidopsis genotype used to obtain the double homozygous 
mutant that is represented as blue boxes. 
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The strategy followed  to obtain the double knockout mutant line nhx1-2 nhx2-

1 (from now on KO) was to grow the plants under very controlled conditions, 

minimizing environmental fluctuations, and maintaining relative humidity over 60%. 

Homozygous plants of mutants with T-DNA insertions SALK_065623 (Atnhx1-2) and 

SALK_036114 (Atnhx2-1) (section M.1.3.1.) were crossed as described in section M.7. 

Mutant nhx1-2 has a T-DNA insertion at nucleotide +1246 relative to the start codon, 

whereas mutant nhx2-1 carries the insertion at nucleotide +2429 (figures R.1. and 

R.2.). Plants of genotype nhx1-2/nhx1-2 NHX2/nhx2-1 were selected from the F2 

generated from the self-pollination of the F1. The self-pollination of these plants would 

produce the double homozygous mutants with 1/4 frequency, making easier the 

screening by PCR to verify the genotype (figure R.2.). PCR were performed with allele-

specific primers designed to amplify from the flanking regions of the T-DNA insertion 

(wild-type loci) and a specific primer for the left border of the T-DNA (mutated loci) 

(section M.7.1. and Annex 2). Figure R.3. illustrates the position of the primers used 

and the PCR bands obtained from the wild type and mutated loci.   
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Figure R.3. PCR Genotyping of the Null Double Mutant nhx1-2 nhx2-1. (A) Schematic 
representation of the genes AtNHX1 and AtNHX2, and the annealing sites of the primers used 
to genotype the T-DNA insertion mutant (P1: nhx1-5’-2, P2: nhx1-3’, P3: Lba1, P4: nhx2-5’ and 
P5: nhx2-3’). (B) Example of the results obtained in a PCR using DNA from the wild type (WT) 
and the nhx1-2 nhx2-1 (KO) lines as templates. The band size expected for each PCR are: 
PCR1→ WT: 850 pb and KO: no amplification; PCR2→ WT: no amplification and KO: 1.1 Kb; 
PCR3→ WT: 1 Kb and KO: no amplification; PCR4→ WT: no amplification and KO: 950 pb. 

 

Homozygous mutants nhx1-2 nhx2-1 were obtained with a frequency of 1/4 (16 

out of 44 plants, 3:1 segregation ratio with p<0.05, χ2 test). Knockout plants displayed 

an extremely stunted growth that allowed to single them out phenotypically prior to 

the PCR verification of their genotype. Although the first failed attemps to get the null 

double mutant made us suspect that it was a lethal genotype, these results indicate 

that, in fact, the simultaneous lack of both proteins is not lethal but renders these 

plants very sensitive to any kind of environmental stress, particularly those affecting 

the water status of the plant. 
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R.2. Phenotypic analysis of the KO mutant plants. 

 

R.2.1. Plant growth on soil. 

 The most obvious phenotypic characteristic of the KO mutant plants was their 

extremely stunted growth along all developmental stages. Also, knockout plants 

produced few flowers, very small siliques and a very low number of seeds per plant 

(Figure R.4.).  

 

Figure R.4. Impaired Development of Double Null nhx1 nhx2 Mutant. Depicted are 
inflorescences and rosettes of double knockout (KO) mutant plants of genotype nhx1-2 nhx2-1 
and of wild-type Col-0 plants grown in soil. Note the diminutive siliques in the mutant plant. 

  

In order to get enough seeds from the nhx1-2 nhx2-1 mutant to perform 

statistically significant phenotypic and physiological analyses , KO mutant plants were 

propagated during several cycles in the same conditions used for their obtention 

(section M.1.3.2.2.). 
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R.2.2. Plant growth on hydroponic culture.  

   

It was recently reported that nhx1-1 nhx2-1 (L14) mutants were extremely 

sensitive to external K+ and that they showed similar susceptibility to Na+ toxicity 

compared to the wild type. Notably, mutant plants presented greater rates of Na+ 

sequestration than the wild type suggesting that other transporters might mediate the 

influx of Na+ into the vacuole (Bassil et al., 2011a; Barragán et al., 2012).  Since NHX1 

and NHX2 are not playing a major role in the accrual of Na+ into the vacuolar lumen, 

we decided to focus on the study of the phenotype of nhx1-2 nhx2-1 mutants under 

different K+ regimes. 

 

 In order to compare the growth and development of the KO mutant line with 

that of the wild type (Col-0), plants of both genotypes were grown in hydroponic 

culture at different K+ regimes (from 0.1 to 20 mM K+) (section M.1.3.2.3. and M.9.1.). 

After germination, Col-0 and KO plants were grown for two weeks in LAK solution with 

1 mM K+ (section M.1.3.2.). Then, plants were subjected to different K+ treatments 

(0.1, 1, 10 or 20 mM of K+) for two additional weeks before harvesting (section 

M.1.3.2. and M.9.1.) (Figure R.5.). 
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Figure R.5. Sensitivity of nhx1 nhx2 Mutant Plants to External K+. Two-week-old plants of Col-
0 (left) and of mutant line KO (right) grown in LAK medium with 1 mM KCl were transferred for 
two additional weeks to fresh hydroponic LAK medium supplemented with the indicated 
concentrations of K+. 
 
 
 

As shown in figure R.6., the rosette diameter and root elongation of nhx1 nhx2 

KO mutant plants was significantly reduced relative to Col-0. The progressive reduction 

of growth at increasing K+ concentrations in the medium, and the increased differences 
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in growth with respect to the wild type were less evident in KO mutant than in the 

leaky L2 and L14 lines, due to the extremely small size of the former even in optimal 

growth conditions (Barragán et al., 2012). Nevertheless, the smallest difference in the 

size of the rosette among genotypes was found at the lowest K+ concentration tested 

(0.1 mM K+), whereas higher K+ concentrations produced a striking toxicity to KO 

mutants that led to necrosis, leaf dessication and eventual plant death (figure R.5., 

R.6., R.7. and R.8.).  

 

 

 
Figure R.6. Growth of Col-0 and Double Knockout Mutant nhx1-2 nhx2-1 in Different 
Potassium Regimes. (A) Rosette diameter of Col-0  and KO plants treated as in figure R.5. (B) 
Root elongation of Col-0 and KO plants treated as in figure R.5. Data represent means and SE 
from of least three plants. Asterisks indicate statiscally significant diferences at p<0.05 in 
pairwise comparison by the Tukey’s HSD (Honestly Significant Difference) test. 

 

 

There was no significant difference in the potassium concentration analyzed in 

leaf cell sap extracts (section M.9.3.1.) between lines when expressed on tissue water 

basis (i.e. molar concentration) at any K+ concentration used in the growth medium 

(figure R.7.). However, when these values were expressed on a dry weight basis (i.e. 

percent content), the shoots of KO double mutants in plants growing at 1 mM and 20 

mM of K+ showed lower K+ concentrations than the wild type (figure R.7.). This 

apparent contradiction is explained when considering that the K+ supply affects the 
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water content of plants (Leigh and Wyn Jones, 1984). Notice that at 20 mM K+ shoots 

of the knockout plants had only half the K+ and water contents of the wild type. Plants 

of nhx1-2 nxh2-1 genotype consistently accumulated less water in their shoots than 

the wild type, which translated into similar K+ mM concentrations even though they 

had a lower K+ content on dry matter basis (figure R.7.). 

 

 



 100 

Col-0 KO

Sh
oo

tF
W

 (g
)

K+ (mM)

0

0,2

0,4

0,6

0,8

1

1,2

0.1 1 10 20

* * * *

A

0

75

150

225

300

375

450

0.1 1 10 20

K+ (mM)

Sh
oo

tK
+

(m
M

)

E

K+ (mM)

Sh
oo

tK
+

co
nt

en
t/

DW
 (%

)

0

4

8

12

16

20

0.1 1 10 20

*

*

D

Sh
oo

tD
W

 (g
)

K+ (mM)

0

0,02

0,04

0,06

0,08

0,1

0.1 1 10 20

* * * *

B

Sh
oo

tW
C 

(g
 g

-1
DW

)

K+ (mM)

0

4

8

12

16

0.1 1 10 20

*

*

C

Col-0 KOCol-0 KOCol-0 KO

Sh
oo

tF
W

 (g
)

K+ (mM)

0

0,2

0,4

0,6

0,8

1

1,2

0.1 1 10 20

* * * *

A

Sh
oo

tF
W

 (g
)

K+ (mM)

0

0,2

0,4

0,6

0,8

1

1,2

0.1 1 10 20

* * * *
0

0,2

0,4

0,6

0,8

1

1,2

0.1 1 10 20

* * * *

A

0

75

150

225

300

375

450

0.1 1 10 20

K+ (mM)

Sh
oo

tK
+

(m
M

)

E

0

75

150

225

300

375

450

0.1 1 10 20

K+ (mM)

Sh
oo

tK
+

(m
M

)

E

K+ (mM)

Sh
oo

tK
+

co
nt

en
t/

DW
 (%

)

0

4

8

12

16

20

0.1 1 10 20

*

*

D

K+ (mM)

Sh
oo

tK
+

co
nt

en
t/

DW
 (%

)

0

4

8

12

16

20

0.1 1 10 20

*

*

K+ (mM)

Sh
oo

tK
+

co
nt

en
t/

DW
 (%

)

0

4

8

12

16

20

0.1 1 10 20

*

*

D

Sh
oo

tD
W

 (g
)

K+ (mM)

0

0,02

0,04

0,06

0,08

0,1

0.1 1 10 20

* * * *

B

Sh
oo

tD
W

 (g
)

K+ (mM)

0

0,02

0,04

0,06

0,08

0,1

0.1 1 10 20

* * * *
0

0,02

0,04

0,06

0,08

0,1

0.1 1 10 20

* * * *

B

Sh
oo

tW
C 

(g
 g

-1
DW

)

K+ (mM)

0

4

8

12

16

0.1 1 10 20

*

*

C

Sh
oo

tW
C 

(g
 g

-1
DW

)

K+ (mM)

0

4

8

12

16

0.1 1 10 20

*

*

0

4

8

12

16

0.1 1 10 20

*

*

C

 
 
Figure R.7. Growth and K+ contents of Col-0 and Double Knockout Mutant nhx1-2 nhx2-1 
Aerial Parts in Different Potassium Regimes. Phenotypic characterization of wild-type Col-0 
and double mutant plants of genotype nhx1-2 nhx2-1 grown on LAK hydroponic medium for 
two weeks and then transferred to 0.1, 1, 10, and 20 mM K+ for an additional 2-week period. 
Data represent means and SE from of least three plants. Asterisks indicate statiscally significant 
diferences at p<0.05 in pairwise comparison by the Tukey’s HSD (Honestly Significant 
Difference) test. (A) Shoot fresh weight (FW) (B) Shoot dry weight (DW)). (C) Shoot water 
content (WC). (D) Shoot K+ content on a dry weight basis. (E) Shoot K+ concentration. 
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 It is a common approximation to consider most of the root weight equivalent to 

the cell sap, so we extracted all the liquid fraction from Col-0 and KO roots and their K+ 

contents were measured by atomic absorption spectrophotometry (section M.9.3.1). 

In roots, K+ concentrations were significantly lower in the double mutants compared to 

the wild type, being the differences between lines higher at increasing K+ 

concentrations (figure R.8.). 

 

 
 

Figure R.8. Growth and K+ contents of Double Knockout Mutant nhx1-2 nhx2-1 Roots in 
Different Potassium Regimes. (A) Root fresh weight (FW) of wild-type Col-0 and double 
mutant plants of genotype nhx1-2 nhx2-1 grown on LAK hydroponic medium for two weeks  
and then transferred to 0.1, 1, 10, and 20 mM K+ for an additional 2-week period. Data 
represent means and SE from of least three plants. Asterisks indicate statiscally significant 
diferences at p<0.05 in pairwise comparison by the Tukey’s HSD (Honestly Significant 
Difference) test. (B) Root K+ concentration. Lines analyzed and treatments as in (A). 
 

 

Together, these results demonstrate that NHX1 and NHX2 proteins play an 

essential role in the accumulation of K+ in roots and shoots of Arabidopsis and in the 

subsequent uptake of water by the tissues that generates the turgor pressure required 

for cell growth and expansion. The fact that higher K+ concentrations in the media 

produce stronger toxic effects in the double mutant, instead of improving its 

phenotype, is most probably due to the faulty compartmentation of K+ in the cells, 
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with lower than needed K+ concentration into the vacuole and abnormally high values 

in the cytosol and in the apoplast pool. 

 

R.2.3. Morphological analysis of nhx1 nhx2 mutants by Scanning Electron Microscope 
(SEM). 
 

 The uptake of K+ by plant cells, and its accumulation in vacuoles, is the primary 

driver for turgor generation and cell expansion (Leigh, 2001). Barragán and 

collaborators (2012) observed that plants of nhx1-1 nhx2-1 genotype showed smaller 

leaf areas than the wild type when grown at any K+ concentration. Specific leaf weight 

and succulence were also significantly reduced in these mutants, probably due to 

lower water uptake in the mutant. To further investigate the role of NHX1 and NHX2 in 

cell expansion we analyzed by scanning electron microscopy (SEM) the size and 

morphology of Col-0, L14 and KO leaves (figure R.9.). Plants were grown hidroponically 

and subjected to different K+ regimes, as described previously, before the analysis 

(section M.9.1. and M.15.2.).  

 



 103 

 
 

Figure R.9. Impaired Leaf Cell Expansion in nhx1 nhx2 Mutants. Freeze-fracture sections at 
scanning electron microscopy from leaves of Arabidopsis Col-0 and L14 and KO mutant plants 
grown hydroponically in LAK medium. Bars = 200 µM. (A) Composition of serial pictures of a 
leaf from Col-0 plants grown for 2 weeks at 1 mM K+ and then transferred to 20 mM K+ for 
another 2 weeks. (B) Composition of an equivalent leaf from a plant of mutant line L14 treated 
as in (A). (C) Composition of an equivalent leaf from a plant of mutant line KO grown for 4 
weeks at 1 mM K+. 

 

 

In freeze-fractured sections for scanning electron microscopy, leaves from the 

L14 (figure R.10A.) and KO (figures R.9C. and R.10C.) lines presented a less developed 

spongy parenchyma when grown at 1 mM K+ compared to the wild type (figures R.10A. 

and R.10C.). At 10 mM K+, palisade cells were significantly smaller compared to the 

wild type and pyramidal in shape (figures R.9A. R.9B. and R.10B.). Smaller mesophyll 

cells resulted in a thinner leaf lamina in both mutant lines (figure R.9B. and R.9C.), 

what is in agreement with their smaller specific leaf weight (Barragán et al., 2012). At 

20 mM K+, the adaxial epidermis of the mutant line L14 presented small holes between 
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the epidermal cells (figure R.11.B.). However, the adaxial epidermis of nhx1-2 nhx2-1 

knockout mutant showed a very unusual morphology compared to L14 and Col-0 line 

plants. Knockout leaves presented two differentiated population of cells: epidermal 

cells with elongated shape instead of the normal puzzle shape, and small epidermal 

cells surrounding groups of stomata (figure R.11C.). 

 

 
 
Figure R.10. Impaired Leaf Cell Expansion in nhx1 nhx2 Mutants. Freeze-fracture sections at 
scanning electron microscopy from leaves of Arabidopsis Col-0 and L14 and KO mutant plants 
grown in LAK medium for 2 weeks and then transferred to 1 and 10mM KCl for an additional 2-
week period. Equivalent leaves from each plant were processed for scanning electron 
microscopy. Bars = 200 µM. (A) Col-0 (left) and L14 (right) plants in 1 mM K+. (B) Col-0 (left) 
and L14 (right) plants in 10 mM K+. (C) Col-0 (left) and KO (right) plants in 1 mM K+. 
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Figure R.11. Impaired Epidermal Morphology in nhx1 nhx2 Mutants Scanning electron 
microscopy images from leaves of Arabidopsis Col-0 and L14 and KO mutant plants grown in 
LAK medium for 2 weeks and then transferred to 1, and 10mM KCl for an additional 2-week 
period. Equivalent leaves from each plant were processed for scanning electron microscopy. 
Bars = 200 µM. (A) Col-0 plants in 10 mM K+. (B) L14 plants in 10 mM K+. (C) KO plants in 1 mM 
K+. 
 

 

 These data strongly suggest that the antiporters NHX1 and NHX2 are involved 

in cell expansion and development. 

 

R.3. Expression Pattern of AtNHX2. 

 

 In previous work from other laboratories (Shi and Zhu, 2002; Apse et al., 2003) 

the expression pattern of NHX1 was determined. The expression of NHX1 was 

detected at all developmental stages tested and was particularly abundant in roots, 

stomata and pollen within anthers. To determine the tissue expression pattern of 

NHX2, a ca. 3.1 kb promoter upstream of the NHX2 start codon was fused with the β-

glucuronidase reporter gene (GUS) as described in section M.8.1. and the resulting 

construct was transformed into Col-0 wild-type Arabidopsis plants. Three independent 

transgenic lines were assayed for GUS expression and they produced consistent 

patterns. GUS expression was detected at all developmental stages tested, from seed 

germination to flowering and seed setting.  

 

As depicted in figure R.12., histochemical GUS staining was detected, with 

varying intensity, in most tissues of Arabidopsis seedlings. In leaves and hypocotyls, 
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GUS staining was stronger around the vasculature, in meristems, and in guard cells of 

the stomata (A-D). In roots, the strongest GUS activity was detected in the vasculature, 

at the root tip and at the points of emergence of secondary roots, but not in root hairs 

and epidermis (D-F). In flowers, GUS staining was restricted to the filament of the 

stamens, the ovarian stigma, mature pollen grains within the anthers, and the pollen 

tube (G-K). A much weaker staining was seen in sepals and it was associated with 

vascular tissues. No significant GUS activity was detected in petals (G). Remarkably, the 

strongest GUS staining in flowers was also observed in stomata, including those in the 

anthers (J) and the ovarian stigma (H). In immature siliques, GUS staining was 

restricted to the septum and to the silique tip and base (L). This expression pattern 

strongly resembled that of NHX1, except at the tip of main roots, roots hairs, and 

meristemes, where NHX1 and NHX2 promoter constructs showed opposite expression 

levels. NHX1 promoter showed GUS activity in root hairs but not in the main and 

lateral root tips, while NHX2 promoter showed a strong GUS activity in root 

meristemes but it was absent in root hairs. Recently, the significant overlap of NHX1 

and NHX2 expression patterns has also been reported (Bassil et al., 2011a) and 

microarray data in GENEVESTIGATOR (https://www.genevestigator.com/gv/plant.jsp) 

also indicates similar expression patterns of NHX1 and NHX2 genes and the significant 

greater abundance of their transcripts in guard cells of Arabidopsis. However, the 

various divergences regarding the expression patterns of NHX1 and NHX2 imply 

extensive overlapping but not identical physiological functions of NHX1 and NHX2. 
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Figure R.12. NHX2 Promoter-GUS Expression Pattern in Transgenic Arabidopsis Plants. (A) 
GUS activity detected in cotyledons. (B) Strong GUS staining in guard cells of stomata in 
mature leaves. (C) to (E) Preferential expression in the vasculature of the main stem (C) and 
roots (E). Note the strong expression in the root-shoot transition (D) and the point of 
emergence of secondary roots (E). (F) Strong GUS staining in the root meristems. (G) to (L) 
Expression in reproductive organs was greater in filaments of the stamen ([G] and [I]), stigma 
([G] and [H]), mature grain pollen (I), and silique septum (L). Note the high expression in the 
stomata of anthers in (J), which is a close-up image of (I), and in the elongating pollen tube 
(marked by arrow) (K). Bars = 20 mm in (K), 50 mm in (B), 100 mm in (A), (C), to (F), and (I), 
and 400 mm in (G) and (L). 
 

