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Tidal marshes are among a few habitats populated by halophytes. Such coastal areas are flooded by seawater during high sea tides and have increased soil salinity compared with neighbouring land. The salt marshes at Seven Sisters near Seaford in Sussex, South England, provide an excellent example of zonation with different halophytes flourishing under high salinity but at different levels on the marsh. The small island in the foreground is populated by Salicornia spp. and Suaeda maritima, while the area behind is dominated by Atriplex portulacoides interspersed with Salicornia spp., S. maritima and Puccinellia maritima, Spergularia marina and Limonium binervosum can be found on drier parts of the marsh. The small island is noticeably of reddish-pink colour due to accumulation of anthocyanins in the leaves, possibly a consequence of low oxygen availability to the roots.

The image was taken by Vadim Volkov, September 2017

Life presumably arose in the primeval oceans with similar or even greater salinity than the present ocean, so the ancient cells were designed to withstand salinity. However, the immediate ancestors of land plants most likely lived in fresh, or slightly brackish, water. The fresh/brackish water origins might explain why many land plants, including some cereals, can withstand moderate salinity, but only 1 – 2 % of all the higher plant species were able to re-discover their saline origins again and survive at increased salinities close to that of seawater.
From a practical side, salinity is among the major threats to agriculture, having been one of the reasons for the demise of the ancient Mesopotamian Sumer civilisation and in the present time causing huge annual economic losses of over 10 billion USD.
The effects of salinity on plants include osmotic stress, disruption of membrane ion transport, direct toxicity of high cytoplasmic concentrations of sodium and chloride on cellular processes and induced oxidative stress. Ion transport is the crucial starting point that determines salinity tolerance in plants. Transport via membranes is mediated mostly by the ion channels and transporters, which ensure selective passage of specific ions. The molecular and structural diversity of these ion channels and transporters is amazing. Obtaining the detailed descriptions of distinct ion channels and transporters present in halophytes, marine algae and salt-tolerant fungi and then progressing to the cellular and the whole organism mechanisms, is one of the logical ways to understand high salinity tolerance. Transfer of the genes from halophytes to agricultural crops is a means to increase salt tolerance of the crops. The theoretical scientific approaches involve protein chemistry, structure-function relations of membrane proteins, synthetic biology, systems biology and physiology of stress and ion homeostasis.
At the time of compiling this e-book many aspects of ion transport under salinity stress are not yet well understood. The e-book has attracted researchers in ion transport and salinity tolerance. We have combined our efforts to achieve a wider, more detailed understanding of salt tolerance in plants mediated by ion transport, to understand present and future ways to modify and manipulate ion transport and salinity tolerance and also to find natural limits for the modifications.
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Editorial on the Research Topic
 Salinity Tolerance in Plants: Mechanisms and Regulation of Ion Transport



Life presumably arose in the primeval oceans (with similar or even greater salinity than present ocean—Knauth, 1998), so the ancient cells were designed to withstand salinity. However, for the plants to “land,” their immediate ancestors most likely lived in fresh, or slightly brackish, water. These algae already developed roots/rhizoids to obtain nutrients from the substrate and did not face hyper-salinity, as well as air exposure, in a drying pond (Raven and Edwards, 2001; Flowers et al., 2010). The fresh/brackish water origins might explain why many land plants, including some cereals, can withstand moderate salinity, but only 1–2% of all the higher plant species survive at salinities close to that of seawater (Santos et al., 2016). Salt tolerance does not have a firm dividing line: 80 mM NaCl is usually taken as a stress threshold and 200 mM NaCl as the halophyte territory (compare to ~470 mM NaCl content of the modern seawater). However, plants have re-discovered their saline origins in more than 70 independent halophytic lines (Bennett et al., 2013).

Salinity is among the major threats to agriculture, having been one of the reasons for the demise of the ancient Mesopotamian Sumer civilization (Jacobsen and Adams, 1958) and in the present time causing huge annual economic losses of over 10 billion USD (this figure exceeds the gross domestic product of more than 50 less-developed countries of the modern world—Qadir et al., 2014). The effects of salinity on plants include osmotic stress, disruption of membrane ion transport, direct toxicity of high cytoplasmic concentrations of sodium and chloride on cellular processes and induced oxidative stress. Ion transport is the crucial starting point that determines salinity tolerance in plants: this includes the cation and anion transport across the plasma membranes of the root cells, the transport through the vacuolar membranes, the long-distance ion transport via xylem and phloem and the salt excretion and accumulation by the specialized cells.

Transport via membranes is mediated mostly by the ion channels and transporters, which ensure selective passage of specific ions. In the model salt-sensitive plant, Arabidopsis thaliana, over a thousand genes are predicted to encode membrane proteins: over one hundred of these determine the cation channels and transporters (Mäser et al., 2001). The molecular and structural diversity of these ion channels and transporters is amazing. They differ in the number of protein transmembrane domains, in the selectivity filters for allowing passage of specific ions, in the molecular structures for gating (opening and closing) by the change of trans-membrane potential difference or by chemical compounds and also in regulation by the interacting proteins or the chemical modifications (e.g., by phosphorylation and dephosphorylation, SUMOylation, S-nitrosylation, potentially carbamylation etc.).

Naturally occurring salt-tolerant plants, halophytes, which survive at high salt concentrations, provide a unique source of traits for the tolerance and of genes for membrane proteins involved in ion transport and their regulators: the genes that are functioning under salinity and could be transferred to agriculturally important crops to increase their tolerance. The older lineage of Chlorophyta contains many marine algae with ion transporters, channels and pumps, potentially unknown in land plants. Fungi can also provide useful transporters, not found in Kingdom Plantae. An alternative approach, drawn from synthetic biology, is to modify the existing membrane transport proteins or to create new ones, with the desired properties, for transforming of the agricultural crops. Obtaining the detailed descriptions of distinct ion channels and transporters present in halophytes, and then progressing to the cellular and the whole plant mechanisms, is the logical way to understand salinity tolerance. The theoretical scientific approaches involve protein chemistry, structure-function relations of membrane proteins, systems biology and physiology of stress and ion homeostasis.

At the time of compiling this Research Topic many aspects of ion transport under salinity stress are not yet well understood. The structure-function relationships of ion channels and transporters are slowly being deciphered, but essentially remain terra incognita. The multiple links between the ion fluxes, electrophysiology and other physiological processes, leading to salinity tolerance, are often not described in any detail. Completely unexpected features of ion transport under salinity stress may be waiting to be discovered. The Research Topic has attracted researchers in ion transport and salinity tolerance of plants (and fungi) and we have combined our efforts to achieve a wider, more detailed understanding of salt tolerance in plants mediated by ion transport.

The papers in the Research Topic address the aspects of ion transport under salinity stress mentioned above: they analyse precise details of the molecular structure of ion transporters linked to the selectivity of ion transport and compare ion fluxes in different organisms. The results suggest a diversity of adaptations to salt stress and ion transport in yeast and other fungi, in algae, in agriculturally important plants and crops and further in halophytes from mangroves to recretohalophytes, which excrete salt via specialized salt glands. The topic contributions explore numerous aspects of salinity tolerance, including osmotic adjustment, oxidative stress, changes in photosynthesis and morphology of cells. The wide and comprehensive picture of the processes related to salinity tolerance is united under the heading of ion transport at the time of saline stress. The following short introduction, describing the contributing papers, provides a brief guide to the topics that have been addressed.

The reviews in this topic lay out a logical pathway for understanding the ion transport and physiology of plants affected by salinity: from characterization of Na+ fluxes and their regulation at the level of the whole plant to fluxes at the cellular and vacuolar membranes with specific ion channels and transporters. Maathuis et al. provide a solid description of the morphological structures and the molecular mechanisms important for Na+ transport. Volkov applies a quantitative approach to ion transport, initially in yeast and other small cells and then to entire plants (Volkov; Volkov). The current advanced methods allow us to estimate the exact number of the individual ion channels and transporters in a single yeast cell. Further, we can determine their uneven distribution in specific lipid domains with a size around hundreds of nanometers. The ion fluxes via cellular membranes are also influenced by the cell walls and by the hydrostatic pressure inside cells, adding more complexity (Volkov). A similar quantitative approach is useful for the whole plants, although much less is known about the larger organisms. In a second review, Volkov applies a systems biology approach, describing the progress in genetic and protein engineering to manipulate ion fluxes in plants (Volkov).

The Characeae are one of the three charophyte branches of the phylogenetic tree that gave rise to land plants. Beilby provides a comprehensive review of salinity tolerance in giant-celled algae of the Characeae, introducing this classical system and its response to salinity, measurement of ion fluxes and study of fast electric action potentials. The narrative compares the salt-tolerant Chara longifolia and Lamprothamnium species with the salt-sensitive Chara australis and discusses several electrically active states of the plasma membrane, when different sets of ion transporters determine the membrane electrophysiology. The review ponders both hyper and hypo-osmotic regulation in these unusually large cells (Beilby).

Moving to more saline environments in a brief perspective paper on halophytes, Duarte et al. focus on morphological features of halophytes, particularly photosynthesis, accumulation of osmotically active substances and antioxidants protecting the plant exposed to high salinity. Yuan et al. and Dassanayake and Larkin present reviews that discuss novel advances in research on the ion transport via salt glands of excreting salt recretohalophytes. The former review focuses on the morphological structure of salt glands, methods of collection of salt gland liquid, mechanisms of ion transport including the specific ion channels and transporters involved (Yuan et al.). The latter review discusses morphology and evolution of salt glands, suggesting that the salt glands emerged independently at least 12 times in recretohalophytes. Further narrative briefly describes the present genetic resources available for genetic engineering of salt glands and ponders the strategies and complications on the way (Dassanayake and Larkin).

Research papers within the Topic feature two reports analysing macroscopic results of single amino acid substitutions within specific regions of potassium HAK5 (Alemán et al.) and cation HKT (Almeida et al.) transporters. The plant transporter HAK5 is important for K+ uptake at low K+ concentrations in the soil. The mutation F130S in HAK5 from A. thaliana substituted phenylalanine to serine in a presumed pore for K+ binding of the transporter. The mutated HAK5 increased the survival of yeast cells of strain 9.3 under salinity. These yeast cells lacked their own K+ and Na+ transport systems, but expressed the mutated HAK5 from Arabidopsis (Alemán et al.). The kinetic transport properties of mutated HAK5 were also characterized in the yeast 9.3 cells. The F130S mutation surprisingly increased affinity for Rb+ (Rb+ mimicked K+ uptake) over 100 times, while reducing the inhibitory constants Ki of the Rb+ transport by Na+ or by Cs+ over 10 times. Several other HAK5 mutants also demonstrated altered kinetic properties of transport (Alemán et al.). The HKT cation transporters play a role in Na+ and K+ transport to xylem and in uptake of the ions by roots. A single amino acid change from serine to glycine (S70G) in the first pore domain of tomato HKT1;2 (SlHKT1;2) transporter altered the ion selectivity of transport. The mutated form of SlHKT1;2 transported K+ and Na+, instead of only Na+, but at lower rates. The selectivity of ion transport was characterized when SlHKT1;2 was expressed in oocytes of African clawed toad Xenopus laevis. The ion currents were measured by the electrophysiological method of two-electrode voltage clamp. The heterologous expression of tomato HKT1;2 in the mutant Arabidopsis athkt1;1 plants without native HKT transporter restored the K+ accumulation in the shoots. Thus the combined methods of molecular biology and electrophysiology characterized the functioning of SlHKT1;2 transporter in tomato (Almeida et al.).

Two more experimental papers link expression of the individual genes with salinity tolerance and ion transport (Liu et al.; Jing et al.). In barley under salinity treatment the expression of slow anion channel genes, HvSLAH1 and HvSLAC1, was up-regulated in the leaves of salt-tolerant cultivars and positively correlated with the grain yield under field conditions. Compared to sensitive varieties, the aperture of stomatal cells under salinity remained larger in the salt tolerant barley plants, although significantly decreased in comparison to control conditions (Liu et al.). The trees of the mangrove Kandelia candel grow at the sea coast with roots in seawater and the expression of its superoxide dismutase gene KcSOD in tobacco plants increased their salt tolerance (Jing et al.). Further, the Na+ fluxes in roots, the accumulation of ions, the activity and intracellular location of superoxide dismutase, the kinetics of reactive oxygen species and the parameters of photosynthesis or growth were characterized for the mangrove, the transgenic tobacco and the Arabidopsis plants (Jing et al.).

Three experimental papers report important physiological aspects of ion transport and salinity tolerance for different plant species. The sodium accumulation in vacuoles and in the cytoplasm of distinct root zones was explored in detail for six salt-tolerant and sensitive wheat cultivars by using a sodium-sensitive fluorescent dye. Unexpectedly, the cells of root meristem in the salt-tolerant cultivars had a higher Na+ in their cytoplasm than those of the salt-sensitive cultivars (Wu et al.). The responses to salinity of salt-tolerant and salt-sensitive varieties of habanero pepper plants (Capsicum chinense) also differed greatly (Bojórquez-Quintal et al.). The salt tolerant variety accumulated fifty times more osmolyte proline in roots, retained more K+ in the roots under salinity, sequestered Na+ in the cytoplasm in vacuole-like structures and not in the apoplast, compared to the salt sensitive pepper plants (Bojórquez-Quintal et al.). The halophyte Atriplex canescens (fourwing saltbush) increased the net photosynthetic rate, accumulated more proline and betaine, kept relatively stable K+ concentrations in its tissues and had higher Na+ in the salt glands under salinity than under non-saline conditions (Pan et al.).

Finally, three other experimental papers elucidate several novel areas, usually not associated with salt stress. Selected strain BG03 of the soil bacterium Bacillus subtilis improved salinity tolerance of the white clover by decreasing the osmotic potential of the leaves and preserving better K+/Na+ ratio under salinity (Han et al.). The examination of potato plantlets, using electron microscopy, revealed unusual features of the ultrastructure of leaf mesophyll cells and their chloroplasts, which were recorded under a gradient of salinity treatments (Gao et al.). The associated biochemical tests and X-ray microanalysis of plant tissues added more details to understanding the survival of these plantlets under saline conditions (Gao et al.). The salt avoidance bending of growing roots, known as halotropism, was documented for Arabidopsis plants (Yokawa et al.). Halotropism was influenced by the illumination stress for these roots. The illumination stress increased their growth rate, stimulated oxidative stress and influenced F-actin-dependent processes. The UVR8 light receptor relocated to nuclei in apical root cells after UV-B treatment, while the halotropism was inhibited by light (Yokawa et al.).

We believe that our simultaneous efforts will inspire further research and wider understanding of the ion transport in general and at the time of salinity stress. We also hope that the Research Topic lays one more foundation stone in understanding the biophysics of ion transport via ion channels and transporters en route to deciphering salinity tolerance, creation of salt-tolerant crops, and of growing crops in the fields irrigated with salt water.
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Modeling of ion transport via plasma membrane needs identification and quantitative understanding of the involved processes. Brief characterization of main ion transport systems of a yeast cell (Pma1, Ena1, TOK1, Nha1, Trk1, Trk2, non-selective cation conductance) and determining the exact number of molecules of each transporter per a typical cell allow us to predict the corresponding ion flows. In this review a comparison of ion transport in small yeast cell and several animal cell types is provided. The importance of cell volume to surface ratio is emphasized. The role of cell wall and lipid rafts is discussed in respect to required increase in spatial and temporary resolution of measurements. Conclusions are formulated to describe specific features of ion transport in a yeast cell. Potential directions of future research are outlined based on the assumptions.

Keywords: ion transport, yeast cell, erythrocyte, excitable membrane, lipid rafts, cell wall, salinity tolerance, systems biology

Introduction

The fungus Saccharomyces cerevisiae (Phylum Ascomycota) is a well-known baker's yeast. It is a small unicellular organism (Figure 1), which can grow in a wide range of pH, osmolality and various ion compositions of surrounding media. Yeast cells are among the best studied unicellular eukaryotic organisms with small sequenced genome, large available collections of mutants in specific genes, high growth rate in nutrient media. They are easy for genetic and molecular biological manipulation. Essential volume of accumulated knowledge about yeast facilitates further research in the area.


[image: image]

FIGURE 1. Microscope image of mature yeast culture at high magnification. Yeast culture (BY4741) was grown for a day after reaching stationary phase. Scale bar is 12.5 μm.



Yeast cells are widely used in the food industry, for baking and for brewing, for making wine and spirits. More recent and advanced applications include biotechnology, chemical industry and pharmacology where yeast cells are producing pharmaceutical and nutraceutical ingredients, commodity chemicals, biofuels and also heterologous proteins including different enzymes from other eukaryotic organisms. The commercial scale of production is achieved for the novel applications based on progress in synthetic biology and metabolic engineering (e.g., reviewed in Borodina and Nielsen, 2014). Yeast cells are invaluable for applications in biomedical research. Heterologous expression of mammalian proteins, especially membrane ones in yeast is an important means to understand their properties. Eukaryotic yeast cells with specific mutant phenotypes could be rescued after expressing homologous or complementing proteins from the other organisms, thus giving indications about the functions and interactions of the proteins. Amino acid mutations and substitutions within the proteins of interest allow detailed analysis of their structure and protein domains. Yeast two-hybrid screening is a technique in molecular biology to understand protein-protein interactions (Fields and Song, 1989; reviewed in Brückner et al., 2009); modifications of the method include split-ubiquitin system (Stagljar et al., 1998; reviewed in Thaminy et al., 2004) and several others for interacting membrane proteins in vivo. Yeast expression system helped to understand elements of calcium signaling in eukaryotic cells (reviewed in Ton and Rao, 2004). Yeast cells served for functional expression and characterization in more detail protein domains of an inward-rectifying mammalian K+-channel mKir2.1 (Hasenbrink et al., 2005, 2007; Kolacna et al., 2005), rat neuronal potassium channel rEAG1 (Schwarzer et al., 2008), human estrogen alpha and beta receptors (Sievernich et al., 2004; Hasenbrink et al., 2006; Widschwendter et al., 2009), human receptors of the Hedgehog pathway (Joubert et al., 2010) and the other heterologous membrane proteins for functional and structural studies. The methods and applications are essentially based on the present and growing knowledge of yeast cells, their genetics, molecular biology and physiology.

Ion homeostasis is important for yeast growth (cell volume increases mainly by water uptake according to osmotic gradient against cell wall mechanical pressure) and also for the function of enzymes. Some proteins (e.g., yeast HAL2 nucleotidase) may change conformation and lose activity under increased concentrations of Na+ (Murguía et al., 1996; reviewed in Serrano, 1996; Albert et al., 2000). Understanding, describing and modeling ion transport is important for optimizing and improving growth conditions for yeast culture.

Initial assumptions for modeling seem oversimplified for a biologist; however, they are required for the basic biophysical description of the processes. The cell is considered to be a homogeneous spherical body consisting of viscous cytoplasm containing several ion species and surrounded by a lipid membrane. The lipid membrane contains a large number of incorporated proteins (ion pumps, channels, and transporters), which make pathways for selective and non-selective transport of ions. The cell is further surrounded by the cell wall. Inner cell structures are present (e.g., nucleus, ATP producing mitochondria, clusters of so called lipid rafts within the plasma membrane, possible vacuolization and existing intracellular compartments etc.) and will be mentioned if necessary.

The numeric parameters of a yeast cell are—cell volume, membrane surface area, ion concentrations within and outside of the cell, yeast cell electric membrane potential, characteristics and number of ion transport systems of a yeast cell and also mechanical properties (elastic and plastic elasticity) of the cell wall. The presence of cell wall is a similarity between yeast, plant, algal and most of prokaryotic cells, while making them distinct from most of animal cells. Stretching cell wall balances hydrostatic turgor pressure, which is developed from the interior of the cell due to difference in osmotic pressures inside and outside of the cell. Positive turgor pressure is caused by water fluxes into the cell following higher concentration of osmotically active compounds inside. Ion gradients and partially the higher osmotic pressure are created by the concerted activity of ion pumps, channels and transporters, which also keep stable or ensure perturbed for signaling ion concentrations; ion transport systems are also responsible for negative membrane potential.

Exploring yeast with small size of their cells (several μm or around 10 wavelengths of red light) breaks trivial everyday experience about the world resembling to what is observed in microbiology (Beveridge, 1988) and cell biology (Albrecht-Buehler, 1990), hence requires special knowledge and equipment.

Quantitative Characteristics of Yeast Cells

Assuming an average diameter of yeast cell of about 6 μm and approximating the cell as a spherical body (Figure 1), we can calculate the volume of the yeast cell according to formula linking volume to diameter of sphere:
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For comparison, the volume of simpler prokaryotic microbe Escherichia coli is about 1,5-4,4 fL (e.g., Volkmer and Heinemann, 2011), the volume of a mammalian spermatozoon is about 20–30 fL (Curry et al., 1996). The volume of a human erythrocyte is also about 100 fL (Jay, 1975), but the volume of typical mammalian cardiomyocytes is 300 times larger (Satoh et al., 1996). The volume of giant squid axon is 108 times larger (5 cm long and 500 μm in diameter) (Lecar et al., 1967), the volume of barley leaf protoplasts is at least 100 times larger (Volkov et al., 2009).

It is important to mention that the basics of membrane ion transport were initially formulated in the outstanding works of Nobel Prize laureates Hodgkin and Huxley for large cells (squid axon) (Hodgkin and Huxley, 1952), so the principles for small cells with much higher surface/volume ratio may need to be scaled and amended. The surface/volume ratio is the surface per unit of volume; it consequently determines ion fluxes for the unit of volume and, vice versa, the potential metabolic activity per unit of surface (Figure 2). The surface/volume ratio is 125 times higher for a yeast cell than for a squid axon; this poses questions about potential principal differences in ion transport systems.
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FIGURE 2. Comparison of membrane electric capacitance per unit of volume in yeast and several small cells compared to larger giant squid axon and algal cells of charophytes. Membrane electric capacitance is linearly proportional to cell surface area with coefficient about Cm = 1 μF/cm2. The curve is approximated by inverse proportional function, both axes are in logarithmic scale. Higher values for spermatozoon are explained by the long tail of the cell; cardiomyocytes are flat cells with invaginations (T-tubules) to increase surface. More details are given in the text.



The cell surface area for a yeast cell is:
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This value of surface area of biological membrane corresponds to electric capacitance 1 pF, since 100 μm2 make up about 1 pF (the specific electric capacitance of biological membranes Cm is about Cm = 1 μF/cm2) (Hille, 2001). Similar results for capacitance are indeed found in patch clamp experiments (0.5–0.7 pF for yeast spheroplasts with diameters of 4–5 μm) (Roberts et al., 1999). This means that the electric charge q transfer of N = 600,000 monovalent cations (e.g., potassium, proton or sodium) out of cell will cause the change of voltage V from 0 to −100 mV according to the definition of electric capacitance C (q = C*V) and taking into account the elementary charge 1.6*10−19 coulombs (equal to the electric charge of a monovalent cation; hence we have about 6.2*1018 monovalent cations per coulomb):
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This calculated number of cations is about 0.01% of K+ ions in a yeast cell (6*109 ions per cell for 100 mM K+, see below), however 100 times higher than the estimated number of free protons in the yeast cell (without a vacuole and without considering any pH buffering in the cell).

pH of the cytoplasm of a yeast cell is about 7.0, which means 10−7 M H+/L, cell volume is 100 fL, therefore:
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where Na = 6.02*1023/mole is the Avogadro constant corresponding to the number of ions/molecules per mole of a chemical compound/substance.

Similar assumptions and calculations for the number of ions and voltage changes can be found also in Kahm (2011), for example, where several differential equations have been proposed and based on theoretical considerations to build a model of potassium homeostasis in Saccharomyces cerevisiae.

Ion concentrations in yeast cells were measured by several methods and gave readings about 100–150 mM for K+ (Mulet and Serrano, 2002; Jennings and Cui, 2008; Zahrádka and Sychrova, 2012). However, concentrations of 50–300 mM of K+ have been reported (depending on growth phase, external potassium etc., reviewed in Ariño et al., 2010; Kahm, 2011). Under low (0.1 mM) external K+ at the background of 100–300 mM NaCl internal K+ concentration below 5 mM has been measured (Alemán et al., 2014). Na+ depends more on the external concentration and may vary from a few mM to over 100 mM (García et al., 1997; Kolacna et al., 2005). For example, addition of external 1 M NaCl increased internal Na+ concentration linearly from 0 to 150 mM after 100 min (García et al., 1997). Chloride concentration is relatively low and stable, about 0.1–1 mM, indicating that chloride is also a homeostatically controlled abundant ion in the cell (Jennings and Cui, 2008). Calcium concentration in yeast and eukaryotic cells is very low, 50–200 nM. This ion is essential for signaling, so specific pumps and transporters exist to ensure calcium homeostasis and signaling (e.g., Cui and Kaandorp, 2006).

These concentrations correspond to relatively small numbers of ions per cell. Even the number of K+ ions is amenable for simple modeling using modern software and computers. Instead and in addition to using thermodynamic approach, location and properties of each ion could be potentially digitized and analyzed.
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where Na = 6.02*1023/mole is the Avogadro constant.

This number of ions is equivalent to an electrical current of 1.6*10−19 coulombs/ion *6*109 ions ≈ 10−9 A*seconds = 10 seconds * 100 pA (elementary charge of cation 1.6*10−19 coulombs multiplied by the number of ions and converted to Amperes; will be discussed later when considering ion currents via ion channels and transporters).

Direct measurements of membrane potential using glass microelectrodes is the only direct method available to measure membrane potential. However, for small cells of Saccharomyces cerevisiae the method may be inaccurate and can underestimate membrane potential considering that (1) membrane potential could be changed by the proton pump Pma1 within seconds (see discussion below) and (2) microelectrodes may have an effect on the measured values, for example, they cause KCl leak and mechanical stress (e.g., Blatt and Slayman, 1983). Therefore, indirect methods and comparative results for different yeast species and under several conditions are very important.

Microelectrode technique records membrane potentials of around −70 to −45 mV for S. cerevisiae (reviewed in Borst-Pauwels, 1981) and similar or lower values for other yeast species (summarized in Table 1).

Table 1. Values of membrane potential of yeast and several fungal and bacterial cells recorded by microelectrodes.
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Indirect methods of membrane potential measurements are based on steady-state distribution of lipophilic cations and require further simple calculations; tetra[3H]—phenylphosphonium (TPP+) and tri[3H]phenylmethylphosphonium (TPMP+) are used to measure membrane potential in yeast cells. With this method values around −120 mV to −50 mV were estimated (Vacata et al., 1981). Measurements using 3,3′-dipropylthiacarbocyanine gave estimates around −160 to −150 mV for S. cerevisiae; the membrane potential depolarized within 10 s by 25–30 mV in response to addition of 10 mM KCl (Peña et al., 2010). The effect of depolarization by KCl was observed in the presence of 20 mM glucose suggesting the implication of proton pump Pma1 in membrane energization (Peña et al., 2010). Recordings with 3,3′-dipropylthiacarbocyanine demonstrated depolarization for aerobic yeast Rhodotorula glutinis: the cells depolarized by 25 mV in 25 mM KCl, by 60 mV in 100 mM KCl and by 60 mV, when external pH changed from 6 to 3 (Plášek et al., 2012). In the presence of 100 mM glucose cells of S. cerevisiae depolarized by 30 mV in 100 mM KCl, by 20 mM in 100 mM NaCl and by 40 mV under pH decrease from 6 to 3 (Plášek et al., 2013). In the absence of glucose depolarization was larger for pH change and 100 mM KCl though smaller for 100 mM NaCl (Plášek et al., 2013).

This shows that indirectly measured membrane potential values are similar (Felle et al., 1980; Lichtenberg et al., 1988) or more negative (Vacata et al., 1981) than when measured directly by microelectrodes due to a variety of reasons, e.g., impalement problems and leak from microelectrodes, or non-specific absorption of cations.

Ion Transport Systems of Yeast Cells

Ion transport systems have been well studied for yeast cells within the last 30–40 years following the rise of molecular biology, electrophysiology and complete sequencing of the yeast genome. The new methods complement traditional experiments with yeast mutants and ion accumulation by yeast cells to elucidate the mechanisms of transport and role of specific proteins. The main ion transport systems include ion pumps, several transporters, one potassium channel and a non-selective cation current, which was recorded in electrophysiological experiments (Figure 3).
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FIGURE 3. Simplified scheme of cation transport systems in plasma membrane of a typical yeast cell. Pma1 is H+-ATPase pumping protons out of the cell; Ena1 is Na+-ATPase pumping Na+ out of the cell; TRK1 and TRK2 are presumed potassium transporters; TOK1 is outward potassium-selective ion channel; Mid1 is a mechanosensitive cation-selective ion channel; Cch1 is calcium channel; Nha1 is presumed Na+/H+ antiporter. More explanation and controversy is provided in the text.



Ion Pumps

The most abundant protein in the yeast plasma membrane is the proton pump Pma1 (P-type H+-ATPase), which pumps protons out of the cytoplasm and shifts the membrane potential to more negative values. Pma1 transports one H+ per ATP molecule (Ambesi et al., 2000) and makes up about 15–20% of membrane proteins (Eraso et al., 1987). Protein expression analysis (Ghaemmaghami et al., 2003) estimates the amount of Pma1 per cell to be 1,260,000 Pma1 molecules/cell. This is equivalent to 12,600 molecules/μm2 and equates to one Pma1 molecule per 10*10 nm2 of membrane surface. The value is above the feasible limits, since the linear size of proton ATPases is large and, for example, the cross-section of similar H+-ATPase from the plasma membrane of Neurospora crassa is nearly 10*10 nm2 (Auer et al., 1998). Assuming that only 10% of expressed Pma1 is present in the plasma membrane (many molecules could be in secretory vesicles in cytoplasm) we get 130,000 molecules per plasma membrane. This number coincides better with electron microphotographs of yeast plasma membranes labeled with antibodies for Pma1 (Permyakov et al., 2012).

One Pma1 molecule transports 20–100 H+ per second (Serrano, 1988). The conclusion is confirmed by measurements of ATP hydrolysis activities (e.g., Perlin et al., 1989): assuming transport of one H+ per one reaction of ATP hydrolysis and knowing ATPase activities for reconstituted mutant enzymes in μmol Pi mg−1 min−1 we can estimate the number of transported H+/(Pma1 molecule*second). The value is similar to animal Na+/K+-ATPase with a turnover of 160 (Skou, 1998). Taking the lower of these values it is simple to estimate the possible number of protons extruded by Pma1 within one second per yeast cell:
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This value exceeds by a factor of four the number of positive charges required to shift the membrane potential of the cell by −100 mV in one second (Equation 3). Obviously, the situation is more complex since one must also consider thermodynamics of transport and ATP hydrolysis. With a cytoplasmic pH similar to ambient medium Pma1 will not be able to pump protons against a membrane potential lower than -400 to -450 mV due to limitation by energy of ATP hydrolysis: −30 kJ/mole to be translated to the energy of transporting an elementary charge against the membrane voltage and would correspond to transport against −300 mV, slightly more negative hydrolysis energy could be achieved and result in more negative voltages (e.g., Bond and Russel, 1998). Indeed, the most negative membrane potentials recorded in fungal/autotrophic cells are around −300 to −350 mV for Neurospora crassa with equilibrium potential up to −450 mV (Blatt and Slayman, 1987).

These simple considerations show that the most important factors for membrane potential and driving force for translocation of protons (ΔμH+) in yeast cell are:

(1) ATP availability and cell metabolism;

(2) Pma1 regulation, not the potential maximal Pma1 activity;

(3) futile cycles of ion transport and inward electrogenic ion transport.

ATP concentration in yeast cells is about 2 mM in the presence of glucose (measured by aptamer-based ATP nanosensor) (Ozalp et al., 2010) or around: 250–350 attomole ATP per a cell (Ashe et al., 2000) estimated to 2.5–3.5 mM; 8.4 ± 0.4 μmole ATP/3*107 cells (Ullah et al., 2013) recalculating to 2.8 mM. It is similar to the ATP concentration in bacteria, for example 3 mM ATP was measured in Streptococcus bovis (Bond and Russel, 1998). The total number of ATP molecules will be in that case:
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This is at least 50 times higher than the potential minimal requirement of ATP consumed by Pma1 per a second (Equation 6); therefore ATP is likely not a limiting factor immediately linking metabolic activity of yeast cell with fast membrane transport processes (timescale of seconds). If the highest number of Pma1 in the membrane (1.3*106 molecules) is assumed (not likely due to above mentioned steric calculations for the molecules) and the turnover of 100 H+/(Pma1 molecule*second) is taken, the amount of ATP is still sufficient for a second. There is a reasonable time lapse of 1–50 s (buffered by internal existing concentration of ATP) between (1) the proton transport and plasma membrane energization by Pma1 and (2) cell metabolism and ATP synthesis. It is worth to include for consideration ATP/ADP ratio, energy charge of yeast cells, concentrations of free phosphate and ADP. The parameters influence the change of the Gibbs free energy ΔG for ATP hydrolysis (e.g., Bond and Russel, 1998) and also regulate many biochemical and physiological reactions in cells (e.g., Pradet and Raymond, 1983; Wilson et al., 1996; Gout et al., 2014) linking ion transport and cell metabolism. Total concentration of adenine nucleotides in cytoplasm of yeast cell was measured around 3–5 mM (Brindle et al., 1990; Nielsen et al., 2010), while ATP/ADP ratio varied from about 5 in high glucose to 0.3 after 15 min in low glucose, ATP/AMP ratio dropped from over 23 to 0.1 under the switch from high to low glucose (Wilson et al., 1996). Intracellular phosphate was similar to adenine nucleotides, 2.5–5.2 mM (Brindle et al., 1990). Complex and not always predictable changes of cytoplasmic nucleotide concentrations follow cell metabolism. For example, addition of 100 mM glucose at the background of 2% trehalose five-fold decreased ATP concentration less than in 30 s (Loret et al., 2007). Interestingly and unexpectedly, the reduction of ATP was due to increase of IMP and inosine without essential change of ADP and AMP; concentrations of adenine nucleotides recovered to initial levels in about 30 min (Loret et al., 2007). It is a complicated network of transcription factors, protein kinases and the other regulatory proteins and factors involved in nutritional, energy and metabolic control in yeast cells (e.g., Lee et al., 2008; Broach, 2012; Österlund et al., 2013). Pma1 is phosphorylated by several protein kinases and changes affinity to ATP in response to glucose metabolism; it is a way to modulate membrane potential (Goossens et al., 2000). Regulation of Pma1 involves the other numerous proteins and networks of events and is the subject of specific reviews (e.g., discussed in Ariño et al., 2010 and referenced therein; Babu et al., 2012), therefore it will not be discussed in more detail here.

The proton motive force of Pma1 is used for the transport of ions and small molecules by ion channels and transporters, dissipating the very negative membrane potential and proton gradient. Futile cycles of ion transport have been studied in bacteria (e.g., Bond and Russel, 1998); these show that over a third of the energy could be dissipated by cycling ions through the cell membrane. For yeast, futile cycles of protons and anions under adaptation to weak organic acids explained about 30–40% reduction in intracellular ATP compared to growth inhibitory conditions (e.g., Ullah et al., 2013), while the percentage of dissipated energy needs more investigation. Futile cycles of ion transport for Na+, K+ and the other major ions are also well known for plant root cells, the estimates predict over a third and more of energy consumed by the cycles (Britto and Kronzucker, 2006; Malagoli et al., 2008 and later publications from the laboratory). At a first glance, futile cycles seem to be waste of energy and pitfalls of tight regulation. On the opposite, from the point of systems biology futile cycles are an additional mechanism of control and signaling and also a prerequisite for non-linear complex behavior of a biological system (Newsholme and Crabtree, 1976; Samoilov et al., 2005; Qian and Beard, 2006; Tolla et al., 2015). In yeast it is assumed that 20–60% of cell ATP is used by Pma1 (reviewed in Kahm, 2011). There are over 250 predicted transporters in the yeast genome (Paulsen et al., 1998) and almost 100 plasma membrane transporters of known function (Van Belle and André, 2001). Many of them transport small organic molecules, not ions, and can use the proton gradients and membrane potential created by Pma1. The “leak” current via membrane (non-selective cation channels and several other potential routes) and activity of transporters are regulated by membrane potential, calcium, ion concentrations etc. (Bihler et al., 1998; Roberts et al., 1999; reviewed in Ariño et al., 2010) and so are linked to the activity of Pma1 generating a feedback loop. There are still many questions as to which parameter or parameters are controlled and which mechanisms are involved in the regulation of ion transport. Voltage sensors and ligand or ion-binding sites of ion channels are the simplest structures that directly regulate ion currents depending on membrane potential, ion and ligand concentrations (e.g., Hille, 2001), making up regulatory networks. The study of various mutants is helpful in elucidating the interactions. Mutants with about 80% reduced expression of plasma membrane H+-ATPase showed decreased rates of proton efflux and uptake of amino acids, while maintaining a stable membrane potential (measured by gradient of tetraphenylphosphonium) (Vallejo and Serrano, 1989). Mutants lacking outward potassium channel TOK1 had depolarized membrane potential (Maresova et al., 2006), while deletion of Trk1 and Trk2 potassium transporters hyperpolarized the membrane (Zahrádka and Sychrova, 2012).

Ena1 is another ion pump in the yeast plasma membrane recognized as a putative Na+ pump (Haro et al., 1991) removing Na+ out of cytoplasm. Around 688 molecules per cell were estimated by protein expression analysis (Ghaemmaghami et al., 2003), which means that the potential maximal efflux is extremely low. Assuming pumping activity of Ena1 similar to Pma1 with 20–100 H+/second (Serrano, 1988) or animal Na+/K+-ATPase with a turnover of 160 (Skou, 1998), an estimate of 100 Na+ pumped out/second seems reasonable. Then the expected drop in intracellular Na+ due to activity of Ena1 would be:
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Thus, under control conditions Ena1 with a number of about 700 molecules/cell can hardly have an essential effect on sodium concentration. However, the transcription of Ena1 is activated by NaCl (Wieland et al., 1995) via multiple transduction pathways in dose-dependent manner (Márquez and Serrano, 1996). Microarray experiments revealed the complex pattern of activation (Posas et al., 2000 and http://transcriptome.ens.fr/ymgv/index.php for YDR040C), about 10-fold at most. Presumably the activation of transcription could be mirrored by increased number of protein molecules/cell. Interestingly, deletion of Ena1 in the yeast strain G19 resulted in dramatically retarded growth of yeast colonies on plates with added 0.5–1.3 M NaCl and even with added 1.8 M KCl especially at neutral pH 7.0 when compared with pH 3.6 and 5.5 (Bañuelos et al., 1998); therefore expression and interactions of Ena1 are expected to change more under long term salt stress.

Ion Channels and Transporters

Major channels and transporters of yeast plasma membrane include: (1) potassium-selective outward rectifying ion channel TOK1, (2) non-selective cation channels (registered in electrophysiological experiments, but gene sequence(s) and protein structure(s) responsible for the current had not been identified so far), (3) potassium transporters Trk1 and Trk2, (4) sodium/potassium-proton antiporter Nha1, (5) sodium-phosphate symporter Pho89 (reviewed in Ariño et al., 2010), (6) voltage-gated calcium channel Cch1 (Fischer et al., 1997; Peiter et al., 2005; Teng et al., 2008, 2013) probably interacting with mechanosensitive cation-selective channel Mid1 (Kanzaki et al., 1999; Peiter et al., 2005), and (7) mechanosensitive ion channel with similar selectivity for cations and anions (Gustin et al., 1988). A brief description concerning the number of molecules per cell and estimated ion currents carried by them may help to understand their role in membrane transport properties. As a first approximation: sodium/potassium-proton antiporter Nha1 was visualized in experiments on protein expression in yeast using both GFP and TAP tags which estimated 1480 molecules/cell (about 15 molecules/μm2), Mid1 was detected at 3210 molecules/cell (about 30 molecules/μm2), while Trk1, Trk2, TOK1, Pho89, and Cch1 were not visualized or below the detection limit of 50 molecules/cell (Ghaemmaghami et al., 2003). It is worth mentioning that the number of specific protein molecules per cell and the protein abundance variation among cells in large populations of S. cerevisiae are partially determined genetically (Albert et al., 2014).

Though TOK1 was not visualized in the study on protein expression (Ghaemmaghami et al., 2003), earlier electrophysiological experiments predicted about 50–100 active ion channels per a cell (Bertl and Slayman, 1992; Bertl et al., 1998). Potassium-selective outward rectifying ion channel TOK1 is the best characterized ion channel in yeast cells. First single channels recordings with yeast protoplasts revealed dominant conductance with high selectivity for potassium over sodium. The unitary conductance of about 13 pS (122 mM K+ in pipette and outside medium) was inhibited by 20 mM TEA+ and 10 mM Mg2+ (Gustin et al., 1986). 17 pS potassium-selective and ATP-sensitive conductance was registered in H+-ATPase mutants of Saccharomyces cerevisiae (150 KCl inside and outside configuration) (Ramirez et al., 1989). Several large (64 and 116 pS) potassium-selective conductances were revealed in yeast plasma membrane vesicles fused with planar bilayers. These conductances were inhibited by 10 mM TEA+ and 10 mM BaCl2 and presumably correspond to TOK1 (Gómez-Lagunas et al., 1989). Single channel recordings have been studied in detail (Bertl and Slayman, 1992; Bertl et al., 1993). Flickering behavior was found for the channel. The ion channel demonstrated high selectivity for potassium over sodium and was inhibited by increasing cytoplasmic calcium and by cytoplasmic sodium. A kinetic model with several closed and open states was proposed for gating (transition between open and closed states) of the channel (Bertl and Slayman, 1992; Bertl et al., 1993).

Whole cell recordings with yeast protoplasts provided more information about TOK1. Outward current via TOK1 was about 500 pA at +100 mV (175 mM pipette = cytoplasmic KCl and 150 mM external KCl) and demonstrated ATP-dependence (the current exhibited strong rundown within 60 min without ATP in pipette medium). There was no effect of external protons within pH 5.0–8.0, but inhibition by cytosolic acidification; inhibition by TEA+ and Ba2+ and gating by external potassium were also discovered (Bertl et al., 1998). Gating of the yeast potassium outward rectifier by external potassium was found for whole cell currents and confirmed for single channels. It was proposed (based on a previous model for the channel) that TOK1 has binding sites for potassium and plays a central role in osmoregulation and K+-homeostasis in yeast (Bertl et al., 1998). Effects of TOK1 gating by external potassium and also amino acid residues responsible for the gating have been studied in detail using a heterologous expression system, oocytes of Xenopus laevis (Ketchum et al., 1995; Lesage et al., 1996; Loukin et al., 1997; Loukin and Saimi, 1999; Johansson and Blatt, 2006). It was an unexpected finding that TOK1 was slightly activated by volatile anaesthetic agents isoflurane, halothane and desflurane (Gray et al., 1998).

Simple estimates translate the current via the channel to ion concentrations: e.g., 10 pS correspond to 1.0 pA at 100 mV, the number of transported ions per second at 100 mV will be:
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Assuming a change in K+ concentration from 100 to 40 mM within 10 min (600 s), we estimate that only one TOK1 molecule (with extremely low conductivity, at the level of patch clamp resolution) is sufficient to ensure the potassium ion fluxes.

Questions about the physiological role of TOK1 arose together with electrophysiogical characterization of the channel and were partially solved in experiments with yeast mutants. A yeast mutant with a deleted TOK1 gene had no potassium-selective outward current (Bertl et al., 2003). Deletion of TOK1 depolarized cell membrane, while overexpression hyperpolarized it. These results were obtained in an assay using 3,3′-dipropylthiacarbocyanine iodide fluorescence (Maresova et al., 2006). Potential participation of TOK1 in potassium uptake by yeast cells was demonstrated in yeast mutants with overexpressed TOK1 and deleted Trk1 and Trk2 genes (Fairman et al., 1999). Overexpression of TOK1 restored growth on plates with low (1 mM) potassium concentration and more than doubled potassium contents in cells cultured on 5.0 mM K+ (Fairman et al., 1999). The results seem unusual at first glance: overexpression of outward rectifying ion channel has a positive effect on ion accumulation. A possible explanation for this is due to small inward current below E reversal for K+, which was recorded in TOK1-overexpressing cells (Fairman et al., 1999). However, tok1Δ mutants also had slightly higher potassium contents and did not differ in growth (cited according to Kahm, 2011). It is therefore proposed that TOK1 can contribute to controlling membrane potential around reversal potential for potassium (Fairman et al., 1999): the number of ions transferred via TOK1 [(Equation 8) for 100 ion channels but multiplied by smaller voltage and open probability for channels] is comparable to the number of ions pumped by Pma1 per second (Equation 6); so both Pma1 and TOK1 may play a role in altering the membrane potential.

Non-selective cation current in yeast cells is well studied by electrophysiology. Surprisingly high inward currents often exceeding 1 nA at −200 mV have been registered in yeast protoplasts (from larger tetraploid cells) when external divalent ions were reduced below 10 μM (Bihler et al., 1998, 2002). The currents demonstrated inward rectification increasing at more negative voltages and included time-dependent and time-independent instantaneous components (Bihler et al., 1998, 2002). Slightly lower similar currents (about 300 pA at −140 mV) were recorded with 100 μM of external calcium and magnesium from spheroplasts of 4–5 μm in diameter (Roberts et al., 1999). The current was carried by monovalent cations and had similar selectivities for K+ and Rb+. Selectivity for Na+ was about 50% less, while choline and TEA+ were nearly impermeable cations (Roberts et al., 1999). Lowering intracellular potassium increased the magnitude of the current, so regulation by intracellular potassium was suggested (Roberts et al., 1999). While external pH within the range of 5.5–7.0 had no effect on the current (Roberts et al., 1999), pH 4.0 was found to be inhibitory (Bihler et al., 2002). Similar large inward currents have been recorded in another yeast, Zygosaccharomyces bailii; the conductance was not permeable to TEA+ and was slightly inhibited by external 10 mM Ca2+ or pH 4.0 (Demidchik et al., 2005). Non-selective cation channels are better studied in plants, where they have an essential role in salt tolerance and development. Cyclic nucleotide-gated ion channels and amino acid-gated channels make up the total cation non-selective currents in plants (Demidchik and Maathuis, 2007), while no candidate genes or proteins responsible for the current have been identified so far in yeast.

Obviously, regulation of yeast non-selective cation currents and changes in membrane potential will essentially change the influx of ions by the pathway, since 1 nA current carries per second:
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That is about 100% of cell potassium concentration per second for 6 μm yeast cells or 25% for 10 μm tetraploid cells. Probably under realistic physiological conditions the fluxes of ions via ion channels are influenced by kinetic factors and diffusion of ions to ion channels.

Nha1 is an electroneutral or electrogenic cation/H+ antiporter especially important for Na+ efflux at low external pH values (Prior et al., 1996; Bañuelos et al., 1998; Kinclova-Zimmermannova et al., 2006). Assays with secretory vesicles evidence that during the transport cycle Nha1 transports with similar affinities one single ion of Na+ or K+ per more than one H+ using energy of electrochemical gradient of H+ (Ohgaki et al., 2005), but more experimental support is required. Though amino acids important for selectivity of Nha1 and protein domains essential for its regulation are known (Kinclová et al., 2001; Kinclova-Zimmermannova et al., 2005), mechanism and stoichiometry of ion transport by Nha1 still need to be elucidated. Potentially heterologous expression of Nha1 could be a step in the direction, however it was not successful so far (Volkov, personal communication).

Ion transporters have much lower transport rates compared to ion channels. Ion channels often transport over 106 ions/(second*molecule), while transporters about 100–10,000 ions per second with the estimated theoretical limit of 100,000, due to the speed of protein conformational changes (e.g., Levitan and Kaczmarek, 2001, p. 72; Chakrapani and Auerbach, 2005). Similar to the Nha1 transporter is NhaA found in E. coli, which has a turnover number of about 1500 ions per second at pH 8.5 (Taglicht et al., 1991), so an estimate of 1000 transported ions/(second*transporter) in yeast seems reasonable to suggest.

Sodium transport out of cytoplasm by Nha1 would therefore be about:
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or from 9 to 900 mM/(hour*cell), adding potential 10-fold variation in estimated unknown yet possible transport rates by Nha1. This value is still not very high compared to sodium uptake via non-selective cation currents (see above), Ena1 also has low sodium efflux capacity (Equation 7). Indeed, the rapid increase of intracellular sodium to 150 mM within 100 min was observed in yeast cells subjected to 1 M NaCl stress (García et al., 1997).

Several possible scenarios of cell behavior under high sodium stress may include in that case:

(1) a shift of membrane potential to more positive values and consequently essential drop of the non-selective cation conductance, which will reduce sodium accumulation in cells below the toxic levels. However, increasing the membrane potential to more positive values will have a negative effect on potassium uptake via non-selective cation conductance and consequently on growth;

(2) to induce expression of Ena1 and Nha1 increasing sodium efflux from yeast cell;

(3) to use other channels and transporters (which have yet been not discovered) to expel sodium from the cells while maintaining a high potassium uptake rate.

Experiments with yeast mutants with deleted Nha1 demonstrate, however, a more complex pattern. Deletion of Nha1 had no effect on membrane potential assayed by the fluorescent dye 3,3′-dipropylthiacarbocyanine iodide and no effect on growth on plates in the presence of 200 mM NaCl (Kinclova-Zimmermannova et al., 2006). Higher concentrations of sodium chloride (0.5 M) and in particular potassium chloride (1.8 M) inhibited growth of a yeast strain without the nha1 gene on plates at pH 3.6 (Bañuelos et al., 1998). Overexpression of Nha1 increased NaCl tolerance and decreased intracellular sodium concentration by 150 mM within 20 min in yeast cells preloaded with sodium. However, the number of Nha1 transporters per cell was not known for the overexpressing cells (Bañuelos et al., 1998). Overexpression of Nha1 also hyperpolarized the plasma membrane (Kinclova-Zimmermannova et al., 2006), potentially involving proton pump Pma1 since Nha1 presumably transports inside more H+ per Na+ or K+ out (Ohgaki et al., 2005).

Trk1 and Trk2 were isolated by a drop in potassium uptake by yeast cells from the external medium (Gaber et al., 1988; Ko and Gaber, 1991). Genes trk1 and trk2 are homologous to genes of HKT transporters, which are K+ or Na+ uniporters or K+/Na+ symporters (Mäser et al., 2002; Waters et al., 2013). However, some controversy appeared about their transport properties when both Trk1 and Trk2 potassium transporters were studied using trk1Δ trk2Δ mutants in patch clamp experiments. Deletion of trk1 and trk2 nearly abolished inward current at −200 mV, the transporters are therefore responsible for about −40 pA in whole cell configuration with 150 mM KCl + 10 CaCl2 outside/175 mM KCl inside. Deletion of trk1 alone reduced the inward current by 20 pA from −40 pA to −20 pA, while deletion of trk2 abolished the current (Bertl et al., 2003). Surprisingly, in support of earlier electrophysiological experiments (Bihler et al., 1999) the current was initially attributed to H+, not to K+.

Simple estimates show that 40 pA per second will therefore be equivalent to:
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This calculation is nearly 105 times higher than the estimated number of 6000 protons per yeast cell at pH 7 (Equation 4) and will need robust and fast buffering system to maintain pH homeostasis. Complex dynamics for proton transport from the liquid layers adjacent to the membrane (including diffusion, kinetics of transport etc.) will also be required, since at pH 7.5 (Trk1/Trk2 currents measured in Bertl et al., 2003) the 1000 times larger volume (100 nL, 10 diameters of the yeast cell) around the cell would include the number of H+ equal to:
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Only 7–8 times above the measured current per second. Fast transport of protons would need high-speed diffusion rates and a better understanding of the processes from the point of physical chemistry/biophysics of transport.

Further patch clamp studies with S. cerevisiae protoplasts revealed pH-dependent chloride conductance for both Trk1 and Trk2 rather than H+ fluxes via the transporters (Kuroda et al., 2004; Rivetta et al., 2005, 2011). The inward ion current (Kuroda et al., 2004) did not depend on cation, but on chloride (or the other anion) concentrations in buffers for electrophysiological experiments. Small (below 5 pA) ion currents were also assumed to be associated with K+-currents in protoplasts of S. cerevisiae. However, the current 5 pA at −200 mV would correspond per second to:
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This would require (1) 10,000 Trk1 and Trk2 transporters (assuming turnover being 1,000 ions/second per transporter) per cell while they have not been found in protein expression essays so far (e.g., Ghaemmaghami et al., 2003); (2) more experimental investigation since small anion currents still could not be completely excluded when measuring small whole cell currents (within the range of few pA).

Chloride conductance by Trk1-type transporters was shown for another yeast-like species, human pathogenic fungus Candida albicans, where it was strongly inhibited by the chloride currents blocker DIDS (4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid) (Baev et al., 2004). Further experiments revealed that CaTrk1p transporter from C. albicans was homologous to Trk transporters from S. cerevisiae and CaTrk1p was responsible for low affinity K+ uptake (indicated by Rb+ uptake) in C. albicans (Baev et al., 2004; Miranda et al., 2009). However, the measured K+ fluxes were estimated to be at the lower limit of resolution for patch clamp with protoplasts of Candida albicans (Miranda et al., 2009). Instead, large chloride conductance was measured in the protoplasts suggesting both chloride and potassium transport by CaTrk1p (Miranda et al., 2009).

The question remains as to whether Trk1 and Trk2 alone make up the proteins with a potassium-selective pore or if they are acting in cooperation with other proteins forming potassium uptake pathways (Ariño et al., 2010). Crystal structure of a similar type of transporter, TrkH from Vibrio parahaemolyticus, demonstrates a selectivity filter for K+ and Rb+ over Na+ and Li+ (Cao et al., 2011). Atomic scale and molecular dynamics modeling of Trk1 from S. cerevisiae confirmed homology with HKT transporters and revealed essential role of glycine residues within potassium selective filter region of the protein, sodium ions were inhibiting for K+ transport (Zayats et al., 2015). However, still more experimental evidence is required and heterologous expression systems may also be useful for solving the puzzle. It is expected that the chloride conductance of Trk1 and Trk2 is masking the tiny potassium conductance which cannot therefore be easily measured electrophysiologically in yeast cells in whole cell configuration. Presumably chloride conductance is formed independently of K+-conducting pathway and K+ and Cl− fluxes are not influencing each other, so Trk proteins rather have dual transport functions than symport/antiport K+ and Cl− ions.

Yeast mutants with deleted Trk1 and Trk2 transporters have hyperpolarized membrane potential assayed by fluorescent dyes 3,3′-dihexyloxacarbocyanin (Madrid et al., 1998) and 3,3′-dipropylthiacarbocyanide iodide, and also a more alkaline intracellular pH (by about 0.3 units) under high (50 mM) and low (15 μM) potassium in the liquid growth medium (Navarrete et al., 2010; Plášek et al., 2013). Proton efflux from the trk1Δ trk2Δ mutants was higher under 50 mM potassium conditions (Navarrete et al., 2010). It is interesting to mention that the effect of hyperpolarization was associated with K+ and Na+, but not with Cl− ions (according to results of their substitution by MES) (Madrid et al., 1998).

Basic Feedbacks for Ion Transport Regulation in Yeast Cell

A simple sketch of participating elements, measured parameters and interactions between them for ion transport is given in Figure 4. A more detailed scheme will require complex models similar to metabolic models for yeast cell (e.g., Österlund et al., 2013 for metabolic control) with at least (1) determined and linking ion fluxes via distinct transport systems, (2) understanding and analysing non-linear interactions, and also (3) taking into account wide range of influencing physical factors (osmotic pressure, temperature, diffusion coefficients etc.) and chemical environment (pH, ion concentrations etc.) surrounding a yeast cell.
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FIGURE 4. Simplified scheme of several feedbacks for ion transport regulation in yeast cell. Metabolic activity and available ATP regulate proton pump Pma1, which influences membrane potential and also depends on membrane potential due to thermodynamic reasons. Non-selective cation currents and potassium current via potassium-selective outward rectifier TOK1 depend on cell membrane potential and ion concentration inside and outside yeast cell. Ion fluxes via transporters depend on ion concentrations; membrane potential is influencing them as well. The whole system of interacting factors and elements has non-linear feedbacks and links; therefore a system approach is required to describe the ion transport and its regulation.



Effects of NaCl treatment under different external conditions with expected important pathways for ion transport are depicted at Figure 5. Among the present limitations are the knowledge gap between results obtained by different methods and extrapolation of experimental conclusions for higher ion concentrations. Electrophysiological patch clamp study provides evidence for fast kinetic changes; the data allow to reveal the role of individual types of ion channels or transporters, but yeast protoplasts are deprived of cell wall, do not have complete set of regulation feedbacks. Moreover, the patch clamp data are recorded under controlled conditions of experimental solutions, which traditionally do not use over 100–200 mM of Na+, K+ or other cations. Experiments with ion analysis of yeast cells or mutants in specific transport systems are with intact cells, the disadvantages are lower temporary resolution and net fluxes of definite ions; mutants may also have altered regulation of ion transport. It is reasonable to add that ion concentrations and pH in liquid layers adjacent to plasma membrane from the outside of cytoplasm are influenced by cell wall.
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FIGURE 5. Basic sketch of anticipated changes of ion transport in yeast cell under salinity treatment. Several additional factors including external calcium concentration, pH and sufficient energy supply are added. The scheme demonstrates complexity of responses and based on patch clamp and growth experiments, refers to membrane potential measurements and extrapolates some of the known results. Osmotic adaptation to compensate for rise of external osmotic pressure includes synthesis of compatible osmolytes and not shown at the Figure, while some responses could be more complex due to interactions between transport systems. More details are in the text, the given values are not exact and provided rather for indication. Continuous models with several parameters are outside the scope of the review being a special subject of study and research.



Cell Wall and Lipid Rafts Influence Ion Transport

The presence of a cell wall and the non-homogeneous structure of cell plasma membrane add more complexity for ion transport. Several as yet unexplored hypotheses should be considered based on the known physico-chemical properties of cell walls. They include (1) changes of cell membrane potential by fixed electric charges in cell walls; (2) effects of cell walls on ion buffering and ion concentrations; (3) expected ion-rectifying properties of cell walls; (4) assumed effect of shrinking and swelling of cell walls on mechanosensitive ion channels. Since yeast cell walls are similar to cell walls of plants though less studied, several facts and phenomena about plant cell walls will be also given.

The yeast cell wall consists mainly of polysaccharides (reviewed in Cabib et al., 2001), has a thickness of about 0.1 μm (90–250 nm according to different sources, 9–25-fold thickness of plasma membrane) (Bowen et al., 1992; Smith et al., 2000; Stenson, 2009; Dupres et al., 2010) and keeps cell volume stable under sudden fluctuations of surrounding medium. Under usual conditions of low osmotic pressure of medium and high osmotic pressure of cell solution the cell wall is stretched and balances the turgor pressure (positive hydrostatic pressure of several bars (1 bar = 0.1 MPa) inside the cell to equilibrate chemical potentials of water caused by the difference of osmotic pressures).

The yeast cell wall consists of glucans, mannose polysaccharides, a few proteins and several per cents of chitin (Lipke and Ovalle, 1998; Cabib et al., 2001). The surface electrical charge of the cell is determined by polymers in the cell wall (chitin has charged amino groups, proteins have several charged chemical groups), and changes depending on the pH and ion composition of medium. Titration curves of surface charges of the yeast cell wall indicated wave around pH 7.1, value of pKa2 for phosphate (Bowen et al., 1992). Much attention was then given to phosphomannans of the cell wall as they contain phosphate groups (Jayatissa and Rose, 1976).

Presumably the proton pump Pma1 and ion transporters have an effect on the charge distribution within the cell wall and visa versa ion transport is also influenced by the adjacent charged cell wall. The surface charge of a yeast cell can be measured by electrophoresis. For example, voltages 5–20 V of alternating current with frequencies in the range 0.03–5 Hz were applied to a suspension of yeast cells in distilled water. Cell of 5.7 μm in diameter was charged positively by about 10,000 elementary charges (personal communication of Ioan-Costin Stan in 2012: http://upcommons.upc.edu/pfc/bitstream/2099.1/10187/2/Master%20Thesis%20-%20Ioan.doc), which equates to about 100 positive elementary charges/μm2. Earlier results in buffered solutions, however, estimated a much higher surface charge (about 100 times larger in some cases) and demonstrated that electrophoretic mobility strongly depended on pH (negative charge at above pH 4), age of the culture and presence of phosphate in the growth medium (Eddy and Rudin, 1958). In these experiments isolated cell walls behaved similarly to whole yeast cells (Eddy and Rudin, 1958). In the other experiments electrophoretic mobility was also measured in buffered solutions; it dropped several times upon treatment with 60% hydrofluoric acid (HF) removing phosphate groups (Jayatissa and Rose, 1976).

The surface charge is expressed as the electric potential between the cell surface and the surrounding liquid medium. Zeta potential had been measured for yeast cells, showing values varying between 0 mV and −40 mV, being more negative in distilled water and at higher pH values (pH range 3–8 was studied). Usually zeta potential was not below −10 mV for cells in culture medium (Thonart et al., 1982; Bowen et al., 1992; Tálos et al., 2012).

Apart from slightly changing the measured membrane potential, the cell walls also have ion exchange properties, which can influence/buffer ion concentrations in the vicinity of plasma membrane and create local ion gradients. More is known for algae and plants, where cells possess similar cell walls with slightly different chemical composition. For example, in plants four types of ionogenic groups were found in cell walls isolated from lupine roots. Maximal cation-exchange capacity exceeded one mmole per gram of dry weight of cell walls (at pH over 10.8), while anion-exchange capacity was about 20 times lower (at pH below 2.8) (Meychik and Yermakov, 2001c). Ion exchange properties of plant cell walls from roots of lupine and horse beans essentially depended on pH and ion concentrations (Sentenac and Grignon, 1981). Algae had been studied earlier and demonstrated calcium exchange capacity about 40–400 mmole/(L cell wall) for charophytes (Tyree, 1968; reviewed in Hope and Walker, 1975) and cation exchange capacity over 2,5 mmole/g−1 dry weight of cell walls for chlorophyte Enteromorpha intestinalis (Ritchie and Larkum, 1982). Cell walls of studied algae are thicker, averaging 0.3–1 μm (Wei and Lintilhac, 2007) and reported even up to 15 μm (Tyree, 1968).

Assuming similar range of cation-exchange capacity for yeast and then taking into account that cell wall makes up 15–30% of the dry weight of the cell and 25–50% of the volume based on calculations from electron micrographs (cited according to Lipke and Ovalle, 1998), it is simple to assess: about 1 mM per gram of dry weight is 1 M per kg of dry weight and about 200 mM per kg of fresh weight (1–5 is a reasonable fresh to dry ratio for yeast cell walls), similar to potassium concentration in yeast cell. Taking the volume of yeast cell wall to be about 20 fL (20% of 100 fL), the presumed maximal amount of cations bound by the cell wall would be:
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The suggested amount may be released depending on the pH of medium within the cell wall (therefore the proton pump Pma1 activity may be involved) and buffer ion transport fluxes.

It is worth mentioning again that in plants (roots of lupine, wheat and pea) cell walls shrink at higher ion concentrations and at lower pH values (for example, dry cell walls of lupin roots bound up to 10 times more water at pH 9 compared to pH 4 at 0.3 mM ionic strength and the same amount at 1 M ionic strength) (Meychik and Yermakov, 2001a,b). Moreover, cation-exchange capacity of plant roots (spinach) increased by about 30% during growth in high salt conditions (250 mM NaCl) (Meychik et al., 2006). High cation-exchange capacity of cell walls of plant roots was visualized in experiments using small organic cation methylene blue, it resulted in 100–700-fold higher concentration of methylene blue in cell walls than in ambient solution (Meychik et al., 2007). Furthermore, diffusion coefficients of methylene blue into cell walls differed between species (10 times higher in mungbean compared to wheat) and positively correlated with the number of carboxyl groups in cell wall structure and swelling of cell walls (amount of water absorbed by dried cell walls) (Meychik et al., 2007). The comparisons might be useful for studying and predicting the behavior of yeast cell walls.

A deeper knowledge of yeast cell walls and the variation between yeast strains and under different growth conditions may lead to a better understanding of high affinity cation (especially potassium) transport in yeast cells. Cell-wall mutants of yeast (e.g., described in Soltanian et al., 2007) could be useful in the study of this. Yeast cell walls are heterogeneous within a cell (Rösch et al., 2005) and may potentially have electrically rectifying properties. Considering yeast cell walls as charged porous medium one may suggest the essential influence on ion fluxes via plasma membrane (Lemaire et al., 2010). The complexity of cell walls with potential analogs to micro- and nanofluidics in electrically charged medium under applied voltages needs to be studied in more detail. Several descriptions and models had already been developed for plant and algal cell walls. These include Donnan free space with micro- and nanochannels and voltages down to -100 mV within it and also water free space, both constituting cell wall (e.g., Dainty and Hope, 1961; Hope and Walker, 1975; Beilby and Casanova, 2014).

The approach of considering cell wall and cell plasma membrane together as an interacting system may have implications on high affinity potassium transport in plants also. Inward rectifying potassium channels and transporters of HAK and HKT families are important for the pathway of transport in plants. For example, in Arabidopsis thaliana the potassium channel AKT1 is the high-affinity pathway for uptake of potassium from medium with concentrations as low as 10 μM while root cells had membrane potentials below −200 mV, sufficient for ensuring the electrochemical ion transport (Hirsch et al., 1998). Experimental evidence for effects of plant cell walls on calcium and proton fluxes was obtained for bean leaf mesophyll (Shabala and Newman, 2000). Isolated mesophyll protoplasts did not show NaCl-induced calcium efflux compared to mesophyll tissue; salt-induced H+ efflux also differed between protoplasts compared to tissue. Presumably, all the Ca2+ efflux over an hour of measurement was from calcium ion exchange stores of cell walls (Shabala and Newman, 2000). Similarly, transient Ca2+ outward fluxes under certain pH changes were recorded for isolated cell walls of charophytes (Ryan et al., 1992). Further recent interesting observations have shown an essential step of iron binding to the cell wall in several algal species (though not in S. cerevisiae studied for comparison) before iron is taken up (Sutak et al., 2012).

Mechanical properties and turgor pressure of yeast cells have been measured by compression (Smith et al., 2000; Stenson, 2009; Stenson et al., 2011) and gives results around 100–180 MPa for mean Young elastic modulus. Turgor pressure in fission yeast was estimated at around 0.8 MPa (Minc et al., 2009). Elastic modulus of yeast cells looks higher at a first glance than usually measured for plant cells and their cell walls, the available studied similar system. For example, average volumetric elastic modulus of barley leaf cells was within 2–10 MPa and below 25 MPa, while turgor pressure was around 0.4–0.8 MPa (e.g., Volkov et al., 2007). However, methods of measurement are different for Young elastic modulus and volumetric elastic modulus even though both are expressed in units of pressure. Measurements of mechanical properties for oak leaf cells demonstrated a strong correlation between the two, with values of volumetric elastic modulus around 10 MPa corresponding to 100–200 MPa of Young elastic modulus (Saito et al., 2006). More detailed results concerning turgor pressure and elastic modulus of different plant cells (where water relations and mechanical properties of cell walls are studied better so far) can be found in numerous reviews and publications (e.g., Hüsken et al., 1978; Steudle, 1993; Fricke and Peters, 2002). Turgor pressure in magnetotactic bacteria of the gram-negative species Magnetospirillum gryphiswaldense was estimated in the range of 0.09–0.15 MPa using atomic force microscopy (Arnoldi et al., 2000); similar or slightly higher turgor pressure of 0.08–0.5 MPa was measured for several other gram-negative bacteria (Beveridge, 1988; Walsby et al., 1995). Gram-positive bacteria have 5–10 times higher turgor reaching 2–5 MPa (Beveridge, 1988; Doyle and Marquis, 1994), their cell walls are also much thicker being about 20–80 nm (e.g., Beveridge, 1988; Salton and Kim, 1996) compared to 5–10 nm in gram-negative bacteria (e.g., Salton and Kim, 1996).

Rapid changes in turgor pressure of yeast cells (influenced also by potential shrinking-swelling of cell wall) can activate mechanosensitive ion channels and induce ion flows via them, changing ion concentrations in different cell compartments. So far the well-studied yeast mechanosensitive ion channels include (1) mechanosensitive cation-selective channel Mid1 (Kanzaki et al., 1999; Peiter et al., 2005), (2) mechanosensitive ion channel with similar selectivity for cations and anions (Gustin et al., 1988), and also (3) the large (320 pS in 150 KCl in bath and 180 KCl in pipette solution) yeast vacuolar conductance resembling TRP-channels (Palmer et al., 2001; Zhou et al., 2003) with yet unknown functions (potentially the large trans-vacuolar currents under small changes in pressure could transport ions to cytoplasm for osmoregulation). Attempt to attribute activity of mechanosensitive ion channel with similar selectivity for cations and anions (Gustin et al., 1988) to Mid1 was not convincing (reviewed in Kung et al., 2010). The ion currents via mechanosensitive ion channels were registered in electrophysiological patch clamp experiments under slight positive (+) or negative (−) pressure applied to plasma or vacuolar membrane. The applied pressures were quite low compared to turgor pressure: −4 to −0.5 kPa for Mid1 (Kanzaki et al., 1999), +2.5 to +6.5 kPa and −8 to −0.5 kPa for mechanosensitive ion channel with similar selectivity for cations and anions (Gustin et al., 1988) and +0.6 to +6 kPa for mechanosensitive vacuolar Yvc1p channel (Zhou et al., 2003). Presumably even small alterations below 1% of turgor pressure could be amplified by ion fluxes via mechanosensitive ion channels, include calcium signaling (Kanzaki et al., 1999; Palmer et al., 2001; Zhou et al., 2003; Peiter et al., 2005) and further osmotic stress signaling to restore turgor pressure (e.g., reviewed in Hohmann, 2002; modeled in Muzzey et al., 2009; Schaber et al., 2010). Rapid transients of ion fluxes with resolution of seconds under osmotic stress and variation in responses between different cells are still to be measured for yeast cells with intact cell walls. Recent experiments using technique of microelectrode ion flux estimation (MIFE) revealed fast activation of H+ efflux by over 3–4 times, change from K+ efflux to influx and slight increase in Mg2+ efflux under hyperosmotic stress (2 MPa by mannitol) in Gram-positive bacterium Listeria monocytogenes (Shabala et al., 2006), the MIFE technique is now being used for yeast cells (Ariño et al., 2014). The activity of mechanosensitive ion channels is also essentially determined by the rheology of membrane (Bavi et al., 2014) and so could be different in lipid raft compared to adjacent areas of plasma membrane.

Lipid rafts are found in yeast plasma membrane and the distribution of ion channels and transporters is not even within the membrane (e.g., reviewed in Malinsky et al., 2010). The Nha1 transporter was found to be associated with lipid rafts and requires sphingolipid for stable localization to the plasma membrane (Mitsui et al., 2009). The proton pump Pma1 was located to network structures, while proton transporters were in non-overlapping long-lived (over 10–30 min) 300 nm patches (Malínská et al., 2003; Grossmann et al., 2007), which changed upon membrane depolarization (Grossmann et al., 2007). More complex patchy pattern of plasma membrane had been discovered in yeast cells using total internal reflection fluorescence microscopy and following the location of 46 membrane proteins tagged with green fluorescent protein (GFP) (Spira et al., 2012). Another approach was to use atomic force microscopy (AFM) and the His-tagged transmembrane protein Wsc1. Scanning the cell surface with an AFM tip bearing Ni2+-nitriloacetate revealed clusters with a diameter of around 200 nm (Heinisch et al., 2010). The membrane protein Wsc1 was located within these clusters and stress conditions (deionized water or heat shock) increased the number of clusters and their size (Heinisch et al., 2010).

Lipid rafts with patchy localization of transporters can interact with the membrane skeleton, cell wall, regulatory proteins and cell cytoskeleton and make up local temporary ion gradients at the scale of several nanometers. The local non-equilibrium ion states depend on activity of transport systems and diffusion coefficients, it finally creates dynamic and live structure with fast fluctuations of ion currents and their complex regulation (Figure 6).
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FIGURE 6. Potential effects of cell wall and uneven distribution of ion channels and transporters in membrane on ion transport. Lipid rafts (shown in black color) are enriched with transporters. C1, C2, and C3 indicate distinct local ion concentrations in the vicinity of lipid rafts caused by altered ion fluxes and ion buffering by cell wall. Specific rheological properties of lipid rafts result in additional differences in ion fluxes under changes in hydrostatic pressure due to non-identical activity of mechanosensitive ion channels within and outside the lipid rafts.



Comparison of Yeast Cells and Large Excitable Cells

It is reasonable to ponder the difference between small yeast cells and excitable animal cells (Figure 2). The latter have a higher volume per unit of surface area (vice versa smaller surface per unit of volume), and use calcium and sodium ion channels with high conductance instead of immediate activity of electrogenic ion pumps for fast changes in membrane potential within hundreds of milliseconds and even much faster. Being more precise, the volume per unit of membrane electric capacitance has to be considered: the parameter is over 100 times higher for squid axon (Lecar et al., 1967) and about 5 times higher for cardiomyocytes (Satoh et al., 1996) compared to yeast cells. Moreover, the animal cells are functioning under controlled conditions of external medium (internal liquid of organisms) with buffered pH and relatively stable concentrations of K+, Na+, Ca2+, and Cl−, but the limitations by cell geometry and by microscopic properties of ion pumps, transporters and ion channels are essential. Potentially to optimize ion fluxes the cells have choices of changing the number of membrane transport proteins and their regulation (e.g., yeast cells increase the density of plasma membrane proton pump Pma1 up to higher limits) or choosing specific transport proteins to fulfill the required physiological/biochemical demands. High density of sodium channels with high conductance is used in specialized segments of neurons (e.g., Kole et al., 2008). Imagining similar fluxes for a yeast cell with sodium channel density 2,500 pS μm−2, it is simple to recalculate the theoretical sodium flux under the conditions of membrane potential equal −100 mV:

2500 pS μm−2 to 100 μm2 of yeast cell is 250,000 pS/cell, under −100 mV it would correspond to −25 nA/cell. Taking into account that the number of monovalent cations per Ampere*second = coulomb is equal to 6.2*1018 ions/coulomb, the ion current per second is equivalent to ≈ 1.6*1011 Na+ ions. Note that it is Na+ current, but it is more than 25 times over the total number of, e.g., K+ ions in a yeast cell or 40 ms of the ion current are sufficient to carry the same number of cations which are present in the cell. Yeast cells do not have the sort of ion channels with high conductance and density, otherwise they will not be able to keep ion homeostasis under conditions of undetermined and changing ion composition of surrounding medium. Instead yeast cells use plasma membrane pump to keep required membrane potential and ion transporters with much lower transport rate to support smaller ion fluxes.

Another comparison is also interesting. Large cells of charophyte algae (Figure 2) have active plasma membrane H+-ATPase and exhibit action potentials (reviewed in Beilby, 2007; Beilby and Casanova, 2014). The group of multicellular algae with cells up to 10 cm long and 2 mm in diameter (Johnson et al., 2002) demonstrates slow action potentials within tens of seconds based on changes in chloride and calcium electric conductances (Beilby, 2007). Similar to yeast cells the large charophytes use H+-ATPase for shifting membrane potential to more negative values; charophytes have membrane potential down to −350 mV (comprehensively described in the book: Beilby and Casanova, 2014). Charophyte cells have several physiological “states” of plasma membrane depending on activity of ion transport systems. “Pump state” corresponds to active H+-ATPase and membrane potential below -200 mV, “K+ state” is dominated by K+ conductances, while “H+/OH− state” is determined by passive H+/OH− conductances (Beilby and Casanova, 2014). It is questionable whether yeast cells may also have several physiological states of membrane. Slow compared to animal cells action potentials in charophytes are probably explained by their evolution and set of ion channels required for variable unstable ion environment despite the presence of shielding and ion buffering by thick cell walls; the situation needs further modeling and investigation.

The reasons for the difference in ion transport systems are of dual nature: (1) pure biophysical constrains determine the ion transport fluxes and also (2) the history of species and evolution. A few more comparisons with yeast cells are useful. Human erythrocytes have cell volume similar to yeast cells, possess an electrogenic Na+/K+-pump, have low membrane potential (about −10 mV when measured by glass electrode) (Jay and Burton, 1969) and several ion channels, but do not use the channels under usual conditions, instead relying on ion pump and transporters to keep ion homeostasis (reviewed in Thomas et al., 2011). Changing the membrane potential from −10 to −90 mV by sodium ionophore has no effect on swelling-activated potassium transport in erythrocytes (Kaji, 1993). Another example of small animals cells are spermatozoa. The cells have volume about 20–30 fL, their measured membrane potential is usually depolarized to around −40 mV and was reported from −80 to +13 mV depending on method of measurement and conditions (Rink, 1977; Guzmán-Grenfell et al., 2000; reviewed in Darszon et al., 2006; Navarro et al., 2007). The membrane potential of spermatozoa is easily shifted to more negative voltages by activated electrogenic Na+/K+-pump (Guzmán-Grenfell et al., 2000). Moreover, Na+/K+-pump is essential for lower membrane potential and also for fertility (Jimenez et al., 2011), though the cells are equipped with a range of ion channels and additionally depend on potassium channel to regulate the membrane potential (Darszon et al., 2006; Navarro et al., 2007).

Evolutionary aspects of differences in ion transport are quite complicated and could not be explained easily. Excitable cells usually have sodium channels, which have evolved from calcium channels and predated the origin of the nervous system in animals (Liebeskind et al., 2011). Interestingly, action potentials have been found in some marine algae, e.g., sodium/calcium-based action potential in Odontella sinensis (Taylor, 2009), which has a volume about 300 times larger than yeast. Chloride/calcium based action potentials in large charophytes are studied better (Beilby, 2007). Sodium channels and action potentials are not known in fungi so far, though sodium channels have surprisingly been found in the bacterium Bacillus halodurans (Ren et al., 2001). The bacterium, which is about 200 times smaller than the yeast cell by volume, can grow in a saline environment (2M NaCl) (Takami and Horikoshi, 1999). Opening of just one channel with 12 pS conductance (measured in 140 mM NaCl using expression in CHO-K1 cells) would carry large Na+ currents and may essentially change sodium concentration in cytoplasm of the bacterium. The biological function of the channel is not known, but it may be related to driving the flagellar motor (Ren et al., 2001).

Biophysical limitations are easier for understanding, modeling and for an attempt of synthetic engineering (Figure 2), however, the more detailed description is outside the scope of the text.

Conclusions

The yeast plasma membrane is different from the plasma membrane of excitable animal cells: yeast cells have no abundant sodium and calcium channels with high conductance. The membrane potential of yeast cells can be easily controlled by copious plasma membrane ATPase Pma1, potentially it can change the membrane potential of the small cells by several hundred millivolts within a few seconds. Transporters are also involved in the regulation of membrane potential. Non-selective cation current and outward rectifying potassium selective channels may serve as safety valves against the sharp changes in membrane potential. The small volume of yeast cells, their relatively large surface/volume ratio and high transport capacity of Pma1 make the proton pump, not ion channels, the main element of ion transport. Therefore, the regulation of proton pump and ion transporters is vital for ion homeostasis in yeast cells. The basic principles of ion transport in yeast cells may be applicable to small cells and organelles. Rapid processes of ion transport, within scale of seconds, can essentially change ion concentrations in the cells taking into account their small volume. The long-term scale of minutes and hours needs other mechanisms and sensors for regulation and homeostasis. A high cation-exchange capacity of cells walls, location of ion channels and transporters within lipid rafts and changes in turgor pressure may essentially influence ion transport fluxes and make the situation more complex and yet unpredictable at smaller spatial scales.
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Characean plants provide an excellent experimental system for electrophysiology and physiology due to: (i) very large cell size, (ii) position on phylogenetic tree near the origin of land plants and (iii) continuous spectrum from very salt sensitive to very salt tolerant species. A range of experimental techniques is described, some unique to characean plants. Application of these methods provided electrical characteristics of membrane transporters, which dominate the membrane conductance under different outside conditions. With this considerable background knowledge the electrophysiology of salt sensitive and salt tolerant genera can be compared under salt and/or osmotic stress. Both salt tolerant and salt sensitive Characeae show a rise in membrane conductance and simultaneous increase in Na+ influx upon exposure to saline medium. Salt tolerant Chara longifolia and Lamprothamnium sp. exhibit proton pump stimulation upon both turgor decrease and salinity increase, allowing the membrane PD to remain negative. The turgor is regulated through the inward K+ rectifier and 2H+/Cl- symporter. Lamprothamnium plants can survive in hypersaline media up to twice seawater strength and withstand large sudden changes in salinity. Salt sensitive C. australis succumbs to 50–100 mM NaCl in few days. Cells exhibit no pump stimulation upon turgor decrease and at best transient pump stimulation upon salinity increase. Turgor is not regulated. The membrane PD exhibits characteristic noise upon exposure to salinity. Depolarization of membrane PD to excitation threshold sets off trains of action potentials, leading to further loses of K+ and Cl-. In final stages of salt damage the H+/OH- channels are thought to become the dominant transporter, dissipating the proton gradient and bringing the cell PD close to 0. The differences in transporter electrophysiology and their synergy under osmotic and/or saline stress in salt sensitive and salt tolerant characean cells are discussed in detail.
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Introduction

Advantages of Characeae Experimental System for Salinity Studies

Large Cell Size and Simple Morphology

The thallus of characeaen plant consists of stems (axes), which are made of long multinucleate single cells interrupted by multicellular nodes. The nodes also give rise to branch-lets, which are similar to leaves of higher plants, but also consist of single cells (see Figure 1). The axial internode cell can be up to 1 mm in diameter and several cm long. The plants have colorless rhizoids instead of roots and these are also large cells joined end to end. The axial or leaf cells survive excision from the plant and can regenerate new plants from the adjacent nodal complexes. These excised cells can be used in prolonged experiments (up to 24 h). Pioneering electrical and transport measurements were performed on the characean plants (Walker, 1955; Hope and Walker, 1975; Beilby and Casanova, 2013).


[image: image]

FIGURE 1. Chara australis male plant: each segment is a single cell. Both leaf cells and axial internodes can be excised from the plant for experiments. The excised cells survive and new plants regenerate from small cells (not shown) in each nodal complex. Only the axial internodes near the top of the plant grow. The male reproductive structures, antheridia, can be found at the base of the whorl and branch-let nodes. The bar represents 10 mm (drawn by Michelle Casanova – adapted from Figure 1.6 of Beilby and Casanova, 2013).



Position on Phylogenetic Tree

Recent phylogenetic studies (Karol et al., 2001) have shown that charophytes (that contain the Characeae family) are the closest living relatives of the ancestors of all land plants. Land plants emerged onto land ∼470 million years ago (Domozych et al., 2012), altering the atmosphere, reshaping the geology and enabling the evolution of terrestrial animals (Sorensen et al., 2010). While Characeae are now thought to be less closely related to land plants than another charophyte group Zygnematales (Wodniok et al., 2011; Timme et al., 2012), they are still positioned at the origin of land plants. Consequently, the large body of electrophysiological and physiological data provides valuable insights into many aspects of higher plants and into plant evolution (Beilby and Casanova, 2013). The question whether common ancestors of Characeae and land plants lived in freshwater or marine environments remains open (Graham and Gray, 2001; Kelman et al., 2004) as characean fossils were found in sediments from brackish and marine habitats (Martin et al., 2003). The transition of plants to land would have been less challenging from freshwater, as marine algae would have faced desiccation in air as well as hypersalinity in drying saline pools (Raven and Edwards, 2001). Further, fresh water plants would have already developed roots/rhizoids to acquire nutrients from the soil in the oligotrophic environment (Rodriguez-Navarro and Rubio, 2006).

Salt Tolerant and Salt Sensitive Genera

The salt tolerance or sensitivity of the extant Characeae mirrors that of land plant glycophyte–halophyte distribution: majority live in fresh water and only few species are truly salt tolerant. The salt tolerant Characeae include some Tolypella, some Chara, and all Lamprothamnium species. The most salt tolerant species respond to salinity changes by complete turgor regulation through changing vacuolar concentrations of K+, Cl- and sometimes Na+ or sucrose: Tolypella nidifica and glomerata (Winter et al., 1996), Chara longifolia (Hoffmann and Bisson, 1986), and all Lamprothamnium species (Bisson and Kirst, 1980a; Okazaki et al., 1984; Beilby et al., 1999; Casanova, 2013; Torn et al., 2014). The salt tolerance of Lamprothamnium is remarkable: plants with reproductive organs were found in Australian lakes at up to twice the salinity of seawater (Burne et al., 1980; Williams, 1998). C. australis or corallina and Nitella flexilis, on the other hand, are obligate freshwater species that regulate their internal osmotic pressure (Gutknecht et al., 1978; Sanders, 1981; Bisson and Bartholomew, 1984). C. australis plants exhibit 100% mortality after ∼5 days in media containing 100 mM NaCl and 0.1 mM Ca2+ (Shepherd et al., 2008).

Components of saline stress

To resolve different components of salinity stress, cells can be exposed to a step up in osmolarity by employing sorbitol medium (for instance), followed by isotonic saline solution. Such experiments facilitate the measurement of short term defensive and stress responses to each component in dose dependent manner. The interpretation of results must allow for long term effects that might be due to slow acting mechanisms, such as compatible solute production and gene expression. For instance, Kanesaki et al. (2002) found that salt stress and hyperosmotic stress resulted in different gene expression in the ancient cyanobacteria Synechocystis.

The osmotic stress and Na+ toxicity require different types of sensors and defensive mechanisms. The increase in osmolarity of the outside medium decreases the water potential and water flows out of the cell within seconds of exposure (Steudle and Zimmermann, 1974). The turgor of the cell drops, limiting growth, making cells prone to injury and affecting photosynthetic activity (Allakhverdiev et al., 2000; Allakhverdiev and Murata, 2008). To control turgor, cells have to be able to sense it. The turgor sensors are still being identified (Boudsocq and Lauriere, 2005).

The increase in NaCl concentration presents another problem. Characean cells are not very permeable to Cl-, but Na+ rapidly floods the cells through non-selective cation channels (NSCCs; Demidchik and Maathuis, 2007). Cell has to expend energy to move Na+ from the cytoplasm, where it replaces K+ and inhibits metabolic functions. In cyanobacteria Synechococcus increased Na+ medium concentration caused slow and irreversible inactivation of the photosystems (Allakhverdiev et al., 2000).

The Characeae plants are totally submerged in the medium and cannot fight salinity by forming salt glands or exporting salt to sacrificial tissues, or blocking salt movement into the shoot: every single cell in the plant has to be salt tolerant. Thus, comparing the electrophysiology of salt tolerant and salt sensitive characean species is likely to identify a minimal ensemble of factors that bestow salt tolerance at cellular level. This review reports on the progress of such studies.

Experimental Techniques

Characeae experimental system is unique by providing the comparison between the intact cell and the preparations with escalating interventions. The methodology adapted to these large celled plants is briefly summarized below.

The cytoplasmic layer of a single cell is up to 10 μm thick and the vacuole occupies 95% of the cell volume (Raven, 1987; Beilby and Shepherd, 1989). Microelectrodes can be positioned in the cytoplasm as well as in the vacuole, and membrane potential difference (PD) is measured separately across plasma membrane and tonoplast (Findlay and Hope, 1964; Beilby, 1989). However, the cytoplasm often excludes microelectrodes (Walker, 1955) and the cells become more prone to damage upon electrode re-insertion. The access to the cytoplasmic compartment can be improved by gentle centrifugation that moves cytoplasm to one end of the internode (Hirono and Mitsui, 1981; Beilby and Shepherd, 1989). The electrode is impaled before the streaming cytoplasm redistributes along the cell, or the cell can be wilted in the air and the cytoplasmic plug tied off, preparing cytoplasm-enriched fragments (Hirono and Mitsui, 1981; Beilby and Shepherd, 1989). Alternatively, cell ends can be cut and perfusion medium replaces the vacuolar sap (Tazawa, 1964). Rapid perfusion rate or inclusion of EGTA in the perfusion medium disintegrates the tonoplast (Williamson, 1975; Tazawa et al., 1976). This preparation not only makes the plasma membrane accessible, but also surrounds it with media of known composition. To study the tonoplast the plasma membrane is permeabilized using EGTA (Shimmen and Tazawa, 1982; Tester et al., 1987). The tonoplast also surrounds cytoplasmic droplets formed by cutting an internodal cell and immersing the end in vacuolar sap like medium (Luhring, 1986). While some of the latter techniques allow experimenters greater control over the surroundings of each membrane, they also perturb the living cell and may introduce artifacts.

The size of characean cells facilitated early water permeability measurements (Wayne and Tazawa, 1990), using transcellular osmosis technique. The internodal cell was placed in two-compartment chamber with media of different osmolarity in each chamber. The reversible partial block by mercury derivatives suggested that some of the water moves across the membrane through water channels aquaporins. Pressure probe single cell measurements confirmed presence of aquaporins, although fraction of water and uncharged solutes permeating through them (as opposed to lipid bilayer) is still under consideration (Henzler and Steudle, 1995; Schutz and Tyerman, 1997). Ye et al. (2004, 2005) formulated tension/cohesion model for closure of water channels with increasing osmolarity. Henzler et al. (2004) found that water channels also close in response to oxidative stress.

The size of the cells can be a disadvantage when the membrane PD is controlled by voltage clamp. A longitudinal wire electrode or a small central compartment in a multi-compartment cell holder may be employed to space clamp the cell: to pass uniform currents and avoid conductance “hot spots” (Smith, 1984a; Beilby, 1990). To obtain current-voltage (I/V) characteristics of the plasma membrane (or both membranes in series), the membrane PD is clamped to bipolar staircase (Gradmann et al., 1978). The alternating short excursions to PD levels above and below the resting PD avoid prolonged large currents and transport number effects (accumulation of ions near the membrane outer surface – see Beilby, 1990). I/V profiles over wide PD windows (up to 500 mV) can be obtained in less than 10 s (Beilby, 1989). However, it is necessary to check the raw data to insure that the current has leveled at the end of each pulse and that it returned to near zero while the membrane PD was clamped at the resting level. Long time current dependencies need to be investigated separately by prolonged (seconds) voltage clamp to different PD levels.

Background of Characeae Electrophysiology

Thousands of I/V profiles have now been recorded on various Characeae species and under a range of conditions. The results are mostly consistent, suggesting that the plasma membrane can take on different states, depending on the outside conditions. This large body of data allows identification of ion transporter I/V profiles, their responses and synergies at the time of abiotic stress (such as salinity increase), as well as comparison to transporters of higher plants. The forthcoming sequencing of Characeae (Stefan Rensing, personal communication) will allow even more detailed comparisons on molecular level.

There are many ion transporters in both plasma membrane and the tonoplast and new ones are being discovered. However, only a small number of transporter types dominate the membrane conductance and the I/V profiles. The I/V characteristics can change substantially depending on the pH and K+ concentration of the outside medium (see the central part of Figure 2).
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FIGURE 2. Different states of plasma membrane: central panel shows the membrane PD in different states as function of pHo and [K+]o (Ep reversal PD of the proton pump, EL reversal PD for the background/leak current, EK Nernst PD for K+, EH Nernst PD for H+ or OH-). The figure is based on Figure 1 (Beilby, 1990) with the I/V characteristics updated from later publications. Bottom panel: proton pump-dominated state at pHo of 4.5 ♦, 5.5 Δ, 6.5 □, and 7.5 • (Beilby, 1984). Ep is most negative at pHo 7–8 (shown as a dot on the “pump surface”) and tends toward EL at pH 4.5 (a point where the pump and background surfaces meet). Left panel: background state with 10 I/V runs summarized from nine cells exposed to DES (diethyl stilbestrol). These cells stabilized after 30 min DES exposure (shown by a point on the background surface). Four La3+-treated cells exposed to DES for 30 min, •, continued to change as shown by a single I/V run on La3+-treated cell, with DES exposure of I hr 15 min (Beilby, 1984). Top panel (Beilby, 1986): I/V characteristics of cells in K+ state, summary from seven cells in 5 mM K+ APW [image: image] 10 mM K+ APW [image: image] (the two points on K+ surface) and 0.1 mM K+ APW • (here the K+ channels closed revealing the background state, see the arrow in central part of figure). Right panel (Beilby and Bisson, 1992): high pH state: pH 11.5 (dotted line), pH 10.5 – two I/V runs in fast succession shown by black shading, pH 10.5 + 2.5 mM Na2SO4 (dashed line), back to pH 10.5 (dash, two dots, dash line), pH 10.5 + 10 mM Na2SO4 (dash dot dash line), and finally back to pH 10.5 (dash, three dots, dash line). The I/V characteristics in this state can be quite variable. As NaOH (5–30 mM) was used to bring the APW to high pH, the effect of Na+ concentration increase was explored. Beilby and Bisson (1992) did not find a consistent effect, but high concentrations might affect the H+/OH- channel activation via ROS response, see text.



Pump State

At neutral to slightly alkaline pHo with K+ below 1 mM (a typical fresh water pond, where majority of characean species live), the plasma membrane resting PD is quite negative at -200 to -250 mV. The I/V characteristics exhibit a beautiful sigmoid shape generated by the energizing export of protons from the cytoplasm by the proton ATPase (see the bottom part of Figure 2 and Figure 3). For history of the characean proton pump research and modeling with the cyclic enzyme-mediated HGSS model (Hansen et al., 1981) see chapter 2 of Beilby and Casanova (2013).
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FIGURE 3. The transporter scheme for the characean cell: same types of transporters are found in both salt tolerant and salt sensitive genera. The energizing ATPases and PPases (red arrows) drive H+ out of the cytoplasm. The proton motive force is employed by Na+/H+ aniporters and 2H+/Cl- symporter, while negative PD opens K+ inward rectifier (orange arrows). In salt sensitive Characeae the pumps are not stimulated by low turgor and fail in saline media. In normal pond water NSCC channels bring in nutrients and H+/OH- channels aid photosynthesis by exporting OH- in alkaline bands (green arrows). In time of saline stress Na+ enters through NSCC channels in all Characeae, but salt tolerant Characeae keep the Na+/H+ antiporters going and prevent global opening of H+/OH- channels. The outward rectifier, the high conductance K+ channels or Ca2+ activated Cl- channels are not active in steady state (blue arrows). The inflow of Ca2+ into the cytoplasm (black arrows) at the time of AP or hypoosmotic regulation is well documented, but the sources (outside, internal stores in the cytoplasm or the vacuole) are still disputed and beyond the scope of this article. Similarly, there are K+ and Cl- transporters on the tonoplast (black arrows), but discussion of these is beyond the scope of this article. The Ca2+-activated Cl- channels provide the depolarizing phase of the AP with the outward rectifier contributing to the recovery of resting PD. In salt tolerant Characeae the Ca2+-activated Cl- channels and high conductance K+ channels mediate hypoosmotic regulation.



Background State

If the pump is turned off by some metabolic inhibitors or by circadian rhythms, the underlying null or background state is revealed: more depolarized resting PD near -100 mV and linear I/V profile in the PD window of ∼ +50 to ∼-350 mV (see the left part of Figure 2). The background current was fitted by an empirical equation:
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where Gbackground is PD independent conductance and Ebackground (EL in Figure 2) is the reversal PD chosen as -100 (± 20) mV (-120 mV in Figure 2). This value was derived experimentally and its origin is still a puzzle. The background current is thought to flow through non-selective PD-independent cation channels (NSCC – Demidchik and Maathuis, 2007), which supply micronutrients to the plant and contribute to signaling (Figure 3).

At PD levels more negative than ∼-300 mV the background current is obscured by the inward rectifier current, K+irc, while at PD levels more positive than ∼ -50 mV the outward rectifier current, K+orc, predominates. The inward and outward rectifier currents, mainly carried by K+, were modeled by the Goldman-Hodgkin-Katz (GHK) equation, multiplied by the Boltzmann distribution of open probabilities to make the PD-dependence stronger (Beilby and Walker, 1996; Amtmann and Sanders, 1999). The early activation of inward rectifier K+irc can be observed near -400 mV on the pump state curves (bottom of Figure 2) and K+ state curves (top of Figure 2). The early activation of outward rectifier, K+orc, can be found near 0 PD in pump state curves and at +50 mV in the K+ State curves.

The pump state and the underlaying background state are the native states for the salt sensitive Characeae in their low salt, slightly alkaline pond media.

K+ State

As K+ concentration in the medium rises above ∼1 mM, large conductance K+ (high G K+) channels open, short-circuit the pump current and become the dominant membrane conductance (Oda, 1962; Smith and Walker, 1981; Sokolik and Yurin, 1981; Keifer and Lucas, 1982; Smith, 1984b; Beilby, 1985; Sokolik and Yurin, 1986; Tester, 1988a,b,c). The I/V characteristics of the K+ state are very distinct: the two regions of negative conductance arise from the strong PD dependence of the channels (see the top part of Figure 2). The I/V profiles can also be modeled by GHK equation supplemented with Boltzmann distribution of open probabilities (Beilby and Shepherd, 2001b). The K+ conductance increases with outside K+ concentration until it becomes so large that the cells cannot be voltage-clamped. This property of K+ state is exploited in K+ anesthesia technique of measuring membrane PD without inserted electrodes (Hayama et al., 1979). K+ channels are blocked totally and reversibly by tetraethylammonium (TEA) revealing the linear background state, which seems independent of K+ concentration (see the top part of Figure 2). The activation of high G K+ channels is observed in tissues, stomata and roots of land plants (Epstein, 1976; Cheeseman and Hanson, 1979; Blatt, 1988).

High pH State

If pH of the medium rises above 9.0, the resting PD starts to follow the equilibrium PD for H+ or OH- with resting PD more negative than -200 mV in some cells (Bisson and Walker, 1980). The membrane conductance can increase by up to 5 S.m-2. This H+/OH- state is inhibited by darkness, photosynthesis inhibitor DCMU, various metabolic inhibitors (such as DES or DCCD) or lack of Ca2+ in the medium, which can be replaced by Mg2+ (Bisson, 1984). Beilby and Bisson (1992) found that the I/V characteristics exhibit slight downward curvature (see right part of Figure 2). However, the conductance and the reversal PD are quite variable. Al Khazaaly and Beilby (2012) modeled the I/V characteristics at high pH, using the GHK equation supplemented by the Boltzmann probability distribution. H+ or OH- was tested as the transported ion: OH- seems more probable, as the channel number multiplied by the channel conductance remains relatively constant throughout the pH range, whereas for H+ the same parameter had to be increased by several orders of magnitude to match the high conductance at very high pH (Beilby and Casanova, 2013). The high pH state is reversibly blocked by the zinc ion, potent inhibitor of animal H+ channels (Al Khazaaly and Beilby, 2012). The H+/OH- channels participate in the pH banding pattern, where ring shaped zones of pump-dominated or H+/OH- channel dominated membrane are set up by the cells to acquire DIC (dissolved inorganic carbon) and make photosynthesis more efficient (Hope and Walker, 1975; Beilby and Bisson, 2012; Beilby and Casanova, 2013).

In their normal habitats, the whole Characeae cells and plants are not exposed to pH of 10 and higher. However, due to export of OH- in the alkaline bands, the external pH rises to 10 and above. The exposure of cells to high pH highlighted mechanisms leading to banding formation (Beilby and Bisson, 2012) and facilitated detailed description and modeling of the I/V characteristics of the H+/OH- channels (Beilby and Bisson, 1992; Beilby and Al Khazaaly, 2009; Al Khazaaly and Beilby, 2012).

A detailed study of the I/V characteristics of Lamprothamnium cells acclimated to salinities ranging from 0.2 to full artificial sea water (ASW) showed that in the higher salinities (from ∼1/3 ASW) the cells could be found in three different resting states: pump state, background state or K+ state (Beilby and Shepherd, 2001a). Similarly to salt sensitive C. australis (left side of Figure 2), Lamprothamnium cells in the background state exhibited near linear I/V characteristics between -50 and -200 mV with reversal PD close to -100 mV.

Surviving in Saline Media: Salt Tolerant Characeae

Hyperosmotic Adjustment Mechanisms

Upon increase of osmolarity in the external medium, the water potential drops, water flows out of the cell and the turgor pressure decreases. To restore turgor the osmolarity of the vacuole must be increased. This process requires energy. The energizing elements of the ion transport are proton ATPases and PPases on the plasma membrane and the tonoplast (Figure 3). The main osmotica, K+ and Cl- are imported through inward rectifier K+irc and 2H+/Cl- symporter (Figure 3). Such turgor adjustment is well documented in higher plants (for instance in Arabidopsis roots – Shabala and Lew, 2002). The Na+ inflow occurs through the NSCCs (Tester and Davenport, 2003; Demidchik and Maathuis, 2007). These channels can be partially blocked by high Ca2+ in the external medium (Tester and Davenport, 2003). The plant cells strive to keep low Na+ in the cytoplasm employing Na+/H+ antiporters at both membranes (Tester and Davenport, 2003 and Figure 3). Several of these mechanisms were initially discovered in the Characeae experiments.

H+ Pump Activation

Bisson and Kirst (1980a,b) and Okazaki et al. (1984) observed hyperpolarization of membrane PD in Lamprothamnium sp. upon increase in salinity while the vacuolar concentrations of K+ and Cl- increased to regulate turgor to ∼300 mosmol/kg (Bisson and Kirst, 1980b). Reid et al. (1984) resolved the response further into a transient PD depolarization for ∼10 min, followed by hyperpolarization. They also found a transient drop in ATP concentration paralleled by a rise in respiration. The cytoplasmic streaming speed diminished briefly and then increased, while the influxes of Na+, K+, and Cl- increased over 800 min. Working on the only salt tolerant Chara species, C. longifolia, Yao et al. (1992) and Yao and Bisson (1993) demonstrated that the proton pumping also increased in more saline media and turgor was regulated: cell PD transiently hyperpolarized and conductance increased (95–144 h). Okazaki et al. (1984) challenged Lamprothamnium cells with a sorbitol hyperosmotic step and also observed membrane hyperpolarization. They suggested that it is the decrease in turgor, which initiates the turgor regulation observed by Bisson and Kirst (1980a). To confirm this hypothesis Al Khazaaly and Beilby (2007) compared the step from 1/6 ASW to 1/3 ASW in salinity and equivalent step in osmolarity using sorbitol (Sorbitol ASW). The I/V characteristics were measured for up to 7 h following either type of hyperosmotic step and the data were modeled to resolve the responses of various transporters. In both treatments the average cell PD hyperpolarized to similar level (∼-150 mV) through the activation of the proton pump and the inward rectifier channels were opened at more positive PDs. The authors also found that the cells in K+ state were able to switch to pump state upon turgor decrease or salinity increase, and were able to regulate turgor.

Na+ Transport

Kishimoto and Tazawa (1965), early pioneers of the I/V technique, measured increased Lamprothamnium cell membrane conductance with rising salinity of the medium. However, modeling of the currents through the different transporters was necessary to resolve the increase of pump conductance and the conductance due to Na+ inflow. The Lamprothamnium cells in the background state showed clearly that the slope (conductance) of the Ibackground increased with medium salinity, while Ebackground remained close to -100 mV (Beilby and Shepherd, 2001a and Figure 4C). These cells confirmed the correct modeling of this underlying state for cells in pump state and K+ state (Beilby and Shepherd, 2001a). Al Khazaaly and Beilby (2007) confirmed that after exposure to Sorbitol ASW the background conductance actually decreased slightly, while in 1/3 ASW the background conductance increased by about a third.
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FIGURE 4. The response of the most conductive transporters in Lamprothamnium to medium salinity. (A) I/V characteristics of Lamprothamnium sp. in steady state, grown in media of increasing salinity: 0.2 seawater (SW), blue; 0.4 SW, purple; 0.5 SW, magenta; full SW, red. The currents have been fitted to data from 6 to 8 cells from each medium (adapted from Figure 6 of Beilby and Shepherd, 2001a). The fitted pump (B) and the background (C) current components are shown in same colors (for the fit parameters see Table 2 of Beilby and Shepherd, 2001a). The fitting of background current in media 0.4 – full SW was supported by comparison with cells in background state in each medium. (D) Characteristics from one Lamprothamnium cell acclimated to 0.2 SW and challenged by doubling salinity to 0.4 SW. Steady state I/V in 0.2 SW: black thick line; curve 1, magenta, 5 min of 0.4 SW; curve 2, red, 21 min of 0.4 SW; curve 3, orange, 41 min of 0.4 SW; curve 4, green, 2 h 34 min of 0.4 SW; curve 5, blue, 3 h 30 min of 0.4 SW (adapted from Figure 7 of Beilby and Shepherd, 2001a). The fitted pump and background current components (E) are shown in same colors. The conductances of the fitted current components, including the inward rectifier, are displayed in (F) also in same colors (for fit parameters see Table 3 of Beilby and Shepherd, 2001a).



Working on C. longifolia the Bisson group found that the Na+/Ca2+ ratio is important for turgor regulation (Hoffmann and Bisson, 1988; Hoffmann et al., 1989). The freshwater-incubated cells could only survive salinity increase and regulate turgor if the ratio was 10:1. Interestingly, the cells acclimated to their native medium (∼100 mM Na+ and 100 mM Mg2+ with Cl- and SO42- as main anions) did survive higher Na+/Ca2+ ratios. Higher Ca2+ in the medium partially blocks the NSCC channels and diminishes the Na+ inflow.

Tester and Davenport (2003) estimated that cytoplasm would equalize with the external medium of 50 mM NaCl in 3 min, if there was no Na+ eﬄux. To frustrate the electrophysiologist Na+/H+ antiporter is electrically silent and consequently independent of membrane PD. Thermodynamically, the Na+/H+ anti-porter is an example of a Maxwell’s demon. Protons are pumped out of the cytoplasm to create inward proton gradient and negative membrane PD, Na+ flows in passively and is then removed by a “swap” for a proton. The primary energizing process is the proton pumping with ATP consumption as the cost to the cell (Figure 3).

Whittington and Bisson (1994) employed isotope 22Na+ to measure Na+ influx and eﬄux in salt sensitive C. corallina and fresh water-grown salt tolerant C. longifolia under mild salt stress of 20 mM NaCl. They found lower influx in salt tolerant C. longifolia. The addition of 1 mM Ca2+ to the medium greatly reduced influx into C. corallina. Na+ eﬄux was greater in C. longifolia and increased in both Characeae as pHo changed from 7 to 5. In both species the eﬄux was unchanged by pH increase from 7 to 9. The eﬄux was not significantly inhibited by the Na+/K+ pump inhibitor amiloride, confirming the absence of such pump. C. longifolia grown in native saline medium (130 mM Na+ and 110 mM MgSO4) exhibited greater Na+ eﬄux, especially at pHo 5 (Kiegle and Bisson, 1996). At pH 9 the calculated ΔμH was not sufficient to drive the eﬄux and the authors concluded that there might be other mechanisms for Na+ eﬄux.

Davenport et al. (1996) found that despite surviving in salinities at seawater level and above, Lamprothamnium is also dependent on Ca2+ concentration of the medium. At low Ca2+ Na+ influx increased and the cells died. For both Lamprothamnium and Chara australis influx of ∼300 nmolm-3s-1 seems to be the limiting level for survival. The authors showed convincingly that low turgor promotes greater Na+ influx. Reduction of turgor by addition of up to 100 mM mannitol doubled the influx even at low medium concentration of 3.5 mM NaCl. Conversely, increasing the turgor of Chara cells by soaking them in concentrated KCl decreased the Na+ influx.

Modeling Transporter Response to Salinity

Resolving the different transporter populations by modeling the ITotal/V characteristics provides quantitative estimates of response to salinity/osmolarity increase. In Lamprothamnium plants acclimated to range of salinities the conductance of the background state increased with salinity from 0.5 S.m-2 in 0.2 ASW to 22.0 S.m-2 in full ASW (see Figure 4C). The cells in pump state increased pump currents in more saline media (see Figure 4B) with conductance maxima at 2 S.m-2 in 0.2 ASW and 5 S.m-2 in full ASW. But even with greater proton pumping the cell resting PDs became more depolarized with rising salinity: below -200 mV in 0.2 ASW to ∼-140 mV in full ASW (see Figure 4A). Figures 4A–C contain important message: Lamprothamnium cell can sense Na+ concentration in the medium and adjust pump activity to counteract the increased background conductance. In higher salinity the cell has to expend more energy powering the proton pump. The cells in K+ or background state could be “resting,” saving energy temporarily, while the proton gradient runs down. Al Khazaaly and Beilby (2007) demonstrated that these cells are able to “switch” the pump back on. It might be interesting to find out if there is a periodic (perhaps circadian) pattern for the different states to dominate.

Beilby and Shepherd (2001a) also modeled transient changes of the Lamprothamnium proton pump after salinity step of 150 mOsmol.kg-1, starting in dilute medium of 0.2 ASW (see Figures 4D–F). There was an initial decrease in the proton pump current and peak conductance (see Figures 4D,E, curve 1 magenta), coinciding with the low ATP concentration found by Reid et al. (1984). Then both the current and peak conductance increased, coming to a maximum after ∼2 h of hyperosmotic challenge (see Figures 4D,E, curve 4, green). Inward rectifier current responded within minutes of salinity increase by activating at more positive PDs (Figures 4D,F).

Thus the more researched salt tolerant Characeae, Lamprothamnium sp. and Chara longifolia, both exhibit proton pump stimulation upon salinity increase to keep the membrane PD negative, despite partial short-circuit of greater background conductance of Na+ inflow through NSCC channels. This response is crucial, as the proton pump provides the energy source for both up-regulation of turgor and prevention of toxic built up of Na+ in the cytoplasm (Figure 3). The membrane PD more negative than EK facilitates the import of K+ through the inward rectifier channels to maintain K+/Na+ ratio supportive to normal enzyme function. K+ is also transported into the vacuole for turgor regulation. The import of Cl- into the vacuole upon salinity/osmolarity increase is mediated by the 2H+/Cl- symporter at plasma membrane, again powered by the proton electrochemical gradient (Sanders, 1980; Beilby and Walker, 1981). The Cl- transporters at the tonoplast also have to work “uphill” to achieve the observed vacuolar concentrations (Teakle and Tyerman, 2010).

Hypoosmotic Adjustment Mechanisms

Plants living in saline media have to cope with salinity changes: osmolarity of a shallow pond can drop in minutes in a torrential downpour. Cells have been observed to explode if the turgor became too great. What are the mechanisms for such sudden downward turgor adjustment? Working with different starting media and different salinity/osmolarity decrease in Lamprothamnium or C. longifolia, several investigators found rapid membrane depolarization to ∼ -70 mV for 30–60 min, accompanied by conductance rise up to an order of magnitude, with subsequent partial repolarization (Reid et al., 1984; Okazaki et al., 1984; Hoffmann and Bisson, 1990; Okazaki and Iwasaki, 1992; Beilby and Shepherd, 1996).

Okazaki and Tazawa (1986a,b) also observed streaming inhibition for up to 20 min upon hypoosmotic challenge. Low Ca2+ medium or presence of Ca2+ antagonist nifedipine abolished the depolarization, conductance increase and turgor regulation. Okazaki and Tazawa (1987) visualized the Ca2+ increase in the cytoplasm using fluorescence techniques: in ASW with normal high Ca2+ content fluorescence increased after about 1 min of hypoosmotic stress. If the cell was given a hypoosmotic shock in low Ca2+ ASW and Ca2+ increased later, the fluorescence rose immediately. The authors concluded that turgor mediated opening of Ca2+ channels has a small delay. Okazaki et al. (2002) made more detailed measurements of Ca2+ concentration in Lamprothamnium under hypoosmotic stress. After initial rapid increase from resting value of 100 nM to peak of 600 nM, the concentration dropped at 0.9 nM/s. They also estimated that maximum conductance was reached by 300 nM, but 400–600 nM was necessary for cytoplasmic streaming cessation.

As turgor regulation in Lamprothamnium was mostly achieved by varying K+ and Cl- in the vacuole (Bisson and Kirst, 1980a), the increase of conductance must be due to the eﬄux of these ions. Okazaki and Iwasaki (1992) found a good correlation between Cl- eﬄux and rise in conductance. Beilby and Shepherd (1996) employed the I/V technique and pharmacological dissection (TEA or LaCl3) to resolve the timing of the Cl- and K+ outflow (see Figure 5). The large G K+ channels, identified by their typical I/V characteristics (compare top part of Figures 2 and 5B) and total block by TEA, mediate the K+ outflow (Beilby and Shepherd, 2001b). The K+ channel activation is clearly visible with the Cl- currents blocked by La3+ (Figure 5B). The opening of K+ channels is preceded by the Cl- channel activation, but there is some overlap (Beilby and Shepherd, 1996). These results also suggest that K+ channels do not require increased Ca2+ concentration in the cytoplasm. By Occam’s razor argument the Cl- channels are assumed to be the same Ca2+-activated channels that participate in the AP (Beilby, 2007, see also Figure 3). With the Ca2+ concentration in the cytoplasm high for many minutes (Okazaki et al., 2002), the I/V characteristics of the Cl- channels could be investigated (see Figure 5C and Beilby and Shepherd, 2006b). The channels are inwardly rectifying with maximum conductance near -100 mV and strong inactivation near 0 PD. Bisson et al. (1995) found that in C. longifolia K+ channel activation preceded the Cl- channel activation and that this second stage also required external Ca2+.
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FIGURE 5. Electrophysiology of the hypoosmotic regulation upon dilution step from 1/3 ASW to 1/6 ASW. (A) The I/V characteristics are compiled from currents fitted to cells with Cl- current blocked by exposure to LaCl3 or K+ current blocked by TEA at times: 3 min (dark blue); 10 min (red); 15 min (magenta); 20 min (green); 30 min (blue; Beilby and Shepherd, 1996, 2001b). (B) The fitted Cl- currents are shown with the same types of line as in (A). These currents appear with a slight delay after hypoosmotic exposure at 10 and 15 min, and start to decline at 20 min. (C) The fitted K+ currents are shown by the same types of line as in (A). They appear with a greater delay at 15 min, 20 min, and 30 min. (D) The fitted background currents at same times as in (A). Note the different scales in (A), (B), (C), and (D). While the K+ currents are smaller than the Cl- currents, they persist for a longer time, up to 60 min after hypoosmotic shock (the figure was adapted in color from Beilby and Casanova, 2013).



In both Characeae, there was an initial depolarization upon the hypoosmotic step, which was independent of Ca2+ concentration in the medium, or presence of the blockers TEA and La3+ (Bisson et al., 1995; Beilby and Shepherd, 1996). This response could be modeled by changing the reversal PD for the background current (see Figure 5D). Thus at least some of this current might flow through stretch-activated (mechano-sensitive) channels (Beilby and Shepherd, 1996; Shepherd et al., 2002).

Hypoosmotic Effect Modulation by Cell Structure and Age

Bisson et al. (1995) found that small cells (less than 10 mm in length) of C. longifolia regulated turgor within 60 min, while longer (and mostly older) cells took up to 3 days for full regulation. Beilby et al. (1999) and Shepherd and Beilby (1999) discovered that older Lamprothamnium cells developed coating of sulphated polysaccharide mucilage, identified by staining with Toluidine Blue or Alcian Blue at pH 1.0 (see Figure 6). With thicker mucilage the cells exhibited graded response to hypoosmotic challenge. The inflow of Ca2+ and streaming stoppage was not observed, but the opening of K+ channels was retained (such as Figure 5B). Very mucilaginous cells exhibited only a brief depolarization with linear I/V profiles, modeled as the background current with depolarizing reversal PD (Figure 5D; Shepherd et al., 1999). These cells still regulated turgor, but took 24 h or longer. Interestingly, Stento et al. (2000) were not able to find mucilage on cells of C. longifolia and it is possible that Chara genera do not produce it (Casanova, personal communication). On the other hand, Torn et al. (2014) collected six Lamprothamnium species from nine Australian locations and all species produced extracellular mucilage, with thickness and proportion of sulphated polysaccharides increasing with cell age, unrelated to the salinity of the environment.
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FIGURE 6. The extracellular mucilage produced by Lamprothamnium plants. Cells were stained with Alcian Blue at pH 1 (Beilby et al., 1999). (A) Apical cell growing in ¡ ASW with mucilage ∼7 μm thick. The staining is patchy, indicating that only fraction of the mucilage is sulphated. Bar = 50 μm. (B) Third internode from the apex from a plant growing in full ASW. Mucilage is ∼28 μm. Bar = 100 μm. (C) Seventh internode of the same plant as in (B), mucilage thickness is ∼43 μm. Bar = 100 μm (from Beilby and Casanova, 2013).



After treatment of the mucilaginous cells with the heparinase enzyme, the cells responded to hypotonic shock with exaggerated depolarization, streaming stoppage and conductance increase (Shepherd and Beilby, 1999). Interestingly, the mucilage layer remained in place after heparinase treatment, but did not stain at low pH. Thus the effects of mucilage as an unstirred layer and a polyanionic layer could be separated. The removal of heparinase restored the muted response in the same cell. Young cells with no mucilage showed no change upon exposure to heparinase.

The young (fast regulating) and the old (mucilaginous and slow regulating) cells exhibited differences in sequestration of fluorochrome 6-carboxyfluorescein (6CF), which accumulated in the cytoplasm of the fast regulating cells and in the vacuole of the slow regulating cells. Beilby et al. (1999) speculated that the fast cells have more complex vacuole structure with canalicular elements, while slow cells had large central vacuoles. Patch clamp experiments performed on cytoplasmic droplets (thought to be bound by the tonoplast membrane) from slow and fast regulating cells exhibited K+ channels and small conductance Cl- channels. The Cl- channels appeared more active in slow regulating cells.

The ability of Lamprothamnium sp. to make extracellular sulphated polysaccharide mucilage (similar to that found in many chlorophyte marine algae) highlights another important halophytic attribute. Aquino et al. (2011) found that glycophytes of agricultural importance (Zea mays L., Oryza sativa L., and Phaseolus vulgaris L.) were unable to synthesize sulphated mucilage in their roots and leaves, even when challenged by increased salinity. On the other hand, salt tolerant angiosperms, such as mangroves and sea grass, and salt tolerant fern Acrostichum aureum contained sulphated mucilage in roots and shoots. Further, the seagrass Ruppia maritima L. only produced sulphated mucilage in saline media, even if the plants were supplied with abundant sulfate in the freshwater growth medium.

Pathology of Salt Stress: Salt Sensitive Characeae

The salt sensitive C. australis was also exposed to the components of saline stress: sorbitol medium and saline medium of equivalent osmolarity. Shepherd et al. (2008) used 50–100 mM NaCl added to artificial pond water (APW) or 90–180 sorbitol APW. The proton pump in Chara cells does not respond to non-plasmolysing decrease in turgor, but can be transiently activated by an increase in Na+ concentration if Na+/Ca2+ ratio is not too high (Beilby and Shepherd, 2006a) and rapidly inactivated when Na+/Ca2+ ratio increases (Shepherd et al., 2008). The increase in Ca2+ concentration in saline media exerts its protective influence by partially blocking NSCC channels and keeping the pump running (Bisson, 1984). The two calcium effects may be related through cytoplasmic Na+ concentration, which may increase past some level critical to the pump. However, even at low external Na+ (2–3 mM) the lack of Ca2+ caused decline of the pump activity within hours (Bisson, 1984). The inactivation of the pump brings the membrane potential to Ebackground, near -100 mV and at the excitation threshold. Spontaneous repetitive APs with long duration are often observed, further depleting the cell of K+ and Cl- (see Figure 7C and Shepherd et al., 2008).
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FIGURE 7. Salinity-induced noise in membrane PD. (A) Transition from Sorbitol APW (red) to 50 mM NaCl saline APW (blue) resulted in depolarization and noisy membrane PD. There was no AP, but the resting PD measurement was disrupted by medium change and exhibited spikes between 6800 and 6900 s. (B) Using the same trace on expanded time scale, the higher frequency noise was isolated by subtracting the running average (fitted with n = 100): noise in sorbitol APW (red) and saline-induced noise (blue) that started promptly after ∼50 s of the medium change (data from Beilby et al., 2014). (C) Spontaneous and repetitive APs after ∼80 min of Saline APW (Shepherd et al., 2008).



The background conductance does not change upon non-plasmolysing turgor decrease (as in Lamprothamnium), but increases in a Ca2+ dependent manner in saline media (Shepherd et al., 2008). Given equivalent salt stress the background conductance is higher in C. australis than in Lamprothamnium (Beilby and Shepherd, 2006a), as low turgor was found to increase the Na+ influx (see earlier section on Na+ transport).

Upon transfer from sorbitol to saline medium Chara exhibits salinity-induced noise in the membrane PD (see Figures 7A,B and Al Khazaaly et al., 2009). At frequencies between 1 and 500 mHz classical noise analysis revealed (1/f2) rise of noise power as frequency falls, and a marked increase in noise power upon salinity challenge. Inspection of the time domain shows a continuous but random series of small rapid depolarizations followed by recovery (Figure 7B). As PD noise is unchanged if NaCl is exchanged for Na2SO4, we initially hypothesized that high Na+ concentration activates H+/OH- channels. However, in recent experiments (Eremin et al., 2013) employed fluorescent probe dihydrodichlorofluorescein (DCHF) to trace reactive oxygen species (ROS) formation under strong spot illumination of Chara surface. The authors suggest that excess ROS formed in the chloroplasts was carried away by the cytoplasm, oxidizing either histidine or sulfhydryl (SH) groups on transport proteins, leading to opening the H+/OH- channels. In the animal kingdom, the voltage-gated H+ channels in the brain microglia are activated by H2O2 (Wu, 2014). Beilby et al. (2014) were able to inhibit or postpone the saline-induced noise by presoaking the Chara cells in strong antioxidant melatonin prior to saline stress. Therefore, H+/OH- channels may be activated by an oxidative burst upon exposure to saline. Such a transient increase in ROS was observed by Li et al. (2007) upon exposing rice roots to salinity.

Once again the modeling of the I/V data allowed us to trace responses of ion transporter populations as function of exposure to saline. With longer exposure to high salinity, the membrane PD of Chara cells continues to depolarize toward zero, while the noise diminishes (suggesting that progressively larger numbers of H+/OH- channels were activated – Beilby et al., 2014). The shape of the I/V characteristics changes and could be simulated by H+/OH- channels and increased background current (see Figure 8 and Beilby and Al Khazaaly, 2009). The global opening of these channels at the time of saline stress would be disastrous for the cells, as both the negative membrane potential and the pH gradients between the cytoplasm, vacuole and the medium are necessary for the cell survival (Figure 3).
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FIGURE 8. The response of Chara I/V characteristics to salinity challenge. (A) Pump-dominated profile (black) in Sorbitol APW evolved to background-dominated profile after 67 min in 50 mM NaCl Saline artificial pond water (APW; green) and to upwardly concave profile (red) after 117 min of Saline APW. The experimental data, shown as points in (A), were fitted by the pump or OH- channel models (B) and background current and inward rectifier models (C), using same line colors as in part (A). The parameters are given in caption of Figure 1 of Beilby and Al Khazaaly (2009). The dashed lines in (B) and (C) extrapolate the models beyond the range of the data. The inward rectifier channels also activate at more depolarized PDs, but the membrane PDs are more depolarized for K+ inflow to take place.



Further evidence for role of H+/OH- channels in the salt stress pathology is their blockage by zinc ion (Al Khazaaly and Beilby, 2012). Zinc ions are the most potent inhibitors of animal proton channels. While the permeating ion in Characeae is more likely OH-, the channel proteins may still be closely related, as replacement of aspartate 112 by a neutral amino acid facilitated anion conduction in animal “proton” channels (DeCoursey, 2013). In Characeae the zinc ion reversibly inhibited the high pH state. The application of 0.5 mM 2-mercaptoethanol (ME) removed the zinc and restored the high pH state (Figures 9A–C). At the time of salt stress the depolarization to PD levels above -100 could be reversed by including 1.0 mM ZnCl2 in the saline APW. Even the function of the proton pump was temporarily restored (Figures 9D–F). The saline noise was also inhibited by zinc ion. However, as zinc has many functions in plant tissues, further proof of H+/OH- channel involvement in salt stress pathology is needed.
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FIGURE 9. The effect of zinc ion on the high pH state and putative H+/OH- channels at the time of salinity stress. (A) Statistics of 12 I/V profiles from 5 cells in APW (black), APW with pH increased to 11 (blue), 1.0 mM ZnCl2 was then added to the high pH APW for average time of 36 min (red) and finally in three cells where 0.5 mM 2-mercaptoethanol (ME) replaced ZnCl2 for average 35 min after the high pH state was inhibited (green). The data were fitted with the pump current or the OH- current (B). The background current increased slightly after application of ZnCl2 (C). The fit parameters are given in Al Khazaaly and Beilby (2012). (D–F) The effect of zinc ion on salinity induced I/V profiles. (D) The profiles 1 and 2 (black) were obtained in APW and APW with 90 mM sorbitol. After 15–30 min of APW + 50 mM NaCl, the I/V profiles 3,4 just showed the background current (blue). The resting PD then dropped further and the I/V profiles 5 and 6 were modeled with OH- channels (blue). 1.0 mM ZnCl2 was added to the saline APW and the PD repolarized to the background current (I/Vs 7 and 8, red) and later the pump was re-activated (I/Vs 9 and 10, red). For details see Figures 2 and 4 of Al Khazaaly and Beilby (2012).



Interestingly, Kirst and Bisson (1982) found that salt tolerant Lamprothamnium exposed to pH above 9.5 suffered similar fate to salt sensitive C. australis: the turgor dropped, concentration of Na+ in the cell compartments increased, while concentration of K+ and Cl- decreased leading to cell death. We assume that high pH opened the H+/OH- channels, placing the Lamprothamnium cell in the same electrophysiological state as Chara in the late stages of salt stress.

Conclusions, Relevance to Higher Plants and Future Research

The salt tolerant and salt sensitive Characeae contain the same types of ion transporters (Figure 3), but some of these transporters respond differently to osmotic and saline stress. The salt tolerant Lamprothamnium and C. longifolia cells sense both the decrease of turgor and the increase of Na+, and respond by pumping protons faster to maintain a negative membrane potential while keeping H+/OH- channels closed in the acid bands. (The pH banding phenomenon as a function of salinity is under investigation at present. pH banding was observed in Lamprothamnium cells acclimated to fresh water – Beilby, unpublished). The cells regulate turgor by importing more K+, Cl- and Na+. Salt sensitive C. australis does not respond to turgor decrease, does not regulate turgor, loses the energizing pump function and negative membrane potential and undergoes spontaneous repetitive APs. The global opening of H+/OH- channels speeds up the irreversible decline by further decreasing the membrane PD and promoting K+ loss through outward rectifying channels. The proton gradient powering Na+/H+ antiporter and 2H+/Cl- symporter is dissipated.

Is the H+/OH- channels and the proton pump combination just peculiar to the ancient Characeae? This complex electrophysiological motif of pH banding can be observed in higher plants: aquatic angiosperms (Prins et al., 1980), pollen tubes (Feijo et al., 1999) and, most importantly, roots of land plants (Raven, 1991). In roots the source of the current is located in the acid root subapical zone with the sink at the alkaline tip (Raven, 1991). The author suggests that the acid and alkaline zones facilitate acquisition of molybdenum, phosphorus and iron as well as reduction of aluminum toxicity. Protoplasts from wheat roots were found to change from pump-dominated to H+/OH- channel dominated state (Tyerman et al., 2001). Further, salinity induced noise was observed in wheat root protoplasts (Tyerman et al., 1997). Thus a future experiments should investigate the effect of salinity on the acid/alkaline zones of roots of both glycophytes and halophytes.

Being able to sense turgor is clearly important for salt tolerant cells. Staves et al. (1992), Shimmen (2008) suggest that it is the nodal complexes (see Figure 1) of the characean cells that sense difference in turgor. Future experiments are planned with node-less constructs (Beilby and Shepherd, 1989, 1991) from Lamprothamnium cells to find if these can still sense turgor and regulate it.

How do the turgor sensors and Na+ sensors communicate with the proton pump? Are the proton pumps of salt tolerant and salt sensitive Characeae different? Plant H+ ATPase is encoded by a multi-gene family. In rice a new isoform of the proton pump genetic family was observed in response to salt stress (see a review by Janicka-Russak, 2011). This isoform was similar to that found in halophyte Suaeda maritima. Several post-translational modifications are also suggested, involving C-terminal domain and N-terminus of the protein. Phosphorylation is regulated by 14-3-3 proteins and pump molecules might form multimeric complexes. In electrophysiological experiments the pump current can be observed directly as function of time after osmotic or salinity increase. It might be possible to probe the post-translational modifications in response to salinity stress. The imminent sequencing of C. braunii genome (Stefan Rensing, personal communication) will provide molecular data of proton pump structure in salt tolerant and salt sensitive Characeae.

References

Al Khazaaly, S., and Beilby, M. J. (2007). Modeling ion transporters at the time of hypertonic regulation Lamprothamnium succinctum (Characeae, Charophyceae). Charophytes 1, 28–47.

Al Khazaaly, S., and Beilby, M. J. (2012). Zinc ion blocks H+/OH- channels in Chara australis. Plant Cell Environ. 35, 1380–1392. doi: 10.1111/j.1365-3040.2012.02496.x

Al Khazaaly, S., Walker, N. A., Beilby, M. J., and Shepherd, V. A. (2009). Membrane potential fluctuations in Chara australis: a characteristic signature of high external sodium. Eur. Biophys. J. 39, 167–174. doi: 10.1007/s00249-009-0485-2

Allakhverdiev, S. I., and Murata, N. (2008). Salt stress inhibits photosystems II and I in cyanobacteria.Photosynth. Res. 98, 529–539. doi: 10.1007/s11120-008-9334-x

Allakhverdiev, S. I., Sakamoto, A., Nishiyama, Y., Inaba, M., and Murata, N. (2000). Ionic and osmotic effects of NaCl-induced inactivation of photosystems I and II in Synechococcus sp. Plant Physiol. 123, 1047–1056. doi: 10.1104/pp.123.3.1047

Amtmann, A., and Sanders, D. (1999). Mechanism of Na+ uptake by plant cells. Adv. Bot. Res. 29, 75–112. doi: 10.1016/S0065-2296(08)60310-9

Aquino, R. S., Grativol, C., and Mourão, P. A. S. (2011). Rising from the sea: correlations between sulfated polysaccharides and salinity in plants. PLoS ONE 6:e18862. doi: 10.1371/journal.pone.0018862

Beilby, M. J. (1984). Current-voltage characteristics of the proton pump at Chara plasmalemma: I. pH dependence. J. Membr. Biol. 81, 113–125. doi: 10.1007/BF01868976

Beilby, M. J. (1985). Potassium channels at Chara plasmalemma. J. Exp. Bot. 36, 228–239. doi: 10.1093/jxb/36.2.228

Beilby, M. J. (1986). Factors controlling the K+ conductance in Chara. J. Membr. Biol. 93, 187–193. doi: 10.1007/BF01870810

Beilby, M. J. (1989). “Electrophysiology of giant algal cells,” in Methods in Enzymology, Vol. 174, eds S. Fleischer and B. Fleischer (San Diego, CA: Academic Press), 403–443.

Beilby, M. J. (1990). Current-voltage curves for plant membrane studies: a critical analysis of the method. J. Exp. Bot. 41, 165–182. doi: 10.1093/jxb/41.2.165

Beilby, M. J. (2007). “Action potential in charophytes,” in International Review of Cytology, Vol. 257, ed. K. W. Jeon (San Diego, CA: Elsevier Inc.), 43–82.

Beilby, M. J., and Al Khazaaly, S. (2009). The role of H+/OH- channels in salt stress response of Chara australis. J. Membr. Biol. 230, 21–34. doi: 10.1007/s00232-009-9182-4

Beilby, M. J., Al Khazaaly, S., and Bisson, M. A. (2014). Salinity-induced noise in membrane potential of Characeae Chara australis: effect of exogenous Melatonin. J. Membr. Biol. 248, 93–102. doi: 10.1007/s00232-014-9746-9

Beilby, M. J., and Bisson, M. A. (1992). Chara plasmalemma at high pH: voltage dependence of the conductance at rest and during excitation. J. Membr. Biol. 125, 25–39. doi: 10.1007/BF00235795

Beilby, M. J., and Bisson, M. A. (2012). “pH banding in Charophyte algae,” in Plant Electrophysiology Methods and Cell Electrophysiology, ed. A. G. Volkov (Berlin Heidelberg: Springer-Verlag), 247–271. doi: 10.1007/978-3-642-29119-7_11

Beilby, M. J., and Casanova, M. T. (2013). The Physiology of Characean Cells. Berlin: Springer.

Beilby, M. J., Cherry, C. A., and Shepherd, V. A. (1999). Dual regulation response to hypertonic stress in Lamprothaminum papulosum. Plant Cell Environ. 22, 347–359. doi: 10.1046/j.1365-3040.1999.00406.x

Beilby, M. J., and Shepherd, V. A. (1996). Turgor regulation in Lamprothamnium papulosum.1. I/V analysis and pharmacological dissection of the hypotonic effect. Plant Cell Environ. 19, 837–847. doi: 10.1111/j.1365-3040.1996.tb00420.x

Beilby, M. J., and Shepherd, V. A. (1989). Cytoplasm-enriched fragments of Chara: structure and electrophysiology. Protoplasma 148, 150–163. doi: 10.1007/BF02079334

Beilby, M. J., and Shepherd, V. A. (1991). Reassertion of morphology and physiology in cytoplasm - enriched fragments of Nitella. C. R. Acad. Sci. 313, 265–271.

Beilby, M. J., and Shepherd, V. A. (2001a). Modeling the current-voltage characteristics of charophyte membranes: II. the effect of salinity on membranes of Lamprothamnium papulosum. J. Membr. Biol. 181, 77–89. doi: 10.1007/PL00020977

Beilby, M. J., and Shepherd, V. A. (2001b). Modeling the current–voltage characteristics of charophyte membranes III. K+ state of Lamprothamnium. Austr. J. Plant Physiol. 28, 541–550. doi: 10.1071/PP01032

Beilby, M. J., and Shepherd, V. A. (2006a). The electrophysiology of salt tolerance in charophytes. Cryptogam. Algol. 27, 403–417.

Beilby, M. J., and Shepherd, V. A. (2006b). The characteristics of Ca++ -activated Cl- channels of the salt tolerant charophyte Lamprothamnium. Plant Cell Environ. 29, 764–777. doi: 10.1111/j.1365-3040.2005.01437.x

Beilby, M. J., and Walker, N. A. (1981). Chloride transport in Chara I. Kinetics and current-voltage curves for a probable proton symport. J. Exp. Bot. 32, 43–54. doi: 10.1093/jxb/32.1.43

Beilby, M. J., and Walker, N. A. (1996). Modeling the current-voltage characteristics of Chara membranes: I. The effect of ATP and zero turgor. J. Membr. Biol. 149, 89–101. doi: 10.1007/s002329900010

Bisson, M. A. (1984). Calcium effects on electrogenic pump and passive permeability of the plasma membrane of Chara corallina. J. Membr Biol. 81, 59–67. doi: 10.1007/BF01868810

Bisson, M. A., and Bartholomew, D. (1984). Osmoregulation or turgor regulation in Chara? Plant Physiol. 74, 252–255. doi: 10.1104/pp.74.2.252

Bisson, M. A., Kiegle, E. A., Black, D., Kiyosawa, K., and Gerber, K. (1995). The role of calcium in turgor regulation in Chara longifolia. Plant Cell Environ. 18, 129–137. doi: 10.1111/j.1365-3040.1995.tb00346.x

Bisson, M. A., and Kirst, G. O. (1980a). Lamprothamnium, a euryhaline charophyte I. Osmotic relations and membrane potential at steady state. J. Exp. Bot. 31, 1223–1235. doi: 10.1093/jxb/31.5.1223

Bisson, M. A., and Kirst, G. O. (1980b). Lamprothamnium, a euryhaline charophyte II. time course of turgor regulation. J. Exp. Bot. 31, 1237–1244. doi: 10.1093/jxb/31.5.1237

Bisson, M. A., and Walker, N. A. (1980). The Chara plasmalemma at high pH. Electrical measurements show rapid specific passive uniport of H+ or OH-. J. Membr. Biol. 56, 1–7. doi: 10.1007/BF01869346

Blatt, M. R. (1988). Potassium-dependent, bipolar gating of K+ channels in guard cells. J. Membr. Biol. 102, 235–246. doi: 10.1007/BF01925717

Boudsocq, M., and Lauriere, C. (2005). Osmotic signaling in plants. Multiple pathways mediated by emerging kinase families. Plant Physiol. 138, 1185–1194. doi: 10.1104/pp.105.061275

Burne, R. V., Bauld, J., and de Dekker, P. (1980). Saline lake charophytes and their geological significance. J. Sediment. Petrol. 50, 281–294.

Casanova, M. T. (2013). Lamprothamnium in Australia (Characeae, Charophyceaea). Austr. Syst. Bot. 26, 268–290. doi: 10.1071/SB13026

Cheeseman, J. M., and Hanson, J. B. (1979). Energy-linked potassium influx as related to cell potential in corn roots. Plant Physiol. 64, 842–845. doi: 10.1104/pp.64.5.842

Davenport, R., Reid, R. J., and Smith, F. A. (1996). Control of sodium influx by calcium and turgor in two charophytes differing in salinity tolerance. Plant Cell Environ. 19, 721–728. doi: 10.1111/j.1365-3040.1996.tb00407.x

DeCoursey, T. E. (2013). Voltage-gated proton channels: molecular biology, physiology, and pathophysiology of the Hv family. Physiol. Rev. 93, 599–652. doi: 10.1152/physrev.00011.2012

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

Domozych, D., Ciancia, M., Fangel, J. U., Mikkelsen, M. D., Ulvskov, P., and Willats, W. G. T. (2012). The plant walls of green algae: a journey through evolution and diversity. Front. Plant Sci. 3:82. doi: 10.3389/fpls.2012.00082

Epstein, E. (1976). “Kinetics of ion transport and the carrier concept,” in Transport in Plants. IIB. Encyclopedia of Plant Physiology, Vol. 2, eds U. Luttge and M. G. Pitman (Berlin: Springer), 70–94.

Eremin, A., Bulychev, A., and Hauser, M. J. B. (2013). Cyclosis-mediated transfer of H2O2 elicited by localized illumination of Chara cells and its relevance to the formation of pH bands. Protoplasma 250, 1339–1349. doi: 10.1007/s00709-013-0517-8

Feijo, J., Sainhas, J., Hackett, G. R., Kunkel, J. G., and Hepler, P. K. (1999). Growing pollen tubes possess a constitutive alkaline band in the clear zone and a growth-dependent acidic tip. J. Cell Biol. 144, 483–496. doi: 10.1083/jcb.144.3.483

Findlay, G. P., and Hope, A. B. (1964). Ionic relations of cells of Chara australis: VII. The separate electrical characteristics of the plasmalemma and tonoplast. Austr. J. Biol. Sci. 17, 62–77.

Gradmann, D., Hansen, U.-P., Long, W. S., Slayman, C. L., and Warncke, J. (1978). Current-voltage relationship for the plasma membrane and its principal electrogenic pump in Neurospora crassa: I. Steady-state conditions. J. Membr. Biol. 39, 333–367. doi: 10.1007/BF01869898

Graham, L. E., and Gray, J. (2001). “The origin, morphology, and ecophysiology of early embryophytes: neontological and pleontological perspectives.” in Plants Invade the Land: Evolutionary and Environmental Perspectives. eds P. G. Gensel and D. Edwards (New York, NY: Columbia University Press).

Gutknecht, J., Hastings, D. F., and Bisson, M. A. (1978). “Ion transport and turgor pressure regulation in giant algal cells,” in Membrane Transport in Biology, Vol. III, Transport Across Multimembrane Systems, eds G. Giebisch, D. Tosteson, and G. Ussing (Berlin: Springer), 125–174.

Hansen, U. P., Gradmann, D., Sanders, D., and Slayman, C. L. (1981). “Interpretation of current-voltage relationships for “active” ion transport systems: I. Steady-state reaction-kinetic analysis of class-I mechanisms.” J. Membr. Biol. 63, 165–190. doi: 10.1007/BF01870979

Hayama, T., Nakagava, S., and Tazawa, M. (1979). Membrane depolarization induced by transcellular osmosis in internodal cells of Nitella flexilis. Protoplasma 98, 73–90. doi: 10.1007/BF01676663

Henzler, T., and Steudle, E. (1995). Reversible closing of water channels in Chara internodes provides evidence for a composite transport model of the plasma membrane. J. Exp. Bot. 46, 199–209. doi: 10.1093/jxb/46.2.199

Henzler, T., Ye, Q., and Steudle, E. (2004). Oxidative gating of water channels (aquaporins) in Chara by hydroxyl radicals. Plant Cell Environ. 27, 1184–1195. doi: 10.1111/j.1365-3040.2004.01226.x

Hirono, C., and Mitsui, T. (1981). “The course of activation in plasmalemma of Nitella axilliformis,” in Nerve membrane, eds A. G. Matsumoto and M. Kotani (Tokyo: University of Tokyo).

Hoffmann, R., and Bisson, M. A. (1986). Chara buckelii, a euryhaline charophyte from an unusual saline environment. I. Osmotic relations at steady state. Can. J. Bot. 64, 1599–1605. doi: 10.1139/b86-215

Hoffmann, R., and Bisson, M. A. (1988). The effect of divalent cations on Na+ tolerance in Charophytes. I. Chara buckelii.Plant Cell Environ. 11, 461–472. doi: 10.1111/j.1365-3040.1988.tb01784.x

Hoffmann, R., and Bisson, M. A. (1990). Chara buckelii, a euryhaline charophyte from an unusual saline environment. III. Time course of turgor regulation. Plant Physiol. 93, 122–127. doi: 10.1104/pp.93.1.122

Hoffmann, R., Tufariello, J. M., and Bisson, M. A. (1989). Effect of divalent cations on Na+ permeability of Chara corallina and fresh water grown Chara buckelii. J. Exp. Bot. 40, 875–881. doi: 10.1093/jxb/40.8.875

Hope, A. B., and Walker, N. A. (1975). The Physiology of Giant Algal Cells. London: Cambridge University Press.

Janicka-Russak, M. (2011). “Plant plasma memebrane H+-ATPase in adaptation of plants to abiotic stresses,” in Abiotic Stress Response in Plants – Physiological, Biochemical and Genetic Perspectives. ed. P. A. Shanker (Rijeka: INTECH), 197–218.

Kanesaki, Y., Suzuki, I., Allakhverdiev, S. I., Mikami, K., and Murata, N. (2002). Salt stress and hyperosmotic stress regulate the expression of different sets of genes in Synechocystis sp. PCC 6803. Biochem. Biophys. Res. Commun. 290, 339–348. doi: 10.1006/bbrc.2001.6201

Karol, K. G., McCourt, R. M., Cimino, M. T., and Delwiche, C. F. (2001). The closest living relatives of land plants. Science 294, 2351–2353. doi: 10.1126/science.1065156

Keifer, D. W., and Lucas, W. J. (1982). Potassium channels in Chara corallina. Plant Physiol. 69, 781–788. doi: 10.1104/pp.69.4.781

Kelman, R., Feist, M., Trewin, N. H., and Hass, H. (2004). Charophyte algae from the Rhynie chert. Trans. R. Soc. Edinb. Earth Sci. 94, 445–455.

Kiegle, E. A., and Bisson, M. A. (1996). Plasma membrane Na+ transport in a salt-tolerant Charophyte. Plant Physiol. 111, 1191–1197. doi: 10.1104/pp.111.4.1191

Kirst, G. O., and Bisson, M. A. (1982). Vacuolar and cytoplasmic pH, ion composition and turgor pressure in Lamprothamnium as function of external pH. Planta 155, 287–295. doi: 10.1007/BF00429453

Kishimoto, U., and Tazawa, M. (1965). Ionic composition and electric response of Lamprothamnium succinctum. Plant Cell Physiol. 6, 529–536.

Li, J.-Y., Jiang, A.-L., and Zhang, W. (2007). Salt stress-induced programmed cll death in rice root tip cells. J. Integr. Plant Biol. 49, 481–486. doi: 10.1111/j.1744-7909.2007.00445.x

Luhring, H. (1986). Recording of single K+ channels in the membrane of cytoplasmic drop of Chara australis. Protoplasma 133, 19–27. doi: 10.1007/BF01293183

Martin, G., Torn, K., Blindow, I., Schubert, H., Munsterhjelm, R., and Henricson, C. (2003). “Introduction to charophyte,” in Charophytes of the Baltic Sea, Vol. 19, eds H. A. B. Schubert and I. Blindow (Königstein im Taunus: The Baltic Marine Biologists Publications), 3–14.

Oda, K. (1962). Polarized and depolarized states of the membrane in Chara braunii, with special reference to the transition between the two states.” Sci. Rep. Tohoku Univ. Fourth Ser. (Biology) 28, 1–16.

Okazaki, Y., Ishigami, M., and Iwasaki, N. (2002). Temporal relationship between cytosolic free Ca2+ and membrane potential during hypotonic turgor regulation in a brackish water charophyte Lamprothamnium succinctum. Plant Cell Physiol. 43, 1027–1035. doi: 10.1093/pcp/pcf127

Okazaki, Y., and Iwasaki, N. (1992). Net eﬄux of Cl- during hypotonic turgor regulation upon hypotonic treatment in internodal cells of Lamprothamnium. Plant Cell Environ. 15, 61–70. doi: 10.1111/j.1365-3040.1992.tb01458.x

Okazaki, Y., Shimment, T., and Tazawa, M. (1984). Turgor regulation in a brackish Charophyte, Lamprothamnium succinctum II. Changes in K+, Na+ and Cl- concentrations, membrane potential and membrane resistance during turgor regulation. Plant Cell Physiol. 25, 573–581.

Okazaki, Y., and Tazawa, M. (1986a). Ca2+ antagonist nifedipine inhibits turgor regulation upon hypotonic treatment in internodal cells of Lamprothamnium. Protoplasma 135, 65–66. doi: 10.1007/BF01276378

Okazaki, Y., and Tazawa, M. (1986b). Involvement of calcium ion in turgor regulation upon hypotonic treatment in Lamprothamnium succinctum. Plant Cell Environ. 9, 185–190. doi: 10.1111/1365-3040.ep11611622

Okazaki, Y., and Tazawa, M. (1987). Increase in cytoplasmic calcium content in internodal cells of Lamprothamnium upon hypotonic treatment. Plant Cell Environ. 10, 619–621. doi: 10.1111/j.1365-3040.1987.tb01843.x

Prins, H. B. A., Snel, J. F. H., Helder, R. J., and Zanstra, P. E. (1980). Photosynthetic [image: image] utilization and OH- excretion in aquatic angiosperms. Plant Physiol. 66, 818–822. doi: 10.1104/pp.66.5.818

Raven, J. A. (1987). The role of vacuoles. New Phytol. 106, 357–422. doi: 10.1111/j.1469-8137.1987.tb00149.x

Raven, J. A. (1991). Terrestrial rhizophytes and and H+ currents circulating over at least a millimeter: an obligate relationship? New Phytol. 117, 177–185. doi: 10.1111/j.1469-8137.1991.tb04899.x

Raven, J. A., and Edwards, D. (2001). Roots: evolutionary origins and biogeochemical significance. J. Exp. Bot. 52, 381–401. doi: 10.1093/jexbot/52.suppl_1.381

Reid, R. J., Jefferies, R., and Pitman, M. G. (1984). Lamprothamnium, a euryhaline charophyte. IV. Membrane potential, ionic fluxes and metabolic activity during turgor adjustment. J. Exp. Bot. 35, 925–937. doi: 10.1093/jxb/35.6.925

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

Sanders, D. (1980). The mechanism of Cl- Transport at the plasma membrane of Chara corallina I. Cotransport with H+. J. Membr. Biol. 53, 129–141. doi: 10.1007/BF01870581

Sanders, D. (1981). Physiological control of chloride transport in Chara corallina. I. Effects of low temperature, cell turgor pressure, and anions. Plant Physiol. 67, 1113–1118. doi: 10.1104/pp.67.6.1113

Schutz, K., and Tyerman, S. D. (1997). Water channels in Chara corallina. J. Exp. Bot. 48, 1511–1518. doi: 10.1093/jexbot/48.313.1511

Shabala, S., and Lew, R. (2002). Turgor regulation in osmotically stressed Arabidopsis epidermal root cells. Direct support for the role of inorganic ion uptake as revealed by concurrent flux and cell turgor measurements. Plant Physiol. 129, 290–299. doi: 10.1104/pp.020005

Shepherd, V. A., and Beilby, M. J. (1999). The Effect of an extracellular mucilage on the response to osmotic shock in the charophyte alga Lamprothamnium papulosum. J. Membr. Biol. 170, 229–242. doi: 10.1007/s002329900552

Shepherd, V. A., Beilby, M. J., and Heslop, D. J. (1999). Ecophysiology of the hypotonic response in the salt-tolerant charophyte alga Lamprothamnium papulosum. Plant. Cell Environ. 22, 333–346. doi: 10.1046/j.1365-3040.1999.00414.x

Shepherd, V. A., Beilby, M. J., Al Khazaaly, S., and Shimmen, T. (2008). Mechano-perception in Chara cells: the influence of salinity and calcium on touch-activated receptor potentials, action potentials and ion transport. Plant Cell Environ. 31, 1575–1591. doi: 10.1111/j.1365-3040.2008.01866.x

Shepherd, V. A., Beilby, M. J., and Shimmen, T. (2002). Mechanosensory ion channels in charophyte cells: the response to touch and salinity stress. Eur. Biophys. J. 31, 341–355. doi: 10.1007/s00249-002-0222-6

Shimmen, T. (2008). Electrophysiological characterization of the node in Chara corallina: functional differentiation for wounding response. Plant Cell Physiol. 49, 264–272. doi: 10.1093/pcp/pcn002

Shimmen, T., and Tazawa, M. (1982). Reconstitution of cytoplasmic streaming in Characeae. Protoplasma 113, 127–131. doi: 10.1007/BF01282001

Smith, J. R. (1984a). The electrical properties of plant cell membranes. II. Distortion of non-linear current-voltage characteristics induced by the cable properties of Chara. Austr. J. Plant Physiol. 11, 211–224.

Smith, P. T. (1984b). Electrical evidence from perfused and intact cells for voltage-dependent K+ channels in the plasmalemma of Chara australis. Austr. J. Plant Physiol. 11, 304–318.

Smith, P. T., and Walker, N. A. (1981). Studies on the perfused plasmalemma of Chara corallina: I. Current - voltage curves: ATP and potassium dependence. J. Membr. Biol. 60, 223–236. doi: 10.1007/BF01992560

Sokolik, A. I., and Yurin, V. M. (1981). Transport properties of potassium channels of the plasmalemma in Nitella cells at rest. Sov. Plant Physiol. 28, 206–212.

Sokolik, A. I., and Yurin, V. M. (1986). Potassium channels in plasmalemma of Nitella cells at rest. J. Membr. Biol. 89, 9–22. doi: 10.1007/BF01870892

Sorensen, I., Domozych, D., and Willats, W. G. T. (2010). How have plant cell walls evolved? Plant Physiol. 153, 366–372. doi: 10.1104/pp.110.154427

Staves, M. P., Wayne, R., and Leopold, A. C. (1992). Hydrostatic pressure mimics gravitational pressure in characean cells. Protoplasma 168, 141–152. doi: 10.1007/BF01666260

Stento, N. A., Gerber, N. R., Kiegle, E. A., and Bisson, M. A. (2000). Turgor regulation in the salt-tolerant alga Chara longifolia. Plant Cell Environ. 23, 629–637. doi: 10.1046/j.1365-3040.2000.00571.x

Steudle, E., and Zimmermann, U. (1974). Determination of the hydraulic conductivity and of reflection coefficients in Nitella flexilis by means of direct cell-turgor pressure measurements. Biochim. Biophys. Acta 332, 399–412. doi: 10.1016/0005-2736(74)90362-9

Tazawa, M. (1964). Studies on Nitella having artificial cell sap. I Replacement of the cell sap with artificial solutions. Plant Cell Physiol. 5, 33–43.

Tazawa, M., Kikuyama, M., and Shimmen, T. (1976). Electric characteristics and cytoplasmic streaming of Characeae cells lacking tonoplast. Cell Struct. Funct. 1, 165–175. doi: 10.1247/csf.1.165

Teakle, N. L., and Tyerman, S. D. (2010). Mechanisms of Cl- transport contributing to salt tolerance. Plant Cell Environ. 33, 566–589. doi: 10.1111/j.1365-3040.2009.02060.x

Tester, M. (1988a). Pharmacology of K+ channels in the plasmalemma of the green alga Chara corallina. J. Membr. Biol. 103, 159–169. doi: 10.1007/BF01870946

Tester, M. (1988b). Blockade of potassium channels in the plasmalemma of Chara corallina by tetraethylammonium, Ba2+, Na+ and Cs+. J. Membr. Biol. 105, 77–85. doi: 10.1007/BF01871108

Tester, M. (1988c). Potassium channels in the plasmalemma of Chara corallina are multi-ion pores: voltage -dependent blockade by Cs+ and anomalous permeabilities. J. Membr. Biol. 105, 87–94. doi: 10.1007/BF01871109

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

Tester, M., Beilby, M. J., and Shimmen, T. (1987). Electrical characteristics of the tonoplast of Chara corallina: a study using permeabilised cells. Plant Cell Physiol. 28, 1555–1568.

Timme, R. E., Bachvaroff, T. R., and Delwiche, C. H. F. (2012). Broad phylogenomic sampling and the sister lineage of land plants. PLoS ONE 7:e29696. doi: 10.1371/journal.pone.0029696

Torn, K., Beilby, M. J., Casanova, M. T., and Al Khazaaly, S. (2014). Formation of extracellular sulphated polysaccharide mucilage on the salt tolerant Characeae. Int. Rev. Hydrobiol. 98, 1–9.

Tyerman, S., Beilby, M. J., Whittington, J., Juswono, U., Newman, I., and Shabala, S. (2001). Oscillations in proton transport revealed from simultaneous measurements of net current and net proton fluxes from isolated root protoplasts: MIFE meets patch-clamp. Austr. J. Plant Physiol. 28, 591–604.

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

Walker, N. A. (1955). Microelectrode experiments on Nitella. Austr. J. Biol. Sci. 8, 476–489. doi: 10.1071/BI9550476

Wayne, R., and Tazawa, M. (1990). Nature of the water channels in the internodal cells of Nitellopsis. J. Membr. Biol. 116, 31–39. doi: 10.1007/BF01871669

Whittington, J., and Bisson, M. A. (1994). Na+ fluxes in Chara under salt stress. J. Exp. Bot. 45, 657–665. doi: 10.1093/jxb/45.5.657

Williams, W. D. (1998). Salinity as a determinant of the structure of biological communities in salt lakes. Hydrobiology 381, 191–201. doi: 10.1023/A:1003287826503

Williamson, R. E. (1975). Cytoplasmic streaming in Chara: a cell model activated by ATP and inhibited by cytochalasin B. J. Cell Sci. 17, 655–668.

Winter, U., Soulie-Marsche, I., and Kirst, G. O. (1996). Effects of salinity on turgor pressure and fertility in Tolypella (Characeae). Plant Cell Environ. 19, 869–879. doi: 10.1111/j.1365-3040.1996.tb00423.x

Wodniok, S., Brinkmann, H., Glockner, G., Heidel, A. J., Philippe, H., Melkonian, M., et al. (2011). Origin of land plants: do conjugating green algae hold the key? BMC Evol. Biol. 11:104–114. doi: 10.1186/1471-2148-11-104

Wu, L.-J. (2014). Voltage-gated proton channel HV1 in microglia. Neuroscientist 20, 599–609. doi: 10.1177/1073858413519864

Yao, X., and Bisson, M. A. (1993). Passive proton conductance is the major reason for membrane depolarization and conductance increase in Chara buckelii in high-salt conditions. Plant Physiol. 103, 197–203.

Yao, X., Bisson, M. A., and Brzezicki, L. J. (1992). ATP-driven proton pumping in two species of Chara differing in their salt tolerance. Plant Cell Environ. 15, 199–210. doi: 10.1111/j.1365-3040.1992.tb01474.x

Ye, Q., Muhr, J., and Steudle, E. (2005). A cohesion/tension model for the gating of aquaporins allows estimation of water channel pore volumes in Chara. Plant Cell Environ. 28, 525–535. doi: 10.1111/j.1365-3040.2004.01298.x

Ye, Q., Wiera, B., and Steudle, E. (2004). A cohesion/tension mechanism explains the gating of water channels (aquaporins) in Chara internodes by high concentration. J. Exp. Bot. 55, 449–461. doi: 10.1093/jxb/erh040

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

Received: 26 September 2014; accepted: 22 March 2015; published online: 28 April 2015

Citation: Beilby MJ (2015) Salt tolerance at single cell level in giant-celled Characeae. Front. Plant Sci. 6:226. doi: 10.3389/fpls.2015.00226

This article was submitted to Plant Physiology, a section of the journal Frontiers in Plant Science

Copyright © 2015 Beilby. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








	 
	REVIEW ARTICLE
published: 16 September 2014
doi: 10.3389/fpls.2014.00467
	[image: image1]





Regulation of Na+ fluxes in plants

Frans J. M. Maathuis*, Izhar Ahmad and Juan Patishtan

Department of Biology, University of York, York, UK

*Correspondence:

Frans J. M. Maathuis, Department of Biology, University of York, York YO10 5DD, UK
 e-mail: frans.maathuis@york.ac.uk

Edited by:
Vadim Volkov, London Metropolitan University, UK

Reviewed by:
Lars Hendrik Wegner, Karlsruhe Institute of Technology, Germany
Vadim Volkov, London Metropolitan University, UK
Rana Munns, University of Western Australia, Australia

When exposed to salt, every plant takes up Na+ from the environment. Once in the symplast, Na+ is distributed within cells and between different tissues and organs. There it can help to lower the cellular water potential but also exert potentially toxic effects. Control of Na+ fluxes is therefore crucial and indeed, research shows that the divergence between salt tolerant and salt sensitive plants is not due to a variation in transporter types but rather originates in the control of uptake and internal Na+ fluxes. A number of regulatory mechanisms has been identified based on signaling of Ca2+, cyclic nucleotides, reactive oxygen species, hormones, or on transcriptional and post translational changes of gene and protein expression. This review will give an overview of intra- and intercellular movement of Na+ in plants and will summarize our current ideas of how these fluxes are controlled and regulated in the early stages of salt stress.
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INTRODUCTION

Salinity, in the form of NaCl, is one of the main abiotic stresses that reduces plant growth and development. Saline soils are typically defined as soils with conductivity of 4 dS m-1 or more. Salinity has two major effects: a relative early osmotic stress and ionic stress, which is expressed after a longer period (Munns and Tester, 2008; Munns, 2010).

THE GLOBAL IMPACT OF SALT STRESS

Salt stress affects agriculture worldwide. More than 5% of arable soil is now salinized which is equivalent to 77 million hectares (Munns et al., 1999). Soil salinization can be the result of natural conditions and of human activities. Natural causes can include weathering of rocks or salt deposits through precipitation. To illustrate, rain containing 10 mg kg-1 of sodium chloride would deposit 10 kg ha-1 of salt for each 100 mm of rainfall per year (Munns and Tester, 2008). Man-made causes of salinization are usually related to irrigation, such as the use of water high in minerals, or disturbance of local hydrological configurations for example by removal of deep rooted vegetation causing saline ground waters to contaminate upper soil layers. To remedy saline arable soils, improved drainage and irrigation management can leach the excess of Na+ away from the root:soil boundary.

THE ROLE OF Na+ IN SALT STRESS

It has been argued many times that salt stress is largely due to Na+ (rather than Cl-) and that within cells, it is cytoplasmic Na+ which is the main culprit. Indeed, generally low Na+ levels in the cytoplasm and or high K+/Na+ ratios in the cytoplasm are considered to mitigate salt damage. The reason for Na+ being more toxic than Cl- stems from the notion that Na+ inhibits enzyme activity, and this is particularly the case for the many enzymes that require K+ for functioning (Maathuis, 2009). For example, the K+ dependent pyruvate kinase has a Km (for K+ binding) of around 5 mM (Sugiyama et al., 1968). Na+ can also bind but has only 5–10% of the stimulating effect of K+ and thus severely inhibits kinase action (Duggleby and Dennis, 1973).

The frequency and severity of such Na+ toxicity effects depends on the cytoplasmic Na+ concentration ([Na+]cyt). Unfortunately, accurate measurements of [Na+]cyt are still relatively scarce and those that have been reported vary greatly. Carden et al. (2003), using microelectrodes, measured 10–30 mM steady state levels of Na+ in the cytoplasm of barley cells. Kronzucker et al. (2006), using flux analysis, reported [Na+]cyt values of over 300 mM while measurements with fluorescent dyes yielded estimates from 20 to 60 mM (e.g., Anil et al., 2007). It has to be pointed out that these values are likely to vary with experimental conditions and between species but in all, it is likely that [Na+]cyt is in the tens of millimols and thus prone to negatively affect enzyme activity.

Na+ UPTAKE AND DISTRIBUTION

The above considerations imply that [Na+]cyt needs to be kept low to avoid toxicity which in turn requires the capacity to distribute Na+ across tissues and to remove Na+ from the cytosol (Figure 1). To achieve, this some control over Na+ fluxes is likely to be essential. A flux is the movement of a substance across an area per unit of time, for example mol Na+ sec-1 m-2 (e.g., Maathuis, 2006b). Na+ flux is the movement of charge across the membrane which is equivalent to an electrical current. Because the cell has a negative interior of around -150 to 200 mV, Na+ will be poised to enter the cell in almost all conditions. In contrast, Na+ eﬄux (i.e., removal from the cell) is not spontaneous and will require the expenditure of energy.
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FIGURE 1. Overview of the main Na+ flux pathways that occur in terrestrial plants. Some mechanisms are still debated such as recycling of Na+ from shoot to root via the phloem. Other mechanisms are anatomic adaptations found in a limited number of (halophytic) species only, such as extrusion via glands and hydathodes. The size of the arrow only provides a relative measure of various fluxes but is not meant to be quantitative.



The estimated values of [Na+]cyt are far lower than the thermodynamic equilibrium concentration (e.g., with external Na+ at 10 mM and a membrane potential of -120 mV [Na+]cyt would be ∼1 M at equilibrium) and implies that potent Na+ extrusion mechanisms are present to keep [Na+]cyt at permissible levels. To test this assertion, one can also compare the unidirectional and net (unidirectional minus eﬄux) Na+ influx in intact tissues. A plant which contains ∼200 mmol Na+ per kg FW and has a RGR of 10% day-1, requires only a net Na+ influx of around 800 nmol g-1 h-1 to stay at this level of cellular [Na+]. However, experimentally obtained unidirectional Na+ influx (e.g., measured in roots using radioactive Na+) is typically 10 time higher than the above (e.g., Maathuis and Sanders, 2001). This implies that ∼90% of Na+ that initially entered the symplast is subsequently removed by Na+ extrusion into the external medium. In the following section more detail is given about the mechanistic bases for these fluxes.

Na+ UPTAKE

It is well established that Na+ can enter the plant through ion channels and carrier type transporters. Na+ permeable channels include glutamate like receptors (GLRs; Davenport, 2002) and cyclic nucleotide gated channels (CNGCs; Assmann, 1995; Bolwell, 1995; Trewavas, 1997; Newton and Smith, 2004) and possibly other, non-identified non-selective cation channels (NSCCs; Maathuis and Sanders, 1993; Tyerman et al., 1997; Demidchik and Tester, 2002; Essah et al., 2003). In addition, Na+ uptake can be mediated by carrier type transporters on the plasma membrane, particularly those of the high affinity potassium transporters (HKT) family (Horie et al., 2001; Golldack et al., 2002; Mian et al., 2011).

Na+ EFFLUX TO THE APOPLAST

Although some marine algae possess ATP driven Na+ pumps (Wada et al., 1992) to extrude [Na+]cyt, higher plants rely on Na+:H+ antiporters (Figure 2). The latter are energized by the proton motive force (established by ATP and PPi driven H+ pumps) which exists across plasma membrane and tonoplast. Biochemically, the presence of antiport systems was shown in the late 1980s using membrane vesicle and pH sensitive dyes such as acridine orange. However, in the late 1990s the first proteins and genes were identified using yeast complementation strategies (Apse et al., 1999) and forward mutant screens (Wu et al., 1996).
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FIGURE 2. Overview of the main membrane transporters that contribute to Na+ and Cl- uptake and distribution. Not necessarily all depicted proteins are expressed in one cell. AHA, H+ pump; AKT/KAT, K+ inward rectifying channel; AVP, vacuolar pyrophosphatase; CHX, cation-proton exchanger/antiport; CLC, chloride channel; CNGC, cyclic nucleotide gated channel; GRL, glutamate receptor like channel; HKT, K:Na and Na:Na, symporters; NHA, plasma membrane sodium-proton exchanger/antiport; NHX, tonoplast sodium-proton exchanger/antiport; Vo/V1, tonoplast H+ ATPase.



Removal of cytosolic Na+ to the apoplast can be mediated by H+ driven antiporters that are members of the NHA (Na+:H+ antiporter) family (Figure 2). Only one member of this family (SOS1) has been characterized in detail. SOS1 expression is prominent in root tip cells and also occurs in the xylem parenchyma (Wu et al., 1996). Root tip cells are predominantly evacuolate and hence incapable of vacuolar Na+ compartmentation. Such tissues therefore must entirely rely on extrusion of cytoplasmic Na+ into the apoplast, which is mediated by SOS1.

However, Na+ extrusion into the apoplast is assumed to take place in most plant tissues, particularly at the root–soil boundary. Many of these tissues do not show SOS1 expression and it remains unclear which antiporters are involved. Other NHA isoforms may play a role but the NHA gene families in most plants only contain 1 or 2 isoforms. A further alternative is the CHX (cation H+ exchange) family (Figure 2) which probably includes both K+:H+ and Na+:H+ antiporters and some CHXs have been implied in salinity tolerance (Evans et al., 2012).

VACUOLAR Na+ SEQUESTRATION

Cytoplasmic Na+ levels can also be kept low by exporting Na+ into the vacuole, which typically makes up 80–90% of the cell volume. Although the vacuole may contain some Na+-sensitive enzymes, it generally lacks any Na+-sensitive biochemical machinery. The vacuolar [Na+] can therefore rise much higher and often reaches several 100s of millimoles. Sequestration of Na+ (and Cl-) in the vacuole not only protects the cytoplasm, it also allows the plant to lower its cellular water potential and as such prevent water loss (in the cytoplasm so called compatible osmolytes fulfill a similar role but have to be synthesized at a considerable energetic cost).

One of the studies on plant antiporters discovered NHX1 (Na+ H+ exchanger 1) as a major player in the vacuolar cation movement. AtNHX1 overexpression significantly improved salinity tolerance in Arabidopsis (Apse et al., 1999) whereas its loss of function yielded the opposite effect. Manipulation of the expression of NHX1 orthologs in other species such as wheat (Xue et al., 2004), rice (Fukuda et al., 2004), and tomato (Zhang and Blumwald, 2001) showed the fundamental role this protein plays in salt tolerance and explains why it is a major focus for genetic engineering. However, more recent work has thrown some doubt on the molecular details of NHX activity and thus its physiological role. Most NHX isoforms that have been characterized can transport both K+ and Na+ and either have a similar Km for these substrates or even prefer K+ (Jiang et al., 2010). This means that, unless the cytoplasmic Na+ concentration is considerably higher than that for K+, NHX exchangers mainly mediate K+:H+ exchange rather than Na+:H+ exchange (Zhang and Blumwald, 2001; Barragán et al., 2012). Indeed, loss of function of NHX1 and NHX2 in Arabidopsis led to impaired vacuolar K+ accumulation but enhanced vacuolar Na+ uptake (Barragán et al., 2012). Thus, it seems that the contribution of vacuolar NHX exchangers to salt tolerance is predominantly in maintaining K+ homeostasis rather than in actual sequestration of Na+ into the vacuole. Of course this leaves us with the important question how the latter process is catalyzed!

LONG DISTANCE Na+ TRANSPORT

Translocation of Na+ from root to shoot (Figures 2 and 3) is one of the important strategies in salt stress physiology (Flowers et al., 1977; Epstein, 1998). Glycophytes are mostly classified as salt excluders because they prevent significant accumulation of salts in photosynthetic tissues while most halophytes are includers and actively transport Na+ from root to shoot (Flowers et al., 1977; Läuchli, 1984). This long distance transport has various points where the plant can exert control over salt distribution such as loading and translocation through the xylem and/or phloem mediated re-translocation from shoot to roots (Figure 1).
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FIGURE 3. Schematic of the xylem and xylem parenchyma anatomy. The xylem parenchyma consists of life cells that unload Na+ across their plasma membrane into the apoplast and xylem lumen (non-living tissue). Once in the xylem, bulk flow under positive and negative pressure ensures transport of minerals to shoot tissues.



The Bypass flow solutes and water can reach the xylem via a symplastic or apoplastic route. The latter allows movement of solutes through the cell walls and intercellular spaces to the xylem without crossing plasma membranes and is sometimes called the “bypass flow” (Yeo et al., 1987; Anil et al., 2005; Krishnamurthy et al., 2009). Casparian strips and suberine layers in the root endodermal and exodermal layers provide barriers to apoplastic transport but in young roots and initiation sites of lateral roots these structures can be lacking or only partially effective. The efficacy of these anatomical features heavily depends on growth conditions such as the presence of silicon (Yeo et al., 1987) and Ca2+ (Anil et al., 2005). In many plants the apoplastic pathway is relatively limited but in other species such as rice the bypass flow can be substantial, especially at high levels of salinity (i.e., ∼50% of total Na+ uptake; Yeo et al., 1987) and therefore is responsible for significant amounts of Na+ transport to the shoot.

The exact entry site for the Na+ into the stele is not known. Yeo et al. (1987) proposed that the emerging sites of the lateral roots and cells walls near the root apices are the entry points. In rice, like other monocots, lateral roots arise from the pericycle through the endodermis breaking the casparian bands. Casparian bands are also often absent in the root tip regions. In contrast, Faiyue et al. (2010) showed that in rice the bypass flow significantly increases in the absence of lateral roots, by using mutant lines incapable of making lateral roots. These authors suggested that the higher Na+ content in the xylem sap and shoots of the mutant lines was caused by the different anatomical architecture and reduced suberine deposition on the exodermal and endodermal walls of the mutant. More recent data from Krishnamurthy et al. (2011) suggested the involvement of lateral root emergence in the leakage of tracer (trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid) into the primary roots through the break created by the emergence of lateral roots.

Xylem loading Solutes delivered via the symplast have to cross the plasma membrane before they can be released into the xylem apoplast. This is another important step where plants can control solute translocation. Plasma membrane localized transporters are proposed to have a role in the xylem loading of Na+ (Lacan and Durand, 1996) a process that involves the endodermis and xylem parenchyma cell layers (Epstein, 1998). The transport systems located at the xylem-parenchyma boundary may mediate both passive loading via Na+ permeable channels and active loading through Na+:H+ exchangers (Figure 3). An example of the latter is SOS1, a plasma membrane antiporter that is expressed in root epidermis and root xylem parenchyma. The exact function of SOS1 is likely to depend on the severity of salinity stress and may include both xylem loading (low or moderate levels of salinity) and removal of Na+ from the xylem (during high salinity). Members of CHX cation antiporter family are also implicated as playing a role in the loading of Na+ into the xylem. For example, Arabidopsis CHX21 is mainly expressed in the root endodermis and loss of function in this protein reduced the level of Na+ in the xylem sap (Hall et al., 2006).

The presence of non-selective ion channels (NSCs) in the plasma membrane of xylem parenchyma cells provides another pathway for Na+ entry into the xylem. NSCs have been studied in xylem parenchyma cells of barley roots (Wegner and De Boer, 1997). The molecular identity of these NSCs is as yet unknown but could include members of the glutamate receptor like channels (GLRs) or CNGCs (Demidchik and Maathuis, 2007).