 

R.4. Study of the role of NHX1 and NHX2 in guard cells. 

 

 In K+-sufficient plants, the vacuolar pool plays a chief biophysical function, the 

lowering of osmotic potential to generate turgor and drive cell expansion. Rapid cell 

expansion relies on high mobility of the active osmoticum, and the highly permeant 

and abundant inorganic ion K+ fits this role (MacRobbie, 2006). There are numerous 

examples of K+ fluxes driving rapid cell expansion and organ movements (White and 

Karley, 2010), but nowhere is this critical function of the vacuolar K+ pool more 

apparent than in the guard cells of the stomata. Stomatal opening and closure mainly 

occur in response to K+ fluxes across the plasma membrane that allow swelling and 

shrinking of guard cells (Véry and Sentenac, 2003; Fan et al., 2004). In contrast to the 
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plasma membrane, knowledge of the changes occurring in intracellular compartments 

of guard cells during stomatal movements is less extensive. Guard cells use the vacuole 

to effect changes in their volumes, with parallel increases and decreases in vacuolar 

volumes during stomatal opening and closure, respectively, by more than 40% (Franks 

et al., 2001; Shope et al., 2003). The rapid accumulation and loss of K+ and anionic 

organic acids by guard cells, mostly in the vacuolar compartment, controls the opening 

and closing of stomata and, thereby, gas exchange and transpiration. Among the 

solutes released from guard cells, more than 90% originate from vacuoles (MacRobbie, 

1998). Description of the dynamic changes in vacuolar configuration during stomatal 

movement showed that a great number of small vacuoles are present in guard cells of 

closed stomata, and only a few large ones are present in guard cells of fully opened 

stomata (Gao et al., 2005; Tanaka et al., 2007a). Cation channel activities, which 

support stomatal closure, have been identified at the tonoplast, including fast vacuolar 

(FV), slow vacuolar (SV) and K+-selective vacuolar (VK) cation channels (Isayenkov et 

al., 2010a; Hedrich and Marten, 2011). By contrast, the transporters responsible for 

the accrual of K+ into vacuoles against the vacuolar membrane potential, that drive the 

stomatal opening, remain largely unknown.  

 

 Previous work demonstrated that NHX1 and NHX2 are involved in the 

accumulation of K+ into the vacuole of plant cells, increasing their osmotic potential 

and forcing the uptake of water, which generates the turgor pressure necessary for cell 

expansion and growth (Barragán et al., 2012)(present work). We also recently 

postulated the involvement of NHX1 and NHX2 in the regulation of plant transpiration 

by demonstrating that the nhx1 nhx2 L14 mutant showed a higher stomatal 

conductance and suffered a greater water loss than the wild type when plants of both 

genotypes were subjected to osmotic stress (Barragán et al., 2012). Furthermore, 

AtNHX2 and AtNHX1 are preferentially expressed in guard cells of the stomata (Shi and 

Zhu, 2002; Apse et al., 2003; Barragán et al., 2012) (present work). Together, these 

precedents indicate a possible malfunction of stomata in mutant plants lacking NHX1 

and NHX2. Thus, to investigate further the direct role of both transporters in stomatal 

morphology and activity by facilitating K+ accumulation in the vacuole of the guard 

cells a reverse genetics approach was applied. Stomatal responses of nhx1-1 nhx2-1 



 109 

(L14) and nhx1-2 nhx2-1 (KO) double mutant lines were compared with those of the 

wild-type line Col-0. 

 

R.4.1. Morphological and developmental characterization of the nhx1 nhx2 stomata. 
 

R.4.1.1. Morphology of the stomata of nhx1 nhx2 mutants. 
  

Genes NHX1 and NHX2 were highly expressed in the guard cells of stomata 

(figure R.12.) (Shi and Zhu, 2002). To study the effect of the lack of both genes on the 

stomatal morphology, guard cells of Col-0, L14 and KO genotypes were visualized by 

SEM (section M.15.2.). Notably, stomata of mutant lines showed aberrant morphology 

with withered and rounded guard cells compared with the wild type, indicating that 

the simultaneous lack of NHX1 and NHX2 functions severely affected the turgor of 

guard cells, hindering their swelling capacity (figure R.13.). 

 

 

 
 

Figure R.13. Stomatal Morphology. Freeze-fracture sections at SEM from leaves of Arabidopsis 
Col-0 (A) and mutant plants from line L14 (B) and KO (C) grown hydroponically in LAK solution 
at 1 mM KCl. Scale bars: 20 µm. 
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R.4.1.2. Development of the stomata of nhx1 nhx2 mutants. 
 

In order to ascertain if the stomatal development in nhx1 nhx2 mutant lines 

was also affected, impressions of the leaf abaxial surface using dental resin were made 

(section M.15.1) (figure R.14A.).  

 

 
 

Figure R.14. Stomatal Development. (A) Representative images of epidermal impressions of 
the wild type (left panel) and the nhx1-2 nhx2-1 mutant (right panel) Arabidopsis lines. Scale 
bar: 100 µm. (B) Epidermal cell density (left panel), stomatal density (middle panel) and 
stomatal index (right panel) calculated from dental resin impression images. Data represent 
means and SE from of least 42 images per line. Asterisks indicate statistically significant 
diferences at p<0.05 in pairwise comparison by theTukey’s HSD test. 
 

 

The number of epidermal cells and stomata per area was counted in KO and 

wild-type impressions and the stomatal index ([nº stomata/ nº epidermal cells + nº 

stomata]*100) was calculated. Under our growth conditions (section M.1.3.2.2.) the 

Col-0 line presented an average of 234 epidermal cells per mm2, while the KO line 
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presented just 158 epidermal cells per mm2 (figure R.14B.). This difference in the 

number of epidermal cells per area between lines is due to the presence of a 

heterogeneous population with disparate cell size. In our experimental conditions KO 

mutants presented epidermal cells larger than the wild type. Figure R.15. shows as the 

mode, defined as the frequency in percentage of cells included in each interval of 

increasing area, was displaced to higher values in the KO line (1500-2000 µm2) 

compare to the Col-0 line (1000-1500 µm2). These results are contradictory with those 

reported by Apse et al (2003) where they found a reduction in frequency of the very 

large epidermal cells in the Arabidopsis nhx1 mutant. However, these results are 

coherent with the images obtained by SEM (figure R.13.). Also the number of stomata 

per area was lower in the mutant (43 stomata/mm2) than in the wild type (67 

stomata/mm2) (figure R.14B.). However, both lines did not differ in the stomatal index 

(22.36% for the wild type and 21.71% for the KO line) (figure R.14B.), which indicates 

that the absence of NHX1 and NHX2 proteins do not alter the early development of 

guard cells. 
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Figure R.15. Epidermal Pavement Cells Area. Frequency distribution of leaf epidermal cell size 
in wild type and nhx1-2 nhx2-1 plants. Data represents the percentage of cells included in each 
area interval calculated from 7 epidermal impression images taken from 7 different plants per 
line. 
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R.4.2. Stomatal activity is severely impaired in nhx1nhx2 mutant lines. 
 

R.4.2.1. In vitro stomatal bioassays. 
 

Stomatal bioassays provide a highly reliable and quantitative method for 

evaluating the processes of stomatal opening and closure (Merlot et al., 2007a). It has 

the advantage of allowing the testing, in a very controlled environment, of a wide 

range of effectors operating on the stomatal activity. To this end, light-induced 

stomatal opening and ABA-induced stomatal closure bioassays using abaxial epidermal 

strips of wild type and mutant lines were done following the methodology described in 

section M.11. 

 

 In ABA-induced stomatal closure experiments conduced with the leaky line L14 

and the KO mutant line, the stomatal apertures were found to be lower by 30% in nhx1 

nhx2 mutants compared to the wild-type plants after 2 hours of illumination treatment 

in the absence of ABA (figure R.16A.). Furthermore, L14 and KO lines were less 

sensitive to ABA than wild-type plants. Col-0 epidermal peels responded to 0.1 µM 

ABA treatment closing their stomata around 50% compared to the control treatment 

without ABA. By contrast, line L14 closed their stomata a 23% in response to ABA while 

the KO double mutant was nearly insensitive to the hormone, closing their stomata 

just by 2% when ABA was applied (figures R.16B. and R.18.). 
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Figure R.16. ABA-Induced Stomatal Closure Bioassays. (A) Data represent the mean and SE of 
the absolute values of aperture of at least 40 stomata per line and per treatment. Asterisks 
indicate statistically significant diferences respect to the wild type for each treatment at 
p<0.001 in pairwise comparison by the Tukey’s HSD test. Letters indicate statistically significant 
diferences between treatments for each line at p<0.001 in pairwise comparison by the Tukey’s 
HSD test. (B) Data represent the mean of the response to ABA as percentage of the diminution 
of the maximal aperture value for each line.  
 

 

In light-induced stomatal opening bioassays, after 2 hours of dark treatment to 

preclose the stomata, L14 and KO double mutant lines were not able to reach the 

same degree of closure of wild-type stomata. Stomatal apertures were found to be 

higher by 50% in nhx1 nhx2 mutant plants compare to the wild type (figure R.17A.). 

Then, epidermal strips were incubated 2 hours under light and then stomatal 

apertures were measured. Under light, wild type stomata reached opening values 4.6 

times higher than under dark, while L14 and KO opened their stomatas just 1.4 and 1.2 

times respectively after the ligth treatment (figures R.17B. and R.18.).  
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Figure R.17. Light-Induced Stomatal Aperture Bioassays. (A) Data represent the mean and SE 
of the absolute values of aperture of at least 40 stomata per line and per treatment. Asterisks 
indicate statistically significant diferences respect to the wild type for each treatment at 
p<0.001 in pairwise comparison by the Tukey’s HSD test. Letters indicate statistically significant 
diferences between treatments for each line at p<0.001 in pairwise comparison by the Tukey’s 
HSD test. (B) Data represent the mean of the increment, in x-fold units, of the stomatal 
aperture in response to light for each genotype. 
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Figure R.18. In Vitro Stomatal Apertures. Representative images of in vitro stomatal bioassays 
after 2h of illumination treatment (upper panel) and after 2h of 0.1 µM ABA treatment (lower 
panel). 

 

 

There are in the literature few reports on the ionic responses of stomata in 

detached epidermis, and these suggested that, besides K+, other monovalent cations 

such as Na+, Li+, Rb+ and Cs+ could sustain stomatal opening in  Vicia faba and 

Commelina communis L. (Humble and Hsiao, 1969; Willmer and Mansfield, 1969). 

Recently, two different works have shown that NHX1 and NHX2 proteins play a 

comparatively greater role in K+ homeostasis than in Na+ sequestration (Bassil et al., 

2011a; Barragán et al., 2012). Arabidopsis mutant plants of genotype nhx1 nhx2 are 

remarkably sensitive to moderate KCl concentrations (10 to 20 mM) but they do not 

show greater susceptibility to NaCl compared to the wild type. In fact, salt-related 

growth retardation is proportionally smaller in the nhx1 nhx2 plants than in the wild 

type at 50 to 100 mM NaCl (Barragán et al., 2012) and the inclusion of moderate 

amounts of NaCl in the nutrient solution containing 30 mM K+ alleviates K+-associated 

toxicity symptoms (Bassil et al., 2011a). Notably, nhx1 nhx2 mutant plants 

accumulated more Na+ in their shoots than the wild type at 100 mM NaCl (Barragán et 

al., 2012). In order to investigate if Na+ can support stomatal opening in the absence of 

       Col-0                  L14                     KO 

Stomatal 
opening 

Stomatal 
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K+ in Arabidopsis, and if this cation can functionally substitute K+ for the stomatal 

opening of nhx1 nhx2 mutant plants, light-induced stomatal opening bioassays were 

performed (section M.11.) incubating the epidermal strips in stomatal incubation 

buffer containing 10 mM K+ or 10 mM of Na+. Both, KCl and NaCl showed the capacity 

to support stomatal opening in Arabidopsis wild-type plants, although K+ was 

significantly more efficient than Na+. In contrast, stomatal aperture in the nhx1 nhx2 

mutant lines did not show significant differences between treatments, although 

stomatal aperture in KO mutant showed a slight increase in the presence of NaCl 

compared to KCl (figure R.19.).  
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Figure R.19. Light-Induced Stomatal Aperture Bioassays in Presence of KCl or NaCl. Light-
induced stomatal bioassays in presence of 10 mM KCl or 10 mM NaCl. Data represent the 
mean and SE of the absolute values of stomatal aperture of at least 40 stomata per treatment 
and per line. Asterisks indicate statistically significant diferences between lines per treatment 
at p<0.001 in pairwise comparison by the Tukey’s HSD test. Different letters indicate 
statistically significant diferences between treatments per line at p<0.001 in pairwise 
comparison by the Tukey’s HSD test. 
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Humble and Hsiao (1969) observed a very specific requirement for K+ in Vicia 

faba to induce stomatal opening under light. Other cations as Na+, Li+ or Cs+ could also 

support stomatal opening, albeit much higher concentrations were needed to reach 

the same outcome. Na+ supports stomatal opening in V. Faba and Commelina 

communis (Albrecht et al., 2001), and in C. communis Na+ is even more efficient than 

K+ (Willmer and Mansfield, 1969; Robinson et al., 1997). To estimate in our 

experimental conditions the concentration of Na+ required for Arabidopsis stomata to 

reach approximately the same aperture than that achieved by 10 mM of K+, light-

induced stomatal opening bioassays were performed using 10 mM of K+ and three 

different concentrations of NaCl (30, 50 and 75 mM). Wild-type stomatal aperture 

values were progressively higher at increasing Na+ concentrations (from 30 to 75 mM 

Na+) in the stomatal incubation buffer. In our experimental conditions, 50 mM of NaCl 

were necessary to obtain the same stomatal aperture than 10 mM of K+ (figure R.20.) 

 

 
Figure R.20. Col-0 Na+-Induced Stomatal Opening Bioassays. Stomatal opening bioassays 
using different buffers containing 10 mM K+ or Na+ at 30, 50 and 75 mM. Data represent the 
mean and SE of the absolute values of Col-0 stomatal aperture of at least 40 stomata per 
treatment. Asterisks indicate statistically significant diferences relative to the K+ treatment at 
p<0.001 in pairwise comparison by the Tukey’s HSD test. 
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We next examined the stomatal aperture for L14 and KO lines, incubated at 10 

mM of K+ or 50 mM of Na+ (figure R.21.). At 10 mM K+ only wild-type stomata 

responded to light-induced opening of the pore while neither mutant lines reacted to 

the presence of K+ in the incubation buffer, as was shown above (figures R.17. and 

R.19.). By contrast, at 50 mM Na+ lines L14 and KO showed a significant increase, of 

around 0.5-0.7 µm, in stomatal aperture compared to the dark and 10 mM KCl 

treatments. Stomatal aperture of Col-0 plants was the same in presence of 10 mM K+ 

or 50 mM Na+ (figure R.21.). Together, these results demonstrate that NHX1 and NHX2 

play a major role in the stomatal movements by taking K+ into the vacuole of guard 

cells in Arabidopsis, whereas they appeared to be dispensable for Na+ accumulation. In 

addition, these results confirmed that Na+ can generate cell turgor in the absence of K+ 

to support stomatal opening in Arabidopsis, albeit higher amounts of this cation were 

required for maximum effect. 

 

 
 

Figure R.21. Col-0, L14 and KO Na+-Induced Stomatal Opening Bioassays. Light-induced 
stomatal bioassays in presence of 10 mM K+ or 50 mM Na+. Data represent the mean and SE 
of the absolute values of stomatal aperture of at least 40 stomata per treatment and per line. 
Asterisks indicate statistically significant diferences between lines per treatment at p<0.001 in 
pairwise comparison by the Tukey’s HSD test. Different letters indicate statistically significant 
diferences between treatments per line at p<0.001 in pairwise comparison by the Tukey’s HSD 
test. 
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R.4.2.2. Study of stomatal conductance by thermal imaging. 
 

Infrared thermography is a non-invasive technology that correlates leaf 

temperature with transpiration flux, which finally represents stomatal aperture and 

conductance. The advantage of this method is the possibility to measure the temporal 

variations in stomatal aperture in intact leaves (Merlot et al., 2002; Wang et al., 2004). 

To further investigate the stomatal function of nhx1 nhx2 mutants in vivo, infrared 

imaging was performed in a light-dark-light cycle. 

 

 Thermal imaging was performed as described in section M.12. Figure R.22. 

shows that during the first light period the leaf temperatures in L14 and KO  double 

mutant lines were on average ~ 0.06°C and ~ 0.29°C respectively higher compared to 

wild type (table R.1.). These results indicate that mutant plants were transpiring less 

than the wild type, thus implying that their stomata were less opened than those of 

the control. The opposite effect was observed during the dark period. The leaves of 

L14 plants were approximately 0.09°C colder than wild-type leaves at the beginning of 

the dark period (table R.1. periods 2 and 3) but progressively reached the wild type 

values before the onset of the light period (table R.1. periods 4 and 5). However, the 

nhx1-2 nhx2-1 mutant leaves were ~ 0.3°C colder than the wild type along all the dark 

period (table R.1. periods 2-5). This effect was probably due to the impossibility for the 

mutant to close their stomata in response to the dark, thus presenting higher 

transpiration rates. After the dark/light transition the values observed were similar to 

those of the first light period. Leaf temperatures in L14 and KO mutant lines were on 

average ~ 0.09°C and ~ 0.2°C higher respectively compared to the wild type at the end 

of the experiment (table R.1. period 6). 
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Figure R.22. Thermal imaging. (A) Data represent the moving average temperature of two 
leaves per plant from three differents plants of Col-0, L14 and KO lines along a light (white 
box)/ dark (black box)/ light cycle. (B) Representative infrared images of leaf temperature of 
Col-0, L14 and KO lines at the light and dark periods. 
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Period 
(min) 

Line Mean ± Std Dev 
(°C) 

Paired differences 
Mean ± Std Dev (°C) 

Col-0 20.8 ± 0.27  
L14 20.9 ± 0.25 0.06 ± 0.02** 

P1 (40-170) Day 
 

KO 21.1 ± 0.19 0.29 ± 0.08** 
Col-0 20.5 ± 0.23  
L14 20.4 ± 0.23 0.09 ± 0.04** 

P2 (300-400) Night 

KO 20.2 ± 0.17 0.29 ± 0.07** 
Col-0 20.5 ± 0.36  
L14 20.4 ± 0.35 0.09 ± 0.04** 

P3 (600-700) Night 

KO 20.2 ± 0.27 0.36 ± 0.11** 
Col-0 20.5 ± 0.36  
L14 20.5 ± 0.35 0.009 ± 0.04* 

P4 (800-900) Night 

KO 20.2 ± 0.27 0.28 ± 0.11** 
Col-0 20.4 ± 0.17  
L14 20.4 ± 0.17 0.002 ± 0.03ns 

P5 (950-1050) Night 

KO 20.1 ± 0.13 0.26 ± 0.06** 
Col-0 20.9 ± 0.14  
L14 21.1 ± 0.14 0.09 ± 0.02** 

P6 (1100-1227) Day 

KO 21.2 ± 0.13 0.21 ± 0.07** 
 
Table R.1. Thermal imaging dependent t-test between wild type plants and mutants at 
differents periods of the day. ** P< 0.001, * P< 0.05 and ns = no significant difference. 
 