Na+ retrieval Plants can reabsorb Na+ from the xylem into the root cells as a mechanism to prevent large accumulation of Na+ in the above ground tissues (Läuchli, 1984; Lacan and Durand, 1996). This retrieval mechanism was originally postulated in the 1970s (Lessani and Marschner, 1978) but now has a molecular basis (Figure 3). In Arabidopsis, disruption of HKT1 leads to hypersensitivity to salinity of the mutant lines with more Na+ in the leaves (Mäser et al., 2002; Berthomieu et al., 2003; Davenport et al., 2007; Møller et al., 2009). The knockout lines showed higher Na+ in the shoots but a lower level of K+. These results favor the hypothesis that AtHKT1 is responsible for the retrieval of Na+ from the xylem whilst directly stimulating K+ loading. This is an ideal mechanism for plants to achieve a higher K+/Na+ ratio in shoots during salts stress (Horie et al., 2009). Similar reabsorption mechanisms were also found in rice and wheat. In rice, OsHKT1:5 is a plasma membrane Na+ transporter expressed in xylem parenchyma cells that retrieves Na+ from the xylem sap (Ren et al., 2005). The activity of OsHKT1;5 was significantly more robust in salt tolerant rice cultivars. In wheat, the HKTs NAX1 and NAX2 fulfill similar roles (Lindsay et al., 2004). Shi et al. (2002) suggested a similar role in xylem Na+ reabsorption for the SOS1 transporter (depending on the level of salinity stress) but the evidence for this is less convincing.

Phloem recirculation of Na+ Some Na+ (and Cl-) accumulation in shoot tissue is likely to be beneficial to plants because it provides “cheap” osmoticum to adjust the water potential. However, this is a risky strategy for most plants and indeed, in many glycophytes overall control of the Na+ translocation breaks down, especially at higher salt levels (Maathuis, 2014). One mechanism to prevent shoot ion overaccumulation is an increased level of recirculation of Na+ to the root via the phloem (Figure 1). At some stage, it was believed that HKT1 played an important role in this process (Berthomieu et al., 2003) but later work suggested this was not the case (Davenport et al., 2007). Indeed, the relevance of phloem Na+ recirculation has yet to be firmly decided but one way of assessing this is to calculate the recirculation potential by comparing total xylem and phloem Na+ flux. In saline conditions, xylem [Na+] can easily reach 100 mM (e.g., Mian et al., 2011). In contrast, phloem [Na+] does not appear to exceed ∼20 mM, even on high salinity conditions (Munns and Fisher, 1986; Faiyue et al., 2010). This effective discrimination against Na+ is one of the reasons why tissues that are phloem loaded, e.g., reproductive organs such as fruits and seeds or storage tissues such as tubers, typically show very low Na+ contents even after exposure to saline conditions. The generally low phloem [Na+] coupled to the fact that phloem flow rates are typically threefold to fourfold smaller than xylem flow rates (e.g., Morandi et al., 2011), suggests that the overall potential to recirculate Na+ would not exceed 5–7% of the total shoot Na+ load and so is unlikely to play a major role in the reduction of shoot salt levels. However, accurate records of phloem flow rates would be very useful in this respect, especially during saline conditions.

Na+ EXUDATION IN LEAVES

If the contribution of the phloem is small (see Long Distance Na+ Transport) other mechanisms might help limit shoot ion levels (Figure 1). Guttation is common in many plants but more prominent in monocot plants. Guttation occurs through hydathodes, pore like structures that are often located along the margins and tips of leaves. Structurally, one can think of hydathodes as the end station of the xylem system where xylem sap exudes from the plant under influence of root pressure. Guttation fluid contains many inorganic ions but during salinity the Na+ and Cl- contents increase dramatically, a phenomenon that is often visible in the form of white salt crystals that precipitate on leaf and stem. Typical guttation rates are 5–10 ml h-1 m-2 (Shapira et al., 2013) but these will drop to 1–2 ml h-1 m-2 during osmotic stress or ∼0.4–0.8 ml g-1 day-1. If we assume a tissue [Na+] of 100 mM and a guttation solution with [Na+] of 5 mM (Chhabra et al., 1977), a total eﬄux of ∼2–4 μmol g-1 day-1 would result, amounting to 2–4% of the total Na+ content. Thus, guttation is not assumed to make any inroads in relieving the shoot of salt.

However, the principle of removing salt via exudation is taken further by some halophytes which have dedicated structures in the form of salt glands (Figures 1 and 4). Salt glands are usually modified hydathodes that contain specialized cells such as collecting cells that store salt and secretory cells that discharge the salt through pores in the cuticle to the leaf surface. In contrast to guttation, salt excretion via glands can remove a large proportion of the shoot salt. For example, in mangroves 50–90% of salt that reaches the leaves can be lost again by this mechanism (Ball, 1988), showing excretion rates of 30 mmol/m2 per day (Suarez and Medina, 2008). Excretion through salt glands has a large energetic cost and this may be the main reason why relatively few species show this adaptation.
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FIGURE 4. (A) Distichlis spicata salt extrusion via multiple glands on its leaves. Note the formation of salt crystals (courtesy of Justin Klitzes, http://www.mbari.org/staff/conn/botany/seagrass/justin/salt_extrusion.htm). (B) Schematic diagram of a salt gland showing a collective cell (C), a stalk cell (St) and secretory cells (S). A cuticle is present with perforations to allow the excreted salt to exit the symplast.



SIGNALING PATHWAYS THAT REGULATE Na+ FLUXES

When [Na+]cyt exceeds a certain level, response mechanisms to reduce it are believed to initiate to prevent cellular damage. Response mechanisms could include vacuolar sequestration and/or extrusion of Na+ to the apoplast, a reduction in Na+ conductance of membranes at the root:soil boundary and for example increased Na+ retrieval from the xylem. How such mechanisms are switched on and regulated is largely unknown especially where the early stages are concerned. Another, still largely unresolved question is whether plants do sense Na+ at all or whether the response mechanisms we observe are mostly instigated by changes in osmotic potential.

REDUCING Na+ CONDUCTANCE AT THE ROOT:SOIL BOUNDARY

Many pharmacological studies have shown that Na+ influx is sensitive to various compounds such as ion channel blockers. Interestingly, the secondary messengers cyclic AMP and GMP also affect Na+ influx (Figure 5). Studies on Arabidopsis seedlings (Maathuis and Sanders, 2001; Essah et al., 2003) and on mature pepper plants (Rubio et al., 2003) have shown that unidirectional Na+ influx can be inhibited up to 35% by cGMP. Indeed, cyclic nucleotides appear to have a more general role in plant ion homeostasis, not only reducing Na+ influx but also enhancing K+ influx (Maathuis, 2006a) and as such may contribute to a high K+:Na+ ratio (Ahsan and Khalid, 1999; Maathuis and Amtmann, 1999). Further support for this mechanism was provided by later work that reported an increase in cellular cGMP within seconds after the onset of salt and osmotic stress (Donaldson et al., 2004). The latter study also implicated Ca2+ signaling as an intermediary in this process, downstream of the cGMP signal. cGMP also improves K+ status during salt stress, possibly by improving K+ uptake (Maathuis, 2006a) and by reducing K+ eﬄux (Ordoñez et al., 2014). The latter work showed that reactive oxygen species (ROS) may be upstream of cyclic nucleotides.
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FIGURE 5. Regulation of Na+ flux. (A) A change in intra- or extracellular Na+ may be reported by a (membrane–based) Na+ sensor. This signal is translated into increased levels of cyclic GMP (cGMP) which in turn inhibits non-selective ion channel (NSCC) activity and thus reduces Na+ influx. cGMP also affects transcription of many genes and also may be relayed downstream by calcium. (B) When salt is absent, the Na:H antiporter SOS1 is inactive. In the presence of salt a putative Ca2+ signal activates the calcineurin B like protein (CBL4) to interact with the CBL interacting protein kinase (CIPK24). The CBL-CIPK complex activates SOS1 via phosphorylation of its C-terminus leading to Na+ extrusion.



Na+ EXTRUSION TO THE APOPLAST

A rapid increase in cytosolic Ca2+ [Ca2+]cyt concentration is a common response of plants exposed to stress conditions. This increase of [Ca2+]cyt can be sensed by several protein families such as calmodulins (CaMs; Assmann, 1995), calmodulin-binding protein kinases (CDPKs; Cheng et al., 2002) and calcineurin B-like (CBL) proteins (Batistič and Kudla, 2009). An increase in [Ca2+]cyt can be detected by the CBL salt overly sensitive3 (SOS3/CBL4) protein (Figure 5). Activation of SOS3/CBL4 is followed by protein interaction with the serine/threonine protein kinase SOS2/CIPK24 (Halfter et al., 2000). The SOS3/CBL4-SOS2/CIPK24 complex migrates to the plasma membrane Na+/H+ antiporter SOS1 and increases its activity by phosphorylating the C-terminus of the SOS1 protein (Zhu, 2001).

REGULATION OF VACUOLAR Na+ SEQUESTRATION

Some details are now known about how NHX1 activity may be upregulated (but see the above remarks about the uncertainty regarding the role of NHXs in Na+ transport). Remarkably, one regulatory mechanism for NHX1 occurs in the vacuole: high vacuolar calcium may activate one of many Ca2+ binding proteins such as the calmodulin like protein CaM15. Binding of CaM15 to the (vacuolar) C-terminus of NHX1 is stimulated by acidic pH and inhibits Na+:H+ exchange by lowering the enzyme Vmax but, surprisingly, does not affect K+:H+ exchange (Yamaguchi et al., 2005). This scheme provides a regulatory framework to not only modulate vacuolar Na+ deposition but also an elegant way to alter the cytoplasmic K+:Na+ ratio: a reduction in vacuolar pH, induced by increased proton exchange, would reduce CaM15 binding to NHX1 and therefore increase NHX1 Na+:H+ exchange.

Another potential Ca2+ dependent pathway to activate NHX activity is found in the cytoplasm. The calcium induced protein kinase CIPK24 is activated by an upstream protein called CBL10 (calcineurin-B-like). Interaction between CBL10 and CIPK24 is proposed to lead to phosphorylation of the NHX1 C-terminus and subsequent activation of the protein. Direct evidence for this has yet to be reported and it is difficult to envisage how this is consistent with the above model where the NHX1 C-terminus localizes to the vacuolar lumen (Reguera et al., 2014).

The above schemes evoke several intriguing questions. Firstly, if they are truly salt stress specific they are likely to be preceded by some type of sensor that reports on [Na+], either in the cytoplasm or other compartment. How plants register changes in ion levels is largely unknown except in the case of Ca2+. In animals (where Na+ plays an important physiological role) mechanisms for Na+ sensing consist mostly of Na+ selective ion channels. These can act as sensors (e.g., Watanabe et al., 2006) because the activity of these channels is directly correlated to the Na+ concentration. Other mechanisms include proteins such as the protease thrombin which is modulated allosterically by Na+ with a Kd of around 20 mM (Huntington, 2008). In thrombin, the Na+ ion is coordinated by carbonyl oxygens from lysine and arginine residues and four water molecules and the Na+ binding loop is directly connected to the active site (Huntington, 2008). Mammals also have Na+ activated K+ channels (expressed in neurons, kidney, heart, and skeletal muscle cells) that have Kd values for Na+ binding between 50 and 70 mM. The Na+ coordination domain in these channels has been located to the C-terminus (Zhang et al., 2010).

No Na+ selective or Na+ activated ion channels have been identified in plants, making it very unlikely that plant Na+ sensing works in a similar fashion. However, like animals, plants may contain proteins that have regulatory Na+ binding sites and on the basis of animal Na+ binding sequences searches in plant genomes can be carried out to identify candidate proteins (Maathuis, 2014).

Another important question pertains to the selectivity of the Ca2+ signals. Ca2+ signals often occur in response to drought and salt stress with virtually identical signatures and convincing evidence for NaCl-specific rises in cytoplasmic Ca2+ are still lacking. Yeast studies showed that rapid Ca2+ transients (approximately 0–120 s) are entirely due to osmotic effects and did not vary for different salts or between ionic and non-ionic osmotica (Denis and Cyert, 2002; Matsumoto et al., 2002). Cell type specific Ca2+ responses to NaCl and equiosmolar sorbitol are also virtually identical (Kiegle et al., 2000) while a recent study by Moscatiello et al. (2013) showed no difference in Ca2+ signal between 600 sorb and 300 NaCl treated suspension cells. Thus, the observed transients most likely report changes in osmotic conditions. Similar doubts can be expressed regarding the specificity of cGMP signals that are recorded after both NaCl and osmotic stress (Donaldson et al., 2004). If signals report on changes in ionic status, then are they specific for Na+ and/or Cl- or do they report a generic response to variations in ionic strength such as changes in surface charge or membrane depolarization?

TRANSCRIPTIONAL REGULATION

Salinity can lead to rapid changes in transcript level. In most cases the involved genes are not salt specific and also respond to drought and osmotic stress. However, the transcription SERF (salt induced ethylene response factor) is upregulated after as little as 10 min of salt exposure (Schmidt et al., 2013). SERF is believed to be activated by ROS which have been shown to accumulate in salt exposed roots within minutes (Hong et al., 2009). The salt generated ROS may derive from membrane localized NADPH oxidases. Interestingly, the latter are themselves activated by Ca2+. Downstream targets of SERF include MAP kinases which in turn modulate transcription of salt responsive genes.

CONCLUSION AND OUTLOOK

Salinity stress has, and continues, to put a major constraint on agriculture world-wide. Nevertheless, the existence of halophytic plants suggests that, at least in principle, crops can be adapted to grow in saline environments and a large effort has been spent over the past decades to pursue this strategy (Flowers et al., 1977). For example, many cereal crops have salt tolerant ancestors which can be exploited in breeding programs. Progress in this respect has been slow for many reasons but mainly because of the multigenic nature of salt tolerance. This is reflected in the wide dispersion of tolerance traits across the genome which in turn necessitates the introgression of many QTLs and genes to achieve a high yielding, tolerant variety.

The fact that salt tolerance relies on the activity of hundreds of genes makes a “gene specific” approach difficult as well (Munns, 2010). Manipulation of single genes, e.g., to increase Na+ sequestration or H+ pumping capacity, yielded promising results in controlled conditions but applications in actual agricultural contexts have been limited so far. Engineering of tolerance is unlikely to be successful until robust methodologies are developed to alter expression of multiple genes, preferably in a tissue specific manner.

So where is progress going to come from? With more detailed insights into the genetic basis, signaling pathways and relevant proteins, both breeding and genetic engineering procedures should become more efficient. For example, molecular technology (Jia and Wang, 2014) increasingly facilitates the manipulating of multiple genes to either increase or suppress their expression. Altering the expression of key regulators that control suites of relevant genes may also be more promising in this respect. In the case of breeding, more targeted screens, e.g., at the organ or cellular level rather than based on broad whole plant phenotypes, should help to eliminate much noise and lack of reproducibility that previous analyses suffered from. In combination with molecular marker based programs the latter will accelerate the introgression of desired traits while minimizing “linkage drag.”
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Ion transport is the fundamental factor determining salinity tolerance in plants. The Review starts from differences in ion transport between salt tolerant halophytes and salt-sensitive plants with an emphasis on transport of potassium and sodium via plasma membranes. The comparison provides introductory information for increasing salinity tolerance. Effects of salt stress on ion transport properties of membranes show huge opportunities for manipulating ion fluxes. Further steps require knowledge about mechanisms of ion transport and individual genes of ion transport proteins. Initially, the Review describes methods to measure ion fluxes, the independent set of techniques ensures robust and reliable basement for quantitative approach. The Review briefly summarizes current data concerning Na+ and K+ concentrations in cells, refers to primary thermodynamics of ion transport and gives special attention to individual ion channels and transporters. Simplified scheme of a plant cell with known transport systems at the plasma membrane and tonoplast helps to imagine the complexity of ion transport and allows choosing specific transporters for modulating ion transport. The complexity is enhanced by the influence of cell size and cell wall on ion transport. Special attention is given to ion transporters and to potassium and sodium transport by HKT, HAK, NHX, and SOS1 proteins. Comparison between non-selective cation channels and ion transporters reveals potential importance of ion transporters and the balance between the two pathways of ion transport. Further on the Review describes in detail several successful attempts to overexpress or knockout ion transporters for changing salinity tolerance. Future perspectives are questioned with more attention given to promising candidate ion channels and transporters for altered expression. Potential direction of increasing salinity tolerance by modifying ion channels and transporters using single point mutations is discussed and questioned. An alternative approach from synthetic biology is to create new regulation networks using novel transport proteins with desired properties for transforming agricultural crops. The approach had not been widely used earlier; it leads also to theoretical and pure scientific aspects of protein chemistry, structure-function relations of membrane proteins, systems biology and physiology of stress and ion homeostasis. Summarizing, several potential ways are aimed at required increase in salinity tolerance of plants of interest.

Keywords: salinity tolerance, halophyte, ion channel, ion transporter, ion fluxes, systems biology, synthetic biology, protein engineering

Salinity is among the most serious problems for modern agriculture with the estimated annual losses nowadays being over USD 12 billion (Pitman and Läuchli, 2002; Shabala, 2013). More than 20% of irrigated lands and up to 50% (Flowers, 1998) are affected by salinity; it essentially reduces the yield of agricultural crops since most of them are salt-sensitive glycophytes (Munns and Tester, 2008). The collapse of Sumer civilization about 4000 years ago was caused by improper agricultural techniques, which led to soil salinization and drop in the agricultural productivity in the area (Serrano, 1996; Pitman and Läuchli, 2002). However, progress in modern agriculture and science rather allowed to set problems and pose questions than to get clear answers. We still do not know how to deal with salinity and to grow plants under salinization.

Effects of salinity on living plants include osmotic stress, toxic effects of high salt, mostly sodium ions, and corresponding oxidative stress (Flowers, 2004; Munns and Tester, 2008; Shabala, 2013). Osmotic stress is proportional to concentration of external salt solution, usually with osmotic pressures over 1 MPa. Toxic effect of sodium ions results from their rise in cytoplasm of plant cells. Developing in plant cells oxidative stress adds to the negative effects of salinity on the whole plants.

Ion transport via cell membranes is the basic factor determining salinity tolerance. Ion fluxes control ion concentrations; finally the values and regulation of the fluxes are essential for salinity tolerance. The review starts from brief description of ion transport in halophytes. Then it provides basic details and features of ion transport aiming to understand what could be altered and the potential results of the changes. Further discussion is directed to specific transporters and to genetically modified and artificially designed transport proteins for modulating ion transport under conditions of salinization.

ION TRANSPORT IN HALOPHYTES AND EFFECTS OF SALT STRESS ON MEMBRANE TRANSPORT IN GLYCOPHYTES

Brilliant examples of salinity tolerance are represented by halophytes, which are able to grow at high concentrations of salt (Figure 1), under irrigation by seawater and even under several times higher salt concentrations than in seawater (over 2 M of NaCl) (Flowers et al., 1977; Flowers and Colmer, 2008). Halophytes are usually considered like sodium tolerant plants. Indeed, NaCl is the main source of salinity in most areas, though chloride, sulfate, calcium, magnesium, and the other ions are involved constituting sometimes the main salt for soil and water salinization (Flowers et al., 1977). “Domestication” of halophytes is one more way to use salt-affected and salinized territories.
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FIGURE 1. Halophytes Salicornia sp. (larger and bright green plants at the picture) and Suaeda maritima (smaller and grayish-green plants at the picture) are growing at the salt-affected soil near river Medway in the UK, where the area is flooded with mixed sea and river water under high tides (Beginning of June 2014). The size of the largest specimen is about 15 cm.



Halophytes is an undisputable example and proof that salinity tolerance in plants is achievable. The main questions are:

– what are the salinity tolerance traits in halophytes;

– how to bring the relevant trait or multiple traits to agricultural plants;

– to which extent the transfer could be realized without essentially influencing the growth rate, agricultural productivity and quality of grain, fruits, edible parts, flowers or the other economically important elements/features/traits of agricultural plants.

The simplest idea under salinity is to decrease sodium net influx and increase potassium net uptake via plasma membrane of epidermal root cells to alter mineral nutrition. Surprisingly, in most cases the pure straightforward and strict approach is not realized neither in halophytes, nor in glycophytes (Flowers, 2004; Maathuis et al., 2014). Halophytes imply several strategies to cope with high concentrations of salts including (1) sodium exclusion from roots, (2) accumulation of high sodium in shoots, (3) shedding specialized leaves, (4) localizing salts in vacuoles, (5) excreting salts via salt glands etc. The role and contribution of each strategy depend on the habitat and type of a halophyte plant (Flowers et al., 1977; Breckle, 2002; Lüttge, 2002; Flowers and Colmer, 2008; Munns and Tester, 2008; Shabala, 2013). So far the known transport systems in halophytes are basically the same like in glycophytes due to common ancestry and evolution (Flowers et al., 2010): the trait of salt tolerance emerged independently over 70 times in different groups of grasses (Bennett et al., 2013). The knowledge facilitates potential transfer of salinity tolerance traits to agriculturally important plants.

It is important to consider living cell as a complex system. There are networks of signaling events and metabolic reactions. Under salinity the increase in cytoplasmic Na+ and reduction of K+ result in changes of membrane potential, osmotic pressure, turgor pressure, calcium signaling, reactive oxygen species signaling, transcriptional regulation, alteration of gene expression, modification of protein expression pattern and spectra of siRNAs, signaling molecules, phytohormones and metabolites. The set of parameters including ion fluxes characterizes cell in a definite physiological state. Transition from one physiological state to the other one could be described by a trajectory in a multidimensional space, while the stable physiological states are considered as dynamic attractors. The volume and shape of the attractor in multidimensional space could be registered using means of “omics” that is RNA expression microarrays, proteomics, ionomics, metabolomics etc. (Figure 2). Properties of the attractors are slowly studied and understood for biological systems (Spiller et al., 2010; Breeze et al., 2011), though the idea is initially well developed in physics, especially in plasma physics for non-equilibrium thermodynamic systems (Akhromeeva et al., 1989, 1992). Obviously and intuitively the biological systems with tens of thousands of participating expressed genes are more complex than physical systems. Salt treatment up- and down-regulates tens and hundreds of genes including transcription factors, genes of transporters and regulatory proteins (e.g., Taji et al., 2004; Volkov et al., 2004; Liu et al., 2013; Takahashi et al., 2015) when the cells are moving to a new distinct physiological state of gene expression, metabolic control and ion transport.
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FIGURE 2. Proposed simplified model of several attractors for a plant cell with specific metabolic and regulatory networks determined by cytoplasmic ion concentrations and membrane potential. Changes in extracellular ion concentrations result in transition of cells from one state of concentrations-membrane potential-protein and DNA–RNA expression levels and activity pattern to another one. Stability of the physiological states and trajectories of transitions could be studied in more detail using complex approaches of ionomics–metabolomics–proteomics–nucleic acids expression arrays and biophysical methods.



Comparison of ion fluxes via membranes between halophytes and glycophytes often demonstrates lower sodium uptake for halophytes (reviewed in: Flowers and Colmer, 2008). However, an evident problem in comparison is the high variability in ion transport between plant species because of growth rate, tissue-specific variability and the other physiological factors. It is reasonable to consider similar plants and achieve comparable values. Recent results on ion fluxes in glycophyte Arabidopsis thaliana and similar from the point of genome and morphology halophyte Thellungiella halophila demonstrated lower Na+ fluxes and higher K+/Na+ selectivity of ion currents in the roots and root protoplasts of the halophyte under salt treatment (Figures 3 and 4, and in: Volkov et al., 2004; Volkov and Amtmann, 2006; Wang, 2006; Wang et al., 2006; Amtmann, 2009; resembling results for roots of the two plants: Alemán et al., 2009). Lower Na+ accumulation and higher K+/Na+ ratio under salt treatment were also found in roots of leguminous halophyte Melilotus indicus compared to similar herbaceous glycophyte Medicago intretexta (Zahran et al., 2007).
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FIGURE 3. Kinetics of initial unidirectional Na+ influx into roots of Arabidopsis thaliana (open circles) and Thellungiella halophila (closed circles) as determined from 22Na+ accumulation of individual plants from 22Na+ labeled nutrient solution with 100 mM NaCl and 0.1 mM CaCl2. Error bars are SE (n = 4). Reproduced from Wang et al. (2006) with the permission from the publisher Oxford University Press.
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FIGURE 4. Comparison of current–voltage curves for whole-cell instantaneous currents in root protoplasts of A. thaliana (open symbols) and T. halophila (closed symbols). Currents are normalized to protoplast surface. The pipette solution was always 100 mM KCl. The bath solution was 100 KCl (A) or 100 NaCl (B). Data are given as means ± SE (n = 6 for A. thaliana, n = 13 for T. halophila). Reproduced from Volkov and Amtmann (2006) with the permission from the publisher John Wiley and Sons. Note that IV curve for instantaneous current in T. halophila resembles (though not completely obeys) the expected one from Goldmann–Hodkin–Katz equation and the shift in reversal potential of ion current in 100 mM KCl/100 mM NaCl is reflected in slope of IV curve for voltages above and below the reversal potential. The electric current characterizes the ion transport properties of plasma membranes and their selectivity for K+ over Na+.



Other strategies may be involved depending on the level of salinity tolerance, plant morphology, habitat and the other environmental factors and evolutionary history. For example, salt tolerant Plantago maritima had similar sodium uptake rates by roots compared to salt-sensitive P. media (Erdei and Kuiper, 1979; de Boer, 1985); the salt-tolerance in the pair is rather associated with xylem transport and sodium accumulation in vacuoles of leaf cells.

Vacuolar membranes of several halophytes were also a subject of special investigation. Electrophysiological patch clamp study of vacuoles from leaves of Suaeda maritima did not find any unusual features to support the high salt tolerance of the halophyte (Maathuis et al., 1992). Patch clamp experiments to compare vacuoles from roots of P. maritima and P. media also did not reveal striking differences apart from an extra smaller ion channel conductance in the tonoplast of the halophyte; salt stress essentially reduced the open probability of larger non-selective between K+ and Na+ ion channel conductance in both species but did not change the properties of the conductance (Maathuis and Prins, 1990). However, comparison of tonoplast from suspension culture cells of halophytic sugar beet with glycophytic tomato revealed rectification properties of ion channels in vacuolar membrane of the halophyte (Pantoja et al., 1989). At positive voltages in outside-out configuration (corresponding to ion currents out of vacuole) the ion-channel-like conductance dropped 6.5 times presumably preventing the transport of ions from vacuole to cytoplasm; the conductance was not selective for K+ over Na+ in both species (Pantoja et al., 1989).

Complexity of ion transport within the whole plant under salinity is confirmed also in experiments with glycophytes. Ion transport could be essentially influenced by salt stress in a cell-specific manner. The information is required to consider the whole plant responses to salinity and to alter them in a desired direction. An example of changes in membrane electric conductance after salt stress in several types of cells from barley leaves is given in Figure 5.
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FIGURE 5. Effect of salt stress on instantaneous current in protoplasts from the elongation zone and emerged blade portion of the developing leaf 3 of barley (Hordeum vulgare L.) (A–F). Averaged current–voltage (I–V) relationship in protoplasts from mesophyll (A,D) and epidermis (B,E) of the emerged blade, and from protoplasts of the elongation zone (C,F). Control (A–C) and salt treatment (D–F), n = 5–8 for control protoplasts and n = 3–6 for protoplasts for salt treatment; error bars are standard errors. Concentrations of KCl and NaCl in the bath are indicated. The pipette solution was always 100 mM KCl. Plants had been exposed to 100 mM NaCl for 3 days prior to protoplast isolation. Reproduced from Volkov et al. (2009), composed from Figures 1, 2, 4 and 5 with the permission from the publisher John Wiley and Sons.



BASIC ASSUMPTIONS FOR REGULATING ION TRANSPORT IN PLANT CELLS

Before pondering ways to modulate ion transport it is helpful to describe techniques to measure ion fluxes and then introduce basic important parameters, which could be influenced and manipulated to alter ion fluxes and intracellular ion concentrations. The knowledge is also required to explain, understand and predict the results with overexpression/knockout of individual transporters and ion pumps (see below).

Comparison between Different Methods for Measuring Ion Fluxes

Total activity of proton pumps, ion channels, transporters and potential “leak” pathways of ion transport (see below) is reflected in changing and regulated ion fluxes. The coinciding values of ion fluxes measured by several independent techniques are needed to provide reliable and robust basis for the further conclusions. Direct and indirect methods include (1) estimates based on kinetic measurements of ion concentrations (both in plants and in nutrient solution), (2) electrophysiological methods, (3) technique of measuring ion fluxes using vibrating ion-selective electrodes [microelectrode ion flux estimate/measurements (MIFE)], (4) measurements of unidirectional ion fluxes (e.g., radioactive isotope 22Na+ for sodium, while Rb+ is often used to imitate K+ fluxes) and (5) several other methods including ion-selective fluorescent and non-fluorescent indicators, potentially NMR spectroscopy, ion-conductance scanning microscopy etc. (Table 1).
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TABLE 1. Comparative summary for methods to measure ion fluxes in plants and their tissues and cells.

Estimates from ion concentrations are the sum of influx and eﬄux of ions from plant cells. The measurements finally provide the important physiological information about averaged net changes and fluxes. However, the existing concentrations are often already high, therefore it takes at least hours and sometimes days to determine kinetic changes of ion concentrations and obtain kinetic curves, usually without detailed peculiarities and high temporal resolution of minutes. For example, after 25 h of 100 mM NaCl treatment sodium contents in roots of glycophyte A. thaliana rose from 0.2 to 2% of dry weight (DW) of the roots (0.087–0.87 mmole Na+ per g of DW), while in halophyte T. halophila sodium in roots increased from 0.15 to 1.2% (0.065–0.52 mmole Na+ per g of DW) (Volkov et al., 2004). Fast initial rates of net Na+ uptake by roots during the first 6 h were 0.064 μmole/(g root DW∗min) in Thellungiella and 0.048 μmole/(g root DW∗min) in Arabidopsis. After 24 h of salt treatment, the rates dropped to 0.0004 nmole/(g root DW∗min) in Thellungiella and 0.003 nmole/(g root DW∗min) in Arabidopsis (Wang, 2006).

To elucidate detailed mechanisms of ion transport it is essential to add the other methods. One more requirement is to compare ion fluxes measured by different techniques: changes of ion concentrations are expressed in moles/g of fresh or dry weight (FW or DW), while electrophysiological and MIFE measurements are normalized per a unit of surface area, A/m2 and moles/(m2∗s), correspondingly. Rough estimate for conversion is that DW is about 10–15% of FW; for recalculation per surface area the size of roots or protoplasts is required. Estimates relating potassium flux in epidermal cells to ion electric currents were done for rye roots (White and Lemtiri-Chlieh, 1995). The net K+ flux was estimated 1.0–1.9 μmole/(g root WF∗h) and unidirectional K+ flux was about 7 μmole/(g root WF∗h) from mineral solution with 0.6 mM K+ (White et al., 1991). Epidermal cells with diameter 26 μm were considered 8.3% of root volume; then the net fluxes in μmole/(g root WF∗h) corresponded to 0.11–0.21 pmole/(cell∗hour) or 3.1–5.9 pA/cell. Unidirectional flux of 7 μmole/(g root WF∗h) corresponded to 0.77 pmole/(cell∗hour) or 21.7 pA/cell (White and Lemtiri-Chlieh, 1995). Converting per surface area of the whole protoplasts, the fluxes of 0.11–0.21 pmole/(cell∗hour) correspond to 14–27 nmole/(m2∗s) and 0.77 pmole/(cell∗hour) ≈ 100 nmole/(m2∗s), the values reasonably confirmed by the other methods (see below). Conversion of the flux in pmoles to number of ions per a cell gives 0.77 pmole/(cell∗hour) ≈ 1.3 ∗ 108 ions/(cell∗second) (see below).

Electrophysiological techniques of two-electrode voltage clamp or patch clamp measure ion currents across membrane of plant cells (protoplasts for patch clamp) under determined applied voltage via the membrane and provide current–voltage curves with resolution up to pA and μseconds (Figures 4 and 5). For the example of patch clamp study with root protoplasts of Arabidopsis and Thellungiella, the inward K+ fluxes in external 100 mM KCl at -80 mV were 120 mA/m2 = 120 fA/μm2 ≈ 1.2 10-18 mole/(μm2∗s) = 1.2 μmole/(m2∗s) for Arabidopsis and 30 mA/m2 ≈ 300 nmole/(m2∗s) for Thellungiella, correspondingly. Inward Na+ fluxes under the same conditions, but in 100 mM NaCl in the external medium are 70 mA/m2 ≈ 700 nmole/(m2∗s) for Arabidopsis and 15 mA/m2 ≈ 150 nmole/(m2∗s) for Thellungiella (Volkov and Amtmann, 2006).

Comparisons of electric currents and ion fluxes were performed in a series of simultaneous measurements using patch clamp and MIFE for wheat root protoplasts, when MIFE measured H+ fluxes (Tyerman et al., 2001). Proton fluxes in the experiments basically correlated to electric currents, though with large variation between protoplasts (Tyerman et al., 2001). Further on MIFE proved the lack of “dark” electroneutral fluxes for K+ transport in the wheat root protoplasts (the situation was different for Ca2+, large Ca2+ fluxes were not electrogenic): K+ ion currents via outward and inward potassium channels nearly exactly corresponded to the K+ ion fluxes measured by ion selective electrodes of MIFE (Tyerman et al., 2001; Gilliham et al., 2006). Some deviations from 1:1 ratio and variation between protoplasts were explained by uneven distribution of ion channels (Gilliham et al., 2006). Potentially atomic force microscopy or ion-conductance scanning microscope with further ion channel recordings (e.g., Hansma et al., 1989; Korchev et al., 1997; Lab et al., 2013 for ion-conductance scanning microscope) could be useful to explore the distribution of lipid rafts and clusters of ion channels at nanometre resolution.

Values of ion fluxes measured by patch clamp in protoplasts are usually higher than fluxes measured by MIFE for intact roots (e.g., Shabala and Lew, 2002; Chen et al., 2013), but coincide within orders of magnitude and essentially depend on composition of ambient medium, concentration of ions, membrane potential of cells and on multiple physiological factors (e.g., Ivashikina et al., 2001; Shabala et al., 2009). Experiments with MIFE are non-invasive and simpler; therefore provide huge opportunities with temporal resolution of seconds and spatial resolution within less than tens of microns for exploring physiological factors and conditions, which influence ion fluxes to and out of cells (Newman et al., 1987; Newman, 2001; Shabala, 2006; Sun et al., 2009; Shabala and Bose, 2012). Ion fluxes of K+, Na+, and other ions in the vicinity of roots were measured by MIFE and compared for different salt-tolerant and salt-sensitive cultivars and agricultural species (Chen et al., 2005; Cuin et al., 2008, 2012), along root zones of several plants (Garnett et al., 2001; Chen et al., 2005; Pang et al., 2006), for mutants in specific ion channels or transporters (e.g., Shabala et al., 2005; Demidchik et al., 2010), under treatment by physiologically active compounds (Cuin and Shabala, 2007a; Shabala et al., 2009; Pandolfi et al., 2010; Demidchik et al., 2011; Ordoñez et al., 2014), after generation of reactive oxygen species and salt stress (Cuin and Shabala, 2007b; Demidchik et al., 2010) and for numerous other conditions. MIFE is also a good method for studying ion transport in cell biology (Lew et al., 2006; Valencia-Cruz et al., 2009; Demidchik et al., 2010). The results provided huge volume of information about characteristics, kinetics and physiological features of ion fluxes under salt stress, helped to develop fast tests for salinity tolerance (Chen et al., 2005; Cuin et al., 2008). The results are described in hundreds of publications and several reviews (e.g., Newman, 2001; Shabala, 2006; Sun et al., 2009; Shabala and Bose, 2012), so are not covered here in more detail. Among the limitations of MIFE is the selectivity of ion-selective electrodes, which is influenced by interfering ions (e.g., Knowles and Shabala, 2004) and sometimes affected by physiologically active compounds and proteins in the medium for measurements after interaction with the material of ion-selective electrodes (e.g., Chen et al., 2005), hence demanding more control checks.

Unidirectional fluxes of 22Na+ for sodium and 42K+ or Rb+ (a tracer for K+) provide fast kinetics of ion transport within tens of seconds as determined by the speed of sampling and changes in concentrations at the background of initial level without 22Na+ and 42K+/Rb+ (e.g., Figure 5 for 22Na+ fluxes). The method is used widely and had already provided essential advances in plant ion transport (e.g., MacRobbie and Dainty, 1958; Rains and Epstein, 1965; Epstein, 1966). The outward fluxes could be measured after loading plants with 22Na+ or 42K+/Rb+ and transferring then to different chemical solutions without the ions (e.g., Wang, 2006; Wang et al., 2006 for 22Na+ for roots of Arabidopsis and Thellungiella). Details and the methodical procedures are well described with different modifications to get more information about compartmentation of the absorbed ions and to exclude potential sources of errors (Cheeseman, 1986 for analysis of compartmentation based on eﬄux kinetics; Britto et al., 2006; Wang, 2006 for 42K+ in application for the tracer eﬄux by barley roots; Britto and Kronzucker, 2013 for comprehensive practical description of experimental procedures to measure potassium fluxes). The values of measured fluxes differ significantly, sometimes over 100 times depending on plant species, physiological conditions and ion concentrations (e.g., summarized for Na+ fluxes in: Kronzucker and Britto, 2011).

Analysis of unidirectional fluxes is often complemented by the other methods to obtain better understanding of the processes. An interesting comparison for influx of K+ (86Rb+) from 0.1 mM K2SO4 solution and net K+ influx measured by external K+ microelectrodes (prototype of MIFE) gave nearly the same values of fluxes: 2.6 μmole/(g FW∗h) and 2.5 μmole/(g FW∗h), correspondingly (Newman et al., 1987). Measurements of unidirectional 24Na+, 42K+ fluxes in barley together with membrane potential measurements and pharmacological profiling of the fluxes allowed to study high affinity transport of sodium from low μM – 50 mM solutions and provided predictions about possible mechanisms for the transport (Schulze et al., 2012).

Among methods to determine ion fluxes is the use of ion-selective fluorescent indicators for estimating cytoplasmic and vacuolar concentrations of Na+ and K+ and kinetics of their changes (e.g., mostly for protoplasts: Lindberg, 1995; Halperin and Lynch, 2003; D’Onofrio et al., 2005; Kader and Lindberg, 2005), measurements by intracellular ion-selective electrodes (e.g., Carden et al., 2003 and references there), 23Na-NMR spectroscopy (e.g., Bental et al., 1988) and several others; the methods are not discussed in detail here.

Ion Concentrations in Cells

Ion concentrations are the reflection of net ion fluxes via plasma membrane. Certain range of ion concentrations, especially of K+, Na+, and Ca2+, is vital for cell physiology and function of proteins. Typical potassium concentrations in cytoplasm of plant cells were measured independently by several methods (including ion-selective electrodes, fluorescent dyes and X-ray microanalysis) and range around 60–140 mM (Pitman et al., 1981; Hajibagheri et al., 1988; Hajibagheri and Flowers, 1989; Walker et al., 1995, 1998; Korolev et al., 2000; Cuin et al., 2003; Halperin and Lynch, 2003; Shabala et al., 2006; Hammou et al., 2014), though concentrations above 200 mM were estimated by eﬄux analysis (reviewed in Britto and Kronzucker, 2008) and as low as 12 mM and even lower K+ concentrations were measured by ion-selective electrodes in root cells of potassium-deprived Arabidopsis plants (Armengaud et al., 2009). Higher potassium concentrations of 200–350 mM measured in cell sap by X-ray microanalysis or capillary electrophoresis are rather attributed to vacuolar compartment under sufficient potassium supply (Malone et al., 1991; Fricke et al., 1994; Bazzanella et al., 1998; Volkov et al., 2004). It is worth mentioning that in animal cells potassium seems to be among regulators of apoptotic enzymes activating them at K+ concentrations below 50 mM (Hughes and Cidlowski, 1999).

Sodium cytoplasmic concentrations of plant cells are usually low reaching about 20-50 mM after several days of NaCl treatment (Carden et al., 2001, 2003; Halperin and Lynch, 2003). Higher sodium concentrations had also been measured depending on duration of salt stress, external sodium, concentration of the other ions and on plant species: cytoplasmic sodium concentrations over 200 mM were reported in salt-tolerant halophytes (Hajibagheri and Flowers, 1989; Halperin and Lynch, 2003; Flowers and Colmer, 2008; Kronzucker and Britto, 2011).

An interesting example is halotolerant alga Dunaliella salina, which is a good unicellular eukaryotic model for studying salinity tolerance within the range of 0.05–5.5 M NaCl (e.g., Katz and Avron, 1985). Cytoplasmic sodium concentrations about 90 mM (88 ± 28 mM) were reported in the alga using 23Na-NMR spectroscopy (Bental et al., 1988). Na+ concentrations were nearly the same (within the error of a few measurements) in the algal cells adapted to a wide range of external Na+, from 0.1 to 4 M (Bental et al., 1988). Similar or even lower sodium concentrations below 100 mM were measured by the other methods for the alga under 0.5–4 M or 1–4 M sodium treatment (Katz and Avron, 1985; Pick et al., 1986). The small alga D. salina has length about 10–11 μm, width of 6 μm and volume around 200 fL (Masi and Melis, 1997) or even smaller dimensions with volume around 90–100 fL then (Katz and Avron, 1985). It probably possesses specific transport system to exclude Na+, similar to Na+-ATPase expected to function in the plasma membrane of the marine unicellular alga Platymonas viridis (Balnokin and Popova, 1994), alga D. maritima (Popova et al., 2005) and several other marine algae (reviewed in: Balnokin, 1993; Gimmler, 2000).

High sodium concentrations over 100 mM often have inhibiting effect on protein synthesis at least in salt-sensitive glycophytes (Hall and Flowers, 1973; Wyn Jones and Pollard, 1983; Flowers and Dalmond, 1992). Sodium is also (1) competing with potassium for allosteric sites of enzymes and (2) interacting with ion channels (for example, sodium ions change the gating of potassium outward rectifying currents in root protoplasts of halophyte plant Thellungiella, which are most likely carried by Shaker type potassium channels: Volkov and Amtmann, 2006). Moreover at the cellular level salt stress induces apoptosis (Katsuhara and Kawasaki, 1996; Huh et al., 2002; shortly reviewed in Shabala, 2009; Demidchik et al., 2010).

Much higher sodium concentrations could be tolerated in vacuoles, one of the functions of the organelle is to sequester and isolate sodium. Concentrations of sodium in vacuoles may exceed 0.5–1 M being up to ten times over the cytoplasmic sodium concentrations (eg Flowers et al., 1977; Zhao et al., 2005; Flowers and Colmer, 2008) at the expenses of activity of specific ion-transport systems (reviewed in: Martinoia et al., 2012). Under salt treatment of 2 M NaCl for 85 days shoot tissue concentrations of sodium in halophytes Tecticornia were about 2 M, so presumably vacuolar Na+ concentrations could be over 2 M in the halophytes (English and Colmer, 2013).

The reasons for sodium competing with potassium are that the ions have (1) the same electric charge, 1.6∗10-19 coulombs, (2) similar cation radii in non-hydrated, about 0.1 nm = 1.0 Å for sodium cation and 0.14 nm = 1.4 Å for potassium (diameter being nearly 2–3% of cell membrane thickness) and (3) hydrated forms, about 3.6 Å for sodium and 3.2 Å for potassium ions (Nightingale, 1959; Collins, 1997; Mähler and Persson, 2012) and, hence, (4) similar surface electric charge densities, which differ about two times (twice higher for non-hydrated sodium according to charge and diameter of the ion). Therefore interactions of Na+ and K+ with amino acids of protein surfaces, active centers of enzymes, pockets of allosteric regulation or binding of proteins, selectivity filters of ion channels are similar and often differ only several times in selectivity of the interactions. The selectivity depends on the nature and number of interacting amino acids and their spatial location. Molecular dynamics simulations together with conductivity measurements for several proteins and oligopeptides demonstrated up to five times higher affinity of sodium over potassium to the protein surfaces (especially with numerous carboxyl groups; Vrbka et al., 2006). The phenomenon could explain higher destabilizing effect of sodium over potassium on proteins (“salting them out”), which was initially discovered with white proteinaceous part of hen’s eggs by Hofmeister in 1888 (Hofmeister, 1888; Kunz et al., 2004). The effect could be the reason why potassium and not sodium is chosen and naturally selected for being the major intracellular monovalent cation, pumped into cells while pumping out sodium cations (Collins, 1997) though sea and ocean water contains more than 40 times higher concentration of sodium.

Under salt stress, for plants it is important to keep higher K+/Na+ ratio (Maathuis and Amtmann, 1999). It is essential, however, to mention that some proteins (due to specific amino acid composition or structural peculiarities) and processes from halophytes are able to withstand higher sodium concentrations without loss of activity (eg. Flowers and Dalmond, 1992; Premkumar et al., 2005); it seems to be the secondary evolutionary adaptation. It is also interesting that cell wall proteins of studied halophytes and also glycophytes did not change their activity within wide range of sodium concentrations, often from 0 to over 0.5–1 M (Thiyagarajah et al., 1996).

Driving Forces and Pathways for Ion Transport to Cells

Transport of ions is driven by physico-chemical forces including differences of ion concentrations (to be more precise, activities of ions) and differences in electric potential at the sides of membranes.

Membrane potential of plant cells is routinely measured by microelectrodes with tiny sharp tips around 0.1 μm in diameter after impalement of a plant cell of interest (e.g., described in: Blatt, 1991). Recently developed voltage-sensitive fluorescent proteins and dyes (reviewed in: Mutoh et al., 2012) could also be used for at least indications of membrane potential in cell tissues and populations of cells (Matzke and Matzke, 2013). Membrane potentials below -70 mV and above -200 to -220 mV are recorded by microelectrodes though values around -300 mV were also reported; more negative values are often measured in root cells compared to leaf ones (apart from leaf guard cells) (Higinbotham, 1973; L’Roy and Hendrix, 1980; Blatt, 1987; Walker et al., 1995, 1998; Carden et al., 2001, 2003; Shabala and Lew, 2002; Fricke et al., 2006; Murthy and Tester, 2006; Shabala et al., 2006; Volkov and Amtmann, 2006; Armengaud et al., 2009; Hammou et al., 2014). Vacuolar membrane potential is the same or 10–40 mV above the values for cytoplasm with pH about 2 or over units lower, about 5.0–6.1 or less in vacuoles compared to pH = 7.0–7.7 in cytoplasm (e.g., Walker et al., 1995; Carden et al., 2003; Cuin et al., 2003; Martinoia et al., 2012) (Figure 6).
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FIGURE 6. Basic scheme of membrane potentials, potassium K+ and sodium Na+ concentrations and pH values in a generalized plant cell together with main ion transport systems ensuring potassium and sodium transport according to electrochemical forces. Different cell types usually have less transporters, though specialized for more determined ion transport functions. The concentrations and membrane potentials are rather indicative and change depending on conditions of mineral nutrition and are not the same for different cell types (see text and references for more details). KIRC are inward rectifying potassium channels (e.g., Hirsch et al., 1998); KORC are outward rectifying potassium channels; GluR are glutamate receptors; cngc are cyclic nucleotide gated ion channels; HAK is high affinity potassium transporter; CHXT are cation H+ exchange transporters (e.g., Evans et al., 2012); HKT are high K+ affinity transporters; C-Cl--CT are cation chloride contrasnporters; SOS1 is well studied sodium-proton antiporter; H+-ATPase is proton pump of plasma membrane; V-H+-ATPase is vacuolar proton pump; V-PP-H+-ATPase is vacuolar pyrophosphatase, another vacuolar proton pump; NHX1 is vacuolar sodium (cation)/proton antiporter. For more details and description see text.



Thermodynamics of ion transport is described by several equations. Nernst equation applied to selectively permeable membrane links ion concentrations at the sides of membrane to the electric potential via the membrane under equilibrium conditions (when net flux of ions via the membrane is absent):
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(Hille, 2001). Here E is electric potential, R is universal gas constant equal to 8.31 J/(K∗mole), T is temperature in K, ZS is the charge of ion S, F is Faraday constant equal to 96,500 s∗A/mole, [S1] and [S2] are concentrations of ion S at the sides of the membrane. Basically, the diffusion of ion S due to different concentrations is equilibrated by distinction in electric potential, which is about ± 60 mV (slightly depending on temperature) per 10-fold difference in concentrations with sign determined by the ion charge. For potassium with typical 100 mM in cytoplasm of epidermal root cell and low 100 μM in soil solution the membrane potential to ensure uptake of K+ should be below -180 mV to satisfy the electrochemically downhill transport of K+ ions. Lower concentrations of potassium outside the cells may require co-transport of K+ with the other ions (e.g., with H+).

For several ion species with specific permeabilities via the membrane a more complicated Goldman–Hodgkin–Katz voltage equation is applicable; it takes into account permeabilities of ions. For sodium, potassium and chloride (obviously more ions to be considered and more components should be added) the equation will be:
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where Emembrane is membrane potential via the membrane (or Ereversal with zero net ion current via the membrane), P are permeabilities of the corresponding ions and [] stands for concentrations of the ions (Hille, 2001). Usually potassium permeability is dominating and membrane potential is close to Ereversal of K+, though may change and depend on cell type. Active plasma membrane proton pump H+-ATPase (reviewed e.g., in: Palmgren, 2001) shifts membrane potential to more negative values compared to the calculated Ereversal for K+.

Transport of most ions including Na+ and K+ in plants occurs passively (following the electrochemical forces) via ion-selective proteinaceous pores of ion channels. Most ion channels can change their conformation from open to close states and vice versa (so called “gating”) under applied voltages or after binding ligands and regulators. Another pathway is via proteinaceous transporters with slower transport rates. Ion transport via ion channels is electrogenic since ions carry electric charge, while transporters realize electrogenic or non-electrogenic transport, transporting one ion or co-transporting/antiporting several charged ions in one or opposite directions, correspondingly.

Co-transport of several ions or even small molecules may add extra energy for transport (Figure 7). For example, HAK transporters presumably co-transport K+ together with H+ (Banuelos et al., 1995; Rodriguez-Navarro, 2000; Grabov, 2007), which gives several orders of concentration differences extra due to transport of H+ according to electric charge. Membrane potential of -180 mV potentially allows potassium uptake, when co-transported with H+ with, e.g., stoichiometry 1:1 under similar external pH to pH of cytoplasm, against 106 differences in K+ concentrations (e.g., Rodriguez-Navarro, 2000). Higher concentrative capacity could be achieved using also pH differences or higher number of protons per K+; cytoplasmic pH is about 7.5 and external low pH of 4 will add over three orders of concentration more. The surprising example is described for yeast Schwanniomyces occidentalis, which was reported to deplete external potassium to 0.03 μM, presumably taking up K+ against 3,000,000 differences in concentrations (assuming over 100 mM of cytoplasmic K+) due to HAK transporters (Banuelos et al., 1995). Much higher concentrations, around 80 μM, arising from K+ contamination from agar and the other chemicals (Armengaud et al., 2009; Kellermeier et al., 2014) (though contamination from agar was estimated at 1–3 μM: Kellermeier et al., 2014) resulted in symptoms of severe potassium deficiency in Arabidopsis and essentially changed transcription profile in roots and shoots of the plants (Armengaud et al., 2004), so more detailed examination with special attention to transport systems of different species (e.g., Coskun and Kronzucker, 2013) is required. Potentially new transporters and ion channels from different organisms could be a source of diversity and comparison for the existing pool of membrane transport proteins and for creating novel artificial transporters.
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FIGURE 7. Simplified scheme demonstrating principles of ion transport via membrane. Voltage difference below -180 mV allows potassium transport against 1000-fold concentration difference via potassium-selective pore of ion channel 1. Similar thermodynamically favorable potassium transport with lower rates and specific mechanism is facilitated by potassium transporter 2. Transporters 2 and 3 are H+/K+-cotransporters, they co-transport one or two H+ per K+; H+ is transported according to voltage difference, hence adding energy for K+ transport. Transporters 2 and 3 can potentially lead to inward transport of K+ against over 1,000,000 concentration difference; their functioning depends also on pH difference across membrane. More details are in the text.



A set of transporters and ion channels is specific for cell types and organisms, includes tens and more distinct characterized so far proteins, which often form heteromers with variable properties and regulation (Figure 6; e.g., reviewed in: Isayenkov, 2012). Detailed analysis of genome sequences of salt-sensitive model plant Arabidopsis revealed that about 5% of about 25,000 genes of the plant potentially encode membrane transport proteins; the genes of about 880 proteins are classified in 46 unique groups, while genes of cation channels/transporters predict for coding over 150 proteins (Mäser et al., 2001). Special databases include information about transport proteins, e.g., plant membrane transport database http://aramemnon.uni-koeln.de/; http://www.yeastgenome.org/ is a useful source of information for yeast proteins including yeast membrane transport proteins.

Cell Size-Volume-Surface/Volume Ratio and Effects of Cell Wall

Interestingly, cell surface/volume ratio has an effect on ion concentration under the same ion fluxes (Figure 8). The sizes of cells within a plant differ orders of magnitude. Cells of xylem parenchyma in roots of dicot Arabidopsis are less than 5 μm in diameter with length often below 20–30 μm (eg: Dolan et al., 1993; Ivanov, 1997; Kurup et al., 2005; Verbelen et al., 2006; Ivanov and Dubrovsky, 2013); the cells could be isolated and result in protoplasts of about 10 μm in diameter compared to larger 20 μm epidermal protoplasts from root elongation zone or 15–25 μm protoplasts from root cortex parenchyma cells and the other root tissues (Demidchik and Tester, 2002; Demidchik et al., 2002a; Volkov and Amtmann, 2006). The volumes would correspond to 4/3∗π∗R3 that is about 500 fL for 10 μm protoplasts and about 8 pL for 25 μm protoplasts.
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FIGURE 8. Simplified scheme of different plant cells and the ion fluxes for the cells. The same ion fluxes result in different changes of ion concentrations for cells of different sizes and surface/volume ratios. Ion fluxes are directly recalculated from number of ions/second to concentrations.



Cells in leaf epidermis of several monocots are quite large. Barley epidermal leaf cells could be up to 2 mm long and about 25–30 μm wide with nearly square cross-section, thus reaching volume over 1000 pL (Volkov et al., 2007). Several studies involved isolated protoplasts from barley leaf epidermal cells and reported 60 μm (100 pL) protoplasts (Dietz et al., 1992), 40 μm (from 20 to 80 μm) (30 pL, from to 4 to 250 pL) protoplasts (Karley et al., 2000), 25 pL protoplasts with large variations (over 10 times) in volume (Volkov et al., 2007). It is worth mentioning that about 99% of large epidermal leaf protoplasts could be occupied by vacuole (Winter et al., 1994).

Assuming volumes of usual plant cells within 500 fL to 1000 pL, the calculated surface to volume ratios will differ about 10 times for the cells: from about 0.9 μm-1 to 0.16 μm-1 for oblong cells within plant tissues. The larger cells need higher ion fluxes or larger time for the same concentration changes.

Effects of cell walls on ion transport are well known though not often remembered and studied in detail (Figure 9). They include changes of cell membrane potential depending on ion composition of ambient medium due to fixed electric charges in cell walls, assumed ion-rectifying properties of cell walls and expected effect of shrinking and swelling of cell walls on mechanosensitive ion channels. Effects of cell walls on ion buffering and ion concentrations have more experimental evidence. For example, protoplasts isolated from bean leaf mesophyll did not show NaCl-induced calcium eﬄux compared to mesophyll tissue (Shabala and Newman, 2000). Salt-induced H+ eﬄux also differed between protoplasts compared to tissue, so, presumably, all the Ca2+ eﬄux over an hour of measurement was from calcium ion exchange stores of cell walls (Shabala and Newman, 2000).
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FIGURE 9. The scheme indicating expected and studied effects of cell walls on ion fluxes and cell plasma membrane potential. Plasma membrane of approximately 10 nm thickness is surrounded by the cell wall of about 250 nm thickness, the interior of the cell is under hydrostatic turgor pressure of several bars (1 bar = 0.1 MPa) due to concentration differences and, hence, differences in osmotic pressures inside the cell and outside of it. Cell wall has negative surface charge at pH around 6–7, hence influencing the voltage difference between the sides of plasma membrane. One of micro- or nanochannels in the porous cell wall is depicted with charged inner walls and potential ion-rectifying properties. More details are given in the text.



Ion Channels vs. Ion Transporters: More about Pathways of Ion Transport to Cells

One of disputable questions of ion transport is about the relative role of ion channels and transporters in transport. It is commonly accepted that ion channels in an open state/conformation allow passage of over 106–108 ions per second via a selective pore formed within a protein molecule. The diameter of the pore is determined by the molecular structure of ion channel, from 12 Å for potassium channel KcsA with narrow part of 4 Å in diameter (e.g., Doyle et al., 1998; Jiang et al., 2002; MacKinnon, 2004) to 15 Å and even 28 Å diameters of pores for the general bacterial porins with low selectivity and permitted passage for small hydrophilic molecules (about 6 Å pores for the highly selective porins) (e.g., Galdiero et al., 2012). The diameter of the pore and amino acids lining it essentially determine the ion selectivity of ion channel and potential number of passing ions per unit of time. The selectivity could be, for example, over 1,000 for K+ over Na+ in potassium selective ion channels or over 10 for Na+ over K+ in sodium selective channels due to special selectivity filters with conserved amino acids for specific channel types. Often amino acid sequence glycine-tyrosine-glycine (GYG) indicates selectivity for K+, introducing mutations into the pore to change the amino acids converted potassium selective ion channels to non-selective ones (Heginbotham et al., 1992). The interactions of ions with the protein molecule of ion channel are not well understood yet and probably involve non-electrostatic ion–ion interactions, van der Waals forces, interaction with water molecules and numerous other interactions. Several methods of modeling and simulations of molecular dynamics are applied within at least the last 30 years; sharp increase in computing power allowed to include the lipid environment of membranes, pH and the known biochemical factors and regulators to the models (e.g., reviewed in: Maffeo et al., 2012).

Direct measurements are the basement for investigating ion fluxes via ion channels; they provide information about permeating ions, number of ions per second, selectivity and complex transitions of protein molecules of ion channels (gating) during the transport processes. Indeed, a small current of 1 pA corresponds to 10-12 A/(1.6∗10-19 coulombs) ≈ 6∗106 ions/second (1.6∗10-19 coulombs is elementary charge, a charge of monovalent cation), while most ion channels demonstrate much larger electric currents with complex voltage-dependent patterns of open–closed states (Figure 10).
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FIGURE 10. Single-channel recordings in outside-out patches of T. halophila root protoplasts. The pipette solution was 100 mM KCl. The bath solution contained 100 mM KCl (A), 10 mM KCl (B) or 100 mM NaCl (C). c, current level with no open channels; o, current levels of single-channel openings. Spiky openings of outward-rectifying channels allowing inward current are indicated with asterisks. Openings of a second type of channel are indicated with crosses. Reproduced from Volkov and Amtmann (2006) with the permission from the publisher John Wiley and Sons.



Transporters could be considered as enzymes where conformational changes of a protein molecule are required for a complete transport cycle of ions (e.g., Gadsby, 2009). Turnover rate of the transporter is the number of complete transport cycles performed per second (e.g., Longpré and Lapointe, 2011). The lower estimate for turnover rate of transporters is the activity of ion pumps. Plant plasma membrane H+-ATPase pumps about 100 ions per a second (Sze et al., 1999). The value is comparable to 20–100 H+ per second by yeast plasma membrane ATPase Pma1 (Serrano, 1988) and turnover rate of 160 s-1 of animal Na+/K+-ATPase (Skou, 1998). Similar or even lower turnover rates, from 3 to 60 s-1, were shown for sodium/glucose cotransporter (Longpré and Lapointe, 2011 and references therein), while turnover rate about 500 s-1 was estimated for sucrose/H+ co-transporter from maize ZmSUT1 (Carpaneto et al., 2010). The highest possible turnover rate for activity of ion transporters could be assessed from protein structure studies and frequency of conformational changes with estimated upper limit of 106 s-1 (Chakrapani and Auerbach, 2005), which seems to be an overestimated value. A more realistic value for the fast transporters is around 10,000 ions/second, when they are mutated and have accelerated turnover rate (Gadsby, 2009). A higher value of 100,000 ions per second was reported for Cl-/H+ antiporter ClC-5, which is rather a unique type of transporter similar to ClC channels (Zdebik et al., 2008).

Mechanisms of ion transport by transporters are less understood than transport via pores of ion channels, though the genes of transporters are sequenced and well-studied. Briefly, several mechanisms are expected for different transporters and described below.

HKT transporters with at least eight transmembrane domains could be similar to ion channels, they form a specific ion-selective pore with properties distinct from the pore of ion channels according to basic crystal structure analysis (Cao et al., 2011; reviewed in: Yamaguchi et al., 2013). HKT transporters can electrically resemble ion channels with similar IV curve, reversal potential of ion current mediated by HKT can shift following ion concentrations inside and outside the cell. The phenomenon is observed in Xenopus oocytes heterologously expressing different HKT transporters (Jabnoune et al., 2009; Almeida et al., 2014; de Almeida, 2014), where rectification and Nernstian shift (according to Nernst equation for ion concentrations and voltages) in reversal potential were measured. Pore of HKT transporters has selectivity filter in the first transmembrane domain with conserved glycine for K+-selective and serine for Na+-selective HKT transporters (reviewed in Yamaguchi et al., 2013; de Almeida, 2014). An extra amino acid constriction with arginine residue in the last transmembrane domain makes an additional energy barrier for ion transport (Kato et al., 2007; Cao et al., 2011; reviewed in: Yamaguchi et al., 2013; Benito et al., 2014; de Almeida, 2014). Selectivity of HKT transporters for Na+ or K+ could be altered by amino acid substitutions, while K+/Na+ symport or Na+ uniport are exhibited by different HKT transporters and even varied from K+/Na+ symport to Na+ uniport depending on the cation concentrations (Mian et al., 2011; Almeida et al., 2014; reviewed in Almeida et al., 2013; Waters et al., 2013; de Almeida, 2014). Some HKT transporters symport K+ with Na+ at low K+ concentrations (reviewed in Waters et al., 2013); presumably Na+ ion adds energy for co-transport “pushing” K+ via the amino acid constrictions (Benito et al., 2014), though the exact mechanisms of transport are still to be elucidated.

HAK transporters are not found in animals and Protista (Grabov, 2007). Presumably they co-transport K+ together with H+ (Banuelos et al., 1995; Rodriguez-Navarro, 2000; Grabov, 2007), but had not been crystallized so far while attempts to express them in Xenopus oocytes failed; therefore mechanisms of ion transport by HAK transporters are not well studied yet. Gene sequences and comparison of HAK transporters predict for 10–14 transmembrane domains (Greiner et al., 2011). Amino acid substitutions within the region between the second and third putative transmembrane domains of Arabidopsis HAK5 transporter essentially changed ion transport selectivity indicating for selectivity filter within the region (Alemán et al., 2014). Lack of putative specific pore similar to HKT transporters suggests that HAK transporters realize specific mechanism for K+/H+ symport (Alemán et al., 2014).

Nhx1 and SOS1 are cation/H+ antiporters. SOS1 has 12 predicted transmembrane domains at the N-terminal part and long C-terminal tail composed of 700 amino acids (Shi et al., 2000), the protein forms homodimers (Núñez-Ramírez et al., 2012). Molecular mechanisms of Na+/H+ antiport by SOS1 are under investigation, though the known crystal structure of bacterial Na+/H+ antiporter NhaA (Hunte et al., 2005) could be a potential basement for understanding transport by both Nhx1 and SOS1. NhaA has 12 transmembrane domains, exists as a dimer, amino acid helices of the protein form negatively charged funnel-like structure, which leads to cytoplasm from the center of membrane and selectively attracts cations. Cation-bound Nha1 follows transformation and releases cation to the outer side being protonated at the same time at aspartate moieties. Deprotonation, release of H+ to cytoplasmic side and return to the initial conformation completes the transport cycle (Hunte et al., 2005). The mechanism with conformation changes limited within a part of the protein makes NhaA one of the fastest transporters; NhaA has activity of catalytic center (turnover rate) about 89,000 s-1 (reviewed in Hunte et al., 2005).

Tonoplast Nhx1 could share the same transport mechanism. Discovery of Nhx1 initially provided a molecular basis for Na+/H+ antiport activity of vacuolar membrane. Na+/H+ antiport was measured in tonoplast of several plants: it included amiloride-sensitive transport in vesicles from Beta vulgaris (Blumwald and Poole, 1985) and from mesophyll cells of halophytic plant Mesembryanthemum crystallinum (Barkla et al., 1995), vesicles from roots of NaCl-grown salt-tolerant P. maritima, but not salt-sensitive P. media (Staal et al., 1991), in preparations from salt-grown barley roots (Garbarino and DuPont, 1988). Gene AtNHX1 of the transporter was cloned from Arabidopsis and rescued some of the salt-sensitive yeast phenotypes under heterologous expression (Gaxiola et al., 1999). Moreover, overexpression of AtNHX1 conferred salinity tolerance to Arabidopsis and significantly increased Na+/H+ antiport activity of vacuolar membrane (Apse et al., 1999). Expression of AtNHX1 in yeast resulted in increased amiloride-sensitive electroneutral Na+/H+ exchange in yeast vacuolar vesicles (Darley et al., 2000). However, AtNHX1 with 9–11 putative transmembrane domains (reviewed in Rodríguez-Rosales et al., 2009) demonstrated also high K+/H+ exchange capacity depending on regulation by luminal C-terminal domain; the ratio of maximal rates of K+ to Na+ transport rose upon binding calmodulin in calcium and pH-dependent manner (Yamaguchi et al., 2003, 2005). Further evidence for role of AtNHX1 in K+ transport came from transgenic plants. Overexpression of AtNHX1 in tomato plants conferred higher vacuolar K+ under different growth conditions and increased salinity tolerance via retaining intracellular K+ without influencing vacuolar Na+ accumulation (Leidi et al., 2010). The simple model of AtNHX1 transporting and localizing excess Na+ in vacuole was modified to more complex schemes. It was suggested that AtNHX1 is more important for K+ transport to vacuole thus stimulating K+ uptake by roots, then K+ ions recycle between cytoplasm and vacuole, while Na+ is transported to vacuole and “locked” there (Jiang et al., 2010). Different effects of overexpressed NHX genes on vacuolar K+ and Na+ concentrations under salt stress and increase in salt tolerance led to conclusions that NHX plays role in both Na+ and K+ vacuolar transport and K+ homeostasis (reviewed in: Rodríguez-Rosales et al., 2009; Bassil et al., 2012; Yamaguchi et al., 2013; Bassil and Blumwald, 2014).

Unfortunately, ion fluxes via a single transporter (order of several fA or much lower) are below the resolution for electrophysiological measurements. However, potentially the ion currents via at least hundreds and rather thousands or millions of electrogenic ion transporters could be measured under specific conditions. A report about unitary conductance of Cl-/H+ antiporter ClC-5 is an exception, the conductance of 0.45 pS (ion current about 63 fA at 140 mV) for the transporter was determined from noise analysis of recordings with hundreds/thousands of transporters (Zdebik et al., 2008).

To study their properties, transporters are routinely heterologously expressed in large Xenopus oocytes. Detectable ion currents or fluxes of radioactive tracers are reported following the expression at the background of usually small endogenous electric currents of the oocytes. The successful expression in Xenopus oocytes was reported for several HKT transporters and cation-chloride cotransporters, attempts to record activity of HAK, SOS1, or Nhx transporters were less fruitful so far (Rodriguez-Navarro, 2000; Liu et al., 2001; Colmenero-Flores et al., 2007; Jabnoune et al., 2009; Rodríguez-Rosales et al., 2009). Mature Xenopus oocytes used for heterologous expression are quite even and have diameter of 1 mm, so measurements could be easily normalized per surface area. A typical surface area of Xenopus oocyte is 4∗π∗500∗500 μm2 ≈ 4∗3.14∗250000 ≈ 3,100,000 μm2. Assuming that the very high recorded values of about -10 μA at -150 mV for heterologous expression of rice transporter HKT in Xenopus oocytes (Jabnoune et al., 2009) are reasonable and not due to incorrect folding/partial proteolysis/interaction with endogenous transport systems of Xenopus oocytes, we can recalculate the current per a unit of oocyte surface and compare with recordings from plant protoplasts: -10 μA/3,100,000 μm2 ≈ 3 pA/μm2 = 3,000 mA/m2 or about 1 nA per a small root protoplast with diameter around 10 μm. The values are very high and comparable or even much higher (see below) than the ones recorded from activity of ion channels using patch clamp.

Another theoretical estimate is useful for assessing activity of ion transporters expressed in Xenopus oocytes. Assuming the high turnover rate for the transporter around 10,000 and the very high expression of about 10,000 transporters/μm2 (means a transporter per 10∗10 nm2, nearly maximal density due to the physical and steric limitations) we get the possible presumed current per oocyte of Xenopus: 10,000 ions per transporter per second ∗ 3,100,000 μm2 ∗ 10,000 transporters/μm2 = 3,1∗1014 ions/second, then taking elementary charge of monovalent ion being 1.6∗10-19 coulombs, the estimate gives 1.6∗10-19 coulombs/ion ∗ 3,1∗1014 ions/second ≈ 50 μA per an oocyte. An excessive order of magnitude could be reasonably explained by a lower level of expression and lower transport rate of a transporter, so gives a reasonable agreement with experimental data and leads to several conclusions.

(1) Transporters can provide sufficient ion currents for registered ion transport under conditions of salinity.

(2) Ion channels are not the only essential pathway for ion transport under salinity.

(3) Balance between relative share of ion transport by ion channels or by ion transporters depends on abundances of the corresponding proteins (ion channels or transporters), their regulation and the other factors (composition of ion solutions, membrane potential etc.). Transporters can provide coupled transport of several ions and potentially may ensure fine-tuning of ion transport, while ion channels provide large ion fluxes when required.

The estimates indicate that total ion current via thousands/millions of electrogenic transporters could be measured and characterized in plant protoplasts using patch clamp in whole-cell configuration (recording sum of all ion currents via the whole membrane). Well-studied non-selective cation channels with low conductance carry small instantaneous currents; potential total current via numerous transporters could be of the same range. Ion current via ion-selective ion channels is described by Goldmann–Hodgkin–Katz equations based on assumption of independent passage of ions via channel pore (or constant electric field along the diffusion zone) (Hille, 2001), additional charges of lipid bilayer and the surface of ion channel can modify the ideal curves (Alcaraz et al., 2004). However, similar to Goldmann–Hodgkin–Katz curves were recorded for HKT transporters expressed in Xenopus oocytes (Jabnoune et al., 2009; de Almeida, 2014).

Recently sodium currents via AtHKT1;1 transporters were presumably measured in Arabidopsis root stelar protoplasts overexpressing AtHKT1;1 (Møller et al., 2009; Xue et al., 2011). Patch clamp experiments recorded about 30 mA/m2 lower (more negative) currents in 10 mM external Na+ and about 50 mA/m2 lower currents in 25 mM external Na+ at -120 mV, when compared to control protoplasts. The currents in AtHKT1;1 overexpressing protoplasts shifted the reversal potential according to external Na+ concentrations, so confirmed Na+ selectivity. Further study (Xue et al., 2011) compared Na+ and K+ currents in root stelar cell protoplasts from wild type (control) and athtk1;1–4 mutant plants lacking AtHKT1;1. Potassium currents were similar (about -50 pA at -120 mV in 5 mM internal/50 mM external K+), while sodium currents were about -50 pA at -120 mV in control protoplasts at 50 mM internal/50 mM external Na+ compared to about -10 pA in athtk1;1–4 mutant ones and demonstrated Nernstian shift according to reversal potential of sodium (Xue et al., 2011). The results pose questions for future study. Earlier it had been demonstrated that non-selective cation currents in similar root protoplasts of Arabidopsis (e.g., Demidchik and Tester, 2002 and see below) are slightly (1.5 times) more selective for potassium over sodium, so predictably athtk1;1–4 mutant protoplasts should have 2–4 times higher sodium currents than measured in (Xue et al., 2011) due to expected non-selective cation currents.

The non-selective cation currents are studied well for root protoplasts, especially in Arabidopsis and carried by cyclic nucleotide gated channels (about 20 genes for Arabidopsis) and glutamate receptors (about 20 genes for Arabidopsis) (see below). One of the possible explanations for the paradox is to assume that nonselective cation currents in root stelar protoplasts of Arabidopsis are highly selective for potassium over sodium; the selectivity was shown for root protoplasts of Thellungiella (Volkov and Amtmann, 2006), salt-tolerant relative of Arabidopsis (Bressan et al., 2001; Inan et al., 2004; Amtmann, 2009). It is important to understand specific tissue and cell type expression of genes and proteins for non-selective cation channels and HKT transporters for characterizing their role in total ion currents. So far, more electrophysiological studies were performed with non-selective cation currents, while HKT transporters were mostly studied using molecular biology with the known genes in heterologous expression systems.

Special modeling for different pores of ion channels will help to understand better the peculiarities of ion currents via ion channels and HKT-like transporters. Pharmacological analysis and profiling of ion currents is also essential together with the further use of mutants (knock out or overexpression) and heterologous expression of the genes of interest in cell culture or in Xenopus oocytes. Non-selective ion currents are well characterized electrophysiologically and pharmacologically, especially for root protoplasts (White, 1993; White and Lemtiri-Chlieh, 1995; Roberts and Tester, 1997; Tyerman et al., 1997; Tyerman and Skerrett, 1998; Demidchik and Tester, 2002; reviewed in: Demidchik et al., 2002b; Volkov and Amtmann, 2006; reviewed in: Demidchik and Maathuis, 2007), less is known for transporters. Recently quinine (500 μM) was shown to have slight inhibiting effect on ion currents induced by HKT1;4 transporters from durum wheat after heterologous expression in Xenopus oocytes; Zn2+, La3+, Gd3+, or amiloride had no effect (Ben Amar et al., 2014). For cation-chloride co-transporter from A. thalina, which was expressed in Xenopus oocytes and presumably transported Na+:K+:2Cl- 100 μM bumetanide had an inhibiting effect on uptake of radioactive ions similar to analogous animal co-transporters (Colmenero-Flores et al., 2007). Amiloride is shown to inhibit Nhx1 vacuolar Na+(cation)/H+ antiporter (Barkla et al., 1990; Darley et al., 2000). Experiments with heterologous expression of rice HKT transporter OsHKT2;4 in Xenopus oocytes demonstrated channel-like behavior with single channel traces and inhibition by Ba2+, La3+, and Gd3+ (Lan et al., 2010), however, the properties were not typical for a transporter and further on the results were not confirmed and attributed to endogenous currents of the expression system (Sassi et al., 2012).

A further complication for understanding the pathways of membrane ion transport comes from electroporation experiments (e.g., Pakhomov et al., 2009; Wegner et al., 2011, 2013; Wegner, 2013, 2014). Nanopores with diameter about 1.0 -1.8 nm are formed in lipid membrane bilayer of several animal cell lines and plant protoplasts after (1) voltage pulses of 1 V and lower to -350 to +250 mV and (2) also during patch clamp experiments after applied holding voltages above +200–250 mV or below -300 to -250 mV (Pakhomov et al., 2009; Wegner et al., 2011, 2013; Wegner, 2013). The voltage-induced nanopores existed for minutes and demonstrated selectivity for cations (including even TEA+) over anions (Cl-) and slight selectivity for different cations (Ca2+ and Li+ were the most permeable); certain similarity to behavior of non-selective cation channels was found (Wegner et al., 2011, 2013; Wegner, 2013). It is a question whether the nanopores appear under physiological conditions in plants (voltages below -300 mV were recorded for plant cells). Heterologous expression of specific ion channels together with use of mutants, elucidating detailed properties, pharmacological profiles and peculiarities of ion fluxes are required to exclude misinterpretation.

GENETIC ENGINEERING WITH NON-SPECIFIC OR TISSUE-SPECIFIC OVEREXPRESSION/KNOCKOUT/DISRUPTION OF SPECIFIC TRANSPORTERS MODIFIES SALINITY TOLERANCE

Several obvious ways to achieve salinity tolerance include: (1) decreasing sodium conductance and increasing potassium/sodium selectivity of plasma membrane of root epidermal cells; (2) increasing sodium eﬄux by root epidermal cells; (3) increasing sodium accumulation in vacuoles; (4) altering sodium and potassium loading and unloading to xylem and phloem depending on plant strategy to cope with salinity. The strategies had been realized by salt-tolerant plants or revealed in plants overexpressing genes of specific transporters.

Modification of gene activity started after the essential rise and success of molecular methods together with the identification and characterisation of individual ion channels and transporters. Lower sodium conductance and higher K+/Na+ selectivity of root epidermis discovered in halophytes (see above) could be potentially reached in agriculturally important plants by RNA silencing of non-selective cation channels or modifying their expression pattern and regulation. However, still not much is known about the exact genes for the ion channels and importance of the individual genes in sodium uptake. Successful attempts to overexpress or knockout genes of vacuolar proton pump H+-PPase, NHX, HKT, or SOS1-like transporters and to modulate the salinity tolerance of plants had already been reported.

Overexpression of the vacuolar H+-pump would enhance the proton pumping activity at vacuolar membrane and thus permit to accumulate more Na+ in vacuoles due to activity of Na+(cation)/H+ antiporters NHX. The choice of H+-pyrophosphatase is explained by a single gene required for the protein, while the other vacuolar H+-ATPase is composed of several subunits and needs correct overexpression of several genes (reviewed in e.g., Silva and Gerós, 2009). Overexpression of vacuolar H+-PPase under control of strong non-specific viral 35S promoter sharply increased salinity tolerance in Arabidopsis, to 250 mM of NaCl (Gaxiola et al., 2001). Overexpressing plants accumulated more sodium and potassium in their leaves and also demonstrated higher drought resistance. Further attempts to overexpress vacuolar H+-PPases from different microbial (D’yakova et al., 2006) and plant species increased salinity tolerance in tobacco (D’yakova et al., 2006; Gao et al., 2006; Li et al., 2014), transgenic rice overexpressing also vacuolar transporter NHX1 (Zhao et al., 2006), in alfalfa (Bao et al., 2009), cotton (Pasapula et al., 2011), tomato (Bhaskaran and Savithramma, 2011), and sugarcane (Kumar et al., 2014). The experiments used 35S promoter, NaCl concentration of 150–400 mM and reported higher Na+ concentrations in leaves of overexpressing plants under salt treatment, while K+ changes were not consistent between the species (Gao et al., 2006; Zhao et al., 2006; Bao et al., 2009; Bhaskaran and Savithramma, 2011; Li et al., 2014). Gene of vacuolar H+-pyrophosphatase was among salinity tolerance determinants in barley (Shavrukov et al., 2013). Overexpression of vacuolar H+-PPase had also an effect on the whole physiology of plants, for example, increasing root growth via probably auxin transport-associated genes, antioxidant enzymes activities and photosynthetic rate in tobacco (Li et al., 2014). Without salt stress the transgenic plants overexpressing H+-pyrophosphatase under control of 35S promoter demonstrated phenotypes either similar to non-transformed plants (Zhao et al., 2006; Bao et al., 2009; Bhaskaran and Savithramma, 2011), or exhibited improved morphological features (Kumar et al., 2014; Li et al., 2014) or lower osmotic potential in leaves (Gao et al., 2006). Salt treatment for non-transgenic plants resulted in both up- and down-regulation of vacuolar H+-PPase in different species, therefore suggesting an important role of vacuolar H+-ATPase in responses to the stress factor (reviewed in: Silva and Gerós, 2009).

Another candidates for overexpression are vacuolar NHX genes. Overexpression of AtNHX1 increased salinity tolerance in Arabidopsis to 200 mM NaCl, the overexpressing plants accumulated more Na+ compared to wild type and demonstrated higher Na+/H+ exchange activity in isolated leaf vacuoles (Apse et al., 1999). The approach of overexpressing AtNHX1 to improve salinity tolerance proved to be successful for tomato; the transgenic plants accumulated more sodium in leaves but not in fruits at 200 mM NaCl (Zhang and Blumwald, 2001). Cotton plants with AtNHX1 from Arabidopsis (He et al., 2005), rice overexpressing SsNHX1 from halophyte Suaeda salsa (Zhao et al., 2006), tomato with heterologous NHX from Pennisetum glaucum (Bhaskaran and Savithramma, 2011) also showed increased salinity tolerance. Overexpression of NHX did not influence the phenotype of plants under control conditions (Apse et al., 1999; Zhang and Blumwald, 2001; He et al., 2005; Zhao et al., 2006; Bhaskaran and Savithramma, 2011).The results with heterologous expression or overexpression of NHX transporters lead to conclusions that the gene is among determinants and potential candidates for engineering salinity tolerance (e.g., Rodríguez-Rosales et al., 2009; Peleg et al., 2011 with more references for successful overexpression of NHX to increase salinity tolerance in sugar beet, wheat, maize and the other plants). However, the overexpression of NHX was not tissue-specific and under the control of strong promoters, one report did not confirm increase in salinity tolerance in Arabidopsis overexpressing AtNHX1 (Yang et al., 2009). Expression in a tissue-specific manner could be the next step for using NHX to increase salinity tolerance.

The amazing simplicity of the idea to play with the expression of known and functionally well characterized transporters and get salt tolerant or salt sensitive plants is applied to plasma membrane SOS1 Na+/H+ antiporters and Na+ or Na+/K+ HKT transporters. SOS1 is expressed in (1) epidermal root cells where it participates in sodium eﬄux and in (2) xylem parenchyma cells where SOS1 may load Na+ to xylem under moderate salinity and unloads Na+ under high salinity or has more complex mode of xylem loading/unloading (Shi et al., 2000, 2002; Pardo et al., 2006; Oh et al., 2007, 2009a; Olías et al., 2009). Arabidopsis mutants with defects in gene of SOS1 exhibited strong growth inhibition under salt treatment (Wu et al., 1996), which was rescued in sos1 mutant by overexpression of SOS1 gene under 35S promoter (Shi et al., 2000). Overexpression of SOS1 gene in wild type plants under 35S promoter enhanced salinity tolerance of Arabidopsis at 100–200 mM NaCl (Shi et al., 2003; Yang et al., 2009), reduced sodium accumulation in shoots and sodium concentration in xylem sap (Shi et al., 2003). Further on overexpression of SOS1 from A. thaliana increased salinity tolerance in transgenic tobacco (Yue et al., 2012) and in transgenic tall fescue (Ma et al., 2014). SOS1 gene from durum wheat conferred salinity tolerance to sos1 mutant of Arabidopsis (Feki et al., 2014). Interestingly, the effects of overexpression were observed under salt treatment, while in the absence of stress no differences were observed in growth or morphology between wild-type plants and the transgenic lines. Disruption of SOS1 activity by RNA interference in Thellungiella on the opposite resulted in the loss of tolerance of the halophyte indicating importance of Na+ eﬄux and essential role of SOS1 in salinity tolerance (Oh et al., 2009a). RNA interference of SOS1 significantly changed the whole transcriptome of Thellungiella (Oh et al., 2007) and vacuolar pH under salt treatment (Oh et al., 2009b) proving the complex nature of metabolic and regulatory networks in plants (Figures 2 and 6) and yet the probabilistic chances of success in strict overexpression of specific transporters for salinity tolerance improvement. A more complicated situation emerges due to tissue-specific expression. SOS1 is important for long-distance ion transport and xylem loading/unloading in Arabidopsis (Shi et al., 2002; discussed in: de Boer and Volkov, 2003), sodium partioning between plant organs in tomato (Olías et al., 2009) and ion fluxes in root meristem zone (Guo et al., 2009), therefore attempts to express it in specific tissues could increase salinity tolerance to a higher extent.

Genetic modification of salinity tolerance using HKT transporters was also successful. Analysis of Arabidopsis plants with mutated HKT gene revealed higher salt sensitivity of the mutants under long term stress, higher sodium accumulation in their shoots under mild salinity treatment (Mäser et al., 2002) and suggested that HKT is involved in recirculation of sodium within plants (Berthomieu et al., 2003). Further study confirmed increased sodium in the shoots of Arabidopsis hkt1;1 mutants and clarified that HKT is important for root accumulation of Na+ and Na+ uptake from xylem in Arabidopsis (Davenport et al., 2007). The next step was to create plants overexpressing HKT (Møller et al., 2009). Arabidopsis plants overexpressing AtHKT under the control of 35S promoter were compared with plants specifically overexpressing HKT in cells of root stele. Pro35S:HKT1;1 plants were salt sensitive probably due to higher Na+ uptake by roots while tissue specific overexpression of HKT in stele increased salinity tolerance and reduced sodium accumulation in shoots (Møller et al., 2009). The approach was applied to rice where gene from Arabidopsis AtHKT1;1 was heterologously expressed in root cortex. It resulted in lower shoot Na+ concentrations, improved salinity tolerance and involved up- and down-regulation of several membrane transport genes including vacuolar H+-pyrophosphatases (Plett et al., 2010). Overexpression of HKT had none (Møller et al., 2009; Plett et al., 2010; Mian et al., 2011) or slight inhibiting pleiotropic effect on growth without NaCl depending on type of promotor for expression and on plant line studied (Møller et al., 2009; Plett et al., 2010). HKT transporters proved to be important for Na+ exclusion in wheat and were transferred from durum wheat to bread wheat by interspecific crossing; the genes gave beneficial effects including higher K+/Na+ ratio in leaves under saline conditions (James et al., 2011). Some plants including barley accumulate Na+ in shoots; overexpression of barley HvHKT2;1 under 35S promoter in barley increased salinity tolerance at 100 mM NaCl, but opposite to Arabidopsis increased Na+ concentration in xylem and Na+ accumulation in barley leaves (Mian et al., 2011). Taken together the results set HKT transporters to potential candidates for engineering salinity tolerance and among the determinants of the trait (reviewed in: Horie et al., 2009; Almeida et al., 2013; Maathuis et al., 2014) together with the above mentioned NHX1, SOS1 and presumably new studied transporters, e.g., similar to CHX21 from Arabidopsis (Hall et al., 2006).

Genes which are important for salinity tolerance in the other groups of organisms and not present in higher plants could also be potential candidates for engineering the trait. Sodium pumping ATPase from moss Physcomitrella patens was cloned and expressed under 35S promoter in rice; plasma membrane expression resulted in higher biomass of transgenic plants compared to control ones after 2 weeks of 50 mM salt treatment. Surprisingly, expression of Na+-ATPase did not influence Na+ and K+ concentrations in transgenic compared to control plants under any tested conditions, so needs more investigation (Jacobs et al., 2011). Recently a new bacterial rhodopsin from Krokinobacter eikastus was discovered; it is the first light-driven Na+ pump. This rhodopsin was crystallized and resolved using X-ray; the structural basis for Na+ transport was revealed (Gushchin et al., 2015; Kato et al., 2015). The photo switchable sodium pump seems a good simple molecular tool. The initial results are already promising and involve the diverse pool of Na+-ATPases and transporters from yeast, algae and microbes for improving salinity tolerance in plants.

PERSPECTIVES OF PROTEIN ENGINEERING. STRUCTURE-FUNCTION STUDIES AND POTENTIAL FUTURE FOR EXPRESSION OF NOVEL ION CHANNELS, PUMPS, AND TRANSPORTERS

Novel opportunities for increasing salinity tolerance in plants are arising with the development of new methods of molecular biology, understanding regulation networks from synthetic biology and growing knowledge about single point mutations changing specific amino acids within molecules of an ion channel or a transporter.

Single amino acid substitutions, e.g., within K+ selectivity filter GYG of potassium channels, may change selectivity of the ion channels rendering them from K+ selective to non-selective ones (e.g., Heginbotham et al., 1992). Amino acid substitutions within a presumed pore region of HKT transporters are able to alter them from Na+ selective to Na+ and K+ permeable (e.g., Mäser et al., 2002; de Almeida, 2014). Moreover, the single point mutations could be determining for salinity tolerance, e.g., amino acid substitution V395L in rice transporter OsHKT1;5 presumably explained the salt sensitivity of the rice cultivar (Cotsaftis et al., 2012). Specific single point substitution in Arabidopsis HAK5 transporter (F130S) over 100 times increased affinity for K+ under heterologous expression and reduced inhibition constants for Na+ and Cs+ (Alemán et al., 2014). Effects of single point mutations on the whole pattern of physiology and on phenotype are well known and better studied in human biomedical science when inherited diseases cystic fibrosis and sickle cell anemia are caused by amino acid substitutions in transport protein CFTR and in hemoglobin, correspondingly.

The knowledge about structure-function correlations of proteins allows to modify the selectivity and create the required properties of ion transport proteins. The way in the direction is to employ the existing and growing information about structure-function of different ion channels and transporters. Next step is to change their ion selectivity and gating properties according to the requirements using single amino acids mutations and to transform the plants of interest in a tissue-specific or cell-specific manner. Examples of tissue-specific transformation already exist (e.g., Møller et al., 2009; Plett et al., 2010) while the new methods and opportunities are progressing enormously (e.g., Brand et al., 2006; Oszvald et al., 2008 etc.). Recent opportunities to directly edit genome using CRISPR–Cas system could overcome some difficulties and directly modify the expressed genes of ion transport proteins (reviewed in e.g., Shan et al., 2013; Kumar and Jain, 2015).

An alternative approach from synthetic biology is not to modify the existing membrane transport proteins, but to create new ones with desired properties for the further cell-specific transformation (Figure 11). The idea is different from what could be assumed at a first glance. Existing biological organisms emerged over the process of long evolution, when previous “building blocks” and elements were used for the future development and often could not be essentially modified due to intrinsic links within organisms and biological systems. It leaves out the question of ideal design, which is mostly not present in biological organisms. Indeed, they are largely predetermined by the previous evolutional history with intrinsic evolutionary trajectories and evolved under multifactor environment (composition of atmosphere, illumination, temperature, salinity and mineral nutrients, water availability etc., while interactions with the other organisms and biotic interactions are often the most important). A simple example is related to temperature. Ion channels in homoeothermic animals like mammals or birds evolved over hundreds of millions of years under stable conditions and hence differ in many properties from ion channels in plants. Sodium and calcium selective ion channels had not been found in plants while in animals they ensure action potentials in neurons and cardiomyocytes. Specialized highly temperature-sensitive ion channel in animals provide temperature sensation (for example transient receptor potential channels, e.g., Ramsey et al., 2006; Myers et al., 2009). Plants are different, they rely on calcium signaling via non-selective cation channels, may have distinct groups of transporters with specific properties, have no known sodium-selective ion channels and use ion channels with low temperature sensitivity (e.g., plant potassium channels and their regulation are reviewed in: Dreyer and Uozumi, 2011; more general review: Hedrich, 2012). Obviously, cell signaling and regulation in plants have numerous specific peculiarities compared to homoeothermic animals. The differences could be reflected in protein structures, therefore simple comparisons may be misleading. Moreover, plant ion channels and transporters are often functioning at membrane voltages below -200 mV while animal membranes are usually not experiencing voltages below -100 mV. Structure and functioning of ion transport proteins from yeast, algae, Protista, and microbes could provide more insights for synthetic proteins for plants.
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FIGURE 11. Novel artificially designed ion channels and ion transporters potentially provide an opportunity to avoid the present evolved protein regulation networks and may be useful for altering ion concentrations, membrane potential and signaling without essentially interacting with the fine-tuning of the existing regulatory networks. A schematic generalized plant potassium channel in a plasma membrane with several potentially known regulation factors and a model of artificially designed ion channel lacking the evolved known regulation feedbacks.



From the point of the above mentioned it seems that attempts to design novel artificial ion channels and transporters with known characterized ion selectivity filters and voltage sensors adding or excluding specific interacting regulatory elements for the proteins might be productive. The ion channels and transporters when expressed in cell-specific manner under controlled conditions and in defined numbers may avoid fine tuning of regulation and potentially could provide shortcuts in natural signaling networks. The appearing opportunities offer new chances to design salt tolerant plants with previously unknown features and wider ranges of regulation circuits and networks. The potential strategy to increase salinity tolerance includes (1) choice of plant, (2) understanding ion transport and features of salinity tolerance for the plant, (3) determining ion fluxes and ion conductances important for Na+ and K+ accumulation and compartmentation, (4) modeling ion fluxes and adding/removing in the models ion fluxes and conductances to ensure better nutrient supply and rise of salinity tolerance under salt stress, (5) correlating required changes in ion transport with potential membrane ion transport proteins to realize the ion fluxes, (6) designing specific membrane proteins, (7) expressing the membrane proteins in a tissue-specific manner, (8) checking the salinity tolerance of transgenic plants in laboratory and field experiments. The proposed sequence of events is hypothetical so far and had not been realized yet. However, progress in molecular biology and new ways of thinking from synthetic biology may bring it to fruition and provide new discoveries on the path.

Design of transmembrane proteins is at the very beginning nowadays. Certain structural blocks of the proteins are known better and used for several applications. Voltage-sensors are intensively studied for voltage-gated ion channels and for transporters (Bezanilla, 2008). Moreover, optogenetics needs and already efficiently applies voltage-sensing structural blocks of proteins (Mutoh et al., 2012; Cao et al., 2013; Zou et al., 2014). Selectivity filters of ion channels and transporters are also known and under investigation. Addition of regulatory domains for binding depends on our current information and new endeavors to understand protein–protein interactions and regulation. The further tissue-specific expression and cell-specific localisation of the proteins to be realized via signal peptides and tissue-specific promoters. Problems, strategies and perspectives for engineering novel membrane proteins and re-engineering the existing ones are widely discussed and reviewed (e.g., Grosse et al., 2011; Subramanyam and Colecraft, 2015). De novo design, synthesis confirmed by X-ray structure of Zn2+-transporting four-helix transmembrane protein bundle is a recent experimental advance (Joh et al., 2014). The Zn2+-transport activity of the novel protein was confirmed in functional assays (Joh et al., 2014) proving feasibility of the approach and setting engineering of membrane proteins to a new higher level.

CONCLUSION AND PERSPECTIVES

Development of agriculture often coincides with salinization of the used land, which is later not available for agricultural plants and inhabited by natural halophyte plants. The problem exists since collapse of Sumer civilization about 4000 years ago due to improper agricultural techniques. Recent decades added modern plant physiology, biophysics, molecular and systems biology to pure agriculture and breeding for creating salt-tolerant crops and agriculturally important plants. New information about individual ion transport systems gave solid physical basis for improving salinity tolerance of plants. Emerging opportunities to overexpress individual genes allowed to sharply increase salinity tolerance in laboratory trials. Growing knowledge in protein engineering and synthetic biology sets novel aims and horizons for producing artificial proteins with predefined transport properties and for designing new regulation networks. Potentially the progress in the direction may lead to partially artificial plants with desired salinity tolerance. The next step would be to fill the huge gap between rapid success in laboratory experiments and field practice. Expectedly the future advances will help to release the problem of salinization of agricultural lands.
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Soil salinization is one of the most important factors impacting plant productivity. About 3.6 billion of the world’s 5.2 billion ha of agricultural dry land, have already suffered erosion, degradation, and salinization. Halophytes are typically considered as plants able to complete their life cycle in environments where the salt concentration is above 200 mM NaCl. Salinity adjustment is a complex phenomenon but essential mechanism to overcome salt stress, with both biophysical and biochemical implications. At this level, halophytes evolved in several directions, adopting different strategies. Otherwise, the lack of adaptation to a salt environment would negatively affect their electron transduction pathways and the entire energetic metabolism, the foundation of every plant photosynthesis and biomass production. The maintenance of ionic homeostasis is in the basis of all cellular counteractive measures, in particular in terms of redox potential and energy transduction. In the present work the biophysical mechanisms underlying energy capture and transduction in halophytes are discussed alongside with their relation with biochemical counteractive mechanisms, integrating data from photosynthetic light harvesting complexes, electron transport chains to the quinone pools, carbon fixation, and energy dissipation metabolism.
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INTRODUCTION

If we take a good look to our planet we will conclude that it is in fact a salt planet. About 70% of its surface is covered by salt water, with concentrations of Na+ around 500 mM and contrasting low K+ concentrations of 9 mM (Flowers, 2004). Alongside, the remaining 30% of the Earth’s surface is severely affected by increased salinization, enhanced by improper agricultural soil use and irrigation practices (Zhang and Shi, 2014). We live in a time of changes, the ongoing climate-driven changes must also be considered as well as their consequences, such as increasing drought frequency and intensity, air temperature, and salt water intrusion in coastal soils (Duarte et al., 2013a). All these aspects impose severe constraints to the primary production of Earth, namely crop production. Salinity-induced constraints in plants are associated with reductions in leaf expansion, stomatal closure, reduced primary production, biomass losses, and nutritional deficiencies, like K+ deficiency (Mahajan and Tuteja, 2005; Rahnama et al., 2010; James et al., 2011). Halophytes are an exception, being highly productive under saline conditions.

The typical definition of halophyte is a plant species that can survive and reproduce under growth conditions with more than 200 mM NaCl (Flowers and Colmer, 2008). Some of these species can be classified as ‘obligatory halophytes’ like Suaeda maritima and Mesembryanthemum crystallinum requiring saline environments for optimal growth, while other species like Puccinellia maritima and Thellungiella halophila are included in the group of the so-called “facultative halophytes” with optimal growth without salt in the substrate though tolerating high NaCl concentrations (Flowers, 1972; Gong et al., 2005; Gao et al., 2006; Agarie et al., 2007; Wang et al., 2007, 2009; Guo et al., 2012). The survival and productivity of these species outcomes from a complex network of mechanisms involving multiple biochemical and physiological traits of salt tolerance. Over the last decades, this issue attracted several research groups since the global soil salinization problem became more and more widespread, increasing the need to understand these mechanisms with the main objective of transposing this knowledge to economically relevant crops. Simultaneously, some halophytes were identified as potential nutritional sources with high nutritional value and possibilities to be cultivated in arid environments of the poorer regions of the planet. Several halophytes were already identified and used commercially as food sources like Aster tripolium (Ventura et al., 2013), Chenopodium quinoa (Eisa et al., 2012), and Salicornia sp. (Ventura and Sagi, 2013).

Several reviews have been published focusing at salt stress in halophytes and glycophytes from all over the world and in several different ecosystems. More than describing the anatomical and biochemical adaptations of different halophytes and halophytic strategies to salinity, the present work intends to connect these traits with the most recent biophysical approaches, relating adaptions, and stress signs with the cellular redox homeostasis and bioenergetics. The features are at the basis of the primary production, so knowledge of these bioenergetics traits can provide powerful insights for understanding salt stress in glycophytic crops as well as new opportunities for the improvement of their salinity tolerance.

ANATOMICAL MODIFICATIONS

Some of the evident adaptations to salt environments can be immediately detected just observing halophyte morphology. Typically, there are two mechanisms that halophytes use in order to overcome high salinity: secretion and exclusion. The secretion-based strategy implies the existence of specialized salt glands (Figure 1), located at the leaf surface. The main function of salt glands is the excretion of excessive Na+ (Shabala et al., 2014) as a way to reduce its negative effects on cell metabolism. This is probably the most studied tolerance adaptation mechanism in halophytes (Rozema et al., 1981; Waisel et al., 1986; Shabala et al., 2014). The excreted salt crystals on the leaf surface are then washed out by rain or tidal waters, preventing its reabsorption to the leaf cells (Balsamo et al., 1995). On the contrary a typical halophyte excluder retains high amounts of K+ and Ca2+ inside its cells to avoid Na+ uptake, enabling survival in soils with very high salt concentrations (Figure 2). The increased Ca2+ concentrations allow the cell membrane to maintain the K+/Na+ selectivity and thus maintain the ionic balance of the cell (Cramer et al., 1987). Alongside with this shoot-exclusion, there is often an observable increase in root Ca2+ concentration accompanied by a decrease of the Na+ root concentration. This exclusion strategy is well studied in Sarcocornia fruticosa, frequently followed by a dilution strategy, implying an increased cellular water uptake and thus decreasing the ionic concentration inside the cell (Figure 3). T. halophila also evidences a very similar strategy, retaining higher K+ and lower Na+ concentrations, while increasing its water uptake (Volkov and Amtmann, 2006). This differential ionic absorption is mediated by specific protein ionic channels, with a total of 32 salt induced differentially expressed proteins already identified in T. halophila (Pang et al., 2010). Under stress, K+ transporter proteins are preferentially expressed alongside with changes in membrane potential and ion selectivity, counteracting the elevated extracellular Na+ concentrations. Nevertheless, all these morphological adaptations have implications at both biophysical and biochemical levels.
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FIGURE 1. Tamarix gallica leaves of individuals subjected to 200 and 0 mM NaCl Photo by B. Duarte (2012). Plants were originally collected in Tunisia and transplanted to the Centre of Oceanography greenhouse, where they were subjected to different salinity levels.
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FIGURE 2. Na+ and Ca2+ ionome in the roots of Sarcocornia fruticosa exposed to increased salinity levels (average ± SE, N = 5).
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FIGURE 3. Relative water content in photosynthetic stems of S. fruticosa, which was exposed to increased salinity levels (average ± SE, N = 5).



BIOPHYSICAL FEEDBACK

As all other excessive ionic accumulation, excessive salinity has also redox implications at the cellular level, unbalancing the cellular electron fluxes. A decrease in the photosynthetic capacity is very common in salt stressed plants (Munns and Termaat, 1986; Munns, 1993; Qiu et al., 2003; Jaleel et al., 2007), mostly due to a low osmotic potential of the soil solution (osmotic stress), specific ion effects (salt stress), nutritional imbalances, or more usually, a combination of all these factors (Zhu, 2003). One of the consequences of salinity-induced photosynthetic impairment is the exposure of plants to excess of light energy and its inevitable consequences for the photosystem II (PSII). Plants under salt stress use less light energy for photosynthesis (Megdiche et al., 2008). Therefore the presence of efficient energy dissipation mechanisms is essential in order to prevent the accumulation of excessive energy within the cells in the form of excessive reducing potential (Demmig-Adams and Adams, 1992; Qiu et al., 2003). Salinity constraints for photosynthesis are not restricted to the light harvesting processes. Also the photosynthetic carbon fixation reactions are affected under salt stress, mostly due to disturbances of leaf osmotic potential, of the chloroplast membrane systems and of pigment composition (Munns, 2002; Zhao et al., 2007). To avoid damage in the PSII, plants have developed several strategies to dissipate excessive energy. Comparing the PSII activity of glycophytes (Cyperus longus for example) with halophytes (Spartina versicolor for example) in a salt medium, the differences are evident (Figure 4). In glycophyte species, both real (operational) and maximum PSII activities suffer drastic decreases under salt stress. On the other hand, halophytic species, well adapted to salt environments, show almost no differences along a salinity gradient even under oceanic salt concentrations. PSII quantum yield provides rapid and valuable insights on the overall PSII energetic processes. Nevertheless, in order to understand the causes behind these changes, as well as the mechanisms that allow halophytes to overcome salt stress, we need to take a closer look into the biophysics and energetics of the chloroplast. PSII efficiency relies essentially on two major processes: (1) photon harvesting, entrapment and energy transfer throughout the transport chain and (2) dissipation of excessive reducing power. The delicate balance between both these processes is important for all the electron transduction pathway and evidently for energy production. Overlooking the first one, and focusing especially in the electron transport processes, two strategies can be observed depending on the plant tolerance and mechanisms of the salt tolerance (Figure 5). Observing the rapid light curves obtained for Halimione portulacoides (excretion strategy) and S. fruticosa (exclusion strategy), the differences are evident. Although the exclusion strategy of S. fruticosa takes place in the roots, this will condition the Na+ translocation for the aboveground organs. Nevertheless excessive Na+ translocation can still happen and in this case the swelled photosynthetic steams will act as sinks, storing Na+ in their vacuoles (Flowers and Colmer, 2008). In S. fruticosa the maximum electron transport rate (ETRmax), photosynthetic efficiency and the onset of light saturation are very similar between control and stressed individuals, with only small differences in the ETR at some light levels. On the other hand, H. portulacoides stressed and control individuals exhibited very distinct photosynthetic parameters. Not only the photosynthetic efficiency and the onset of light saturation were reduced to nearly zero, but also the ETRmax was severely decreased in stressed individuals. Observing S. fruticosa control and stressed individuals we found no major differences neither between the ETR nor in the onset of light saturation, indicating a normal functioning in the ETC. As for H. portulacoides, not only the ETR was rather decreased in stressed individuals, but these individuals also have a smaller onset for light saturation, indicating an incapacity to use the absorbed photons for primary photochemical purposes. This inevitably leads to an accumulation of large amounts of reducing power with a high potential for reactive oxygen species (ROS) generation that, as stated before, can destroy the D1 protein, impairing the photochemical apparatus (Rintamäki et al., 1995). Again, two tolerance mechanisms are evidenced between these two Amaranthaceae species. S. fruticosa presents a salinity tolerance mechanism that allows the PSs to absorb light even under high Na+ concentrations. On the other hand, in H. portulacoides these mechanisms appear to be absent or inactivated, leading to lower light harvesting and carbon fixation efficiencies. In fact S. fruticosa exhibits a common feature among halophytes with an improvement of some energy conversion mechanisms under elevated salt concentrations (Mateos-Naranjo et al., 2010; Rabhi et al., 2012). Diving even deeper in the electron transfer processes, it is possible to understand how the energy fluxes, which result in the total overall PSII activity, are affected by salt stress.
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FIGURE 4. Operational and maximum PSII efficiency in glycophyte Cyperus longus and in halophyte Spartina patens along a salinity gradient (average ± SE, N = 5).
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FIGURE 5. Electron transport rate (rETR) at different light intensities in field stressed (gray) and non-stress individuals (black) of Halimione portulacoides and S. fruticosa (average ± SE, N = 5).



A closer investigation of the photochemical mechanisms (Figure 6) shows that in S. fruticosa the salinity adverse effects are mostly felt at the quinone level, affecting both the electron flow from reduced quinone to the electron transport chain (ETC) and also the quinone pool (Sm). Sm and the quinone reduction turnover rate (N) were severely reduced (Figure 6), leading to an excessive accumulation of reduced compounds and low redox potential (Kalaji et al., 2011). In H. portulacoides, the negative effects driven by salt stress result in lower light use efficiencies (LUE) due to high amounts of dissipated energy (Rintamäki et al., 1995). In these individuals, alongside with a lower probability that an incident photon can initiate an electron transfer via the ETC there is also a reduced efficiency for a trapped electron to move further than the oxidized quinone. This leads to an inevitable reduction in the maximum yield of primary photochemical processes (Kalaji et al., 2011).
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FIGURE 6. Rapid transient OJIP curve calculated parameters (Phi P0, maximum yield of primary photochemistry; Phi E0, probability that an absorbed photon will move an electron into the ETC; N, the number of quinone turnovers until maximum fluorescence is attained; Sm, the number of electrons that flow from the quinones to the ETC) radar plot in field stressed (white) and non-stressed individuals (black) of S. fruticosa and H. portulacoides species (average values, N = 5).



A special group of fluorescence parameters derived from high-resolution measurements analysis of the chlorophyll a fluorescence kinetics, can offer detailed information on the structure and function of plant photosynthetic apparatus, mainly PSII. Analysis of O-J-I-P fluorescence transient by the JIP-test (Strasser et al., 1995) can be applied to derive a number of parameters quantifying the flow of energy through the PS II both at the reaction centre (RC) and at excited cross-section (CS) levels. This approach is far more sensitive that the traditional PSII quantum yields, being able to detect stress symptoms even before they are visible (Force et al., 2003; Christen et al., 2007). Strasser et al. (2000) also created a Performance Index (PI) to sum all the major processes within the JIP-test in order to express the plant vitality. This integrative parameters includes three independent variables: density of fully active RCs, efficiency of electron transfer generated by an exciton into the ETC and beyond the oxidized quinone pool (QA), and the probability that an absorbed quanta is trapped within the RCs. This way, PI reflects the functionality of both PSI and II and produces quantitative information of the plant performance, especially under stress conditions (Strasser et al., 2004). In the present case, although excessive salt produces negative effects at different levels in both species, all these effects can be well summarized in the reduced PI observed in stressed individuals (Figure 7). This PI reduction outcomes from its dependence on the primary photochemical and energetic yields. The behavior exhibited by S. fruticosa can be easily measured using a rapid induction Kautsky curve and is very similar to the one found in Tamarix gallica when supplied with 200 mM NaCl (Figure 8). This type of analysis is very quick and allows a rapid interpretation of the overall energetic fluxes underlying the PSII activity. In this assessment two phases can be distinguished: O-J step or photochemical phase and the J-I-P step or thermal phase. The first one is considered to be a good proxy of the photochemical energy production realized inside the chloroplasts, while the second one reflects the ability to dissipate excessive amounts of energy throughout thermal dissipation. It is possible to observe that T. gallica individuals have similar photochemical activity both with and without salt, but the individuals supplemented with 200 mM NaCl have a higher ability to dissipate excessive energy. This is one of the most common mechanisms by which halophytes overcome the accumulation of excessive reducing power, the primary source of ROS, avoiding this way the photo-destruction of the photosynthetic apparatus (Duarte et al., 2013b). Another interesting phenomenon observable while analyzing the Kautsky curves, is the appearance of a new phase, called K-step at 300 μs (Figure 9). The appearance of this K-step with salt stress is associated with damage in the PSII donor side mostly at the level of the oxygen-evolving complexes (Srivastava et al., 1997; Strasser and Stirbet, 2001; Strasser et al., 2004; Chen and Cheng, 2009). This is evident in A. tripolium exposed to different salt concentration and is normally indicative of a low stability of the oxygen evolving complexes (OECs) under excessive salt concentration, similarly to what was previously observed in plants subjected to thermal stresses (Wen et al., 2005).
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FIGURE 7. Performance Index (PI) derived from the OJIP-test, in field stressed (orange) and non-stressed individuals (brown) of S. fruticosa and H. portulacoides species (average values, N = 5).
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FIGURE 8. Kautsky curve from T. gallica individuals exposed to 0 and 200 mM NaCl, during 20 days (average values, N = 5).
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FIGURE 9. Kautsky curve and K-step fluorescence (arrow) from Aster tripolium individuals exposed to a salinity gradient during 15 days (average values, N = 5).



BIOCHEMICAL RESPONSES

Beyond the biophysical processes, halophytes also have a battery of biochemical adjustments to counteract, at the molecular level, the cellular stress imposed by excessive ionic concentrations, namely Na+. Still discussing the photosynthetic light harvesting mechanisms: the pigment profiles are frequently affected by elevated salt concentrations. On the other hand, under favorable conditions, the increased PS efficiency, driven by optimal salt concentrations is accompanied by a decrease of the PSII antenna size. Due to the lower requirements for light harvesting at optimum conditions, there is a reduction in the plant needs for larger light harvesting complexes (LHC) oppositely to the observed under stress conditions (Rabhi et al., 2012). This can be evaluated using the chlorophyll a/b ratio as proxy (Figure 10). An increase in the chlorophyll a/b ratio is directly related to higher number of active light harvesting RCs, being commonly used as indicator of an enhancement in the plant photochemical capacity. On the other hand, when the halophyte is out of its saline comfort concentrations, the excessive energy reaching the photo-systems must be dissipated (Duarte et al., 2013b). H. portulacoides appears to have a physiological optimum at median NaCl concentrations (513.3 mM) similar to those observed in its natural habitat (estuarine salt marshes).
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FIGURE 10. Chlorophyll a/b ratio in H. portulacoides leaves from individuals exposed to a salinity gradient (average ± SE, N = 5).



Nevertheless, this increase in LHC is sometimes not sufficient to sustain all the incoming solar radiation. At this moment, the plant needs to dissipate the energy in excess, either by fluorescence quenching or throughout a pigment metabolic pathway involving a class of carotenoids called xanthophylls (Demmig-Adams and Adams, 1992). As abovementioned, the salt stressed plants cannot withstand a usual dose of light as in a normal situation, and thus even at low solar radiances it undergoes photo-inhibition increasing the energy dissipation needs. An evident signal of environmental stress is enhanced activation of the xanthophyll cycle, revealed by an increase in the De-Epoxidation State (DES) index (Figure 11). When the absorbed light exceeds the plant photochemical capacity (as revealed above by the decrease in the chl a/b ratio), this excessive energy may be transferred to the ever-present oxygen, generating ROS. These molecules affect many cellular functions by damaging nucleic acids, oxidizing proteins, and causing lipid peroxidation (Gill and Tuteja, 2010). Under steady state conditions, the ROS molecules are scavenged by various antioxidative enzymatic and non-enzymatic defense mechanisms (Foyer and Noctor, 2005). In this context, the conversion of violaxanthin to zeaxanthin throughout the xanthophyll cycle is considered to be one of the most effective energy dissipation mechanisms (Demmig-Adams and Adams, 1992). Zeaxanthin may be an important antioxidant in the thylakoid membrane bilayer itself, where it could scavenge ROS and/or terminate lipid peroxidation chain reactions (Muller et al., 2001).
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FIGURE 11. De-epoxidation state (DES) and total carotenoids in S. fruticosa and H. portulacoides field stressed (orange) and non-stressed individuals (brown; average ± SE, N = 5).



Also the total chlorophyll to total carotenoids ratio, points out in the same direction. In stressed individuals it is common to observe an increase in this ratio, indicating lower chlorophyll concentration, enhancing photo-protection in detriment of light harvest (Figure 11).

Although this shift toward the carotenoid production is not evident by the naked eye, sometimes another phenomenon can be observed in large halophytic extensions, especially during summer. During warm seasons, sediment water evaporates increasing greatly the sediment salinity, to values sometimes twice the observed in seawater. Under these conditions, Amaranthaceae salt marshes frequently exhibit large areas of red-colored plants (Figure 12). This coloration is due to the presence of water-soluble pigments from the betacyanin family, normally produced as response to salinity, anoxia, or thermal stresses (Chang-Quan et al., 2006). Betacyanins play an important role in scavenging ROS, generated under environmental stress conditions (Stintzing and Carle, 2004). Chang-Quan et al. (2006) found similar results for other Amaranthaceae species (Suaeda salsa), suggesting that this betacyanin production is part of a common defense mechanism against environmental stresses, namely salinity. Commonly, these pigments are also related to a high betain production, a quaternary ammonium compound, mainly accumulated in the chloroplast in order to counteract high Na+ concentrations in this compartment (Rhodes and Hanson, 1993; McNeil et al., 1999). Again, comparing glycophytes (e.g., Cyperus longus) with halophytes (e.g., Spartina patens), the differences are evident (Figure 13). Halophytes are highly adapted to salinity, with an enormous production of betain in order to balance and regulate the osmotic potential inside its photosynthetic compartments. In glycophytes, these pathways are not well developed and thus the osmoregulation mechanisms are only adapted to small salinity fluctuations within an extremely low salinity range. Regarding the cytosol, the plant tends to accumulate proline, an amino acid with also a quaternary ammonium-based structure. In this cellular compartment, proline acts as an effective osmoregulator of the ionic pressure exerted by excessive salt concentrations. The use of this compatible solute can also reflect the salt tolerance strategy of a species. Comparing, e.g., an obligatory halophyte (Arthrocnemum indicum) with a salt-excreting facultative one (T. gallica) the differences are evident (Figure 14). While for A. indicum the absence of salt is an osmotic stress factor, in T. gallica the presence of salt, even at reduced concentration triggers the cytosolic accumulation of proline to counteract the osmotic imbalance. Allied with this compatible solute accumulation, T. gallica excretes the excessive salt from its leaves. In this case, the function of proline accumulation has a counteractive measure against the external medium osmotic pressure.


[image: image]

FIGURE 12. Sarcocornia fruticosa exhibiting a red coloration during the summer due to excessive salt concentrations in the sediments Photo by B. Duarte (2012).
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FIGURE 13. Betain concentration in the leaves of a glycophyte (Cyperus longus) and of a halophyte (Spartina patens) exposed to a salinity gradient during 1 week (average ± SE, N = 5).
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FIGURE 14. Proline content in aboveground organs of Arthrocnemum indicum and T. gallica exposed to a salinity gradient during 20 days (average ± SE, N = 5).



Halophytes are often classified as extremophile species, inhabiting extremely salinized and arid environments under extreme abiotic adverse conditions for life development. Another interesting adaptation developed by this group of plants was the acquisition and development of highly efficient battery of anti-oxidant enzymes. The interaction of high Na+ concentrations, as well as any other excessive cation concentrations, with the cell organelles lead to generated ROS resulting to reactions with proteins and the cellular biological compounds in membranes (Duarte et al., 2013c). Halophytes developed a highly efficient enzymatic rapid response system toward salinity changes, quickly activated when the medium conditions shift aside from the saline comfort zone of a halophyte (Figure 15).
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FIGURE 15. Anti-oxidant enzymatic activities (CAT, Catalase; APx, Ascorbate Peroxidase; GPx, Guaiacol Peroxidase; SOD, Superoxide Dismutase) in the leaves of H. portulacoides exposed to a salinity gradient during 1 week (average ± SE, N = 5).



This battery has its higher expression at the first line of defense, superoxide dismutase (SOD). This enzyme catalyzes the conversion of the highly toxic superoxide anions to hydrogen peroxide. In the second line of defense, peroxidase-class enzymes, such as catalase (CAT), ascorbate peroxidase (APx), and guaiacol peroxidase (GPx) play key functions in the hydrogen peroxide detoxification, and thus in the reduction of ROS to non-damaging concentrations. While for glycophytes it would be expectable that these defense mechanisms are activated with the increasing salinity doses, in halophytes the lack of salt can also be a stress factor, especially if we are dealing with obligate halophytes. Some authors suggest that obligate halophytes not only exhibit optimum growing in salt mediums, but in fact they require salt as part of their nutrition in order to activate or de-activate several salt sensitive enzymes (Wang et al., 2011). These species frequently exhibit an activation of these enzymes at both very low Na+ concentrations (below the physiological optimum) and at seawater Na+ concentrations (considered excessive), pointing out to a physiological Na+ dependence of certain halophytes, such as H. portulacoides (Figure 13).

LEARNING FROM HALOPHYTES: FINAL REMARKS

Halophytes are extremely plastic species with a high degree of adaptation to saline habitats, being therefore excellent models to study salt resistance and tolerance mechanisms. Alongside, some halophytes have recently been pointed out as potential alternative cash crops for replacing usual crops in soils with excessive salt concentrations. Their tolerance to salt goes from simple morphological adjustments, like increasing turgescence or specific salt glands, to efficient energy dissipation mechanisms based on electron fluxes adjustment inside the chloroplast or to the production of specific molecules with the main objective to counteract the osmotic unbalance driven by excessive salt. Nowadays, the metabolic biophysical and biochemical mechanisms underlying these processes are relatively well described for several halophytes. This opens a new door where physiology can be allied to biotechnology, identifying the key genes underlying these processes and introducing them into non-tolerant crops. This will allow glycophytic species to be cultured in arid and saline lands maintaining the food supply in some of the poorest regions of the planet.
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To survive in a saline environment, halophytes have evolved many strategies to resist salt stress. The salt glands of recretohalophytes are exceptional features for directly secreting salt out of a plant. Knowledge of the pathway(s) of salt secretion in relation to the function of salt glands may help us to change the salt-tolerance of crops and to cultivate the extensive saline lands that are available. Recently, ultrastructural studies of salt glands and the mechanism of salt secretion, particularly the candidate genes involved in salt secretion, have been illustrated in detail. In this review, we summarize current researches on salt gland structure, salt secretion mechanism and candidate genes involved, and provide an overview of the salt secretion pathway and the asymmetric ion transport of the salt gland. A new model recretohalophyte is also proposed.
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INTRODUCTION

Soil salinization has long been known as an environmental problem (Jacobsen and Adams, 1958), and approximately 6% of the planet’s total land, or more than 800 million ha, is affected (Shabala, 2013). Forty-five million ha (20%) of presently irrigated lands are also saline lands (Munns and Tester, 2008; FAO, 2015; Shelden et al., 2016). In China alone, more than one million acres of agricultural land are salt affected due to irrigation water containing high soluble salts1. Moreover, secondary salinization caused by inappropriate irrigation is increasing in many countries, and it is difficult to reclaim land once degraded in this way despite the availability of substantial funding for land recovery. Few crops can survive in salt-affected regions, leading to substantially reduced production and often further degradation and desertification (Flowers and Colmer, 2008). Halophytes are considered promising species for the use and improvement of saline land (Song and Wang, 2014).

Halophytes, which constitute 0.4% of the total plants in the world, are plants that can survive and complete their life cycle in media containing more than 200 mM NaCl (Flowers and Colmer, 2008; Santos et al., 2015). Amongst these halophytes there is a small number that are able to secrete salt from their leaves, the so-called recretohalophytes (Flowers et al., 2015). There are approximately 370 recretohalophyte species all over the world according to statistics from Breckle (1995), Zhou et al. (2001), Flowers and Colmer (2008), and Flowers et al. (2010). Recretohalophytes are distributed widely around the globe, inhabiting seawater and inland saline lands (eHALOPH2). Salt-secreting structures, namely salt bladders (Figure 1A) and salt glands (Figure 1B), are the unique structures that directly secrete these ions out of the plant, and they are also notable for their presence in recretohalophytes and absence from other halophytes and all non-halophytes (Shabala et al., 2014; Yuan et al., 2015).
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FIGURE 1. The structure and Na+ secretion pathway of a salt bladder (A) and a salt gland (B). (A) The large balloon represents the typical structure of the salt bladder. Na+ can be transported into the balloon and released after bladder rupture. The representative plant is Atriplex centralasiatica. (B) The typical multi-cellular salt gland and the Na+ pathway. The representative plant is Limonium bicolor. The photographs in (B) are reproduced from Feng et al. (2014) and Yuan et al. (2015) with some modifications. SC, secretory cell; AC, accessory cell; IC, inner cup cell; OC, outer cup cell; MC, mesophyll cell; EC, epidermal cell.



Salt bladders and salt glands differ in their structure. Salt bladders are composed of one bladder cell, without or with one or more stalk cells while salt glands consist of either two- or multi-cellular structures (the details are discussed in the section, The Reported Recretohalophytes and the Structural Characteristics of Salt Glands). Single epidermal cells can function as a salt bladder, as seen in Mesembryanthemum crystallinum and bladders are often modified trichomes. Salt bladders once differentiated, expand rapidly and after exposure of the plant to salt may break up releasing ions to the environment. Salt glands form stable structures that directly secrete salt out of the plant to the external environment.

The earliest studies on salt secretion were performed on the salt bladders of Hormosira banksii (Bergquist, 1959) and the salt glands of Spartina townsendii (Skelding and Winterbotham, 1939). Since the latter half of the 20th century, more investigations on the ultrastructure and salt secretion of recretohalophytes have been performed. In recent decades, remarkable progress has been made in explaining salt exclusion and secretion mechanisms and the development of salt bladders and salt glands, with most studies concentrating on two plants, Chenopodium quinoa and Limonium bicolor. C. quinoa is a typical recretohalophyte that possesses salt bladders, and its salt secretion mechanism and salt transport pathway were illustrated in detail in a recent review (Shabala et al., 2014). Comparison of metabolic changes in salt-treated relative to control samples without NaCl treatment showed that 352 different metabolites were identified in bladder cells of M. crystallinum under salt treatment (Barkla and Vera-Estrella, 2015). Recent studies of Oh et al. (2015) presented a transcriptomic analysis of bladder cells of M. crystallinum demonstrating cell-type-specific responses during adaptation to salt. The latest study of Atriplex canescens showed that the increasing of Na+ accumulation in salt bladders can enhance the salt tolerance (Pan et al., 2016). L. bicolor has multicellular salt glands and the mechanisms of development and salt secretion, in particular the candidate genes, have been studied (Feng et al., 2014; Yuan et al., 2015): more detail is provided below.

The topics of salt glands and salt secretion have been previously reviewed and details of publications prior to 2010s can be found in Flowers and Colmer (2008), Ding et al. (2010b), and Flowers et al. (2010, 2015). In the current review, in addition to the basics before 2010s, we mainly focus on salt secretion mechanisms in salt gland in recretohalophyte that were published in the last 5 years.

THE REPORTED RECRETOHALOPHYTES AND THE STRUCTURAL CHARACTERISTICS OF SALT GLANDS

To date, the following 11 families (65 species) have been discovered to have salt gland structures (Figure 2): Scrophulariaceae (one species; and the following number in parenthesis after each family represents the number of recretohalophyte species reported in that family), Frankeniaceae (1), Primulaceae (1), Myrsinaceae (2), Acanthaceae (2), Sonneratiaceae (3), Verbenaceae (5), Conovolvulaceae (8), Plumbagenaceae (12), Tamaricaceae (15), and Poaceae (15) according to the statistics of Zhou et al. (2001), Zhao et al. (2002), and Flowers et al. (2010). Most species were reported to have strong salt-secreting abilities as shown in Figure 2, e.g., Frankenia grandifolia of Frankeniaceae (Balsamo and Thomson, 1993), Glaux maritima of Primulaceae (Rozema and Riphagen, 1977), Aegiceras corniculatum of Myrsinaceae (Ball, 1988; Parida et al., 2004), Acanthus ilicifolius of Acanthaceae (Ye et al., 2005), Sonneratia caseolaris of Sonneratiaceae (Shan et al., 2008), Avicennia marina of Verbenaceae (Ball, 1988; Chen et al., 2010), L. bicolor of Plumbagenaceae (Ding et al., 2010a), and Reaumuria trigyna of Tamaricaceae (Dang et al., 2013). In the Poaceae, most genera showed low salt secretion ability except Aeluropus (Pollak and Waisel, 1970; Barhoumi et al., 2007), Sporobolus (Ramadan, 2001), and Spartina (Bradley and Morris, 1991). Attempts have been made to link the structure of salt gland (Zhao et al., 2002) to the salt secreting ability in two other families (Scrophulariaceae and Conovolvulaceae), and more findings involved in secretion ability will likely be discovered in both families in the near future.
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FIGURE 2. The reported recretohalophytes possessing salt glands with different salt secretion ability. The numbers on the bars presented the species numbers of one family. Red, the species of these families showed strong salt secretion. Purple, there has been no report about the salt secretion in these families until now. Blue, majority of this family showed week salt secretion except Aeluropus, Sporobolus, and Spartina. The figures were drawn with reference to Zhou et al. (2001) and Zhao et al. (2002).



The salt glands in different species possess various structural characteristics. The number of component cells has been used to separate multi-cellular salt gland and bi-cellular salt gland (Figure 1). In general, the salt glands in dicotyledonous recretohalophytes are multi-cellular and sunken into the epidermis. For instance, eight cells were identified in Tamarix aphylla with six secreting cells and two collecting cells in a symmetrical structure (Thomson and Platt-Aloia, 1985). Similarly, in L. bicolor, the salt glands consist of 16 cells, with four groups each of outer cup cells, inner cup cells, accessory cells and secretory cells (Figure 1B; Ding et al., 2010a; Feng et al., 2015; Yuan et al., 2015). Species of mangroves (of the Verbenaceae) grow in intertidal zone and possess salt glands with different numbers of secretory cells, e.g., 6–8 secretory cells in A. officinalis (Tan et al., 2010), 8–12 reported in A. marina (Shimony et al., 1973; Drennan et al., 1987), and eight found in Avicennia germinans (Balsamo and Thomson, 1993). In contrast to the multi-cellular glands, bi-cellular salt glands are found in the monocotyledonous recretohalophytes of the Poaceae, in species of Aeluropus, Sporobolus, Spartina, and Zoysia (see Ramadan and Flowers, 2004; Chen et al., 2009; Semenova et al., 2010; Céccoli et al., 2015). In all of the above examples, the innermost cells of the salt glands were positioned adjacent to the mesophyll cells, e.g., the collection cells in Tamarix and the outer cup cells in Limonium.

An interesting feature of salt glands is their autofluorescence under UV excitation (e.g., of L. bicolor; Yuan et al., 2013). By successfully isolating the salt gland complex in vitro, Tan et al. (2010) showed that in A. officinalis this phenomenon was produced by the cuticles around the salt gland and that these complexes are acidic in nature. Recently, Deng et al. (2015) used Sudan IV staining to show that the autofluorescent substance was localized in the cuticle of the salt glands, and simultaneously suggested that the ferulic acid in the cuticle was directly involved in the salt secretion of the L. bicolor salt gland. The cuticle was considered an essential structure for preventing leakage of ions and for protecting the mesophyll from salt damage. The detailed roles of autofluorescencing substances and the cuticle in salt secretion are the subjects of ongoing study.

COMPARISON BETWEEN DIFFERENT METHODS FOR MEASURING SALT SECRETION

The salt secretion activity of a salt gland can be observed with the naked eye (e.g., Figure 3) or measured using leaf disks (Campbell et al., 1974; Thomson, 1975), a methodology that was recently improved by the use of oil (Yuan et al., 2013). In L. bicolor, in total 5 mg Na+ secretion on single mature leaf in 24 h, treated with 92 mg NaCl (200 mM) each day. By brushing the salt bladders from the surface of leaves in A. canescens, the Na+ concentration in bladders significantly raised with the increasing of external NaCl (Pan et al., 2016). However, these methods do not provide direct evidence of salt secretion by a single salt gland, so credible techniques are required in order to determine the salt secretion of a single salt gland. Such methods have been developed over the last 20 years (Table 1). X-ray microanalysis was first applied to Porteresia coarctata (Flowers et al., 1990) and T. aphylla (Storey and Thomson, 1994), and this method showed that the salt gland secreted Ca, Mg, and S as well as Na and Cl. Later, in the salt-secreting mangrove A. marina, X-ray fluorescence was used to determine the elemental composition with respect to Na, Cl, K, S, Ca, Br, and Zn (Sobrado and Greaves, 2000). SNP (sodium nitroprusside, a NO donor) significantly increased, particularly the Na+-to-K+ ratio in the salt glands of A. marina as measured by X-ray (Chen et al., 2010). Until recently, X-ray microanalysis was an accurate tool for measuring salt gland secretion and the position of the elements in the salt gland.
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FIGURE 3. The salt secretion of the salt gland with a distinct salt crystals on the leaves of Distichlis spicata (A) and Limonium bicolor (B). The photograph in (A) was reproduced from Semenova et al. (2010). The leaf blades of D. spicata exhibited salt crystals on their leaf surfaces after the plants were incubated in 0.55 mM NaCl solution for 20–24 h under conditions that prevented the slightest air flow (Semenova et al., 2010). The photograph in (B) was reproduced from Feng et al. (2014). Leaves of L. bicolor that were treated with 200 mM NaCl displayed distinct salt crystals on the surface of leaves, and the salt secretion rate per single salt gland was 8 ng h–1, which is equivalent to a 5 mg Na+ secretion from a single mature leaf within 24 h after it was treated with 92 mg NaCl (200 mM) per day.



TABLE 1. Comparative summary for different methods to measure salt secretion in recretohalophyte.
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Subsequently, methods combining scanning electron microscopy (SEM) with X-ray were rapidly developed to measure salt secretion by single salt gland. Chloris gayana was found to secrete salt through its bicellular salt glands without rupturing the cuticle on the cap cell (Oi et al., 2013). Besides, salt glands can be identified in SEM images of intact leaves of Cynodon dactylon without any need for sectioning (Parthasarathy et al., 2015), and the salt glands observed by SEM in L. bicolor were apparently covered by exudates (Feng et al., 2014), which ensured the accuracy of observation in situ. Subcellular structures of the salt gland were also available by SEM and X-ray: in Limoniastrum guyonianum, where accumulating cells contained numerous, large and unshaped vacuoles (Zouhaier et al., 2015). SEM can also show the real-time secretion status of a salt gland and provide an in-depth understanding of structure–function relationships in multicellular salt glands (Zouhaier et al., 2015). Over a period of time, SEM has been recognized as the most precise and accurate means to observe salt secretion. However, the use of SEM and X-ray microanalysis in the estimation of salt secretion is beset by complicated sample preparation procedures. Consequently, researchers required more accurate and efficient methods in order to measure salt secretion rapidly and precisely.

Over the past 5 years, a new method called Non-invasive Microsensing System (NMS)-BIO-001A (Younger USA Sci.&Tech) has been widely applied to measure the secretion of salt glands. Using NMS, Chen et al. (2010) found that SNP treatments significantly increased net Na+ efflux from the salt glands of A. marina. Additionally, the Na+ secretion rate from L. bicolor was obtained by NMS, which was greatly enhanced by NaCl treatment (Feng et al., 2014). NMS can realize the aim of measuring salt secretion of single salt gland in vivo and continuous measurement. NMS can detect the net flux of an ion of a salt gland. However, researchers have to peel the epidermis of leaves in order to detect the salt secretion of salt gland. Salt gland may be destroyed during peeling.

Recently, a new technology was introduced to determine the ion position in recretohalophytes, and it is known as nanoscale secondary ion mass spectrometry (SIMS) combined with high-pressure freezing (HPF) and freeze substitution (FS), which can achieve higher spatial resolution than NMT (Smart et al., 2010). SIMS was first performed in the recretohalophyte L. bicolor, and Feng et al. (2015) showed that K+, which accumulated in both the cytoplasm and nucleus of salt gland cells under salinity, may play an important role in salt secretion, although the exact mechanism is unknown. The using of SIMS resolved the problems of ion position, distribution and content in situ, but complicated and strict operating procedures limited its application.

In conclusion, methods are now available for the elemental analysis of secretions from salt glands. Now, the question arises as to how the ions are transported into the salt gland and the role played by the unique structure of salt glands in the secretory process.

HOW IS SALT TRANSPORTED INTO THE SALT GLAND?

Ion transport is the essential factor determining salinity tolerance in plants (Volkov, 2015). Salt gland can secrete various ions, and the secreted elements mainly depend on the environment (Kobayashi et al., 2007). Amounts of inorganic elements were reported to be excluded by salt glands in the late 5 years including various kinds cationic elements (Na, K, Ca, N, Mg, Fe, Mn, Si, and Zn) and anionic elements (Cl, O, Br, S, P, and C; Sobrado and Greaves, 2000; Semenova et al., 2010; Oi et al., 2013; Feng et al., 2014, 2015; Céccoli et al., 2015; Parthasarathy et al., 2015; Zouhaier et al., 2015), but secretion of Na+ and Cl– is higher than that of other ions (Ding et al., 2010b; Ma et al., 2011).

No direct evidence has been obtained to confirm the pathway of salt transport into the salt gland, but a number of possible paths have been suggested. The innermost cells of the salt glands were positioned adjacent to the mesophyll cells, the unique structures of salt glands determined the salt transported into the salt gland. A question then arises as to what caused salt to transfer from mesophyll cells into the salt gland directionally and without influence from the mesophyll cells. Which structure isolates the salt gland from the mesophyll? The cuticles surrounding the salt gland are likely to play this role.

Previous studies on the salt gland ultrastructure in Spartina foliosa (Levering and Thomson, 1971) and T. aphylla (Thomson et al., 1969) demonstrated that cuticles were present around the salt glands, and they formed a thick barrier from the mesophyll and the external environment. New findings of Distichlis spicata showed that these ions were transported into the salt gland through the bottom penetration area that was not covered by the cuticles of the salt gland, and the cuticles can prevent the ions from backflowing into the mesophyll (Semenova et al., 2010). Ions accumulated in the salt gland via the bottom penetration area and plasmodesmata generated fluid pressure due to the presence of the cuticle, and then secreted through salt gland pores. As stated in the former section, ferulic acid in the cuticle was proved to be directly involved in the salt secretion of salt glands (Deng et al., 2015). Therefore, cuticles play a significant role in salt secretion.

The plasmodesmata were considered as another typical feature in the ultrastructure of salt gland (Thomson and Platt-Aloia, 1985). Apparently, the plasmodesmata were present as a membrane-lined intercellular bridge between the mesophyll cells and the salt gland, which allowed these plant cells to communicate with virtually all the adjoining cells (Sager and Lee, 2014). The plasmodesmata were assumed to play an essential role in ion transport into the salt gland (Faraday et al., 1986). The callose and lipid are the most important composition of plasmodesmata, which are well-illustrated to be necessary for ion transport (Grison et al., 2015). Plasmodesmata showed dynamic structures that can actively and selectively transport very large molecules between cells (Overall and Blackman, 1996). However, the detailed role and mechanism of the plasmodesmata in salt gland ion transport required further verifications.

Of equal importance, large central vacuoles were not present in the salt gland cells; instead, many vesicles were detected (Thomson and Platt-Aloia, 1985; Tan et al., 2010, 2013). In particular, the neighboring mesophyll cells had much larger vacuoles than normal, and the secretory cells of the salt glands adjacent to the mesophyll cells possessed many small vesicles, such as Limonium (Ziegler and Lüttge, 1967; Yuan et al., 2015; Zouhaier et al., 2015). These small vesicles may play an important role in transporting salt into the salt gland.

In addition to the unique structural characteristics, the membrane-bound translocating proteins are likely to be involved in salt secretion. Another significant pathway passed through the ion carriers or channels inside the plasma membrane of the salt glands, which were similar to those in normal cells with possible exception that these transporters mainly distributed asymmetrically in the other side of plasma membranes of salt gland cells adjacent to the collecting chamber (Figure 4), e.g., the potassium transporter (HKT1 and KUP), the inward rectifier potassium channel (KEA), with the CNGC and NSCCs eventually increasing the Na+ accumulation in the cytoplasm of the cells (Flowers et al., 1977; Flowers and Colmer, 2008). A low-affinity K+ transporter called AlHKT2;1 from the recretohalophyte Aeluropus lagopoides played an important role in K+ uptake during salt stress and in maintaining a high K+/Na+ ratio in the cytosol (Sanadhya et al., 2015b).
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FIGURE 4. The possible pathway of Na+ transport from the mesophyll to the salt gland, and the way in which Na+ is secreted out. Na+ is transported into the salt gland through the bottom penetration area, which is not covered with cuticles (1), and the plasmodesmata (2). In the salt gland, the ions can be directly transported into the intercellular space (3). The ions are wrapped in vesicles for transport from the cytosol to the plasma membrane and secreted out of the salt gland cells (4). Plasmodesmata play an important role in ion delivery among the salt gland component cells (5). Various ion transporters are widely involved in moving salt in (6) and out (7). H+-ATPase participated in salt secretion by establishing electric potential difference and proton motive force across plasma membrane (8). Water channels (e.g., PIP) also take part in all the processes as a medium for ion transport (9). The ions are eventually exuded from the secreting pores at the top of the salt gland due to high hydrostatic pressure (10). Ion transporters responsible for influx (dark blue) and efflux (red) are asymmetrically distributed in the plasma membrane of salt gland cells. PLAS, plasmodesmata; HKT1, high-affinity K+ transporter 1; CNGC, cyclic nucleotide-gated cation channel; NSCC, non-selective cationic channel; PIP, plasma membrane intrinsic protein; NHX, Na+/H+ antiporter; SOS1, Na+/H+ antiporter; CLC, chloride channel.



Above all, salt was mainly transported into the salt gland through the plasmodesmata, vesicle transport and ion transporters, which combined with both apoplastic and symplastic transport. Even so, there is still a question as to what mechanism drives the salt out of the salt gland.

A POSSIBLE PATHWAY FOR SECRETING SALT FROM THE SALT GLAND

As stated above, salt secretion was believed to be an active physiological process of the plant. Various physiological data indicated that salt secretion activity requires large amounts of energy. Salt secretion was typically higher under light treatment than it was in the dark (Dschida et al., 1992). Under salinity, the expression of H+-ATPase in particular increased with the same trend as that of the salt secretion (Chen et al., 2010). However, as reported in T. aphylla and L. bicolor, no chloroplast was present in the salt gland (Thomson and Liu, 1967; Shimony and Fahn, 1968; Yuan et al., 2015). Therefore, the plasmodesmata between the mesophyll cells and the salt glands in L. bicolor may provide the salt gland with photoassimilates and NADPH from the mesophyll cells, which were the original sources of energy for salt excretion. Moreover, during the differentiation of salt glands, mitochondria are the first subcellular organelle differentiated to provide the energy for differentiation of salt gland with small folding mitochondrial crista. The mitochondria in salt glands showed larger scale than that in mesophyll cells (Yuan et al., 2015).

Apparently, all ions are transported out of the salt gland by water; therefore, water efflux is indispensable for salt exclusion. Two aquaporin genes (PIP and TIP) were preferentially expressed in the salt gland cells of A. officinalis, and aquaporins were thought to contribute to the re-absorption of water during salt removal (Tan et al., 2013).

Three hypotheses have been proposed to explain the salt secretion of recretohalophytes on the basis of the ultrastructure, and Ding et al. (2010b) have discussed this progress in some detail which rely on (1) the role of the osmotic potential in salt secretion in Limonium latifolium (first suggested by Arisz et al., 1955), (2) a transfer system in S. foliosa that is similar to liquid flow in animals (raised by Levering and Thomson, 1971) and (3) salt solution excretion by vesicles in the plasma membrane (exocytosis; promulgated by Ziegler and Lüttge, 1967; Shimony and Fahn, 1968).

In the current paper, we concentrate on the newest findings on salt secretion that have been uncovered over the last 5 years; interested readers can obtain details of previous results in Ding et al. (2010b). The recent findings can be separated into three areas consistent with the previous studies. (1) As far as the first suggestion is concerned, recent finding from a study of D. spicata showed that the parietal layer of the cytoplasm is invaginated into the extracellular space (apoplast), which is separated only by a thin single membrane. A series of vacuolar-apoplastic continua were identified, and they look like a valve (Semenova et al., 2010). Ions are separated in the salt gland by cuticles and then secreted through secreting pores by fluid pressure. (2) Ouabain, a specific Na+-ATPase inhibitor, can inhibit Na+ efflux and enhance K+ influx by combination with the outside K+ binding sites (Kim et al., 2013; Mette et al., 2015). Comparisons with animal transport systems have shown that in C. gayana (Kobayashi et al., 2007) and the Tamarix species (Ma et al., 2011), salt secretion from their salt glands was significantly decreased in the presence of ouabain, which acts as a salt secretion inhibitor and indicates the existence of liquid flow in salt gland (possible Na+-ATPase). (3) In terms of exocytosis, electron-dense substances primarily accumulated in the vesicles of the salt gland in L. bicolor, which showed that under salt treatment, numerous vesicles fused with the plasma membrane (Feng et al., 2014; Yuan et al., 2015). While all three hypotheses have support from studies of different recretohalophytes, in the last few years, more and more evidence has supported the role of exocytosis (Echeverría, 2000). TEM images showed an identifiable vesicle-transporting pathway in the salt gland of an L. bicolor leaf that was prepared by HPF, followed by FS and staining (Feng et al., 2015).

Additionally, ion transporters were proposed as another important pathway for salt glands to secrete Na+. H+-ATPase may participate in salt secretion through establishing electrochemical potential difference and proton gradient across plasma membrane of salt gland. Leaf H+-ATPase activity and the photosynthetic capacity of Cakile maritima can enhance salt resistance under increasing salinity (Debez et al., 2006). H+-ATPase and the Na+/H+ antiporter are anticipated to have roles in the salt secretion and Na+ sequestration of A. marina (Chen et al., 2010; Tan et al., 2010). Currently, high-throughput sequencing technology has broad and increasing applications for many recretohalophytes, and it has validated the view that various types of transporters may participate in salt secretion. Transcript profiling in A. lagopoides revealed that HAK, SOS1, and V-ATPase genes play a key role in regulating ion homeostasis (Sanadhya et al., 2015a). NHX and other members of the family play important roles in K+ homeostasis, vesicle trafficking and cell expansion (Rodríguez-Rosales et al., 2009). The expression of SOS1 and NHX1 was proportional to the salt secretion in A. marina (Chen et al., 2010).

Recently, the application of transriptomics in recretohalo phytes enhances the discovery of candidate genes involved in salt secretion. The transcription profiles of the recretohalophyte R. trigyna indicated that the genes related to ion transport were relevant to the salt secretion function of this species (Dang et al., 2013, 2014). Similarly, the candidate genes encoding ion transporters were also suggested in Sporobolus virginicus by RNA-seq (Yamamoto et al., 2015). An NaHCO3-treated L. bicolor cDNA library was established (Wang et al., 2008), and a recent RNA-Seq library containing the different developmental stages of L. bicolor provided an accurate resource for identifying the genes encoding ion carriers and transporters (Yuan et al., 2015).

Nowadays, proteomics was gradually applied to investigate salinity responsive proteins in three recretohalophytes. A cell-type-specific proteomics approach was taken in individual epidermal bladder cells of M. crystallinum by shotgun peptide sequencing, with a high representation of proteins involved in H+-transport, carbohydrate metabolism, and photosynthesis (Barkla et al., 2012). Besides, Tan et al. (2015a) developed a reliable procedure for obtaining proteins from salt gland-rich tissues of A. officinalis and profiled the proteome through 1D-LC-MS/MS. Meanwhile, Tan et al. (2015b) used shotgun proteomics to identify proteins of A. officinalis that are present in the salt gland-enriched tissue by comparing the protein profiles of salt gland-enriched (isolated epidermal peels) and salt gland-deprived (mesophyll) tissues, which elucidated the molecular mechanism underlying secretion in plant salt glands. Using the suspension cell cultures of Halogeton glomeratus, iTRAQ-based proteomic approach was conducted to reveal several proteins involved in energy, carbohydrate metabolism, stress defense, protein metabolism, signal transduction, cell growth, and cytoskeleton metabolism (Wang et al., 2016). Transcriptomics combined with proteomics will play an essential role in explaining salt secretion of salt gland of recretohalophytes.

However, all the known transcriptomes and proteomes described above are constructed on the basis of extractions from plant leaves, dominated by mesophyll cells so that genes differentially expressed on salt treatment were very likely derived from mesophyll cells; thus, we cannot determine that these genes are specific to the salt gland unless salt glands are first isolated for sequencing. As mentioned previously, isolating a single salt gland is feasible by enzymolysis in A. officinalis (Tan et al., 2010). Additionally, laser capture microdissection (LCM) technology has been used for separating target cells or tissues in many species (Li et al., 2010). Both methods can be introduced to isolate sufficient amounts of salt glands of sufficient purity for sequencing in the future.

Another approach to understanding salt secretion by recretohalophytes would be to analyze mutants whose salt secretion is in some way modified. Though many mutants in salt secretion have been obtained using gamma ray irradiation (Yuan et al., 2013), no recretohalophyte where specific genes have been silenced has been developed. Until now, the experiments suggesting candidate genes have only been reported in heterologous expression, such as Lbchi32 of L. bicolor verified in pathogenic fungi (Liu et al., 2010). So the mutants in specific and candidate genes should be investigated in the future in order to accurately study molecular mechanism of salt secretion.

CONCLUSION AND PERSPECTIVES

It is widely accepted that salt secretion is closely aligned with the structure of salt glands (Ding et al., 2010b). Although salt glands in different species possess varying characteristics, their common characteristics can be summarized as follows: a thickened cuticle surrounding the salt gland, frequent plasmodesmata, a large number of developed mitochondria, no chloroplasts, and amounts of small vesicles in the cytoplasm (Thomson and Platt-Aloia, 1985; Ding et al., 2010b; Tan et al., 2013; Yuan et al., 2015). This special structure determines the functionality of bladders and glands; an ion can be rapidly transported from a mesophyll cells into a salt gland and secreted out of the salt gland with a force that is generated by mitochondrial activity and is then transported in vesicles, eventually being excluded through pores (Feng et al., 2014).

Using the muti-cellular salt gland such as L. bicolor as the model, Figure 4 shows the possible pathway for an ion (e.g., Na+) transport from the mesophyll cell into the salt gland and the pathway of ion secretion. Salts from roots are transported upward in the transpiration stream. The salt transport process that moves ions in and out of the salt gland is thought to consist of a combination of both apoplastic and symplastic transport (Flowers and Yeo, 1986; Yeo and Flowers, 1986). Most of the Na+ is transported into the salt gland through the basal penetration area that is not covered by cuticles (1), and prevented by the pull of transpiration stream and a valve structure only open inwardly (Semenova et al., 2010), so Na+ cannot reflux through the basal penetration area. In other regions of the salt gland, the cuticles can also prevent ions from penetration into the mesophyll. Another possible pathway of the Na+ flowing into the salt gland is the plasmodesmata (2). Once in the salt gland, there are two possible pathways for the movement of Na+. The ions can be directly transported into the intercellular space that is separated from the mesophyll cells by the cuticles (3), where they can be temporarily collected in the collecting chamber. The ions are wrapped in vesicles for transport from the cytosol to the plasma membrane of salt gland cells and for secretion out of the salt gland; the membrane of vesicles can be recycled into plasma membrane. NHX may play an important role in transporting Na+ into the vesicles (4). The plasmodesmata provide an important pathway for ion movement between the salt gland component cells (5). Various ion transporters and channels are widely involved in transporting Na+ and Cl– in (6) (e.g., HKT1, CNGC, NSCC and H+/Cl– symporter) and out (7) (e.g., SOS1, CLC and various types of co-transporters) of cells. Ions that are transported by symplastic transport are also temporarily stored in the collecting chamber. During the transport of ions in both import and export pathways, the chemical compounds such as photoassimilate is transported by the plasmodesmata, and ATP is directly generated from highly developed mitochondria (8). Water channels also participate as a medium for ion transport (9). The ions are eventually excluded from the secreting pores that are located in the cuticles in the top of the salt gland due to high hydrostatic pressure (10). The transport of ions from mesophyll cells into and out of salt glands is an asymmetric process, which is a common phenomenon in many biological systems, such as IAA polar transport (Estelle, 1998; Reinhardt et al., 2003), gravity-induced polar transport of calcium across root tips of maize (Lee et al., 1983), iron uptake of the root (Dubeaux et al., 2015), and etc. The asymmetric distribution of salt secretion components primarily involves the asymmetric ion uptake and efflux; asymmetry in the vesicle transport direction; and asymmetry in ion transporter distribution. Most ions are transported in the direction of the vesicles, and the ion transporters that are responsible for secreting ions out of the salt gland are primarily distributed along the outside of secretory cells.

The study of salt secretion in recretohalophytes has developed considerably in recent years. More evidence has been proposed to explain the salt secretion mechanism; however, uncertainties still exist. On one hand, the salt secretion activity is mediated by multi-cells and multi-genes, and thus, the underlying control of the salt gland development remains unclear. Although, Yuan et al. (2015) have illustrated five differentiation stages in the L. bicolor leaf and proposed that a series of candidate genes can participate in salt gland development and salt secretion (Yuan et al., 2016), the direct validations of the key genes are needed on the basis of these data. On the other hand, RNA-seq has been conducted in five recretohalophytes, but to date, no genome sequencing has been reported in any recretohalophyte. Unclear genetic background made molecular studies difficult, and a new proposed model recretohalophyte is urgently needed. Fortunately, as a typical recretohalophyte possessing salt glands, L. bicolor is a potential model plant for investigating the salt secretion mechanism by salt glands in the future. Partly deficient salt-gland mutants have been obtained by physical and chemical mutagenesis in L. bicolor (Yuan et al., 2013). Moreover, the mutant traits can be kept for long-term investigation because the seeds from these plants can be collected through self-pollination (Yuan et al., 2014b). Based on the established transformation system and leaf disk secretion model (Yuan et al., 2014a), the key genes involved in salt secretion can be transformed for validation. Efficient genome editing in plants using a CRISPR/Cas9 system in non-modal plants will also be used to study molecular mechanism of salt secretion of plant salt gland (Feng et al., 2013). For a decade, various ion transporters have been shown to participate in salt resistance as verified in Arabidopsis and Eutrema/Thellungiella spp. (Lee et al., 2016). However, the in-depth mechanism of halophyte salt tolerance is largely unknown. More and more scientists have begun to use halophytes as materials to study the salt tolerance mechanism. We believe that in the near future, the salt tolerance mechanism will be completely uncovered, and the dream of generating salt-tolerant crops will finally come true.
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Salt stress is a complex trait that poses a grand challenge in developing new crops better adapted to saline environments. Some plants, called recretohalophytes, that have naturally evolved to secrete excess salts through salt glands, offer an underexplored genetic resource for examining how plant development, anatomy, and physiology integrate to prevent excess salt from building up to toxic levels in plant tissue. In this review we examine the structure and evolution of salt glands, salt gland-specific gene expression, and the possibility that all salt glands have originated via evolutionary modifications of trichomes. Salt secretion via salt glands is found in more than 50 species in 14 angiosperm families distributed in caryophyllales, asterids, rosids, and grasses. The salt glands of these distantly related clades can be grouped into four structural classes. Although salt glands appear to have originated independently at least 12 times, they share convergently evolved features that facilitate salt compartmentalization and excretion. We review the structural diversity and evolution of salt glands, major transporters and proteins associated with salt transport and secretion in halophytes, salt gland relevant gene expression regulation, and the prospect for using new genomic and transcriptomic tools in combination with information from model organisms to better understand how salt glands contribute to salt tolerance. Finally, we consider the prospects for using this knowledge to engineer salt glands to increase salt tolerance in model species, and ultimately in crops.
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INTRODUCTION

Plants face many challenges from the abiotic world, and among the most significant of these is salt stress. Salt water intrusion due to rising sea levels in coastal regions, extensive irrigation in arid regions, and widespread erosion contribute to increasing soil salinity, limiting agricultural productivity and preventing the use of much needed marginal lands (IPCC, 2014). Indeed, it is no exaggeration to say that breeding crops with increased salt tolerance is among the most significant challenges facing 21st century agriculture. Virtually all major crops, with a few exceptions (e.g., Chenopodium quinoa and Gossypium hirsutum), are naturally sensitive to salt stress. Only about 0.25% of all flowering plants are reportedly able to complete their lifecycle in saline soils (Flowers et al., 2010) and are hence considered to be halophytes. Although halophytes have evolved independently in a variety of taxonomically diverse lineages, they exhibit many examples of convergently evolved adaptations to salt stress (Flowers et al., 2010; Bromham, 2015). The capacity to generate high-throughput genomic and transcriptomic data from non-model plant species has catalyzed the growth of comparative, functional and evolutionary genomics, and this new knowledge base provides opportunities for understanding the mechanisms underpinning the halophytic lifestyle and also provides opportunities for adapting these lessons to improving the salt tolerance of agricultural crops.

A significant proportion of halophytes have evolved specialized epidermal structures called salt glands to store and exclude salt (Flowers and Colmer, 2015; Santos et al., 2016). The epidermis is the surface through which a plant interacts with its environment, and thus the epidermis has a wide variety of functional specializations at the cellular level. Some of these, including stomates for gas exchange and cuticle-covered pavement cells that prevent dehydration and pathogen attack, are shared by most land plants and all angiosperms. In addition, plants have developed a myriad of epidermal structural adaptations to defend themselves from or to exploit their environments, such as trichomes, nectaries, prickles, and hydathodes, which range in complexity from specialized single cells to multicellular structures consisting of several cell types (Esau, 1965). Although all salt glands function to increase salt tolerance, they differ in structural complexity and mechanism of salt exclusion, suggesting that salt glands have multiple evolutionary origins (Flowers et al., 2010).

Salt uptake, signaling, transport, detoxification, and storage mechanisms are among the integral biological processes we need to understand in solving the puzzle of salt adaptation (see reviews Hasegawa et al., 2000; Deinlein et al., 2014). The use of halophytes to study these processes is rare (see reviews Flowers et al., 2010; Shabala et al., 2015; Volkov, 2015), and the targeted use of specialized structures such as salt glands to study salt exclusion in a molecular genetic framework is even less common. The scarcity of genetic, cellular, or biochemical research on salt glands could be due to their occurrence on diverse taxa in plant families that are ecologically important, but not economically valued as crops. Limited research focusing on salt glands also may have arisen from the difficulty in studying salt glands as an isolated system consisting of just a few cells in the leaf epidermis. The magnitude of such barriers is, however, declining as new molecular genetic tools become available that make non-model organisms and rare cell types more tractable to study (Schwab and Ossowski, 2006; Deal and Henikoff, 2011; Olofsson et al., 2012; Etalo et al., 2015). Salt glands are found mostly on leaves of plants that grow on dry saline soils, on salt marsh grasses, and in a variety of mangroves, which are woody plants that inhabit tropical and subtropical intertidal zones (Flowers et al., 1986; Tomlinson, 1986). Therefore, most of the salt gland baring plants are also considered as halophytes, but a few exceptions are found throughout land plants (Mooney et al., 1980; Chen and Chen, 2005; Maricle et al., 2009; Peng et al., 2016). Although plant models such as Arabidopsis and rice are devoid of salt glands, they still have the analogous cell structures and the orthologous gene families that are likely key effectors in sensing, transporting, and compartmentalizing salt in halophytes that carry salt glands. We are now at a point where a comparison between the extensive information available from models such as Arabidopsis and new genomic resources from halophytes naturally selected for salt stress adaptation can illuminate key aspects of this important adaptation (Oh et al., 2012). Therefore, in this review, we attempt to evaluate the structure and development of salt glands, as well as the existing genetic resources that have been largely underexplored in plants equipped with salt glands, and we also assess the practicality of using model systems to effectively study them. Finally, we consider the feasibility of improving salt tolerance by engineering existing trichomes on Arabidopsis to function as salt glands and challenges associated with the gap in our knowledge to develop engineered salt glands in candidate crops.

SALT GLANDS ARE STRUCTURALLY DIVERSE

The term “salt gland” is quite broad, and has been applied to a wide variety of structures with different anatomical features and functional mechanisms. Halophytes with salt glands are collectively termed salt secretors (Liphschitz et al., 1974) or recretohalophytes (Breckle, 1990). From a structural perspective, all salt glands appear to be largely epidermal in origin and thus are in essence specialized trichomes (Esau, 1965). From a functional perspective, there are two types of salt glands, those that directly secrete salts to the surface of the leaf (exo-recretohalophytes), and those that collect salt in the vacuole of a specialized bladder cell (endo-recretohalophytes) (Breckle, 1990; Ding et al., 2010b). Although few species of plants have salt glands, they are distributed among four major divisions of flowering plants: Caryophyllales, asterids, rosids, and Poaceae (Santos et al., 2016). This broad phylogenetic distribution suggests that salt glands have originated independently multiple times as previously proposed for halophyte origins (Flowers et al., 2010). Yet the salt glands of widely divergent species have many phenotypic similarities, providing some striking examples of convergent evolution that give insight into the mechanisms through which salt glands protect plants. The similarities among salt glands enable categorization into four broad structural groups: (1) salt bladders consisting of a large vacuolated cell with or without 1 to 2 stalk cells, found only in Aizoaceae and Amaranthaceae (Figure 1, Type 1), (2) multicellular salt glands varying from 4 to 40 cells, with cells typically differentiated into collecting and secretory cells in a cuticle lined structure, widely distributed phylogenetically (Figure 1, Type 2), (3) bicellular secretory hair-like structures with a basal cell and a cap cell, found in chloridoid grasses (Figure 1, Type 3), and (4) unicellular highly vacuolated secretory hairs (found in Porteresia) (Figure 1, Type 4). The first two structural types are found in eudicots while the third and fourth types are found in monocots (Figure 2).
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FIGURE 1. Representative cellular organization of distinct salt gland structures found in angiosperms. Drawings are based on consensus representations of species specific salt gland structures. References used to create consensus figures for each type are given in Table 1. The cells that constitute the salt gland are colored while the adjacent cells are kept blank. The continuous cuticle around the salt gland is also colored and changed to blank when the cuticle overlays the surrounding epidermis. The dynamic intracellular structures such as vacuoles, vesicles, and laminated membranes are not depicted in the representative figures. Collecting cell (Col), secretory cell (Sec), basal cell (BC), sub-basal cell (SBC), stalk cell (ST).
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FIGURE 2. Phylogenetic distribution of angiosperm clades reported to have salt glands. Families associated with the four types of salt glands discussed in this review are grouped in the same colors used to distinguish salt gland types in Figure 1. The asterisk symbols (∗) represent 12 likely independent introductions of salt glands into a family/clade. Phylogenetic relationships are based on the APG IV classification system (Byng et al., 2016).



Among eudicots the structurally simplest form of salt glands, called salt bladders, are found in two families in the order Caryophyllales (Figure 1). In Mesembryanthemum crystallinum (Aizoaceae) salt is simply deposited in the large vacuole of specialized swollen epidermal cells called salt bladders (Steudle et al., 1975; Lüttge et al., 1978; Adams et al., 1998; Agarie et al., 2007). Eventually the bladder cells may rupture, depositing salt on the epidermal surface. Several species in the Amaranthaceae, exemplified by Atriplex lentiformis, Bienertia sinuspersici, and Chenopodium quinoa (Karimi and Ungar, 1989; Akhani et al., 2005; Park et al., 2009; Adolf et al., 2013; Shabala et al., 2014), have a slightly more elaborate structure for salt bladders compared to that of M. crystallinum, in which the bladder cell is located on top of a short stalk consisting of one or few cells. The mechanism used by these plants for sequestering salt in the bladder cell vacuole resembles the storage of salt in enlarged vacuoles of the mesophyll cells within succulent leaves in many halophytes as well as non-halophytes upon salt stress (Longstreth and Nobel, 1979; Park et al., 2009). A mutant line lacking bladder cells showed high sensitivity to salt and severely limited growth under salt stress compared to the wild type M. crystallinum, establishing the important role of salt compartmentalization and ion homeostasis achieved through salt bladders (Agarie et al., 2007).

The level of convergence is quite remarkable in the second type of salt glands spanning the diverse clades of Caryophyllales, asterids, and rosids (Shi et al., 2005) (Figure 1). These multicellular glands typically have cell types differentiated into basal collecting cells and distal secretory cells (Faraday and Thomson, 1986b; Thomson et al., 1988). The collecting cells are presumed to create a salt efflux gradient to collect salt from neighboring mesophyll cells and transport it to secretory cells (Faraday and Thomson, 1986a,b). The secretory cells are completely surrounded by a cuticle, with the exception of where they contact the subtending basal collecting cells, a feature which appears to channel the flow of salt through the secretory cells and prevent leakage back into the neighboring tissue via the apoplast (Thomson and Liu, 1967; Campbell et al., 1974; Tan et al., 2013). It is not uncommon to see the cuticle layer wrapped around the basal collecting cell if the collecting cell is partially above the epidermal layer (Thomson, 1975; Thomson et al., 1988). The secretory cells are cytoplasmically dense, possessing many mitochondria and endomembranes, and have internal projections of the cell wall (Vassilyev and Stepanova, 1990), resembling those in phloem transfer cells, which are presumed to increase surface area (Gunning and Pate, 1969). Although the outer surface of the secretory cells is covered with cuticle, this cuticle is either pierced by pores, as observed in Limonium bicolor salt glands (Feng et al., 2015), or creates a cuticular chamber on top of the secretory cells that is presumed to store secreted salts, as observed in salt glands of Avicennia marina (Campbell and Thomson, 1976; Naidoo, 2016) and Aeluropus littoralis (Barhoumi et al., 2008) (Figure 1 type 2 and 3). Contrasting the secretory cells, the collecting cells have numerous plasmodesmata connections amongst surrounding mesophyll cells. Thus it appears that salt is actively transported through the symplast from the collecting cells into the secretory cells, and then the salt solution is deposited outside the cell via the pores in the cuticle (Campbell and Stong, 1964; Campbell and Thomson, 1976). These salt glands are organized into a bulbous or discoid structure where salt is extruded from the top of the dome or cup-shaped center. The entire structure is often sunken into the epidermis, such that the cuticle overlaying the secretory cells is at or slightly below the level of the ground epidermal cells. This type of salt gland is represented by plants in the Tamaricaceae (Campbell and Stong, 1964; Xue and Wang, 2008) (e.g., Tamarix and Reaumuria), Frankeniaceae (Campbell and Thomson, 1976) (e.g., Frankenia spp.), and Plumbaginaceae (Faraday and Thomson, 1986b) (e.g., Limonium, Aegialitis, and Limoniastrum), all of which are closely related families in Caryophyllales (Byng et al., 2016). The rest of the eudicot salt glands share the same core structure with slight modifications.

The Type 2 multicellular salt glands of asterids (Figure 1), which are distributed among five families (Figure 2; Table 1), tend to have one or two stalk cells connecting the secretory cells to the basal collecting cells contrasting the structure of the Tamarix-type salt glands (Shimony et al., 1973; Drennan et al., 1987; Das, 2002). While maintaining the overall similarity of the structure with a cuticular envelope covering the salt gland, the number of secretory cells compared to the number of collecting cells varies between species in the asterids. For example, Aegiceras corniculatum and Glaux maritima (Primulaceae) have salt glands consisting of 8–40 radially arranged secretory cells atop a single basal cell (Cardale and Field, 1971; Rozema et al., 1977) while the mangroves, Avicennia and Acanthus spp. (Acanthaceae), have salt glands consisting of two to four collecting cells connected by one or two stalk cells to eight to twelve radially arranged secretory cells (Shimony et al., 1973; Drennan et al., 1987; Das, 2002). Similar to Tamarix, the cuticle of the secretory cells contains pores through which the saline solution is secreted; the secretory cells are cytoplasmically dense and rich in mitochondria and endomembranes, and the basal cell is highly vacuolated. Plasmodesmata connect the basal cell to the secretory cells and to the underlying sub-basal cells. The less studied Cressa cretica (Convolvulaceae) and Phillyrea latifolia (Oleaceae) also produce multicellular salt glands consisting of multiple secreting cells connected by a stalk cell to vacuolated basal collecting cells, similar to the other asterid salt glands (Weiglin and Winter, 1988).

TABLE 1. Halophytes reported with salt glands, their salt gland structural organization, and availability of sequence resources.
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Only a few species reportedly have salt glands in the large rosid clade. The mangrove Laguncularia racemosa in Combretaceae has multicellular salt glands located in deep adaxial epidermal pits of the leaf (Francisco et al., 2009). The pit is likely lined by a thick cuticle and the secretory cells at the base of the pit are dense in cytoplasm. Salt is extruded as a chain of crystals from the narrow mouth of the pit (Stace, 1965; Tomlinson, 1986; Francisco et al., 2009). Although the anatomy of these glands has not been described in detail, they have been shown to secrete salt (Sobrado, 2004). Mangrove species in two other genera in the family Combretaceae, Lumnitzera and Conocarpus, have similar structures, but there is no direct evidence to confirm that these glands function as salt glands (Tomlinson, 1986; Parida and Jha, 2010). Despite their diverse phylogenetic origins, all mangrove salt glands appear to have a similar structural organization spanning asterids and rosids. Additionally, two non-halophytic species in the rosids, Gossypium hirsutum (Malvaceae) and Ficus formosana (Moraceae), develop salt secreting glandular trichomes. Going by the broad definition of salt glands, these species show the capacity to extrude salt through salt glands on leaves and the structures described are similar to multicellular glandular trichomes described for salt glands in halophytes (Chen and Chen, 2005; Peng et al., 2016). In Gossypium hirsutum the ability to exclude NaCl under salt stress via leaf salt glands is thought to be an adaptation shared with ancestral genotypes from coastal regions (Peng et al., 2016). Excretion of salt through salt glands in non-halophytes may represent a facultative trait in response to salt stress derived from halophytic ancestral traits.

The last two types of salt glands are found in Chloridoideae and Oryzoideae subfamilies in Poaceae (Amarasinghe and Watson, 1988; Flowers et al., 1990). A recent review by Céccoli et al. (2015) provides a detailed report of chloridoid type salt gland structures and their physiological features (Type 3 in Figure 1). Although somewhat similar to the salt-secreting glands of eudicots, the salt glands of grasses differ in three important ways. First, they are simpler in structure, consisting of only one or two cells. Second, they lack the cuticular boundary surrounding the secretory and basal cells that appears to channel the flow of salt in the eudicot salt glands. Finally, the basal cell is not vacuolated, contrasting the vacuolated basal collecting cells of eudicots. The Chloridoideae salt glands are two-celled trichomes differentiated into a basal and a cap cell. Both the basal cell and the cap cell are cytoplasmically dense and rich in mitochondria, plastids, and vesicles. Wall protrusions and the associated plasma membrane extend from the cap cell deep into the basal cell, increasing surface area. These are often found in epidermal depressions, within the folds of the leaf laminar structure, sunken in the epidermis, or placed above the epidermis (Liphschitz and Waisel, 1974; Céccoli et al., 2015). The continuous cuticle on the epidermis in some species thickens on top of the cap cell and forms a cuticular chamber that stores secreted salts as seen for some eudicot salt glands (Amarasinghe and Watson, 1988). The thick cuticle extends from the top of the cap cell to the side walls of the basal cell where adjacent epidermal cells connect and where the side walls of the basal cell are often lignified (Liphschitz and Waisel, 1974).

The fourth type of salt glands is found in the wild rice species Porteresia coarctata, closely related to the cultivated rice in Oryzoideae. These salt glands are unicellular hairs (Type 4 in Figure 1). The finger-shaped adaxial salt hairs in P. coarctata continue to secrete salt even at high soil NaCl levels, but the peg-shaped shorter salt hairs on the abaxial surface rupture as intracellular NaCl accumulates, and regrow when soil salt levels decline (Sengupta and Majumder, 2010). It appears that P. coarctata can modulate the type and number of salt hairs, adjusting to external salt levels. These unicellular hairs seem to lack organelles and appear to be completely filled with vacuoles in contrast to the bladder cells in eudicot glands (Flowers et al., 1990; Oh et al., 2015).

SALT GLANDS HAVE EVOLVED INDEPENDENTLY MANY TIMES

It is more than likely that glandular adaptations to salt have developed multiple times in the angiosperms, using distinct mechanisms involving either sequestration of salt in vacuoles or secretion. A conservative estimation of multiple independent origins proposed by Flowers et al. (2010) and Flowers and Colmer (2015) suggests a minimum of three origins for salt glands among the angiosperms, one in monocots, one in rosids, and one in the joint clade of asterids and Caryophyllales. However, given that only a fraction of a percent of flowering plants are halophytes, and only a small percentage of halophytes have salt-secreting glands, it seems exceedingly unlikely that the common ancestor of the Caryophyllales and the asterids had salt glands that were subsequently lost in the vast majority of the species in the relevant clade. Although the asterids are one of the largest flowering plant groups, encompassing nearly one-third of all angiosperm species classified in 144 families (Soltis et al., 2005), salt glands are only reported in five families distributed among the three orders Ericales, Lamiales, and Solanales. It is likely that salt glands were independently acquired within each of the individual asterid families containing salt gland-bearing species: Acanthaceae, Convolvulaceae, Oleaceae, Primulaceae, and Solanaceae (indicated by an asterisk in Figure 2 for each independent introduction). Similarly, rosids include more than a quarter of angiosperm species classified into about 140 families (Soltis et al., 2005). Yet, salt glands are recorded for only three families (Combretaceae, Malvaceae, and Moraceae) in the three diverse orders of Myrtales, Malvales, and Rosales. Thus, rosid salt glands likely represent three additional events of salt gland evolution in angiosperms.

Closer inspection of salt gland structure and function supports the hypothesis of many independent origins for salt glands. Within the Caryophyllales there are two structurally and functionally distinct types of salt glands. It is likely that the sister groups of Aizoaceae and Amaranthaceae had a shared ancestor with salt bladders (Figure 1, Type 1). These families are in a monophyletic clade known as the core Caryophyllales, and their salt glands are all of the salt bladder type (Figure 1). In contrast the Tamaricaceae, Frankeniaceae, and Plumbaginaceae families, which are in a clade termed the non-core Caryophyllales, sister to the core Caryophyllales, all have type 2 multicellular salt-secreting glands that are structurally similar to each other, with a number of cytoplasmically dense secretory cells overlying several vacuolated collecting basal cells (Figure 1, Type 2). These cells are very different from the bladder cells of the Aizoaceae and Amaranthaceae, and in fact are structurally more similar to the multicellular salt glands found among the asterids. Similarly, the two salt gland types in grasses likely present two additional events of acquiring salt glands independently. Thus it would be reasonable to assume that salt glands have originated independently 12 times or more in angiosperms. Even if it is assumed that the most closely related pairs of asterid families (Acanthaceae-Oleaceae and Convolvulaceae-Solanaceae) each share a single origin, salt glands can have arisen no less than 10 times.