 

These in vivo data using complete plants are consistent which those obtained 

by aperture stomatal bioassays using paradermal sections of leaf abaxial epidermis. All 

these results together prove that the stomatal function is impaired in the nhx1 nhx2 

mutants. 

 

R.4.3. The absence of proteins NHX1 and NHX2 affects circadian rhythm and 
stomatal conductance. 
 

 Daily rotation of the earth on its axis produces regular diurnal changes in light, 

temperature and humidity. Plants, as most organisms, couple their behavior to this 

daily periodicity. Most of these daily biological rhythms are controlled by the circadian 

clock, a 24 h timekeeper (Harmer, 2009). A self-sustaining rhythm consists in an 

oscillator mechanism where several genes, called clock genes, are 

transcriptional/translationally positive/negatively regulated producing feedback loops. 
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These constant rhythms are entrained by input signals coming from the environment, 

and by output pathways that connect the oscillator to diverse biological processes as 

growth, flowering, photosynthesis or stomatal opening (Webb, 2003; Yakir et al., 2007; 

Harmer, 2009). Circadian clocks make possible to coordinate the timing of physiology 

processes with environmental changes, providing adaptive advantages to the plants 

(Harmer, 2009). In Arabidopsis the correct matching of the periodicity of the 

endogenous circadian clock with the external light/dark cycles enhances chlorophyll 

content, photosynthetic carbon fixation, and growth (Dodd et al., 2005).  

 

 Stomatal aperture is one of the many physiological processes controlled by the 

circadian clock. In normal growth conditions, the circadian clock promotes stomatal 

preopening during the last hours of the dark period, so that the stomata be already 

opened at the first hours of the photoperiod when solar radiation is high but air 

temperature is not yet compromising the plant water status. In the middle of the 

photoperiod, when air temperature is high and therefore water loss from 

evapotranspiration increases, the circadian clock promotes stomatal closure. Stomatal 

closure is stimulated during the dark period because photosynthesis does not occur. 

This stomatal circadian rhythm would increment photosynthesis and growth while 

diminishing water loss (Webb, 2003). Stomatal movements are subject to fluxes of 

water and solutes across the cell membranes, especially K+ and sucrose that rely on 

channels and transporters that are also regulated by the circadian clock. Circadian 

regulation of the transporters might take place at transcriptional or post-translational 

level, controlling the protein abundance or the transport activity (Haydon et al., 2011). 

Lebaudy and collaborators demonstrated that mutant plants without plasma 

membrane inward K+ channel activity failed to anticipate the dawn in light/dark cycles 

or under extended dark conditions (Lebaudy et al., 2008). It has been reported that, 

among those of other ion transporters, transcrips of AtNHX1 and AtNHX2 present 

circadian regulation (Covington and Harmer, 2007; Dodd et al., 2007)( 

http://diurnal.cgrb.oregonstate.edu/).  

 

In order to evaluate the differential expression of NHX1 and NHX2 genes in the 

course of a light/dark cycle transcriptional analyses by RT-PCR were performed 
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(section M.13.1.). Total RNA of Col-0 leaves was extracted (section M.4.1.) at 5 points 

of the diurnal cycle: 5 minutes before the dawn, 2 and 4 h after the onset of light, 5 

minutes before the dusk and after 4 h of dark. cDNA was synthesized as described in 

section M.4.2. and PCR was performed using gene-specific primers for NHX1, NHX2 

and β-TUBULIN-4 (section M.13.1. and annex 2). AtNHX1 transcript abundance show a 

weak increment before the onset of light and then its transcription decreases 

progressively along the light/dark cycle whereas AtNHX2 transcript accumulated to a 

maximum after 2h of light (3.5-fold induction) and declined after 4 h of light (figure 

R.23.). These data suggest that the expression of AtNHX1 and AtNHX2 are indeed 

responsive to the circadian clock. 
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Figure R.23. Semiquantitative RT-PCR of NHX1 and NHX2. (A) RT-PCR analysis of NHX1 and 
NHX2 mRNA expression levels in wild-type line at different points of the day/night cycle. The 
gene TB4 encoding β-tubulin-4 was used as loading control. (B) Relative NHX1 and NHX2 gene 
expression level at different points of the day/night cycle calculated by densiometry analysis of 
the bands obtained in (A). Each point represents the mean of three different samples per line 
calculated after normalization to TB4. 
 

 

We have previously reported that nhx1-1 nhx2-1 (L14) mutant plants are unable 

to withstand osmotic stress. Wild-type plants responded to an osmotic challenge in 

hydroponic culture with a rapid closure of stomata, while nhx1-1 nhx2-1 mutant plants 

responded more slowly and reached the reduced transpiration rates of the wild type 

only after 90 min of treatment, suggesting that the fast response mediated by rapid K+ 

fluxes was impaired in the mutant (Barragán et al., 2012). To understand the behavior 
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of the nhx1 nhx2 mutant plants growing in optimal conditions, we measured stomatal 

conductance in leaves of intact plants at six different points in a whole nycthemeral 

period (8h/16h day/night) (section M.13.2.; figure R.24.). At the first measurement, 

which corresponds with the onset of the day photoperiod, there were not differences 

in stomatal conductance between the wild type and KO plants. After two hours of 

light, the stomatal conductance of Col-0 leaves increased from 115 ± 6.4 to 214 ± 34.8 

mmol m-2 s-1 H2O, while the stomatal conductance of KO leaves did not change 

significantly (from 99 ± 3.3 to 115 ± 13.0 mmol m-2 s-1 H2O). At the middle of the 

photoperiod the Col-0 stomatal conductance (275 ± 15.8 m-2 s-1 H2O) presented its 

maximum. By contrast, nhx1-2 nhx2-1 stomatal conductance did not increase 

significantly, changing from 115 ± 13.0 to 137 ± 9.4 mmol m-2 s-1 H2O. At dusk, stomatal 

conductance in the wild type decline (133 ± 16.0 mmol m-2 s-1 H2O). At this point of the 

cycle the value measured in the KO plants (138 ± 3.9 mmol m-2 s-1 H2O) coincide again 

with that of the wild type. After 2 h and 4 h of dark the stomatal conductance of wild 

type is minimal and constant (54 ± 7.6 and 51 ± 7.4 mmol m-2 s-1 H2O). However, the 

knockout double mutant stomatal conductance (119 ± 8.9 and 102 ± 5.3 mmol m-2 s-1 

H2O) did not fall to the Col-0 values during the dark period, by contrast, these 

measurements were similar to those showed in the morning.  
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Figure R.24. Stomatal Conductance. In planta stomatal conductance measurements in Col-0 
and KO leaves at different point of the day/night cycle. Data represent mean and SE of 3 plants 
per line. 
 

 

Stomatal conductance data show that wild-type plants were able to anticipate 

the light and the dark periods preopening the stomata before the onset of the light 

period and preclose them before the dusk, the highest stomatal aperture occurs at 

midday, and stomata remain closed during the dark period. Mutant nhx1-2 nhx2-1 

plants were unable to respond to the circadian clock since their stomatal conductance, 

and therefore the stomatal opening, did not show significant differences between the 

day and the night periods (figure R.24.). Stomatal aperture of wild-type and KO lines 

just coincide at onset and at dusk, likely because wild-type stomata are half-open or 

half-closed respectively whereas KO stomata present always the same aperture 

around 2.5 µm (figures R.16A., R.17A. and R.18.). These results indicate that wild-type 

plants present a circadian regulation of the stomatal movements, thus getting a proper 

coupling of gas exchage and photosynthesis with the external light/dark cycles. By 

contrast, the nhx1 nhx2 mutant plants did not show significant changes in the course 

of a light/dark cycle, which cause a lower gas exchange during the light period and a 

higher water loss during the night compared to the wild type. 
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R.4.4. nhx1 nhx2 mutants shows high drought tolerance due to less soil water 
consumption. 
 

Col-0, L14 and KO plants were grown for 7 weeks under short day conditions 

(8h day/16h night) in a growth chamber with constant temperature and humidity 

(section M.1.3.2.2.) before being subjected to drought (section M.14.). The same 

watering regime was applied to all the lines and pots were covered with plastic film to 

avoid water evaporation of the soil. Before initiating the drought phase pots were well 

watered until reaching the field capacity of the soil and the surplus water drained 

away. The start of the drought tolerance assay was in coincidence with the beginning 

of the dark period. Pots were weighed at dusk and at dawn during four consecutive 

days and transpiration was calculated as mL of water loss per foliar area and time 

(figure R.25A.). During the first and second day KO mutant showed higher transpiration 

during the dark periods than the Col-0 and L14 lines. This is in accord with the results 

obtained by in vitro closure stomata bioassays (section R.4.2.1.; figure R.16.) and 

thermography (section R.4.2.2.; figure R.22.) and conductance measurements (section 

R.4.3.; figure R.24.). By contrast, both mutant lines presented less transpiration than 

the wild type during the first and second light periods. These results demonstrate 

again that the L14 mutant is more affected in stomatal opening than in stomatal 

closing whereas the KO mutant is affected in both processes.  At the third day the 

transpiratory oscillations of the wild type changed toward lower transpiration values, 

and as depicted in the figure R.25C. wild type plants were withered. However, the 

transpiratory oscillations did not change in the mutants and at the third day of drought 

treatment plants were still turgid. At the fourth day Col-0 transpiration continued 

declining while L14 and KO plants lost water at the same rate. L14 plants start to 

shrivel around 5-6 days after stop watering while KO mutants can survive without 

watering more than 25 days (figure R.25C.). Water loss measurements show that 

whereas the wild type consumed a 60% of the soil water in 4 days, L14 mutant 

consumed a 40% and the KO mutant consumed less than a 20% a value very similar to 

the soil water loss (figure R.25B.). 
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Figure R.25. Drought Assay. (A) Transpiration measurements of Col-0, L14 and KO plants 
during 4 days of drought stress. Pots were weighed two times per day, at the start of the dark 
period (D) and at the onset of the light period (L), and transpiration was calculated as mL of 
water lost per area in each time interval (16 h dark/ 8h light). Data represent mean and SE of 
at least 7 plants per genotype. (B) Percentage of water loss along the drought assay in Col-0, 
L14 and KO plants. Data represent mean and SE values from at least 7 plants per genotype and 
to quantify the soil evapotranspiration empty pots were used as controls. (C) Pictures of Col-0 
(left), L14 (middle) and KO (right) plants before the drought stress (t0, upper panel) and after 
2, 4, 12 and 25 days after drought. 
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In summary these results attest that  the nhx1 nhx2 mutants can resist long 

drought periods compared to the wild type because by losing less water through their 

stomata, they consume less water from the soil while at the same time their growth 

and seed production are diminished. 

 

R.4.5. Vacuolar dynamics in guard cells. 
 

Recent technical advances in the visualization of vacuoles and in image analysis 

of living cells by fluorescent dyes and fusion of tonoplast proteins with the green 

fluorescent protein (GFP) have revealed the highly organized and complex morphology 

and dynamics of vacuoles. Plant cells exhibit not only simple inflated balloon-like 

vacuoles but also diverse intra-vacuolar structures, as canal-like, bulb-like and sheet-

like structures (Sato et al., 1997; Saito et al., 2002; Uemura et al., 2002). Guard cell 

vacuoles undergo several morphological changes that contribute in aperture and 

closure stomatal movements. Open stomata of Vicia faba and Arabidopsis present just 

a few big vacuoles that occupy nearly the entire guard cell volume. However, the 

vacuole of the closed stomata appears fragmented in a great number of small vacuoles 

and other intra-vacuolar structures as bulb-like structures and sheet-like vacuolar 

membrane invaginations. These vacuolar morphological changes have been shown to 

be essential for the stomatal function (Gao et al., 2005; Tanaka et al., 2007b).  

 

 Ir order to study if NHX-dependent vacuolar K+ accumulation in guard cells 

affected the vacuolar dynamics, transgenic Col-0 and nhx1 nhx2 knockout double 

mutant lines expressing the tonoplast intrinsic protein -TIP (Höfte et al., 1992) fused 

to GFP were created (section M.8.2.).  

 

 Stomatal opening bioassays were done on leaves of 4-6 week-old-plants as 

described in section M.11. Epidermal peels, where epidermal pavement cells were 

disrupted, were harvested at the end of the night period and incubated for 2 hours in 

darkness. Then stomatal opening was induced chemically by adding 3 µM of fusicoccin 

to the buffer and keeping the epidermal strips in dark. After 2 hours, control and 
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treated epidermal peels were visualized under the confocal microscope (figure R.26.). 

Stomata from untreated Col-0 epidermal peels were closed and their vacuoles were 

split up in several small vesicles. Fusicoccin-treated stomata appeared completely 

opened and guard cells presented just one or few big vacuoles. Fluorescence was also 

observed, in some cases, in the ridges of the transvacuolar strands. The stomatal 

opening in the KO line under fusicoccin treatment was lower compared to the wild 

type and a significant reduction in the fusion of vacuoles in their guard cells was found.  

 

 
Figure R.26. Vacuolar Morphology of Col-0 and KO Guard Cells During the Stomatal Opening. 
Vacuolar structures of Col-0 and KO guard cells visualized with TIP:GFP after dark incubation 
for 2h (A) and 3 µM fusicoccin treatment for 2h (B). Right and left panels show bright field and 
fluorescence images of TIP:GFP, respectively. Scale bar: 5 µm. 
 

 

 For ABA-induced stomatal closure experiments, abaxial epidermal peels were 

incubated for 2 hours under white light. Then ABA was added at a concentration of 10 

µM and epidermal strips were incubated for 2 hours in light (section M.11.; figure 

R.27.). When the stomata were opened under white light illumination, -TIP:GFP 

fluorescence was mainly observed on the vacuolar membrane of wild-type guard cells 

while KO guard cells exhibited several vesicles instead of just a few big vacuoles. When 
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Col-0 stomata were closed by application of ABA, many invaginated structures, vesicles 

and bulb-like structures appeared in the vacuolar lumen in addition to the outer 

vacuolar membrane. Application of ABA did not show any effect in vacuolar 

morphology of nhx1 nhx2 mutant guard cells. 

 

 
Figure R.27. Vacuolar Morphology of Col-0 and KO Guard Cells During the Stomatal Closure. 
Vacuolar structures of Col-0 and KO guard cells visualized with TIP:GFP after light illumination 
for 2h (A) and 10 µM ABA treatment (B). Right and left panels show bright field and GFP 
fluorescence images of TIP:GFP, respectively. Scale bar: 5 µm. 
 
 

 As was shown in section R.4.2.1. (figure R.21.) the KO mutant exhibits some 

degree of stomatal aperture in the presence of 50 mM Na+. In order to study if this 

increase in stomatal aperture is accompanied with vesicular fusion, KO epidermal 

strips were incubated 2h in light in buffer containing 10 mM K+ or 50 mM Na+. Figure 

R.28. shows that, in comparison to the stomatal opening achieved in the presence of 

K+, KO stomata reached indeed higher aperture and were able to form few big 

vacuoles in the presence of Na+. It is interesting to note the higher frequency of 

appearance of bright and spherical structures in the lumen of guard cell vacuoles 

(bulbs) when the stomata were opened with Na+ (figure R.28B.).  
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Figure R.28. KO Vacuolar Dynamics in Presence of Na+. Vacuolar structures of KO guard cells 
visualized with TIP:GFP during the stomatal opening. Pictures were taken after light 
illumination for 2h in presence of 10 mM KCl (A) or 50 mM of NaCl (B). Left, middle and right 
panels show bright field, GFP fluorescence images, and a 3-D reconstruction of successive Z-
axis images of TIP:GFP, respectively. Scale bar: 5 µm. 
 

 

 A transgenic Arabidopsis Col-0 line expressing the AtNHX2 protein fused to GFP 

(section M.8.2.) was used to investigate in which kind of guard cell vacuolar structures 

are localized the NHXs antiporters. With this purpose light-induced stomatal opening 

and dark-induced closure stomatal bioassays were performed and epidermal peels 

pictures were obtained by confocal microscopy. Figure R.29A. shows that the 

NHX2:GFP fluorescence was mainly observed on the vacuolar membrane when 

stomata were open. However, as was the  case for the wild-type -TIP:GFP line, when 

stomata were closed NHX2:GFP fluorescence was observed in several tonoplast 

invaginations and vesicles (figure R.29B.). 
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Figure R.29. Vacuolar Morphology in the NHX2:GFP Line. Stomatal vacuolar structures of the 
AtNHX2:GFP overexpressing line after light illumination for 2h (A) and after dark incubation for 
2 h (B). Left, middle and right panels show bright field, GFP images, and a 3-D reconstruction of 
successive Z-axis images of TIP:GFP, respectively. Scale bar: 5 µm. 
 

 

 To monitor the vacuolar dynamics in guard cells during the stomatal 

movements time-lapse experiments were performed as described in section M.11. 

using leaf discs of the transgenic Col-0 and KO lines expressing the tonoplast intrinsic 

protein -TIP::GFP. It is worth to notice that stomatal aperture and closure were lower 

and greater respectively using leaf discs, where the pavement epidermal cells are 

viable, than using epidermal peels, where pavement epidermal cells are disrupted 

(Klein et al., 1996; Roelfsema and Hedrich, 2005).  

 

Leaves of wild type and KO with viable epidermal pavement cells were 

harvested and incubated 2 h in light to induce stomatal opening. Then leaf discs were 

mounted in a stomatal buffer containing 10 µM of ABA for confocal microscopy 

visualization. As shown in figure R.30., wild-type stomata were completely open at 

time 0 (t0) of ABA application and fluorescence was just observed on the vacuolar 

membrane of a single big vacuole that occupied all the guard cell volume. After 5 

minutes (t5) of ABA addition a 50% of stomatal closure was noted and invaginations 

coming from the tonoplast began to be formed. At times t10, t15 and t20 the 
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invaginations grew forming transvacuolar strands. These changes in vacuolar 

morphology were accompanied of stomatal closure. At t30, when the stoma was 

almost completely closed, the vacuole was split up in several vesicles and more 

vacuolar invaginations and transvacuolar strands could be observed. By contrast, in the 

KO mutant the stomatal aperture and the vacuolar morphology did not change at any 

time before or after of the ABA application (figure R.30.). The vacuole of the KO 

mutant, which appeared wrinkled and fragmented in several vesicles, did not occupy 

the entire cell volume at the start point (t0) of the experiment.  
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Figure R.30. Stomatal Closure Time-Lapse. Vacuolar structures of Col-0 (left columns) and KO 
(right columns) guard cells visualized with TIP:GFP at different time points after 10 µM ABA 
treatment. Left and right panels show bright field and GFP fluorescence images of TIP:GFP, 
respectively. Scale bar: 5 µm. 
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 To study the vacuole dynamic in the stomatal opening, Col-0 and KO leaves 

were incubated 2 h in the dark to induce stomatal closure. Then leaf discs were 

mounted in a stomatal buffer containing 3 µM of fusicoccin for confocal microscopy 

visualization (figure R.31.). At time 0, before the fusicoccin action, wild-type stomata 

were completely close and the fluorescence was observed in diverse structures as 

vesicles, tonoplast invaginations and transvacuolar strands. Between 10 and 60 

minutes after fusicoccin application the vacuolar structures were disappearing, 

remaining some rounded vesicles and transvacuolars strands. These vacuolar changes 

were linked to stomatal opening. At t90 just one large vacuole or few big vacuoles 

were observed in guard cells. These vacuoles swelled and occupied most of the cellular 

volume, leading to the stomatal opening as can be observed after 2 h (t120) of 

fusicoccin treatment. Stomata in leaf discs of KO line (figure R.31.) were not close prior 

to fusicoccin application (t0) and the vacuole presented many tonoplast invaginations 

and small vesicles could also be observed. At no point along the treatment a single 

vacuole was observed although some round-vesicle formation happened. However, 

these vesicle fusion events were not accompanied by an increase in stomatal opening. 
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Figure R.31. Stomatal Opening Time-Lapse. Vacuolar structures of Col-0 (left columns) and KO 
(right columns) guard cells visualized with TIP:GFP at different time points after 3 µM 
fusicoccin treatment. Left and right panels show bright field and GFP fluorescence images of 
TIP:GFP, respectively. Scale bar: 5 µm. 
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 These observations suggest that vacuolar morphology and dynamics, which is 

essential for the stomatal movements, are impaired in plants lacking proteins NHX1 

and NHX2. In nhx1 nhx2 mutant plants the small vacuoles do not fuse with each other 

to form a single big vacuole and increase the vacuolar volume, failing in stomatal 

opening. In general, the KO mutant present less vesicles and tonoplast structures than 

closed stomata of wild-type plants, likely affecting also the stomatal closure. 