These different evolutionary origins present compelling examples of convergent evolution in the structure of salt glands. Species located in a wide range of clades have cytoplasmically dense secretory cells overlying vacuolate collecting cells, a pattern seen in all asterid salt glands and in the salt glands of non-core Caryophyllales (Plumbaginaceae, Tamaricaceae, and Frankeniaceae), although the numbers of secretory and collecting cells vary (Table 1). In a number of cases, cuticular material extends down the sides of the secretory and/or the basal collecting cells. While these parallels are striking, glands of similar structure that secrete volatile secondary metabolites, nectar, mucilage, and digestive enzymes are widespread throughout the asterids and Caryophyllales. Indeed, the salt glands of various families tend to greatly resemble the structure of secretory glands of related plants that lack salt glands. For example, both Acanthus and Avicennia have a short stalk composed of 1–2 cells bearing a globular head consisting of secretory cells (Shimony et al., 1973), while similar short stalked gland functions are ubiquitous in Acanthaceae (Immelman, 1990; Tripp and Fekadu, 2014; Bhogaonkar and Lande, 2015). The Acanthaceae (Lamiales) salt glands also bear a strong resemblance to the glandular trichomes that secrete essential oils in the closely related Lamiaceae. These trichomes have a basal cell embedded in the epidermis, a one or two celled stalk, and a globular head of secretory cells with a sub-cuticular space where oils containing volatile secondary metabolites accumulate. This structural feature is redolent to the cuticular chambers with salt on top of salt glands (Werker et al., 1993; Ascensão et al., 1995; Serrato-Valenti et al., 1997; Giuliani and Bini, 2008). Glandular trichomes are common among the other clades in asterids as well. For example, Solanaceae short stalked globular trichomes (Type VI) that secrete defensive proteins (Shepherd et al., 2005) and other secondary metabolites are also structurally similar to the asterid salt glands with respect to the cellular organization of a basal cell, 1–2 stalk cells, and a few secretory cells on top (Reis et al., 2002; Glas et al., 2012; Munien et al., 2015).

The non-core Caryophyllales families, Plumbaginaceae, Tamaricaceae and Frankeniaceae, are sister to a clade of mostly carnivorous plants consisting of the families Droseraceae, Drosophyllaceae, Nepanthaceae, Dioncophyllaceae, and Ancistrocladaceae, which have glands that secrete digestive enzymes and mucilage. Although the carnivorous plants have a variety of elaborate glandular morphologies that show secretory as well as absorption functions, these are thought to be derived from an ancestral character state for glands that are very similar to the salt glands of Tamarix and Frankinia (Cameron et al., 2002; Heubl et al., 2006; Renner and Specht, 2013). The digestive glands of Dionaea muscipula (Venus fly-trap), which consist of two layers of secretory cells above a pair of stalk cells and several basal cells that are embedded in the epidermis, may be taken as an example close to the ancestral state (Scala et al., 1968; Robins and Juniper, 1980). Like the salt gland secretory cells of Tamarix, these secretory cells have projections of cell wall material that increase the surface area of the secretory cell plasma membrane. The pattern of convergent evolution of the secretory-type salt glands (Figure 1, Type 2) described here, combined with the resemblance of these salt glands to other types of glands on closely related plants, and in conjunction with the overall low frequency of plants bearing salt glands, suggests that these Type 2 salt glands have evolved independently multiple times from a common type of multicellular secretory gland found widely throughout eudicots.

A similar trend is observed for salt glands in monocots. Liphschitz and Waisel (1974) previously have suggested a common halophytic ancestor for the Chloridoideae species with salt glands. The Chloridoideae-type bicellular glands that secrete salts are found in a number of species in Cynodonteae and Zoysieae, but not all grasses in these subclades are halophytes. For example, the bicellular glands in Eleusine indica and Sporobolus elongatus in Cynodonteae and Zoysieae, respectively, do not secrete salts and are not known as halophytes even if they carry glands with the same ultrastructure shared with Cynodonteae and Zoysieae halophytes (Amarasinghe and Watson, 1989). Interestingly, the glandular organization consisting of a basal and cap cell is not limited to the Chloridoideae species, but it is also observed in more than 5000 species in the sister clade of panicoid grasses (includes sorghum and corn). However, these lack the plasma membrane invaginations in the basal cell characteristic of the halophytes in Chloridoideae (Amarasinghe and Watson, 1988). Some of these non-halophytes that do not develop “salt glands” retain the capacity to secrete NaCl to some extent and also induce the rate of microhair formation under salt stress (Ramadan and Flowers, 2004). Although salt glands are generally associated with halophytes, several Spartina spp. from freshwater habitats also carry salt glands at a level similar to their relatives from saltmarshes (Maricle et al., 2009). This could be a derived trait from an ancestral halophytic lifestyle of Spartina from saltmarshes and also coincides with the view presented by Bennett et al. (2013) wherein it is inferred that the salt tolerance trait evolved more than 70 times independently in diverse grass lineages with multiple events of loss of trait in some genera. Collectively, we see that the ubiquitous bicellular glands in grasses can differentiate to salt secreting glands, microhairs without secretions, or glands that secrete other substances. The salt secretory unicellular hairs reported for Porteresia coarctata show close resemblance to microhairs found in cultivated rice (both in Oryzoideae), but rice microhairs do not show salt secretory functions detectable at significant levels (Flowers et al., 1990).

Some convergent trends occur multiple times in subsets of eudicot and monocot recretohalophytes separated by large evolutionary distances, indicative of the selective pressures driving salt gland evolution. For example, cell wall projections resulting in an increase in plasma membrane surface area are seen in both the Poaceae (Levering and Thomson, 1971; Amarasinghe and Watson, 1989) and in the Tamaricaceae-Frankeniaceae-Plumbaginaceae clade (Campbell and Thomson, 1976; Faraday and Thomson, 1986b), although in Poaceae these projections protrude into the basal cell, while in Caryophyllales the protrusions occur into the secreting cell. Such wall protrusions are characteristic of a wide variety of transfer cells that are involved in the intercellular transport of solutes (Gunning and Pate, 1969). In another common trend, secretory-type salt glands are often located in pits or depressions on the leaf surface (Tamaricaceae, Frankeniaceae, Plumbaginaceae, Primulaceae, Acanthaceae, Combretaceae, and Poaceae). Perhaps these depressions collect dew into which salts can be efficiently secreted. This trait may have been further developed in Nolana mollis (Solanaceae) salt glands that primarily secreted NaCl, where excreted salts were used to condense water from unsaturated atmospheres as an adaptation to retrieve water for survival in the Atacama Desert (Mooney et al., 1980). This may suggest a trait highlighting adaptations to extreme drought tolerance from a preadapted halophytic trait.

The density of salt glands is highly species specific. For example, salt gland density generally ranges from 20 to 50 salt glands mm-2 in leaves of Limonium and Zoysia species (Ding et al., 2010a; Yamamoto et al., 2016). The structural integrity of the salt glands may also depend on soil salinity and leaf age. For instance, the abaxial peg-like salt hairs on Porteresia coarctata tend to burst with increasing soil salinity where the adaxial more elongated salt hairs increase in density (Sengupta and Majumder, 2009). In Ficus formosana the salt glands near hydathodes get dropped as the leaf ages removing compartmentalized excess salts more efficiently (Chen and Chen, 2005).

The functional significance provided by salt glands also changes with leaf development. NaCl sequestration capacity may be the most critical function of salt bladders in young leaves of Aizoaceae and Amaranthaceae halophytes (Agarie et al., 2007; Bonales-Alatorre et al., 2013; Barkla et al., 2016), but as the leaf matures and the salt bladders reach their maximum volume, salt sequestration rate needs to be paused (Adams et al., 1998; Jou et al., 2007; Barkla and Vera-Estrella, 2015; Oh et al., 2015). Other functions including providing a secondary epidermal layer to protect against water loss, UV stress, and also serving as reserves for ROS scavenging metabolites and organic osmoprotectants may contribute more to plant survival under abiotic stress as the leaf matures (Adolf et al., 2013; Barkla and Vera-Estrella, 2015; Ismail et al., 2015; Oh et al., 2015). The corresponding increased rate of salt secretion as a response to increasing concentrations of soil NaCl is also observed for salt glands in other plant clades (Marcum et al., 1998; Mishra and Das, 2003). The maximum rate of salt secretion, however, is dependent on the species. For example, Spartina anglica has been reported to secrete up to 60% of absorbed salts while Limonium vulgare and Glaux maritima showed 33 to 20%, respectively, in a comparative study (Rozema et al., 1981).

NEW GENETIC RESOURCES AND TOOLS PROVIDE INSIGHTS INTO THE MOLECULAR COMPONENTS INVOLVED IN SALT GLAND FUNCTION

Model Species Studies

Because salt glands represent only a small proportion of the cells on the leaves of salt gland-bearing plants, studies regarding the cellular physiology and molecular genetics of salt glands have been limited in the past. However, new methods are increasing our ability to study the detailed function of salt glands at the cellular level. The most accessible salt glands for study until recently have been bladder cells. The salt tolerant extremophiles Mesembryanthemum crystallinum (ice plant) has been the focus of the greatest number of biochemical, physiological, and genetic studies among halophytes with salt glands. Steudle et al. (1975) first measured bladder cell membrane potential (between -10 and -40 mV), hydraulic conductivity (LP of the bladder cell membrane was on average 2 × 10-6 cm s-1bar-1) and demonstrated high bladder membrane salt permeability, consistent with their role in compartmentalizing excess NaCl in the vacuoles (Steudle et al., 1975; Lüttge et al., 1978). The critical role played by salt bladders in M. crystallinum for development and survival under high NaCl was further confirmed by the creation of growth impaired mutant plants without bladder cells (Agarie et al., 2007). The remarkable salt and drought tolerance capacity exhibited by M. crystallinum has also led to its use as a model halophyte in multiple gene expression studies using ESTs and RNAseq from bulk tissues to discover gene regulatory mechanisms related to salt tolerance (Bohnert and Cushman, 2000; Cushman et al., 2008; Tsukagoshi et al., 2015; Chiang et al., 2016). Additionally, the recent cell specific targeted transcriptome, proteome, and metabolome analyses have reported the type of genes, proteins, and metabolites expressed specifically in salt glands in M. crystallinum (Barkla et al., 2012; Barkla and Vera-Estrella, 2015; Oh et al., 2015). These studies have helped to establish the importance of salt glands and their distinct functions from other leaf cells in a model halophyte. With the recent cell type specific experiments, we know that epidermal bladder cells of M. crystallinum are not just passive storage organs for salts as perceived before, but they also carry out active metabolism related to energy generation, UV protection, organic osmolyte accumulation, and stress signaling. A significant number of lineage-specific genes of unknown function in response to salt stress were detected in these bladder cells. Some of the lineage specific transcripts are easily detected in the epidermal bladder cell transcriptomes at high expression levels, but appear to be expressed at low levels or are undetected in whole shoot transcriptomes, indicating the importance of studies of individual salt gland cell types (Oh et al., 2015). Genes specific to bladder cell function and development that were identified using a suppression subtractive hybridization library construction between wild type M. crystallinum and mutant plants without bladder cells also revealed a significant number of lineage specific genes with unknown functions (Roeurn et al., 2016). One such gene of unknown function detected via the comparison between wildtype and mutant plants was subsequently overexpressed in Arabidopsis, resulting in a phenotype with an increased number of trichomes on leaves, and this gene was inferred to regulate trichome initiation via regulating GL2 in the trichome development pathway (Roeurn et al., 2016). The availability of a reference genome for M. crystallinum will facilitate new comprehensive investigations of the critical role of salt glands in the survival of the whole plant under salt stress.

Chenopodium quinoa (Amaranthaceae), is an emerging model halophyte and a seed crop with several salt tolerant cultivars adapted to salt levels that are as high as that of sea water (Adolf et al., 2012; Ruiz et al., 2016). Its genomic complexity and polyploid nature have made molecular genetic analyses of the genetic mechanisms underlying its salt tolerance traits challenging. However, the draft genome of C. quinoa that was recently made available will be an excellent resource opening new paths to explore its stress adapted biology (Yasui et al., 2016). Also, the genome of the closely related non-halophyte Beta vulgaris (Amaranthaceae) and additional transcriptomes of the halophytic but non-salt gland subspecies B. vulgaris ssp. maritima (Dohm et al., 2014; Skorupa et al., 2016) should further facilitate comparative genomic analyses of the role of salt glands in salt tolerance in the Amaranthaceae.

A number of electrophysiological studies performed on quinoa leaf cells and salt bladders suggest that a polar organization of Na+ transporters and anion channels mediates NaCl net influx into the bladder cell vacuoles, while the small stalk cell serves as an intracellular ion transport controller between the epidermal and bladder cells (reviewed in Adolf et al., 2013; Shabala et al., 2014). The entry of Na+ and Cl- into the bladder cell vacuole are likely dependent on the NHX1 transporter, CLC-type chloride channels, and the electrochemical proton gradient provided by the vacuolar H+-ATPases and vacuolar H+-pyrophosphatases, while plasma membrane Na+/K+ transporters like HKT1 may play a major role in getting Na+ into the bladder cell cytoplasm. The importance of the vacuolar proton pumps in sequestering Na+ in the vacuolar lumen is supported by transcriptomic, proteomic, and biochemical studies done on ice plant and quinoa bladder cell systems (Barkla et al., 2012; Adolf et al., 2013; Oh et al., 2015).

Recently, Limonium bicolor has been developed as a model for the study of secretory multicellular salt glands. Transcriptomic analysis of developing Limonium bicolor leaves while monitoring salt gland developmental stages suggests that salt gland development might be regulated by transcription factors homologous to those regulating trichome development in Arabidopsis thaliana, however, this suggestion is based solely on correlated expression patterns and weakly documented evidence for orthology (Yuan et al., 2015b, 2016b). Yuan et al. (2014) have further developed a transformation system for L. bicolor to enable validation of predicted gene functions within the native genome. Additionally, the same group has optimized gamma radiation mutagenesis to create large mutant populations of L. bicolor (Yuan et al., 2015a) and has developed an autofluorescence-based screen to identify mutants in salt gland function (Yuan et al., 2013). The efforts to create a molecular toolbox for forward and reverse genetics in order to study the multicellular salt gland functions in Limonium bicolor are exemplary, given its status as a non-model organism in plant genetics.

Transport of Na+ through a multicellular gland that ultimately excretes salt outside the leaf is a far more complex process than understanding valuolar compartmentalization in salt bladders. In a salt gland, when certain cells take up the role of absorbing salt from neighboring cells and intercellular spaces (main function proposed for collecting cells, basal cells, an sub-basal cells found in Type 2 and 3 salt glands in Figure 1), other cells in the gland would need to export salts (secretory and cap cells in Type 2 and 3 glands from Figure 1). Given that there are several channels and transporters that can transport Na+ exclusively or together with other organic and inorganic ions in plant cells (reviewed in Maathuis, 2014; Maathuis et al., 2014), this process needs to be coordinated between multiple membrane systems to avoid futile cycling of Na+ and other ions including K+ or toxic accumulation of NaCl. Salt tolerance is also tightly linked to K+ homeostasis in plant tissues. Halophytes are known to accumulate high K+ levels or prevent loss of K+ when treated with high Na+ (Flowers et al., 2015). For example, Limonium salt glands increase K+ retention upon high Na+ treatments (Feng et al., 2015). Additionally, there are a number of aquaporins that transport water and other molecules that need to be integrated into the Na+ transport systems when we attempt to understand salt transport management in plant tissues (reviewied in Maurel et al., 2015). A plasma membrane aquaporin was among the highest membrane transporters/channels in the cell specific salt bladder transcriptome of M. crystallinum (Oh et al., 2015), further supporting the idea that suites of transporters, including water channels and K+ transporters, need to be considered in addition to Na+ transporters and membrane proton pumps to accurately model salt secretion.

Salt from collecting basal cells can also be bulk transported via vesicles that fuse to the plasma membranes of collecting and secretory cells (or cap cells in grasses), releasing salt to the extracellular space. A few studies have looked into the significance of vesicle transport in delivery of NaCl to secretory cells or extracellular spaces (cuticle lined chamber in most multicellular salt glands and bicellular glands in grasses). These studies have reported the formation of extra vesicles and fusion with the plasma membrane between basal cells and mesophyll cells and also basal and secretory cells upon salt treatment (Thomson and Liu, 1967; Shimony et al., 1973; Barhoumi et al., 2008). Faraday and Thomson (1986a) reported ion efflux rates in Limonium perezii salt glands that were significantly higher than rates possible exclusively via transmembrane transport. Congruently, Yuan et al. (2016b) have reported genes associated with vesicle function enriched in Limonium bicolor leaves upon NaCl treatment. Vesicle-mediated NaCl transport may provide the energy efficiency required for transporting salts through the salt glands that may not be feasible via transmembrane ion channels alone. Physiological and molecular studies have attempted to model the unidirectional flux of Na+ and Cl- in multicellular salt glands of Limonium and Avicennia (Tan et al., 2013; Yuan et al., 2016b), but the details of the cell-specific roles in any multicellular salt gland remain largely unknown.

The fiber crop Gossypium hirsutum (Malvaceae), although is not considered a halophyte, is among the crop species most adapted to salt stress, and some cultivars also develop functional salt glands (Gossett et al., 1994; Du et al., 2016; Peng et al., 2016). The availability of a reference genome, multiple large scale transcriptome datasets, genetic transformation techniques, and genetic diversity estimates for a large group of cultivars make G. hirsutum an attractive candidate for studying salt gland functions between salt adapted and sensitive cultivars (Shen et al., 2006; Khan et al., 2010; TianZi et al., 2010; Rodriguez-Uribe et al., 2011; Rahman et al., 2012; Xie et al., 2014; Li et al., 2015; Lin et al., 2015). However, the role of salt glands in adapting to salt stress in cotton has not been explored much until recent work published by Peng et al. (2016). High levels of activity inferred for the plasma membrane H+-ATPase and the Na+/H+ antiporter to compartmentalize more Na+ into the apoplast or the vacuole were suggested as key transporters in extruding excess salt from the young cotton leaves.

Among the monocot recretohalophytes, studies on Spartina spp. offer multiple snapshots into the leaf transcriptomics that investigate how salt glands contribute to salt tolerance (Baisakh et al., 2008; Ferreira de Carvalho et al., 2013; Bedre et al., 2016). Spartina is among the few recretohalophytes where both RNASeq and microRNASeq profiles are available (Qin et al., 2015; Zandkarimi et al., 2015). In addition, the genus Spartina offers an interesting evolutionary context where one can study the relaxed selection on genes important in salt gland functions when salt glands do not provide a fitness advantage to species that occupy freshwater habitats. Freshwater species including S. cynosuroide, S. gracilis, and S. pectinata show no difference in their salt gland distribution compared to the closely related salt marsh species S. alterniflora, S. anglica, and S. densiflora (Maricle et al., 2009). The development of salt glands in the freshwater species may be a result of a recent speciation event from ancestral salt marsh species. This provides an excellent set of plants with natural replicates for comparative genomics in search of salt gland associated genes and their recruitment driven by salt stress (or loss of recruitment in the absence of the selection pressure).

Genome Wide Data and Tools for Salt Gland Specific Expression

Salt gland specific transcriptomic, proteomic, or metabolic datasets as genetic resources are challenging to obtain, often due to the tight integration of salt glands in leaf or other photosynthetic tissue. Table 1 lists all genome wide molecular studies reporting datasets from plants with salt glands available at present (October 2016). Several of these studies provide RNAseq-based experiments that target tissues enriched in salt glands. A few studies have focused on enrichment of salt gland cell types or isolation of exclusive salt gland populations. Due to the structural diversity of these species, a method optimized for one species is difficult to implement in others. Barkla et al. (2012) accomplished this task for ice plant epidermal bladder cells by vacuum aspiration of the cell sap using a fine needle attached to a collecting tube. This technique is able to provide clean cell specific sap, but is impractical for multicellular salt glands. Techniques developed using pressure probes and picoliter osmometers to measure water potential and osmotic potential in single plant cells (reviewed in Fricke, 2013) often used in crop plants (Malone et al., 1989; Fricke, 1997; Fricke and Peters, 2002; Volkov et al., 2006) offer additional tools to test salt gland cell specific traits. The use of epidermal peels enriched in salt glands is an alternative solution, although this technique introduces molecular signatures of regular epidermal cells to the sample, as contaminants are difficult to avoid (Tan et al., 2015). Use of enzymatic digestion and subsequent grinding of epidermal peels has also been shown to be effective in isolating mangrove salt glands devoid of neighboring epidermal cells (Tan et al., 2010). However, enzymatic digestion adds a significant amount of time that may lower the feasibility of using salt glands isolated through such techniques to detect transcript profiles dependent on plant treatments and conditions. Treating epidermal peels with clearing solutions and detecting salt glands based on their autofluorescence has been successfully demonstrated for Limonium and Avicennia in identifying the salt gland structure and organization, but this method too would not allow time-sensitive assessments of salt gland-specific transcripts or proteins (Tan et al., 2010; Yuan et al., 2013).

Effective methods shown successful in capturing multicellular gland-specific transcripts do not exist for halophytes at present. However, this can be attempted using current molecular techniques. For example, fluorescent tags labeling entire cells, nuclei, or polysomes allow capture of cell-type specific transcripts in model plants (Mustroph et al., 2009; Deal and Henikoff, 2011; Rogers et al., 2012). Creating targeted transgenic lines for non-model halophytes could be a greater challenge than optimizing methods for cell-type specific tagging. One may need to explore Agrobacterium-independent transformation techniques if certain recretohalophytes prove to be recalcitrant to widely used transformation protocols (Altpeter et al., 2016). Furthermore, such methods require the identification of salt gland-specific promoter sequences. Candidate promoters might be deduced from promoters functioning in glandular trichome gene expression of related plants (Choi et al., 2012; Spyropoulou et al., 2014), given the evidence presented above that multicellular salt glands in eudicots are likely derived from multicellular secretory trichomes. Alternatively, physically isolating multicellular glandular structures before extracting the cell sap for RNA, protein, or metabolite profiling has been established using laser capture microdissection methods (Olofsson et al., 2012; Soetaert et al., 2013).

COULD WE ENGINEER WORKING SALT GLANDS IN A MODEL SYSTEM?

Is Arabidopsis trichome development a suitable model for engineering bladder cell-like salt glands? Salt glands provide an end destination for excess salts, and understanding the function of these specialized structures may ultimately play a role in producing salt-tolerant crops. Although the engineered expression of individual genes involved in salt tolerance has had some success in increasing salt tolerance in artificial situations, this has not translated to increased salt tolerance under field conditions (Flowers and Colmer, 2015; Mickelbart et al., 2015; Polle and Chen, 2015). Salt tolerance under real-world conditions is likely to require careful attention to cell and tissue-type specific expression of multiple proteins involved in salt tolerance. As noted above, virtually all salt glands are similar in structure, and likely homologous, to the trichomes of closely related plants. The trichomes of Arabidopsis thaliana are one of the most well-studied models for plant development at the cellular level, and it was recently suggested that knowledge from Arabidopsis trichome development could be used to guide the engineering of bladder cell-type salt glands in crop plants (Shabala et al., 2014). This is a striking proposal that deserves serious consideration. A first step would be attempting to engineer Arabidopsis trichomes to function as bladder cells.

The trichomes of Arabidopsis thaliana are unicellular and branched, and like bladder cells, they have a large cell volume in comparison with other epidermal cells, most of it being occupied by a large vacuole (Hülskamp et al., 1994; Mathur et al., 2003). Trichome development is initiated by a transcription factor complex containing the R2–R3 MYB protein GLABRA1 (GL1), the bHLH protein GLABRA3 (GL3), and the WD-repeat protein TRANSPARENT TESTA GLABRA (TTG), and is restrained by several inhibitory single-repeat R3 MYBs, typified by TRIPTYCHON (TRY) (Larkin et al., 2003). Many direct downstream targets of this transcription factor complex have been identified, and mutations and gene-expression manipulations are established that alter the density of trichomes on leaves, trichome cell shape, and cell wall properties. A number of direct downstream target genes of the trichome development transcription complex are known, and several relatively trichome-specific promoters are noted, e.g., for GLABRA2 (GL2), GL3, TRY and NOEK (NOK) (Schnittger et al., 1998; Szymanski et al., 1998; Jakoby et al., 2008). The putative transcription factor identified in wild type M. crystallinum compared to the mutant without bladder cells expressed in Arabidopsis was proposed to act upstream of the GL1-GL3 complex via positively regulating GL2 (Roeurn et al., 2016). A functional homolog of GL1 in cotton, GaMYB2, was shown to have trichome specific expression in Arabidopsis, but in cotton both fiber cells and trichomes showed GaMYB2 promoter driven GUS expression. Interestingly, the GaMYB2 promoter directed GUS expression exclusively in glandular cells of glandular secreting trichomes in tobacco where different types of trichomes exist (Shangguan et al., 2008). This suggests that complex tissue specific signals may exist for trichome specific expression in different halophytes even when the genetic components are well described in the model species.

This detailed knowledge of Arabidopsis trichome development, in combination with new large-scale gene assembly tools that aid in transferring whole pathways to plant genomes such as BioBrick, Golden Gate, and Gibson assembly methods (reviewed in Patron, 2014), suggest that attempting to modify Arabidopsis trichomes to function as salt glands may be feasible. As a start, one might engineer expression of the plasma membrane/vacuolar H+-ATPase and/or the vacuolar H+-pyrophosphatase, the tonoplast Na+/H+ antiporter NHX1 in trichomes, along with the P5CS and P5CR, proline biosynthesis genes to increase the proline concentration to act as an organic osmolyte, myo-inositol-1-phosphate synthase (INPS), and myoinositol O-methyltransferase 1 (IMT1) that are key enzymes in polyol synthesis pathways important in ROS scavenging. It should be noted that some of the key target proteins involved in the salt response may include multiple subunits from different polypeptides and therefore, multiple genes need to be coordinately expressed to get the desired level of expression of the holoenzyme. The vacuolar H+-ATPase is encoded by multiple genes coding for distinct essential subunits while the vacuolar H+-pyrophosphatase can be generated by a single gene. Additionally, both of these may have variable gene copy numbers for each subunit or protein in different species (Silva and Gerós, 2009; Fuglsang et al., 2011; Volkov, 2015). For example, salt gland bladder cells in Mesembryanthemum crystallinum in response to salt stress showed significantly higher expression for 10 transcripts coding for different subunits of the vacuolar H+-ATPase, while two transcripts likely encoding two copies for the vacuolar H+-pyrophosphatase showed downregulation (Oh et al., 2015). The coordinated regulation of the vacuolar H+-ATPase and the vacuolar H+-pyrophosphatase can be complex and recent research suggests that the combined activity of these proton pumps is required for vacuolar acidification (Kriegel et al., 2015). If salt excretion to the leaf surface as opposed to salt sequestration in a vacuole of bladder cells is envisioned, plasma membrane transporters and proton pumps that govern Na+ influx into and efflux out of the salt gland should be carefully orchestrated. For example, Na+ transporters, including SOS1, would need to be regulated together with plasma membrane proton ATPases to excrete salt to the surface against an electrochemical gradient while Na+/K+ membrane transporters like HKT1 would be useful for the influx of Na+ into the secretory bladder cell from neighboring cells. Additional membrane transporters associated with Na+ and Cl- transport that may play an important role in developing functional salt glands are reviewed in Shabala et al. (2015) and Yuan et al. (2016a). Further refinements could be made by taking advantage of the knowledge that increased GL3 expression increases trichome density on leaves (Payne et al., 2000; Morohashi et al., 2007). Thus, introducing a copy of GL3 under the control of an ABA-inducible, salt-responsive promoter would be expected to increase the number of bladder cell-modified trichomes on the leaf in response to salt stress.

Although the prospect of engineering trichomes of a non-halophyte into functional bladder cells is exciting, there are naturally some serious caveats. First, salt glands of any sort are only one line of defense against salt, and this is achieved via the sequestration of salt that has reached photosynthetic shoot tissues to ameliorate the effects. Truly salt-tolerant plants are likely to require engineering of gene expression in multiple tissues. Much evidence indicates that for plants, the initial line of defense is to prevent the accumulation of salt in the roots in the first place (reviewed in Flowers and Colmer, 2015). Thus, for example, it would likely be necessary to engineer increased SOS1 expression in root hairs to pump Na+ out from the root epidermis, limiting salt intake, as well to increase expression of SOS1 in the endodermis to feed Na+ that does enter the plant into the transpiration stream for transport to the shoot. Fortunately, well-characterized promoters are now available for engineering cell type-specific expression in Arabidopsis roots. A second caveat is that this approach has ignored the roles of signaling by Ca2+ and reactive oxygen species in salt tolerance. The incorporation of tissue-specificity through the use of tissue-specific promoters is still ultimately too simplistic and likely will fail to capture the dynamic nature of true halophyte responses to saline conditions.

The final caveat to this approach is that the engineering of bladder cell-type salt glands based on Arabidopsis trichomes as a model is likely to be limited phylogenetically to plants sharing the same trichome initiation regulatory network. While the transcription complex that regulates Arabidopsis trichome development is clearly homologous to the transcription factors that regulate anthocyanin biosynthesis in plants as distantly related as the grasses, it appears that asterids regulate trichome development via the MIXTA-like MYB proteins, which lack the ability to bind GL3-like bHLH proteins (Payne et al., 1999; Serna and Martin, 2006). Furthermore, expression of Antirrhinum MIXTA does not affect Arabidopsis trichome development, and expression of Arabidopsis trichome regulators in Nicotiana also does not affect trichome formation. Thus, trichome development appears to be regulated independently in the rosids and the asterids. In this light, it is interesting to note that in Mesembryanthemum crystallinum, a putative ortholog of the trichome development gene GL2, exhibits increased expression in bladder cells in response to salt (Oh et al., 2015), and that in Limonium bicolor, the expression of putative orthologs of several trichome development transcription factors is correlated with the development of salt glands. Both of these plants are in the Caryophyllales. Thus, among dicotyledonous crops, approaches to salt gland engineering based on Arabidopsis trichomes may be limited to crops in the rosids, such as Brassica spp. and legumes, and perhaps to crops in the Caryophyllales.

More significant to the engineering of crop plants, the limited evidence to date on trichomes in the grasses gives no support for the involvement of any MYB, basic-helix-loop-helix, or WD-repeat proteins in trichome development. In maize, the mutant macrohairless1 lacks the large single-celled trichomes known as macrohairs, but the gene product is not known (Moose et al., 2004). In rice, mutants of glabrous leaf and hull1 (gl1) lack both macrohairs and microhairs, two classes of unicellular trichomes, but do not affect the development of the glandular trichomes. The mutations defining this locus are in the 5′ untranslated region of a gene of unknown function, Os05g0118900 (Li et al., 2010). Thus what we learn from manipulating Arabidopsis trichomes to function as salt glands may not be readily applied to some of our most important crops, although crops in the rosids include not only the Brassica spp. (e.g., canola), which are very closely related to Arabidopsis, but the legumes, which include soybeans.

If engineering multicellular salt glands into a crop prior to establishing a proof of concept protocol in Arabidopsis is envisioned, Solanaceae crops provide alternative candidates. For example, engineering potato or tomato could take advantage of substantial molecular resources that are already available. These crops have reference genomes available for both the main commercial cultivars and also for more stress tolerant wild relatives (Xu et al., 2011; Bolger et al., 2014; Aversano et al., 2015). Solanaceae crops also have cultivars more tolerant to moderate salt levels (Shahbaz et al., 2012; Watanabe, 2015), have naturally developed secretory trichomes with structural features shared with recretohalophytes, have well-developed protocols to study gene expression exclusive to glandular trichomes, and have established transformation protocols (Butler et al., 2015; Čermák et al., 2015; Kortbeek et al., 2016). The idea of converting a glandular trichome to a salt secreting trichome bypasses the need to engineer cellular structural features needed for liquid excretion. Still, this endeavor requires the knowledge of coupling stress signaling and coordination of salt transport from roots to shoots and finally to the modified glandular trichomes at a metabolic energy cost (or yield penalty) applicable or tolerable for a crop species.

If a cereal crop model is chosen for engineering salt glands, rice would naturally be a top candidate, given the genetic resources available for rice as the prominent monocot model. This essential crop that feeds more than 3 billion people is being increasingly threatened by salinity stress caused by climate induced salt water intrusion, thus endangering the nutrition of the billions that consume rice. However, more targeted functional genomic studies have to be conducted to identify its trichome development pathway as discussed above. Comparative transcriptome-based studies on Porteresia coarctata salt hairs can further facilitate identification of the candidate orthologous genes one would need to introduce to selected rice cultivars. Alternatively, given the availability of genetic resources, including a reference genome, for sorghum, its relatively high capacity for abiotic stress tolerance as a C4 grass, and its phylogenetic proximity to almost all the grass species that are known to secrete salt through salt glands makes sorghum another attractive model for salt gland engineering in cereals (Paterson et al., 2009). It should be noted that all reported salt-secreting grasses also happen to be C4 grasses, with the exception of Porteresia (Table 1). The bicellular microhairs in Zea mays that are not considered to be salt glands show an increase in microhair density on leaves in response to increasing soil salinity (Ramadan and Flowers, 2004). This suggests the possibility of shared regulatory pathways in microhair initiation between salt secreting grasses and non-secretors. Notably, Zea mays has a significant amount of genomic resources, optimized genetic engineering tools, diverse germplasm from wild relatives, and cell type specific metabolic data (Liang et al., 2014; Nannas and Dawe, 2015; Dwivedi et al., 2016; Wen et al., 2016). Such factors, in conjunction with the importance as a major food and as a biofuel crop, make it another candidate for engineering salt hairs with significant secretion capacity upon problematic soil salt levels. Inarguably, a significant amount of functional, evolutionary, and comparative genomics studies need to be initiated to understand the organization and coordination of molecular networks that could transform a non-salt secreting species to a salt secreting plant. If we succeed with a non-crop model, success in the exercise would be a substantial test of our skills in combining – omics data, cell biology, and classical whole plant physiology to understand and manipulate a plant’s response to environmental stress, a seemingly worthy objective in itself.

CONCLUDING REMARKS

Salt-stress is a substantial challenge for agriculture in the 21st century. One mechanism used by a wide variety of plants to deal with saline conditions is the use of epidermal salt glands that sequester or excrete salt. Salt glands have independently evolved likely twelve or more times and exist in at least four distinct morphological types. Despite these diverse origins, significant shared features due to convergent evolution give insight into the selective forces that have shaped their evolution and function. Although salt glands are challenging to study at the cellular and molecular level, new resources and tools have begun to elucidate the mechanisms by which salt glands alleviate salt stress. The time is now ripe to begin applying lessons from salt gland physiology to improving the salt tolerance of agricultural crops.
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Single Nucleotide Polymorphisms (SNPs) within the coding sequence of HKT transporters are important for the functioning of these transporters in several plant species. To unravel the functioning of HKT transporters analysis of natural variation and multiple site-directed mutations studies are crucial. Also the in vivo functioning of HKT proteins, via complementation studies performed with athkt1;1 plants, could provide essential information about these transporters. In this work, we analyzed the natural variation present in the first pore domain of the HKT1;2 coding sequence of 93 different tomato accessions, which revealed that this region was conserved among all accessions analyzed. Analysis of mutations introduced in the first pore domain of the SlHKT1;2 gene showed, when heterologous expressed in Xenopus laevis oocytes, that the replacement of S70 by a G allowed SlHKT2;1 to transport K+, but also caused a large reduction in both Na+ and K+ mediated currents. The study of the transport characteristics of SlHKT1;2 revealed that Na+-transport by the tomato SlHKT1;2 protein was inhibited by the presence of K+ at the outside of the membrane. GUS expression under the AtHKT1;1 promoter gave blue staining in the vascular system of transgenic Arabidopsis. athkt1;1 mutant plants transformed with AtHKT1;1, SlHKT1;2, AtHKT1;1S68G, and SlHKT1;2S70G indicated that both AtHKT1;1 and SlHKT1;2 were able to restore the accumulation of K+ in the shoot, although the low accumulation of Na+ as shown by WT plants was only partially restored. The inhibition of Na+ transport by K+, shown by the SlHKT1;2 transporter in oocytes (and not by AtHKT1;1), was not reflected in Na+ accumulation in the plants transformed with SlHKT1;2. Both AtHKT1;1-S68G and SlHKT1;2-S70G were not able to restore the phenotype of athkt1;1 mutant plants.

Keywords: natural variation, tomato, HKT1 genes, mutation, pore domain

INTRODUCTION

Salinity stress negatively affects crop yield (Munns and Tester, 2008). In order to sustain the growing human population it is necessary to increase the salt tolerance of crop plants, as the human population is growing faster than the area of agricultural land (FAO, 2009). To tolerate salinity plants rely on three different mechanisms: osmotic tolerance, ionic tolerance and Na+ exclusion from the shoots (Munns and Tester, 2008). Na+ exclusion from the shoots is the most studied and best understood mechanism, therefore, it is a promising candidate for an approach of genetic modification to enhance plant salt tolerance (Plett et al., 2010).

HKT transporters are often studied with regard to Na+ exclusion from the shoots. HKT transporters belong to a superfamily of transporters including bacterial KtrBs transporters (Tholema et al., 1999) and yeast TRKs transporters (Rodriguez-Navarro, 2000). The HKT gene family is divided in two classes based on their gene structure and in the presence of either a glycine (G) or a serine (S) residue in the first pore domain of the transporter (Maser et al., 2002). Members of class 1 have an S at this position, whereas members of class 2, with the exception of OsHKT2;1, have a G at this position (Platten et al., 2006). HKT transporters are implicated in Na+ transport in wheat (Davenport et al., 2005; James et al., 2006; Byrt et al., 2007; Munns et al., 2012), rice (Ren et al., 2005; Horie et al., 2007; Jabnoune et al., 2009) and Arabidopsis (Uozumi et al., 2000; Berthomieu et al., 2003; Rus et al., 2004; Sunarpi et al., 2005; Moller et al., 2009). Class I HKT transporters are low affinity transporters with specificity for Na+ (Munns and Tester, 2008). Some of these members are located at the plasma membrane of root stele cells, in particular in the xylem parenchyma cells (XPC). They function in retrieving Na+ from the xylem sap, and prevent Na+ from reaching the shoots and damaging photosynthetic cells. The number of class I HKT members varies between mono- and dicotyledonous plants (Garciadeblas et al., 2003; Ren et al., 2005; Huang et al., 2006; Jabnoune et al., 2009). When first characterized, athkt1;1 and wild type (WT) seedlings showed no difference in root and shoot growth after growing 6 days in a medium with (150 mM) or without NaCl (Rus et al., 2004). However, on the long term medium supplemented with 75 mM NaCl reduced the shoot growth and increased tip senescence of mature leaves of athkt1;1 mutants (Rus et al., 2004). Due to the higher Na+ accumulation in the shoots, athkt1;1 mutant plants display Na+ sensitivity, showing the role of HKT transporters in preventing Na+ from reaching the shoots (Rus et al., 2001, 2004; Berthomieu et al., 2003; Sunarpi et al., 2005).

The discovery of genetic polymorphisms in HKT genes (Diatloff et al., 1998; Rubio et al., 1999; Ren et al., 2005; Cotsaftis et al., 2012) underlying the adaptation to salinity stress brought new insights in the understanding of the functions of genes involved in the adaptation mechanisms. Information on genetic polymorphisms in HKT genes will provide tools for the development of crops more tolerant to salinity stress. Within the same genus, the diversity of phenotypes across environmental gradients of stress can indicate the suitability for selection, and the study of the genotypes responsible for those phenotypes might lead to the discovery of genetic polymorphisms responsible for these adaptive responses (Baxter et al., 2010). Analysis of OsHKT1;5 in two rice cultivars differing in their salinity tolerance showed that both the cellular location and expression patterns of OsHKT1;5 were identical. Nevertheless, differences in the coding region producing four amino acid substitutions were linked to the functional variation of these two alleles (Ren et al., 2005). Recently, it was concluded that the V395L substitution present in Nona Bokra could directly affect the Na+ transport rates and that it was responsible for the tolerant and sensitive behavior of Nona Bokra and Koshihikari, respectively (Cotsaftis et al., 2012).

Besides natural variation, studies of single (Diatloff et al., 1998; Maser et al., 2002) or multiple (Kato et al., 2007) site-directed mutations of HKT transporters (Diatloff et al., 1998; Maser et al., 2002; Kato et al., 2007) are also crucial to understand how these transporters function. The replacement of the S by a G in the first pore domain of AtHKT1;1 changed AtHKT1;1 from a Na+ uniporter to a Na+/K+ symporter (Maser et al., 2002).

Data on the role of HKT transporters is often generated from heterologous expression of HKT transporters in, mainly, Xenopus laevis oocytes (Schachtman and Schroeder, 1994; Fairbairn et al., 2000; Uozumi et al., 2000; Horie et al., 2001; Liu et al., 2001; Golldack et al., 2002; Berthomieu et al., 2003; Su et al., 2003; Ren et al., 2005; Jabnoune et al., 2009; Lan et al., 2010; Yao et al., 2010; Horie et al., 2011) and, to a lesser extent, in Saccharomyces cerevisiae cells (Horie et al., 2001, 2011; Golldack et al., 2002; Garciadeblas et al., 2003; Su et al., 2003; Takahashi et al., 2007; Ali et al., 2012). However, in a report by Haro et al. (2005) a very important question was addressed: are results obtained for HKT transporters when expressed in heterologous systems of physiological importance in planta? Or, are heterologous expression systems too artificial to have physiological meaning in planta? We performed several experiments to investigate if there is natural variation present in the first pore domain of HKT1;2 in tomato and how the replacement of the S residue by a G residue in the first pore domain in HKT1;2 of tomato affects the function of the transporter when expressed in Xenopus laevis oocytes. Moreover, we investigated if the results obtained with Xenopus oocytes could be replicated in planta.

In this study we analyzed the presence of natural variation in the first pore domain of HKT1;2 of 93 tomato accessions. We also replaced the S residue of the first pore domain of SlHKT1;2 with a G residue, and we analyzed the effect of this mutation via expression of these mutated genes in Xenopus laevis oocytes. We generated stable lines of Arabidopsis thaliana athkt1;1 plants expressing each of these constructs, and we characterized their biomass production, shoot water-content and ion content after 2 weeks of salt treatment.

MATERIALS AND METHODS

PLANT MATERIAL AND GROWTH CONDITIONS

Genomic DNA used in this experiment was extracted from 93 different tomato accessions (Supplementary File Table 1). Tomato seeds were surface sterilized by soaking in 1% (V/V) commercial sodium hypochlorite solution for 15 min and rinsed three times with sterile water. After sterilization, seeds were sown in rock wool plugs soaked with half-strength Hoagland solution (one seed per rock wool plug). Plugs were covered with dry vermiculite to avoid dehydration. A randomized design consisting of three biological replicates and 93 different accessions was used. Each biological replica consisted of a pool of seven to 10 plants. On alternate days plants were irrigated with half-strength Hoagland solution. Plants were kept in a climate chamber under a 14/10 h photoperiod and a 20/18°C day/night temperature. Plants were harvested after 5 weeks. Seeds of homozygous athkt1;1 mutant (Columbia-0) were obtained from the NASC stock center (N6531) and were sown along with WT Arabidopsis thaliana Col-0. Plants were grown on a mix of sand and peat (1:1) at 24°C in a 16 h light/8 h dark cycle in a greenhouse. Plants were watered every 2 days. Selected transgenic lines (See the section “Cloning of HKT genes and generation of Arabidopsis transgenic lines” for a full description of how these lines were generated) were grown under the same conditions. Four-week old transgenic lines (T2 lines) were treated with 100 mM NaCl every 2 days during 2 weeks before harvesting of shoot material.

GENOMIC DNA EXTRACTION

For the extraction of genomic DNA approximately 25 mg of dried root material of each tomato accession was weighed and inserted in a 96 deep well plate. Samples were freeze dried for 1 week using a freeze dryer (Christ Alpha 1-4 LD plus, Germany). For the extraction of DNA a Nucleospin 96 Plant II kit (Macherey-Nagel, Germany) was used and the manufacturer's protocol was followed. The quality of the gDNA was checked on a 1.5% agarose gel. The concentration of the gDNA was calculated using the Quanti-iTTM PicoGREEN dsDNA assay kit (Invitrogen). gDNA was diluted in TE buffer pH 8.0 (10 mM Tris and 1 mM EDTA) and stored at 4°C.

PRIMER AND PROBE DESIGN AND ANALYSIS OF NATURAL VARIATION

Primers and probes (Supplementary File Table 2) were designed to have a Tm between 60 and 67°C with DNASIS MAX v3.0 software. Pairs of primers were designed to flank the SNP under study. The size of amplicons was designed to be smaller than 150 nucleotides. Unlabeled probes were blocked at the 3′ end to prevent extension in PCR reactions and designed to anneal over an SNP of interest. Reactions were performed in 384-well plates. 20 ng of gDNA per sample were used to study natural variation in tomato HKT1;2 nucleotides of different cultivars. Per reaction, 3.21 μl of MilliQ, 0.05 μl of FW primer (10 μmol/μl) and 0.25 μl RV primer (10 μmol/μl), 0.04 μl of PAL (5 U/μl) (KAPA Biosystems, Boston, USA), 0.25 μl LC Green (Idaho Technology, Salt Lake City, USA), 0.20 μl dNTP (5 mM) and 1 μl PAL buffer (KAPA Biosystems, Boston, USA) supplemented with 12.5 mM MgCl2, were added. The amplification reaction started with a denaturation step of 95°C for 10 min and continued with 14 cycles of 95°C for 15 sec and 60°C for 4 min. Samples were cooled to room temperature and a first melting curve analysis was performed to assess the quality of the amplification. Samples were again cooled down to room temperature and 2 μl (10 pmol/μl) of probe was added. Samples were heated up to 96°C for 3 min and cooled down to room temperature before analyzing the melting curve of the probe. The mix of PCR products and probes was heated up to 96°C for 3 min and then cooled down to room temperature to allow hetero-duplex formation. Thereafter, the mix of PCR products and probes was re-heated to 95°C at 0.3°C/s. Data were acquired between 50 and 95°C. Data acquisition was made with a Light Scanner HR384 (Idaho Technology Inc. Salt Lake City, USA). High Resolution Melting (HRM) curve analysis was performed using the “Unlabeled Probes” module in the “genotyping” mode of the software. This mode involves negative filter, normalization and grouping. SlHKT1;2 coding sequence isolated from S. lycopersicum Arbasson F1 was used as a reference. Amplicons that showed a melting curve different from the reference melting-curve were selected, amplified and sequenced. Sequencing of the amplicons was performed at Macrogen Europe Laboratories, Amsterdam, The Netherlands.

PLASMID CONSTRUCTION

Site-directed mutagenesis of SlHKT1;2 was conducted using overlap extension PCR. All primers used to make mutated HKT1 genes are listed in (Supplementary File Table 3). pGEM-HESphI+SlHKT1;2 and pGEM-HESphI+AtHKT1;1 (see Almeida et al., 2014 for a full description of how these constructs were obtained) were used as template and the corresponding mutated gene cloned into the BamHI and XbaI restriction sites and SphI and BamHI restriction sites of an empty pGEM-HESphI vector for tomato and Arabidopsis HKT1, respectively. The constructs obtained were called pGEM-HESphI+AtHKT1;1-S68G and pGEM-HESphI+SlHKT1;2-S70G. All PCR-derived DNA-fragments were confirmed by sequencing.

HETEROLOGOUS EXPRESSION OF HKT1 GENES IN XENOPUS LAEVIS OOCYTES

Preparation of template DNA, in vitro transcription and capping of mRNA and Two-electrode voltage clamping of Xenopus oocytes was performed according to Almeida et al. (2014). All measurements were performed at least 3 times on oocytes isolated from two different batches.

CLONING OF HKT GENES, GENERATION OF ARABIDOPSIS TRANSGENIC LINES AND GUS STAINING

The pGEM-HE vector used in this work was modified to contain the SphI restriction site. This restriction site was introduced between the BamHI and XbaI restriction sites present in the vector. This was made by designing two complementary primers containing the SphI restriction site flanked by both BamHI and XbaI restriction sites, and introducing this piece of DNA between the BamHI and XbaI restriction sites of pGEM-HE vector. The pGEM-HE vector containing this new restriction site was selected and used in this work. To be able to distinguish the original pGEM-HE and pGEM-HE containing the SphI restriction site, we called our vector pGEM-HESphI.

pGEM-HESphI+AtHKT1;1, pGEM-HESphI+AtHKT1;1-S68G, pGEM-HESphI+SlHKT1;2, and pGEM-HESphI+SlHKT1;2-S70G were used as template in the amplification of the HKT genes flanked by the attB Gateway (Invitrogen) recombination sites. The AtHKT1;1, AtHKT1;1-S68G, SlHKT1;2, and SlHKT1;2-S70G genes were cloned into the pDONR221 P5-P2 vector (Invitrogen) and were named p5-2AtHKT1;1, p5-2AtHKT1;1-S68G, p5-2SlHKT1;2, and p5-2SlHKT1;2-S70G, respectively. A 5 kb DNA fragment upstream of the ATG start codon of the AtHKT1;1 gene containing the promoter region, the tandem repeat and the small RNA target region (Baek et al., 2011) was cloned into pDONR221 P1-P5 and pDONR221 P1–P2 (Invitrogen) and the resultant constructs were named p1-5AtHKT1;1prom, p1-2AtHKT1;1prom, respectively. Cloning of DNA fragments into pDONR221 (Invitrogen) vectors was performed by BP reactions (Invitrogen). Cloning of either AtHKT or SlHKT genes into pHGW (Karimi et al., 2002) under the AtHKT1;1 promoter was performed by LR reactions (Invitrogen). In this way, pHGW+AtHKT1;1prom+AtHKT1;1, pHGW+AtHKT1;1prom+AtHKT1;1-S68G, pHGW+AtHKT1;1prom+SlHKT1;2, and pHGW+AtHKT1;1prom+SlHKT1;2-S70G constructs were created. p1-2AtHKT1;1prom was incubated with pKGWFS7 (Karimi et al., 2002) in an LR reaction (Invitrogen) to create the pKGWFS7+AtHKT1;1prom construct. All constructs were sequenced prior to the transformation of Arabidopsis plants. All primers used are listed (Supplementary File Table 4). All constructs were introduced into Agrobacterium tumefaciens strain GV3101pMP90, including the pHGW empty vector, and transformed into 3-week old athkt1-1 mutant plants, except pKGWFS7+AtHKT1;1prom and the pKGWFS7 empty vector, which were transformed into 3-week old Arabidopsis WT plants. Plant transformation was performed by the flower dipping method (Clough and Bent, 1998). athkt1;1 mutant plants (N6531) (Rus et al., 2001) were transformed with pHGW+AtHKT1;1prom+AtHKT1;1 or pHGW+AtHKT1;1prom+AtHKT1;1-S68G or pHGW+AtHKT1;1prom+SlHKT1;2 or pHGW+AtHKT1;1prom+SlHKT1;2-S70G. Arabidopsis WT plants were transformed with pKGWFS7+AtHKT1;1prom or pKGWFS7 empty vector. Four weeks after transformation, seeds were harvested and surface sterilized. Surface sterilization was performed by washing seeds during 1 min with a 80% ethanol solution with 0.1% Tween-20, followed by a 20 min washing step with 1% commercial bleach, and three washing steps with sterile MilliQ. MilliQ was then replaced by warm half-strength Murashige and Skoog (MS) medium supplemented with 1% sucrose, 0.8% agar and 10 mg/L hygromycin or 50 mg/L kanamycin. Seeds were placed in round plates containing solid MS medium with the same composition. Seedlings showing hygromycin or kanamycin resistance were selected and transferred to pots containing a mix of soil and peat (1:1). They were grown for 4 weeks under the growing conditions described above, after which the seeds were harvested. T2 seeds were tested for antibiotic resistance and used to either investigate their growth response under different NaCl concentrations or for GUS staining. Histochemical assays of GUS activity (biological replicates n = 3) were conducted using samples that were stained according to Jefferson et al. (1987). Seven days old plantlets (plantlets n = 7) were incubated at 37°C for 6 h in the staining solution containing 0.5 mM X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucoronide).

ANALYSIS OF TRANSCRIPTS LEVELS

Tissue specific expression of all HKT genes was tested by extracting total RNA from roots and leaves of three-week old WT and transformed Arabidopsis lines. RNA from transformed plants was extracted and immediately frozen in liquid nitrogen. RNA extraction was performed using the Innuprep Plant RNA kit (Westburg, the Netherlands). First strand cDNA was synthesized using one microgram of total RNA, random hexamers and SuperScript II Reverse Transcriptase (Invitrogen Life Technologies). First strand cDNA was used as a template for quantitative real-time PCR (qRT-PCR). Samples were measured from each transformed plant using a sequence detector system (7300 Real Time PCR System from Applied Biosystems). Primers used to test the expression of AtHKT1;1 and AtHKT1;1-S68G according to (Jha et al., 2010). Primers used to test the expression of SlHKT1;2 and SlHKT1;2-S70G according to Asins et al. (2012). ß-Actin transcript levels were used as an internal standard. The mean normalized expression was calculated according to Livak and Schmittgen (2001).

STATISTICAL ANALYSES OF DATA

Two-way ANOVA was used to assess the effect of salt treatment on HKT1 gene expression, fresh weight, Na+ and K+ accumulation. Normality and homogeneity assumptions were checked. Gene expression data were rank-transformed if these assumptions were violated. If ANOVA was significant, a post hoc test (Tukey's test) was used to evaluate differences among treatment and plant lines. All tests were performed using SPSS 17.0.

SEQUENCE DATA

The SlHKT1;2 sequence used in this study has the EMBL/GenBank accession number HG530660 (Almeida et al., 2014).

RESULTS

SLHKT1;2 S70 IS CONSERVED THROUGHOUT SOLANUM ACCESSIONS

From all 93 tomato accessions tested only three (PI 126435, LA 2931 and LA 1401) showed different melting curves (Figure 1A). To identify whether the SNPs responsible for these different melting curves were located at our target region, we amplified and sequenced the region of the first pore domain of these three accessions (Figure 1B). Sequencing results revealed that each of these three accessions have a single SNP (PI 126435 and LA 1401 have the same SNP and LA 2931 has a different SNP), although none of them in the position of interest. The SNP in the accession LA 2931 resulted in an amino acid change from valine (V) to isoleucine (I); however, both amino acids are hydrophobic. In the case of accessions PI 126435 and LA 1401 the SNP did not result in any amino acid change, as both ACA and ACT code for a threonine (T) residue.
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FIGURE 1. Tomato accessions show SNPs close to the S at the filter position of the first pore domain, but not in the nucleotides coding the S residue. (A) Solanum HKT1;2 melting curve derivative plots from 93 tomato accessions showing the two different SNP's identified close to the 1st pore domain. (B) Nucleotide sequences of the HKT1;2 gene of different Solanum accessions show that both SNPs (red letters) situate close to, but do not coincide with the S70 residue of the first pore domain (green letters). Black colored letters represent conserved nucleotides.



SITE-DIRECTED MUTAGENESIS OF S70 TO G OF SLHKT1;2

To test the hypothesis that S70 of the tomato SlHKT1;2 protein is crucial for the Na+ selectivity we replaced S70 by a G (SlHKT1;2-S70G). cRNA of SlHKT1;2-S70G was injected in Xenopus laevis oocytes. After 2 days of incubation, currents produced in the presence of Na+ and K+ ions were recorded in oocytes expressing both WT and mutated HKT1 transporters from Arabidopsis thaliana and Solanum lycopersicum (n = 3) (Figure 2). AtHKT1;1-S68G expressing oocytes (Maser et al., 2002) were used as a positive control of SlHKT1;2-S70G. Currents produced by oocytes expressing either AtHKT1;1 (Figure 2A) or SlHKT1;2 (Figure 2I) increased when the oocytes were bathed in higher Na+ concentrations (as seen by a more negative current). Increasing external K+ concentration did not result in any change in the current levels produced by AtHKT1;1 expressing oocytes (Figure 2B). In contrast, SlHKT1;2 mediated inward and outward currents were sensitive to external K+ concentration as both currents decreased with increasing bath K+ concentration (Figure 2J). Increased concentrations of K+ result in an inhibition on the transport of Na+ by SlHKT1;2 but not by AtHKT1;1. When oocytes expressing either AtHKT1;1-S68G or SlHKT1;2-S70G were bathed with either increasing Na+ concentration (Figures 2E,M) or K+ concentration (Figures 2F,N) currents increased for both cations tested. For both AtHKT1;1- and SlHKT1;2-mediated currents a higher Na+ concentration but not a higher K+ concentration resulted in positive shifts in the reversal potential (Figures 2C,K), which is indicative of Na+ permeation. Reversal potentials obtained with oocytes expressing either AtHKT1;1-S68G (Figure 2G) or SlHKT1;2-S70G (Figure 2O) showed positive shifts when both Na+ concentration or K+ concentration increased, indicating that the presence of a G residue at the filter position of the first pore domain allows the transport of both Na+ and K+ ions. Figures 2D,H,L,P show the currents recorded at −140 mV for AtHKT1;1, AtHKT1;1-S68G, SlHKT1;2 and SlHKT1;2-S70G, respectively. These results show that the Na+-mediated current of SlHKT1;2 is reduced by increased concentrations of K+ in the bath. The presence of K+ ions affects the transport of Na+ by SlHKT1;2. This effect is not observed with AtHKT1;1.
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FIGURE 2. Transport activity of AtHKT1;1, AtHKT1;1-S68G, SlHKT1;2 and SlHKT1;2-S70G constructs expressed in Xenopus laevis oocytes. Oocytes were injected with AtHKT1;1 and SlHKT1;2 and the indicated mutated transporters. (A,E,I,M) Currents recorded at three Na+ concentrations (1, 3, and 10 mM) with 1 mM K+ as background; (B,F,J,N) Currents recorded at three K+ concentrations (1, 3, and 10 mM) with 1 mM Na+ as background; (C,G,K,O) Reversal potential shifts as a function of ion concentration. Only transporters where the S of the 1st pore domain was mutated to a G were permeable to K+ as indicated by the large positive shifts in the reversal potential with increasing concentrations of K+ in the bath; (D,H,L,P) Absolute currents as a function of ion concentration. Transporters where the S of the 1st pore domain was mutated to a G showed an increase in current with increasing K+ concentration in the bath. Data are means ± SE (n = 3, experiments done with at least two different oocyte batches).



SELECTION AND MOLECULAR ANALYSIS OF T2 PLANTS AND GUS EXPRESSION IN A. THALIANA UNDER THE A. THALIANA HKT1;1

HKT1 gene expression was analyzed in T2 Arabidopsis plantlets carrying the SlHKT1;2 or AtHKT1;1, SlHKT1;2-S70G, or AtHKT1;1-S68G genes (data not shown). All genes were expressed under the AtHKT1;1 endogenous promoter. All lines tested showed HKT1 expression levels higher than the athkt1;1 (N6531) mutant plants. Expression of AtHKT1;1 was not detected in athkt1;1 mutant plants. The 5 kb AtHKT1;1 promoter fragment was able to drive the expression of GUS in the vascular tissues of transformed Arabidopsis WT plants (Figure 3). GUS activity driven by AtHKT1;1 promoter was only observed in the vascular tissues of leaves of transgenic Arabidopsis plants (Figure 3).
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FIGURE 3. Detection of GUS activity in the vascular system of transgenic Arabidopsis thaliana plants. Arabidopsis plants expressed the GUS gene under the control of the AtHKT1;1 promoter were grown. Strong blue GUS staining was detected in the vicinity of the xylem and phloem in leaves. Arrows point to the xylem vessels. Biological replicates, n = 3; plantlets, n = 7.



ANALYSIS OF FW, NA+, AND K+ ACCUMULATION OF TRANSGENIC ARABIDOPSIS LINES

There was a marked difference in K+-sensitivity of Na+-transport mediated by the AtHKT1;1 and SlHKT1;2 proteins, as analyzed in Xenopus laevis oocytes. To see whether this difference was reflected in Na+/K+ homeostasis in planta, we expressed the AtHKT1;1 and SlHKT1;2 genes driven by a 5 kb long AtHKT1;1 promoter in the athkt1;1 mutant plants and studied how they complemented the mutant phenotype. Since the analysis of SlHKT1;2-S70G and AtHKT1;1-S68G in Xenopus oocytes showed interesting effects on transport activity and ion selectivity we transformed athkt1;1 plants with SlHKT1;2-S70G and AtHKT1-S68G, and tested the functioning of these mutated genes in planta during salinity stress. Figure 4 shows the effect of salinity treatment on the leaf fresh weight of WT plants, athkt1;1 mutants and transformed plants. athkt1;1-mutant plants were more sensitive to salt than the WT plants. Both the AtHKT1;1 and the SlHKT1;2 gene were able to complement the athkt1;1 mutant growth-phenotype on salt (Figure 4). Plants transformed with SlHKT1;2-S70G or AtHKT1-S68G were just as sensitive to salt as the athkt1;1-mutant plants. The analysis of the relative water content of the leaves did not show statistically significant differences between control and salt treated plants (data not shown) nor within transformed lines. The effect of the athkt1;1 mutation on Na+ and K+ homeostasis was pronounced (Figure 5). The athkt1;1 plants accumulated almost four-fold more Na+ and two-fold less K+, resulting in an eight-fold higher Na+/K+-ratio in the shoot of the mutant plants as compared to the WT plants. The transgenic lines that complemented the athkt1;1 growth-phenotype (AtHKT1;1 and SlHKT1;2) showed effects on ion accumulation: the athkt1;1 K+-phenotype during salt stress (i.e., strong reduction in K+ accumulation) was completely restored, but Na+ accumulation in the leaves of these transgenic lines was still significantly higher than that of the WT plants.
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FIGURE 4. Presence of 100 mM NaCl in the irrigation water during 2 weeks significantly reduced the fresh weight of transformed, WT and athkt1;1 (N6531) Arabidopsis plants in comparison to control plants irrigated with water not supplemented with NaCl. Different inhibitions on the fresh weight production are observed amongst different transformed plant lines. Arabidopsis WT and athkt1;1 plants were used as positive and negative controls, respectively. Treatment: p < 0.05; plant lines: p < 0.05; treatment*plant lines (n.s.); Two-Way ANOVA. Values indicate the means ± SE of three to seven biological replicates.
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FIGURE 5. Differences in ion accumulation between all plants analyzed. Na+ (A) and K+ (B) accumulation and Na+/K+ (C) ratio in the shoot of WT, athkt1;1 mutant (N6531) and transgenic lines expressing different HKT1 genes. Na+/K+ ratio was normalized for WT. The effect of the mutation in the AtHKT1;1 gene is very clear, showing a strong increase in shoot Na+ accompanied by a decrease in K+, which resulted in a very strong increase in the Na+/K+ ratio. Both lines expressing AtHKT1;1::AtHKT1;1 or AtHKT1;1::SlHKT1;2 were able to reduce the accumulation of Na+ and increase the accumulation of K+ in comparison to athkt1;1. Lines expressing AtHKT1;1::AtHKT1;1-S68G or AtHKT1;1::SlHKT1;2-S70G were not able to ameliorate the phenotype of the athkt1;1 plants. Different letters above bars indicate statistically significant differences. Values indicate the means ± SE of three to seven biological replicates.



DISCUSSION

Several studies have shown that naturally occurring SNPs in genes involved in Na+ and K+ homeostasis can have a dramatic effect on the salinity tolerance of several plant species. This is the case for HKT transporters (Rubio et al., 1995; Ren et al., 2005; Baxter et al., 2010; Ali et al., 2012; Cotsaftis et al., 2012). Due to the effects of SNPs on the transport properties of HKT proteins, and consequently the effect of these SNPs on the salinity tolerance of the plants, we decided to study the presence/absence of SNPs in the sequence of the first pore domain of the HKT1;2 gene of several tomato accessions (Figure 1). The first pore domain in all accessions studied showed an S, which is naturally occurring in AtHKT1;1, implying that if during evolution the amino acid residue that we studied would have changed, these changes were not in favor of salinity tolerance of the tomato plants and, therefore, did not persist (Diatloff et al., 1998).

The analysis of the properties of the heterologous expressed SlHKT1;2 showed that the transport characteristics were in accordance with the presence of an S in the first pore domain of the transporter (Figure 2). This is reflected in the SlHKT1;2 transport characteristics as measured in heterologous expression, where it was shown that tomato HKT1;2 transports Na+ but not K+ (Almeida et al., 2014). However, a striking difference between the transport properties of AtHKT1;1 and SlHKT1;2 expressed in oocytes was observed when currents were measured at constant Na+ in the bath (1 mM) and increasing K+ (1, 3, and 10 mM). Whereas the AtHKT1;1 mediated current was virtually insensitive to higher K+, the SlHKT1;2 mediated current decreased by 60% at 10 mM K+ (Figure 2). A similar inhibitory action of K+ on HKT-mediated currents was reported for OsHKT2;1 (Jabnoune et al., 2009) and for TmHKT1;5-A (Munns et al., 2012). It was proposed that this inhibition is caused by the association of K+ to the Na+ binding region within the pore region of HKT transporters (Rubio et al., 1995; Gassmann et al., 1996). This inhibition has not been observed with AtHKT1;1 (Uozumi et al., 2000) nor OsHKT1;5 (Ren et al., 2005) in Xenopus oocytes, which indicates that the K+-sensitivity of these transporters is different from OsHKT2;1, TmHKT1;5-A and tomato SlHKT1;2. Physiologically, this K+-induced reduction of Na+-influx might mean that the tomato plants maintain a certain K+/Na+-homeostasis in the transpiration sap. High concentrations of K+ in the xylem sap might imply a reduced Na+-uptake into the XPC, as the Na+/K+ ratio is in favor of Na+. On the other hand, low concentrations of K+ and high concentrations of Na+ in the xylem sap imply an induced Na+-uptake into the XPC, as the Na+/K+ ratio is in favor of K+ in the xylem sap. In this model, the Na+/K+ ratio is more important than the absolute concentration of Na+ in the xylem sap in determining the Na+ uptake into the XPC by HKT1 (Figure 6). Although the S → G mutation in the first pore domain of both the AtHKT1;1 and SlHKT1;2 protein had an effect on the ion selectivity of both transporters, as deduced from the shift in reversal potential at increasing external K+ (Figure 2), a major difference observed was the reduction in total current transported by SlHKT1;2-S70G and AtHKT1-S68G, which was 95 and 78% respectively of that transported by the WT proteins at 10 mM Na+ and 1 mM K+ in the bath (Figure 2). The reason for this difference is unclear as the results we obtained do not match the results of the Na+ currents produced by AtHKT1;1-S68G reported by Maser et al. (2002). Their results did not show this reduction in total currents. Interestingly, when Maser et al. (2002) mutated AtHKT1;1 in M69L, a reduction in outward currents with increasing K+ concentrations in the bath was observed, whereas in TaHKT1;2 the reverse mutation, L92M, abolished this inhibitory effect of K+ on outward currents (Maser et al., 2002). In their work, the leucine (L) adjacent to the G of the pore domain seems to confer K+ sensitivity to outward currents in contrast with the methionine (M) at that same position, which abolished the effect of K+ on Na+ currents (Maser et al., 2002). Since in our study SlHKT1;2 has a M adjacent to the G of the pore domain, no sensitivity of outward currents was expected due to increasing K+ concentrations in the bath. Nevertheless, in our study we observed outward currents, mediated by SlHKT1;2, sensitive to external K+. In a future study it would be interesting to mutate SlHKT1;2-M71L, to check whether the presence of a L adjacent to the S of the first pore domain of SlHKT1;2 enhances or decreases this inhibitory effect of external K+ on the outward Na+-currents mediated by SlHKT1;2.
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FIGURE 6. Model depicting the difference in K+-sensitivity of SlHKT1;2 from S. esculentum and AtHKT1;1 from Arabidopsis. When the K+-concentration in the xylem sap is high, Na+-uptake by the SlHKT1;2 transporter is reduced. As a result the amount of Na+ in the xylem stream reaching the shoot of tomato is, at least partially, controlled by SlHKT1;2, which in turn depends on the concentration of K+ present in the xylem sap. In Arabidopsis, Na+-uptake in the XPCs by the AtHKT1;1 transporter is not affected by high K+.



ATHKT1;1 AND SLHKT1;2 EXPRESSING LINES

All plant lines studied showed a reduction in fresh weight caused by the salt treatment, and as expected the salt-induced growth reduction was stronger in the athkt1;1-mutant plants than in WT plants. With respect to growth on salt, AtHKT1;1 and SlHKT1;2 expression complemented the mutant, since the fresh weight of these lines was comparable to that of WT plants treated with salt and significantly higher than the growth of athkt1;1 plants (Figure 4). Although expression of AtHKT1;1 and SlHKT1;2 completely restored the concentration of K+ in the shoot to the same level of the WT plants, Na+ levels were still higher in AtHKT1;1 and SlHKT1;2-expressing lines in comparison to WT plants. Both AtHKT1;1 and SlHKT1;2 expressing lines accumulated significantly less Na+ than the other transgenic lines, but significantly more Na+ than the WT plants. This indicates that in these two transgenic lines both HKT1 genes do not retrieve the same amount of Na+ from the xylem as WT plants. This difference in Na+ accumulation in lines expressing AtHKT1;1 and SlHKT1;2 in comparison to WT plants is surprising. In this study we used the native AtHKT1;1 promoter (Baek et al., 2011) to drive the expression of all genes studied, avoiding non-native promoters as these are frequently referred to as the cause of unexpected results (Cominelli and Tonelli, 2010). The expression of GUS driven by the native AtHKT1;1 promoter (Figure 3) showed that the expression patterns were similar to previous results (Sunarpi et al., 2005) and also the level of HKT-expression in the different transgenic lines was comparable to that in WT plants.

When expressed in Xenopus laevis oocytes AtHKT1;1 and SlHKT1;2 differed in two ways: first, SlHKT1;2 but not AtHKT1;1 showed an inhibition of Na+ transport by K+, and second, the total Na+-mediated current (i.e., the turn-over) measured in SlHKT1;2 expressing oocytes was considerably higher than the total Na+-mediated current in AtHKT1;1 expressing oocytes (Figure 2). The latter conclusion needs further testing, since it is based on the assumption that injection of the same amount of cRNA results in the same amount of protein expressed in the plasma membrane. However, it is clear that in these two transgenic lines both HKT1 transporters are involved in the retrieval of Na+ ions from the xylem, as previously demonstrated for HKT1 transporters from several species (Liu et al., 2001; Laurie et al., 2002; Berthomieu et al., 2003; Garciadeblas et al., 2003; Ren et al., 2005; Horie et al., 2007; Jabnoune et al., 2009; Moller et al., 2009; Baxter et al., 2010; Plett et al., 2010; Baek et al., 2011; Mian et al., 2011; Ali et al., 2012; Munns et al., 2012).

As shown in Figure 5, mutating the athkt1;1 gene not only results in an increase in shoot Na+ concentration, but also in a strong reduction in shoot K+ levels. This effect on K+-accumulation has been reported before (Rus et al., 2004, 2005), but a good explanation for this effect is missing thus far. Moller et al. (2009) reported that the increase in K+ concentration in the shoots from plants over-expressing AtHKT1;1, was a pleiotropic effect and a consequence of the reduced Na+ shoot content. Another explanation is that the uptake of Na+ from the xylem into the XPCs via HKT1 results in the depolarization of the membrane potential of XPCs and activation of the depolarization activated K+-efflux channel SKOR, resulting in more K+ release into the xylem (Sunarpi et al., 2005). A third explanation might be that AtHKT1;1 functionally interacts with a K+-efflux transporter in the plasma membrane of XPCs. Support for this hypothesis is found in a recently published large-scale membrane interaction screen based on a yeast mating split-ubiquitin system (mbSUS) (Membrane-based Interactome Network Database, MIND: http://cas-biodb.cas.unt.edu/project/mind/index.php). In this screen, AtHKT1;1 was reported to interact with KEA3, a putative K+-efflux antiporter and member of the Proton Antiporter-2 (CPA2) family. However, this needs to be confirmed in planta in order to provide an explanation for the K+-phenotype of the athkt1;1 mutant. The absence of the AtHKT1;1 protein in the plasma membrane of XPCs of athkt1;1 plants may have a negative effect on the KEA3 antiporter, resulting in reduced root to shoot K+-transport. These hypotheses are certainly worth testing in view of the importance of Na+/K+-homeostasis during salinity stress.

In conclusion, the analysis of the presence of SNPs in the first pore domain of the HKT1;2 gene in 93 tomato accessions showed that this amino acid is conserved in all these accessions. The replacement of S70 by a G in SlHKT1;2 proved to be sufficient to alter the transport specificity of this transporter, as analyzed by heterologous expression in Xenopus laevis oocytes. Moreover, when expressed under the AtHKT1;1 native promoter, both AtHKT1;1 and SlHKT1;2 partially complemented the Na+ accumulation phenotype and fully complemented the K+ accumulation phenotype of athkt1;1 mutant plants. AtHKT1;1-S68G and SlHKT1;2-S70G were unable to complement either the Na+ or the K+ phenotype of athkt1;1 mutant plants. The transport activity of mutated HKT proteins, measured in Xenopus oocytes, was not reflected in altered Na+/K+-homeostasis of the athkt1;1 mutants grown under soil conditions.
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Potassium (K+) is an essential macronutrient required for plant growth, development and high yield production of crops. Members of group I of the KT/HAK/KUP family of transporters, such as HAK5, are key components for K+ acquisition by plant roots at low external K+ concentrations. Certain abiotic stress conditions such as salinity or Cs+-polluted soils may jeopardize plant K+ nutrition because HAK5-mediated K+ transport is inhibited by Na+ and Cs+. Here, by screening in yeast a randomly-mutated collection of AtHAK5 transporters, a new mutation in AtHAK5 sequence is identified that greatly increases Na+ tolerance. The single point mutation F130S, affecting an amino acid residue conserved in HAK5 transporters from several species, confers high salt tolerance, as well as Cs+ tolerance. This mutation increases more than 100-fold the affinity of AtHAK5 for K+ and reduces the Ki values for Na+ and Cs+, suggesting that the F130 residue may contribute to the structure of the pore region involved in K+ binding. In addition, this mutation increases the Vmax for K+. All this changes occur without increasing the amount of the AtHAK5 protein in yeast and support the idea that this residue is contributing to shape the selectivity filter of the AtHAK5 transporter.
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INTRODUCTION

Potassium (K+) is an essential nutrient for plants, required for plant growth and development (Marschner, 2012). It fulfills important functions related to enzyme activation, protein synthesis, maintenance of cytoplasmic pH and transmembrane voltage gradients and neutralization of negative charges (Maathuis, 2009). It is the most abundant cationic component, accounting for more than a 10% of the plant dry weight (White and Karley, 2010). As it occurs with other nutrients, roots take up K+ from the soil solution through specific transport systems at the plasma membrane of epidermal and cortical cells (Marschner, 2012). Physiological and molecular studies in the model plant Arabidopsis thaliana have described two systems, AtHAK5 and AKT1, a high-affinity K+ transporter and an inward rectifying K+ channel respectively, which are the major contributors to root K+ uptake (Alemán et al., 2011; Nieves-Cordones et al., 2014). The relative contribution of these two systems to K+ nutrition depends on the external K+ concentration and several other factors such as other external ions or root cell membrane potential. At high K+ concentrations (around 1 mM), within the low-affinity system described by Epstein (Epstein, 1966), AKT1 is the only system mediating K+ uptake. Below 200 μM K+, corresponding to the high-affinity range of concentrations, both transport systems can contribute. However, at very low K+ concentrations (<10 μM) the only system involved in K+ acquisition is AtHAK5 (Rubio et al., 2008, 2010; Pyo et al., 2010). This model may be extended to other plant species although the relative contribution of each of the two systems over the range of external K+ concentration may vary among them. For example, in tomato or pepper plants, the AtHAK5 homologs LeHAK5 or CaHAK1 respectively, dominate K+ uptake over the AKT1 homologs at low external concentrations (Martínez-Cordero et al., 2004, 2005; Nieves-Cordones et al., 2007).

Operation of the HAK5-type of transporters may be essential for K+ nutrition in K+ depleted soils. In addition, K+ uptake under abiotic stress conditions such as salinity or Cs+-polluted soils may also largely depend on HAK5-type transporters (Hampton et al., 2004; Qi et al., 2008; Alemán et al., 2009). Under salinity, uptake and accumulation of Na+ in roots cells depolarize their plasma membrane (Volkov and Amtmann, 2006; Chen et al., 2007; Nieves-Cordones et al., 2008) and reduce the driving force for K+ uptake. As a result, AKT1 function may be importantly impaired but, K+ uptake through the K+-H+ symporter mechanism proposed for the HAK5-type transporters, may be still possible (Rodríguez-Navarro, 2000). Supporting this idea it has been reported that the Arabidopsis AtHAK5 is required for K+ uptake and plant growth at low K+ in the presence of salinity, even though AtHAK5 expression is reduced under high Na+ concentrations (Nieves-Cordones et al., 2010). In Cs+-polluted soils, K+ uptake through AKT1 may be importantly inhibited because Cs+ is a potent blocker of AKT1 channels (Bertl et al., 1997; White and Broadley, 2000).

Although HAK5-type transporters may be the major contributors to K+ uptake under Na+- or Cs+-affected soils, they are inhibited by these cations. Both Na+ and Cs+ competitively inhibit K+ uptake through HAK5-type transporters (Santa-María et al., 1997; Rubio et al., 2000). This leads to two important effects. On one hand, K+ supply is reduced and in fact, it has been described that high external Na+ or Cs+ may lead to K+ deficiency (Botella et al., 1997; Carden et al., 2003; Hampton et al., 2004; Shabala et al., 2006; Adams et al., 2013). On the other hand, Na+ and Cs+ may accumulate into the cell by entering through HAK5 transporters (Santa-María et al., 1997; Rubio et al., 2000; Qi et al., 2008). Overall, pivotal parameters related to Na+ or Cs+ tolerance such as the cytoplasmic K+/Na+ (Maathuis and Amtmann, 1999; Shabala and Cuin, 2008) or K+/Cs+ (Hampton et al., 2004; Adams et al., 2013) ratios are reduced and plant growth is inhibited.

These three stress conditions, K+-depleted, salt-affected or Cs+-polluted soils, that may make K+ nutrition largely dependent on HAK5 operation, affect agriculture worldwide. Many agricultural lands are intrinsically deficient in K+ (Rengel and Damon, 2008; Römheld and Kirkby, 2010) or become K+ deficient because of an inadequate fertilization that prioritize N and P over K fertilization (Römheld and Kirkby, 2010). Salinity affects more than 20% of irrigated lands worldwide and, because most crop species are glycophytes, it reduces crop productivity (Munns and Tester, 2008). Finally, although the natural concentration of Cs+ in soils is low, certain areas may contain Cs+ concentrations that reduce plant growth because Cs+ is toxic to plants. In addition, agricultural lands affected by discharges of nuclear power plants result in polluted soils with radiocesium, which readily enters the food chain (White and Broadley, 2000).

Obtaining plants with more selective HAK5 transporters may be a solution to these agricultural problems (Niu et al., 1995). This requires function-structure relationship studies, which are scarce in literature. Some studies reported the isolation of mutated plant transporters of the HAK5-type that when expressed in yeast showed altered kinetics of K+ uptake (Rubio et al., 2000; Senn et al., 2001; Garciadeblas et al., 2007; Mangano et al., 2008; Nieves-Cordones et al., 2008). Here we have focused on the identification of amino acid residues that are important for K+ over Na+ or Cs+ selectivity of the Arabidopsis AtHAK5 transporter. Mutagenic PCR followed by selection in yeast allowed us for the identification of a highly conserved amino acid residue in the family of HAK transporters, F130, that is probably involved in the selectivity of the transporter for K+.

MATERIALS AND METHODS

YEAST AND BACTERIAL STRAINS AND GROWTH MEDIA

Saccharomyces cerevisiae yeast strain 9.3 (MATa, ena1D:HIS3::ena4D, leu2, ura3–1, trp1–1, ade2–1, trk1D, trk2::pCK64) (Bañuelos et al., 1995) with deleted TRK1 and TRK2 K+ uptake systems and ENA1-ENA4 Na+ extrusion Na+-ATPases was used throughout the study. The Escherichia coli strain DH5α (Hanahan, 1985) was used for plasmid DNA amplification. For yeast growth YPD (1% yeast extract, 2% peptone, 2% glucose), SD (Sherman, 1991) and Arginine Phosphate medium (AP) (Rodríguez-Navarro and Ramos, 1984) supplemented with KCl, NaCl and requirements as indicated were used. For bacterial growth, LB media supplemented with ampicillin as required was used. Yeast transformation was carried out by the high-efficiency protocol of the lithium acetate/single-stranded carrier DNA/PEG method of transformation of S. cerevisiae (Gietz and Schiestl, 2007). Standard procedures were used for E. coli growth and transformation, and DNA manipulations (Sambrook and Russell, 2001).

For determining doubling times of yeast cells, liquid cultures were used. The optical density at 550 nm of the yeast cultures was determined in a spectrophotometer at different time points during 72 h. The optical density vs. time was plotted and the doubling time (the time required to duplicate the optical density) calculated during the exponential growth phase.

RANDOM ATHAK5 MUTAGENESIS, MUTANT SELECTION AND SITE-DIRECTED MUTAGENESIS

The AtHAK5 cDNA was mutagenized randomly by error prone PCR (epPCR) as described by Wong et al. (2007) with minor modifications. In short, two epPCRs biased toward transitions or transversions were carried out to amplify AtHAK5 cDNA to get a broader range of possible amino acid substitutions (Table S1). The primers used to amplify the AtHAK5 cDNA were Forward: 5′-AAAAAATATACCCCAGCCTCG-3′ and Reverse 5′-GGCGAAGAAGTCCAAAGCTGG-3, which can bind up- and downstream regions respectively of the NotI and BamHI pDR195 cloning sites (Rentsch et al., 1995), where the cDNA of AtHAK5 was inserted.

The amplified cDNA fragments and a NotI-BamHI digested pDR195 plasmid were cotransformed into yeast to allow homologous recombination (ratio 10:1 epPCR:vector) as previously described (Rubio et al., 1999). The amplified cDNA and the plasmid shared a region of more than 50 base pairs on each end to allow proper homologous recombination (Muhlrad et al., 1992). Transformants were first selected on SD medium lacking uracil and supplemented with 100 mM KCl and then replica-plated to AP medium supplemented with 0.1 mM KCl plus different concentrations of Na+. The best growing colonies were selected, and their plasmids were isolated and reintroduced into yeast. Yeast retransformants that confirmed growth on high Na+ were selected, their plasmids isolated and the AtHAK5 cDNA sequenced. To obtain single point mutations, PCR-based site directed mutagenesis was followed as described elsewhere (Cadwell and Joyce, 1992).

INTERNAL IONIC CONTENT DETERMINATION IN YEAST

Internal K+, Na+, and Cs+ concentrations in yeast were determined after 24 h of growth in liquid AP media supplemented with K+, Na+, and Cs+ as indicated. In short, samples of yeast cultures were filtered through a 0.8-μm-pore nitrocellulose membrane filter (Millipore, Bedford, MA) and washed with 20 mM MgCl2. Ionic contents were extracted after 24 h incubation in 0.1 M HCl. The K+, Na+, or Cs+ concentrations were determined by atomic emission spectrophotometry of the acid extracts from the cells (Rodríguez-Navarro and Ramos, 1984).

RB+ UPTAKE EXPERIMENTS

For kinetic characterization of K+ uptake, Rb+ was used in uptake experiments (Rodríguez-Navarro, 2000). Yeast cells of the 9.3 strain transformed with plasmids harboring WT AtHAK5 and the different mutants were grown overnight in AP liquid media supplemented with 3 mM K+ at 28°C with shaking. After overnight incubation, cell cultures reached an optical density (550) of 0.2–0.3. Then, cells were collected by centrifugation and suspended in fresh AP media without K+, and incubated for 6 h. After this 6 h period of K+ starvation cells were collected by centrifugation and suspended in uptake buffer that contained 10 mM MES, 0.1 mM MgCl2 and 2% glucose brought to pH 6,0 with Ca(OH)2. Cells were placed at 28°C in a shaker bath and at time zero Rb+ was added. Samples were taken at different time points during 10 min and collected on nitrocellulose 0.8 μm pore filters that were incubated overnight in 5 mL of 0.1 M HCl to extract their internal Rb+, which was determined by atomic emission spectrophotometry. The internal Rb+ concentrations per unit of cell dry weight were plotted against time and the initial rates of Rb+ uptake were calculated on a dry weight basis and per unit of time (Rodríguez-Navarro and Ramos, 1984). The rates of Rb+ uptake were plotted at the different external concentrations of Rb+ employed and fitted to Michaelis-Menten equations to calculate the kinetic parameters. These experiments were carried out with cultures from several independent transformants producing the same results.

K+ AND CS+ DEPLETION EXPERIMENTS

For determining the Vmax of K+ and Cs+ uptake, depletion experiments were performed. Yeast cells were grown and starved of K+ as described for the Rb+ uptake experiments and then transferred to AP media to reach an optical density of 2. At zero time, K+ or Cs+ was added to reach a 50 μM concentration. Samples of the cell suspensions were taken at different time points and centrifuged to spin down cells. K+ or Cs+ concentrations were determined in the supernatant by atomic emission spectrophotometry. The K+ or Cs+ uptake rates were calculated from the difference in the external cation concentration between two time points per unit of dry weight and unit of time.

PROTEIN EXTRACTION AND WESTERN BLOT

Yeast cells expressing the different AtHAK5 versions as well as the empty plasmid were grown overnight in YPD media supplemented with 100 mM K+. Total membranes from yeast were isolated as described elsewhere (Serrano, 1988). 25 μg of proteins from total membranes of each yeast strain were subjected to SDS/PAGE and immunoblotting following standard procedures (Sambrook and Russell, 2001). AtHAK5 protein of a predicted mass of 87.85 kDa was immunodetected with a polyclonal antibody raised in rabbit against the YGYKEDIEEPDEFE peptide present in AtHAK5 amino acid sequence, synthesized by GenScript (Piscataway, NJ USA). After immunological detection, the PVDF membrane was washed and stained with comassie blue.

RESULTS

SELECTION OF ATHAK5 MUTANTS THAT INCREASE TOLERANCE TO NACL

To isolate novel HAK5 mutants, the Na+ sensitive yeast strain 9.3, lacking functional TRK1 and TKR2 K+ uptake systems as well as ENA1-ENA4 Na+ extruding ATPases, was used for heterologous expression (Bañuelos et al., 1995). Plasmids containing putative mutants of AtHAK5 were obtained by allowing homologous recombination in yeast of mutated cDNA and plasmid fragments that rescued the ura− mutation of the 9.3 yeast strain, as described in Materials and Methods Section. Colonies growing in SD-URA selective media supplemented with 100 mM K+ were replica plated to different selective minimal AP media. These selective media contained 0.1 mM K+ with no added Na+ or with 400 mM Na+. Thirty five colonies that showed a better growth in the presence of Na+ were selected for further analysis. To ensure that the best performance of the selected yeast colonies was promoted by the plasmid and not by a reversion of the yeast genetic background, the plasmids were recovered from yeast cells and retransformed into the 9.3 yeast strain. The capacity of the retransformants to grow in the presence of high Na+ was checked. The 9.3 strain transformed with the WT AtHAK5 was used as a control. However, as previously shown (Rubio et al., 2000), the low Vmax of K+ uptake mediated by WT AtHAK5 in yeast prevented its functional complementation of trk1, trk2 yeast mutants. Therefore, an additional control that consisted of yeast cells expressing the previously characterized AtHAK5mutant with the L776H mutation was used. This mutation increased the Vmax of K+ uptake and allowed growth of trk1, trk2 yeasts at low K+ (Rubio et al., 2000). None of the yeast cells harboring the putative AtHAK5 mutants grew better than those expressing the L776H mutant (not shown).

In order to obtain AtHAK5 mutations that enhanced Na+ tolerance beyond that promoted by the L776H mutant, a similar approach was undertaken, but using the cDNA of the L776H mutant as a starting material. The selective pressure was also increased by using higher Na+ concentrations in the selective media. In this case, 17 Na+-tolerant colonies were selected on media containing 0.1 mM K+ and 600 mM Na+. After retransformation and selection for growth, one colony, that was named Mut11, was selected because it showed a better growth than the L776H mutant on plates with high Na+. The plasmid containing the Mut11 mutant was isolated and the AtHAK5 cDNA sequenced. It was observed that in addition to the L776H mutation, the Mut11 mutant contained the F130S mutation. To study individual effects of each of these mutations, a cDNA that encoded the single mutant F130S was generated by site directed mutagenic PCR, cloned into the pDR195 plasmid and transformed into the 9.3 strain. Growth of yeast cells expressing double and single mutants as well as WT AtHAK5 and the empty plasmid was studied by drop tests on minimal media (Figure 1).
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FIGURE 1. Growth of 9.3 yeast cells expressing WT and mutated AtHAK5 K+ transporters. Cells of the yeast strain 9.3 (trk1, trk2, ena1-4) expressing the empty plasmid pDR195, WT AtHAK5 and the mutants L776H, Mut11 (L776H, F130S) and F130S were used for growth assays on drop tests on solid media. Serial dilutions of cell suspensions were plated on minimal AP media supplemented with the indicated K+, Na+ and Cs+ concentrations.



In the presence of 5 mM K+, all yeast strains grew well. When the K+ concentration was reduced to 0.1 mM K+, yeast cells transformed with the empty plasmid (pDR195) or with WT AtHAK5 were unable to grow. Yeast cells expressing any of the mutated versions of AtHAK5 could grow. When 400 mM Na+ was added to the 0.1 mM K+ medium, only the double Mut11 mutant and the single F130S mutant were able to grow. Increasing Na+ to 600 mM completely arrested growth of Mut11. However, at this high Na+ concentration, the cells expressing the single mutant F130S were able to grow, although at low rates.

Tolerance to Cs+ was also studied. The presence of 1 mM Cs+ in the 0.1 mM K+ medium completely inhibited growth of all yeast strains with the exception of those expressing the F130S mutation, that showed an outstanding growth capacity.

For a detailed study of growth rates and tolerance to Na+ and Cs+, liquid cultures were used. The doubling times of the different yeast strains growing in the presence of different levels of K+, Na+, and Cs+ were determined (Table 1). At high K+ (3 mM K+) all strains grew although mutants did so faster than WT AtHAK5. At low K+ (0.1 mM K+) only the mutants grew with no significant differences among them. Including high Na+ concentrations to the media gave rise to differences in growth rates among the different mutants. In the presence of 100 mM Na+ new mutants, Mut11 and F130S, grew better than the L776H mutant. Further increase of Na+ to 300 mM inhibited growth of L776H and reduced that of the new mutants. Importantly, the F130S showed a significant higher rate of growth than the double Mut11 mutant. When 1 mM Cs+ was present in the growth media, a dramatic reduction of the growth rates was observed for all mutants, with the exception of the F130S that retained a higher rate of growth.

Table 1. Doubling time (h) of 9.3 yeast strain expressing the indicated version of AtHAK5 under different external concentrations of K+, Na+, and Cs+.
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INTERNAL K+ AND NA+ CONCENTRATIONS OF YEAST EXPRESSING THE ATHAK5 MUTANTS UNDER SALT STRESS

Internal concentrations of K+ and Na+ after 24 h of yeast growth in media with different external concentrations of K+ and Na+ were determined (Figure 2). Under control conditions (3 mM K+), all strains exhibited internal K+ concentrations above 200 nmol mg−1 (Figure 2A). At low external K+ (0.1 mM K+), the K+ concentration of yeast expressing WT AtHAK5 dropped to 52.9 ± 17.4 nmol mg−1, whereas yeast expressing the mutants retained a high internal K+ (292.4 ± 3.7, 304.8 ± 4.8, and 264.2 ± 3.4 nmol mg−1 for L776H, Mut11, and F130S respectively). The presence of 100 mM Na+ reduced the internal K+ concentrations for WT AtHAK5 to levels below 1 nmol mg−1, and no differences among the different mutants were found in their K+ concentrations (188.0.4 ± 3.3, 218.6 ± 1.5, and 146.9 ± 2.6 nmol mg−1 for L776H, Mut11, and F130S respectively). Further increase of Na+ to 300 mM gave rise to differential results. Cells expressing the F130S mutation showed the highest K+ concentration (85.6 ± 0.2 nmol mg−1) followed by Mut11 (46.4 ± 1.8 nmol mg−1) and L776H (38.1 ± 4.0 nmol mg−1).
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FIGURE 2. Internal K+ and Na+ concentrations of 9.3 yeast cells expressing WT AtHAK5 and mutated AtHAK5 K+ transporters. The same strains described in Figure 1 were grown for 24 h in minimal AP liquid media supplemented with the indicated K+ and Na+ concentrations. The control medium contained 3 mM K+. After 24 h cells were collected by filtration and their ionic content was acid extracted. The K+ and Na+ concentrations in the acid extracts were determined by atomic emission spectrometry and the internal K+ and Na+ concentrations calculated on a dry weight basis. Shown are averages of internal K+ (A) and Na+ (B) concentrations of at least 6 replicates and error bars denote standard error. Columns with different letters within each ionic treatment are significantly different according to Tukey test (p < 0.05).



Internal Na+ concentrations were also determined (Figure 2B). In the absence of added Na+, internal Na+ concentrations were very low. Addition of 100 mM Na+ increased internal Na+ in all cases, resulting the Na+ concentrations of cells expressing WT AtHAK5 significantly higher than those expressing the F130S mutant. The presence of 300 mM Na+ produced cells with similar high internal Na+ concentrations in cells expressing WT AtHAK5, L776H, and Mut11. Importantly, cells expressing the F130S mutation showed a significant lower Na+ concentration than the other strains.

The internal K+/Na+ ratios were calculated because this is one of the most important parameters for salt tolerance in yeast as well as in plants (Gaxiola et al., 1992; Maathuis and Amtmann, 1999; Gisbert et al., 2000). In the presence of 100 mM Na+ (0.1 mM K+), cells expressing the AtHAK5 mutants showed similarly higher K+/Na+ ratios than those expressing WT AtHAK5 (Figure 3). The presence of 300 mM Na+ importantly reduced the K+/Na+ ratio in all cases. WT AtHAK5 and the L776H and Mut11 mutants showed similar low K+/Na+ ratios. The F130S mutant showed a significantly higher K+/Na+ ratio than the rest of the yeast strains.
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FIGURE 3. Internal K+/Na+ ratios of 9.3 yeast cells expressing WT AtHAK5 and mutated AtHAK5 K+ transporters. Cells were treated and analyzed as indicated in Figure 2. Shown are the ratios of internal K+/Na+ concentrations of the cells grown in the presence of 0.1 mM K+ at 100 or 300 mM Na+. Reported values are the average of at least 6 replicates and error bars denote standard error. Columns with different letters within each ionic treatment are significantly different according to Tukey test (p < 0.05).



INTERNAL K+ AND CS+ CONCENTRATIONS OF YEAST EXPRESSING THE MUTANTS UNDER CS+ STRESS

Since the F130S mutant showed a remarkable enhanced tolerance to Cs+ (Figure 1 and Table 1), we further examined the internal K+ and Cs+ concentrations in yeast grown for 24 h in liquid medium in the presence of at low K+ (0.1 mM K+) with 1 mM CsCl. The presence of 1 mM Cs+ importantly reduced the internal K+ concentrations to 36.6 ± 1.7, 26.7 ± 1.8, 38.4 ± 3.6, and 99.3 ± 9.8 nmol mg−1 for WT AtHAK5, L776H, Mut11, and F130S respectively (Figure 4A), far below the internal K+ concentrations without Cs+ (Figure 2A). However, cells expressing the F130S mutant retained a significantly higher K+ concentration than the other yeast strains. When internal Cs+ was determined, it was observed that cells expressing the F130S mutant accumulated a significantly lower Cs+ concentration than the other strains (Figure 4B). As a result, the F130S mutation led to cells with significantly higher K+/Cs+ ratios (Figure 5), an important parameter for Cs+ tolerance (Hampton et al., 2004).
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FIGURE 4. Internal K+ and Cs+ concentrations of 9.3 yeast cells expressing WT AtHAK5 and mutated AtHAK5 K+ transporters. The same strains described in Figure 1 were grown for 24 h in minimal AP liquid media supplemented with 0.1 mM K+ and 1 mM Cs+. After 24 h cells were collected by filtration and their ionic content was acid extracted. The K+ and Cs+ concentrations in the acid extracts were determined by atomic emission spectrometry and the internal K+ and Cs+ concentrations calculated on a dry weight basis. Shown are averages of internal K+ (A) and Cs+ (B) concentrations of at least 6 replicates and error bars denote standard error. Columns with different letters within each ionic treatment are significant different according to Tukey test (p < 0.01).
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FIGURE 5. Internal K+/Cs+ ratios of 9.3 yeast cells expressing WT AtHAK5 and mutated AtHAK5 K+ transporters. Cells were treated and analyzed as indicated in Figure 4. Shown are the ratios of internal K+/Cs+ concentrations of the cells grown in the presence of 0.1 mM K+ and 1 mM Cs+. Reported values are the average of at least 6 replicates and error bars denote standard error. Columns with different letters within each ionic treatment are significantly different according to Tukey test (p < 0.01).



KINETIC CHARACTERIZATION OF ATHAK5 MUTANTS

To gain further insights into the effects that the Mut11 and F130S mutations produced on AtHAK5 functionality, a kinetic characterization was performed. Yeast cells expressing the mutants were grown overnight on AP media supplemented with 3 mM K+ and starved of K+ for 6 h. Then, Rb+ uptake experiments were performed as described in the Materials and Methods Section to calculate the initial rates of Rb+ uptake at different external concentrations. The rates of Rb+ uptake were plotted against the external Rb+ concentration (Figure 6). Clear differences in the uptake kinetics could be observed among the mutants and WT AtHAK5. The data were fitted to Michaelis-Menten equations and Vmax and Km values determined (Table 2). All mutants increased the Vmax for Rb+ with respect to WT AtHAK5. However, whereas mutants containing the L776H mutation (L776H and Mut11) showed high Vmax values around 10-fold the Vmax of WT AtHAK5, the F130S only showed a 2-fold increase in this parameter. Mut11 showed a reduction of at least 3-fold in the Km value with respect to WT AtHAK5. Importantly, the single F130S mutation led to a 100-fold increase in the affinity for Rb+ in comparison to WT AtHAK5. The inhibition of Rb+ uptake by K+, Na+ and Cs+ was also determined and the Ki values calculated (Table 2). As with the Rb+ Km values, the Ki constants were importantly reduced by the single F130S mutation. In addition, the rates of K+ and Cs+ depletion from a 50 μM solution were determined. It was observed that cells expressing the F130S depleted K+ at higher rates than WT AtHAK5 cells (4.2 ± 0.5 vs 0.6 ± 0.3 nmol mg−1 min−1) and they depleted Cs+ at similar rates compared to WT AtHAK5 cells (2.6 ± 0.7 nmol mg−1 min−1).
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FIGURE 6. Initial rates of Rb+ uptake as a function of external Rb+ in 9.3 cells expressing the AtHAK5 mutants. Cells of the 9.3 strain expressing the Mut11 and F130S mutants were grown overnight on minimal AP media supplemented with 30 mM K+. After 6 h of incubation in K+-free AP media cells were transferred to uptake buffer supplemented with different Rb+ concentrations. The initial rates of Rb+ uptake for each external Rb+ concentration were determined and plotted for Mut11 (closed circles) and F130S (closed triangles). Values were fitted to Michaelis-Menten equations. The predicted curves for WT (dotted line) and the L776H mutation (dashed line) are also shown (Rubio et al., 2000).



Table 2. Kinetic parameters of Rb+ uptake mediated by AtHAK5 and its mutant forms in yeast.
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DETECTION OF ATHAK5 AND ATHAK5 MUTANT PROTEINS IN YEAST

The AtHAK5 protein of the different mutant versions as well as of WT AtHAK5 were immunologically detected. Proteins from total yeast membranes were extracted from liquid yeast cultures and resolved by SDS-PAGE. The AtHAK5 protein was detected by Western blot with a polyclonal antibody raised against AtHAK5. Yeast cells transformed with the empty plasmids did not produce any detectable signal (Figure 7A) whereas those expressing WT AtHAK5 and AtHAK5 mutants produced a signal band corresponding to the AtHAK5 size (predicted mass of 87.85 kDa). Differences in the amount of AtHAK5 with respect to WT AtHAK5 could be detected among the different yeast strains. L776H increased the amount of AtHAK5 protein, Mut11 showed a similar protein accumulation whereas the single F130S mutant showed a reduced amount of AtHAK5. Coomassie staining of the proteins transferred to the hybridized PVDF membrane showed that all lines contained the same amount of total protein (Figure 7B).
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FIGURE 7. Detection of the AtHAK5 WT and mutated proteins expressed in yeast by Western blot. The yeast strains described in Figure 1 were grown overnight in YPD media supplemented with 100 mM K+. Then, proteins of the total membrane fraction were isolated, resolved on polyacrylamide gel and transferred to a PVDF membrane for AtHAK5 detection by Western-bolt. A polyclonal antibody raised in rabbit against the YGYKEDIEEPDEFE peptide of AtHAK5 was used. (A) Shows the immunological detection of AtHAK5 in the different yeast strains. (B) Shows the coomasie blue staining of the hybridized PDVF membrane.



DISCUSSION

In plants, four families of K+ transport systems have been described: Shaker channels, KCO channels, HKT transporters and HAK transporters (Very and Sentenac, 2003). The members of the first three families bear putative pore forming regions derived from a K+ channel ancestor subunit, region that is present in all K+ channels among kingdoms (Mackinnon, 2003; Very and Sentenac, 2003; Corratgé-Faillie et al., 2010; Benito et al., 2014). This explains the high number of structure-function relationship studies on this type of transporters and the deep knowledge of their functional domains. However, this conserved pore forming region is absent in HAK transporters that, together with the lack of HAK representatives in the animal kingdom, place this family of transporters in a distinct group. This, and the scarce structure-function relationship studies on HAK transporters, make the identification of their functional domains an interesting and almost unexplored field of research. We have here undertaken the identification of mutants in the Arabidopsis AtHAK5 that help the identification of those unknown functional domains.

A previous study showed that introducing into the barley high-affinity K+ transporter HvHAK1 (Santa-María et al., 1997) amino acids of the N-terminus of the barley low-affinity K+ transporter HvHAK2, reduced the affinity of HvHAK1 for K+ (Senn et al., 2001). Another report showed that the V336I and R591C mutants of HvHAK1 improved K+ nutrition and increased Na+ tolerance of yeast cells by increasing the Vmax of K+ uptake (Mangano et al., 2008). In Arabidopsis, the L776H mutation of AtHAK5 increased the Vmax of Rb+ uptake without affecting the Km value, improving growth of yeast cells under low K+ (Rubio et al., 2000). In Physcomitrella patens, the R443S, AQQP/VQP, L603H and G606E mutations in PpHAK1 decreased the Km and, with the exception of R443S, increased the Vmax for Rb+ uptake in yeast. All these PpHAK1 mutants improved yeast growth at low K+ (Garciadeblas et al., 2007). All these studies either used site-directed (Senn et al., 2001) or random mutagenic PCR (Mangano et al., 2008) or took advantage of the occurrence of spontaneous mutations in DNA (Rubio et al., 2000; Garciadeblas et al., 2007). Here, to increase the chances of isolating new mutations with higher transport selectivity, a modified mutagenic PCR approach was successfully used. According to it, different unbalanced mixtures of dNTPs were used in different reactions to favor the occurrence of transitions or transversions. To increase the selective pressure, mutants were selected on the presence of high Na+ in the yeast strain 9.3, which is highly sensitive to Na+ because of deletion of the endogenous K+ uptake systems (TKR1, TRK2) as well the Na+ extruding ATPases (ENA1-ENA4) (Bañuelos et al., 1995). In addition, the L776H mutant instead of WT AtHAK5 was used as a starting material, to generate new mutants that increase Na+ tolerance beyond that of the L776H mutant.

Here we show a mutation, F130S, which importantly affects the kinetics of K+ uptake of a HAK5 transporter, leading to improved growth at low K+ as well as enhanced tolerance to Na+ and Cs+ (Table 1 and Figure 1). The F130S mutation in the AtHAK5 transporter increases in yeast cells 100-fold the affinity for Rb+ uptake, two-fold the Vmax of Rb+ uptake (Table 2 and Figure 6) and 7-fold the maximal rate of K+ depletion (4.2 ± 0.5 vs 0.6 ± 0.3 nmol mg−1 min−1 for F103S and WT respectively). In addition, important reductions in the Ki values for K+, Na+, and Cs+ are observed (Table 2). The changes in the kinetic parameters promoted by the F130S mutation lead to yeast cells that were able to maintain higher concentrations of K+ and lower concentrations of Na+ at high external Na+ concentrations (Figure 2), as well as higher concentrations of K+ and lower of Cs+ in the presence of Cs+ (Figure 4). Overall, yeast cells expressing the mutant showed higher K+/Na+ (Figure 3) and K+/Cs+ (Figure 5) ratios, crucial parameters for salt and Cs+ tolerances in yeast as well as in plants (Gaxiola et al., 1992; Maathuis and Amtmann, 1999; Gisbert et al., 2000; Hampton et al., 2004). Importantly, the changes mediated by the F130S amino acid substitution occurred without increasing the amount of transporter protein in yeast membranes (Figure 7).

The results summarized above suggest that the F130 residue of the AtHAK5 transporter may affect a domain that is involved in K+ binding and/or transport from the external solution to the cytoplasm. K+, Na+, and Cs+ competitively inhibit HAK5-mediated Rb+ uptake and they are transported through HAK5 transporters (Santa-María et al., 1997; Rubio et al., 2000; Qi et al., 2008). Therefore, the domain involved in K+ binding of this type of transporters is also probably involved in Rb+, Na+, and Cs+ binding. Then, a mutation in the K+ binding site that increases the affinity for K+ is expected to produce a similar effect on the affinities for Rb+, Na+, and Cs+, which is the effect that can be deduced from the data presented here (Table 2). The idea that the F130S mutation is affecting a domain involved in the binding of K+, and therefore the binding of Na+ and Cs+, is further supported by the lower accumulation of Na+ (Figure 2B) and Cs+ (Figure 4B) observed in yeast expressing this mutant in comparison with those expressing WT AtHAK5.

Recently, the topology of a bacterial member of the HAK family of transporters, the Escherichia coli Kup system, has been determined (Sato et al., 2014). According to this study, this type of transporters is composed of 12 transmembrane domains with the N- and C-termini facing the cytoplasmic side. The reported structure confirms the initial model proposed for AtHAK5 (Rubio et al., 2000), which was based on algorithmic prediction of transmembrane domains. This structure may be very likely extended to all members of the HAK family (Rodríguez-Navarro, 2000). Although all HAK transporters may have a similar structure they do not show extensive conserved regions. However, a study that included plant, fungal and bacterial representatives found 13 conserved glycine residues (Rodríguez-Navarro, 2000), which have been found later in many other HAK transporters. Three out of these 13 glycine residues are located in the GEGGTFALY domain, highly conserved among HAK transporters and that contains the F130 residue proposed here as important for K+ affinity (Figure 8). Importantly, the selectivity pore of K+ channels contains the glycine-rich motif GYG (Heginbotham et al., 1992) and related motifs are found in the proposed pore regions of HKT-TRK transporters (Durell and Guy, 1999; Mäser et al., 2002). Interestingly enough, mutations that affect glycine residues in several K+ transport systems that belong to different families, greatly affect their capacity to mediate K+ transport. The paradigmatic example is the removal of the GYG motif of a K+ channel that modifies its selectivity (Heginbotham et al., 1992). Other examples are the G91S mutation in TaHKT2.1 [former TaHKT1 (Platten et al., 2006)], that abrogates K+ permeability (Mäser et al., 2002) or the G61S mutation in HvHAK1 that reduces the affinity and the Vmax for K+ uptake (Senn et al., 2001). In conclusion, it is tempting to speculate that the GEGGTFALY domain and other glycine-rich regions found along HAK proteins (Rodríguez-Navarro, 2000), are involved in shaping the pore region for K+ binding, a very attractive hypothesis that needs further investigation. Modeling studies together with ion current measurements in heterologous systems should help to further characterize the structure-function relationships of this type of transporters. It is worth noting that the F130 residue studied here is conserved among almost all members of the HAK family identified so far in plants (Nieves-Cordones, personal communication). Importantly, this residue is present in all HAK transporters homologous to the high-affinity HAK5-type transporters identified in different plant species whose sequence has been deposited in the Genebank (Figure S1).
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FIGURE 8. Model of AtHAK5 topology and location of mutations. The proposed model for AtHAK5 protein is shown with 12 transmembrane domains and a long cytoplasmic C-terminus. The F130 residue is located between the second and the third transmembrane domains, in a highly glycine-rich conserved region among HAK transporters. Shown is the alignment of this conserved region in representative high-affinity HAK K+ transporters of different species. The location of the L776H is also shown.



Interestingly, HAK5-type transporters can also mediate low-affinity Na+ uptake (Santa-María et al., 1997) and high-affinity Cs+ uptake (Rubio et al., 2000) and therefore, they may be involved in the accumulation of toxic Na+ or Cs+. The contribution of HAK5-type transporters to low-affinity Na+ uptake and Na+ accumulation may be low for two main reasons. Firstly, salinity reduces the number of HAK5 transporters in the plasma membrane because high external Na+ reduces the expression of the encoding genes (Nieves-Cordones et al., 2008, 2010; Alemán et al., 2009). Secondly, although yet unidentified at the molecular level, it is proposed that the main pathways for low-affinity Na+ uptake are non-selective cation channels (Amtmann and Sanders, 1999; Tester and Davenport, 2003). Thus, although HAK5 transporters may be crucial to sustain K+ nutrition under K+-deficiency and salinity (Nieves-Cordones et al., 2010), they may not be relevant in Na+ accumulation.

However, HAK5 transporters may play an important role in the accumulation of toxic Cs+. Two main pathways have been proposed for Cs+ uptake in plants. One is a Ca2+-sensitive pathway that operates in K+-sufficient plants, and the other is insensitive to Ca2+ and it is only present in K+-deprived plants (Heredia et al., 2002; Hampton et al., 2004; Caballero et al., 2012). This Ca2+-insensitive pathway is very likely mediated by HAK5 transporters. Importantly, high Cs+ concentrations may lead to K+ starvation and induction of HAK5 genes, and HAK5 transporters may mediate Cs+ uptake even in K+-sufficient plants (Adams et al., 2013). Thus, furnishing plants with mutated versions of HAK5 that reduce the accumulation of Cs+ could contribute to tolerance to this toxic cation. Since Cs+ is a non-essential and rare cation in nature (White and Broadley, 2000), natural selection of HAK5 transporters with a high K+/Cs+ discrimination may have not been occurred. Thus, a biotechnological approach based on random mutagenesis and selection by function, should be a promising alternative.

The selection of HAK5 mutants in yeast, as shown here, results instrumental to identify functional domains of the transporter. However, a mutant may promote higher rates of K+ uptake in yeast but not in plants. This can occur for example if the mutation produces a codon which is preferred in yeast and that leads to an increased amount of the protein in the fungus (Sharp et al., 1986; Campbell and Gowri, 1990). In this sense, mutants that show an increase in the affinity (Table 2) without importantly increasing the Vmax nor the amount of protein in yeast (Figure 7) as the F130S, may provide more promising tools for biotechnological purposes.

Mutated versions of HAK5-type transporters, as the one described here, may provide biotechnological tools to improve K+ nutrition of plants under K+ deficiency or under certain abiotic stress conditions (Niu et al., 1995). Mutated HAK5 transporters can be expressed in plants to increase K+ acquisition from low concentrations. In addition, the expression of these mutants can also provide a means of acquiring K+ under salinity or Cs+-polluted soils, conditions that are known to induced K+ deficiency (Botella et al., 1997; Carden et al., 2003; Hampton et al., 2004; Shabala et al., 2006) and to reduce HAK-mediated accumulation of toxic Cs+.

ACKNOWLEDGMENT

This work has been funded by grant AGL2012-33504 from Ministerio de Economía y Competitividad, Spain.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://www.frontiersin.org/journal/10.3389/fpls.2014.00430/abstract

REFERENCES

 Adams, E., Abdollahi, P., and Shin, R. (2013). Cesium inhibits plant growth through Jasmonate signaling in Arabidopsis thaliana. Int. J. Mol. Sci. 14, 4545–4559. doi: 10.3390/ijms14034545

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

 Alemán, F., Nieves-Cordones, M., Martínez, V., and Rubio, F. (2011). Root K+ acquisition in plants: the Arabidopsis thaliana model. Plant Cell Physiol. 52, 1603–1612. doi: 10.1093/pcp/pcr096

 Amtmann, A., and Sanders, D. (1999). Mechanisms of Na+ uptake by plant cells. Adv. Bot. Res. 29, 75–112. doi: 10.1016/S0065-2296(08)60310-9

 Bañuelos, M. A., Klein, R. D., Alexander, S. J., and Rodriguez-Navarro, A. (1995). A potassium transporter of the yeast Schwanniomyces occidentalis homologous to the Kup system of Escherichia coli has a high concentrative capacity. EMBO J. 14, 3021–3027.

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

 Bertl, A., Reid, J. D., Sentenac, H., and Slayman, C. L. (1997). Functional comparison of plant inward-rectifier channels expressed in yeast. J. Exp. Bot. 48, 405–413. doi: 10.1093/jxb/48.Special_Issue.405

 Botella, M. A., Martínez, V., Pardines, J., and Cerdá, A. (1997). Salinity induced potassium deficiency in maize plants. J. Plant Physiol. 150, 200–205. doi: 10.1016/S0176-1617(97)80203-9

 Caballero, F., Botella, M. A., Rubio, L., Fernández, J. A., Martínez, V., and Rubio, F. (2012). A Ca2+-sensitive system mediates low-affinity K+ uptake in the absence of AKT1 in Arabidopsis plants. Plant Cell Physiol. 53, 2047–2059. doi: 10.1093/pcp/pcs140

 Cadwell, R. C., and Joyce, G. F. (1992). Randomization of genes by PCR mutagenesis. PCR Methods Appl. 2, 28–33. doi: 10.1101/gr.2.1.28

 Campbell, W. H., and Gowri, G. (1990). Codon usage in higher plants, green algae, and Cyanobacteria. Plant Physiol. 92, 1–11. doi: 10.1104/pp.92.1.1

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

 Chen, Z., Pottosin, I. I., Cuin, T. A., Fuglsang, A. T., Tester, M., Jha, D., et al. (2007). Root plasma membrane transporters controlling K+/Na+ homeostasis in salt-stressed barley. Plant Physiol. 145, 1714–1725. doi: 10.1104/pp.107.110262

 Corratgé-Faillie, C., Jabnoune, M., Zimmermann, S., Véry, A. A., Fizames, C., and Sentenac, H. (2010). Potassium and sodium transport in non-animal cells: the Trk/Ktr/HKT transporter family. Cell. Mol. Life Sci. 67, 2511–2532. doi: 10.1007/s00018-010-0317-7

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

 Epstein, E. (1966). Dual pattern of ion absorption by plant cells and by plants. Nature 212, 1324–1327. doi: 10.1038/2121324a0

 Garciadeblas, B., Barrero-Gil, J., Benito, B., and Rodriguez-Navarro, A. (2007). Potassium transport systems in the moss physcomitrella patens: pphak1 plants reveal the complexity of potassium uptake. Plant J. 52, 1080–1093. doi: 10.1111/j.1365-313X.2007.03297.x

 Gaxiola, R., De Larrinoa, I. F., Villalba, J. M., and Serrano, R. (1992). A novel and conserved salt-induced protein is an important determinant of salt tolerance in yeast. EMBO J. 11, 3157–3164.

 Gietz, R. D., and Schiestl, R. H. (2007). High-efficiency yeast transformation using the LiAc/SS carrier DNA/PEG method. Nat. Protoc. 2, 31–34. doi: 10.1038/nprot.2007.13

 Gisbert, C., Rus, A. M., Bolarin, M. C., Lopez-Coronado, J. M., Arrillaga, I., Montesinos, C., et al. (2000). The yeast HAL1 gene improves salt tolerance of transgenic tomato. Plant Physiol. 123, 393–402. doi: 10.1104/pp.123.1.393

 Hampton, C. R., Bowen, H. C., Broadley, M. R., Hammond, J. P., Mead, A., Payne, K. A., et al. (2004). Cesium toxicity in Arabidopsis. Plant Physiol. 136, 3824–3837. doi: 10.1104/pp.104.046672

 Hanahan, D. (1985). “Techniques for transformation of E. coli,” in DNA Cloning: A Practical Approach, Vol. 1, ed D. M. Glover (McLean, VA: IRL Press), 109.

 Heginbotham, L., Abramson, T., and Mackinnon, R. (1992). A functional connection between the pores of distantly related ion channels as revealed by mutant K+ channels. Science 258, 1152–1155. doi: 10.1126/science.1279807

 Heredia, M. A., Zapico, R., Garcìa-Sánchez, M. A. J., and Fernández, J. A. (2002). Effect of calcium, sodium and pH on uptake and accumulation of radiocesium by riccia fluitans. Aquatic Bot. 74, 245–256. doi: 10.1016/S0304-3770(02)00107-9

 Maathuis, F. J. M. (2009). Physiological functions of mineral macronutrients. Curr. Opin. Plant Biol. 12, 250–258. doi: 10.1016/j.pbi.2009.04.003

 Maathuis, F. J. M., and Amtmann, A. (1999). K+ Nutrition and Na+ Toxicity: the basis of cellular K+/Na+ ratios. Ann. Bot. 84, 123–133. doi: 10.1006/anbo.1999.0912

 Mackinnon, R. (2003). Potassium channels. FEBS Lett. 555, 62–65. doi: 10.1016/S0014-5793(03)01104-9

 Mangano, S., Silberstein, S., and Santa-Maria, G. E. (2008). Point mutations in the barley HvHAK1 potassium transporter lead to improved K+-nutrition and enhanced resistance to salt stress. FEBS Lett. 582, 3922–3928. doi: 10.1016/j.febslet.2008.10.036

 Marschner, P. (2012). Marschner's Mineral Nutrition of Higher Plants, 3rd Edn. San Diego, CA: Academic Press.

 Martínez-Cordero, M. A., Martinez, V., and Rubio, F. (2005). High-affinity K+ uptake in pepper plants. J. Exp. Bot. 56, 1553–1562. doi: 10.1093/jxb/eri150

 Martínez-Cordero, M. A., Martínez, V., and Rubio, F. (2004). Cloning and functional characterization of the high-affinity K+ transporter HAK1 of pepper. Plant Mol. Biol. 56, 413–421. doi: 10.1007/s11103-004-3845-4

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

 Muhlrad, D., Hunter, R., and Parker, R. (1992). A rapid method for localized mutagenesis of yeast. Yeast 8, 79–82. doi: 10.1002/yea.320080202

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

 Nieves-Cordones, M., Aleman, F., Martinez, V., and Rubio, F. (2010). The Arabidopsis thaliana HAK5 K+ transporter is required for plant growth and K+ acquisition from low K+ solutions under saline conditions. Mol. Plant 3, 326–333. doi: 10.1093/mp/ssp102

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

 Nieves-Cordones, M., Martinez-Cordero, M. A., Martinez, V., and Rubio, F. (2007). An NH+4-sensitive component dominates high-affinity K+ uptake in tomato plants. Plant Sci. 172, 273–280. doi: 10.1016/j.plantsci.2006.09.003

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

 Niu, X., Bressan, R. A., Hasegawa, P. M., and Pardo, J. M. (1995). Ion homeostasis in NaCl stress environments. Plant Physiol. 109, 735–742.

 Platten, J. D., Cotsaftis, O., Berthomieu, P., Bohnert, H., Davenport, R. J., Fairbairn, D. J., et al. (2006). Nomenclature for HKT transporters, key determinants of plant salinity tolerance. Trends Plant Sci. 11, 372–374. doi: 10.1016/j.tplants.2006.06.001

 Pyo, Y. J., Gierth, M., Schroeder, J. I., and Cho, M. H. (2010). High-Affinity K+ transport in Arabidopsis: AtHAK5 and AKT1 are vital for seedling establishment and postgermination growth under low-potassium conditions. Plant Physiol. 153, 863–875. doi: 10.1104/pp.110.154369

 Qi, Z., Hampton, C. R., Shin, R., Barkla, B. J., White, P. J., and Schachtman, D. P. (2008). The high affinity K+ transporter AtHAK5 plays a physiological role in planta at very low K+ concentrations and provides a caesium uptake pathway in Arabidopsis. J. Exp. Bot. 59, 595–607. doi: 10.1093/jxb/erm330

 Rengel, Z., and Damon, P. M. (2008). Crops and genotypes differ in efficiency of potassium uptake and use. Physiol. Plant. 133, 624–636. doi: 10.1111/j.1399-3054.2008.01079.x

 Rentsch, D., Laloi, M., Rouhara, I., Schmelzer, E., Delrot, S., and Frommer, W. B. (1995). NTr1 encodes a high affinity oligopeptide transporter in Arabidopsis. FEBS Lett. 370, 264–268. doi: 10.1016/0014-5793(95)00853-2

 Rodríguez-Navarro, A. (2000). Potassium transport in fungi and plants. Biochim. Biophys. Acta 1469, 1–30. doi: 10.1016/S0304-4157(99)00013-1

 Rodríguez-Navarro, A., and Ramos, J. (1984). Dual system for potassium transport in Saccharomyces cerevisiae. J. Bacteriol. 159, 940–945.

 Römheld, V., and Kirkby, E. (2010). Research on potassium in agriculture: needs and prospects. Plant Soil 335, 155–180. doi: 10.1007/s11104-010-0520-1

 Rubio, F., Alemán, F., Nieves-Cordones, M., and Martínez, V. (2010). Studies on Arabidopsis athak5, atakt1 double mutants disclose the range of concentrations at which AtHAK5, AtAKT1 and unknown systems mediate K+ uptake. Physiol. Plant. 139, 220–228. doi: 10.1111/j.1399-3054.2010.01354.x

 Rubio, F., Nieves-Cordones, M., Alemán, F., and Martinez, V. (2008). Relative contribution of AtHAK5 and AtAKT1 to K+ uptake in the high-affinity range of concentrations. Physiol. Plant. 134, 598–608. doi: 10.1111/j.1399-3054.2008.01168.x

 Rubio, F., Santa-Maria, G. E., and Rodríguez-Navarro, A. (2000). Cloning of Arabidopsis and barley cDNAs encoding HAK potassium transporters in root and shoot cells. Physiol. Plant. 109, 34–43. doi: 10.1034/j.1399-3054.2000.100106.x

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

 Sambrook, J., and Russell, D. W. (2001). Molecular Cloning: A Laboratory Manual. New York, NY: Cold Spring Harbor Laboratory Press.

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

 Sato, Y., Nanatani, K., Hamamoto, S., Shimizu, M., Takahashi, M., Tabuchi-Kobayashi, M., et al. (2014). Defining membrane spanning domains and crucial membrane-localized acidic amino acid residues for K+ transport of a Kup/HAK/KT-type escherichia coli potassium transporter. J. Biochem. 155, 315–323. doi: 10.1093/jb/mvu007

 Senn, M. E., Rubio, F., Bañuelos, M. A., and Rodriguez-Navarro, A. (2001). Comparative functional features of plant potassium HvHAK1 and HvHAK2 transporters. J. Biol. Chem. 276, 44563–44569. doi: 10.1074/jbc.M108129200

 Serrano, R. (1988). H+-ATPase from plasma membranes of Saccharomyces cerevisiae and avena sativa roots: purification and reconstitution. Methods Enzymol. 157, 533–544. doi: 10.1016/0076-6879(88)57102-1

 Shabala, S., and Cuin, T. A. (2008). Potassium transport and plant salt tolerance. Physiol. Plant. 133, 651–669. doi: 10.1111/j.1399-3054.2007.01008.x

 Shabala, S., Demidchik, V., Shabala, L., Cuin, T. A., Smith, S. J., Miller, A. J., et al. (2006). Extracellular Ca2+ ameliorates NaCl-induced K+ loss from Arabidopsis root and leaf cells by controlling plasma membrane K+-permeable channels. Plant Physiol. 141, 1653–1665. doi: 10.1104/pp.106.082388

 Sharp, P. M., Tuohy, T. M. F., and Mosurski, K. R. (1986). Codon usage in yeast: cluster analysis clearly differentiates highly and lowly expressed genes. Nucleic Acids Res. 14, 5125–5143. doi: 10.1093/nar/14.13.5125

 Sherman, F. (1991). Getting started with yeast. Methods Enzymol. 194, 3–21. doi: 10.1016/0076-6879(91)94004-V

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

 Very, A. A., and Sentenac, H. (2003). Molecular mechanisms and regulation of K + transport in higher plants Ann. Rev. Plant Biol. 54, 575–603. doi: 10.1146/annurev.arplant.54.031902.134831

 Volkov, V., and Amtmann, A. (2006). Thellungiella halophila, a salt-tolerant relative of Arabidopsis thaliana, has specific root ion-channel features supporting K+/Na+ homeostasis under salinity stress. Plant J. 48, 342–353. doi: 10.1111/j.1365-313X.2006.02876.x

 White, P. J., and Broadley, M. R. (2000). Mechanisms of caesium uptake by plants. New Phytol. 147, 241–256. doi: 10.1046/j.1469-8137.2000.00704.x

 White, P. J., and Karley, A. J. (2010). “Potassium,” in Cell Biology of Metals and Nutrients, ed R. M. R. R. Hell (Heidelberg: Springer), 199–224.

 Wong, T. S., Roccatano, D., and Schwaneberg, U. (2007). Are transversion mutations better? a mutagenesis assistant program analysis on P450 BM-3 heme domain. Biotechnol. J. 2, 133–142. doi: 10.1002/biot.200600201

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

Received: 25 June 2014; Accepted: 13 August 2014; Published online: 02 September 2014.

Citation: Alemán F, Caballero F, Ródenas R, Rivero RM, Martínez V and Rubio F (2014) The F130S point mutation in the Arabidopsis high-affinity K+ transporter AtHAK5 increases K+ over Na+ and Cs+ selectivity and confers Na+ and Cs+ tolerance to yeast under heterologous expression. Front. Plant Sci. 5:430. doi: 10.3389/fpls.2014.00430

This article was submitted to Plant Physiology, a section of the journal Frontiers in Plant Science.

Copyright © 2014 Alemán, Caballero, Ródenas, Rivero, Martínez and Rubio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








	
	ORIGINAL RESEARCH ARTICLE
published: 25 November 2014
doi: 10.3389/fpls.2014.00634
	[image: image1]





Linking stomatal traits and expression of slow anion channel genes HvSLAH1 and HvSLAC1 with grain yield for increasing salinity tolerance in barley


Xiaohui Liu1,2†, Michelle Mak1†, Mohammad Babla1, Feifei Wang3, Guang Chen4, Filip Veljanoski1, Gang Wang5, Sergey Shabala3, Meixue Zhou3 and Zhong-Hua Chen1*


1School of Science and Health, University of Western Sydney, Penrith, NSW, Australia

2School of Chemical Engineering and Technology, Tianjin University, Tianjin, China

3School of Land and Food, University of Tasmania, Hobart, TAS, Australia

4College of Agriculture and Biotechnology, Zhejiang University, Hangzhou, China

5School of Environmental Science and Engineering, Tianjin University, Tianjin, China

* Correspondence: Zhong-Hua Chen, School of Science and Health, University of Western Sydney, Bourke Street, Richmond, NSW 2753, Australia e-mail: z.chen@uws.edu.au

†These authors have contributed equally to this work.



Edited by:
Vadim Volkov, London Metropolitan University, UK

Reviewed by:
Guoping Zhang, Zhejiang University, China
 Yizhou Wang, University of Glasgow, UK

Soil salinity is an environmental and agricultural problem in many parts of the world. One of the keys to breeding barley for adaptation to salinity lies in a better understanding of the genetic control of stomatal regulation. We have employed a range of physiological (stomata assay, gas exchange, phylogenetic analysis, QTL analysis), and molecular techniques (RT-PCR and qPCR) to investigate stomatal behavior and genotypic variation in barley cultivars and a genetic population in four experimental trials. A set of relatively efficient and reliable methods were developed for the characterization of stomatal behavior of a large number of varieties and genetic lines. Furthermore, we found a large genetic variation of gas exchange and stomatal traits in barley in response to salinity stress. Salt-tolerant cultivar CM72 showed significantly larger stomatal aperture under 200 mM NaCl treatment than that of salt-sensitive cultivar Gairdner. Stomatal traits such as aperture width/length were found to significantly correlate with grain yield under salt treatment. Phenotypic characterization and QTL analysis of a segregating double haploid population of the CM72/Gairdner resulted in the identification of significant stomatal traits-related QTLs for salt tolerance. Moreover, expression analysis of the slow anion channel genes HvSLAH1 and HvSLAC1 demonstrated that their up-regulation is linked to higher barley grain yield in the field.
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INTRODUCTION

Soil salinity is one of the most difficult challenges facing global agriculture as it endeavors to increase productivity to meet world crop demands for human consumption and animal fodder. A third of the world's agricultural land will be significantly affected by salinity by 2050. Low precipitation, high evaporation, irrigation with saline water, and poor agricultural practice are among the major contributors to increased soil salinity (Pitman and Lähli, 2002; Zhu, 2002; Munns et al., 2006; Munns and Tester, 2008). The levels of salinity in some agricultural areas have exceeded the threshold of 50% yield reduction of many commercial crops even salt-tolerant barley. Therefore, breeding crops with higher salt-tolerance is a current and serious concern in agriculture (Mano and Takeda, 1997; Munns and Tester, 2008; Xue et al., 2009; Shabala and Mackay, 2011).

Understanding how plants respond to salinity stress has resulted in an improvement in crop yields and is seen as one of the key strategies to deliver continued crop improvements through genetic engineering (Munns et al., 2006; Ullrich, 2011; Schroeder et al., 2013). Non-halophytic crop species are usually unable to withstand saline soils. Firstly, the presence of salts cause water in soil to be more tightly bound, therefore reducing the water availability to plants thus consequently causing dehydration in plants. Secondly, most plants are not able to avoid salt absorption into their root and leaf tissues. This leads to high salt accumulation, disrupting normal physiological and biochemical functions in plants (Chen et al., 2005; Munns et al., 2006; Shabala and Mackay, 2011; Ullrich, 2011). Barley (Hordeum vulgare L.) is the fourth largest cereal crop grown worldwide and has one major advantage over wheat and many other crops: that is its ability to tolerate higher levels of soil salinity (Munns et al., 2006; Ullrich, 2011). Although barley is relatively tolerant to salt, there are large variations between genotypes in their salinity tolerance. This led to the utilization of genetic diversity to meet the increasing need to understand the physiological and genetic responses of barley to salt stress (Zhu, 2002; Chen et al., 2007a,b; Munns and Tester, 2008; Xue et al., 2009; Ullrich, 2011; Zhou et al., 2012).

As a powerful tool to link phenotypic traits and genotypic markers for salinity tolerance, Quantitative Trait Loci (QTLs) analysis is feasible to fine-map some genes involved in particular major quantitative traits (Kearsey, 1998; Qiu et al., 2011). In the last two decades, QTLs associated with saline tolerance have been mapped in barley at the germination, seedling, and late growth stages by using various genetic populations (Mano and Takeda, 1997; Xue et al., 2009; Siahsar and Narouei, 2010; Qiu et al., 2011; Zhou, 2011). Breeding barley for adaptation to saline soil lies in a better understanding of molecular mechanisms involved in QTLs of stomatal distribution and opening and genes encoding membrane transporters. Stomata consist of specialized guard cells (two guard cells and two subsidiary cells for monocots), which regulate photosynthetic CO2 uptake and transpiration (Chen and Blatt, 2010; Kim et al., 2010; Chen et al., 2012; Hills et al., 2012). However, apart from correlating stomatal conductance to salinity stress, there is little systematic research for the identification of genetic control of stomatal behavior and its relationship to salinity tolerance in barley. Moreover, understanding the mechanisms of the complex network of regulatory genes of the control of stomata under salinity could be critical to reduce water loss and to maintain a high photosynthetic rate for better yield (Munns and Tester, 2008; Kim et al., 2010; Hedrich, 2012; Deinlein et al., 2014). Among the key regulatory genes, guard cell slow (or S-type) anion channels SLAC was found to be the “master switch” for stomatal closure (Vahisalu et al., 2008; Chen et al., 2010; Barbier-Brygoo et al., 2011; Geiger et al., 2011; Dreyer et al., 2012; Maierhofer et al., 2014; Zheng et al., 2014). The SLAC protein family comprised of SLAC1 and four SLAC1 homologs (SLAHs) in Arabidopsis (Negi et al., 2008; Vahisalu et al., 2008). The Arabidopsis genes SLAH3 were found in mesophyll cells, but complementation of SLAC1 with SLAH3 recovered the anion channel function in guard cells. Therefore, it was proposed that SLAC1 and SLAH3 have an overlapping function (Negi et al., 2008; Geiger et al., 2011). Their difference is that SLAH3 predominately conducts nitrate but SLAC1 exhibited non-specific anion conductance. Given the key roles of SLAC and SLAH in stomatal closure, we propose that the SLAC/SLAH gene family might connect the stomatal response to salt stress with grain yield in barley.

The overarching hypothesis of this study was that physiological and molecular analysis of stomatal behavior contributes to the discovery of salt tolerance mechanisms in barley. The objectives of this study were to evaluate genetic variation of stomata behavior of barley under salinity stress and determine the links between physiological and molecular aspects of stomatal control and grain yield under saline condition in barley. It is likely that molecular markers and membrane transporter genes linked to stomatal traits could provide useful information for improving barley salinity tolerance in the future.

MATERIALS AND METHODS

PLANT MATERIALS

Barley varieties and a double haploid (DH) population (CM72/Gairdner) were used for the four experimental trials. The DH population of 108 lines, developed by another culture of the F1 hybrid between CM72 (California Mariout 72, six-rowed; salt-tolerant), and Gairdner (an Australian malt barley cultivar, two-rowed; salt-sensitive) was used in Glasshouse Trial 2.

EXPERIMENTAL TRIALS

Glasshouse Trial 1: Seeds of 10 parental barley cultivars were sown and seedlings were thinned to 5 plants per pot with 4 replicates for both control and NaCl treatment. Glasshouse Trial 2: Seeds of 108 DH lines, their two parental cultivars (CM72 and Gairdner) and two reference cultivars (Yerong and Franklin) were sown and seedlings were thinned to 4 plants per pot with 4 replicates for both control and NaCl treatment. Field Trial: Fifty-one barley varieties from around the world were selected to evaluate their salinity tolerance in the field in Tasmania, Australia. Each variety was sown in six 1.5 m × 0.2 m plots with half of them being treated with NaCl 1 week after germination. Salt treatment were achieved by gradually adding salt to the three of the treatment plots at a rate of 500 g NaCl m−2 over 3 consecutive days. The final electrical conductivity (EC) of the salt treated soils was ~10 dS m−1. Normal pest and fertilizer application was employed. Leaf samples were collected for stomatal assay and gene expression analysis at Week 15. Plants were harvested for yield analysis at Week 20. Glasshouse Trial 3: The Field Trial was repeated in a glasshouse in New South Wales, Australia.

For the three Glasshouse Trials, plants were grown in two glasshouse rooms with identical conditions. All the plants were sown in 4-Litre pots containing potting mix and Osmocot® slow release fertilizer. Prior to salt treatment, all plants were watered and fed with full strength Hoagland's solution weekly. The glasshouse growth conditions were 24 ± 2°C and 60% relative humidity (RH) during the day, 22 ± 2°C and 70% RH at night. Broad spectrum growth lamps (600W HPS, GE Lighting, Smithfield, NSW, Australia) were used to provide a 12 h/12 h light/dark cycle. The average photosynthetically active radiation (PAR) received at the top of the plants was ~400 μmol m−2 s−1 over the duration of growth seasons. The plants were well watered to avoid drought stress during the experiments. Salt treatment was introduced 5 weeks after sowing at a concentration of 200 mM NaCl over 4 consecutive days at a rate of 50 mM (Munns et al., 2006; Chen et al., 2007c; Xue et al., 2009). All leached salt solutions were collected into the pot saucer and re-applied to ensure stability of NaCl concentrations across all treatment pots.

GAS EXCHANGE MEASUREMENT

Gas exchange was measurement as described in Chen et al. (2005); Mak et al. (2014); and O'carrigan et al. (2014). Net CO2 assimilation (A), intercellular CO2 concentration (Ci), stomata conductance (gs), transpiration rate (Tr), leaf vapor pressure deficit (VPD), and leaf temperature (Tleaf) measurements were collected from third fully expanded leaves 4 week after salt treatment using a LI-6400XT infrared gas analyser (Li-Cor Inc., Lincoln, NE, USA). The conditions in the measuring chamber were controlled at a flow rate of 500 mol s−1, a saturating PAR at 1500 μmol m−2 s−1, a CO2 level at 400 μmol mol−1 and a relative humidity of 65%. Gas exchange measurements were taken at the same time of day (approximately 10 a.m. to 4 p.m.) as for stomatal assay during full daylight for maximum photosynthesis. Each DH line was measured in its control and salt treatment pair to ensure comparative environmental and experimental conditions. Plants of each replication were randomly measured to minimize the effects of timing on gas exchange measurements.

STOMATAL ASSAY

Stomatal imaging was conducted as described in Mak et al. (2014) and O'carrigan et al. (2014) with some modification. Third fully expanded leaves were collected from the glasshouse and transferred to the laboratory on tissue paper soaked in stomata stabilizing solution (50 mM KCl, 5 mM Na ± MES, pH 6.1) in petri dishes. The abaxial epidermal strips were then peeled and mounted on slides using a measuring solution (10 mM KCl, 5 mM Ca2 ± MES, pH 6.1). Prompt peeling and mounting was used as an important quality control step to ensure aperture images are true representations of the stomata found naturally on the whole plant in the glasshouse. Images of the stomata were taken using a CCD camera (NIS-F1 Nikon, Tokyo, Japan) attached to a microscope (Leica Microsystems AG, Solms, Germany). All images were managed using a Nikon NIS Element imaging software (Nikon, Tokyo, Japan) and measured with Image J software (NIH, USA). The 12 stomatal parameters were aperture length and width, aperture width/length, stomatal pore area, guard cell length, width and volume, subsidiary cell length, width and volume, and stomatal density and index.

QTL ANALYSIS

The method for QTL analysis was essentially described in Xu et al. (2012). The DH population treated in 200 mM NaCl was used to identify QTLs controlling stomatal traits and gas exchange parameters using a map constructed with Diversity Array Technology (DArT) and Simple Sequence Repeat (SSR) markers. Using the software package MapQTL6.0 (Van Ooijen and Kyazma, 2009), QTLs were first analyzed by interval mapping (IM), followed by composite interval mapping (CIM). The closest marker at each putative QTL identified using interval mapping was selected as a cofactor and the selected markers were used as genetic background controls in the approximate multiple QTL model (MQM) of MapQTL6.0. Logarithm of the odds (LOD) threshold values for the presence of a QTL were estimated by performing the genome wide permutation tests implemented in MapQTL6.0 using at least 1000 permutations of the original data set for each trait, resulting in a 95% LOD threshold around 2.9. Two LOD support intervals around each QTL were established, by taking the two positions, left and right of the peak, that had LOD values of two less than the maximum (Van Ooijen and Kyazma, 2009), after performing restricted MQM mapping which does not use markers close to the QTL. The percentage of variance explained by each QTL (R2) was obtained using restricted MQM mapping implemented with MapQTL5.0. Graphical representation of linkage groups and QTL was carried out using MapChart 2.2 (Voorrips, 2002).

PHYLOGENETIC AND ALIGNMENT ANALYSIS

The phylogenetic tree of the SLAC/SLAH family from Arabidopsis and selected cereal crops was generated using MEGA 6 program (Tamura et al., 2013). The Maximum Likelihood with WAG+Freqs (F) and Gamma distribution (G) model was employed. Names of organisms and accession numbers are from the National Centre for Biological Information (NCBI). Statistical values of phylogeny were estimated by the bootstrap method and were shown at the nodes. Alignment of the barley slow anion channel like 1 (HvSLAH1) and slow anion channel 1 (HvSLAC1) with homologous proteins in selected species was conducted using the CLASTALW tool in the BioEditor software (http://www.mbio.ncsu.edu/bioedit/bioedit.html) with 1000-bootstraps.

RT-PCR AND QPCR

Flag leaves of 16 barley varieties were collected from the Field Trial and immediately frozen in liquid nitrogen. Total RNA was extracted with TRIZOL® reagent (Life Technologies, Mulgrave, VIC, Australia) following the manufacturer's instructions. One microgram of total RNA sample was used to synthesize cDNA with the sensiFAST™ Kit (Bioline, Alexandria, NSW, Australia). The concentration of isolated total RNA and cDNA was determined using a NanoDrop ND-1000™ spectrophotometer (Thermo Scientific, Waltham, MA, USA).

PCR of HvSLAH1 and HvSLAC1 in cDNA was performed as described in the GoTaq® Flexi DNA Polymerase protocol (Promega, Alexandria, NSW, Australia). PCR thermal cycling conditions were 2 min at 95°C for initial denaturation, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s and an extension at 72°C for 11 s, and a final extension at 72°C for 5 min. For each experiment, 500 ng of cDNA was used for PCR amplification in a 20-μl reaction. PCR products were separated on a 0.9% (w/v) agarose gel and visualized with GelRed (Biotium, USA). Gel images were processed with Image J software (NIH, USA) to estimate the integrated fluorescence intensity of each band similar to cell imaging analysis in Bonales-Alatorre et al. (2013).

Transcript levels of HvSLAH1 and HvSLAC1 in leaves of 16 barley varieties were also determined by quantitative Real Time PCR (qPCR) using gene specific primers (Table S1). Purified cDNA samples were assayed using a Rotor-Gene® Q6000 (QIAGEN, Hilden, Germany) with the SensiFAST™ SYBR No-ROX Kit (Bioline, Alexandria NSW, Australia). qPCR conditions were consisted of 3-step cycling: 1.) polymerase activation at 95°C for 2 min; 2.) 40 cycles were set up for 5 s denaturation at 95°C, 10 s annealing at 63°C, 15 s extension at 72°C; 3.) SYBR green signal data were acquired at end. HvACTIN was used as the reference gene for normalization, which were selected from a number of candidates (Cao et al., 2014). Data are averages of three independent biological experiments, where each has two technical replicates.

STATISTICAL ANALYSIS

Statistical significance between control and the treatments was examined using the Student's t-test at P < 0.05 and P < 0.01. Pearson correlation analysis of all the parameters was conducted using SPSS 20 (IBM, New York, USA) and SigmaPlot 12 (Systat Software Inc., San Jose, CA, USA).

RESULTS

LARGE GENETIC DIVERSITY OF SALT TOLERANCE IN BARLEY

Barley genotypes showed contrasting response to salinity stress (Figures 1A,B). Salt-tolerant variety CM72 gained a significantly higher (P < 0.05) grain yield than salt-sensitive Franklin (Figure 1B). Some of the European elite varieties such as Bellini and Henley even performed better under salinity stress than CM72. In the Glasshouse Trial 1, similar trend was observed where CM72 and YYXT retained significantly more shoot dry weight than those salt-sensitive genotypes (Figures 1C,D). A large genetic diversity thus provided a foundation for further analysis of gas exchange, stomatal traits, gene expression and grain yield in contrasting cultivars and among the DH lines.


[image: image]

FIGURE 1. Growth and yield of barley in the Field Trial and Glasshouse Trial 1. (A) Image shows 15-week old barley plants grown in control (left) and 10 dS m−1 NaCl (right) in the Field Trial in Launceston, Tasmania. (B) Relative grain yields of 16 randomly selected genotypes. Data are percentage of grain yields under the salt treatment compared to control. Data are mean ± SE (n = 3). (C) Images of two representative varieties contrasting in their salinity tolerance. (D) Relative shoot dry weight of 10 varieties in Glasshouse Trial 1. Data shown are percentage of shoot dry weights under the salt treatment compared to control. Data are mean ± SE (n = 4).



GAS EXCHANGE AND STOMATAL TRAITS DIFFER SIGNIFICANTLY BETWEEN SALT-TOLERANT AND SENSITIVE GENOTYPES

Distinct performance between salt-tolerant CM72 and salt-sensitive Gairdner was observed for gas exchange parameters in both Glasshouse Trial 1 (Figure 2) and Glasshouse Trial 2 (data not shown). Four weeks of salt treatment at 200 mM NaCl imposed no obvious change in these parameters in CM72, however, Gairdner exhibited huge reductions (P < 0.01) in A (72.5%), gs (83.1%), and Tr (74.4%) as well as significant increases (P < 0.01) in VPD (30.9%) and Tleaf (4.4%) in comparison to these in CM72 (Figures 2A–F). We then further assessed the stomatal traits in these varieties in control (Figures 3A,B) and salinity treatment (Figures 3C,D) in Glasshouse Trial 1. There were negative impacts on the 11 stomatal traits 4 weeks after the imposition of salinity stress. Compared to Gairdner, CM72 gained 28.7, 32.9, 40.6, 39.6% larger aperture width, aperture width/length, stomatal pore area, guard cell volume and 19.1 and 27.4% lower stomatal index and subsidiary cell volume, respectively (Figures 3E–J). On the contrary, stomatal density was slightly increased (P > 0.05) by salinity treatment in both genotypes (Figure S1). Therefore, these stomatal traits showing large response to salt stress were employed for phenotypic characterization to identify potential salt tolerance-related QTLs in the CM72/Gairdner DH population.
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FIGURE 2. Photosynthetic performance of two contrasting barley genotypes CM72 and Gairdner in the Glasshouse Trial 1. Data show net CO2 assimilation (A), stomatal conductance (B), intracellular CO2 concentration (C), transpiration rate (D), leaf vapor pressure deficit (E), and leaf temperature (F) in the Control (green and yellow bars) and in 200 mM NaCl (red and blue bars) for 4 weeks. Data are mean ± SE (n = 4). * and ** indicate significant difference between CM72 and Gairdner under the salt treatment at P < 0.05 and P < 0.01, respectively.
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FIGURE 3. Stomatal traits of two contrasting barley genotypes CM72 and Gairdner in the Glasshouse Trial 1. (A–D) Representative images of single stomatal complex for control and 200 mM NaCl treatment. Scale bars = 10 μm. Data show aperture width (E), aperture width/length (F), stomatal pore area (G), stomatal index (H), guard cell volume (I) and subsidiary cell volume (J) in control (green and yellow bars) and in 200 mM NaCl (red and blue bars) for 4 weeks. Data are mean ± SE (n = 8–18 for stomatal index; n = 25–46 for rest of the stomatal traits). * and ** indicate significant difference between CM72 and Gairdner in the salt treatment at P < 0.05 and P < 0.01, respectively.



STOMATAL TRAITS CONTRIBUTE SIGNIFICANTLY TO SALINITY TOLERANCE AND GRAIN YIELD IN BARLEY

The speed and accuracy of measuring stomatal traits is a major obstacle for its use in breeding program. In this study, we have refined this technique by standardizing the measurements for stomatal traits (Figure 3). Our frequency distribution results highlighted a distinct pattern of change in aperture width/length and grain yield at control (Figures 4A,C) and 200 mM NaCl (Figures 4B,D) of the DH lines. Salinity stress has led both traits to skewed distributions toward the lower values (Figures 4B,D). The potential contribution of 12 stomatal and 6 gas exchange traits to salinity tolerance in barley were demonstrated by significant correlations between these traits and biomass and grain yield in Glasshouse Trial 2 (data not shown). For instance, relative aperture length and relative aperture width/length showed significant correlation with relative grain yield (Figures 5A,C). Additionally, relative aperture width/length was correlated with relative biomass with statistical significance at P < 0.01 (Figure 5B). Most of the stomatal traits in the DH lines showed distinct response to the salt treatment. The five best performing DH lines were 2.3, 3.3, and 2.2-fold higher in aperture width/length, stomatal area, and guard cell volume in contrast to the five least performing ones (Table S3). Interestingly, one QTL was identified for this important stomatal trait—aperture width/length. This QTL explained 11.8% of the phenotypic variation with an LOD value of 2.90 (Figure 6). The nearest marker for this QTL is bPb-4564. This QTL is located on a similar position to one of the QTLs for salinity tolerance based on leaf injury in 240 mM NaCl treatment (Fan et al. unpublished data).
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FIGURE 4. Frequency distribution of representative phenotyping traits of the CM72/Gairdner DH population in Glasshouse Trial 2. Frequency distribution of aperture width/length at control (A) and 200 mM NaCl (B) and grain yield at Control (C) and 200 mM NaCl (D) of the DH lines.
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FIGURE 5. Correlation analysis of representative stomatal and agronomical traits of the 108 DH lines. Data show correlations between relative grain yield and relative aperture length (A), relative aperture width/length and relative biomass (B) and relative grain yield (C). **P < 0.01.
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FIGURE 6. A significant QTL for aperture width/length in salt tolerance. This QTL was mapped on barley chromosome 3H in the double haploid population from CM72/Gairdner using a map constructed with Diversity Array Technology (DArT) and Simple Sequence Repeat (SSR) markers.



SLOW ANION CHANNEL GENES POSITIVELY REGULATE SALT TOLERANCE IN BARLEY

Slow anion channels SLAC and SLAH are the key regulators of stomatal closure in plants (Vahisalu et al., 2008; Geiger et al., 2011; Dreyer et al., 2012; Hedrich, 2012). Our comparative genomic study indicated that SLACs and SLAHs exist in a large range of plant species (Figure 7). There are 4, 14, 10, 5, 3, and 3 SLAH-like genes in Arabidopsis, rice, maize, sorghum, wheat and barley, respectively. The numbers of corresponding SLAC-like genes are much lower (1, 3, 2, 1, 0, and 1) in these species (Figure 7, Figure S2). Further analysis showed that coding DNA sequence of HvSLAC1 and HvSLAH1 identified in this study have 55.0 and 54.8% homology to the well-characterized Arabidopsis SLAC1 and SLAH3, respectively. Alignment analysis of amino acids revealed that HvSLAC1 and HvSLAH belong to SLAC1-group and SLAH1/4-group, respectively, as proposed in Dreyer et al. (2012). Their protein sequences showed a clear difference as compared to Arabidopsis and other cereal crops (Figure S2). These data provide a valuable source of information for future studies into the understanding of mechanisms of the different SLAC/SLAH contributions to barley salt tolerance.
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FIGURE 7. Phylogenetic tree of SLAC and SLAH anion channel family in barley, Arabidopsis, and selected cereal crops. Statistical values of phylogeny estimated by bootstrap method are shown at the nodes. HvSLAC1 and HvSLAH1 are marked by a green square and a blue circle, respectively.



We then conducted experiments to identify these barley SLAC/SLAHs in leaves from control and salt treatment in the field (Figures 1A, 8). As the first to report these genes in barley leaves, we named them as HvSLAH1 and HvSLAC1. The expression of these two genes showed a large variation among the 16 genotypes in both control and salinity stress (Figure 8). Specifically, the salt-tolerant variety CM72 showed a NaCl-induced significant up-regulation of both HvSLAH1 and HvSLAC1, which were significantly decreased or remained unchanged in salt-sensitive varieties Franklin and Naso Nijo (Figures 8B,C). Interestingly, the European varieties Bellini, Scarlett and Henley tended to have NaCl-induced up-regulation, but Asian varieties such as Naso Nijo, Yan90260, and Aizao3 showed down-regulation of HvSLAH1 and HvSLAC1 (Figure 8). Furthermore, highly significant (P < 0.01) positive correlations were found between the transcripts of two genes and salt tolerance of barley both in the field and the glasshouse (Figure 9 and Table S2). These were consistent across the RT-PCR gel integrated intensity based results and qPCR analysis (Figure 8). Additionally, the transcripts of the two genes from the samples collected in the Field Trial were even significantly linked to the visual salt tolerance score and grain yield in the Glasshouse Trial 3 (Table S2).
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FIGURE 8. Expression of HvSLAH1 and HvSLAC1 in leaves from the Field Trial. (A) Real time-PCR gel electrophoresis of the two slow anion channel genes HvSLAH1 and HvSLAC1 in control (C) and salt treatment (T). Quantitative RT-PCR of the two slow anion channel genes HvSLAH1 (B) and HvSLAC1 (C) in the Control (blue bars) and salt treatment (red bars). HvACTIN was used as a reference gene. Data are average ± SD with three biological replicates.
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FIGURE 9. Linking leaf HvSLAH1 and HvSLAC1 expression to barley grain yield in the Field Trial. Relative gene expression was expressed as the transcripts under the salt treatment over that in control. Data were collected from 16 barley cultivars and fitted separately for each gene in both RT-PCR (blue circles and red triangles) and q-PCR (green squares and pink diamonds) experiments. **P < 0.01.



DISCUSSION

EXPLORING THE GENETIC DIVERSITY OF BARLEY FOR SALT TOLERANCE

The Hordeum genus, to which modern cultivated barley belongs, contains species which have adapted to grow in a wide variety of environmental conditions from the sub-arctic Scandinavia to the subtropical North Africa. Species include annual and perennial varieties with a wide array of shapes and structures, phenology and reproductive variations, suggesting that the genus is highly diverse and adaptable (Ullrich, 2011; Dai et al., 2012, 2014). It would not come as a surprise that landrace species of barley are found in saline meadows and marshes along coastal regions, utilizing morphologies like deep root system to evolve into salt-tolerant varieties such as Hordeum marinum (Ullrich, 2011). Recently, Tibetan wild barley (Hordeum vulgare spp. spontaneum), as one of the ancestors of cultivated barley (Dai et al., 2012, 2014), has been found to be even more tolerant to salinity (Qiu et al., 2011; Wu et al., 2011, 2013a,b). Furthermore, the level of salt tolerance in modern cultivated barley also differs significantly among genotypes. For example, seedlings of a barley cultivar California Mariout (CM) showed no growth retardation at 400 mM NaCl, while other barley genotypes were more affected (Epstein et al., 1980). Our results have further extended the large genetic variation to gas exchange (data not shown), stomatal traits (Figures 3–6) and the expression levels of HvSLAH1 and HvSLAC1 (Figure 8) in response to salinity stress in barley.

GAS EXCHANGE TRAITS MAY BE ACCURATE INDICATORS FOR SALINITY TOLERANCE BUT NOT FOR PHENOTYPING STUDY IN BARLEY

The effects of salinity stress on plants are largely due to osmotic stress and ion cytotoxicity (Zhu, 2002; Munns and Tester, 2008; Shabala and Mackay, 2011). Crop yield under salinity stress is a result of balancing the allocations of limited photosynthetic carbon gain toward both reproduction and growth. Photosynthesis is a multi-facetted process, which has dependencies on the availability of CO2, water and light (Wong et al., 1979; Farquhar and Sharkey, 1982). Upon the NaCl-induced stomatal closure, the reduced CO2 acquisition becomes the limiting factor in photosynthesis, resulting in leaf temperature increase, higher intracellular O2:CO2 ratio and oxidative stress (Farquhar and Sharkey, 1982; Chaves et al., 2009). For instance, salinity stress remarkably reduced A and gs in sorghum (Yan et al., 2012), wheat (Zheng et al., 2009) and barley (Jiang et al., 2006), the extent being considerably larger in salt-sensitive genotypes than salt-tolerant ones. Hence, the salt-tolerant genotypes could harmonize the relationship between CO2 assimilation (source) and the grain yield (sink) under the saline conditions (James et al., 2002). Measurement of gs provided the best information to assess genetic differences in barley for absolute performance when subjected to salinity stress (Jiang et al., 2006). In our experiments with gas exchange measurements (Glasshouse Trials 1, 2, and 3), some key traits (e.g., gs, Tr, VPD) were found to be important indicators for salt tolerance after 4 weeks of 200 mM NaCl treatment. However, no significant QTLs were identified for the 6 gas exchange traits in the CM72/Gairdner DH population. We have reasoned that measuring these traits was highly variable over the course of the day and over a period up to 6 days. Also, many stomatal and non-stomatal limitations (James et al., 2002; Munns et al., 2006) are likely to make these measurements more difficult to control. In addition, there were limited replicates of gas exchange measurements as compared to up to 70 for the stomatal traits in some lines.

SYSTEMATIC INVESTIGATION OF STOMATAL TRAITS FOR BARLEY SALINITY TOLERANCE

Most of the previously studies have mainly evaluated a small numbers of genotypes or a small genetic population for their stomatal behavior in response to salinity stress. Among those, limited traits such as stomatal length and width, stomatal density and index measured from leaf imprint have been used (Pallaghy, 1971; Edwards and Meidner, 1979; Aryavand et al., 2003; Mumm et al., 2011). Here, we have conducted a comprehensive comparative study with large datasets on stomatal traits (e.g., 75,640 data points for 12 parameters in Glasshouse Trial 2 alone). In addition, we have developed an efficient technique to obtain viable single-layer epidermal peels for microscopic recording of high resolution images (Figure S1, Figure 3). All of these have allowed the assessment of a large number of genotypes and relatively big genetic populations in the glasshouse and even in the field.

Salt-tolerant plant species Aeluropus lagopoides had fewer and smaller stomata on both leaf surfaces and stomata of Osyris compressa were found only on the abaxial surface under salinity stress (Naz et al., 2010). Salt tolerance was related to lower stomatal density and decreased stomatal area in Sporobolus ioclados (Naz et al., 2010) and Chenopodium quinoa (Shabala et al., 2013). Here, the correlation between stomatal density and salt tolerance in the barley DH population is marginal due to a lack of difference in the parental lines (Figure S1). Another study on this issue using 51 genotypes is currently under investigation. However, the relationships between aperture length, aperture width/length (Figure 5), guard cell and subsidiary cell volumes (data not shown) and grain yield in response to salinity stress and significant stomatal trait-related QTLs (Figure 6) have provided some insights into the contribution of stomatal traits in salinity tolerance in barley. The salt-tolerant varieties and best performing DH lines showed significantly larger stomatal pore area and guard cell volume as compared to the salt-sensitive and worst performing DH lines (Figures 3–6). Therefore, the reduction in photosynthesis and grain yield could be identified by stomatal assay to differentiate the responses among genotypes and genetic populations.

FOCUS ON MEMBRANE TRANSPORTER REGULATION FOR FUTURE BREEDING FOR SALT-TOLERANT CROPS

Significant progress has been made on the molecular mechanisms of membrane transport for salt tolerance in plants. Combining plant physiology, molecular breeding and genetic engineering have resulted in improvements in crop yields in saline soil (Munns and Tester, 2008; Tavakkoli et al., 2010; Schroeder et al., 2013; Deinlein et al., 2014). For instance, TmHKT1;5-A in the Nax2 locus encodes a Na ± selective transporter located on the plasma membrane of root cells surrounding xylem vessels of bread wheat. It can remove Na+ from the xylem and reduce transport of Na+ to leaves. Field trials demonstrated that TmHKT1;5-A significantly reduces leaf Na+ and increases durum wheat grain yield by 25% (Munns et al., 2012). More recently, the expression of AVP1, an Arabidopsis gene encoding a vacuolar proton pumping pyrophosphatase, has been shown to improve the salinity tolerance of transgenic plants in both greenhouse and in field trials (Schilling et al., 2014). It is also the case for our comparative experimental trials in both field and glasshouse, where the grain yields and transcript of HvSLAC1 and HvSLAH1 are consistently and significantly correlated (Figure 9; Table S2).

Stomatal aperture in monocots is controlled by guard cells and their dynamic interactions and “shuttling” of ions and solutes with subsidiary cells. These processes are largely regulated by the concerted coordination of membrane transporters on both cell types (Raschke and Fellows, 1971; Edwards et al., 1976; Fairley-Grenot and Assmann, 1992; Philippar et al., 2003; Mumm et al., 2011). However, there are very few reports on guard cell transporters and salinity tolerance. Guard cell cation channels were found to be involved in Na ± induced stomatal closure in a halophyte Aster tripolium, which possesses no specific morphological adaptation to salinity. Short-term Na+ treatment (~30 min) induced stomatal opening. The plasma membrane K+ inward and outward rectifying channels were highly selective for K+ against Na+. Cytosolic Na+ accumulation over long-term has led to a delayed and dramatic deactivation of the K+ inward rectifying channels via an increase of cytosolic Ca2+ concentration (Very et al., 1998). In Arabidopsis, two SLAC/SLAH channels regulated anion efflux from the guard cells for stomatal closure and another two regulate anion/nitrate transport in roots (Vahisalu et al., 2008; Dreyer et al., 2012; Hedrich, 2012; Hills et al., 2012). Having higher transcripts of HvSLAC1 and HvSLAH1 or potentially higher number of these channels, salt-tolerant barley could have higher anion efflux for closure under salinity stress. However, the tolerant varieties showed larger stomatal aperture in salt treatment (Figure 3), which is seemingly contradicting to the up-regulation of HvSLAC1 and HvSLAH1. Therefore, these genes could assist salt-tolerant varieties to have more rapid closure as an efficient tool to optimize water balance. On the other hand, one can argue that ion channels are closed most of the time and are not commonly considered as the limiting factor. Why do plants need to express more of SLACs/SLAHs if they can simply have available ones open for longer? Nevertheless, these controversies have provided new directions to investigate these genes in barley, Arabidopsis and other cereal crops using comparative genomic tool and the assembled barley genome (International Barley Genome Sequencing Consortium, 2012) in more depth in the future. It was also indicated that the other three HvSLAH channels might contribute to the regulation of stomata and nitrogen homeostasis. Further research is necessary to dissect the phylogenetic relationships and functional properties of the HvSLAHs and decipher their roles for salt tolerance in barley.
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Figure S1. Stomatal density of two contrasting barley genotypes CM72 and Gairdner in the Glasshouse Trial 1. (A-D) Representative stomatal images for control and 200 mM NaCl treatment. Scale bars = 40 μm. (E) Stomatal density in control (green and yellow bars) and in 200 mM NaCl (red and blue bars) for 4 weeks. Data are mean ± SE (n = 8–18).

Figure S2. Alignment of HvSLAC1 and HvSLAH1 with homologous proteins in selected species. (A-C) Alignment of HvSLAC1 and some SLACs from monocot plant species and Arabidopsis. (D-G) Alignment of HvSLAH1 and some S-type anion channel SLAH from monocot plant species and Arabidopsis. Identical residues among the other proteins are indicated with asterisks. Colons indicate amino acids with high similarity among the proteins. Dashes indicate gaps.
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Overexpression of copper/zinc superoxide dismutase from mangrove Kandelia candel in tobacco enhances salinity tolerance by the reduction of reactive oxygen species in chloroplast
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Na+ uptake and transport in Kandelia candel and antioxidative defense were investigated under rising NaCl stress from 100 to 300 mM. Salinized K. candel roots had a net Na+ efflux with a declined flux rate during an extended NaCl exposure. Na+ buildup in leaves enhanced H2O2 levels, superoxide dismutase (SOD) activity, and increased transcription of CSD gene encoding a Cu/Zn SOD. Sequence and subcellular localization analyses have revealed that KcCSD is a typical Cu/Zn SOD in chloroplast. The transgenic tobacco experimental system was used as a functional genetics model to test the effect of KcCSD on salinity tolerance. KcCSD-transgenic lines were more Na+ tolerant than wild-type (WT) tobacco in terms of lipid peroxidation, root growth, and survival rate. In the latter, 100 mM NaCl led to a remarkable reduction in chlorophyll content and a/b ratio, decreased maximal chlorophyll a fluorescence, and photochemical efficiency of photosystem II. NaCl stress in WT resulted from H2O2 burst in chloroplast. Na+ injury to chloroplast was less pronounced in KcCSD-transgenic plants due to upregulated antioxidant defense. KcCSD-transgenic tobacco enhanced SOD activity by an increment in SOD isoenzymes under 100 mM NaCl stress from 24 h to 7 day. Catalase activity rose in KcCSD overexpressing tobacco plants. KcCSD-transgenic plants better scavenged NaCl-elicited reactive oxygen species (ROS) compared to WT ones. In conclusion, K. candel effectively excluded Na+ in roots during a short exposure; and increased CSD expression to reduce ROS in chloroplast in a long-term and high saline environment.
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INTRODUCTION

NaCl-exposed plants accumulate a high level of Na+ in roots and leaves regardless of Na+-resistant or -sensitive species (Chen and Polle, 2010; Polle and Chen, 2014). Na+ excess would lead to ionic imbalance, causing Na+ injury (Volkov et al., 2004). To avoid excessive buildup of Na+, non-secretor mangrove species (Kandelia candel) can maintain a high capacity to restrict Na+ uptake and transport after NaCl exposure (Li et al., 2008). K. candel roots exhibited Na+ efflux by increasing H+ influx, indicating that Na+ efflux resulted from active Na+ exclusion across the plasma membrane (Lu et al., 2013; Lang et al., 2014). However, its roots and shoots could accumulate large amount of Na+ under a long-term of increasing salinity (Li et al., 2008). This implies that the capacity for Na+ exclusion decreased in salinized roots. However, this hypothesis needs further investigations.

In addition to ion-specific toxicity, Na+ accumulation in leaves leads to oxidative stress by the production of reactive oxygen species (ROS) in trees (Wang et al., 2007, 2008). Superoxide anions (O−2) are generated as a byproduct of electron transport mainly in mitochondria or chloroplasts, which results in subsequent formation of hydrogen peroxide (H2O2) and hydroxyl radicals (OH.−) by a successive univalent reduction of oxygen (O2) via chemical and enzymatic reactions (Asada, 1999; Apel and Hirt, 2004). Excessive ROS are potentially harmful to plant cells because of inactivating photosystem (PS) I and PS II (Jakob and Heber, 1996), and causing oxidative damage to proteins, lipids, and nucleic acids (Apel and Hirt, 2004). K. candel plants have an oxygen scavenging system against ROS under NaCl stress. Proteomic analysis of its leaves revealed that superoxide dismutase (SOD) abundance increased in response to high NaCl at 450–600 mM (Wang et al., 2014). SODs constitute the first line of cellular defense against ROS by rapidly converting O−2 and water to H2O2 and O2 (Bowler et al., 1992; Fridovich, 1995). Furthermore, SOD contributes to minimizing OH.− formed by Haber–Weiss or Fenton reactions (Bowler et al., 1992; Gutteridge and Halliwell, 2010). Wang et al. (2013) found that abiotic-stress proteins were up-regulated by NaCl in K. candel chloroplasts. However, the protection of chloroplast Cu/Zn SOD (CSD) to salt tolerance is still poorly understood.

The objectives of this study were to investigate Na+ uptake and transport in K. candel plants and antioxidative defense under increasing NaCl salinity. Alterations of Na+ flux were recorded in young roots using a non-invasive ion flux technique. Transcriptional response of CSD to salinity was examined in K. candel leaves. Microarray analysis has shown that NaCl stress increases KcCSD expression (Hou, 2010). To clarify the role of KcCSD in salinity tolerance, KcCSD gene of chloroplast from K. candel was cloned and transferred to Nicotiana tabacum, a model system for investigating novel genes in salt tolerance (Han et al., 2013; Shen et al., 2013). In wild-type (WT) tobacco and KcCSD-overexpressing lines, ROS accumulation in leaf cells and activities of SOD, catalase (CAT), and ascorbate peroxidase (APX) were examined under 100 mM NaCl stress. This study could provide scientific evidence of KcCSD protection for antioxidant defense in chloroplast.

MATERIALS AND METHODS

PLANT MATERIAL AND TREATMENTS

Uniform mature hypocotyls of K. candel were obtained from Dongzhai Harbor in Hainan Province of China (19°51′N, 110°24′E). Uniform hypocotyls from the same tree were planted in 5-L pots containing sand. Potted plants were placed in a greenhouse at Beijing Forestry University and fertilized with half-strength Hoagland's nutrient solution (Hoagland and Arnon, 1950) every 2 weeks at 20–25°C under a 12-h daily photoperiod with 200–300 μmol m−2s−1. Plants were 25–30 cm high and had four pair leaves after 3 months of culture (Supplementary Figure S1). These plants were raised in Hoagland's nutrient solution without the addition of NaCl. Mangrove plants were in good physiological state since shoots and roots retained abundant salts (Li et al., 2008; Lu et al., 2013). NaCl treatment was started from 100 mM and increased stepwise by 100 mM weekly, until reaching 300 mM, which could avoid osmotic shock effects of NaCl saline on the plants (Li et al., 2008). Na+ flux in roots was recorded weekly and ion concentrations in roots and shoots were measured at low (100 mM) and high saline (300 mM) treatments, respectively. H2O2, CSD expression and SOD activity in leaves were measured after 8 h, 24 h, and 1, 2, and 3 weeks of NaCl treatment. The second pair leaves were harvested, quickly frozen in liquid nitrogen, and used for quantitative real-time PCR assays, SOD activity, and H2O2 measurements.

NA+ FLUX RECORDING IN K. CANDEL ROOTS

Steady-state fluxes of Na+ were measured using non-invasive micro-test technique (NMT-YG-100, Younger USA LLC, Amherst, MA, USA). Na+ microelectrodes were prepared and calibrated as previously described (Lu et al., 2013; Lang et al., 2014). Length of primary roots of K. candel seedlings ranged from 1 to 5 cm (Supplementary Figure S1). Young roots with apices of 2–3 cm were excised from control and salinized plants for Na+ flux determination. Steady flux profiles of Na+ were measured along the root axis at the apical zones, where a vigorous flux was usually observed in woody plants (Sun et al., 2009a,b; Lu et al., 2013; Lang et al., 2014). Roots were rinsed with redistilled water and immediately incubated in measuring solution (with 0.1 mM Na+) for 30 min equilibration. The basic Na+ measuring solution (with low interfering ions of Ca2+ and K+, Cuin et al., 2011) was 0.1 mM NaCl, MgCl2, and CaCl2, and 0.5 mM KCl at pH 6.0. Roots were immobilized on the bottom of the chamber. Then ion flux recordings started 200 μm from the apex and conducted along root axis until 2000 μm with an interval of 300 or 500 μm. Ionic flux rates were obtained using MageFlux developed by Yue Xu (1995) (http://www.youngerusa.com).

ION ANALYSIS

Roots, leaves, stems, and hypocotyls were harvested from control and NaCl-stressed K. candel plants, and oven-dried to constant weight at 65°C for 4 days, ground and passed through a 1.0-mm sieve. Samples were digested by H2SO4-H2O2, and Na+ concentration was measured using an atomic absorption spectrophotometer (Perkin-Elmer 2280, PerkinElmer, Inc., Wellesley Hills, MA, USA) (Lu et al., 2013).

RNA EXTRACTION AND REAL-TIME PCR ANALYSIS

Total RNA was extracted from K. candel leaves (the second pair leaves) with a modified hot borate method (Wan and Wilkins, 1994). This protocol is commonly used for isolating RNA from plant tissues rich in polyphenols and polysaccharides. For tobacco, total RNA was extracted from the 3rd–4th mature leaves from the top using the Total RNA Extraction Kit (QBio Technologies Inc.). The integrity of total RNA was determined by running samples on 1.0% formaldehyde agarose gels stained with ethidium bromide. The quantity/yield of total RNA was estimated spectrophotometrically at 230, 260, 280 nm (NanoDrop 2000 spectrophotometer, Thermo Scientific, Wilmington, USA). The first strand was synthesized from 2 μg of total RNA using M-MLV reverse transcriptase (Promega, Madison, USA) and oligo (dT) 12–15 primer at 42°C for 1 h. The real-time PCR conditions were 10 min at 95°C, 35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and 10 min at 72°C. The primers used for KcCSD were 5′-ATTAGCAACTATGTTTCCCA-3′ (forward), and 5′-CTACAACGGTGAATGTTC-3′ (reverse). The real-time PCR data in K. candel were normalized against Tubulin: Tubulin -F, 5′-TGCCCAAGGATGTGAACG-3′; and Tubulin-R, 5′-CCATACCCTCACCCACAT-3′. In tobacco, EF1α was used as the internal control (forward, 5′-GCTGTGAGGGACATGCGTCAAA-3′; and reverse, 5′-GTAGTAGATCGCGAGTACCACCA-3′).