 
 

R.4.6. Double mutant lines presented a reduced vacuolar K+ pool. 
  

To estimate the size of the vacuolar K+ pool in the nhx1 nhx2 mutants, freeze-

fractured leaves of L14 and KO plants grown in LAK medium with 1 mM K+ were 

analyzed with a scanning electron microscope fitted with energy-dispersive X-ray 

spectroscopy (EDX) (section M.9.3.2.). This technique analyzes the elemental 

composition of cells and cell compartments in plant tissues by the impact of an 

electron beam on the sample. This produces X-rays that are characteristic for each 

element found in the sample. It is important notice that this technique allows to 

calculate the relative differences on ion contents between lines but not their absolute 

ion contents. The large vacuoles of mesophyll palisade cells of L14 mutant plants 

showed fewer K+ counts than Col-0 (figure R.32A.) (Barragán et al., 2012). K+ counts 

were also significantly lower in guard cells of stomata of mutant plants, where both 

NHX1 and NHX2 show high expression levels (figure R.12.; Shi & Zhu, 2002; Barragán et 

al, 2012), as well as in epidermal subsidiary cells neighboring the stomata. By contrast, 

K+ counts were higher in guard cells of stomata of KO mutant plants (figure R.32B.).  

This somehow contradictory result can be explained by the fact that the vacuole of the 

KO mutant is always fragmented, so it is uncertain wether the X-ray beam is being 

aimed at the right compartment, whereas in other cellular types, such as mesophyll 

palisade, the size and uniformity of the vacuoles renders much more reliable ion 

content measures using the same technique. Further investigation using other 

methods would be necessary to determine the K+ vacuolar content in nhx1-2 nhx2-1 

guard cells. 
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Figure R.32. Reduced Vacuolar K+ Content in the nhx1 nhx2 Mutants. (A) K+ content in the 
vacuoles of guard cells (GC), epidermal cells neighboring the stomata (EC), and in mesophyll 
palisade cells (MP) of L14 leaves as determined by scanning electron SEM-EDX. Shown are the 
average percentage and SD of K+ counts relative to total elemental counts. A minimum of 20 
cells of each cell type per line were analyzed. Significant differences between the mutant line 
L14 and the wild type by the LSD method (P < 0.05)  are indicated by asterisks. (B) K+, Na+, Ca2+ 
and Cl- contents in the vacuoles of guard cells of KO mutant leaves as determined by SEM-EDX. 
Shown are the average of the ion counts. A minimum of 5 cells per line were analyzed. 
Significant differences between the KO and the wild type lines by the LSD method (P < 0.05)  
are indicated by asterisks. 
 
 
 

R.5. Post-translational regulation of AtNHX1 and AtNHX2. 

 

R.5.1. NHX1 and NHX2 can form homomers and heteromers. 
 

 Oligomerization of transporter subunits seems to be a common feature of 

proteins involved in secondary active transport. The transporter oligomerization would 
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regulate their activity and function (Reinders et al., 2002; Veenhoff et al., 2002; 

Ludewig et al., 2003). It is known that the mammalian NHE proteins, homologous to 

plants and yeast NHX proteins, exist as oligomers in the membranes. NHE1 was 

detected as a dimer in brush-border membrane vesicles by immunoblotting under 

non-reducing conditions (Fliegel et al., 1993) and it was reported that the formation of 

NHE1 and also of NHE3 homodimers takes place via their transmembrane regions 

(Fafournoux et al., 1994). More recently it has been published that, in addition to the 

transmembrane domain, the C-terminal cytoplasmic domains of NHE1 interacs to form 

dimers that are essential for the proper regulation of the exchange activity in a neutral 

pHi range (Hisamitsu et al., 2004; Hisamitsu et al., 2006).  

 

In order to know if the Arabidopsis NHX1 and NHX2 proteins are able to form 

oligomers, both genes were cloned in the BiFC vectors pSPYNE173 and pSPYCE(M) 

(section M.16.2.1.; Annex 3) (Waadt et al., 2008). Pairwise combinations pSPYCE(M)-

NHX1/pSPYNE173-NHX1, pSPYCE(M)-NHX2/pSPYNE173-NHX2, pSPYCE(M)- 

NHX1/pSPYNE173-NHX2 and pSPYCE(M)-NHX2/pSPYNE173-NHX1 were co-expressed 

in Nicotiana benthamiana leaves by agroinfiltration (section M.16.2.2.) and analyzed 

by fluorescence microscopy 3 days after agroinfiltration (section M.16.2.3.). As shown 

in figure R.33. fluorescence was present in all the BiFC combinations, thus indicating 

that NHX1 and NHX2 can form homomers and heteromers in planta. As expected, all 

the interactions took place in the tonoplast.  
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Figure R.33. NHX1 and NHX2 Oligomerization Visualized by BIFC. Epifluorescence images of 
Nicotiana benthamiana leaf sections expressing (A) SPYNE173-NHX1 and SPYCE(M)-NHX1, (B) 
SPYNE173-NHX2 and SPYCE(M)-NHX2, (C) SPYNE173-NHX1 and SPYCE(M)-NHX2, and (D) 
SPYNE173-NHX2 and SPYCE(M)-NHX1. 
 

 

The oligomerization of NHX1 and NHX2 was also studied by Y2H. The C-terminal 

fragments of NHX1 and NHX2 were cloned in pBD and pAD vectors (section M.16.1.; 

annex 3). The yeast strain AH109 was transformed with different plasmid 

combinations as was described in section M.16.1. and the interactions were tested on 

YNB/-His/-Trp/-Leu. The NHXsct did not grow in selective media when they were 

coexpressed with the empty vectors, while the pairwise combinations pBD-

NHX1ct/pGAD-NHX1ct and pBD-NHX1ct/pGAD-NHX2ct were able to grow on YNB/-

His/-Trp/-Leu (figure R.34.). This result confirms that NHX1 and NHX2 proteins can 

form homomers and heteromers in plants and yeast, and that these interactions take 

place, at least, through their C-terminal domains.  

 



 143 

 

 

Figure R.34. NHX1ct and NHX2ct Oligomerization by Yeast Two-Hybrid.  

 

R.5.2. The activity of AtNHX2 in yeast is dependent of phosphorylation. 
 

The analysis of the Arabidopsis phosphoproteome identified the identical 

phosphorylated peptide GFVPFVPG[pS]PTER pertaining to the C-terminal end of  

AtNHX1 and AtNHX2, although the 100% sequence identity of both isoforms in this 

region did not allow to assign it to one of them, or both (Sugiyama et al., 2008; 

Whiteman et al., 2008b). The phosphorylated residue corresponds to Ser526 of NHX1 

and Ser532 of NHX2. To evaluate the relevance of these conserved residues in the 

activity of AtNHX1 and AtNHX2, we generated non-phosphorylable (S to A) and 

phospho-mimetic (S to D) mutant alleles by substituting Ser526 of NHX1 and Ser532 of 

NHX2 for alanine and aspartic acid, respectively (section M.17.1. and Annex 2) (figure 

R.35.).  

 



 144 

GFVPFVPGSPTER
GFVPFVPGAPTER
GFVPFVPGDPTER

Vacuolar lumen

Cytoplasm

GFVPFVPGSPTER
GFVPFVPGAPTER
GFVPFVPGDPTER

Vacuolar lumen

Cytoplasm

 
Figure R.35. Schematic Structure of NHX Proteins Indicating the Phosphorylation Site and the 
Mutated Alleles. 
 

 

Yeast strain AXT3K lacks the plasma membrane-Na+ efflux proteins ENA1-4 and 

NHA1, and the prevacuolar Na+/H+ exchanger ScNHX1, which renders these cells 

sensitive to NaCl and hygromycin B (Quintero et al., 2002) (section M.1.2.1.). It had 

previously been demonstrated that the expression in the AXT3K cells of the NHX1 and 

NHX2 proteins of Arabidopsis could suppress the salt- and hygromycin B-sensitive 

phenotypes of this strain (Quintero et al., 2000; Yokoi et al., 2002; Barragán et al., 

2012). Hence, the wild type NHX1 and NHX2 and the mutant alleles nhx1S526A, 

nhx2S532A and nhx2S532D were cloned in the yeast expression vector pDR195 

(section M.17.1.) and transformed in the yeast strain AXT3K (Quintero et al., 2000; 

Yokoi et al., 2002) to perform functional studies (sections M.1.2.1., M.6.2. and  

M.17.2.) (figure R.36.). Expression of wild type AtNHX1 and AtNHX2 improves AXT3K 

growth  in the presence of 75 and 100 mM of NaCl, AtNHX2 conferring a stronger salt 

tolerance phenotype than AtNHX1. Cells transformed with the mutant allele 

nhx1S526A did not show any difference in growth compared to the wild-type AtNHX1, 
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suggesting that phosphorylation in the Ser526 is not important for its antiporter 

activity. By contrast, yeast cells bearing the mutant allele nhx2S532A presented a great 

reduction of salt tolerance at 75 and 100 mM of NaCl compared with the wild-type 

AtNHX2. When the Ser532 was replaced for the phosphomimetic aspartic acid, yeast 

growth was restored to the wild-type level. These results indicate that only 

phosphorylation at the C-terminal of AtNHX2 in the Ser532 is important for the 

exchanger function in yeast. 

 

 
 

Figure R.36. NHX2 Phosphorylation is Important for its Activity in Yeast. Cells of strain AXT3K 
transformed with the expression vector pDR195 containing NHX1 and NHX2 wild type and 
mutant alleles were grown overnight in selective AP medium. Aliquots (5 µL) and 10-fold serial 
dilutions were spotted onto AP plates supplemented with 75 and 100 mM NaCl as indicated on 
each panel. Plates were photographed after 4 days at 28°C.  
 

 

R.5.3. Search for AtNHX1 and AtNHX2 interacting proteins. 
 

The Calcineurin B-Like proteins (CBLs), most likely function as sensor proteins 

that perceive changes in free calcium and relay these signals to target protein kinases 

denoted as CBL-Interacting Protein Kinases (CIPKs) (Luan et al., 2002). The Arabidopsis 

genome comprises 26 different genes for putative CIPK proteins. These proteins form 

alternative but specific complexes with some of the 10 members of the family of CBLs 

to regulate several physiological processes in different cell compartments by their 

interaction with target proteins (Albrecht et al., 2001; Kolukisaoglu et al., 2004; Weinl 
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and Kudla, 2009). However, just a few of these signaling pathways have been well 

described, as SOS1/CIPK24(SOS2)/CBL4(CBL4/SOS3), involved in Na+ homeostasis  (Qiu 

et al., 2002; Quintero et al., 2002) and AKT1/CIPK23/CBL1 (Li et al., 2006a; Xu et al., 

2006) implicated in K+ uptake. A number of CBL proteins are thought to recruit the 

interacting CIPKs to the vacuolar membrane (Waadt et al., 2008), but very little is 

known about the vacuolar targets of these CIPK-CBL protein kinase modules. It has 

been reported that the NHX activity is regulated by SOS2(CIPK24/SOS2) in a process 

that does not involve CBL4/SOS3(CBL4) (Qiu et al., 2004). Recently, the CIPK24(SOS2)-

CBL10 complex has been suggested to regulate Na+ compartmentation into the 

vacuole, albeit the target transporter has not been identified yet (Kim et al., 2007). In 

order to know if CIPKs proteins can interact and regulate the activity of AtNHX1 and 

AtNHX2 we performed different analysis that will be described below. 

 

R.5.3.1. Study of the interaction between AtNHX1 and AtNHX2 with the CIPKs by 
BiFC. 
 

 The bimolecular fluorescence complementation (BiFC) technique allows the 

detection of protein-protein interactions in planta in their native subcellular 

localization. This approach is based on complementation between two nonfluorescent 

fragments of a fluorescent protein when they are brought together by interactions 

between proteins fused to each fragment (Hu et al., 2002; Walter et al., 2004; Waadt 

et al., 2008). In order to investigate if some CIPK proteins interact with NHX1 and/or 

NHX2 exchangers we performed BiFC combining each of the 26 CIPKs with NHX1 or 

NHX2. BiFC assays were made following the methodology described in section M.16.2. 

and subsections therein. Pairwise combinations of pSPYCE(M)-NHX1/NHX2 with either 

pSPYNE(R)173-CIPK were co-expresed in Nicotiana benthamiana leaves by 

agroinfiltration (section M.16.2.2.) and analyzed by fluorescence microscopy after 3 

and 4 days (section M.16.2.3.). As positive control of a BiFC interaction at the tonoplast 

the combination of pSPYNE(R)173-CIPK24/SOS2 with pSPYCE(M)-CBL10 was used 

(Waadt et al., 2008). The efficiency of the interaction was determined by quantification 

of the pixel intensity of microscopic images obtained from epidermal cells as described 
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in section M.14.2.3. The relative fluorescence of each combination compared to the 

positive control was calculated for each assay (figure R.37.).  
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Figure R.37. Relative Fluorescence of the NHXs/CIPKs Interactions by BiFC. Data show the 
mean and SE (n=10) of the relative fluorescence of Nicotiana benthamiana cells expressing 
each NHX/CIPK combination 3 days after infiltration (A) and 4 days  after infiltration (B).  
 
 

 

Depending of the degree of interaction, measured as relative fluorescence, 

each pairwise combination was classified in three differents groups: no interaction, a 

relative fluorescence lower than 50% of the positive control in all the assays was 

considered background signal; weak interaction, if the relative fluorescence was 
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higher than 50% of the positive control at least in one experiment; strong interaction, 

if the relative fluorescence measured for a pairwise combination always was higher 

than 50% of the positive control (table R.2. and figures R.38. and R.39.). Table R.2. 

shows the classification of the interactions found between the CIPKs and the NHXs 

antiporters. For the weak and strong interactions, in order to determine their 

localization, high-resolution pictures were taken by confocal microscopy (section 

M.14.2.3.). As shown in figures R.38. and R.39. the interactions CIPK/NHX were 

localized in all cases at the vacuolar membrane.  

 

Weak interaction Strong interaction

NHX1 CIPKs 1,5,18,26 CIPK 23

NHX2 CIPKs 1,2,5,14,15,18 CIPKs 23,24,26

Weak interaction Strong interaction

NHX1 CIPKs 1,5,18,26 CIPK 23

NHX2 CIPKs 1,2,5,14,15,18 CIPKs 23,24,26

 
 

Table R.2. Classification of the Interactions Between the NHX Exchangers and the CIPKs by 
BIFC. 
 

 

 These findings demonstrate that in planta, NHX1 and NHX2 proteins interact at 

the tonoplast with some  of the CIPK kinases in a specific manner. NHX1 interacts 

preferably with CIPK23 while NHX2 shows strong interaction with CIPK23, CIPK24/SOS2 

and CIPK26, although other weak interactions can be observed for both proteins (table 

R.2.). These data suggest shared but not fully overlapping post-translational regulation 

mechanisms for NHX1 and NHX2. 
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Figure R.38. NHX1/CIPK Interactions by BiFC. Epifluorescence images of Nicotiana 
benthamiana leaf sections expressing AtNHX1 in combination with (A) SPYNE(R)173-CIPK23, 
(B) SPYNE(R)173-CIPK1, (C) SPYNE(R)173-CIPK5, (D) SPYNE(R)173-CIPK18, and (E) SPYNE(R)173-
CIPK26. 
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Figure R.39. NHX2/CIPK Interactions by BiFC. Epifluorescence images of Nicotiana 
benthamiana leaf sections expressing AtNHX2 in combination with (A) SPYNE(R)173-CIPK23, 
(B) SPYNE(R)173-CIPK24/SOS2, (C) SPYNE(R)173-CIPK26, (D) SPYNE(R)173-CIPK1, (E) 
SPYNE(R)173-CIPK2, (F) SPYNE(R)173-CIPK5, (G) SPYNE(R)173-CIPK14, (H) SPYNE(R)173-CIPK15, 
and (I) SPYNE(R)173-CIPK18. 
 

 

R.5.3.2. Study of the NHX/CIPK/CBL signaling pathway in yeast. 
 

 To unravel the functional relevance of the interaction between the NHX 

exchangers and the CIPK kinases, and to identity the CBLs involved in these signaling 

pathways we assayed different combinations of NHXs, CIPKs and CBLs in yeast. To 
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facilitate the assays, AtNHX1 and AtNHX2 genes were integrated in the genome of the 

yeast strain AXT3K creating the new strains JPZN1 and JPZN2 (section M.1.2.1) 

following the methodology described in section M.17.1. and  schematized in the figure 

R.40. As expected, expression of the Arabidopsis genes NHX1 and NHX2 improved the 

growth of the yeast strains JPZN1 and JPZN2 compared to AXT3K cells (figure R.41.). 

 

 
 

Figure R.40. Schematic Model of the AtNHX1 and AtNHX2 Integration into the AXT3K Yeast 
Genome by Homologous Recombination. 
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Figure R.41. The Integration of AtNHX1 and AtNHX2 in the Genome of AXT3K Yeast Strain 
Complement Its Hygromycin-Sensitivity Phenotype. Cells of the strains AXT3K, JPZN1 and 
JPZN2 were grown overnight in YPD medium. Aliquots (5 µL) and 10-fold serial dilutions were 
spotted onto YPD plates supplemented with 50 and 75 g/mL hygromycin B as indicated on 
each panel. Plates were photographed after 2 days at 28°C. 
 

 

 To test their effect on JPZN2 salt tolerance (section M.17.2.), the NHX2-strong 

interacting CIPKs were cloned in the multi-copy plasmid p414GPD (section M.17.1. and 

Annex 3) and transformed into the yeast strain JPZN2. No difference in growth was 

observed between JPZN2 cells expressig the empty vector, CIPK23, CIPK24/SOS2 or 

CIPK26 in media containing up to 75 mM NaCl. However, at 100 mM NaCl the cells 

expressing CIPK24/SOS2 showed increased salt tolerance when compared to the other 

combinations (figure R.42.).  