The real-time PCR analysis was performed in a Real-time PCR System (MJ Opticon2 Bio-Rad). The relative level of expression was quantified using MJ Opticon Monitor software (Bio-Rad, Hercules, CA, USA). The expression of the target genes were normalized to the expression level of the reference gene (Tubulin in K. candel and EF1α in tobacco) using the 2−ΔΔCT method (Livak and Schmittgen, 2001).

SEQUENCE ALIGNMENT AND PHYLOGENETIC TREE

Full-length amino acid sequences of Cu/Zn SOD were aligned using ClustalW2 online (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Amino acid sequences of chloroplast transit peptide were predicted by ChloroP (http://www.cbs.dtu.dk/services/TargetP/; http://www.cbs.dtu.dk/services/ChloroP/) (Emanuelsson et al., 1999, 2007). Phylogenetic tree was generated using the Neighbor–Joining (NJ) method in MEGA version 6.0 software (bootstrap analysis with 1000 replicates). The accession numbers of Cu/Zn SOD protein sequences used in multiple sequence alignment and phylogenetic analysis are provided in Supplementary Table S1.

PLASMID CONSTRUCTS

The open reading frame (ORF) of KcCSD (GenBank accession number KP143653) was amplified by PCR from K. candel cDNA using specific primers (forward, 5′-ATGCAAGCGGTAGTTGCG-3′; reverse, 5′-TAACACTGGTGTCAACCCAACAAC-3′). The PCR fragment was first cloned into the vector pMD18-T (Takara, Dalian, China) and verified by sequencing. The ORF of KcCSD was released by digestion with EcoRI and HindIII and introduced into the expression vector, pCAMBIA2300, under the control of the constitutive cauliflower mosaic virus 35S promoter.

OVEREXPRESSION OF KCCSD IN TRANSGENIC TOBACCO LINES

To further analyze the functions of KcCSD upon NaCl stress, KcCSD was transferred to tobacco plants via Agrobacterium-mediated gene transfer. The pCAMBIA2300-KcCSD construct was transferred to a strain of Agrobacterium tumefaciens (LBA4404) with a freeze–thaw method. Tobacco was infected by the Agrobacterium tumefaciens using the leaf disc method (Horsch et al., 1985). The infected leaves were placed on MS medium (Murashige and Skoog, 1962) with no antibiotic for 2–3 days and transferred to MS with 50 mg/L kanamycin. Individual kanamycin-resistant shoots were selected and shooted on MS medium with no growth regulators or antibiotic. More than 10 independently transformed plants were selected for KcCSD expression assay. Those overexpressing KcCSD were used for further study (L7 and L8; Supplementary Figure S2). WT and KcCSD-overexpressed plants were kept in the greenhouse to yield seeds. Using PCR, T2 generation of L7 and L8 was checked for the presence of the KcCSD gene.

T2 generation seeds of wild-type (WT) and transgenic lines (L7 and L8) were germinated on MS medium for 7 days, then subjected to 0 or 150 mM NaCl for 7 days. Root length, survival rates, and H2O2 level in chloroplast were measured in WT and transgenic plants. The capacity to control ROS was compared between WT and transgene tobacco under NaCl stress. Four-weeks old rooted plants of WT and transgenic lines were transferred to 1/4 Hoagland's nutrient solution for 2-weeks acclimation, then exposed to 0 or 100 mM NaCl for 7 days. O−2 and H2O2 production, lipid peroxidation, and activity of antioxidant enzymes (SOD, CAT and APX), SOD isoenzymes were examined during NaCl treatment (100 mM, 7 day). Leaf photosynthesis, chlorophyll a fluorescence, chlorophyll content were measured in NaCl-stressed WT and transgenic plants.

SUBCELLULAR LOCALIZATION OF THE GFP FUSION PROTEINS

To generate a translational fusion of KcCSD-GFP, the KcCSD was obtained by PCR using specific primers (forward 5′-ATGCAAGCGGTAGTTGCG-3′; reverse 5′-CACTGGTGTCAACCCAACAAC-3′). PCR products were cloned into the pMD18-T vector and sequenced. The resulting construct was digested by EcoRI and PstI and introduced into the constructed pGreen0029-GFP vector driven by the 35S promoter. Vector-carrying 35S-driven GFP was used as free GFP control.

KcCSD-GFP was transiently transformed to mesophyll protoplasts of Arabidopsis thaliana due to a high frequency of gene transformation, as compared to the tobacco. Isolation of Arabidopsis mesophyll protoplasts and polyethylene glycol–mediated transformation were performed according to Yoo et al. (2007). Confocal images were obtained after 16–20 h of incubation. Fluorescence was examined with a Leica inverted fluorescence microscope (Leica Microsystems GmbH) at 510–535 nm for GFP and at 650–750 nm for chlorophyll.

MALONDIALDEHYDE (MDA) CONTENT

Tobacco leaves (0.1 g, 3rd–5th mature leaves from the top) were homogenized in 1 ml of 0.1% trichloroacetic acid solution on ice. MDA content in WT and KcCSD-transgenic lines was determined by the thiobarbituric acid (TBA) reaction according to Heath and Packer (1968).

CHLOROPHYLL CONTENT, FLUORESCENCE PARAMETERS, AND NET PHOTOSYNTHETIC RATE

The 3rd–5th mature leaves from the top were used for chlorophyll contents, fluorescence, and photosynthesis measurements. Chlorophyll concentrations in WT and transgenic lines were measured according to Wellburn (1994) and Lichtenthaler (1987). Chlorophyll a fluorescence parameters were measured using a PAM fluorometer (Junior PAM, Walz, Germany). Plants were dark-adapted for 20 min to determine dark fluorescence yield (Fo), and then exposed to a single red pulse to determine maximal fluorescence yield (Fm) and Fv/Fm ratio using the formula (Fm-Fo)/Fm. Φ PSII, the PSII actual photochemical efficiency, was determined according to Wang et al. (2007). Net photosynthetic rate (Pn) was measured using a Li-6400 photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) at 800 μmol photons m−2 s−1. Chamber air temperature was maintained at 25°C and CO2 concentration was 380 μL L−1.

TOTAL PROTEIN EXTRACTION AND ENZYME ASSAYS

Antioxidant enzymes were extracted from K. candel (3rd–4th mature leaves from the top) and tobacco leaves (3rd–5th mature leaves from the top) and measured according to Wang et al. (2007, 2008). The total SOD activity was determined by monitoring super-radical–induced reduction of nitro blue tetrazolium (NBT) at 560 nm (Giannopolitis and Ries, 1977; Wang et al., 2008; Shen et al., 2013). One unit of SOD (relative unit) was defined as the amount of enzyme that causes 50% inhibition of the reaction compared with a blank sample (Giannopolitis and Ries, 1977). CAT activity was determined spectrophotometrically by monitoring the disappearance of H2O2 at 240 nm for 1 min (Aebi, 1984). APX activity was determined by monitoring the H2O2-dependent oxidation of ascorbate at 290 nm for 1.5 min (Nakano and Asada, 1981).

NATIVE PAGE OF SOD ISOENZYMES

Salt-elicited alterations in SOD isoenzymes were examined after 7 days of NaCl treatment (100 mM). SOD was extracted from transgenic and WT tobacco leaves (3rd–5th mature leaves from the top) at 4°C (Beauchamp and Fridovich, 1971; Wang et al., 2007, 2008). Native PAGE of SOD was performed on a 7.5% separating gel and 3.9% stacking gel at 4°C. After electrophoresis, the SOD isoenzymes were differentiated on a pre-equilibrating gel for 30 min in 50 mM potassium phosphate buffer and 1 mM EDTA at pH 7.8. The gel was incubated in dark for 30 min in fresh staining solution of 50 mM potassium phosphate buffer (pH 7.8), 0.24 mM NBT, 33.2 μM riboflavin, and 0.2% tetramethylethylenediamine. Then it was illuminated with 400 μmol m−2 s−1 fluorescence until uniformly blue except areas with SOD activity.

O−2 AND H2O2 PRODUCTION IN LEAVES

In situ accumulations of O−2 and H2O2 were examined with histochemical staining protocols. O−2 was detected with NBT (Dutilleul et al., 2003) and H2O2 with 3-3′-diaminobenzidine (DAB; Thordal-Christensen et al., 1997), respectively. For in situ staining of O−2, leaf discs (2 cm in diameter) were sampled from the second fully developed leaf on the top, and immediately vacuum infiltrated in 0.5 mg/ml NBT and 10 mM potassium phosphate buffer at pH 7.8. For the negative control, the NBT solution was supplemented with 10 U ml−1 SOD and 10 mM MnCl2 before the infiltration (Supplementary Figure S3). After being incubated in dark at room temperature for 1 h, samples were cleared in 90% ethanol at 70°C to remove chlorophyll. O−2 was visualized as a blue color at the site of NBT precipitation.

Leaf discs (2 cm in diameter) were vacuum infiltrated in 1 mg/ml DAB at pH 3.8, incubated in dark at room temperature for 14 h and transferred to 90% ethanol at 70°C until complete removal of chlorophyll and visualization of H2O2 as brown color at the site of DAB polymerization. Samples were stored and examined in 70% glycerol. For the negative control, 10 mM ascorbic acid was added into DAB solution for infiltration. Total leaf H2O2 was determined according to Wang et al. (2008).

H2O2 DETECTION IN CHLOROPLAST

H2O2 in chloroplast was detected as described by Ramírez et al. (2013) with minor modifications. H2O2-specific fluorescent probe, H2DCF-DA, was an indicator of H2O2 (Sun et al., 2010a,b, 2012). WT and KcCSD-transgenic tobacco seedlings were germinated on MS for 7 days, then transferred to MS supplemented with 0 or 150 mM NaCl. Seedlings were vacuum infiltrated for 10 min in 10 μM H2DCF-DA (Sigma Aldrich) in 5 mM MES buffer at pH 5.7. After being incubated in dark for 20 min, leaf samples were washed with 5 mM MES for 30 min. Fluorescence was examined with a Leica inverted fluorescence microscope (Leica Microsystems GmbH) at 500–530 nm for H2DCF-DA and 650–750 nm for chlorophyll, respectively.

STATISTICAL ANALYSIS

All experimental data were subjected to SPSS (SPSS Statistics 17.0, 2008) for statistical tests and analyses. When P < 0.05, differences between means were considered significant unless otherwise stated.

RESULTS

NA+ FLUX AND NA+ CONCENTRATIONS IN ROOTS AND SHOOTS

During NaCl treatment, Na+ flux of K. candel was recorded along the root axes (200–2000 μm from the apex), in which a vigorous flux of Na+ was usually observed. Under control conditions, K. candel roots exhibited a stable and constant Na+ efflux with a mean flux of 176 pmol cm−2 s−1 (Figure 1). The Na+ efflux in control plants was due to Na+ previously accumulated by roots (Figure 2). However, Na+ efflux along roots was significantly increased by 4.5-fold in the first week of NaCl exposure (Figure 1). Flux rate in NaCl-stressed roots remarkably decreased with the extension of the exposure (Figure 1). The mean Na+ efflux in salinized roots was only 30% higher than the controls in the third week (Figure 1).
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FIGURE 1. Effects of NaCl on net Na+ fluxes in young roots of K. candel. Plants were treated by a rising NaCl concentration from 100 to 300 mM weekly for 3 weeks. The control was not exposed to NaCl. Steady Na+ flux profiles on week 1 (A), week 2 (B), and week 3 (C) were determined along root axis at apical zones, 200–2000 μm from the tip. Each point is the mean of 4–6 replicates. Bars represent standard error of the mean. *P < 0.05, control and NaCl treatment.
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FIGURE 2. Effects of NaCl on Na+ concentrations in roots and shoots in K. candel. Plants were treated by a rising NaCl concentration from 100 to 300 mM weekly for 3 weeks. Each column is the mean of 4–6 replicates. Bars represent standard error of the mean. Different letters denote significant differences at P < 0.05 between treatments in each organ.



Na+ content in roots, hypocotyls, stems, and leaves significantly rose after 3 weeks treatment. It was 54–400% higher than that in the control (Figure 2). The Na+ accumulation was more pronounced in roots than in shoots (Figure 2).

NACL-ELICITED H2O2, SOD ACTIVITY AND EXPRESSION OF KCCSD

NaCl salinity increased H2O2 levels in K. candel leaves although H2O2 levels fluctuated during 3 weeks experiment (Figure 3). Salinized K. candel enhanced SOD activity in its leaves (Figure 3). Quantitative real-time PCR (qRT-PCR) showed KcCSD upregulation during NaCl treatment (Figure 3). These results indicate a molecular and biochemical change in expression of KcCSD in salinized K. candel.
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FIGURE 3. Total concentration of H2O2, total SOD activity, and KcCSD expression in K. candel leaves under rising NaCl stress. Plants were treated by a rising NaCl concentration from 100 to 300 mM weekly for 3 weeks. Each column is the mean of 4–6 replicates. Bars represent standard error of the mean. Different letters above columns represent significant differences at P < 0.05 during treatment.



KCCSD CLONING AND SEQUENCE ANALYSIS

The cDNA sequence of KcCSD contains 687 bp with a predicted open reading frame (ORF) of 228 amino acids (Figure 4A). KcCSD protein conserves Cu2+ or Zn2+ binding site and active site (amino acids from 84 to 219), which catalyzes the conversion of O−2 to O2 (Figure 4A). It also contains a chloroplast transit peptide with a potential cleavage site at amino acid position 73 (Figure 4A). Comparative phylogenetic analysis of KcCSD has revealed that KcCSD is homologous to Arabidopsis CSD2 and other chloroplast CSDs from different species (Figure 4B). Collectively, KcCSD can be classified as CSD2, a chloroplast-targeted protein.
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FIGURE 4. Amino acid sequence and phylogenetic analysis of KcCSD. (A) Amino acid sequences of Cu/Zn SOD from Kandelia candle (KcCSD), Bruguiera gymnorrhiza (BgchlCSD), Dimocarpus longan (DlchlCSD), Gossypium hirsutum chloroplast (GhchlCSD), and Arabidopsis thaliana chloroplast (AtCSD2). Asterisks (*) and dots (·, :) indicate identical and conserved amino acid residues, respectively. Italics are chloroplast transit peptide. Bolds indicate the conserved Cu2+ or Zn2+ binding site. Activity sites are underlined. (B) Neighbor-joined phylogenetic tree for CSD protein sequence (chloroplast CSDs with no chloroplast transit peptides) in various species. The alignment used for this analysis is available from the database (Supplementary Table S1). Different species acronyms are: Ah, Amaranthus hypochondriacus; Am, Avicennia marina; At, Arabidopsis thaliana; Bg, Bruguiera gymnorrhiza; Br, Brassica rapa subsp. Pekinensis; Cm, Chenopodiastrum murale; Dl, Dimocarpus longan; Ga, Gossypium arboreum; Gh, Gossypium hirsutum; Hb, Hevea brasiliensis; Hr, Haberlea rhodopenis; Hv, Hordeum vulgare; Kc, Kandelia candel; Pp, Prunus persica; Ps, Populus suaveolens; Pt, Populus tremuloides; Rs, Raphanus sativus; Vv, Vitis vinifera.



SUBCELLULAR LOCATION OF KCCSD

A C-terminal translational construct was generated by the fusion of KcCSD to the green fluorescent protein (GFP) reporter gene. The construct was transiently expressed in Arabidopsis protoplasts (Figure 5). Fluorescence emitted by the GFP fusion of KcCSD overlapped chlorophyll autofluorescence, revealing that KcCSD was targeted to the chloroplast (Figures 5D–F). Fluorescence of the free GFP under the control of 35S promoter was distributed in cytoplasm of protoplasts, not merging with red autofluorescence from chloroplast (Figures 5A–C).
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FIGURE 5. Chloroplast subcellular localization of KcCSD. Determined by transient expression of GFP alone (vector control; A–C) and a fusion KcCSD-GFP protein (KcCSD-GFP; D–F) in Arabidopsis protoplasts. Green fluorescence of GFP (A,D) and red auto-fluorescence of chlorophyll (B,E) were monitored separately using a confocal laser scanning microscope, and the two color fluorescence images (C,F) were merged. Bars = 10 μm.



SALINITY TOLERANCE OF KCCSD-TRANSGENIC TOBACCO PLANTS

Analysis by qRT-PCR identified a strong overexpression of KcCSD in the transgenic lines L1, L7, L8, and L10, but KcCSD was not detectable in the WT plants (Supplementary Figure S2). L7 and L8 transgenic lines showed a remarkably higher transcript abundance, indicating that KcCSD driven by the 35S promoter was more efficiently expressed in these lines, as compared to other ones. To testify the importance of KcCSD in enhancing NaCl tolerance, L7 and L8 were used for further NaCl treatment studies.

NaCl treatment (150 mM, 7 day) inhibited root growth and survival rate, but a more pronounced reduction occurred in WT (Figures 6A,C,D). Under hydroponic culture, WT plants showed a significant growth retardation compared to transgenic lines during a prolonged treatment (14 days; Figure 6B). Net photosynthetic rate (Pn) was decreased in WT and transgenic plants by salinity (Figure 6E). However, Pn was 74–93% higher in transgenic lines than in WT plants (Figure 6E). Under non-NaCl stress, both root and shoot growth of transgenic plants did not significantly differ from WT ones (Figure 6).
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FIGURE 6. NaCl tolerance of wild-type tobacco and KcCSD-transgenic lines. Seeds of wild-type (WT) and transgenic lines (L7 and L8) were germinated on MS medium for 7 days, then supplemented with 0 or 150 mM NaCl for another 7 days. (A,C,D) Show root growth and survival rate of tobacco seedlings. (B,E) Show plant performance and net photosynthetic rate of tobacco plants after exposure to 0 or 100 mM NaCl for 7 (E) or 14 (B) days. Prior to NaCl treatment, 4-weeks old rooted plants of WT and transgenic lines were transferred to 1/4 Hoagland's nutrient solution for 2-weeks acclimation. In (C–E), each column is the mean of 4–6 replicates. Bars represent standard error of the mean. Different letters above columns represent significant differences at P < 0.05 between WT and transgenic lines in control and NaCl treatments. Scale bars: A: 0.5 cm, B: 5 cm.



CHLOROPHYLL CONTENT AND FLUORESCENCE

NaCl treatment (100 mM) for 7 days resulted in a chlorophyll decline in tobacco plants (Figure 7A). However, it was more pronounced in WT than in transgenic lines L7 and L8 (Figure 7A). NaCl caused a decline in the chlorophyll a/b ratio by 14% in WT, which was greater than that in transgenic lines (Figure 7B).
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FIGURE 7. Effects of NaCl on chlorophyll content and fluorescence in wild-type tobacco and KcCSD-transgenic lines. Four-weeks old rooted plants of wild-type (WT) and transgenic lines (L7 and L8) were transferred to 1/4 Hoagland's nutrient solution for 2-weeks acclimation, then exposed to 0 or 100 mM NaCl for 7 days. (A) Chlorophyll content, (B) Chlorophyll a/b ratio, (C) Ratio of variable to maximal chlorophyll fluorescence (Fv/Fm), (D) Actual photochemical efficiency of PSII (Φ PSII). Each column is the mean of 4–6 replicates. Bars represent standard error of the mean. Different letters above columns represent significant differences at P < 0.05 between WT and transgenic lines in control and NaCl treatments.



After 100 mM NaCl treatment for a week, Fv/Fm was lowered in tobacco plants, but a more significant effect was observed in the WT ones (Figure 7C). Φ PSII, PSII actual photochemical efficiency (Maxwell and Johnson, 2000), in WT plants decreased remarkably by NaCl stress (Figure 7D). There was no similar change in KcCSD-transgenic lines (Figure 7D).

O−2 AND H2O2 PRODUCTION IN TOBACCO LEAVES

In situ O−2 production in leaves was detected by the reduction of nitro blue tetrazolium (NBT). Formazan deposits were visualized in leaf discs of WT and transgenic lines under no-NaCl conditions (Figure 8A). After 1 week exposure to 100 mM NaCl, more formazan precipitates appeared in tobacco leaves, especially in transgenic plants (Figure 8A). However, formazan formation in WT and KcCSD-transgenic plants was suppressed by SOD, the scavenger of O−2, irrespective of NaCl and control treatments (Supplementary Figure S3). This indicates that NBT was reduced to formazan specifically by the superoxide anions in WT and KcCSD-transgenic plants.
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FIGURE 8. Effects of NaCl on leaf ROS and malondialdehyde levels in wild-type tobacco and KcCSD-transgenic lines. Four-weeks old rooted plants of wild-type (WT) and transgenic lines (L7 and L8) were transferred to 1/4 Hoagland's nutrient solution for 2-weeks acclimation, then exposed to 0 or 100 mM NaCl for 7 days. Leaf discs (2 cm in diameter) were sampled. (A) In situ O−2, (B) In situ H2O2, (C) Total H2O2, and (D) Malondialdehyde (MDA) content. In (C,D), each column is the mean of 4–6 replicates. Bars represent standard error of the mean. Different letters above columns represent significant differences at P < 0.05 between WT and transgenic lines in control and NaCl treatments.



By means of DAB staining, H2O2 levels were visible in WT and KcCSD-transgenic lines (Figure 8B). Compared to the control, the intensity of red–brown staining significantly increased in NaCl-treated plants, and a more pronounced effect was observed in WT plants (Figure 8B). However, red–brown staining was absent in ascorbic acid-pretreated leaves (data not shown), indicating that the brownish staining was due to the reaction of DAB with H2O2. Total leaf H2O2 analysis showed a trend similar to that of in situ detection. H2O2 content in WT plants was increased by 16% under NaCl treatment, significantly higher than that in transgenic lines (Figure 8C).

MDA CONTENT IN LEAVES

NaCl-elicited increase in MDA, a marker of lipid peroxidation, was observed in both WT tobacco and KcCSD-transgenic lines (Figure 8D). However, WT showed 34% increase in MDA compared to transgenic lines L7 and L8 (10 and 17%; Figure 8D). This indicates that NaCl caused a more pronounced oxidative damage in WT than in transgene plants.

H2O2 LEVEL IN CHLOROPLASTS

Confocal laser scanning microscopy analysis of leaf epidermal cells showed the same level of chlorophyll red auto-fluorescence in the WT tobacco and transgenic lines of the control (Figure 9A). In NaCl treatment, DCF-dependent green fluorescence occurred in NaCl-stressed tobacco plants (Figure 9B). WT plants had a higher fluorescent intensity than the transgenic lines (Figure 9B). Furthermore, the green fluorescence overlapped the red auto-fluorescence (Figure 9B), indicating that the NaCl-elicited H2O2 mainly originated from chloroplast. Excessive H2O2 accumulation in chloroplast would cause oxidative damage to WT leaves.


[image: image]

FIGURE 9. Effect of NaCl on chloroplast H2O2 production in wild-type tobacco and KcCSD-transgenic lines. Seeds of wild-type (WT) and transgenic lines (L7 and L8) were germinated on MS medium for 7 days, then supplemented with 0 (A) or 150 mM NaCl (B) for 7 days. Seedlings treated with or without NaCl were stained with 10 μM H2DCF-DA for H2O2 detection. Green fluorescence of H2DCF-DA and red auto-fluorescence of chlorophyll were monitored separately using a confocal laser scanning microscope, and two color fluorescence images were merged. Bars = 20 μm.



ACTIVITY OF ANTIOXIDANT ENZYMES

In control conditions, SOD, CAT, and APX activities were similar in WT tobacco and transgenic plants (Figure 10). CAT and SOD activities of KcCSD-transgenic lines L7 and L8 were 20 and 50% higher than in WT after 8 h of NaCl stress, respectively (Figures 10A,B). Moreover, transgenic plants displayed a significantly higher CAT activity than WT plants after 24 h stress (Figure 10B), indicating that the capacity to scavenge H2O2 was enhanced by NaCl treatment. NaCl did not significantly decrease APX activity in WT and transgenic lines during short salinity (Figure 10C).
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FIGURE 10. Effect of NaCl on activities of antioxidant enzymes in wild-type tobacco and KcCSD-transgenic lines. Four-weeks old rooted plants of wild-type (WT) and transgenic lines (L7 and L8) were transferred to 1/4 Hoagland's nutrient solution for 2-weeks acclimation. Hydroponically acclimated plants were subjected to 0 or 100 mM NaCl for 24 h. (A) Total SOD activity, (B) CAT activity, and (C) APX activity. Each column is the mean of 4–6 replicates. Bars represent standard error of the mean. Different letters above columns represent significant differences at P < 0.05 between wild-type and transgenic lines in control and NaCl treatments.



A 7-day 100 mM NaCl treatment increased activity of two dominant SOD isoenzymes in both transgenic lines and WT plants (Figure 11). Transgenic plants exhibited a higher increase in activity of one of four SOD isoenzymes than WT plants did under NaCl stress (arrowhead, Figure 11), indicating that overexpression of KcCSD in tobacco led to an increased antioxidant defense.
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FIGURE 11. Effect of NaCl on activities of SOD isoenzymes in leaves of wild-type tobacco and KcCSD-transgenic lines. Four-weeks old rooted plants of wild-type (WT) and transgenic lines (L7 and L8) were transferred to 1/4 Hoagland's nutrient solution for 2-weeks acclimation. Hydroponically acclimated plants were subjected to 0 or 100 mM NaCl for 7 days. The arrow indicates remarkably increased SOD isoform in transgenic lines.



DISCUSSION

NA+ ACCUMULATION AND UPREGULATION OF KCCSD IN K. CANDEL LEAVES

Young roots of K. candel had a net Na+ efflux under rising NaCl stress from 100 to 300 mM (Figure 1), which agreed with previous results in mangrove (Lu et al., 2013; Lang et al., 2014). Root Na+ efflux resulted from active Na+/H+ antiport across the PM (Lu et al., 2013; Lang et al., 2014). Root Na+ exclusion was more pronounced in a short treatment (1 week) than in a long-term stress (2–3 weeks) (Figure 1). This indicates that Na+ extrusion capacity in K. candel roots declined with the exposure. As a result, large amount of Na+ accumulated in roots was transported to other organs (hypocotyl, stem, and leaf) (Figure 2). Excessive Na+ accumulation in K. candel leaves led to an increase of ROS (Figure 3). This was tallied with the findings in poplars (Wang et al., 2007, 2008). A limit in oxidative damage to photosynthetic apparatus and antioxidant enzyme activities could benefit for detoxifying Na+-elicited ROS in Populus euphratica (Wang et al., 2007, 2008). In the present work, salinized K. candel promoted KcCSD expression and subsequently enhanced SOD activity in leaves (Figure 3). Protein abundance of SOD in K. candel leaves might increase under a high level of NaCl (Wang et al., 2014). Thus, it could be inferred that K. candel would upregulate the antioxidant enzymes to deal with a long-term saline stress. To investigate the role of KcCSD in salinity tolerance, KcCSD gene was transferred to the model species Nicotiana tabacum. The transgenic tobacco overexpressing KcCSD resulted in a greater root length and survival rate than WT plants under NaCl stress (Figure 6). This finding is consistent with other studies on transgenic Chinese cabbage plants (Tseng et al., 2007). Rice plants overexpressing a cytosolic Cu/Zn SOD gene (Avicennia marina) also conferred salinity tolerance in transgene plants (Prashanth et al., 2008). In this study, KcCSD overexpression in tobacco reduced ROS in chloroplasts under NaCl stress. The results confirmed the protection of chloroplast Cu/Zn SOD from NaCl stress.

KCCSD EXPRESSION AND ROS CONTROL IN CHLOROPLAST

Phylogenetic tree and sequence analyses have verified that KcCSD is a chloroplast CSD (Figure 4). The deduced protein sequence has confirmed a high similarity to chloroplast CSDs from other species, such as Bruguiera gymnorrhiza, Dimocarpus longan, Gossypium hirsutum, and Arabidopsis thaliana (Figure 4). In agreement with sequence analysis, a subcellular location assay revealed that KcCSD protein is targeted to chloroplast (Figure 5). Similarly, Arabidopsis CSD2 localized in chloroplast (Kliebenstein et al., 1998; Huang et al., 2012). ROS analysis in transgene tobacco plants indicated that KcCSD was involved in protecting chloroplasts from Na+ damage. NaCl treatment caused a significant increase in leaf H2O2 (Figure 8) and WT tobacco chloroplast (Figure 9). The H2O2 burst in chloroplast resulted from the SOD-catalyzed conversion of O−2. It was formed predominantly at a high rate of electron transfer to O2 (Asada, 1999; Apel and Hirt, 2004). The Na+-induced oxidative damage occurred in WT tobacco leaves. It led to an increased MDA and declined Pn, chlorophyll content, chlorophyll a/b ratio, Fv/Fm, and Φ PSII (Figures 6–8). This was a result of high H2O2 in chloroplast (Figure 9; Stepien and Johnson, 2009). Excessive H2O2 has been shown to trigger membrane lipid peroxidation, and limit membrane lipid unsaturation and membrane protein polymerization (Bowler et al., 1992; Wang et al., 2007).

Compared to WT tobacco plants, KcCSD-transgenic plants accumulated less H2O2 in both leaves and chloroplast under NaCl stress (Figures 8, 9). Unexpectedly, NaCl-treated transgenic plants retained higher O−2 production than WT (Figure 8). The high O−2 in salinized transgenic plants was likely due to feedback activation of O−2 production system. A high conversion of O−2 to H2O2 in KcCSD-transgenic plants accelerated the electron transfer to O2 via photosynthetic electron transport chain, thus activating positive feedback production of O−2. A lower H2O2 in KcCSD-transgenic plants mainly resulted from an increased activity of antioxidant enzymes (Figures 10, 11). Under either 24-h or 7-day NaCl stress, KcCSD-transgenic tobacco plants increased total activity of SOD due to an increment of SOD isoenzymes (Figures 10, 11). Moreover, in transgenic plants, NaCl treatment rapidly increased CAT after 8 h of salinity (Figure 10). Increased activities of CAT arose from an increased production of O−2 and H2O2, as ROS are secondary messengers to induce antioxidant defenses (Desikan et al., 2001; Vranová et al., 2002). It is evidenced that the antioxidant enzymes SOD, CAT, and APX play a crucial role in maintaining O−2 and H2O2 balance in the plants (Payton et al., 2001). Hence, increased activity of SOD in transgenic plants promoted the conversion of O−2 to H2O2 (Bowler et al., 1992; Fridovich, 1995) and CAT activation. Consequently, increased CAT would assist transgenic plants in reducing NaCl-elicited H2O2 in leaf cells during an extended NaCl stress (Figures 8, 9). Similar findings were observed in K. candel under NaCl treatment. Li (2009) showed that K. candel increased activities of SOD, CAT, APX, and glutathione reductase (GR) in leaves to control ROS during NaCl stress.

CONCLUSIONS

This study has revealed that K. candel has different physiological mechanisms to adapt to NaCl stress (Figure 12). As shown in the schematic model, K. candel roots could maintain a high capacity to extrude Na+ via a PM Na+/H+ antiport system driven by H+-ATPase. Under a prolonged stress, K. candel could activate its antioxidant system when roots were unable to effectively limit Na+ uptake and transport in the plant. The buildup of Na+ in leaves would favor the formation of O−2 via electron transport chain in chloroplast. K. candel could also upregulate CSD in leaves to detoxify Na+-elicited ROS and thus avoid an occurrence of oxidative burst. Ectopic expression of KcCSD in tobacco revealed that KcCSD could control ROS in chloroplast during NaCl stress. Accordingly, salinized K. candel increased Cu/Zn SOD activity to promote the conversion of O−2 to H2O2; subsequently, chloroplasts scavenged and eliminated H2O2 via the ascorbate-glutathione cycle (Asada, 1999). Moreover, the activated antioxidant enzymes, such as CAT and APX in the cytosol could readily scavenge the Na+-elicited H2O2 when H2O2 diffused across thylakoid membranes to the cytosol. The effective scavenge of Na+-elicited H2O2 in chloroplast alleviated chloroplast injury from excessive ROS under the stress. As a result, photochemical efficiency inhibition was physiologically mitigated and benefitted the plant for maintaining its photosynthesis and growth under the longer term salinity. Signaling network regulating KcCSD transcription under NaCl stress needs to be further investigated in the future.
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FIGURE 12. Schematic model showing physiological mechanisms of K. candel adaptation to NaCl. Under a short-term NaCl treatment, K. candel roots extrude Na+ by the plasma membrane Na+/H+ antiport system driven by H+-ATPase. During a prolonged stress, K. candel roots were unable to effectively limit Na+ uptake and transport, leading to Na+ accumulation in shoots. The buildup of Na+ in leaves favors the formation of O−2 via electron transport chain in chloroplasts. Salinized K. candel increases transcription of CSD gene encoding a copper/zinc superoxide dismutase (Cu/Zn SOD). An increased SOD activity in chloroplasts promotes the conversion of O−2 to H2O2; subsequently, chloroplasts scavenge and eliminate H2O2 via the ascorbate-glutathione (ASC-GSH) cycle (Asada, 1999). Moreover, the activated antioxidant enzymes, such as catalase (CAT), and ascorbate peroxidase (APX), readily scavenge H2O2 when the molecule diffuses across thylakoid membranes to the cytosol. As a result, the efficient scavenging of Na+-elicited ROS in chloroplasts avoids an occurrence of oxidative burst, and thus alleviates chloroplast injury from excessive ROS under the stress.
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Emanuel Bojórquez-Quintal1, Ana Velarde-Buendía2, Ángela Ku-González1, Mildred Carillo-Pech1, Daniela Ortega-Camacho3, Ileana Echevarría-Machado1, Igor Pottosin2 and Manuel Martínez-Estévez1*


1Unidad de Bioquímica y Biología Molecular de Plantas, Centro de Investigación Científica de Yucatán, Yucatán, México

2Centro Universitario de Investigaciones Biomédicas, Universidad de Colima, Colima, México

3Unidad de Ciencias del Agua, Centro de Investigación Científica de Yucatán, Yucatán, México

* Correspondence: Manuel Martínez-Estévez, Unidad de Bioquímica y Biología Molecular de Plantas, Centro de Investigación Científica de Yucatán (CICY), Calle 30 # 130, Col. Chuburná de Hidalgo, Mérida 97200, México e-mail: luismanh@cicy.mx



Edited by:
Vadim Volkov, London Metropolitan University, UK

Reviewed by:
Sergey Shabala, University of Tasmania, Australia
 Vadim Volkov, London Metropolitan University, UK
 Soledad Francisca Undurraga, Universidad Mayor, Chile

Despite its economic relevance, little is known about salt tolerance mechanisms in pepper plants. To address this question, we compared differences in responses to NaCl in two Capsicum chinense varieties: Rex (tolerant) and Chichen-Itza (sensitive). Under salt stress (150 mM NaCl over 7 days) roots of Rex variety accumulated 50 times more compatible solutes such as proline compared to Chichen-Itza. Mineral analysis indicated that Na+ is restricted to roots by preventing its transport to leaves. Fluorescence analysis suggested an efficient Na+ compartmentalization in vacuole-like structures and in small intracellular compartments in roots of Rex variety. At the same time, Na+ in Chichen-Itza plants was compartmentalized in the apoplast, suggesting substantial Na+ extrusion. Rex variety was found to retain more K+ in its roots under salt stress according to a mineral analysis and microelectrode ion flux estimation (MIFE). Vanadate-sensitive H+ efflux was higher in Chichen-Itza variety plants, suggesting a higher activity of the plasma membrane H+-ATPase, which fuels the extrusion of Na+, and, possibly, also the re-uptake of K+. Our results suggest a combination of stress tolerance mechanisms, in order to alleviate the salt-induced injury. Furthermore, Na+ extrusion to apoplast does not appear to be an efficient strategy for salt tolerance in pepper plants.
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INTRODUCTION

The excess of soluble salts in soil, particularly NaCl, causes three types of stresses in plants: osmotic, ionic, and oxidative. These stresses reduce absorption and induce a massive efflux of water and ions (K+) in plant cells, resulting in water, and nutritional imbalances. The accumulation of Na+ to toxic concentrations and the production of reactive oxygen species (ROS) reduce the growth, yield, and production of economically important crops, such as cereals and vegetables (Munns and Tester, 2008; Bojórquez-Quintal et al., 2012). Plants in relation to salt can be classified into two groups: halophytes (growth stimulated at moderate and tolerant to high salinity) and glycophytes, which display a suppressed growth in a saline environment (Flowers and Colmer, 2008; Ruan et al., 2010). In halophytes, various adaptive mechanisms to tolerate high levels of salt have been identified and intensively studied (Ruan et al., 2010; Adolf et al., 2013; Shabala, 2013). Unfortunately, some of these mechanisms may not be directly transferred to crop plants, which are mostly glycophytes (Zhang and Shi, 2013). Yet, several crops are relatively salt resistant, and there are also substantial differences in the salt tolerance between nearly isogenic varieties within the same plant species. Salt tolerance is a complex trait controlled by many genes and involves various biochemical and physiological mechanisms. The fine tuning of these mechanisms is necessary to achieve a significant increase in tolerance to salt (Zhang and Shi, 2013; Adem et al., 2014).

Proline is the most common compatible osmolyte in plants and has therefore been extensively studied. The accumulation of this amino acid is an important regulatory mechanism under osmotic stress (Huang et al., 2013). Proline is a multifunctional amino acid (Szabados and Savouré, 2009). In many plant species, the accumulation of proline has been associated with tolerance to salt stress and has even been used as a marker to select tolerant genotypes (Ashraf and Harris, 2004). However, a negative correlation between the accumulation of proline and salt tolerance has also been reported, indicating discrepancies in its function (Lutts et al., 1999; Chen et al., 2007a). Proline accumulation is made possible by the increase in the expression and activity of the synthesis enzymes (Δ-pyrroline-5-carboxylate synthetase, P5CS; Δ-pyrroline-5-carboxylate reductase, P5CR) or by the decrease in the degradation enzymes, proline dehydrogenase or proline oxidase (PDH or POX), and P5C dehydrogenase (P5CDH) (Huang et al., 2013). Under salt stress, the P5CS1 and PDH genes are positively and negatively regulated, respectively (Kishor et al., 2005; Verslues and Sharma, 2010; Jaarsma et al., 2013). Similarly, the overexpression of the P5CS gene increases proline synthesis under salt stress and improves tolerance to salt (Kishore et al., 1995; Hmida-Sayari et al., 2005).

The roots are the first site of contact with high concentrations of Na+ in the soil and therefore of the uptake or absorption of salt. Na+ influx is mediated by non-selective cation channels (NSCC), high-affinity K+ transporters (HKTs), and low-affinity cation transporters (LCT) in the root epidermal cells (Apse and Blumwald, 2007; Plett and Moller, 2010; Maathuis, 2014). Na+ is then transported radially toward the root xylem via the apoplast and symplast. After being loaded into the xylem, Na+ is finally transported to the shoots by xylem flow (Adams and Shin, 2014). In contrast to halophytes, Na+ is not an essential element for most plants and becomes highly toxic at high concentrations, particularly in the aerial parts of the plant. Therefore, it is necessary to maintain efficient control of Na+ content and intracellular compartmentalization in plant tissues. The high-affinity potassium transporters (HKTs), the Na+/H+ SOS1 (salt overly sensitive) antiporters on the plasma membrane and the intracellular NHX antiporters (Na+/H+) are transporters involved in the Na+ homeostasis (Almeida et al., 2013; Adams and Shin, 2014).

The regulation of K+ homeostasis is essential for plant adaptation to biotic and abiotic stresses. This adaptation is associated with the wide range of functions in which K+ participates (Anschütz et al., 2014; Demidchik, 2014; Shabala and Pottosin, 2014). Recently, K+ retention in the cells of roots and leaves has been identified as an important trait for salt tolerance. A strong negative correlation between the magnitude of salt-induced K+ loss and salt tolerance, observed in various crop species, suggested K+ retention as a selection criterion between salt tolerant and sensitive varieties (Chen et al., 2005, 2007b,c; Smethurst et al., 2008; Lu et al., 2013; Wu et al., 2013; Bonales-Alatorre et al., 2013a). Furthermore, it has been observed that the exogenous administration of organic compounds and divalent cations prevents K+ efflux (Cuin and Shabala, 2005, 2007a,b; Shabala et al., 2006; Zhao et al., 2007; Chen et al., 2007a; Zepeda-Jazo et al., 2008). Efficient control of membrane potential due to the H+-ATPase activity was shown to be important for the salt tolerance in several species (Chen et al., 2007b; Cuin et al., 2008; Hariadi et al., 2011; Bose et al., 2013, 2014). A more negative membrane potential during salt stress reduces the driving force for the K+ loss and facilitates the K+ absorption, thus allowing plants to retain K+ in the cytosol (Chen et al., 2007b; Bose et al., 2013). Likewise, the H+-ATPase activity is essential to fuel Na+/H+ exchangers in the plasma membrane (SOS1). At the same time, a higher activity of the H+ pump consumes a large amount of ATP, hence has a higher energetic cost (Malagoli et al., 2008). Thus, keeping electrochemical gradients for physiologically important cations across the plasma membrane could present an energetic burden, so this tolerance mechanism cannot be considered permanent and may be used as a temporary solution at early times after the onset of the salt stress (Bose et al., 2013, 2014).

Peppers (Capsicum spp.) are an economically important genus of the Solanaceae family, which also includes tomatoes and potatoes. Among the 32 species native to America, C. annuum L., C. baccatum L., C. frutescens L., C. pubescens L., and C. chinense Jacq. are cultivated (Moscone et al., 2007; Perry et al., 2007). Overall, pepper plants are grown around the world because of their adaptation to different agro-climatic regions and their wide variety of shapes, sizes, colors, and pungencies of the fruit (Qin et al., 2014). However, these plants are sensitive to various biotic stresses, such as viruses and Oomycetes and abiotic factors such as drought and salinity. In fact, pepper plants are considered moderately sensitive, sensitive or highly susceptible to salt stress (Maas and Hoffman, 1977; Aktas et al., 2006). Nevertheless, despite their economic importance as a horticultural species, very little is known about the mechanisms of tolerance to high salt concentrations. To contribute to the understanding of salt stress in species of economic importance such as peppers, the difference in salt sensitivity of two varieties of the species C. chinense Jacq, commonly known as habanero pepper, was evaluated in this study. Furthermore, possible mechanisms of salt stress tolerance for the two varieties were addressed by electrophysiological studies using selective microelectrodes (MIFE) and by subcellular localization of Na+ using fluorescent indicators.

MATERIALS AND METHODS

PLANT MATERIAL AND GROWTH CONDITIONS

Habanero pepper (C. chinense Jacq.) seeds of the Chichen-Itza (Seminis®) and Rex (Mayan Chan obtained in CICY) varieties were used in this study. To disinfect the seeds, they were rinsed in 80% ethanol (v/v) for 5 min and washed continuously with sterile water. Seeds were then incubated with 30% (v/v) sodium hypochlorite (Cloralex 5% NaOCl) and Tween (1 drop) for 15 min. Washes were continuous, and the seeds were kept in sterile water for 48 h at 4°C in the dark. After stratification, seeds of both varieties were incubated (in the dark) in Petri dishes with filter paper moistened with sterile water until the emergence of the radicle.

For the hydroponic experiments, germinated seeds were transferred to plastic containers with vermiculite moistened with a Hoagland solution to a fifth of its ionic strength (H1/5). Seeds were incubated under photoperiods of 16/8 h light/dark at 25°C. The light intensity was 123 μ mol m−2 s−1. Seedlings were irrigated for 45 days with a sterile water solution and H1/5 with 7-day intervals. The modified Hoagland solution at one-fifth of its ionic strength (H1/5) contained the following: 1.2 mM KNO3, 0.8 mM Ca(NO3)2, 0.2 mM KH2PO4, 0.2 mM MgSO4, 50 μM CaCl2, 12.5 μM H3BO3, 1 μM MnSO4, 1 μM ZnSO4, 0.5 μM CuSO4, 0.1 μM (NH4)6Mo7O24, 0.1 μM NaCl, and 10 μM Fe-EDTA, pH 6.8.

For electrophysiological experiments and subcellular Na+ localization, seeds with radicles were transferred to Petri dishes containing modified Gamborg-B5 growth medium (Sales B5, Sigma) at half ionic strength (B5/2). B5/2 medium was supplemented with 0.5% sucrose (w/v) and 1% agar (w/v). The pH was adjusted to 5.8. Seedlings 10 days of age with a primary root 8–10 cm in length were used for this experiment.

NaCl STRESS TREATMENT

Forty–five- to fifty-day-old seedlings (growing in vermiculite) of Rex and Chichen-Itza varieties were used. After pre-treatment with a solution of H1/5 for 7 days to avoid mechanical damage, seedlings homogeneous in size were selected. Three replicates of 10 seedlings of each variety were subjected to 7 days of treatment at concentrations of 0, 50, 100, and 150 mM NaCl in H1/5 solution. Treatments were performed in a culture room with photoperiods of 16/8 h light/dark at 25°C. At the end of the experiment, the seedlings were harvested and washed with sterile water to remove excess NaCl, and the fresh weight (FW), dry weight (DW), and the water content was determined by the formula (FW-DW)/FW. Each type of sample was dried in an electric oven at 60°C for 72 h. The leaves and roots were used for the determination of proline, Na+, and K+ content.

PROLINE CONTENT

A modification of the method described by Bates et al. (1973) was used to determine proline content. Briefly, dry leaf and root tissues were macerated and homogenized in 10 mL of boiling water. For each reaction, 2 mL of the supernatant was mixed with 2 mL of acetic acid and 2 mL of ninhydrin. The reaction mixture was heated in a water bath at 100°C for 60 min, and the reaction was stopped in an ice bath. For extraction, 4 mL of toluene was added, and samples were mixed vigorously for 15–20 s. Samples were then set aside to allow separation of the organic and aqueous phases. The organic phase containing the chromophore was collected in a new tube, and absorbance was read at 520 nm using toluene as a blank. Proline concentration was determined from a standard curve, and concentrations were calculated based on DW.

SODIUM AND POTASSIUM QUANTIFICATION

Samples of dried leaves and roots were weighed, and HNO3:H2O2 was added at a 5:1 (v:v) ratio. Microwave digestion was performed at 1200 W using a ramp of 15 min to 200°C, 10 min to 200°C, and 5 min to 170°C. Subsequently, samples were adjusted to a volume of 25 mL with water (Milli Q), and Na+ and K+ content was quantified by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Thermo IRIS Intrepid II XDL, New York, USA). Standard curves were used for each element.

MIFE TECHNIQUE

The net flux of K+ and H+ on the surface of the roots of the two varieties of C. chinense was measured non-invasively by the microelectrode ion flux estimation (MIFE) technique (Newman, 2001). For MIFE studies, seedlings grown in vitro with roots of 8–10 cm in length were transferred and fixed horizontally to a measuring chamber. Subsequently, 25 mL of measurement solutions were added for K+ (0.5 mM KCl, 0.1 mM CaCl2, 5 mM MES, 2 mM Tris base, pH 6.0) and for H+ (0.5 mM KCl and 0.1 mM CaCl2, without pH-buffer) and incubated for 1 h to allow stabilization. Two electrodes selective for K+ and H+ were used in each experiment. For salt stress treatment, NaCl solution was added to the measuring chamber to a final concentration of 150 mM. Before the experiment, the microelectrodes were filled with 0.5 mM KCl for K+ or 0.15 mM NaCl and 0.04 mM KH2PO4 for H+, and the tip of each electrode was filled with the ion-selective resin (ion-liquid exchanger, LIX Fluka, Sigma-Aldrich) for the ion measured. Two electrodes were then mounted in a micromanipulator, and located perpendicular to the root axis 20–40 μm from the mature root zone, 1–2 cm from the root apex. Measurements were initiated by moving the electrodes 50 μm back and then forth and back in a cyclic manner every 8 s. The software CHART recorded potential differences between the two measurement positions and converted them into electrochemical potential differences using the Nernst slope. Net ion fluxes were calculated using the MIFEFLUX software for cylindrical diffusion geometry.

LOCALIZATION AND SUBCELLULAR ACCUMULATION OF SODIUM

Sodium Green™ indicator (S-6901, Molecular Probes, Life Technologies) was used to evaluate the subcellular localization and accumulation of sodium in the roots of C. chinense. Seedlings grown in vitro were incubated in a measurement solution (0.5 mM KCl, 0.1 mM CaCl2, 5 mM MES, 2 mM Tris base, pH 6.0) supplemented or not with 150 mM NaCl. After 60 min of treatment, control, and NaCl treated seedlings were washed with distilled water and a solution of 0.5 mM CaCl2. Root segments (1–1.5 cm long) were cut from the mature zone to 1–2 cm from the root apex and were incubated for 60 min in Eppendorf tubes of 500 μL (measurement solution) with 10 μM of Sodium Green™ (sodium staining) and 20 μM of FM®4-64 (membrane staining, T-13320, Molecular Probes, Life Technologies). Excess dye was removed, and the primary root segments were placed on a slide. Approximately 10 μL of Vectashield (H-1000, Vector Laboratories, Inc.) with DAPI (nuclei staining, D3571, Molecular Probes, Life Technologies) was added. The fluorescence was observed using the confocal microscope FluoView™ FV1000 (Olympus, Japan). A UPLFLN 40X0 (oil, NA: 1.3) lens was used with a scanning speed of 10 μs/pixel. DAPI, Sodium Green™, and FM4-64 exhibit excitation and emission wavelengths of 358–461 nm, 507–532 nm, and 515–670 nm, respectively. Z images had a resolution of 512 × 512 pixels and were projected as a single image. Fluorophores were merged using the software FV10-ASW 3.01b.

STATISTICAL ANALYSIS

Data were analyzed using a One-Way analysis of variance (ANOVA) (Sigma Stat Version 3.1). Treatment averages were compared using Tukey's range test.

RESULTS

VARIETIES OF C. CHINENSE DIFFER IN SENSITIVITY TO NaCl STRESS

Different varieties of C. chinense such as Rex and Chichen-Itza differ in their morphologic characteristics (fruit color, size, and root system architecture), as shown in Figures 1A,C. These two varieties exhibit differing sensitivities to salt stress, Rex being more tolerant than Chichen-Itza (Figures 1B,C). A concentration of 150 mM of NaCl over 7 days of culture in hydroponic conditions had a strong impact on the growth of the two varieties. Loss of turgor, leaf abscission, and darkening of the root system were observed, especially in the variety Chichen-Itza (Figures 1B,C).
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FIGURE 1. Morphologic and sensitivity differences to NaCl stress in two varieties of C. chinense. (A) Representative color of ripe habanero pepper fruits of the Rex (red) and Chichen-Itza (orange) varieties. (B) Forty-five-day-old seedlings of two varieties of C. chinense after 7 days of culture in H1/5 solution supplemented with 150 mM NaCl. (C) Appearance and sensitivity of Rex and Chichen-Itza seedlings after 7 days of treatment under control conditions (top) and 150 mM NaCl (bottom).



A significant reduction of fresh and DWs was also induced by NaCl in both genotypes (Figures 2A,B). Under salt stress, the FW reduction was greater in Chichen-Itza, (75%) than in the Rex variety (50%) (Figure 2A). The water content in the Rex variety was identical to the water content in control seedlings with no salt treatments. However, the water content in the Chichen-Itza variety was significantly lower than in the untreated controls (Figure 2C). It is noteworthy that although symptoms of stress (wilting and senescence) were observed at concentrations below 150 mM NaCl, the effect on growth parameters was not significant between varieties by the end of the measurement period (data not shown). For this reason, a dose of 150 mM NaCl was selected for subsequent studies. This concentration has been used in various studies with glycophytes such as A. thaliana, S. tuberosum, and S. lycopersicum (Apse et al., 1999; Rodríguez-Rosales et al., 2008; Jaarsma et al., 2013).
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FIGURE 2. Effect of saline stress (150 mM NaCl) on fresh weight (A), dry weight (B), and water content (C) of Chichen-Itza and Rex varieties seedlings after 7 days of culture with 150 mM NaCl. The white bars (Rex) and gray bars (Chichen-Itza) represent the mean FW, DW, and WC for the different treatments, ME ± SD (n = 6 seedlings). The asterisk indicates statistically significant differences between varieties for each treatment (P < 0.050, Tukey's test).



EFFECT OF NaCl ON PROLINE ACCUMULATION IN DIFFERENT VARIETIES OF C. CHINENSE

Many species of plants accumulate compatible solutes, such as proline, in response to abiotic stresses such as drought and salinity. In the varieties of C. chinense studied, proline accumulation was analyzed in the leaves and roots of seedlings grown in hydroponic cultures and subjected to 0 (control) or 150 mM NaCl for 7 days. Proline concentrations in the roots and leaves were similar in both varieties in the absence of salt. The proline concentration was higher in the leaves than in the roots (Figure 3). After 7 days of salt stress, the proline content in the Rex variety increased approximately 6.0-fold compared to control. However, in the Chichen-Itza variety, the values were similar to those in control seedlings growing without NaCl (Figure 3A). The same effect was observed in the roots as in the leaves. In the Rex variety, proline levels were 16-fold higher compared to control (Figure 3B). Surprisingly, the accumulation of proline in the roots was 50-fold higher in the Rex than in the Chichen-Itza variety after 7 days of treatment with NaCl (Figure 3B).
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FIGURE 3. Effect of NaCl treatment on proline accumulation in leaves (A) and roots (B) of two varieties of C. chinense. The bars (white: Rex, gray: Chichen-Itza) represent the means of treatments with or without NaCl (150 mM), ME ± SD (n = 3). The asterisk indicates statistically significant differences between varieties for each treatment (P < 0.050, Tukey's test).



POTASSIUM RETENTION AND SODIUM ACCUMULATION IN ROOTS UNDER SALT STRESS

K+ and Na+ accumulation patterns in the two varieties of C. chinense are presented in Figure 4. In the absence of salt stress, K+ content in the leaves and roots did not significantly differ between these varieties (Figures 4A,D). A higher K+ concentration was observed in the leaves as compared to roots, due to the K+ accumulation on the top of transpiration stream (Conn and Gilliham, 2010). NaCl stress did not modify K+ content in the leaves in either variety of C. chinense (Figure 4A). However, a significant decrease in K+ was observed in the roots of seedlings from the Chichen-Itza variety under salt stress. No significant reduction of root K+ was observed in the Rex variety (Figure 4D). Furthermore, no differences in K+ were observed for concentrations lower than 150 mM of NaCl in either variety (Figure S1).
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FIGURE 4. Potassium and sodium content in two varieties of C. chinense under NaCl stress conditions. Forty-five-day-old seedlings cultivated in hydroponic cultures (H1/5) for 7 days with 0 and 150 mM of NaCl. K+ content in the leaves (A) and roots (D) of Rex and Chichen-Itza varieties after treatment with salt. Na+ content in the leaves (B) and roots (E) of the two C. chinense varieties after 7 days of treatment. The Na+/K+ ratios in leaves (C) and roots (F) in control and NaCl treatments. Bars represent the average of the treatments with or without NaCl (150 mM), ME ± SD (n = 3). The asterisk indicates statistically significant differences between varieties for each treatment (P < 0.050, Tukey's test).



In absence of salt stress, Na+ content in the leaves and roots of both varieties was minimal, with values of 0.02 mmol and 0.04 mmol g DW−1, respectively. Treatment with 150 mM NaCl increased the Na+ content in the leaves; however, no differences were observed between the two varieties (Figure 4B). Na+ content increased in the roots treated with salt in both varieties and was surprisingly higher in Rex (twofold) compared to Chichen-Itza variety (Figure 4E). The Na+/K+ ratio in leaves and roots were very similar between pepper varieties when NaCl was not supplied (Figures 4C,F). As a consequence of increase in Na+ and decreases in K+ content by NaCl treatment, Chichen-Itza variety exhibited much higher Na+/K+ ratio in roots compared to the Rex variety (Figure 4F). In contrast, the Na+/K+ ratio in leaves at NaCl treatment did not differ between the genotypes (Figure 4C). Furthermore, at low and moderate concentrations of NaCl, the Rex variety exhibited higher Na+ content in the roots and much lower Na+ content in the leaves. The opposite effect was observed in the Chichen-Itza variety at 50 mM NaCl. Similar Na+ content was observed between shoots and roots at a concentration of 100 mM (Figure S2).

NaCl INDUCES K+ EFFLUX IN ROOTS OF C. CHINENSE

As described so far, Chichen-Itza and Rex varieties differ in their sensitivity to salt stress, the latter being less affected (Figures 1, 2). The Rex variety retains 55% of K+ in salt-stress conditions, whereas Chichen-Itza looses about 90% of the root K+ (Figure 4). To deepen the study of this response, the K+ flux was measured using the non-invasive MIFE technique. The addition of 150 mM NaCl induced K+ efflux from the epidermal cells in the mature root zone of the two varieties of C. chinense (Figure 5). This efflux started immediately following NaCl treatment. A higher K+ efflux was observed in the roots of the Chichen-Itza variety compared to Rex variety (Figure 5A). The difference in K+ efflux in the 1 min was double and the relative difference even increased with time (Figure 5B). In the Rex variety K+ efflux was close zero after 35 min, whereas in Chichen-Itza a significant K+ efflux of about 50 nmol m−2 s−1 was observed at late times.


[image: image]

FIGURE 5. Measurement of the net flow of K+ in the roots of C. chinense in response to NaCl stress. (A) Kinetics of net K+ flux measured in the mature root zone of seedlings (10 days old) of the Rex (closed circles) and Chichen-Itza (open circles) varieties in response to 150 mM NaCl (the arrow indicates the time of addition of the treatment). (B) Mean net flow of K+ from the root of each variety in the first 10 min after application of 150 mM NaCl. ME ± SD (n = 4–5). The asterisk indicates statistically significant differences between varieties by treatment (P < 0.001, Tukey's test).



EFFECT OF NaCl ON H+ EFFLUX IN ROOTS OF C. CHINENSE

In the roots of habanero pepper, NaCl stress caused significant changes in the net flux of H+ (Figure 6). Before starting the salt treatment (first 5 min), the net flux of H+ was zero in both varieties. Application of 150 mM NaCl induced a substantial H+ efflux (Figure 6A). In the roots of the Rex variety, NaCl induced H+ efflux was much lower as compared the Chichen-Itza variety (Figure 6B). Furthermore, a pre-treatment of seedlings with 1 mM sodium orthovanadate (an inhibitor of P-type H+-ATPases) strongly suppressed the H+ efflux from the mature root zone of both genotypes (Figure 7). Thus, the NaCl- induced H+ efflux was mediated by P-type H+-ATPases.
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FIGURE 6. Effect of NaCl on the net H+ flux in the mature root area of C. chinense. (A) Kinetics of net flux of H+ measured in the roots of 10-day-old seedlings of Rex (closed circles) and Chichen-Itza (open circles) varieties after adding 150 mM NaCl (arrow indicates the time addition of the treatment). (B) Mean net flow of H+ from the root of each variety within the first 10 min of application of 150 mM NaCl. ME ± SD (n = 4–5). The asterisk indicates statistically significant differences between varieties by treatment (P < 0.001, Tukey's test).
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FIGURE 7. Effect of vanadate pre-treatment on NaCl-induced H+ efflux in roots of C. chinense. (A) Kinetics of net H+ flux measured in the mature root zone of the Rex variety and (B) of the Chichen-Itza variety. 10-day-old roots of the two strains were pre-treated with 1 mM vanadate for 45–60 min before adding of 150 mM NaCl (marked by an arrow). Open circles and squares indicate pre-treatment with vanadate. Closed circles and squares indicate no pre-treatment. (C) Average effect of vanadate pre-treatment on the net flow of H+ from the root of each variety in the first 10 min after the application of 150 mM NaCl, ME ± SD (n = 3–4). The asterisk indicates statistically significant differences between varieties by treatment (P < 0.001, Tukey's test).



Na+ SUBCELLULAR LOCALIZATION IN ROOTS

After 60 min of treatment with 150 mM NaCl, marked differences were observed with respect to Na+ localization in the mature root zone between two pepper genotypes (Figure 8). In the Rex variety, Sodium Green™ fluorescence was observed in vacuole-like structures of epidermal cells (red arrowheads, Figure 8A), suggesting an efficient mechanism for sodium compartmentalization in this variety. By contrast, in the Chichen-Itza variety, green fluorescence was observed around the epidermal cells in the mature root zone (white arrowheads, Figure 8B). Small endosomes stained with FM4-64 dye were observed in both pepper varieties under salt stress (yellow arrowheads, Figure 8). However, green fluorescence was not evident in these structures, indicating the absence of Na+ accumulation (merge, Figure 8). In epidermal cells of the Rex variety, a conglomeration of small structures with green fluorescence was observed around a larger structure comparable to a vacuole (red arrowheads, Figure 9A); similar structures were previously observed in Arabidopsis (Hamaji et al., 2009). In contrast to the Rex variety, in the Chichen-Itza a less pronounced and diffuse pattern of small compartments stained with Sodium Green™ was observed (red arrowheads, Figure 9A). Overall, the highest levels of fluorescence were observed outside the cells in Chichen-Itza (white arrowheads, Figure 9B), demonstrating that Na+ was mainly located in the apoplast. In control roots, Na+ indicator did not report any change of fluorescence for either variety (Figure S3).


[image: image]

FIGURE 8. Sodium localization in epidermal cells of the primary root of habanero pepper C. chinense). (A) Localization of Na+ in the roots of the Rex and (B) Chichen-Itza varieties. 10-day-old habanero pepper roots were treated with 150 mM NaCl for 60 min and then stained with Sodium Green (Na+ detection) and FM4-64 (membrane staining) before the confocal images were taken. White arrowheads indicate the location of the Na+ around cells. Red arrowheads indicate the intracellular localization of Na+, and yellow arrowheads indicate the presence of endosomes. Fluorescence analysis was determined in the mature root zone. Images are representative of the analysis of three roots per treatment and variety.




[image: image]

FIGURE 9. Sodium subcellular localization in the apoplast and subcellular compartments. Magnified images of the mature root area shown in Figure 8. (A) Localization of Na+ in the roots of the Rex and (B) Chichen-Itza varieties. The white arrowheads indicate the location of Na+ in the apoplast, and red arrowheads indicate the location of Na+ in subcellular structures. Images are representative of the analysis of three roots per treatment and variety.



DISCUSSION

SENSITIVITY AND GROWTH IN C. CHINENSE SEEDLINGS UNDER NaCl STRESS

Most crop plants that provide food for the world population are glycophytes and are very sensitive to high concentrations of salts in the soil, mainly NaCl. Salt stress is the main abiotic factor that affects growth, yield, and quality. Peppers (Capsicum spp.) are a major vegetable crop and are not exempt from the effect of salt throughout their ontogeny (Bojórquez-Quintal et al., 2012). Notably, pepper plants differ in their sensitivity to salt stress, including marked differences between varieties within the same species (Aktas et al., 2006). In this work, two varieties of C. chinense Jacq. were used as models. C. chinense Jacq. is a species in high demand in southeastern Mexico for its flavor and pungency and is commonly known as habanero pepper. These varieties exhibit different morphological characteristics and were shown to differ in their sensitivity to salt stress, with the Rex variety being more tolerant than the Chichen-Itza variety (Figure 1).

NaCl concentrations between 0 and 150 mM affect the growth of pepper plants, depending on the genotype, species, and condition of growth (Bojórquez-Quintal et al., 2012). In this study, the application of 150 mM NaCl had a dramatic impact on the growth of both varieties of C. chinense. Similar results were reported in C. annuum (Aktas et al., 2006). The FW, turgor, and water content of the Rex variety were less affected (Figure 2). In this variety, 70% of seedlings survived after treatment with NaCl, compared with 10% of the Chichen-Itza variety (data not shown). These results suggest the existence of intrinsic mechanisms of tolerance in the Rex variety to avoid the deleterious effect of NaCl.

DIFFERENCES IN PROLINE ACCUMULATION BETWEEN VARIETIES OF HABANERO PEPPERS

Proline accumulation is one of the most common and important responses of plants to adverse environmental factors such as drought and salt stress. Proline is a multifunctional amino acid participating in a wide range of functions (Szabados and Savouré, 2009) and represents a potential biochemical marker for the salt tolerance in plants (Ashraf and Harris, 2004). In our study, different proline content was observed in two pepper varieties, contrasting in their salt sensitivity (Figure 3). In leaves of the Rex variety, proline content increased six times in the presence of NaCl, as compared to a non-significant increase in Chichen-Itza leaves. The leaves are the major site of proline synthesis (source organ). It has been suggested that proline accumulation in this organ occurs to maintain chlorophyll content and turgor to protect the photosynthetic activity under salt stress conditions (Yildiztugay et al., 2011; Huang et al., 2013). Furthermore, treatment with NaCl induced a dramatic (16-fold) increase in proline content in the roots, but only of the tolerant variety Rex. At low water potential, proline is thought to be transported from the leaf (source) to the roots (sink) for growth processes or other functions, such as osmotic adjustment depending on proline content (Sharma et al., 2011). Exogenous administration of proline reduced NaCl- induced K+ efflux in barley and Arabidopsis roots (Cuin and Shabala, 2005, 2007a,b). In Solanaceae such as the potato (S. tuberosum), increased proline content correlates with a higher expression of P5CS (synthesis gene) and decreased PDH gene expression (degradation) in tolerant but not in sensitive cultures (Jaarsma et al., 2013). Furthermore, overexpression of P5CS in N. tabacum and S. tuberosum stimulated proline accumulation under NaCl stress and improved the tolerance (Kishore et al., 1995; Hmida-Sayari et al., 2005). However, there is not always a good correlation between the accumulation of this osmolyte and tolerance to salt stress, and whether it is a symptom of damage or an indicator of tolerance is a matter of debates. For example, in rice (O. sativa), soybean (G. max), tomato (S. lycopersicum), and barley (H. vulgare), a negative correlation between proline accumulation and tolerance to stress has been reported. In these studies, sensitive genotypes accumulated more proline (Moftah and Michel, 1987; Aziz et al., 1998; Lutts et al., 1999; Chen et al., 2007a). In addition, proline synthesis is a metabolically expensive strategy (Shabala and Cuin, 2007; Shabala and Shabala, 2011). Nevertheless, proline content has been shown to be higher in many plant varieties tolerant to salt relative to their susceptible counterparts (Ashraf and Harris, 2004), as also demonstrated by the results of this work (Figure 3).

THE TOLERANT PEPPER VARIETY ACCUMULATES MORE SODIUM IN THE ROOTS THAN THE SENSITIVE VARIETY

The hyperaccumulation of Na+, particularly in the leaves, inhibits protein synthesis, enzymatic activity, and photosynthesis. Therefore, plants have the ability to control the transport and distribution of Na+ to organs, tissues and cells where it causes less damage to protect against the accumulation of this cation. The most sensitive glycophytes (cereals or vegetables) are unable to control the transport of Na+; therefore, large amounts of this ion are translocated to the shoot (Maathuis, 2014), inducing senescence, growth inhibition, and eventually death of the plant (Roy et al., 2014). In contrast, most halophyte and some glycophytes plants tend to accumulate large amounts of Na+ in the leaves. It has been suggested that these plants use Na+ in addition to K+ to maintain turgor and growth (Hariadi et al., 2011; Adolf et al., 2013; Bonales-Alatorre et al., 2013a,b; Maathuis, 2014).

In our study (Figure 4), we observed that two varieties of habanero pepper (C. chinense) exhibit the same Na+ content in the leaves but exhibit differences in Na+ accumulation in the roots (after a minimum of 7 days of exposure to 150 mM NaCl). In plants of C. annuum treated with NaCl, a higher Na+ content has been reported in the shoots of sensitive genotypes compared to tolerant genotypes. In fact, a positive correlation was observed between the severity of the symptoms in the leaves and Na+ concentrations in the shoots (Aktas et al., 2006). This suggests an effect dependent on the accumulation of Na+ as proposed Roy et al. (2014). The senescence and the severity of the symptoms observed in the aerial part of Capsicum chinense in this study (Figure 1) seem to be due to an osmotic effect rather than an ionic effect due to the presence of Na+ in leaves (Figure 4B). In addition, this osmotic effect can be avoided by the accumulation of proline in the Rex variety (Figure 3A) as described in the previous section, as the effect of NaCl was less severe in that variety.

The root system is the first site of detection and the first line of defense against excess Na+ in cells (Ji et al., 2013). NSCC are the principal source of Na+ influx in the plant cell (Demidchik and Tester, 2002). As suggested for other species (Demidchik and Maathuis, 2007), NSCC can mediate Na+ influx of pepper plants (Rubio et al., 2003). In our study, the Rex variety, less affected by salt, exhibited a two–fold higher Na+ content in the root than in the Chichen-Itza variety (Figure 4E). Furthermore, the accumulation of Na+ in the root system of the tolerant variety was higher at low NaCl concentrations (50 mM) where reached its peak and was maintained at higher NaCl concentrations (150 mM). The levels of Na+ in the roots of the Chichen-Itza variety were lower and stable at all of the NaCl concentrations tested (Figure S2). Overall, the accumulation of Na+ is higher (in both roots and leaves) in the tolerant variety than in the sensitive variety (Figure S1 and Figure 4). At low and moderate salt concentration ranges, the Rex variety (tolerant) possesses more Na+ in the roots and much less in the leaves. However, the opposite was observed in the Chichen-Itza variety (sensitive) at 50 mM NaCl. Furthermore, at 100 mM NaCl, the same Na+ content was observed between the shoots and roots in the Chichen-Itza variety (Figure S2). The higher Na+ content in roots than in leaves suggests that exclusion mechanisms (SOS1, antiporters, and HKT1 transporters) and compartmentalization (NHX, antiporters) are present in roots and efficiently reduce the Na+ transport to leaves. These mechanisms have also been reported in other members of Solanaceae, such as tomatoes and potatoes (Queirós et al., 2009; Rodríguez-Rosales et al., 2009; Almeida et al., 2014). In particular, the HKTs (subfamily 1) exhibit an important role in the recovery of Na+ from the xylem to prevent its transport to the aerial part, and recirculate Na+ to the roots (Horie et al., 2009; Almeida et al., 2013; Adams and Shin, 2014).

Na+ SUBCELULAR LOCALIZATION IN THE ROOTS: COMPARTMENTALIZATION AND Na+ EFFLUX IN DIFFERENT VARIETIES OF C. CHINENSE

After 60 min of treatment with 150 mM NaCl, Na+ was mainly located in vacuole-like structures in root epidermal cells in the Rex variety (Figure 9). This result suggests the existence of an efficient mechanism for Na+ compartmentalization in this genotype. Similarly, it has been reported that Na+ is confined in epidermal cells vacuoles and in the cortex in the roots of Arabidopsis and Citrus (Oh et al., 2009; Gonzalez et al., 2012). Furthermore, it is noteworthy that in the two varieties of habanero pepper, small compartments were stained with the fluorophore. These compartments were found in greater quantities in the roots of the Rex variety (Figure 9). Similar results were observed in the roots of A. thaliana under salt stress. Hamaji et al. (2009) reported that Na+ accumulates in the vacuoles as well as in small vesicular compartments around vacuoles. These authors suggest that the fusion of these vesicles with the main vacuole increases its size and the tolerance to excess salt. This explanation is logical, as we observed a conglomeration of structures stained with the fluorophore in the roots of the tolerant variety after a short period of NaCl stress (Figure 9). In tolerant salt includes such as mangroves and barley, a rapid increase in vacuolar volume in response to salt stress was observed. This phenomenon was not reported in sensitive species such as peas and tomatoes (Mimura et al., 2003).

Recently, in tobacco salt-acclimated BY2 cells accumulation of Na+ in vacuoles and small vesicles was reported. Interestingly, the putative VAMP711 (vesicle-associated membrane protein 711) and VPS46 (charged multivesicular body protein) proteins were highly induced in this BY2 cells, suggesting a Na+ transport mechanism for vesicle trafficking (Garcia de la Garma et al., 2014). Furthermore, the increased Na+ sequestration by vacuolar and small compartments in the Rex variety could be due to increased expression of NHX transporters as observed in tomato species with different sensitivity to salt (Galvez et al., 2012). Also, the up-regulation of V-ATPase (vacuolar-type H+-ATPase) and H+-PPase (vacuolar H+-pyrophosphatase) in Rex variety may result in a higher proton electrochemical gradient, which facilitates enhanced sequestering of ions into the vacuole and endosomes, reducing water potential and resulting in increased salt tolerance (Gaxiola et al., 2001; Bassil et al., 2012; Pittman, 2012). In different species of plants, overexpression of AVP1 (vacuolar H+-PPase) and co-overexpression with AtNHX1 enhances salt tolerance (Gaxiola et al., 2001; Pasapula et al., 2011; Shen et al., 2014). Finally, the reduction of Na+ loss via non-selective vacuolar channels could assist efficient vacuolar Na+ accumulation (Bonales-Alatorre et al., 2013b). In the Rex variety, all or some of these mechanisms may be involved in the Na+ compartmentalization.

On the contrary, in the Chichen-Itza variety, Na+ was mostly observed in the apoplastic area between cells of the root (Figures 8, 9). This result suggests an intensive Na+ extrusion toward the outside of the cell, likely via the Na+/H+ antiporters (SOS1) of the plasma membrane (Shi et al., 2002). This is consistent with a low content of Na+ (Figure 4) and with the large active H+ efflux, mediated by vanadate-sensitive H+-ATPase, in the roots of this variety. However, the high rate of Na+ extrusion in sensitive cultivars could have a high energetic cost (Malagoli et al., 2008). This opts for the use of intracellular Na+/H+ (NHX-type) antiporters as compared to SOS1-type ones; the latter may be more useful in early responses to acute salt stress. Candidate genes for the intracellular (NHX) and plasma membrane (SOS1) exchangers were revealed in the genome of Capsicum annuum (Qin et al., 2014).

Furthermore, we may not exclude at this moment that accumulation of the indicator at cell walls, which possess high esterase activity, could contribute to the observed fluorescence signal and the difference between Rex and Chichen-Itza.

K+ RETENTION IN THE ROOTS IS A TOLERANCE MECHANISM IN HABANERO PEPPER PLANTS

Potassium is an essential nutrient throughout the life cycle of plants, including the adaptation to hostile environments. The regulation of K+ homeostasis plays a central role in tolerance to biotic and abiotic stresses in plants (Anschütz et al., 2014; Demidchik, 2014; Shabala and Pottosin, 2014). K+ efflux from the root is a common physiological reaction that occurs under a wide range of stress conditions (Demidchik, 2014). K+ retention in roots has been proved to confer salt tolerance in barley, wheat, lucerne, and poplar (Chen et al., 2007b,c; Cuin et al., 2008; Smethurst et al., 2008; Sun et al., 2009). In this study, the treatment with 150 mM NaCl significantly decreased the content of K+ in the roots of the sensitive variety but not in the tolerant variety of habanero pepper (Figure 4D). In contrast, K+ content in the leaves was not affected by treatment with NaCl in either genotype (Figure 4A). These data suggest that the ability to retain K+ by roots is one of the salt tolerance mechanisms of C. chinense.

Initial NaCl induced K+ efflux was higher in the Chichen-Itza as compared to the Rex variety and doubled after 10 min of exposure to NaCl. Similar differences in K+ efflux have been reported in barley (H. vulgare), wheat (T. aestivum) and alfalfa (M. sativa). This difference has been used as a selection criterion to distinguish salt-tolerant from salt-sensitive genotypes (Chen et al., 2005, 2007b,c; Smethurst et al., 2008), yet some plants, like rice, did not show such a correlation (Coskun et al., 2013). In our results, content and K+ efflux in roots (Figures 4, 5) were consistent with the observed differences in sensitivity between the varieties of habanero pepper (Figures 1, 2).

NaCl-induced K+ efflux may be through outward-rectifying K+ (KOR) channels activated by depolarization as demonstrated in barley (H. vulgare) and mangrove species (Chen et al., 2007b; Sun et al., 2009; Lu et al., 2013). The use of ion channels inhibitors in habanero pepper indicate that K+ efflux from the roots are likely mediated by KOR channels rather than by NSCC channels (Bojorquez-Quintal et al., in review). Furthermore, ROS and K+ deficiency have been associated with programmed cell-death (PCD) and necrosis (Anschütz et al., 2014; Demidchik, 2014; Shabala and Pottosin, 2014). Necrosis was observed in the roots of the Chichen-Itza variety (Figure 1), which have low ability to retain K+ (Figures 4, 5).

DIFFERENCES IN H+ EFFLUX IN THE ROOTS OF HABANERO PEPPER UNDER NaCl STRESS

H+-ATPases generate an electrochemical gradient that maintains membrane potential and transports ions between the cytosol and the external medium. Under salt stress, NaCl universally induces H+ efflux in the roots of cereals such as H. vulgare and T. aestivum, halophytes such as C. quinoa and even in the model plant A. thaliana (Chen et al., 2007b; Cuin et al., 2008; Hariadi et al., 2011; Bose et al., 2013, 2014). In C. chinense, NaCl also induced H+ efflux in the mature root zone. H+ flux differed significantly between the varieties (Figure 6). NaCl rapidly induced the H+ efflux in both varieties of habanero peppers. It was suppressed by vanadate, the inhibitor of P-type H+-ATPase (Figure 7). H+ pumping activity of the plasma membrane H+-ATPase is essential for salt tolerance (Palmgren and Nissen, 2010). It has been suggested that the ability to K+ retain is related to the increase in H+-ATPase activity, primarily through a membrane potential repolarization (Bose et al., 2013, 2014).

Maintaining a more negative membrane potential during salt stress prevents the loss of K+ in the cytosol. In the salt-tolerant Arabidopsis relative species, T. halophila, a more negative membrane potential, correlated with a better K+ retention, was observed during salt stress (Volkov and Amtmann, 2006). In transgenic A. thaliana (HO, heme oxygenase), K+ retention was regulated by the increased H+-ATPase activity (Bose et al., 2013). A higher H+-ATPase activity maintained a more negative membrane potential and improved K+ retention in tolerant genotypes of H. vulgare (Chen et al., 2007b). In contrast, higher H+ transport activity was observed in the sensitive variety Chichen-Itza of C. chinense (Figure 6). Kinetics and magnitude of the H+ efflux coincides with that of the K+ efflux (Figure 5). Thus, it may be hypothesized that the descending phase of the H+ efflux reflects the condition of membrane potential repolarization, so that the leakage of K+ through KOR channels would be also reduced.

Furthermore, the plasma membrane H+-ATPase activity provides the driving force the Na+ extrusion via the Na+/H+ (SOS1) exchanger. In this work, we observed a massive accumulation of Na+ in the apoplast of the Chichen-Itza variety roots (Figure 9). These data suggest that SOS1 antiporter may be very active in the Chichen-Itza variety. However, Na+ efflux has a high energetic cost for the cell, especially keeping in mind a futile Na+ cycling between cytosol and apoplast. It may recruit the ATP available for other metabolic processes, thus, being detrimental to growth and yield. For this reason, the activation of H+-ATPase cannot be considered a permanent solution and might only be a temporal mechanism, as described by other studies (Ramani et al., 2006; Bose et al., 2013).

POSSIBLE TOLERANCE MECHANISM IN PEPPERS

Salt tolerance is a complex multigenic trait that involves many biochemical and physiological processes to achieve salt tolerance. In this paper, we demonstrate differences in salt sensitivity between two varieties of C. chinense Jacq, one of the five domesticated pepper species. We have analyzed several parameters of salt stress responses in both genotypes and their differences that may underlie their differential salt tolerance (Figure 10). One of salt tolerance mechanisms is the osmotic adjustment through the accumulation of compatible solutes (in this case, proline) in roots and leaves to maintain the absorption and prevent the loss of water (1). A second tolerance mechanism is the efficient control of Na+ transport by confining this ion to the roots, possibly through the recovery of Na+ from the xylem by HKT1 transporters (at low, moderate and high concentration of NaCl) to avoid transport to photosynthetic tissues (2). Furthermore, if the Na+ content in roots is high, this ion needs to be excluded from the cytosol to avoid toxicity. A third tolerance mechanism was observed in the tolerant variety (Rex), Na+ was efficiently compartmentalized into vacuole-like structures and small compartments which can act as osmolytes. This mechanism is possibly mediated by vacuolar and endosomal NHX antiporters (3). Additional mechanism appears to be involved in salt-sensitive variety (Chichen-Itza), which extrudes large amounts of Na+ into the apoplast (4). However, this mechanism appears to be less efficient due to its large energy cost. As in many other plant species, the regulation of K+ homeostasis through its retention in roots is crucial in habanero peppers (5), demonstrating the universality of this mechanism to the salt stress tolerance of crops.


[image: image]

FIGURE 10. Schematic model of habanero pepper plant tolerance mechanisms. (1) Osmotic adjustment through the accumulation of compatible solutes as proline in leaves and roots to maintain the absorption and prevent the loss of water. (2) Efficient control of Na+ transport by confining this ion to roots, possibly through the recovery of Na+ from the xylem by HKT1 transporters to avoid transport to photosynthetic tissues. (3) Na+ compartmentalization in vacuole-like structures and small subcellular compartments, where it can act as an osmolyte, suggesting the involvement of vacuolar and endosomal NHX transporters. (4) Na+ extrusion or efflux from the cytosol to the apoplast by SOS1 exchangers. (5) Regulation of K+ homeostasis through K+ retention in roots is crucial in habanero peppers. (6) Increase in the H+-ATPase activity to generate the proton force for cell membrane repolarization or Na+ extrusion. (KOR), outward-rectifying K+ channels. HPZ is hyperpolarization and DPZ is depolarization.
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Figure S1. K+ content of two varieties of C. chinense at different NaCl concentrations. K+ content in the leaves (A) and roots (B) after treatment with salt. Forty-five-day-old seedlings cultivated in H1/5 for 7 days with 0, 50, 100 or 150 mM of NaCl. Bars represent averages for treatments with or without NaCl, ME ± SD (n = 3). The asterisk indicates statistically significant differences between varieties by treatment (P < 0.050, Tukey's test).

Figure S2. Na+ content in Rex and Chichen-Itza varieties at different NaCl concentrations. Na+ content in the leaves (A) and roots (B) after 7 days under salt stress conditions. Forty-five-day-old seedlings were cultivated in H1/5 with 0, 50, 100, and 150 mM of NaCl. Bars represent the average effect of the treatments with or without NaCl, ME ± SD (n = 3). The asterisk indicates statistically significant differences between varieties by treatment (P < 0.050, Tukey's test).

Figure S3. Roots of control seedlings exhibit an absence of Sodium Green™ fluorescence. Roots of untreated Rex (A) and Chichen-Itza (B) varieties stained with Sodium Green (SG), FM4-64, and DAPI. Images are representative of the analysis of three roots per treatment and variety.
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Atriplex canescens (fourwing saltbush) is a C4 perennial fodder shrub with excellent resistance to salinity. However, the mechanisms underlying the salt tolerance in A. canescens are poorly understood. In this study, 5-weeks-old A. canescens seedlings were treated with various concentrations of external NaCl (0–400 mM). The results showed that the growth of A. canescens seedlings was significantly stimulated by moderate salinity (100 mM NaCl) and unaffected by high salinity (200 or 400 mM NaCl). Furthermore, A. canescens seedlings showed higher photosynthetic capacity under NaCl treatments (except for 100 mM NaCl treatment) with significant increases in net photosynthetic rate and water use efficiency. Under saline conditions, the A. canescens seedlings accumulated more Na+ in either plant tissues or salt bladders, and also retained relatively constant K+ in leaf tissues and bladders by enhancing the selective transport capacity for K+ over Na+ (ST value) from stem to leaf and from leaf to bladder. External NaCl treatments on A. canescens seedlings had no adverse impact on leaf relative water content, and this resulted from lower leaf osmotic potential under the salinity conditions. The contribution of Na+ to the leaf osmotic potential (Ψs) was sharply enhanced from 2% in control plants to 49% in plants subjected to 400 mM NaCl. However, the contribution of K+ to Ψs showed a significant decrease from 34% (control) to 9% under 400 mM NaCl. Interestingly, concentrations of betaine and free proline showed significant increase in the leaves of A. canescens seedlings, these compatible solutes presented up to 12% of contribution to Ψs under high salinity. These findings suggest that, under saline environments, A. canescens is able to enhance photosynthetic capacity, increase Na+ accumulation in tissues and salt bladders, maintain relative K+ homeostasis in leaves, and use inorganic ions and compatible solutes for osmotic adjustment which may contribute to the improvement of water status in plant.
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INTRODUCTION

Salinity is one of the major environmental factors reducing the growth, development, and productivity of plants (Zhu, 2001; Flowers, 2004; Zhang et al., 2010; Shabala, 2013; Yan et al., 2013; Tang et al., 2015; Kalaji et al., 2016). It is estimated that about 10% of land area and half of irrigated land in the world are affected by salinity (Ruan et al., 2010; Shabala, 2013). Salt stress adversely reduces plant growth through ionic toxicity and osmotic stress (Hasegawa et al., 2000; Tester and Davenport, 2003; Flowers and Colmer, 2008), which influence a series of physiological processes, and finally suppress the photosynthesis (Zhu, 2001; Flowers and Colmer, 2008; Zhang and Shi, 2013; Flowers et al., 2015; Zhang et al., 2016). Some plants, such as halophytes, however, have evolved multiple adaptive strategies that ensure their survival and growth in a harsh environment (Flowers, 2004; Shabala, 2013). Therefore, to cope with the challenge of salinity for agriculture, there are increasing interests of studying the physiological responses underlying the salt resistance of halophytes, especially those species with high economic value and salt tolerance (Yamaguchi and Blumwald, 2005; Yan et al., 2013).