 

 

 
 

Figure R.42. AtCIPK24/SOS2 Together with AtNHX2 Improve the Salt Tolerance of the Yeast 
Strain AXT3K. Cells of the strain AXT3K and the strain JPZN2 expressing CIPK23, CIPK24/SOS2 
and CIPK26 (in the yeast expression vector p414GPD) were grown overnight in selective AP 
medium. Aliquots (5 µL) and 10-fold serial dilutions were spotted onto AP plates 
supplemented with 75 and 100 mM NaCl as indicated on each panel. Plates were 
photographed after 4 days at 28°C. 
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The hyperactive kinase CIPK24/SOS2T168D/Δ308 is able to activate SOS1 in a 

CBL4/SOS3-independent manner (Quintero et al., 2002). To study if the kinase activity 

is sufficient for the activation of NHX2, the hyperactive allele of CIPK24/SOS2 was 

expressed in the yeast strain JPZN2. Due to the presence of NHX2 the Na+ tolerance 

was the same in media containing 75 mM NaCl for cell expressing the empty vector, 

CIPK24/SOS2 and CIPK24/SOS2T168D/Δ308, while p141GPD-CIPK24/SOS2 was unable 

to complement the salt-sensitive phenotype of strain AXT3K (figure R.43.). The 

concurrent expression of NHX2 and the wild-type CIPK24/SOS2 improved the cellular 

growth in media containing up to 120 mM NaCl in comparison with the control. By 

contrast, the strain carrying the combination of NHX2 with the hyperactive 

CIPK24/SOS2 allele was unable to grow at 100 or 120 mM NaCl, suggesting that not 

only the kinase activity, but the complete protein is important for the regulation of 

NHX2 (figure R.43.). 

 

 
 
Figure R.43. Wild-Type CIPK24/SOS2 is Necessary for the Interaction with NHX2 in Yeast. 
Cells of the strain AXT3K expressing CIPK24/SOS2 and JPZN2 cells transformed with the wild 
type and the hyperactive alleles of CIPK24/SOS2 were grown overnight in selective AP 
medium. Aliquots (5 µL) and 10-fold serial dilutions were spotted onto AP plates 
supplemented with 75, 100 and 120 mM NaCl as indicated on each panel. Plates were 
photographed after 4 days at 28°C. 
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 In Arabidopsis there are 10 genes encoding for CBL proteins (Albrecht et al., 

2001; Kolukisaoglu et al., 2004) which are responsible for the recruitment and 

targeting of the CIPK kinases to specific cellular compartments (Weinl and Kudla, 

2009). The purely tonoplast-localized CBL proteins are CBL2, CBL3 and CBL6. All of 

them share a conserved N-terminal extension that is sufficient to target these proteins 

to the vacuolar membrane (Batistič et al., 2010). It has been described that CBL10 

recruits CIPK24/SOS2 both to the plasma membrane and to the tonoplast (Kim et al., 

2007; Quan et al., 2007; Batistič et al., 2010). Furthermore, using yeast two-hybrid 

assays it has been found that CIPK24/SOS2 interacts strongly with CBL4/SOS3 and in a 

weaker manner with CBL1, CBL2 and CBL3 (Guo et al., 2001a). Hence, to identify the 

CBL proteins involved in the regulation of NHX2 through its interaction with 

CIPK24/SOS2 we performed salt tolerance assays in yeast in presence of the tonoplast-

localized and the CIPK24/SOS2-interacting CBLs. For this purpose the coding sequence 

of CBL1, CBL2, CBL3, CBL4, CBL6 or CBL10 were cloned in the yeast expression vector 

pYPGE15 (section M.17.1. and Annex 3) and transformed into JPZN2 yeast cells 

expressing CIPK24/SOS2. As shown in the figure R.44., the coexpression of NHX2, 

CIPK24/SOS2 and CBL10 slightly increased the Na+ tolerance of transformed cells 

compared to the coexpression of just NHX2 and CIPK24/SOS2 in media containing 100 

mM NaCl. At 75 mM NaCl, also the combination NHX2-CIPK24/SOS2-CBL1 improved 

the yeast cell growth. 
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Figure R.44. CBL10 in Combination with NHX2 and CIPK24/SOS2 Further Increase the Salt 
Tolerance of the Yeast Strain AXT3K. Cells of the strain JPZN2 transformed with CIPK24/SOS2 
(in the yeast expression vector p414GPD) and the CBLs 1, 2, 3, 4, 6 and 10 (in the yeast 
expression vector pYPGE15) were grown overnight in selective AP medium. Aliquots (5 µL) and 
10-fold serial dilutions were spotted onto AP plates supplemented with 75 and 100 mM NaCl 
as indicated on each panel. Plates were photographed after 4 days at 28°C. 

 

 

These results point to a possible interaction between NHX2, CIPK24/SOS2 and 

CBL10 that would take place at the vacuolar membrane to regulate the activity of the 

cation exchanger. Moreover, the results demonstrate that the wild-type CIPK24/SOS2 

is necessary for the proper interaction with NHX2, since the truncated CIPK24/SOS2 fail 

to improve the yeast cell growth under salt treatment.  

 

R.5.3.3. In vitro phosphorylation assays.  
 

 To further investigate the signaling module NHX-CIPK-CBL we performed in 

vitro phosphorylation assays of NHX1 and NHX2 with their interacting kinases following 

the protocol and constructions described in section M.5. and subsections therein.  

 

 Recombinant proteins GST:NHX1ct and GST:NHX2ct were purified from yeast 

(section M.5.1.) while CIPK23 and CIPK24/SOS2 were purified in vitro using the RTS 500 

Wheat Germ CFCF Kit. The in vitro phosphorylation of NHX1ct and NHX2ct by CIPK23 
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and CIPK24/SOS2 was tested in the presence of 30 mM MnSO4 and 3 mM CaCl2. The C-

terminus of both proteins was not phosphorylated by CIPK23 or CIPK24/SOS2 (figure 

R.45.). Even more, the autophosphorylation signal of both CIPKs decreased in the 

presence of the NHX proteins (figure R.45.). The fact that no phosphorylation was 

detected in the C-terminal of NHX1 and NHX2 might be due to a low kinase activity of 

the wild-type CIPK proteins, or to the requirement of activation by the CBL partner 

protein.  

 

 

 

Figure R.45. NHX1ct and NHX2ct In vitro Phosphorylation Assay. Purified C-terminal domains 
of NHX1 and NHX2 were incubated with the wild type CIPK23 and CIPK24/SOS2 kinases in the 
presence of [γ-32P]ATP, resolved in SDS/PAGE and exposed to X-ray film (upper panel). All the 
reactions were performed in a buffer conaining 100 mM Tris-HCl pH 8, 30 mM MnSO4, 3 mM 
CaCl2, 12 mM DTT, 60 µM ATP and 0.1 µCi/µL [γ-32P]ATP. Lower panel indicates the proteins 
added in each reaction. 
 

 A B C D E F G H 

Proteins 

NHX1ct - - + + + - - - 

NHX2ct - - - - - + + + 

CIPK23 + - - + - - + - 

CIPK24/SOS2 - + - - + - - + 



 157 

 

To test the first hypothesis, phosphorylation assays using the hyperactive form 

of CIPK24/SOS2 were performed (figure R.46.). As positive control the recombinant 

protein GST:SOS1ct was used. In presence of MnCl2 and absence of CaCl2 in the kinase 

reaction, phosphorylation of SOS1ct or NHXct proteins was not detected. By contrast, 

when the reaction buffer contained 5 mM MgCl2, with or without 1 mM CaCl2, SOS1ct 

was phosphorylated by CIPK24/SOS2T168D/Δ308. The recombinat protein GST:NHX2ct 

was phosphorylated when CIPK24/SOS2T168D/Δ308 was present , but also when it 

was alone, so we cannot clonclude that this signal is strictly dependent of the CIPK 

kinase. Phosphorylation of NHX1ct was not detected at any condition assayed. 
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A B C D E F G H I J K L M N O P Q R 

Proteins 
NHX1ct - - + - - + - - - + - - + - - - + - 
NHX2ct - + - - + - - - + - - + - - - + - - 
CIPK24/SOS2 
T168D/Δ308 

+ + + - - - + + + + - - - + + + + + 

SOS1ct + - - + - - - + - - + - - - + - - - 
 

Figure R.46. NHX1ct and NHX2ct are not Phosphorylated by the Hyperactive CIPK24/SOS2. 
Purified C-terminal domains of NHX1, NHX2 and SOS1 were incubated with the CIPK24/SOS2 
T168D/Δ308 in the presence of [γ-32P]ATP, resolved in SDS/PAGE (upper panel) and exposed to 
X-ray film (lower panel). All the reactions were performed in presence of 20 mM Tris-HCl pH 8, 
1 mM DTT, 10 µM ATP and 1 µCi of [-32P]ATP. In the cases where are indicated 5 mM MgCl2, 
2.5 mM MnCl2 and 0.1 mM of CaCl2 were added to the reaction mix. Lower table indicate the 
proteins in each reaction. 
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To test if the presence of the CBLs in the reaction mix is essential for the 

phosphorylation of NHX proteins by the CIPKs, the phosphorylation of NHX2ct by 

CIPK24/SOS2 was performed in the presence of the recombinant protein GST:CBL10 

(figure R.47.). As positive control the recombinant protein GST:SOS1ct was used. 

SOS1ct was slightly phosphorylated by the wild-type CIPK24/SOS2 independently of 

the presence of CBL10, indicating that CBL10 does not enhance CIPK24 activity. No 

phosphorylation signal was obtained for NHX2ct in the absence or presence of the 

CBL10 protein. 
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Figure R.47. NHX2ct is not Phosphorylated by CIPK24/SOS2 in Presence of CBL10. Purified C-
terminal domains of NHX2 and SOS1 were incubated with the CIPK24/SOS2 wild type and 
CBL10 in the presence of [γ-32P]ATP, resolved in SDS/PAGE (upper panel) and exposed to X-ray 
film (lower panel). All the reactions were performed in presence of 20 mM Tris-HCl pH 8, 5 mM 
MgCl2, 1 mM DTT, 0.1 mM of CaCl2, 10 µM ATP and 1 µCi of [-32P]ATP. Lower panel indicates 
the proteins added in each reaction. 
 

 

 

 A B C D E F G H 

Proteins 

NHX2ct - - + + - + - - 

SOS1ct + + - - - - - - 

CIPK24/SOS2 + + + + + - - + 

CBL10 + - + - + - + - 
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R.5.3.4. The recombinant protein GST:NHX2ct is phosphorylated by yeast kinases. 
 

 Due to the negative results obtained in the in vitro phosphorylation assays 

together with the slight increase in salt tolerance obtained with the co-expression of 

NHX2-CIPK24/SOS2-CBL10 in yeast compared to the expression of NHX2 alone, we 

suspected that the yeast protein kinases would be able to phosphorylate the NHX 

proteins. To check this hypothesis the recombinant protein GST:NHX2ct was purified 

from yeast (section M.5.1.) and analysed by nano HPLC-ESI-MS/MS of ionic trap 

alternating the fragmentation techniques of CID/ETD in order to detect 

phosphorylated residues (section M.18.). This analysis determined the presence of a 

phosphorylated residue in position S9 of the peptide GFVPFVPGpSPTER that 

corresponds to the serine 532 of NHX2. The same phosphorylation event was reported 

to occur in planta (figure R.48.) (Sugiyama et al., 2008; Whiteman et al., 2008b). This 

finding shows that some yeast protein kinase can phosphorylate the ser532 of the 

Arabidopsis NHX2.  
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Figure R.48. Phospho-analysis of the Recombinant Protein GST:NHX2ct Purified from Yeast. 
MS/MS spectra of the ion 2+ m/z 735.4 by (A) CID fragmentation and (B) ETD fragmentation of 
the peptide GFVPFVPGpSPTER. 
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VI. DISCUSSION 
 

D.1. The essential role of AtNHX1 and AtNHX2 proteins in the generation of  the 
vacuolar K+ pool and the maintenance of the cellular K+ homeostasis. 

 

 K+ is the major ionic osmoticum in plant cells and occurs in two major pools, in 

the vacuole and the cytosol. Cytosolic K+ plays essential roles as activator of 

biochemical processes, in the regulation of cytosolic pH, and in the fine-tuning of the 

plasma membrane electrical potential (Amtmann et al., 2006; White and Karley, 2010). 

These fundamental functions demand the maintenance of the cytosolic K+ 

concentration within narrow limits (75 to 100 mM), regardless of changes in K+ supply 

(Walker et al., 1996; Leigh, 2001). Since vacuolar K+ concentration closely follows K+ 

availability, the vacuolar pool is the largest and most dynamic reservoir of this ion. In 

the vacuole K+ functions as an osmoticum to generate turgor and to drive cell 

expansion by reducing the cell water potential and giving rise to a passive water influx, 

which in turn increases cell volume (Leigh and Wyn Jones, 1984). The lowest limit for 

vacuolar K+ concentration appears to be 10 to 20 mM, which is thought to reflect 

equilibrium with the cytosol at a maximum trans-tonoplast voltage of -40 to -60 mV 

(positive in the vacuole relative to the cytoplasm) (Leigh and Wyn Jones, 1984; Walker 

et al., 1996; Leigh, 2001). Greater concentrations of K+ inside the vacuole require 

active transport from the cytosol to the vacuole that could be achieved by a 

nonelectrogenic K+/H+ antiporter (Walker et al., 1996). Biochemical analyses have 

shown that tonoplast-localized NHX proteins catalyze the K+/H+ exchange with 

apparent affinity values (12 to 40 mM) that are below the lower limits of cytosolic K+ 

concentrations and are thus able to translocate K+ from the cytosol to the vacuole 

under regular physiological conditions (Venema et al., 2002; Yamaguchi et al., 2003; 

Hernandez et al., 2009; Barragán et al., 2012). Using a reverse genetics approach 

Barragán et al. (2012) showed that a nhx1 nhx2 mutant had a significant 3-fold 

reduction in K+/H+ exchange in tonoplast vesicles compared with Col-0 plants and a 

marked reduction in the amount of K+ stored in the vacuoles of leaf mesophyll cells, 

epidermal cells, and guard cells of stomata measured by SEM-EDX. Using a ratiometric 
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fluorescence assays, Bassil et al. (2011b) found a 30% reduction in vacuolar K+ and that 

the vacuolar lumen was more acidic in roots of the nhx1 nhx2 mutant than in the wild 

type. Together, these results indicate that proteins NHX1 and NHX2 account for the 

majority of the total K+/H+ exchange capacity in the vacuole of Arabidopsis, although 

the transport activity still remaining in nhx1 nhx2 plants could be attributed to the 

activity of NHX3 and/or NHX4, which together with NHX1 and NHX2 constitute the 

class-I family of tonoplast-localized NHX proteins in Arabidopsis (Yokoi et al., 2002; 

Pardo et al., 2006), NHX3 is unlikely to contribute to Na+, K+/H+ exchange in leaves, as 

ProNHX3:GUS fusions have been shown to be preferentially expressed in reproductive 

organs (Wang et al., 2007) By contrast, ProNHX4:GUS is expressed in roots and 

vascular bundles in leaves (Wang et al., 2007), partially overlapping the expression of 

NHX1 and NHX2. The nonvacuolar, class-II NHX proteins, NHX5 and NHX6, localize in 

the Golgi and trans-Golgi network, where they may regulate endosomal pH (Bassil et 

al., 2011b). Other cation/proton exchangers that may add to the residual Na+, K+/H+ 

activity in the nhx1 nhx2 plants are Cation/H+ Exchanger (CHX) and K+ Efflux Antiporter 

(KEA) proteins (Pardo et al., 2006; Chanroj et al., 2012). Arabidopsis CHX proteins (28 

members), which are also thought to mediate K+ transport and pH homeostasis, have 

been localized at the plasma membrane and various intracellular compartments, but 

not at the tonoplast (Chanroj et al., 2012). The KEA proteins (6 isoforms in Arabidopsis) 

are thought to regulate K+ homeostasis in organelles (Chanroj et al., 2012). Hence, the 

available evidence strongly suggests that NHX1 and NHX2, the two most highly 

expressed members of the class-I group of NHX proteins, are also the main effectors of 

the active accumulation of K+ in the vacuole. It is worth noting that disruption of active 

accumulation of K+ in the vacuoles of nhx1 nhx2 plants resulted in greater retention of 

K+ in the cytosolic pool (Barragán et al., 2012). This implies that while the plasma 

membrane potential, that is negative inside the cell, drove the acquisition of 

extracellular K+, further transit to the vacuole was impeded by the tonoplast 

membrane potential, which is positive in the lumen relative to the cytoplasm, in the 

absence of an active transport mechanism that is capable of accumulating K+ against 

its electrochemical gradient. The converse situation was found in transgenic tomato 

expressing Arabidopsis NHX1, where enhanced recruitment of K+ into the vacuoles 
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occurred at the expense of a diminishing cytosolic pool (Leidi et al., 2010; Barragán et 

al., 2012).  

 

 Plant cells expand by accumulating solutes, absorbing water, generating turgor 

pressure, and extending the cell wall. The vacuolar K+ pool plays a fundamental 

biophysical role and, jointly with other vacuolar osmolytes, drives osmotic changes and 

water movements (Leigh, 2001; MacRobbie, 2006). This biophysical role of K+ is 

required for cell expansion processes such as the growth of the root system, both in 

elongating roots and root hairs (Dolan and Davies, 2004), for leaf expansion, for the 

elongation of pollen tubes towards ovules (Mouline et al., 2002), for the enlargement 

of fruits and tubers (White and Karley, 2010) and for the stomatal function (Véry and 

Sentenac, 2003; Fan et al., 2004). Plants starved for K+ show, among other disorders, 

poorly-developed root systems, smaller sizes of aerial parts, decreased water content, 

reduced turgor, impaired stomatal regulation, and reduced transpiration (Mengel et 

al., 2001; White and Karley, 2010). All these symptoms are linked to the fundamental 

role that intracellular K+ plays as osmoticum. Arabidopsis nhx1 nhx2 mutant plants 

presented most of these symptoms and also scorching along the margins of older 

leaves, thinner stems, very short filaments of the stamen, and small siliques. These 

phenotypic traits and their physiological consequences will be discussed in detail 

below. 

 

D.1.1. The role of NHX proteins in cell expansion. 
 

 The response of plant growth to increasing K+ availability follows a steep 

curvilinear relationship. From this relationship a “critical” concentration of K+ can be 

determined which is defined as the concentration at which 90% of maximum yield is 

obtained. Above this concentration, growth shows little response to increased K+ 

content in tissues, but at lower K+ concentrations growth declines rapidly. The 

“critical” concentration is around a 2% of the total dry matter although K+ may 

comprise up to 10% of a plant’s dry weight in K+-replete conditions (Leigh and Wyn 

Jones, 1984; White and Karley, 2010). Plants of nhx1-2 nhx2-1 genotype were smaller 
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than control plants when their were grown on soil and in hydroponic culture at any 

external K+ regimes (sections R.2.1 and R.2.2.; figures R.4-R.8) even if their K+ content 

in dry matter basis exceed, in all K+ treatments, the 2% required for maximal growth 

(figure R.7.). This could be explained as a result of the impaired compartmentation of 

K+ in the cells, with lower than needed K+ concentration into the vacuole and 

abnormally high values in the cytosol and in the apoplast.  

 

In contrast with the L14 (nhx1-2 nhx2-1 ) phenotype, the stunted growth in the 

KO mutant was apparent for both roots and shoots (Section R.2.2.;  figures R.7. and 

R.8.) (Barragán et al., 2012). As described in section R.3., the expression pattern of 

NHX1 and NHX2 do not overlap completely in roots. While NHX1 promoter showed 

GUS activity in root hairs but not in the main and lateral root tips, NHX2 promoter 

showed a strong GUS activity in root meristemes but it was absent in root hairs (figure 

R.12) (Shi and Zhu, 2002; Barragán et al., 2012). Thus, the protein NHX1 likely plays a 

more important role in the cell expansion at the elongation zone of the roots and in 

root hairs, which may sustain the greatest growth rates found within the root regions 

(van der Weele et al., 2003; Dolan and Davies, 2004). Roots of the L14 mutant 

probably presented less differences in growth compared to wild type because of the 

leaky expression of NHX1, which would support to some extent root elongation. To 

understand the differential role of both proteins it would be interesting to study the 

root morphology and development as well as the vacuolar morphology at different K+ 

concentrations in NHX1 and NHX2 single and double mutants.  

 

Shoot size is strictly correlated with the amount of NHX1 and NHX2 activity 

remaining in plants of diverse genotypes, since single mutants had near normal shoot 

development (Barragan, 2007), leaky double mutants of the nhx1-1 nhx2-1 genotype 

were significantly smaller than the wild type, and complete knockout plants (nhx1-2 

nhx2-1) were severely stunted (Section R.2.1. and R.2.2.; figures R.4.-R.7.) (Barragán et 

al., 2012). Supplemental Na+ could partially recover growth of the nhx1 nhx2 mutants, 

since nontoxic concentrations of Na+ may substitute for K+ as osmoticum (Rodríguez-

Navarro and Rubio, 2006; Bassil et al., 2011a; Barragán et al., 2012). Reduced leaf size 

in L14 and KO mutant plants appeared to be a consequence of compromised cell 
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expansion and not of the reduction in the number of cells (Bassil et al., 2011a; 

Barragán et al., 2012). The relative growth rate of plant cells is a function of the 

internal hydrostatic or turgor pressure and the yield threshold and extensibility of the 

cell wall. Tissues of the nhx1 nhx2 mutants consistently showed reduced water 

contents (section R.2.2.; figure R.7.), which correlated with K+ contents on a dry weight 

basis (section R.2.2.; figure R.7.) (Barragán et al., 2012). This indicates that the 

diminished size of the vacuolar K+ pool hindered water uptake and that these plants 

were no longer able to supply the vacuole with sufficient amounts of K+ for the normal 

expansion of leaf mesophyll cells (section R.2.3.; figures R.9. and R.10.) (Barragán et al., 

2012). Accordingly, leaf turgor pressure measured with a leaf patch pressure probe 

was lower in the nhx1 nhx2 mutant plants than in control Col-0, and this difference 

increased steadily over time at low (0.1 to 1 mM) external K+ (Barragán et al., 2012). 

Transfer to 10 mM K+ stabilized leaf turgor, although daily shifts in leaf turgor due to 

light/dark transitions and stomatal function were dampened in the mutant plants. 

These findings are coherent with the prevailing view that K+ in the vacuolar pool acts 

as the major osmoticum driving water uptake and cell expansion. Consequently, NHX1 

and NHX2, as key players in the creation of the vacuolar K+ pool, are important 

determinants of plant growth. Plants with compromised K+ acquisition also showed 

reduced sizes (Hirsch et al., 1998), but phenotypes under nonstarving conditions were 

not as dramatic as those found in the nhx1 nhx2 mutant plants.  

 

In contrast with the phenotype observed in the epidermis of the Col-0 and L14 

mutant (section R.2.3.; figure R.11.), the leaves of the KO mutant presented two 

differentiated population of cells: epidermal cells with elongated shape instead of the 

normal puzzle shape, and small epidermal cells surrounding stomata (section R.2.3.; 

figure R.11.). In agreement with this results KO leaves have less epidermal cells per 

area (158 epidermal cells/mm2) compared to the wild type (234 epidermal cells/mm2), 

and they also present a higher percentage of larger epidermal cells than the wild type 

(section R.4.1.2.; figures R.14. and R.15.). These types of pavement cells have been also 

reported in mutants affected in the cytoskeletal dynamics (Fu et al., 2009; Ojangu et 

al., 2012). For instance, a myosin triple mutant showed pavement cells with less 

extended lobes and also alterations in trichome and floral organs development 
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(Ojangu et al., 2012) while the overexpression of the Rho-family GTPase 6 (ROP6), 

which enhanced the cortical microtubule ordering, turn the puzzle appearance of cells 

into a cylindrical shape (Fu et al., 2009). It has been demonstrated that the S. 

cerevisiae Gyp6, a GTPase-activating protein for the Ypt/Rab family of GTPases, inhibits 

the activity of ScNhx1 by physical interaction. The Nhx1 inhibition would render the 

vesicles more acidic favouring the anterograde traffic over the retrograde vesicle 

traffic (Ali et al., 2004). Furthermore, expression changes in genes involved in vesicular 

trafficking and cellular growth (e.g., MYOSIN-XI F and KINESIN-12B) have been 

obtained in DNA array analysis of the Atnhx1 mutant (Sottosanto et al., 2004). Taken 

together the previous evidences and the results exposed in this work it can be 

suggested the involvement of AtNHX1 and AtNHX2 not only in cell expansion but also, 

in association with other proteins, in processes associated to the development of the 

leaf pavement cells.  

 

D.1.2. The role of the NHX proteins in the stomatal function. 
 

Regulation of stomatal movements relies on turgor and volume changes in the 

guard cells. The large central vacuole plays an essential role in the regulation of the 

guard cells turgor since the fluxes of K+ and anions throught the tonoplast control the 

opening and closing of stomata. Among the solutes released from guard cells, more 

than 90% originate from vacuoles (MacRobbie, 2006). The main solutes involved in the 

osmoregulation process of guard cells are K+ and sucrose and accompanying anions 

(chloride and malate), depending of the environmental conditions and the time of the 

day (Talbott and Zeiger, 1996; Talbott and Zeiger, 1998). Due to the high mobility of K+ 

and because it is a energetically cheap solute, guard cells accumulate K+ salts in large 

amounts to open the stomata (MacRobbie, 2006). Plasma membrane K+-channels in 

guard cells and their regulation and responses are well characterized (Roelfsema and 

Hedrich, 2005; Pandey et al., 2007; Kim et al., 2010). However, because of the relative 

inaccessibility of the tonoplast in intact cells, most of the studies on tonoplast ion 

movements have been obtained either by patch clamping of isolated vacuoles, or by 

tracer flux measurements on isolated guard cells, lacking thus most of the signalling 
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components (MacRobbie, 2006). The K+ accumulation into the vacuole against the 

vacuolar membrane potential, necessary for stomatal opening, may be mediated by 

secondary active carriers, which appeared elusive (Walker et al., 1996; Leigh, 2001; 

Roelfsema and Hedrich, 2005). In this work we postulate that this function is carried 

out by the vacuolar antiporters NHX1 and NHX2 which are both highly expressed in 

guard cells (section R.3.; figure R.12.) (Shi and Zhu, 2002; Apse et al., 2003; Barragán et 

al., 2012). Light- and fusicoccin-induced stomatal opening in epidermal peels was 

significantly impaired in nhx1 nhx2 mutants in the presence of KCl (sections R.4.2.1. 

and R.4.5.; figures R.17., R.18., R.21., R.26 and R.31.). Additionally, L14 and KO plants 

presented less stomatal conductance (section R.4.3.; figure R.24.) and transpiration 

(sections R.4.2.2. and R.4.4.; figures R.22. and R.25.) than the wild type during the day 

photoperiod. Barragán et al (2012) demonstrated that tonoplast vesicles of the nhx1 

nhx2 mutant had a significant threefold reduction in K+/H+ exchange compared with 

Col-0 plants. In fact, the L14 mutant presented 40% less K+ counts in guard cells than 

the wild type when measured by SEM-EDX. These results could explain the ca. 40% 

reduction in stomatal opening observed in the L14 and KO mutants relative to the wild 

type (section R.4.2.1.; figure R.16.). Vacuolar K+ contents in guard cells of KO mutant 

has not been properly measured by SEM-EDX because of the technical constraints 

exposed in section R.4.6. Although the stomatal opening is impaired in nhx1 nhx2 

mutants, they are not completly closed. It has been postulated that the lowest limit for 

vacuolar K+ concentration appears to be 10 to 20 mM, which is thought to reflect 

equilibrium with the cytosol at a maximum trans-tonoplast voltage of about -40 to -60 

mV (Walker et al., 1996; Leigh, 2001). Hence, until the vacuole reaches its minimum 

allowable K+ concentration, K+ accumulation in guard cell vacuoles could be facilitated 

by K+ channels that would promote a slight stomatal aperture. Sucrose, and probably 

other sugars, is also accumulated in the vacuole of guard cells during the stomatal 

opening. However, sucrose mainly accumulates during the late light period, when the 

vacuolar K+ concentration already decreases (Talbott and Zeiger, 1996; Talbott and 

Zeiger, 1998).  Talbott & Zeiger (1996) demonstrated that the previous K+ 

accumulation that drives the rapid stomatal opening is essential for the sucrose-

dominated phase to occur, indicating that the afternoon sucrose replaces K+ just for 

turgor maintenance, instead of accelerating stomatal opening. This finding is in 
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agreement with our results where we show that NHX1 expression level is higher at the 

onset of light while NHX2 transcript abundance has a peak after 2 hours of light, but 

the expression of both genes decline significantly after 2 hours of light (section R.4.3.; 

figure R.23). Therefore, NHX proteins are likely involved in driving the rapid stomatal 

opening that takes place at the start of the light period and their lack irreparably 

affects the succeeding phases since KO mutant do not show an increment in stomatal 

conductance at any point of the day (sections R.4.2.2. and R.4.3.; figures R.22. and 

R.24.). 

 

In the absence of K+, stomatal opening can be supported by other monovalent 

cations such as Na+ (section R.4.2.1.) (Humble and Hsiao, 1969; Lebaudy et al., 2008) 

Indeed, we show an improvement on stomatal aperture of nhx1 nhx2 mutant stomata 

in the presence of 50 mM of Na+ (section R.4.2.1.; figure R.21.). It has been shown that 

nhx1 nhx2 mutants are able to accumulate higher amounts of Na+ than the wild type 

when this is in the nutrient solution at nontoxic concentrations, and this Na+ accrual 

alleviates K+-associated toxicity symptoms in the mutants (Bassil et al., 2011a; 

Barragán et al., 2012). It is important to take into account that K+ is more efficient than 

Na+ for stomatal opening since higher concentrations of Na+ are necessary to reach the 

same stomatal aperture (section R.4.2.1.; figures R.19.-R.21.) (Humble and Hsiao, 

1969). Thus, in vivo, plants would take moderate amounts of Na+ to replace K+ as 

osmoticum under K+-deficiency conditions, but probably not in the high concentrations 

that are necessary to reach the maximal stomatal aperture. Lebaudy et al (2008) 

proved that in physiological conditions, when both K+ and Na+ are present in the 

medium, the guard cell plasma-membrane inward K+ channels use preferentially K+ 

instead of Na+ to avoid toxicity in the cytosol. Therefore, it is likely that besides the 

activity of vacuolar potassium channels (see above), the uptake of Na+ into the guard 

cell vacuole of nhx1 nhx2 mutants assists the stomatal opening even if this does not 

support its potential maximal aperture. In the case that nhx1 nhx2 mutants 

accumulated Na+ as osmoticum to replace the lack of K+ uptake, the stomatal closure 

would probably be impaired because Na+ cannot be rapidly excreted from the cell in 

order to avoid toxicity in the cytosol (Lebaudy et al., 2008), as it has described in other 

systems. Jarvis & Mansfield (1980) showed that stomata of C. communis opened by 
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Na+ presented a reduced stomatal closure in response to ABA, CO2 and darkness 

(Lebaudy et al., 2008). Mutants affected in guard cell K+ inward channel activity were 

unable to close the stomata in presence of Na+ and presented higher transpiration 

rates during the darkness. In agreement, plasma membrane outward-rectifying K+ 

channel current was reduced by cytoplasmatic Na+ (Thiel and Blatt, 1991). At vacuolar 

level, the inability to extrude Na+ may be caused by Na+ blockage of slow vacuolar (SV) 

channels by shifting its activation potential to nonphysiological voltages (Ivashikina and 

Hedrich, 2005).  

 

Interestingly, stomatal closure is also affected in nhx1 nhx2 mutants  both in 

vitro (dark- and ABA-induced stomatal closure) (sections R.4.2.1. and R.4.5.; figures 

R.17., R.18., R.27 and R.30.) and in vivo (dark-induced stomatal closure) (sections 

R.4.2.2. and R.4.3.; figures R.22. and R.24.). Stomatal opening derives from the active 

transport of solutes into the guard cells, whereas closure is based on the release of 

solutes along their concentration gradients. It is generally accepted that stomatal 

closure is dependent on the activation of ion channels in the vacuolar and plasma 

membranes. First, the activation of K+ channels in the vacuole would cause the K+ ions 

efflux from the vacuole to the cytoplasm with the subsequent depolarisation of the 

tonoplast, which in turn, would provide a driving force for anion efflux throught the 

activation of anion-permeable channels at the vacuolar membrane (Roelfsema and 

Hedrich, 2005). Next, plasma membrane depolarisation, caused by the inactivation of 

the H+-ATPase and the activation of S-type anion channels, would activate the 

outward-rectifying K+ channels and thus K+ and anions would be extruded from the 

guard cells promoting stomatal closure (Roelfsema and Hedrich, 2005). Consequently, 

owing to the large decrease in K+ content in the guard cell vacuoles of the nhx1 nhx2 

mutants, K+ release from the vacuole to the cytoplasm to promote membrane 

depolarisation would not be favoured, and therefore the extrusion of other anions 

from the vacuole would be impeded, avoiding stomatal closure. Alternatively, 

distorted pH in the vacuoles of the nhx1 nhx2 mutant (Bassil et al., 2011a) could in turn 

affect the cytosolic alkalinization in guard cells that is known to precede stomatal 

closure in response to ABA (Irving et al., 1992; Islam et al., 2010). Changes in pHcyt of 

guard cells are correlated with stomatal movements, and these changes may be an 
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important factor in the regulation of guard cell movement (Irving et al., 1992; Islam et 

al., 2010). 

 

Thermal imaging (section R.4.2.2.; figure R.22.) and stomatal bioassays (section 

R.4.2.1.; figures R.16.-R.18.) showed that the L14 mutant presented a less severe 

stomatal dysfunction than the null double mutant. Leaf temperature of L14 plants 

reached similar values to those of the wild type at the end of each light and dark 

periods (section R.4.2.2.; figure R.22.). In ABA-induced stomatal closure experiments 

the L14 mutant showed a 54% lower response than the wild type to ABA treatment, 

while the response of the KO mutant was only 4% of the Col-0 control. Presumably the 

remaining activity of NHX1 in the leaky mutant allowed some accumulation of K+ into 

the vacuoles, thereby improving stomatal opening and particularly stomatal closure.  

 

Other functions ascribed to NHX1 and NHX2 proteins are pH regulation, vesicle 

trafficking and vacuolar dynamics (Pardo et al., 2006; Hernandez et al., 2009; Bassil et 

al., 2011a) (section R.4.5.; figures R.26.-R.31.). The lack of both proteins then could 

also impair the stomatal function affecting these processes as we describe below. 

 

Guard cell movements are dependent on cell volume and turgor pressure. In 

Vicia faba guard cells the turgor pressure has been demonstrated to increase from 1.0 

to 4.5 MPa while the volume increases by 40% (Franks et al., 2001). These changes on 

guard cell volume are accompanied by changes of the plasma membrane and 

tonoplast surface area. Shope et al (2003) showed by confocal laser-scanning 

microscopy that guard cell volume and surface area decreased by ~ 40% during 

stomatal closure. This change in the surface area cannot be accounted for by the mere 

stretching and shrinking of the plasma membrane, as its elasticity does not allow 

changes of more than a 5% (Wolfe and Steponkus, 1983; Blatt, 2002). Studies in guard 

cell protoplast and leaf epidermis have shown that probably membrane internalization 

is concurrent with the decrease in surface area. Thus, endocytotic vesicles would be 

formed during stomatal closing and vesicle fusion with the plasma membrane would 

take place during stomatal opening to increase its surface area (Homann, 1998; 

Kubitscheck et al., 2000; Shope et al., 2003). A similar situation is found in guard cell 
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vacuoles, which undergo several morphological changes that contribute in aperture 

and closure stomatal movements. Guard cells of Allium presented small vacuoles that 

might be interconnected to form a reticulum during cell differenciation (Palevitz et al., 

1981). Furthermore, guard cell vacuoles undergo several morphological changes that 

contribute in aperture and closure stomatal movements. Guard cells of Vicia faba and 

Arabidopsis harbor a great number of small vacuoles and other intra-vacuolar 

structures as bulb-like structures and sheet-like vacuolar membrane invaginations 

when stomata are closed but only a few large vacuoles when they are open. In this 

way vacuole fragmentation allows a reduction in volume while maintaining the total 

membrane surface area that is essential for rapid stomatal reopening (Gao et al., 2005; 

Tanaka et al., 2007b; Martinoia et al., 2012). Notwithstanding, Tanaka and collegues 

(2007) found that tonoplast surface area in fact increased by 20% during stomatal 

closure likely due to a fusion between endosomes and the vacuolar membrane. In this 

study, we have investigated the role of NHX1 and NHX2 in guard cell vacuolar 

dynamics during the stomatal movements using Arabidopsis Col-0 and nhx1 nhx2 

plants expressing a -TIP:GFP fusion (section R.4.5.). Compared to the control plants, 

KO mutants were not able to fuse the small vacuoles with each other to form fewer 

and bigger vacuoles while failing in stomatal opening (figures R.26. and R.31.). Under 

stomatal opening conditions, guard cells of KO plants presented several rounded small 

vesicles and tonoplast invaginations, and also a vacuolar wavy surface. However, the 

variety and number of vacuolar structures in closed stomata were higher in guard cells 

of the wild type than in the mutant (figures R.27. and R.30.). This effect probably 

correlates with the impossibility of the nhx1 nhx2 mutants to fully close their stomata. 

One of the mechanisms proposed for vacuolar fusion in guard cells consist in the 

passive fusion due to physical contact between neighboring vesicles that increase their 

size accumulating ions and water (Gao et al., 2005) which would explain why the lack 

of NHX1 and NHX2 proteins affected the vacuolar morphology. Because the KO mutant 

cannot accumulate enough K+ into the vacuole the subsequent water entry into the 

vesicles would be impaired and small vacuoles would not fuse to each other and 

enlarge.  
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Another mechanism, which not excludes the first one, is the vesicle fusion 

caused by pH changes in the lumen of the vesicles and in their surrounding cytoplasm. 

The K+/H+ antiporter activity of the NHX proteins coupled to V-ATPase and V-PPases 

activities would drive these pH changes. Yeast ScNHX1 encodes a Na+(K+)/H+ 

antiporter, homologue to the Arabidopsis NHX1 and NHX2 proteins, which is localized 

to vacuoles (Qiu and Fratti, 2010), trans-Golgi/TGN compartments, early and late 

endosomes in the biosynthetic, endocytic, and recycling pathways (Kojima et al., 2012) 

and also to the multivesicular bodies (MVBs) (Mitsui et al., 2011). ScNHX1 regulates 

vacuolar pH by transporting Na+ and K+ into the vacuole lumen in exchange for protons 

(Brett et al., 2005b). In consequence, ScNHX1 is involved in regulating ion homeostasis 

and cellular pH associated with the control of vesicular trafficking from Golgi to 

vacuoles (Bowers et al., 2000; Ali et al., 2004; Brett et al., 2005b). In addition to 

changes in vacuolar morphology, a vacuolar protein-sorting defect and the 

hyperacidification of the vacuolar lumen (Bonangelino et al., 2002; Seeley et al., 2002; 

Brett et al., 2005b), Qiu and Fratti (2010) recently found that the deletion of ScNHX1 

produced fragmented small vacuoles instead of the large single vacuole observed in 

wild-type yeasts. Purified vacuoles from a nhx1Δ yeast strain showed a 35% less fusion 

activity in in vitro assays compared to the wild type. Genetic complementation with a 

mutant nhx1 gene defective in ion transport could not rescue the mutant phenotype 

while treating vacuoles with chloroquine (a weak base) recovered vacuole fusion 

activity to wild type levels. These results indicate that ScNHX1 might regulate vacuole 

fusion by controlling the luminal pH through its ion exchange activity (Qiu and Fratti, 

2010). ScNhHX1 would be essential for priming and/or tethering stages of vesicle 

fusion since the addition of recombinant Vam7 proteins rescued the nhx1 mutant 

fusion activity and the formation of trans-SNARE complexes was not affected (Qiu and 

Fratti, 2010). Also the mammalian Na+/H+ exchangers (NHEs) play fundamental roles in 

the regulation of the ion homeostasis and pH control because their contribution to 

proton efflux. Hence, overexpression of the organellar NHEs 6, 8 and 9 alkalizes the 

lumen of specific organelles in which they are located (Ohgaki et al., 2011). Plant NHXs 

proteins are also involved in regulating vacuolar pH as is best illustrated by the flower 

colour transition in Ipomoea spp. The anthocyanin pigment accumulated in vacuoles 

shifts from red-purple in flowers buds to blue in the open flowers. This colour change 
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is prompted by the alkalinization of the petal vacuoles from 6.6 to 7.7 (Yoshida et al., 

1995). The insertion of a transposable element in the Ipomoea nil NHX1 gene partly 

abolished the vacuolar pH change and flower color transition (Fukada-Tanaka et al., 

2000; Yamaguchi et al., 2001). ItNHX1 exchanger of Ipomoea tricolor coupled with V-

ATPase, V-PPase and PM-ATPase activity induces not only a shift in vacuolar pH 

changing the petal color but also the synchronized uptake of K+ accumulation to drive 

cell expansion and flower opening (Yoshida et al., 2005; Yoshida et al., 2009). In the 

light of the results exposed above an analogous situation could be taking place during 

stomatal opening. After the generation of a proton gradient by the activation of the 

plasma membrane H+-ATPase and the V-ATPase and V-PPase during the stomatal 

opening the AtNHX1 and AtNHX2 proteins would couple two simultaneous processes: 

the alkalinization of the small vacuoles and vesicles to initiate the vacuolar fusion 

which results in an increasing of vacuolar surface area and volumen, and the 

accumulation of the cheap osmoticum K+ with the subsequent entry of water and rise 

of turgor.  

 

D.1.3. The role of NHX proteins in reproduction and viability. 
 

 AtNHX1 and AtNHX2 play an important role in reproduction and viability. On 

one hand, as can be observed by GUS expression analyses both proteins are higly 

expressed in flowers. AtNHX1 is expressed in sepals, in pollen within anthers and in the 

stigma (Shi and Zhu, 2002) while AtNHX2 expression is greater in filaments of the 

stamen, in the stigma and also in mature pollen (section R.3.; figure R.12.) (Barragán et 

al., 2012). Interestingly, for NHX2, GUS staining was also detected in stomata within 

the anthers and the gynoecium near to the stigma (section R.3.; figure R.12.) (Barragán 

et al., 2012). On the other hand, nhx1 nhx2 plants produced few flowers, very small 

siliques and a very low number of seeds per plant (section R.2.1. and R.2.2.; figures 

R.4. and R.5.) (Bassil et al., 2011a; Barragán et al., 2012). A detailed study of the nhx1 

nhx2 flowers showed two phenotypic features that are in concordance with the NHX1 

and NHX2 promoter analyses. First, mature nhx1 nhx2 stamens had notably shorter 

filaments that are not able to position the anthers at the height of the stigma. Since K+ 
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play and specific role in filament extension (Heslop-Harrison and Heslop-Harrison, 

1996), it has been proposed that nhx1 nhx2 mutants have reduced filaments due to 

their incapacity to accumulate K+ in vacuoles of filament cells, where NHX proteins are 

highly expressed, to generate the osmotic-driven cell expansion (Bassil et al., 2011a). 

Anther dehiscence is a coordinated process that involve the dehydration of the 

endothecium and epidermal cells, which cause the locule to bend outwards, the 

rupture of the stomium and the release of the pollen (Wilson et al., 2011). The second 

feature was that only a 3% of the nhx1 nhx2 anthers presented a normal pollen 

dehiscence due to impaired stomium rupture. Bassil et al. (2011) explain this mutant 

phenotype in base to the previous findings that demonstrate that active water 

movements in the anther may be due in part to localized accumulation of cations, 

particularly potassium. Therefore, K+ would be accumulated in mature pollen 

attracting water from the surrounding regions driving the swelling of the pollen which 

is, to some extent, responsible for septum rupture (Rehman and Yun, 2006; Wilson et 

al., 2011).  

 

 In this work we propose another, but non-exclusive explanation by which 

pollen dehyscence is affected in the nhx1 nhx2 double mutants. It has been previously 

reported that the presence of stomata within the anthers in many species influences 

the speed of pollen dehiscence. Stomata would remain open along the stamen 

development promoting evaporation and thus favour anther dehiscence (Schmid, 

1976). In Gasteria verrucosa, which has stomata on the anther, the pollen dehiscence 

that immediately follows anthesis seems to be caused by the presence of open 

stomata during all the anther dehydration process. When G. verrucosa stomata are 

closed with petroleum jelly anther dehiscence takes place very slowly compared to the 

untreated control. In addition, in Allium cepa, which does not possess stomata in its 

anthers, the filament tip dehydrates and shrivels slowly after anthesis and the anther 

dehiscence requires several days (Keijzer et al., 1987). Along this work it has been 

demonstrated that nhx1 nhx2 mutants can not open properly their stomata, and this 

causes that mutant plants lose less water by transpiration, surviving to longer drought 

periods than the wild type (section R.4.4.; figure R.25.). In the light of these results, 

and considering the strong expression of AtNHX2 in the anther stomata, we postulate 
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that nhx1 nhx2 pollen dehiscence impairment is also produced by their incapacity to 

open the stomata during the anther dehydration process. In the nhx1 nhx2 double 

mutants pollen dehiscence would be slower since dehydration through the anther 

stomata would be impeded at the same time that this water could not be used for 

pollen swelling, desynchronizing thus the reproductive processes. 

 

D.1.4. The role of NHX in Na+ compartmentation and stress tolerance. 
  

 Leidi et al (2010) demonstrated that that Arabidopsis NHX1 overexpression in 

tomato imparted tolerance to NaCl, which was related to the preemptive accrual of K+ 

in vacuoles and improved K+ retention after stress imposition, but did not enhance the 

ability to compartmentalize toxic Na+ ions into the vacuole Similar findings were 

obtained by overexpression of the tomato protein NHX2 (Rodríguez-Rosales et al., 

2008). The long-standing view is that, owing to the reduced volume of the apoplastic 

space, the principal if not the only line of defense of plant cells to avert cell injury by 

extracellular salt accumulation is to rely on the sequestration of salt inside the large 

central vacuoles, thereby preventing ion toxicity and reducing their osmotic potential 

to facilitate water uptake (Oertli, 1968; Flowers et al., 1991; Munns, 2002). The 

discovery that vacuolar NHX proteins were capable of exchanging Na+ and H+ across 

the tonoplast led to the now widespread view that NHX proteins mediate this critical 

process in plants faced with saline environment (Apse et al., 1999; Gaxiola et al., 1999; 

Blumwald, 2000; Quintero et al., 2000). However, this notion has been recently 

challenged based on the biochemistry of NHX proteins, which do not discriminate 

between Na+ and K+ or have a preference for K+ transport (Venema et al., 2002; 

Rodriguez-Rosales et al., 2009; Jiang et al., 2010). The lack of correlative evidence 

between greater salt tolerance and the enhancement of Na+ accumulation in different 

plant species overexpressing NHX proteins from various sources has also been pointed 

out (Rodriguez-Rosales et al., 2009; Jiang et al., 2010). Recently it has been shown that 

NHX1 and NHX2 proteins play a comparatively greater role in K+ homeostasis than in 

Na+ sequestration (Bassil et al., 2011a). In addition, mutant plants of leaky genotype 

were extraordinarily sensitive to moderate KCl concentrations (10 to 20 mM) but they 
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did not show greater susceptibility to NaCl compared with the wild type. In fact, salt-

related growth retardation was proportionally less in the L14 plants than in the wild 

type at 50 to 100 mM NaCl (Barragán et al., 2012), and the inclusions of moderate 

amounts of NaCl in the nutrient solution containing 20 mM K+ alleviated K+-associated 

toxicity symptoms (Bassil et al., 2011a). Notably, nhx1 nhx2 mutant plants 

accumulated more Na+ in their shoots than the wild type at 100 mM NaCl (Barragán et 

al., 2012). Here, we showed that Na+ but not K+ can support stomatal opening in the 

nhx1 nhx2 plants (section R.4.2.1. and section R.4.5.; figures R.19.-R.21. and R.28.) 

likely by its sequestration into the vacuoles. Together, these findings raise the question 

of how Na+ gets compartimentalized into the vacuoles of Arabidopsis and which 

transport proteins underlie this process (Jiang et al., 2010). It is now apparent, at least 

in Arabidopsis, that ion transporters other than NHX1 and NHX2 mediate the influx of 

Na+ into the vacuolar lumen. Biochemical analyses suggest the potential operation of 

NHX1 and NHX2 as Na+/H+ antiporters in the tonoplast (Barragán et al., 2012), but 

genetic evidence rules out any significant contribution of NHX1 and NHX2 in the 

compartmentation of Na+ (Barragán et al., 2012). The budding yeast VNX1 protein, a 

member of the type II calcium exchanger family, catalyzed Na+/H+ and K+/H+ exchange, 

but not Ca2+/H+ exchange, in vacuole-enriched fractions with a Km of 22.4 and 82.2 mM 

for Na+ and K+, respectively (Cagnac et al., 2007). Suggestions that members of the 

calcium/cation antiporter and CHX exchanger superfamilies may also mediate Na+/H+ 

exchange at the plant tonoplast have not been confirmed experimentally (Zhao et al., 

2009; Chanroj et al., 2012). In this regard, it is intriguing that genetic inactivation of 

NHX1 and NHX2 reduced simultaneously Na+/H+ and K+/H+ exchange capacity in 

tonoplast vesicles and that no specific Na+/H+ exchange activity was unmasked by 

removing NHX1 and NHX2, while Na+ accumulation still proceeded under salinity stress 

(Barragán et al., 2012). Electrophysiological studies have shown that nonselective FV 

and SV channels permeate K+ and Na+ into the vacuolar compartment (Hedrich and 

Neher, 1987; Ivashikina and Hedrich, 2005). Under salt stress plant cells accumulate 

Na+ in the vacuole and release vacuolar K+ into the cytoplasm. SV channels are thought 

to mediate K+ release, but it appears that concomitant Na+ leakage from the vacuole is 

impeded as luminal Na+ blocks the SV channel in Arabidopsis (Ivashikina and Hedrich, 

2005). In contrast with K+ ions, Na+ could not be released by SV channels even in the 
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presence of a 150-fold gradient (lumen to cytoplasm). This property of the SV channel 

guarantees that K+ can be shuttled across the vacuolar membrane while maintaining 

the Na+ stored in this organelle. However, since vacuoles of glycophytic plants may 

accumulate up to 80 mM Na+, cytosolic Na+ concentrations remain at 10 to 30 mM, 

and the tonoplast membrane potential is ~ 30 mV, positive in the lumen relative to the 

cytosol (Carden et al., 2003; Tester and Davenport, 2003), it appears unlikely that 

passive permeation by SV channels would account for meaningful accumulation of Na+ 

inside vacuoles. In summary, there is no likely candidate(s) yet to account for the Na+ 

accumulation that occurs in the absence of NHX1 and NHX2 in Arabidopsis. 

 

 

D.2. Post-translational regulation of NHX proteins. 

 

Previously in this work the responses of plants to regulate the K+ homeostasis 

have been summarized (sections I.1.3.1. and I.1.3.2.). Whereas there is a lack of 

transcriptional responses of K+ transporters to external K+ conditions, there are a large 

proportion of Ca2+-regulated proteins (e.g., CaM2, CIPK6, CIPK9) among the K+-

regulated transcrips (Armengaud et al., 2004; Amtmann et al., 2006), indicating that 

cytoplasmic Ca2+ is an essencial element to maintain the K+ homeostasis. Cytoplasmic 

Ca2+ oscillations would drive post-translational and post-transcriptional responses via 

Ca2+-dependent kinases, phosphatases, and transcription factors. At the same time 

they would control the tonoplast K+ fluxes by the activation of K+-permeable vacuolar 

channels (Allen and Sanders, 1996, 1997). For these reasons one of the objectives of 

the present work has been to acquire more knowledge about the post-translational 

regulation of the proteins NHX1 and NHX2 through Ca2+-dependent proteins. Few 

phosphoproteomic analyses of Arabidopsis tonoplast proteins have identified 

phospho-peptides derived from the C-termini of AtNHX1 and AtNHX2 proteins 

(Sugiyama et al., 2008; Whiteman et al., 2008b). However, the importance and the 

function of this phosphorylation event in vivo have not been so far investigated. In 

order to dissect the significance of the phosphorylation at the NHX1 and NHX2 C-

terminal domain previously reported by other groups, functional analyses have been 
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performed using the yeast heterologous system. As it is described in the section R.5.2., 

NHX1 and NHX2 alleles carrying mutations in the phosphorylated residue were assayed 

in the yeast strain AXT3K (Quintero et al., 2002). The results show that at least the 

phosphorylation at the Ser532 it is important for AtNHX2 activity in yeast since the 

replacement from serine to alanine constrains the cell growth under salt treatment 

(figure R.36.). By contrast, AXT3K cells expressing the nhx2 S532D mutant allele were 

able to complement the yeast salt-sensitive phenotype at the same level than the wild-

type allele (figure R.36.). After the observation that AtNHX2 phosphorylation seems to 

be important for its activity we next investigated, by BiFC and functional assays in 

yeast, if AtNHX1 and AtNHX2 can interact with members of the CIPK family, especially 

with CIPK24. 

 

Our results point to a possible interaction between NHX2, CIPK24 and CBL10 

that takes place at the vacuolar membrane to regulate the activity of the cation 

exchanger (sections R.5.3.1. and R.5.3.2.; figures R.37., R.39. and R.42.-R.44.; Table 

R.2.). Moreover, the results demonstrate that the wild-type CIPK24 is necessary for the 

proper interaction with NHX2, since a truncated CIPK24 protein that retains its kinase 

activity failed to improve the yeast cell growth under salt treatment (section R.5.3.1.; 

figure R.43.). A role for the complex CIPK24/CBL10 in the vacuolar membrane has been 

proposed by Kim and colleagues (2007) where this complex would regulate the 

cation/H+ antiporter NHX1 in the aerial parts of the plant. They postulate that this 

signaling pathway would mediate the sequestration of Na+ into the vacuole under salt 

stress conditions. This hypothesis would be in agreement with the lower vacuolar 

Na+/H+ antiporter activity found in cipk24 mutant plants (Qiu et al., 2004). In fact, 

NHX1 and NHX2 proteins catalyze K+ or Na+ antiport with the same affinity (Venema et 

al., 2002; Hernandez et al., 2009; Leidi et al., 2010; Barragán et al., 2012) and the leaky 

nhx1 nhx2 double mutants exhibit much lower Na+/H+ and K+/H+ exchange activity than 

the wild type in tonoplast vesicles isolated from roots and leaves. However, genetic 

evidence rules out any significant contribution of NHX1 and NHX2 in the 

compartmentation of Na+ into the vacuole (Barragán et al., 2012). It has been reported 

that CIPK24/SOS2 also interacts with the vacuolar H+-ATPase and upregulates its 

transport activity since H+ transport activity of tonoplast vesicles isolated from sos2-2 
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cells was reduced in a 30% compared to the wild type. In addition, the interaction 

between CIPK24 and the V-ATPase promotes salt tolerance (Batelli et al., 2007). 

Therefore, the role of CIPK24 in Na+ accumulation into the vacuole would increase the 

transmembrane H+ gradient that in turn can be used by cation/H+ exchangers. 

 

BiFC experiments also show that both NHX proteins are able to strongly interact 

with CIPK23 at the tonoplast (section R.5.3.2.; figures R.37.-R.39.; table R.2.). This is an 

interesting result due to the involvement of this kinase in the control of K+ homeostasis 

at the plasma membrane. Under low-K+ stress there is a cytoplasmic Ca2+ increase that 

is detected by the CBL1 and CBL9 proteins. These CBLs recruit the CIPK23 protein to 

the plasma membrane where it phosphorylates and activates the K+ channel AKT1 (Li 

et al., 2006a; Xu et al., 2006) . The vacular K+ pool is also responsible to maintain the 

cytosolic K+ concentration within narrow limits, that only decline when the vacuolar K+ 

reserve has been depleted below the thermodynamical equilibrium with the cytosolic 

pool (Walker et al., 1996; Leigh, 2001; White and Karley, 2010). For that reason it 

would be plausible that after a decrease in the cytosolic and vacuolar K+ pools, the 

CIPK23 kinase would regulate also the K+ homeostasis at vacuolar level by the 

interaction with several CBLs. Hence, CIPK23 could integrate both signals and 

coordinate the K+ movements between the plasma membrane and the vacuolar 

membrane. In addition, as is the case for proteins NHX1 and NHX2, CIPK23 is involved 

in the stomatal function. CIPK23 has been described as a negative regulator of the ABA 

signaling in guard cells and in fact, cipk23 mutants showed a more efficient stomatal 

closure in response to ABA than the wild type (Cheong et al., 2007; Nieves-Cordones et 

al., 2012). 

 

Among the CIPKs that interact with the NHXs proteins, AtCIPK15, that interacts 

exclusively with NHX2 (section R.5.3.1.; figure R.39.; table R.2.), is involved in ABA 

responses through its interaction with CBL1. CIPK15 is highly expressed in guard cells 

and cipk15 and cbl1 mutants show a hypersensitive ABA stomatal response (Guo et al., 

2002). It has been suggested that CIPK15 phosphorylates the APETALA2/EREBP-type 

transcriptional factor AtERF7 which in turn acts as a repressor of gene transcription 

and plays an important role in ABA responses. Indeed, stomatal closure is less sensitive 
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to ABA in AtERF7 overexpression plants that showed increased transpirational water 

loss, while the aterf7 RNAi lines presented the opposite ABA-related phenotype (Song 

et al., 2005). AtCIPK1, that interacts weakly with NHX1 and NHX2 (section R.5.3.1.; 

figures R.37.-R.39.; table R.2.), has been proposed to mediate the osmotic stress 

tolerance functioning in an ABA-dependent subpathway by its association with CBL9, 

and also in an ABA-independent subpathway together with CBL1 (D'Angelo et al., 

2006). These CIPK1/CBLs complexes have been localised at the plasma membrane 

(D'Angelo et al., 2006), and thus far no role of CIPK1 at the tonoplast has been 

described. For CIPK14, that interacts with NHX2 but not with NHX1 (section R.5.3.1.; 

figure R.39.; table R.2.), it has been reported its role in ABA and salt responses in 

Arabidopsis. CIPK14 is induced by ABA and salt treatments, and cipk14 knockout 

mutants showed lower germination rate and less root elongation compare to the wild 

type under ABA and salt treatments (Qin et al., 2008). However, in the literature there 

is no information available yet about the roles of CIPK2, CIPK5, CIPK18 and CIPK26. 

 

Our findings show that some yeast protein kinase can phosphorylate the ser532 

of the Arabidopsis NHX2 (figure R.48.), which would explain some of the results 

obtained in the sections before. In section R.5.2. we demonstrated that the ser532 of 

the AtNHX2 is essential for the activity of the AtNHX2 since the mutant allele 

nhx2S532A was not able to complement the salt-sensitive phenotype of the yeast 

strain AXT3K. The fact that AtNHX2 by itself can confer salt tolerance in yeast indicates 

that one or several yeast protein kinases can recognize and phopshorylate the 

Arabidopsis protein in this specific serine, upregulating its activity (figures R.36. and 

R.41.). This would explain the slight increase of the tolerance to NaCl that we observed  

when NHX2, CIPK24 and CBL10 were co-expressed in yeast (section R.5.3.2, figures 

R.44.), in contrast with the strong phenotype obtained when SOS1 is specifically 

activated by CIPK24(SOS2)/CBL4(CBL4/SOS3) (Quintero et al., 2002). Furthermore, the 

inability to detect NHX phosphorylation by the CIPKs in protein kinase in vitro assays 

(section R.5.3.3.) could be due to the fact that the purified recombinant NHX proteins 

are already phosphorylated by the yeast kinases. The same reason would explain the 

apparent autophosphorylation of NHX2 found in some assays (figure R.46.). Therefore, 

we can conclude that yeast is not the best model to study the signaling pathway 
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NHX/CIPK/CBL, so it would be necessary to use alternative approaches, such as the 

expression and purification of the recombinant proteins from bacteria and/or to 

determine which  yeast protein kinase is responsible for the NHX phosphorylation. 

Also, it is essential to investigate the role of NHX phosphorylation in planta. 

 

Our data show that AtNHX1 and AtNHX2 can interact in a specific manner with 

several CIPK kinases at the tonoplast, but some interactions are shared by both 

exchangers while others are circumscribed to one of the NHX isoforms (section 

R.5.3.1.; figures R.37.-R.39.; table R.2.). Together with the facts that NHX1 and NHX2 

can form homomers and heteromers between them (section R.5.1.; figures R.33. and 

R.34.), their functional redundancy in plants (Barragan, 2007; Bassil et al., 2011a; 

Barragán et al., 2012), the constraints to perform functional assays in yeast with these 

proteins (section 5.3.4.; figure R.48.), and that the NHX/CIPK interactions could be 

independent of phosphorylation (Batelli et al., 2007) (section R.5.3.3.; figures R.45.-

R.47.), the study of the post-translational regulation of NHX1 and NHX2 in response to 

several stimulus becomes in an intrincated issue that needs of new approaches and 

studies to be resolved. 
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VII. CONCLUSIONS 
 
 
 

1. The vacuolar-localized NHX1 and NHX2 proteins play a critical role in the 

accrual of K+ in the vacuole, which is essencial for cell expansion, plant growth 

and osmotic regulation.  

 

 

2. The ion exchangers NHX1 and NHX2 are essential for stomatal activity by 

facilitating K+ accumulation into guard cell vacuoles. 

 

 

3. No other K+ transporter functionally substitutes their role in the tonoplast of 

the guard cell but Na+ supplementation bypasses the requirement of NHX1 and 

NHX2. 

 

 

4. The very dynamic morphological changes that vacuoles of guard cells undergo 

along the aperture and closure of stomata are unconditionally dependent on 

the instauration of K+ uptake into the vacuolar lumen by NHX1 and NHX2 

proteins. 

 

 

5. There exist yeast kinases able to phosphorylate the AtNHX2 antiporter at the 

serine532, and this phosphorylation event is essencial for AtNHX2 activity in 

yeast.  

 

 

6. The ion antiporters NHX1 and NHX2, which can form homomers and 

heteromers between them, interact in planta with several members of the CBL-

Interacting Protein Kinases (CIPKs). 
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VIII. ANNEX 1 
 

Abbreviations 
 
AAS Atomic absorption spectrophotometry 
ABA  Abcisic acid 
AD Activation domain 
AP Arginine phosphate medium  
ATP Adenosine-5'-triphosphate 
BD Binding domain 
BiFC Bimolecular fluorescence complementation 
bp Basepair 
Ca2+ Calcium 
cAMP Cyclic adenosine monophosphate 
cDNA Complementary deoxyribonucleic acid 
CDS Coding sequence 
CIP Calf intestinal alkaline phosphatase 
Cl- Chlorine 
cm Centimeter 
Col-0 Arabidopsis thaliana cv Columbia wild type 
CTAB Hexadecyltrimethylammonium bromide 
Cyt Cytosolic 
DEPC Diethylpyrocarbonate 
DNA Deoxyribonucleic acid 
dNTP Deoxynucleotide triphosphates 
DTT Dithiothreitol 
EDTA Ethylenediaminetetraacetic acid 
EDX Energy-dispersive X-ray spectroscopy 
ER Endoplasmic reticulum 
g Gram 
GBq Gigabecquerel 
GFP Green fluorescent protein 
GST Glutathione S-transferase 
GUS Beta-glucuronidase 
GTE Glucose-Tris-EDTA 
h Hour 
H+ Hydrogen or protons 
His Histidine 
Hyg Hygromycin 
IC Intracellular 
JA Jasmonic acid 
K+ Potassium 
Kan Kanamycin 
kb Kilobase 
kDa Kilodalton 
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KIRC Inward-rectifier K+ channel 
KO Arabidopsis thaliana nhx1-2 nhx2-1 mutant line  
KORC Outward-rectifier K+ channel 
kV Kilovolts 
L Litre 
L14 Arabidopsis thaliana nhx1-1 nhx2-1 mutant line  
LAK  
LB Luria-Bertani medium for bacteria growth 
Leu Leucine 
m Meter 
mA Milliampere 
MES 2-(N-morpholino)ethanesulfonic acid 
mg Miligram 
min Minute 
mL Milliliter 
mm Millimeter 
mM Millimolar 
mRNA Messenger RNA 
MS Murashige & Skoog medium for plant growth 
mV Millivolts 
MVBs Multivesicular bodies 
N Normal 
Na+ Sodium 
NADPH Nicotinamide adenine dinucleotide phosphate 
NH4

+ Amonium 
nm nanometer 
nM Nanomolar 
NO3

- Nitrate 
O3 Ozone 
O.D. Optical density 
o/n overnight 
PAR Photosynthetically active radiation 
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 
PEG Polyethylene glycol 
PLATE Solution for yeast transformation (PEG-lithium acetate-Tris-EDTA) 
PM Plasma membrane 
Rb+ Rubidium 
RH Relative humidity 
RNA Ribonucleic acid 
rpm Revolutions per minute 
ROS Reactive oxygen species 
RT-PCR Reverse transcription polymerase chain reaction 
s Second 
SDS sodium dodecyl sulfate 
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SDS-PAGE SDS polyacrylamide gel electrophoresis 
SEM Scanning electron microscopy 
Ser Serine 
S.I. Stomatal index 
SOB Super optimal broth medium 
SOC Super optimal broth with catabolite repression medium 
TAE Tris acetate-sodium acetate-EDTA 
Taq polymerase DNA polymerase isolated from the bacterium Thermus aquaticus 
T-DNA Transfer DNA 
TE Tris:EDTA 
TEMED Tetramethylethylenediamine 
TGN Trans-Golgi network 
Tm Melting temperature 
TM Transmembrane domain 
Thr Threonine 
Trp Tryptophan 
Ura Uracil 
U Enzyme unit 
U.V. Ultraviolet 
V Volts 
v Volume 
w Weight 
Y2H Yeast two-hybrid 
YEP Yeast Extract Peptone medium for Agrobacterium growth 
YFP Yellow fluorescent protein 
YNB Yeast-nitrogen-base medium for yeast growth 
YPD Yeast-peptone-dextrose medium for yeast growth 
X-Gluc 5-bromo-4-chloro-3-indolyl glucuronide 
µCi Microcurie 
µL Microliter 
µM Micromolar 
µmol Micromol 
ø Diameter 
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IX. ANNEX 2 
 

Primers 

 
 
1. PCR 
 
Primer Sequence Gene 
nhx1-5’-2 5’CACGTGCAAGTAAGTGTGGTCC3’ AtNHX1 
nhx1-3’ 5’CCAGAGCGTGCATATAGCAGCTAC3’ AtNHX1 
nhx2-5’ 5’GGTTGCAGCTATTCGCCTTGAGTGG3’ AtNHX2 
nhx2-3’ 5’CGGTATCAGGGTTCAGTGTTAGCG3’ AtNHX2 
LBa1 5’TGGTTCACGTAGTGGGCCATCG3’ T-DNA of pROK2 
 
 
 
2. RT-PCR 
 
Primer Sequence Gene 
TB4-F 5’CAGTGTCTGTGATATTGCACC3’ AtTB4 
TB4-R 5’GACAACATCTTAAGTCTCGTA3’ AtTB4 
NHX1rt-F 5’GTATCTATGGCTCTTGCATACAAC3’ AtNHX1 
NHX1rt-R 5’ATCAAAGCTTTTCTTCCACGTTACCC3’ AtNHX1 
NHX2rt-F 5’CAGGGCACACAGAATTGCGCGGGAATG3’ AtNHX2 
NHX2rt-R 5’GTCACCATAAGAGGGAAGAGCAAG3’ AtNHX2 
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3. Cloning and mutagenesis 
 
Primer Sequence Gene 
NHX1ct-5’ 5’GGATCCATGATCACGAGTACGATAACT3’ AtNHX1 
NHX1ct-3’ 5’AAGCTTTCAAGCCTTACTAAGATCAGG3’ AtNHX1 
NHX2ct-5’ 5’ CAGGAATTCGGATCCGGTATGCTAACCAAACCACTG3’ AtNHX2 
NHX2ct-3’ 5’ CGCGTCGACTCAAGGTTTACTAAGATCATG3’ AtNHX2 
CIPK26-F 5’ AACCCCCGGGATGAATCGGCCAAAGGTTCAG3’ AtCIPK26 
CIPK26_R 5’ TTTGCTCGAGTTATTTGCTTAGACCAGAGCT3’ AtCIPK26 

 
CIPK23_F 5’ TCCTCCCGGGATGGCTTCTCGAACAACGCCT3’ AtCIPK23 
CIPK23_pEG(KT)_F 5’TCCTCCCGGGAATGGCTTCTCGAACAACGCCT3’ AtCIPK23 
CIPK23 R 5’GCCCCTCGAGTTATGTCGACTGTTTTGCAAT3’ AtCIPK23 
-TIP-Not 5’CCACCGCGGCCGCCGTAGTCTGTGGTTGGGAG3’ AtTIP1;1 
GFP-Not 5’GCTGGCGGCCGCGGTGGTGTGAGCAAGGGCGAGGAG

CTG3’ 
GFP 

AtNHX1 Xho5’ 5’AACCTCGAGATGTTGGATTCTCTAGTGTCGAAA3’ AtNHX1 
AtNHX2 Xho5’ 5’CTCGAGATGACAATGTTCGCCTCTTTAACC3’ AtNHX2 
Atnhx1SA-3’ 5’ 

GGATCCTCAAGCCTTACTAAGATCAGGAGGGTTTCTCTC
AGTTGGAGCAC3' 

AtNHX1 

Atnhx2SA-3’ 5’ 
GGATCCTCAAGGTTTACTAAGATCATGGCTGCTTCTCTCA

GTCGGAGCACCAGG3’ 

AtNHX2 

Atnhx2SD-3’ 5’ 
GGATCCTCAAGGTTTACTAAGATCATGGCTGCTTCTCTCA

GTCGGATCACCAGG3’ 

AtNHX2 
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X. ANNEX 3 
 

Vectors 
 
 
1. Cloning Vectors 
 
Vector Organism Selection marker Reference 

pCR®-Blunt Bacteria Kanamycin Invitrogen 
pCB-NHX1ct Bacteria Kanamycin (Barragan, 2007) 

pCB-NHX2ct Bacteria Kanamycin Present work, created by 
Verónica Barragán 

pCRBlunt-CIPK23 Bacteria Kanamycin Present work 

pCR®2.1-TOPO® Bacteria Kanamycin and ampicillin Invitrogen 

pCR2.1-pDRNHX1 Bacteria Ampicillin Present work 

pCR2.1-pDRNHX2 Bacteria Ampicillin Present work 

 
2. Expression Vectors 
 
Vector Organism Selection marker Promoter/ 

Terminator 
Reference 

pEG(KT) Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 (Mitchell et al., 
1993) 

pEG(KT)-NHX1ct Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 (Barragan, 2007) 

pEG(KT)-NHX2ct Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 Present work 

pEG(KT)-SOS1ct Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 (Quintero et al., 
2011) 

pEG(KT)-CIPK23 Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 Present work 

pEG(KT)-SOS2 Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 Present work, 
created by F. 

Javier Quintero 



 191 

pEG(KT)-SOS2 HA Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 Present work, 
created by F. 

Javier Quintero 
pGEX-2TK-SOS2 Bacteria Ampicillin TAC/TAC (Guo et al., 

2001a) 
pGEX-2TK-SOS2 
HA 

Bacteria Ampicillin  (Guo et al., 
2001a) 

pEG(KT)-CBL10 Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

CYC1/CYC1 Present work, 
created by 

Imelda Mendoza 
pGEX-6P-1-
SCABP8 

Bacteria Ampicillin TAC/TAC (Quan et al., 
2007) 

pAtNHX1-1 Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

PMA1/ADH1 (Quintero et al., 
2000) 

pDR-AtNHX2 Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

PMA1/ADH1 (Yokoi et al., 
2002) 

pDR-nhx1S526A Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

PMA1/ADH1 Present work, 
created by 

Agustín 
Hernández 

pDR-nhx2S532A Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

PMA1/ADH1 Present work 

pDR-nhx2S532D Yeast 
(multicopy)
/ Bacteria 

URA3/ 
Ampicillin 

PMA1/ADH1 Present work 

pBD-GAL4 cam Yeast TRP1/ 
Chloramphenicol 

ADH1/ADH1 Stratagene 

pBD-NHX1ct Yeast TRP1/ 
Chloramphenicol 

ADH1/ADH1 Present work, 
created by 
Verónica 
Barragán 

pGBKT7 Yeast TRP1/Kanamycin ADH1/ADH1 Clontech 
pGB-NHX2ct Yeast TRP1/Kanamycin ADH1/ADH1 Present work 
pGAD-NHX1ct Yeast LEU2/Ampicillin ADH1/ADH1 Present work , 

created by 
Kudla’s 

laboratory 
pGAD-NHX2ct Yeast LEU2/Ampicillin ADH1/ADH1 Present work, 

created by 
Kudla’s 

laboratory, 
p414GPD Yeast 

(multicopy)
TRP1/Ampicillin GPD/CYC1 (Mumberg et al., 

1995) 
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/ Bacteria 
pYPGE15 Yeast 

(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 (Brunelli and Pall, 
1993) 

p414GPD-CIPK23 Yeast 
(multicopy)
/ Bacteria 

TRP1/Ampicillin GPD/CYC1 Present work, 
created by F. 

Javier Quintero 
p414GPD- CIPK24 
T168D/Δ308 

Yeast 
(multicopy)
/ Bacteria 

TRP1/Ampicillin GPD/CYC1 (Guo et al., 2004) 

p414GPD-CIPK24 Yeast 
(multicopy)
/ Bacteria 

TRP1/Ampicillin GPD/CYC1 (Guo et al., 2004) 

p414GPD-CIPK26 Yeast 
(multicopy)
/ Bacteria 

TRP1/Ampicillin GPD/CYC1 Present work 

pYPGE15-CBL1 Yeast 
(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 Present work 

pYPGE15-CBL2 Yeast 
(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 Present work 

pYPGE15-CBL3 Yeast 
(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 Present work 

pYPGE15-CBL4 Yeast 
(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 (Guo et al., 2004) 

pYPGE15-CBL6 Yeast 
(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 Present work 

pYPGE15-CBL10 Yeast 
(multicopy)
/ Bacteria 

URA3/Ampicillin PGK1/CYC1 Present work, 
created by 

Imelda Mendoza 
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3. Binary Vectors 
 
Vector Organism Selection 

marker 
Promoter/ 
Terminator 

Reference 

pBI101 Plants/Bacteria Kanamycin - Clontech 
pBI101-
promNHX2:GUS 

Plants/Bacteria Kanamycin NHX2/NOS (Barragán et al., 
2012) 

pBI321 Plants/Bacteria Kanamycin CamV35S/NOS (Martinez-Atienza 
et al., 2007) 

pBI321Kan-
TIP:GFP 

Plants/Bacteria Kanamycin CamV35S/NOS Present work, 
created by Beatriz 

Cubero 
pBI321Hyg-
TIP:GFP 

Plants/Bacteria Hygromycin CamV35S/NOS Present work, 
created by Javier 
Pérez-Hormaeche 

pBI321-
NHX2:GFP 

Plants/Bacteria Kanamycin CamV35S/NOS Present work, 
created by Beatriz 

Cubero 
pSPYNE(R)173 Plants/Bacteria Kanamycin CamV35S/NOS (Waadt et al., 

2008) 
pSPYNE173 Plants/Bacteria Kanamycin CamV35S/NOS (Waadt et al., 

2008) 
pSPYCE(M) Plants/Bacteria Kanamycin CamV35S/NOS (Waadt et al., 

2008) 
pSPYCE(M)-
NHX1 

Plants/Bacteria Kanamycin CamV35S/NOS Present work, 
created by Kudla’s 

laboratory 
pSPYCE(M)-
NHX2 

Plants/Bacteria Kanamycin CamV35S/NOS Present work, 
created by Kudla’s 

laboratory 
pSPYNE173-
NHX1 

Plants/Bacteria Kanamycin CamV35S/NOS Present work 

pSPYNE173-
NHX2 

Plants/Bacteria Kanamycin CamV35S/NOS Present work 

pSPYNE(R)173-
CIPKs (isoforms 
from 1 to 26) 

Plants/Bacteria Kanamycin CamV35S/NOS Present work, 
created by Kudla’s 

laboratory 
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