Salt resistance is a complex trait involving multiple mechanisms. One of the effective adaptations is reduction of Na+ concentration in cytosol to alleviate Na+ toxicity and maintain the intracellular ion homeostasis in a saline environment. Halophytes do achieve this goal by controlling net Na+ uptake in the root, excreting Na+ from the surface of stem or leaf, and sequestering Na+ into the vacuole (Zhu, 2003; Flowers and Colmer, 2008; Hasegawa, 2013). Some species, such as Thellungiella halophila (Volkov and Amtmann, 2006; Wang et al., 2006) and Puccinellia tenuiflora (Wang et al., 2009, 2015; Guo et al., 2012; Niu et al., 2016) maintain a high K+/Na+ ratio in shoots by limiting net Na+ influx into roots. Other species take up Na+ from soil and then excrete large quantities of Na+ via salt glands or bladders (Flowers and Colmer, 2008; Ding et al., 2010; Shabala, 2013; Shabala et al., 2014). Some succulent halophytes can sequester Na+ into the vacuole to reduce the toxicity of excessive Na+ in cytosol as well as regulate cellular osmotic potential by using Na+ as an osmoregulation substance, and thus maintain cellular ion homeostasis and turgor (Zhu, 2001; Flowers, 2004; Wang et al., 2004, 2007; Zörb et al., 2005; Yamaguchi et al., 2013; Flowers et al., 2015). The osmotic adjustment (OA) is another important physiological mechanism for plant adaptation to salinity, which involves the fall of osmotic potential (Ψs) in plant tissue resulting from the net accumulation of cellular solutes. It is essential for plants to maintain water uptake from a low water potential environment (Zhang et al., 1999; Munns and Tester, 2008; Ma et al., 2012). Inorganic ions, such as K+ and vacuolar Na+, can directly be engaged in decreasing the osmotic potential of cells (Flowers and Colmer, 2008). Moreover, higher plants also accumulate compatible solutes, such as betaine, free proline and soluble sugars, for OA under abiotic stress (Munns and Tester, 2008; Flowers et al., 2010).

Atriplex canescens (Pursh) Nutt. (fourwing saltbush), a C4 perennial shrub native to saline and xeric deserts in North America, belongs to Chenopodiaceae with prominent resistance to salinity, drought, and cold (Glenn and Brown, 1998; Hao et al., 2013). This species is also an attractive fodder shrub for most livestock and large animals due to its high palatability as well as rich nutrition (Peterson et al., 1987; Kong, 2013). Moreover, it is especially useful for erosion control and reclamation of marginal lands due to its extensive root system and excellent adaptability (Benzarti et al., 2013; Kong, 2013). In 1989, A. canescens was introduced from USA to China and was widely used for soil and water conservation, sand-fixing and saline land restoration in north China (Kong, 2013). Previous studies showed that A. canescens accumulated more Na+ under salinity conditions (Glenn et al., 1994, 1996; Glenn and Brown, 1998). On the other hand, recent studies suggested that the salt excretion via salt bladders (Ben Hassine et al., 2009; Belkheiri and Mulas, 2011; Shabala et al., 2014; Tsutsumi et al., 2015), the uptake and accumulation of K+ (Bazihizina et al., 2009; Bose et al., 2015), photosynthetic responses (Redondo-Gómez et al., 2007; Bazihizina et al., 2009; Nemat-Alla et al., 2011), and OA by compatible solutes (Martínez et al., 2004, 2005; Ben Hassine et al., 2008; Bouchenak et al., 2012), may also contribute to the salt tolerance in some species of Atriplex. However, it is not clear if similar or different physiological mechanisms also contribute to the responses of A. canescens to saline environment.

Therefore, the aim of this study was to characterize the physiological responses of A. canescens to salinity by measuring various parameters related to photosynthesis, Na+/K+ homeostasis and OA under treatments with different concentrations of NaCl.

MATERIALS AND METHODS

Plant Growth Conditions and NaCl Treatments

Seeds of A. canescens were collected in Lingwu County (37.78° N, 106.25° E; elevation 1250 m) of Ningxia Autonomous Region, China. After corrosion of the hard coat with 75% H2SO4 (v/v) for 15 h, seeds were rinsed six times with distilled water and, germinated in vermiculite (moistened with distilled water) at 28°C in the dark for 6 days. Uniform seedlings were transplanted to plastic culture pots (5 cm × 5 cm × 5 cm; two plants/pot) containing vermiculite (with trace amounts of Na+ and K+, Ma et al., 2012) and watered with 1/2 strength Hoagland nutrient solution (Ma et al., 2012) at 2-days interval. The growth conditions in greenhouse were controlled to maintain a temperature of 28°C/25°C (day/night), a photoperiod of 16/8 h (light/dark; the flux density was about 800 μmol m-2 s-1) and an approximate relative humidity of 65%.

After washing the leaves thoroughly with distilled water (to remove the salt from the surface of the leaves), 5-weeks-old seedlings were treated with 1/2 strength Hoagland nutrient solution containing additional 0, 100, 200, or 400 mM NaCl for 10 days, and the treatment solutions were renewed every 2 days to keep constant NaCl concentration. The treated and control plants were harvested for biomass measurement and physiological analysis.

Measurement of Parameters for Photosynthesis and Water Relations

Net photosynthesis rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) were measured by an automatic photosynthetic measuring apparatus (GFS-3000; Walz, Effeltrich, Germany) in the greenhouse under a light intensity of 900 μmol m-2 s-1. The water use efficiency (WUE) was calculated by the following formula: WUE = Pn/Tr (Ma et al., 2012). Leaf areas were estimated using a photo scanner (Epson Perfection 4870; Epson America, Inc., Long Beach, CA, USA).

Measurement of Na+ and K+ Concentrations

Salt bladders were brushed from both adaxial and abaxial surfaces of leaves (approximately 1 g of fresh weight of leaves was used) into 20 mL deionized water using a hard nylon brush as described by Tsutsumi et al. (2015). Collected leaves were dried in an oven at 80°C for 72 h, and the dry weight (DW) was determined. Roots were rinsed with deionized water for 10 s, washed twice for 8 min in cold 20 mM LiNO3 solution to exchange the cations in the apoplast. The DWs of stems and roots were determined after drying at 80°C for 72 h.

For determining the cation exclusion in bladders, the Na+ and K+ were extracted from brushed bladders under 90°C water bath for 1 h. The Na+ and K+ were determined using a flame photometer (Model 410 Flame; Sherwood Scientific, Ltd., Cambridge, UK), and cation concentration in salt bladders was calculated by the following formula: cation (Na+ or K+) concentration in salt bladders (mmol/g DW) = cation content in salt bladders (mmol)/ DW (g) of leaves. For measuring the cation accumulation in tissues, the Na+ and K+ were extracted from dried roots, stems and leaves with 100 mM acetic acid at 90°C for at least 2 h, the cation concentrations were then determined using flame spectrophotometer (Bao et al., 2016).

Selective transport (ST) capacity for K+ over Na+ between different parts (root, stem, leaf, and bladder) was calculated according to the following equation (Wang et al., 2002, 2009): ST(A/B) = (Na+/K+ in part A)/(Na+/K+ in part B). The higher ST value indicates the stronger net capacity of selection for transport of K+ over Na+ from part A to part B (Wang et al., 2002; Ma et al., 2014).

Scanning Electron Microscopic Observation of Leaf Surface

Segments of leaves before and after brushing the salt bladders were fixed on a stainless steel bracket and frozen with liquid nitrogen, then the samples were taken out the liquid nitrogen and the abaxial surfaces of leaves were observed quickly using scanning electron microscope (S-3400N; Hitachi, Tokyo, Japan). Meanwhile, the images were taken. The accelerating voltage was 15 kV.

Measurement of Betaine and Free Proline Concentration

For betaine determination, mature leaves from plants with different treatments were dried at 80°C for 1 day and ground to pass a 40-mesh sieve. The dried, finely ground sample (0.2 g) was shaken with 1 mL of 80% methanol (v/v) at 60°C for 30 min. The extracted solution was harvested after centrifugation at 11,000 × g under 25°C for 15 min. Then the betaine concentration was measured with a Reinecke salt Kit (Comin Biotechnology, Co. Ltd., Suzhou, China) following the manufacturer’s instructions. Briefly, 0.25 mL of the extracted solution was mixed with 0.35 mL of Reinecke salt saturated solution (30 mg/L, pH = 1.0) and the reaction proceeded at 4°C for 2 h. The supernatant was discarded after centrifugation at 10,000 × g under 25°C for 15 min. The precipitate was washed with 0.3 mL of 99% ether (v/v) and then dissolved in 1 mL of 70% acetone (v/v). Finally, the absorbance was measured at 525 nm using a spectrophotometer (UV-6100PCS; Mapada Instruments, Co. Ltd., Shanghai, China). The betaine concentration was calculated in comparison with a standard sample in Kit.

For free proline measurement, 0.1 g of fresh leaf was homogenized with 1 mL of 5% salicylic acid (v/v) on the ice, then was extracted with shaking in boiling water for 10 min. The supernatant was collected after centrifugation at 10,000 × g under 25°C for 10 min. Finally, free proline concentration was determined according to the method described by Wang et al. (2004) using a spectrophotometer.

Measurement of Leaf Relative Water Content

The leaf relative water content (RWC) was calculated according to the following formula: RWC (%) = 100 × (FW - DW)/(TW - DW) (Bao et al., 2016). The leaves were excised from seedlings and the fresh weight (FW) was weighed immediately, then the turgid weight (TW) was measured after soaking the leaves in deionized water at 4°C overnight in the dark. Finally, leaves were dried in an oven at 80°C for 48 h and the DW were determined.

Measurement of Leaf Osmotic Potential (Ψs) and Evaluation of the Contributions of Solutes to Leaf Ψs

Leaves from each treatment were rinsed with deionized water and blotted on filter paper immediately, then were frozen in liquid nitrogen and thawed to extrude sap by a syringe, respectively. The resulting sap was used to determine the leaf osmotic potential (Ψs) according to the method described by Bao et al. (2014) using a cryoscopic osmometer (Osmomat-030, Gonotec GmbH, Berlin, Germany) at 25°C. To evaluate the contributions of solutes to leaf Ψs, the calculated osmotic potential (COP) values of Na+, K+, betaine, and free proline were calculated respectively by the Van’t Hoff equation (Guerrier, 1996): COP = moles of solute × RK, where R = 0.008314 and K = 298°C. Then the contribution of each solute to leaf osmotic potential (C) was calculated by the following formula: C = COP/Ψs × 100% (Guerrier, 1996).

Statistical Analysis

Data were analyzed according to one-way analysis of variance (ANOVA) by SPSS statistical software (Ver. 19.0, SPSS, Inc., Chicago, IL, USA) and the significant differences among means were identified by Duncan’s multiple range tests at a significance level of P < 0.05. All data were presented as mean ± SE (n ≥ 8).

RESULTS

Atriplex canescens Seedlings Exhibited Strong Resistance to Salinity

After treatment with various concentrations of external NaCl for 10 days, all of the seedlings grew vigorously, especially, the seedlings under 100 mM NaCl exhibited larger and sturdier phenotypes than those under control (0 mM NaCl) and other NaCl treatments (Figure 1a), indicating that the addition of 100 mM NaCl might promote the growth of A. canescens. To further confirm above observations, plant height and biomass were measured. The data showed that the addition of 100 mM NaCl significantly increased plant height, FW and DW of A. canescens seedlings by 20, 13, and 15%, respectively, compared to control plants (Figures 1b–d). Furthermore, compared with the control, the addition of either 200 or 400 mM NaCl had no significant negative effects on plant height (Figure 1b) and DW (Figure 1d), although significantly reduced FW of plants (Figure 1c).
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FIGURE 1. The growth status (a), plant height (b), fresh weight (c), and dry weight (d) of Atriplex canescens seedlings under different NaCl treatments for 10 days. Values in (b–d) are mean ± SE (n = 17–23). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



Effects of External NaCl on Photosynthesis of A. canescens Seedlings

To investigate the photosynthetic capacity of A. canescens seedlings under saline conditions, the net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and WUE were measured. The results showed that the Pn of plants under NaCl treatments were significantly higher than that of control plants, and it actually increased within the measured range of NaCl concentrations. After 10 days of treatment, Pn of plants exposed to 100, 200, and 400 mM NaCl were 1.3, 1.5, and 2.3 fold higher than of control plants, respectively (Figure 2A). Compared to control, interestingly, Gs and Tr of A. canescens seedlings in the presence of additional 100 mM NaCl showed a sharp increase by 180 and 190%, respectively. However, both Gs and Tr were unaffected by 200 or 400 mM NaCl (Figures 2B,C). Correspondingly, the plant WUE was significantly reduced under 100 mM NaCl, but increased in the presence of 200 and 400 mM NaCl, which are 2.1 and 3.1 fold higher than for control plants, respectively (Figure 2D).
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FIGURE 2. Net photosynthesis rate (Pn) (A), stomatal conductance (Gs) (B), transpiration rate (Tr) (C), and water use efficiency (WUE) (D) of A. canescens seedlings under different NaCl treatments for 10 days. Values are mean ± SE (n = 10). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



The Na+/K+ Homeostasis in A. canescens Seedlings Exposed to Salinity

To investigate the mechanism underlying salt resistance of A. canescens seedlings, we measured the amounts of Na+ and K+ accumulated in tissues and sequestered in salt bladders respectively, and also estimated the ST capacity for K+ over Na+ between different parts of A. canescens seedling.

With the increase of the external NaCl concentration, Na+ accumulation exhibited a significant increase in different tissues of A. canescens seedlings. When treated with 400 mM NaCl for 10 days, the Na+ concentrations in leaves, stems, and roots were 13.4, 17.2, and 3.4 fold higher than those in control plants, respectively (Figures 3A–C). Although, K+ accumulations in all tissues of A. canescens seedlings were reduced by external NaCl (Figures 3D–F), the K+ concentration in stems maintained a relative stability among all external NaCl treatments (Figure 3E), and especially in leaves, it showed lesser decrease by 24 and 35% under 100 and 200 mM NaCl compared to control plants, respectively, even rebounded to control level under 400 mM NaCl (Figure 3D).
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FIGURE 3. The Na+ (A–C) and K+ (D–F) concentrations in the leaves, stems and roots of A. canescens seedlings under different NaCl treatments for 10 days. Values are mean ± SE (n = 10). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



To investigate the Na+ sequestration in salt bladders of A. canescens seedlings, we brushed the salt bladders from the surface of leaves (Figure 4). When A. canescens seedlings were grown in normal conditions (without NaCl supplement), only a small amount of Na+ was measured in salt bladders. However, the bladder Na+ concentration significantly raised with the increasing of external NaCl. Under 100, 200, and 400 mM NaCl for 10 days, the bladder Na+ concentrations were 3.5, 3.6, and 5.9 fold higher than that of control, respectively (Figure 5A). On the other hand, compared to control, the bladder K+ concentration was unaffected by 100 and 200 mM NaCl, and was significantly reduced by 33% under 400 mM NaCl (Figure 5B). Correspondingly, more Na+ accumulation resulted in a significant increase of Na+/K+ ratio in salt bladders under various NaCl treatments. For example, the bladder Na+/K+ ratio of A. canescens seedlings under 400 mM NaCl (the value is 1.6) was 7.4 fold higher than that of the control plants (the value is 0.2; Figure 5C). These results indicate that sequestering more Na+ into bladder may be one of important strategies for A. canescens seedlings to alleviate the toxicity of excessive Na+ under saline conditions.
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FIGURE 4. Scanning electron microscopic observation of leaf surface. Before (a) and after (b) brushing the salt bladders, the abaxial surfaces of leaves were observed and photographed using scanning electron microscope and the images were taken subsequently. The accelerating voltage was 15 kV. Red arrows, salt bladders; yellow arrows, epidermal cells; green arrows, stalk cell. Bar = 0.1 mm.
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FIGURE 5. The Na+ (A) and K+ (B) concentrations, and Na+/K+ ratio (C) in salt bladders of A. canescens seedlings under different NaCl treatments for 10 days. Values are mean ± SE (n = 10). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



The addition of external NaCl also influenced the ST capacity for K+ over Na+ (ST value) in A. canescens seedlings, but the change patterns of ST value varied among different parts (Figure 6). Compared to control, the ST values from root to stem were significantly decreased by 68, 45, and 65% under 100, 200, and 400 mM NaCl, respectively (Figure 6A). However, the ST values from stem to leaf of plants treated with 100–400 mM NaCl were significantly higher by 2.6, 1.8, and 1.3 fold than that in control plants, respectively (Figure 6B). Interestingly, the ST value from leaf to bladder showed significant increase by 1.2, 3.2, and 0.6 fold under 100, 200, 400 mM NaCl, respectively (Figure 6C). Most importantly, A. canescens seedlings showed highest ST value from root to stem under either control or saline conditions, suggesting that relatively more K+ may be selectively loaded to xylem (Figure 6).
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FIGURE 6. The selective transport capacity for K+ over Na+ (ST value) from root to stem (A), from stem to leaf (B) and from leaf to salt bladder (C) in A. canescens seedlings under different NaCl treatments for 10 days. ST(A/B) value = (Na+/K+ in part A)/(Na+/K+ in part B). Values are mean ± SE (n = 10). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



A. canescens Seedlings Accumulated More Betaine and Free Proline during NaCl Treatment

To investigate the effect of NaCl on compatible solute in A. canescens seedlings. We measure the concentrations of betaine and free proline in leaves. The leaf betaine concentration gradually increased with the increase of external NaCl concentration, and the highest value was detected under 400 mM NaCl, which was 66% higher than that of control plants (Figure 7A). Moreover, the leaf free proline concentrations of A. canescens seedlings were very low under either control or 100 mM NaCl conditions, but were sharply enhanced by 12 and 20 fold under 200 and 400 mM NaCl than in control, respectively (Figure 7B). These results indicate that salinity (especially at a high concentration) can induce more accumulation of compatible solutes in A. canescens seedlings.
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FIGURE 7. The betaine (A) and free proline (B) concentrations in leaves of A. canescens seedlings under different NaCl treatments for 10 days. Values are mean ± SE (n = 8). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



A. canescens Seedlings Maintain Higher Leaf Relative Water Content by Effective Osmotic Adjustment Under Salinity Conditions

Maintaining water balance in plants is essential for their survival under saline conditions. Therefore, the leaf RWCs were determined for A. canescens seedlings after NaCl treatment. Compared with control, leaf RWC of A. canescens seedlings was not reduced by additional NaCl regardless of the concentrations, even showed a significant increase of 11% under 100 mM NaCl treatment (Figure 8A). These results are consistent with the growth data (Figure 1) and it implies that water status in plant may be one of key factors contributing to the survival and development of A. canescens seedlings under saline conditions.
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FIGURE 8. Relative water content (A) and osmotic potential (B) in leaves of A. canescens seedlings under different NaCl treatments for 10 days. Values are mean ± SE (n = 8). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).



To investigate the mechanism underlying high water retention capacity in A. canescens seedlings, the leaf osmotic potential (Ψs) was measured. As shown in Figure 8B, the addition of NaCl significantly decreased the leaf Ψs of A. canescens seedlings. The leaf Ψs continuously decreased in response to the increase of NaCl concentrations, which suggests that A. canescens seedlings could maintain a higher OA capacity in response to salinity. Finally, the contributions of different solutes in leaves to Ψs were further evaluated. With the increase of external NaCl concentrations, the contribution of Na+ to Ψs significantly increased from 2% in control plants to 32, 35, and 49% in plants treated with 100, 200, and 400 mM NaCl, respectively. However, the contribution of K+ significantly dropped from 34% in control plants to 9% in plants under 400 mM NaCl (Table 1). The contributions of both betaine and free proline showed significant increases under high concentration of NaCl treatments (200 and 400 mM) and accounted for 8 and 4% of contributions to Ψs under 400 mM NaCl, respectively (Table 1).

TABLE 1. The contributions of Na+, K+, betaine, and free proline to leaf osmotic potential (Ψs) of Atriplex canescens seedlings under different NaCl treatments for 10 days.
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DISCUSSION

It was proposed that halophytes such as Suaeda spp. grow better at moderate concentrations of NaCl, which is generally harmful to the growth of glycophyte species (Flowers, 2004; Shabala and Mackay, 2011). In the present work, the growth of A. canescens seedlings was stimulated by an external 100 mM NaCl. Plant height and biomass were significantly increased under 100 mM NaCl but were unaffected by external 200 or 400 mM NaCl treatments (Figure 1). Similar results were reported for other Atriplex species, such as A. halimus (Bajji et al., 1998; Martínez et al., 2004; Ben Hassine and Lutts, 2010; Nemat-Alla et al., 2011; Bouchenak et al., 2012), A. gmelini (Matoh et al., 1987; Tsutsumi et al., 2015), and A. portulacoides (Redondo-Gómez et al., 2007). Therefore, A. canescens is a typical halophytic species and highly tolerant to salinity.

The growth of higher plants depends directly on the photosynthetic capacity. In the present study, the net photosynthetic rate (Pn) of A. canescens was significantly increased by NaCl treatments (Figure 2A). However, stomatal conductance (Gs, Figure 2B) and transpiration rate (Tr, Figure 2C) were unaffected by 200 and 400 mM NaCl, which is different from the findings in a C3 xero-halophyte Zygophyllum xanthoxylum that showed a positive correlations between Gs and Pn under salinity (Ma et al., 2012). This might be due to the C4 properties of A. canescens. It was thought that Na+ facilitates some biochemical processes in C4 pathway photosynthesis such as the conversion of pyruvate into phosphoenolpyruvate (PEP) and the activity of photosystem II (PS II) in mesophyll chloroplasts (Chaves et al., 2011; Kronzucker et al., 2013). Therefore, the Na+ might promote the C4 photosynthetic process of A. canescens seedlings and thus improve the WUE under high salinity (Figure 2D).

Maintaining constant intracellular ion homeostasis, especially K+ and Na+ homeostasis, is essential for a series of physiological processes in living cells, and is more crucial for plant adapting to saline environments (Zhu, 2003; Tang et al., 2015). Glenn et al. (1994, 1996) concluded that the tolerance of A. canescens to salinity was due to the accumulation of large amounts Na+ in plants. This situation also was found in many species of genus Atriplex (Matoh et al., 1987; Bajji et al., 1998; Bose et al., 2015) and other succulent halophytes such as Suaeda maritima (Wang et al., 2007; Zhang et al., 2013) and Z. xanthoxylum (Wang et al., 2004; Ma et al., 2012, 2016; Yue et al., 2012). However, it has been demonstrated that excessive Na+ in the cytosol is deleterious to cell through inhibiting functional enzymes, disrupting acquisition of K+, inhibiting K+-depending metabolic processes, and causing secondary stresses such as oxidative stress, regardless of species (Maathuis and Amtmann, 1999; Zhu, 2001; Flowers et al., 2015; Volkov, 2015). To reduce cytosolic Na+ concentration, some halophytes developed a mechanism of ion compartmentation by sequestering excessive cytosolic Na+ into the central vacuole, which alleviates the Na+ toxicity, thus maintains ion homeostasis and OA of cell in saline conditions (Zhu, 2003; Yamaguchi et al., 2013; Flowers et al., 2015). In this study, the A. canescens seedlings showed less injury (Figure 1) although the accumulation of Na+ in all tissues of A. canescens seedlings showed significant increase under external NaCl treatments (Figures 3A–C), suggesting that Na+ might be sequestered into the vacuole by the strong capacity of ion compartmentation. This mechanism contributes to maintain a high cytosolic K+/Na+ ratio, which is one of the most important features that correlated with the salt tolerance of plants, since Na+ shares similar physicochemical properties and competes with K+ for the binding sites on enzymes in the cytoplasm and other key metabolic processes (Flowers and Colmer, 2008; Shabala and Cuin, 2008). On the other hand, the accumulation of K+ was reduced in all tissues of A. canescens seedlings by external NaCl (Figures 3D–F). Similar results were also observed in many succulent halophytes (Ben Hassine et al., 2009; Nemat-Alla et al., 2011; Shabala and Mackay, 2011; Yue et al., 2012; Bose et al., 2015), and is due to the competition of Na+ with K+ for uptake into roots (Shabala and Mackay, 2011; Flowers et al., 2015). Interestingly, A. canescens seedlings maintained a relatively constant K+ concentration in shoots, especially in leaves under saline conditions (Figures 3D,E), suggesting that A. canescens seedlings might struggle to retain more K+ in shoot, especially in leaves, as a result, to maintain a relatively constant cytosolic K+/Na+ ratio in response to salinity. This conclusion was further supported by the fact that transport capacity for K+ over Na+ (ST value) from stem to leaf in A. canescens seedlings was significantly enhanced by external NaCl treatments (Figure 5B), since the higher ST(A/B) value implies the stronger capacity to selectively transport K+ over Na+ from tissue A to tissue B (Wang et al., 2002; Flowers and Colmer, 2008).

Almost all Atriplex species are regarded as salt-excreting plants since these species can sequester large quantities of absorbed Na+ into epidermal bladder cells (EBCs) on their leaf surfaces and then release Na+ from ruptured EBCs (Flowers and Colmer, 2008; Ding et al., 2010; Shabala, 2013; Shabala et al., 2014). In this study, we found that Na+ sequestration in EBCs of A. canescens was significantly induced by external NaCl and showed a positive correlationship with the NaCl concentration (Figures 4 and 5A). This finding is consistent with the previous studies from other Atriplex spp. (Jeschke and Stelter, 1983; Ben Hassine et al., 2009; Tsutsumi et al., 2015), and it was proposed that each EBC could sequester about 1000 fold more Na+ compared with leaf cell vacuoles because of its larger volume (Shabala et al., 2014). Similar with the process in ‘traditional’ mesophyll cells, indeed, large quantities of Na+ in EBCs are transported into the huge central vacuoles, which will result in cytosolic K+ and organic osmolytes accumulating for OA in EBCs (Shabala et al., 2014; Tsutsumi et al., 2015). This viewpoint was supported by our data. Under 100 or 200 mM external NaCl, the K+ concentration in EBCs of A. canescens seedlings showed no change in comparison with control plants (Figure 5B). This may be partly due to the fact that A. canescens seedlings maintain high ST capacity for K+ over Na+ (ST value) from root to stem (Figure 6A), as well as increased ST value from leaf to salt bladder under salinity (Figure 6C). These results also suggest that there is less selectivity on Na+ and K+ in salt exclusion via EBC, which is different from the situation in most of other salt-excreting plants with multicellular salt gland such as Limonium bicolor (Ding et al., 2010; Feng et al., 2014), Tamarix ramosissima (Ma et al., 2011) and Reaumuria soongarica (Zhou et al., 2012), which have a high selectivity for the secretion of Na+. This implies that there are the different salt-excreting mechanisms between salt bladder and salt gland.

Stable water status is essential for plants to survive from saline conditions. In this study, we found that the RWC in the leaf of A. canescens seedlings was increased by 100 mM NaCl, and was unaffected by 200 and 400 mM NaCl (Figure 8A), suggesting this species has a high water retention capacity that may result in better growth of plants under salinity. Similar phenotypes were also reported for other Atriplex species (Redondo-Gómez et al., 2007; Ben Hassine et al., 2009), and could be explained by decreased osmotic potential of cells (Flowers and Colmer, 2008; Munns and Tester, 2008; Yamaguchi et al., 2013). This viewpoint is supported by measurement of osmotic potential in leaves of A. canescens seedlings, which decreased significantly with the increase of external NaCl concentration (Figure 8B). Lower osmotic potential results in a higher OA capacity, which facilitates water uptake and thus may maintain the turgor in plants at low water potential conditions.

It is well-known that higher OA in plants subjected to salt stress mainly results from the accumulation of either inorganic ions or compatible solutes (or both; Flowers and Colmer, 2008; Kronzucker et al., 2013). In many cases, however, the importance of each solute to OA is controversial (Glenn et al., 1994, 1996; Bajji et al., 1998; Martínez et al., 2004, 2005; Ben Hassine et al., 2008). Therefore, the contributions of various solutes to OA were investigated under normal (no addition of external NaCl) and saline conditions (100–400 mM NaCl). In control plants, K+ accounted for 34% of the leaf osmotic potential that was more than 16 fold higher than Na+. The contribution of K+ was significantly reduced by NaCl treatments while the contribution of Na+ to leaf osmotic potential increased sharply to 49% under 400 mM NaCl (Table 1). These results suggest that Na+ in mesophyll cell and EBCs of A. canescens seedlings can be used as an osmolyte contributing to OA in order to cope with osmotic stress under high salinity. In saline soil, A. canescens was able to absorb large quantities of Na+ from soil and to accumulate in aboveground tissues (Glenn et al., 1994). Ma et al. (2012) found that Z. xanthoxylum can use Na+ as an osmoregulatory substance by sequestering Na+ in vacuoles of large cells mediated by the tonoplast Na+/H+ antiporter. In addition to inorganic ions, it was proposed that some compatible solutes, including betaine and free proline, may act as cytoplasmic osmoprotectant involved in OA and/or protection of cellular structures in plants under various abiotic stress conditions (Munns and Tester, 2008; Shabala and Mackay, 2011; Tsutsumi et al., 2015). In the present study, we found that the leaf betaine accumulation of A. canescens seedlings positively correlated with the concentration of external NaCl (Figure 7A) and its contribution to the leaf osmotic potential increased to 8% under 400 mM NaCl, which is close to the contribution of K+ (Table 1). These results suggest that the betaine performed OA in A. canescens seedlings under higher salinity. On the other hand, it was reported that the betaine plays other roles in Atriplex genus species in response to salinity. For example, Tsutsumi et al. (2015) reported that high salinity induced the accumulation of betaine in the cytosol of the salt bladders of A. gmelini, which contributed to maintain membrane integrity and the enzyme activity and, as a result, ensured the bladder cells to load Na+ into vacuole. In A. halimus, the accumulation of betaine helps to protect the photosynthetic machinery from salinity (Ben Hassine et al., 2008). Moreover, previous studies proposed that free proline is involved in the response to drought stress rather than to salinity in A. halimus (Ben Hassine et al., 2008, 2009). In A. canescens, however, the accumulation of leaf free proline was strongly induced by high salinity (200 and 400 mM NaCl) though it was unaffected by moderate concentrations (100 mM) of NaCl (Figure 7B), suggesting that the free proline may also be involved in physiological response of A. canescens to high salinity.

CONCLUSION

Our results demonstrate that the growth of A. canescens can be stimulated by moderate salinity (100 mM NaCl) and was not inhibited by higher salinity (200 and 400 mM NaCl). This adaptation is achieved through the following aspects: (i) to enhance the photosynthetic capacity by improving Pn and WUE. (ii) to increase Na+ accumulation in tissues and salt bladders, as well as improve transport capacity for K+ over Na+ (ST value) from stem to leaf, which may maintain intracellular K+ homeostasis. (iii) to maintain OA capacity and improve the water status in plant by accumulation of inorganic ions and compatible solutes.
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Salinity stress tolerance is a physiologically complex trait that is conferred by the large array of interacting mechanisms. Among these, vacuolar Na+ sequestration has always been considered as one of the key components differentiating between sensitive and tolerant species and genotypes. However, vacuolar Na+ sequestration has been rarely considered in the context of the tissue-specific expression and regulation of appropriate transporters contributing to Na+ removal from the cytosol. In this work, six bread wheat varieties contrasting in their salinity tolerance (three tolerant and three sensitive) were used to understand the essentiality of vacuolar Na+ sequestration between functionally different root tissues, and link it with the overall salinity stress tolerance in this species. Roots of 4-day old wheat seedlings were treated with 100 mM NaCl for 3 days, and then Na+ distribution between cytosol and vacuole was quantified by CoroNa Green fluorescent dye imaging. Our major observations were as follows: (1) salinity stress tolerance correlated positively with vacuolar Na+ sequestration ability in the mature root zone but not in the root apex; (2) contrary to expectations, cytosolic Na+ levels in root meristem were significantly higher in salt tolerant than sensitive group, while vacuolar Na+ levels showed an opposite trend. These results are interpreted as meristem cells playing a role of the “salt sensor;” (3) no significant difference in the vacuolar Na+ sequestration ability was found between sensitive and tolerant groups in either transition or elongation zones; (4) the overall Na+ accumulation was highest in the elongation zone, suggesting its role in osmotic adjustment and turgor maintenance required to drive root expansion growth. Overall, the reported results suggest high tissue-specificity of Na+ uptake, signaling, and sequestration in wheat roots. The implications of these findings for plant breeding for salinity stress tolerance are discussed.
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INTRODUCTION

More than 800 million hectares (6%) of land are affected by salinity worldwide (Munns and Tester, 2008). As sodium is one of the most abundant metal elements, sodium salts dominate in many saline soils of the world (Rengasamy, 2006). High concentrations of salts in soils account for large decreases in the yields of a wide variety of crops all over the world (Tester and Davenport, 2003). In the light of predicted population growth to 9.3 billion by 2050 (Lee, 2011), global food requirements are expected to increase by 70–110% (Tilman et al., 2011). Wheat is one of the most important crops providing nearly 55% of the consumed carbohydrates world widely (Gupta et al., 1999) but is not highly salt tolerant, and its commercial production is substantially reduced as the soil salinity level rises to 100 mM NaCl and is not possible in soils containing more than 250 mM NaCl (Munns et al., 2006; Munns and Tester, 2008). Thus, improving salinity stress tolerance in wheat is an urgent task to cope with the possible shortage of food supply in the near future. This is especially true for the hexaploid bread wheat that composes about 95% of all wheat grown world wide (Shewry, 2009).

Sodium uptake and sequestration has always been in spotlight of researchers aimed at finding the traits or genes which can be selected to improving salinity tolerance in wheat. Early studies using 22Na+ isotopes showed that salt tolerant wheat varieties have significantly lower Na+ accumulation in the shoot (Davenport et al., 1997), suggesting an efficient Na+ exclusion mechanism. The following studies by Munns and colleagues (Munns et al., 2002, 2003, 2006; Munns and James, 2003; Lindsay et al., 2004) suggested that targeting Na+ exclusion from shoot was a promising way to improving salinity tolerance in this species. Indeed, under saline condition, flag leaf Na+ was significantly reduced from 326 mM in commercial variety Tomaroi to 87 mM in transgenic Tamaroi plants that expressed TmHKT1;5-A gene enabling Na+-retrieval from the xylem (Munns et al., 2012). This has resulted in about 20% increase in wheat yield under saline field conditions (from 1.30 to 1.61 tons per hectare). Using microelectrode ion flux measuring MIFE technique, Cuin et al. (2011) found that Kharchia 65 (accepted as a “standard” for salinity tolerance in wheat by most breeders) had the highest root Na+ exclusion ability compared with other seven wheat varieties studied. Pharmacological experiments and experiments with transgenic Arabidopsis mutants have confirmed that this Na+ efflux was mediated by the plasma membrane SOS1 Na+/H+ antiporter. Similar studies conducted on sorghum (Yang et al., 1990), maize (Fortmeier and Schubert, 1995), and tomato (Al-Karaki, 2000) have also suggested that plant's ability to exclude Na+ from uptake in these species was positively correlated with the overall salinity tolerance. Even in lower plants the ability to avoid the accumulation of Na+ in cytosol is critical for its salinity tolerance (e.g., cyanobacteria; Allakhverdiev et al., 2000; Allakhverdiev and Murata, 2008).

The above beneficial effects of Na+ exclusion from uptake was always attributed to its toxic effect on cell metabolism (Maathuis and Amtmann, 1999; Munns and Tester, 2008) and essentiality to maintain low level of Na+ in the cytosol. However, the same goal may be achieved by the efficient Na+ sequestration in the vacuole. The latter trait is commonly employed by halophytes (naturally salt-loving plants; Flowers and Colmer, 2008; Shabala and Mackay, 2011; Shabala, 2013; Bonales-Alatorre et al., 2013a,b), and some evidences were presented that salt-tolerant wheat varieties may also possess better vacuolar Na+ sequestration ability (e.g., Saqib et al., 2005). However, most of these studies were conducted on leaves, while the role of Na+ sequestration in roots received less attention. In Thellungiella salsuginea, a halophytic relative of Arabidopsis thaliana, Oh et al. (2009) showed that vacuolar Na+ fluorescence intensities in cortex cells of root tip region is higher in thsos1-4 than in wild type. However, to the best of our knowledge, the issue of tissue-specificity of vacuolar Na+ sequestration between different root zones, and its link with the overall salinity tolerance, has never received a proper attention, neither in wheat nor in any other crop species.

The root anatomy and functional structure can be generally divided into four different zones: (1) root meristem, (2) the distal elongation (or transition) zone, (3) elongation zone, and (4) mature zone (Verbelen et al., 2006; Baluška and Mancuso, 2013). So far, most studies of Na+ distribution in plant roots under salt stress was conducted either at the level of whole root (e.g., Matsushita and Matoh, 1991; Flowers and Hajibagheri, 2001; Rus et al., 2001), or were focused on cell-type-specific Na+ distribution in roots (Huang and van Steveninck, 1988; Storey et al., 2003; Oh et al., 2009, 2010). While these and some other (Cuin et al., 2011; Li et al., 2012) papers showed a heterogeneity of Na+ distribution within the root, none of them discussed the difference in Na+ patterning between intracellular compartments within functionally different root zones. In T. salsuginea, Na+ accumulated inside the pericycle in thsos1-4 mutant, while in the wild type it was confined in vacuoles of epidermal and cortical cells (Oh et al., 2009). Cell-type-specific Na+ distribution patterns in hypodermis, cortex, endodermis, and pericycle were also studied in salinized grapevines using X-ray microscopy method (Storey et al., 2003). Here, vacuolar Na+ was sequestered predominantly in endodermis and pericycle cells. However, to the best of our knowledge, no study has compared Na+ distribution between cytosol and vacuole in functionally different root zones within the same tissue, at least in bread wheat.

In the present work, variability of vacuolar Na+ sequestration in four different root zones under salt stress was studied using six bread wheat varieties contrasting in their salinity tolerance. Cytosolic and vacuolar Na+ content in different root zones was quantified by CoroNa Green fluorescent dye imaging, and the link between tissue-specific vacuolar Na+ sequestrations in specific root zones and the overall salinity stress tolerance was explored. We report that the overall salinity stress tolerance correlates positively with vacuolar Na+ sequestration ability in the mature root zone but not in the root apex. At the same time, cytosolic Na+ levels in root meristem were significantly higher in salt tolerant than sensitive group, suggesting that meristem cells may play a role of the “salt sensor.” The overall Na+ accumulation was highest in the elongation zone, suggesting its role in osmotic adjustment and turgor maintenance required to drive root expansion growth.

MATERIALS AND METHODS

PLANT MATERIALS AND GROWTH CONDITIONS

Six bread wheat (Triticum aestivum) varieties contrasting in their salinity tolerance (tolerant – Persia 118, Cranbrook, and Westonia; sensitive – Iran 118, Belgrade 3, and 340) were used in this study. All seeds were obtained from the Australian Winter Cereals Collection and multiplied in our laboratory. Plants were grown in February–March 2013 in the glasshouse facilities at the University of Tasmania essentially as described in Chen et al. (2007b). Twelve seeds for each variety were sown in 4.5 L PVC pots with the standard potting mix by triplicates. After emerging (roughly 6 days), salt treatment (300 mM NaCl) were applied for about 5 weeks. Plants were irrigated twice per day by an automatic watering system with dripper outlets, and were uniformly thinned to eight plants in each pot after roughly 10 days sowing. A saucer was placed under each pot. For confocal imaging experiments, seeds were sterilized with 5% commercial bleach for 15 min, and then washed thoroughly by the running tap water for half an hour. Seeds were then germinated in wet paper rolls in growth chambers at 23 ± 1°C (16 h light/8 h dark regime). Four days old wheat roots were treated with 100 mM NaCl for 72 h, and then stained with CoroNa Green dye for the LSCM (laser scanning confocal microscopy) measurements as described below.

WHOLE-PLANT PERFORMANCE ASSESSING

Before harvesting, plants “damage index” were scored on zero to 10 scale (0, no visual symptoms of stress; 10, dead plants; Supplementary Figure S1). The higher damage index score represents the lower salt tolerance. Then, the stem was cut 1 cm above the ground, and shoot fresh weight (FW) was measured.

CONFOCAL LASER SCANNING MICROSCOPY MEASUREMENTS

Measurements of cytosolic and vacuolar Na+ content in wheat root cells using the green fluorescent Na+ dye CoroNa Green acetoxymethyl ester were essentially as described in Bonales-Alatorre et al. (2013b). The dye has absorption and fluorescence emission maxima of approximately 492 and 516 nm, respectively. The dye was reconstituted as a stock with anhydrous dimethyl sulfoxide before use. The CoroNa Green indicator stock was added to 5 mL of measuring buffer (10 mM KCl, 5 mM Ca2+-MES, pH 6.1) and diluted to a final concentration of 15 mM. Ten millimeters-long root segments were cut from the apical (the first 10 mm from the apex) and mature (30–40 mm from the apex) root zones and incubated for 2 h in the dark in a solution containing 20 μM CoroNa Green. After incubation, the samples were rinsed in a buffered MES solution and examined using confocal microscopy. Confocal imaging was performed using an upright Leica Laser Scanning Confocal Microscope SP5 (Leica Microsystems, Germany) equipped with a 40× oil immersion objective. To analyze sodium intracellular localisation CoronaNa Green AM (Molecular Probes, USA) was used. The excitation wavelength was set at 488 nm, and the emission was detected at 510–520 nm. Comparison of different levels of fluorescence between cells was carried out by visualizing cells with the identical imaging settings of the confocal microscope (i.e., exposure times, laser intensity, pinhole diameter and settings of the imaging detectors). Images were analyzed with LAS Lite software. Six to eight individual roots (each from different plants) were used; and at least two images were taken for each root zone. For analysis, several lines were drawn across the so-called “region of interest” (ROI; Figure 1A) in an appropriate root zone. Continuous fluorescence intensity distribution profiles (quantified in arbitrary units by LAS software) were then obtained and plotted in an Excel file (Figure 1B). The mean fluorescence intensity values for cytosolic and vacuolar compartments were then calculated for each cell by attributing signal profiles to root morphology (visualized by light microscopy images). The data was then averaged for all cells measured for the same treatment. The background signal was measured from the empty region and then subtracted from the readings, to obtain corrected fluorescence values. Depending on the root zone, readings from between 70 and 300 cells were averaged and reported for each genotype.
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FIGURE 1. Illustration of the quantification procedure for Na+ distribution between the cytosol and the vacuole. (A) Several lines are drawn across the so-called “region of interest” (ROI) in an appropriate root zone. (B) Continuous fluorescence intensity distribution profiles obtained by LAS software. The mean fluorescence intensity values for cytosolic and vacuolar compartments are then calculated for each cell by attributing signal profiles to root morphology (visualized by light microscopy images; not shown in a figure). The shown image was obtained from mature region of Persia 118 cultivar.



A further validation of the above protocol was conducted using roots co-stained with CoroNa Green-AM and FM4-64, a dye that stains both plasma and vacuolar membranes (Oh et al., 2010; Bassil et al., 2011) and allow a better resolution between intracellular compartments. After 1 h incubation with 20 μM CoroNa Green-AM (as described above), the same root samples were then incubated together with 20 μM FM4-64 for another 1 h to visualize tonoplast. Roots were then rinsed with buffer solution (10 mM KCl, 5 mM Ca2+-MES, pH 6.1) for 3 min and analyzed using confocal imaging facilities. For FM4-64 fluorescence, the 488-nm excitation line was used and collected with a 615-nm long-pass filter. Results of this experiment are illustrated in Figure 2 showing intracellular Na+ distribution in the transition zone of cultivar Persia 118. Figure 2A shows distribution of CoroNa Green and FM4-64 in co-stained root samples, while Figures 2B,C show the same root stained with FM4-64 and CoroNa Green, respectively. Two cells having multiple vacuoles (circled) were then selected for analysis (depicted in Figures 2D,E). Two ROI lines were then drawn crossing two vacuoles in each of the cells. Intracellular Na+ distribution was then quantified (Figure 2F). As one can see, two major peaks in each cell correspond to two vacuoles, while troughs report values for cytosolic Na+.
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FIGURE 2. Quantifying intracellular Na+ distribution between the cytosol and the vacuole by double staining procedure. Intracellular Na+ distribution is illustrated using the transition zone of cultivar Persia 118 as an example. (A) The root transition zone co-stained with Corona Green AM and FM4-64. The same root stained with FM4-64 dye (B) and CoroNa Green (C). Two cells having multiple vacuoles (circled) were then selected for analysis (depicted in D,E). Two lines were then drawn across the “region of interest” (ROI) for each of these, crossing two vacuoles in each of cells. Intracellular Na+ distribution was then quantified (F).



STATISTICAL ANALYSIS

All data were analyzed by using SPSS 20.0 for windows (SPSS Inc., Chicago, IL, USA). Comparison of cytosolic or vacuolar Na+ fluorescent intensity between different varieties in root zones was done by One-Way ANOVA based on Duncan's multiple range test. Different lowercase letters represent significant difference between varieties. Data with the same lowercase letters are not significantly different at P < 0.05. Comparison of cytosolic or vacuolar Na+ fluorescent intensity between tolerant and sensitive groups in different root zones was done by independent samples t-test. The significance levels are *P < 0.05, **P < 0.01, and ***P < 0.001.

RESULTS

WHOLE-PLANT PERFORMANCE

Bread wheat varieties used in this study showed big variability in salinity stress tolerance. Salinity damage index (a measure of salt tolerance; see Supplementary Figures S1A,B for details) ranged from the highest (most sensitive) 5.5 ± 0.5 in variety 340 to the lowest (most tolerant) 2.3 ± 0.4 in variety Persia 118 (significant at P < 0.01; Figure 3A). Similarly, the highest shoot fresh weight (FW) was found in Persia 118 (1.5 ± 0.1 g/plant), while variety 340 showed the lowest shoot FW (0.6 ± 0.2 g/plant) (Figure 3B). Accordingly, all varieties were grouped into tolerant and sensitive clusters (Figures 3C,D). The tolerant cluster showed much less damage (about two-fold; P < 0.05, Figure 3C) and 70% higher shoot biomass (significant at P < 0.05, Figure 3D) compared with the sensitive cluster. A significant negative correlation (r2 = 0.91, P < 0.01) was found between shoot FW and damage index among all the varieties (Supplementary Figure S1C).
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FIGURE 3. Genetic variability of salinity stress tolerance in bread wheat. Damage index (A) and shoot fresh weight (B) of six bread wheat cultivars contrasting in their salinity tolerance after 38 days of 300 mM NaCl treatment in a glasshouse. Different lowercase letters represent significant differences between varieties at P < 0.05. (C,D) Average pooled data for tolerant and sensitive clusters shown in A,B. Mean ± SE (n = 3; 24 plants in total, eight plants in each pots). Asterisk indicates significant difference between clusters at P < 0.05.



SODIUM ACCUMULATION PROFILES

Before cell- and genotype-specific Na+ distribution was quantified, a series of methodological experiments was conducted to eliminate possible confounding effects of dye loading and stress-induced changes in intracellular ionic conditions on fluorescence measurements. First, CoroNa Green was calibrated in a cytosol-like solution (50–100 mM K+; <1 μM Ca2+; pH = 7.2) in a broad range of Na+ concentrations (1, 3, 10, 30, and 100 mM) in in vitro experiments. As shown in Figure 4, a two-fold drop in background K+ concentration from 100 to 50 mM (mimicking NaCl-induced reduction in cytosolic K+ under stress conditions; Shabala et al., 2006) had no significant (P < 0.05) impact on fluorescence signal except the lowest (1 mM NaCl) concentration, which is well-below expected levels for cytosolic Na+ (Munns and Tester, 2008). Calibration characteristics were also insensitive to pH in physiological (5–7.2) pH range (data not shown). Thus, the possible difference in K+ retention ability or stress-induced changes in intracellular pH between genotypes had no confounding effects on CoroNa Green readings. Dye loading profiles were uniform between various Z-plains (Supplementary Figure S2) suggesting that 2 h of loading was sufficient to ensure its homogenous uptake by most cells.
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FIGURE 4. Methodological aspects of CoroNa Green dye calibration. CoroNa Green dye was calibrated in vitro in a buffer solution containing different Na+ and K+ concentrations. (A–D) In vitro fluorescence images for two Na+ and two K+ concentrations used in experiment. One (of four) representative images is shown for each Na+ and K+ concentration; (E) dose-dependency of Na+ fluorescence signals at 50 and 100 mM KCl background. Mean ± SE (n = 60; four images, 15 replicates recorded from each image). Asterisk indicates a significant (at P < 0.05) difference between K+ treatments. Please note that in most cases the error bar is smaller than the symbol per se.



Plants grown in Na-free solution (Milli-Q water) showed negligible small Na+ fluorescence signals (Figure 5) while root exposure to 100 mM NaCl for 72 h resulted in massive accumulation of Na+ in root tissues (Figure 5).
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FIGURE 5. The comparison of Na+ fluorescence intensity in salt-grown and Na-free roots. (A,C,E,G) Na+ fluorescence intensity was measured in root of Persia 118 cultivar grown in the presence (100 mM NaCl for 72 h) and absence (milliQ water) of Na+ in the growth media. One (of 12) representative images is shown for each zone. (B,D,F,H) Light images on the appropriate slides shown on the left. (I,J) Quantification of cytosolic and vacuolar Na+ in salt-grown and Na-free roots. Mean ± SE (n = 42–96 cells from six roots). ***indicates significant differences at P < 0.001.



When the method was applied to all salt-grown plants, sodium distribution within the root showed a clear pronounced tissue- and genotype-specificity. The representative images for one tolerant (Persia 118) and one sensitive (Iran 118) varieties for each of four measured zones (meristem, transition, elongation, and mature zone) are shown in Figure 6, and the average amounts of Na+ in cell vacuole and cytosol in each variety are quantified in Figures 7–10.
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FIGURE 6. Na+ accumulation profiles in bread wheat visualized by CoroNa Green dye imaging. The representative images of Na+ distribution within one tolerant (Persia 118) and one sensitive (Iran 118) varieties are shown for four different root zones: meristem (A,C); transition zone (E,G); elongation zone (I,K), and mature zone (M,O). One of 12 representative images is shown for each zone. Panels next to fluorescence images represent respective light images (B,D,F,H,J,L,N,P).



ROOT MERISTEM

Significantly higher quantities of Na+ were accumulated in the cytosol of meristematic cells in a tolerant compared with sensitive cluster (Figure 7). Here, cytosolic Na+ intensity ranged from the highest 179.9 ± 7.7 (in tolerant Westonia) to the lowest 20.3 ± 1.2 (in sensitive Belgrade 3), declining in a sequence Westonia > Cranbrook > Persia 118 > Iran 118 > 340 > Belgrade 3 (Figure 7A). Overall, the amount of Na+ stored in the cytosol of cells in the meristem region of the tolerant cluster was 4.3-fold higher compared with the sensitive cluster (159.2 ± 17.9 vs. 37.0 ± 8.4; P < 0.01; Figure 7C) and also significantly (P < 0.05) higher than vacuolar Na+ content (Figures 7A,B; Supplementary Figure S3). At the same time, vacuolar Na+ intensity in root meristem zone ranged from the highest 108.9 ± 4.4 (in sensitive Iran 118) to the lowest 56.7 ± 4.9 (in tolerant Persia 118), declining in a sequence Iran 118 > 340 > Cranbrook > Westonia > Belgrade 3 > Persia 118 (Figure 7B; Supplementary Figure S3). Overall, no significant (at P < 0.05 level) difference was found in vacuolar Na+ in meristem cell vacuoles among two contrasting clusters (Figure 7D). Furthermore, a significant (P = 0.05) negative correlative relationship (r2 = 0.66) was found between cytosolic Na+ intensity in root meristem zone and salinity-induced damage index (Supplementary Figure S4A), while a weak positive correlation (r2 = 0.22; P > 0.05) was found between the vacuolar Na+ intensity in root meristem zone and the damage index (Supplementary Figure S4E).
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FIGURE 7. Na+ accumulation and patterning between cytosol and vacuole in meristematic root zone in bread wheat genotypes. Intensity of CoroNa Green fluorescence in cytosolic (A) and vacuolar (B) compartments (arb. units) in root meristem of six bread wheat varieties contrasting in their salinity tolerance. Mean ± SE (n = 72–96 cells from at least six individual plants). Different lowercase letters represents significant difference between varieties at P < 0.05. (C,D) Averaged pooled values for cytosolic (C) and vacuolar (D) Na+ intensity for salt-tolerant and salt-sensitive clusters shown in A,B. Mean ± SE (n = 215 to 300; three varieties × 72–96 cells analyzed for each variety). Asterisk indicates significant difference between clusters at P < 0.01.



TRANSITION ZONE

Vacuolar Na+ intensity in the root transition zone was higher than cytosolic Na+ intensity, in both tolerant and sensitive clusters (illustrated in Figures 6E,G and quantified in Figure 8). Belgrade 3 showed the lowest (37.6 ± 2.3) cytosolic Na+ intensity in root transition zones, while Cranbrook showed the highest (227.7 ± 5.0) (Figure 8A). Highest vacuolar Na+ intensity was reported for Persia 118 (209.5 ± 6.2), and the lowest for Belgrade 3 (111.9 ± 5.8) (Figure 8B). Overall, no clear trend was observed in Na+ distribution between cytosol and vacuole in the root transition zone. As a result, no significant difference in either cytosolic nor vacuolar Na+ intensity was found between salt tolerant and sensitive clusters here (Figures 8C,D). Only very modest (r2 = 0.33; P = 0.23) negative correlation was found between cytosolic Na+ intensity and salt damage index (Supplementary Figure S4B), while no correlation was found between vacuolar Na+ intensity in root transition zone and damage index (r2 = 0.06, Supplementary Figure S4F).
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FIGURE 8. Na+ accumulation and patterning between cytosol and vacuole in transition root zone in bread wheat genotypes. Intensity of CoroNa Green fluorescence in cytosolic (A) and vacuolar (B) compartments (arb. units) in transition root zone of six bread wheat varieties contrasting in their salinity tolerance. Mean ± SE (n = 72–96 cells from at least six individual plants). Different lowercase letters represents significant difference between varieties at P < 0.05. (C, D) Averaged pooled values for cytosolic (C) and vacuolar (D) Na+ intensity for salt-tolerant and salt-sensitive clusters shown in A,B. Mean ± SE (n = 215 to 300; three varieties × 72–96 cells analyzed for each variety).



ELONGATION ZONE

Cells in root elongation zone had slightly higher amounts of Na+ in the cytosol compared with vacuoles (Figures 6I,K), both in tolerant and sensitive clusters (Figure 9). Belgrade 3 showed the lowest cytosolic Na+ intensity (68.4 ± 4.7), while the highest values were reported for Persia 118 (248.9 ± 2.0) (Figure 9A). Vacuolar Na+ intensity was the highest in a tolerant Westonia (250.4 ± 1.7) and the lowest in a sensitive variety 340 (145.4 ± 3.3) (Figure 9B). Overall, no clear trends were observed in Na+ distribution between cytosol and vacuole in root elongation zone in six varieties (Figure 9), and no significant difference in either cytosolic or vacuolar Na+ intensity was found between two contrasting clusters (Figures 9C,D). No significant (at P < 0.05 level) correlation was found between the damage index and cytosolic Na+ intensity in root elongation zone (r2 = 0.02, Supplementary Figure S4C), as well as for vacuolar Na+ intensity (r2 = 0.13; P = 0.48) (Supplementary Figure S4G).
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FIGURE 9. Na+ accumulation and patterning between cytosol and vacuole in elongation root zone in bread wheat genotypes. Intensity of CoroNa Green fluorescence in cytosolic (A) and vacuolar (B) compartments (arb. units) in root elongation zone of six bread wheat varieties contrasting in their salinity tolerance. Mean ± SE (n = 72–96 cells from at least six individual plants). Different lowercase letters represents significant difference between varieties at P < 0.05. (C,D) averaged pooled values for cytosolic (C) and vacuolar (D) Na+ intensity for salt-tolerant and salt-sensitive clusters shown in A,B. Mean ± SE (n = 215–300; three varieties × 72–96 cells analyzed for each variety).



MATURE ZONE

Cytosolic Na+ in root mature zone was significantly lower in salt-tolerant compared with salt-sensitive cluster while for vacuolar Na+ this trend was inverse (Figures 6M,O, 10). Another important trend was that the overall amount of Na+ accumulated in the cytosol was much less compared with any other zone (Figure 6). Cytosolic Na+ intensity in root mature zone was highest in sensitive Iran 118 (99.6 ± 15.1) and lowest in tolerant Persia 118 (13.1 ± 3.5) (Figure 10A). Salt-tolerant cultivar Westonia had the highest vacuolar Na+ intensity (149.0 ± 19.0), while salt-sensitive Belgrade 3 had the lowest (7.6 ± 1.3) (Figure 10B). On average, cytosolic Na+ intensity in mature root zone was three-fold lower in tolerant (25.4 ± 7.7) than in sensitive (73.0 ± 14.6) variety (Figure 10C; significant at P < 0.05). At the same time, vacuolar Na+ intensity in mature root zone in tolerant group was eight-fold higher compared with sensitive group (111.4 ± 22.2 vs. 13.9 ± 4.3; significant at P < 0.01; Figure 10D). Overall, a positive correlation (r2 = 0.57; P = 0.08) was found between plant damage index and cytosolic Na+ intensity in mature root zone (Supplementary Figure S4D), while for vacuolar Na+ intensity this correlation was negative (r2 = 0.59; P = 0.08; Supplementary Figure S4H).
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FIGURE 10. Na+ accumulation and patterning between cytosol and vacuole in mature root zone in bread wheat genotypes. Intensity of CoroNa Green fluorescence in cytosolic (A) and vacuolar (B) compartments (arb. units) in mature root zone of six bread wheat varieties contrasting in their salinity tolerance. Mean ± SE (n = 72–96 cells from at least six individual plants). Different lowercase letters represents significant difference between varieties at P < 0.05. (C,D) Averaged pooled values for cytosolic (C) and vacuolar (D) Na+ intensity for salt-tolerant and salt-sensitive clusters shown in A, B. Mean ± SE (n = 240–320; three varieties × 72–96 cells analyzed for each variety). Asterisk indicates significant difference between clusters at P < 0.05.



DISCUSSION

VACUOLAR NA+ SEQUESTRATION IN MATURE ROOT ZONE BUT NOT ROOT APEX CORRELATES WITH SALINITY TOLERANCE IN BREAD WHEAT

For glycophytes such as bread wheat, Na+ is not considered to be an essential nutrient (Maathuis, 2014) and, when present in excessive quantities in soil, leads to cytosolic Na+ toxicity, and impairs plant growth. Maintenance of the optimal cytosolic Na+ level under saline conditions requires effective exclusion of Na+ from the cytosol, either back to external media, or into vacuole (Maathuis and Amtmann, 1999; Blumwald, 2000).

In the present work, we have investigated Na+ distribution between the cytosol and the vacuole in four different root zones in contrasting bread wheat varieties exposed to salinity stress. Surprisingly, vacuolar Na+ sequestration was correlated positively with salinity tolerance only in mature root zone. In contrast, no significant difference in vacuolar Na+ sequestration patterns was found between salt tolerant and sensitive clusters in either of other three zones: transition (Figures 8B,D), elongation (Figures 9C,D), or meristem (Figures 7C,D). At the same time, significantly lower cytosolic Na+ intensity was found in salt tolerant compared with sensitive cluster in mature zone (Figures 10A,B). Taken together these results suggest that the ability of mature root cell vacuoles to sequester excessive Na+ is one of the key determinants of salinity tolerance in bread wheat.

It should be noted that, given the non-linearity of the calibration curve (Figure 4), the fluorescent intensities measured might not linearly relate to the absolute sodium concentrations in plant tissues, so some caution is needed while interpreting the presented data in quantitative terms.

We have used term “surprisingly” above because root apex is a house for most metabolically active cells and, as such, has often considered as a potential target for many abiotic stresses such as aluminium toxicity (Doncheva et al., 2005), oxidative stress (Demidchik et al., 2007), and heavy metal toxicity (Halušková et al., 2009). It was also unexpected as SOS1 Na+/H+ exchangers that remove Na+ from uptake are believed to be expressed predominantly in the root apex (Shi et al., 2002). Given the fact that the functional expression of SOS1 exchangers was always considered as an important component of salinity tolerance trait (Zhu, 2003; Apse and Blumwald, 2007; Olías et al., 2009; Oh et al., 2009), the fact that cytosolic Na+ levels in root meristem of tolerant group was six-fold higher compared with mature zone (159.2 ± 17.9 vs. 25.4 ± 7.7, respectively; Figure 11) was unexpected.
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FIGURE 11. A summary of Na+ distribution between various intracellular compartments and functionally different root zones in bread wheat. Numbers represent mean pooled values for CoroNa Green fluorescence intensity (arbitrary units) for salt-sensitive and salt-tolerant clusters.



On the other hand, mature root zone represents a major bulk of the root and, thus, has to deal with the largest quantities of accumulated Na+. This zone also has fully expanded cells, with large and well-formed vacuoles, while in meristematic or transition zones cells are much smaller and with small vacuoles (Verbelen et al., 2006). Thus, superior Na+ sequestration ability in mature root zone make sense from both anatomical and physiological points of view. Another aspect to be considered is a need to maintain cell turgor pressure under hyperosmotic conditions caused by salinity. Indeed, cytosolic Na+ intensity was always higher in elongation zone compared with all other zones in each variety studied; and so was the vacuolar Na+ intensity (Figure 11). It may be suggested therefore that in this zone Na+ might be utilized by roots as a cheap osmoticum to maintain turgor pressure and enable cell expansion. Consistent with this idea are findings that in maize root apical zone, the estimated turgor potential showed only a small decline although salt shock caused a rapid decrease in root water and solute potentials in the major bulk of the root (Rodríguez et al., 1997).

Na+ sequestration into vacuole is believed to be mediated by the tonoplast NHX Na+/H+ antiporters (Apse et al., 1999). Indeed, salt tolerant bread wheat variety showed higher expression of TaNHX in roots (Saqib et al., 2005) and also higher vacuolar Na+ sequestration in root mature zone compared with the sensitive one (Cuin et al., 2011). Similarly, relative expression of ZmNHX increased proportionally with increasing external NaCl concentration in maize in bred line roots (Zörb et al., 2005). Also, transgenic tobacco lines with TNHXS1 (wheat Na+/H+ vacuolar antiporter gene) had greater Na+/H+ antiporter activity in root tonoplast vesicles and showed higher salt tolerance than the wild type (Gouiaa et al., 2012). Previous studies in our laboratory highlighted the importance of K+ retention in mature root zone of various species (Chen et al., 2005, 2007a; Cuin et al., 2008; Smethurst et al., 2008). Here we provide the evidence that the vacuolar Na+ sequestration in this zone correlates with salinity tolerance. Taken together, cytosolic K+ retention and Na+ sequestration represent two major components of the tissue tolerance mechanism. Targeting these traits may be a promising way to improve salinity tolerance in bread wheat.

ROOT MERISTEM ZONE AS A SALT SENSOR?

How plants sense Na+ to trigger the following signaling cascades to cope with the salt stress is a fundamental question which still need to be studied and clarified. In animals, Na+ sensing mechanism appears to consist mostly of specific Na+ selective ion channels and other Na+ transporters; however, so far no Na+ selective ion channels have been identified in plants (Maathuis, 2014). Displacement of Ca2+ by Na+ from the plasmalemma of root cells was proposed as a primary response to salt stress (Cramer et al., 1985), but it has been deemed to be of a minor importance later (Kinraide, 1999). Plasma-membrane based SOS1 Na+/H+ antiporter was also suggested as a potential salt sensor (Zhu, 2003) but the explicit evidence is still lacking. Histidine kinases (such as Hik16/Hik41 in cyanobacterium, Marin et al., 2003; or AHK1/ATHK1 in Arabidopsis, Shinozaki and Yamaguchi-Shinozaki, 2000; Tran et al., 2007) were also named as potential NaCl- and/or osmo-sensors.

Generally, root is the first organ that perceives the salt stress signal. The transition zone in root apex has been suggested as a signaling-response nexus in the root (Baluška et al., 2010). This unique zone provides the root apices with an effective mechanism to reorient growth in response to many stimuli such as salinity, gravity, temperature, moisture, oxygen availability, electric fields, and heavy metals (Verbelen et al., 2006). In our investigation, both cytosolic and vacuolar Na+ intensities in root transition zone showed no significant difference between salt tolerant and sensitive clusters (Figures 8C,D); no significant correlation was also found between cytosolic or vacuolar Na+ intensities in this zone and plant damage index (Supplementary Figures S4B,F). Thus, it appears that root transition zone is not the main signaling-response nexus to salt stress, at least in bread wheat.

Salt stress causes nuclear and DNA degradation in root meristematic cells (Katsuhara and Kawasaki, 1996; Liu et al., 2000; Richardson et al., 2001), and NaCl-induced nuclear DNA fragmentation in the root meristem zone was higher in sos1 mutant (lacking the ability to remove Na+ to external media) compared with Arabidopsis wild type, when grown under saline conditions (Huh et al., 2002). From this point of view, one would expect that salt-tolerant varieties would maintain lower cytosolic Na+ intensity in meristem cells. This was not the case in our study (Figure 11). On the contrary, salt tolerant group showed 4.3-fold higher cytosolic Na+ intensity (159.2 ± 17.9 vs. 37.0 ± 8.4, respectively; Figure 11) than the sensitive cluster. At the same time, vacuolar Na+ intensity was not significantly different between the groups (Figure 7D). It is tempting to suggest that higher cytosolic Na+ intensity in salt tolerant cluster in the meristematic zone might be important to effectively convey or regulate signals during salt stress to other root zones even shoot after perceiving external salt stress. Hence, we suggest that, in addition to its role in cell division, root zone meristem also participates in, or executes, a role of the salt sensor. The specific details of this signaling mechanism should be revealed in further studies.

EVALUATING SALINITY TOLERANCE BY SCREENING VACUOLAR NA+ SEQUESTRATION VIA LSCM TECHNIQUE

In addition to physiological and genetic complexity of the salinity tolerance trait, the progress in breeding was also hampered by the lack of convenient screening techniques. While agronomical (e.g., biomass/yield, plant survival, or leaf injury; Munns and James, 2003; Colmer et al., 2005) and biochemical (e.g., antioxidant activity or compatible solutes content; Ashraf and Harris, 2004) markers are convenient as rapid screening tools, they are not directly linked with major physiological mechanisms conferring salinity tolerance. Thus, the demand for a technique that is, on one hand, convenient enough to be used for the high throughput screening and, on another hand, was directly linked to a specific physiological trait in question, remains high. We believe that using CoroNa Green imaging may suit this purpose.

Na+ measurement by CoroNa Green dye confocal imaging was firstly conducted in animals (Meier et al., 2006). It was then adopted by researchers to visualize Na+ distribution in both root (Park et al., 2009; Oh et al., 2009, 2010; Li et al., 2012) and leaf (Bonales-Alatorre et al., 2013a,b) tissues under saline conditions. The present work narrows down salinity tolerance trait to vacuolar Na+ sequestration in merely one specific root zone (Figures 10, 11) and shows a high (r2 = 0.59, Supplementary Figure S4H) prognostic value as a screening tool. In practical terms, imaging of one specific zone of a root takes only a few minutes, in addition to ~2 h required for staining. Thus, quantifying Na+ fluorescent intensity in 100–120 roots per day by one operator is a realistic task. From our experience, 6–8 biological replicates are sufficient to get consistent results and eliminate out layers. Thus, even at the current stage, screening 15–20 genotypes per day may be feasible. The next practical step should be creating a DH population between Westonia and Belgrade 3 (varieties with highest and lowest vacuolar Na+ sequestration ability), and then screening this DH population to determine QTL(s) associated with such sequestration ability. This work is next on agenda in our laboratories.
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Supplementary Figure S1. Quantifying salinity tolerance in bread wheat by the damage index. The extent of salinity damage to plants was quantified on 0 (no visual symptoms of stress) to 10 (all plants are dead) scoring scale. Two examples for tolerant variety Persia 118 (A) and sensitive variety 340 (B) are shown. (C) A correlation between damage index and shoot fresh weight in six bread wheat treated with 300 mM NaCl for about 5 weeks. Each point represents a variety.

Supplementary Figure S2. Homogeneity of CoroNa Green fluorescence signal between various cell layers. (A,C) Representative (one of four) images of CoroNa Green fluorescence in the root apex of bread wheat cultivar Belgrade 3 taken at different focal depth (A, top cell layer; C, fifth cell layer; ~80 μm deeper inside the root). (B,D) Respective light images. (E,F) Mean fluorescence intensity values in cytosol (E) and vacuole (F) of cells in the first (shown in A) and fifth (shown in C) cell layers. Mean ± SE (n = 20–24). The difference between cell layers (different Z-plains) is not significant at P < 0.05, neither in vacuole nor in the cytosol.

Supplementary Figure S3. Na+ distribution between the cytosol and the vacuole in meristematic zone of wheat root. A representative images of the root meristem loaded with Corona Green AM is shown for salt-tolerant cultivar Persia 118 and salt-sensitive cultivar Iran 118. As one can see, in tolerant variety most of the Na+ is located in the cytosol while vacuoles are dark and show not much fluorescent signal. The opposite is true for salt-sensitive genotype

Supplementary Figure S4. Correlation between salinity stress tolerance and Na+ distribution in cytosol and vacuole in different root zones. Correlation between salinity stress tolerance (quantified as a damage index) and cytosolic (A–D) and vacuolar (E–H) Na+ intensities in four functional root zones. Each point represents a variety.
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Ultrastructural and physiological responses of potato (Solanum tuberosum L.) plantlets to gradient saline stress


Hui-Juan Gao1†, Hong-Yu Yang1†, Jiang-Ping Bai1, Xin-Yue Liang2, Yan Lou1, Jun-Lian Zhang1, Di Wang1*, Jin-Lin Zhang3*, Shu-Qi Niu3 and Ying-Long Chen4,5


1Gansu Key Laboratories of Crop Genetic and Germplasm Enhancement and Aridland Crop Science, College of Agronomy, Gansu Agricultural University, Lanzhou, China

2Department of Chemistry, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing, China

3State Key Laboratory of Grassland Agro-ecosystems, College of Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou, China

4Plant Nutrition and Soil Science and UWA Institute of Agriculture, School of Earth and Environment, The University of Western Australia, Perth, WA, Australia

5State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Education, Northwest A&F University, Yangling, China

* Correspondence: Di Wang, Gansu Key Laboratories of Crop Genetic and Germplasm Enhancement and Aridland Crop Science, College of Agronomy, Gansu Agricultural University, 1 Yingmen Village, Anning District, Lanzhou 730070, Gansu, China e-mail: wangd@gsau.edu.cn;

*Jin-Lin Zhang, State Key Laboratory of Grassland Agro-ecosystems, College of Pastoral Agriculture Science and Technology, Lanzhou University, 768 West Jiayuguan Road, Chengguan District, Lanzhou 730020, Gansu, China e-mail: jlzhang@lzu.edu.cn

†These authors have contributed equally to this work.



Edited by:
Mary Jane Beilby, The University of New South Wales, Australia

Reviewed by:
Huazhong Shi, Texas Tech University, USA
 Vadim Volkov, London Metropolitan University, UK

Salinity is one of the major abiotic stresses that impacts plant growth and reduces the productivity of field crops. Compared to field plants, test tube plantlets offer a direct and fast approach to investigate the mechanism of salt tolerance. Here we examined the ultrastructural and physiological responses of potato (Solanum tuberosum L. c.v. “Longshu No. 3”) plantlets to gradient saline stress (0, 25, 50, 100, and 200 mM NaCl) with two consequent observations (2 and 6 weeks, respectively). The results showed that, with the increase of external NaCl concentration and the duration of treatments, (1) the number of chloroplasts and cell intercellular spaces markedly decreased, (2) cell walls were thickened and even ruptured, (3) mesophyll cells and chloroplasts were gradually damaged to a complete disorganization containing more starch, (4) leaf Na and Cl contents increased while leaf K content decreased, (5) leaf proline content and the activities of catalase (CAT) and superoxide dismutase (SOD) increased significantly, and (6) leaf malondialdehyde (MDA) content increased significantly and stomatal area and chlorophyll content decline were also detected. Severe salt stress (200 mM NaCl) inhibited plantlet growth. These results indicated that potato plantlets adapt to salt stress to some extent through accumulating osmoprotectants, such as proline, increasing the activities of antioxidant enzymes, such as CAT and SOD. The outcomes of this study provide ultrastructural and physiological insights into characterizing potential damages induced by salt stress for selecting salt-tolerant potato cultivars.

Keywords: potato plantlets, saline stress, ultrastructure, antioxidant defense system, ion distribution

INTRODUCTION

As a major abiotic stresses, salinity affects plant growth and significantly reduces crop yield (Zhang et al., 2010; Zhang and Shi, 2013; Deinlein et al., 2014; Shabala et al., 2014). High soil salinity can lead to osmotic imbalance, ion-specific toxicity, alteration of composition and structure of membranes, and disruption of photosynthesis (Hasegawa et al., 2000; Zhang and Shi, 2013; Maathuis et al., 2014; Cabot et al., 2014; Zhang et al., 2014). Plants generally develop salt resistance mechanism and unique structures to survive under high saline-stress conditions (Deinlein et al., 2014; Gupta and Huang, 2014; Roy et al., 2014; Shabala et al., 2014). Therefore, a better understanding of the structural variations, ion distribution and physiological changes in crop plants induced by salinity should facilitate the identification of saline tolerance mechanisms (Roy et al., 2014).

Potato (Solanum tuberosum L.), as the fourth most important food crop in the world, has been identified as moderately salt-sensitive or salt-tolerant (Katerji et al., 2000). Under 50 mM NaCl treatment, potato growth decreased and tuber yield reduced to about 50%, while the growth of plants is completely inhibited at 150 mM NaCl (Hmida-Sayari et al., 2005). Bruns and Hecht-Buchholz (1990) found that the salt-induced changes were mainly observed in the chloroplasts, especially in the thylakoids. Different potato cultivars reacted differently to salt stress. Mitsuya et al. (2000) found the degradation of thylakoid membranes of chloroplast of sweet potato in vitro resulting from salt-induced oxidative stress (0 and 80 mM). In addition, ultrastructural changes at the cellular level in a salt-adapted potato callus lines grown in 150 mM NaCl (Queirós et al., 2011) demonstrated that salt-adapted potato cell line contained more large starch, reduced membrane system and no vesicles. Although the ultrastructural alterations induced by saline have been reported in many plant cells (Yamane et al., 2004; Miyake et al., 2006; Ferreira and Lima-Costa, 2008; Bennici and Tani, 2009, 2012), information regarding the effects of salinity on potato cells cultured in vitro is not specified and is incomplete.

Plants could sense changes of external environment and adapt to new conditions (Vij and Tyagi, 2007; Cabot et al., 2014; Deinlein et al., 2014). Plants have developed complex physiological and biochemical mechanisms to maintain a stable intracellular environment through accumulating various antioxidant enzymes and solute under salt stress (Wang et al., 2007; Zhang and Shi, 2013; Gupta and Huang, 2014; Roy et al., 2014). The osmotic adjustment in plant can maintain water uptake and cell turgor, allowing regular physiological metabolism (Serraj and Sinclair, 2002; Han et al., 2014). Proline, as an important osmosis protective agent, contributes to osmotic adjustment, protecting cells from damage (Silva-Ortega et al., 2008; Abrahám et al., 2010; Hou et al., 2013; Bojorquez-quintal et al., 2014; Gupta and Huang, 2014). Salt stress also caused overproduction of reactive oxygen species (ROS), leading to secondary oxidative stress (Nounjan et al., 2012; Mishra et al., 2011). ROS mainly generated from chloroplasts and mitochondria (Munns and Tester, 2008), attributed to membrane damage (Abdullahil-Baque et al., 2010), decrease of protein synthesis and inactivation of enzymes, seriously disrupting cell normal metabolism and inducing lipid peroxidation (Csiszár et al., 2012). Malondialdehyde (MDA) as a product of membrane lipid peroxidation could reflects oxidative damage to cell membrane (Koca et al., 2006; Yazici et al., 2007; Han et al., 2014). To avoid ROS-induced oxidative damage, plants could form antioxidant defense system to remove free radical and effectively avoid oxidative damage. Therefore, the increase of catalase (CAT) and superoxide dismutase (SOD) activity is correlated to the tolerance of plant to abiotic stresses (Hernández et al., 1993; Hossain et al., 2004; Daneshmand et al., 2010). Salt-tolerant potato could evolve a better protective mechanisms to detoxifying ROS by increasing the activity of antioxidant enzymes and content of proline (Arbona et al., 2008; Cho et al., 2012).

Higher accumulation of salt ions in leaves is very harmful for plant growth (Neocleous and Vasilakakis, 2007; Sabra et al., 2012; Khayyat et al., 2014; Liu et al., 2014a). Naeini et al. (2006) reported that more Na+ accumulated in roots and more Cl− in leaves of pomegranates (Punica granatum) exposed to salt stress. Soil salinity usually reduces K+ uptake by roots of higher plants (Zhang et al., 2010; Maathuis et al., 2014). Recent research suggests that maintaining a high level of K+/Na+ ratio is important to salt tolerance in glycophytes (Maathuis and Amtmann, 1999; Carden et al., 2003; Peng et al., 2004; Lv et al., 2011; Maathuis et al., 2014). A number of studies have demonstrated that salinity also reduced Ca2+ absorption and transportation in plant (Tattini and Traversi, 2009; Evelin et al., 2012; Zhang and Shi, 2013; Liu et al., 2014a). Ca2+ has vital signal transduction function triggered by various environmental stresses. Especially, Ca2+ could alleviate Na+ toxicity on plants and has a regulation effect on ion selectivity absorption and transport (Zhu, 2002; Ben-Amor et al., 2010). Ca2+ is an essential component of the middle lamella and cell walls which participates in maintaining the stability of cell membrane, cell wall, and membrane-bound proteins, preventing membrane damage and leakage, and stabilizing wall structure (Maathuis and Amtmann, 1999; Liu et al., 2014a). Scanning electron microscope (SEM) equipped with energy dispersive X-ray Spectroscopy (EDX) has been extensively utilized for analysis of the elements distributed in plant tissues. Moreover, ion concentrations analyzed by EDX is comparable to that derived from atomic absorption or flame photometry of whole samples (Ebrahimi and Bhatla, 2011, 2012).

The present study was to investigate the anatomical response, ion distribution and physiological changes of potato plants to gradient salt (NaCl). Test tube plantlets were used in this study to allow a direct and fast approach to examine the physiological and biochemical mechanisms of salt tolerance. The present study will provide the insight of the anatomical response, in addition to physiological response, of in vitro propagated potato plantlets exposed to saline stress, and develop a useful method for screening salt-tolerant cultivars.

MATERIALS AND METHODS

PLANT MATERIAL AND TREATMENTS

A local potato cultivar “Longshu No. 3,” released in 2002 by Gansu Academy of Agricultural Sciences, China, was used in this study. This cultivar has been largely grown in Northwestern China because of its moderate resistance to low temperature, drought and salinity. Potato plantlets were propagated in solidified Murashige and Skoog (MS) medium. A total of 6 plantlets were cultured in each triangular flask under 16/8 h photoperiods at 200 μmol/m2/s and 23 ± 2°C. For salt stress treatment, plantlet stems with at least two leaves were transferred to the MS medium containing NaCl at concentrations of 0 (control), 25, 50, 100, and 200 mM, respectively. Root, stem and leaf samples were collected 2 or 6 weeks after treatments for analysis. There were six plantlets in six triangular flasks for each treatment.

TRANSMISSION ELECTRON MICROSCOPY

At each sampling time, the fully expanded uppermost leaves of potato plantlets were collected and fixed for 3 h at room temperature with 2% glutaraldehyde in 100 mM sodium cacodylate buffer with a pH value of 7.4 (Sabatini et al., 1963). Samples were post-treated in 1% (w/v) OsO4, similarly buffered for 6 h at room temperature, dehydrated in a graded ethanol series and propylene oxide, and infiltrated and embedded in Spurr's epoxy resin (Spurr, 1969). Ultrasections were obtained using a LKBV ultramicrotome and stained with uranyl acetate and lead phosphate. Images were observed and generated using a transmission electron microscope (JEM-1230 JEOL, Japan). The size of the intercellular space and cell wall was measured manually on the printed micrographs.

X-RAY MICROANALYSIS OF IONS

Root, shoot and leaf samples of each treatment were washed with distilled water, respectively. The middle sections of plant tissues were dipped in 5% agar, inserted to a depth of 1.0 cm in a copper holder, and sliced freehand with a razor blade to obtain transverse sections, and immediately frozen in liquid nitrogen. The samples were freeze-dried in vacuum and stored in a desiccator, followed by carbon coated with a high vacuum sputter coater and sputter-coated with gold in an argon atmosphere. Samples were analyzed in an scanning electron microscope (JSM-5600LV, JEOL, Japan) equipped with energy dispersive X-ray spectroscopy (INCA X-Max 80, Oxford Instruments) detector. The accelerating voltage was 10 kV. The counting time for each analysis was 60 s and the data were expressed as counts per second (cps) of an element peak after subtraction of the background. Then, these spectra were transformed to normalized data. All the detectable elements were transformed into the relative element weight. Counts per second of K, Na, and Cl were discerned by weight percentage in tissues. Five location spots of the same tissue of each section were analyzed.

PHYSIOLOGICAL ASSAYS

Free proline and malondialdehyde content from plantlet were extracted and quantified following the ninhydrin-based colorimetric assays (Delauney et al., 1992) and thiobarbituric acid (Hodges et al., 2014), respectively. Activities of SOD and CAT were determined according to the ultraviolet absorption method assays of Giannopotitis and Ries (1977) and Stewart and Bewley (1980). To measure the stomatal aperture, leaf samples (2 × 2 mm) were collected from plantlets treated with or without NaCl stress. The lower epidermis of leaves was collected by scotch tape and examined under a compound Digital Microscope (Motic) after stained with 0.1% I-KI. The morphological parameters of stomata [guard cell length—L (μM) and guard cell width—W (μM)] magnified 200 ×, were measured with Motic Images Advanced 3.2. Stomatal area (S) was calculated as the product of L and W. Leaf chlorophyll content was determined spectrophotometrically in 80% acetone as described by Arnon (1949).

DATA ANALYSIS

Parameter data were presented as means with standard deviations (n = 6). Data were subjected to One-Way ANOVA and Duncan's multiple range tests for each parameter at P < 0.05 using SPSS 13.0.

RESULTS

EFFECTS OF SALINE STRESS ON THE ULTRASTRUCTURE OF LEAF MESOPHYLL CELLS

For 2 weeks of control plantlets (without salt stress), the ultrastructural distortion of mesophyll cells and chloroplasts was not observed. The structure of mesophyll cell was intact and the cell membrane was in close contact with the cell wall. Moreover, there was large intercellular space in mesophyll cells (Figure 1A). After 6 weeks growth, integrated chloroplasts of control plantlets were still closely arranged along plasma membrane (Figure 1B, Table 1).
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FIGURE 1. Ultrastructural changes of mesophyll cells. (A) Two weeks of non-salinity: intact mesophyll cells 2 weeks of non-salinity treatment. (B) Six weeks of non-salinity: more chloroplasts were present in mesophyll cells and cellular intercellular spaces increased for 6 weeks of 25 mM NaCl treatment. (C) Two weeks of 25 mM NaCl: cell walls were twisted, and the plasma membrane was apparently crimpled. Note chloroplasts were apart from the cell walls with membranous invaginations (black arrows). (D) Six weeks of 25 mM NaCl: mesophyll cell-contained chloroplasts have more starch grains. (E) Two weeks of 50 mM NaCl: mesophyll cells displayed plasmolysis (white arrow) and reduced intercellular spaces (black arrow). (F) Six weeks of 50 mM NaCl: complex vesiculation (black arrows), and dramatically reduced numbers of chloroplasts. (G) Two weeks of 100 mM NaCl: plasmolysis (white arrow), numerous vesicles (black arrows) and embedded chloroplasts. (H) Six weeks of 100 mM NaCl: cells showed severe plasmolysis (black arrows) and more vesicles and chloroplasts moved toward the cell center. (I) Two weeks of 200 mM NaCl: cells displayed severely damaged membrane systems, with severe membranous invagination (black arrow). (J) Six weeks of 200 mM NaCl: cell walls ruptured, and whole cells disintegrated. Note: ch, chloroplast; g, grana; pl, plastoglobuli; st, starch grains; w, cell wall; is, intercellular space; v, vesicle.



Table 1. Size of the Intercellular space and cell wall of the Mesophyll cell.
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For plantlets with 2 weeks of 25 mM NaCl treatment, mesophyll cell walls were twisted and plasma membrane crimpled remarkably. A small proportion of the chloroplasts with distended thylakoids were apart from the cell wall and membranous invagination was observed (Figure 1C). After 6-week treatment more starch grains were attached to the chloroplasts (Figure 1D) and intercellular space decreased (Table 1). For plantlets grown in 50 mM NaCl for 2 weeks, mesophyll cells showed some alterations (Figure 1E). The number of chloroplast decreased dramatically. Plasmolysis in some cells was accompanied by a reduction in mesophyll intercellular spaces. Six weeks later, chloroplasts showed irregular shape and complex vesiculation in the vacuoles was observed. Moreover, a number of cells appeared to be linked together without space (Figure 1F, Table 1). When plantlets were exposed to 100 mM NaCl for 2 weeks, serious plasmolysis was observed. Membranous invaginations resulted in numerous vesicles. Some chloroplasts embedded together (Figure 1G). Six weeks later, plasmolysis occurred severely accompanied by the presence of more vesicles in the vacuole. Chloroplasts moved toward the center of the cell (Figure 1H). The most dramatic alterations were observed in plantlets treated with 200 mM NaCl for 2 weeks. Membrane structure was severely damaged, characterized by severe membranous invagination (Figure 1I). After 6 weeks of 200 mM NaCl treatment, cell walls ruptured and the whole cell disorganized (Figure 1J).

EFFECTS OF SALINE STRESS ON THE ULTRASTRUCTURE OF CHLOROPLASTS

For 2 weeks of control plantlets, integrated chloroplasts with few and small starch, containing compactly arranged thylakoids and well compartmentalized grana stacks with distinct grana lamellaes parallel to the chloroplasts' long axes, were observed (Figure 2A). Six weeks later, the membrane system was complete. The grana and stromal lamellae of chloroplast closely arranged and compacted thylakoids (Figure 2B).
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FIGURE 2. Ultrastructural changes of chloroplast in mesophyll cell. (A) Two weeks of non-salinity: ellipse- or spindle-shaped chloroplast with few and small starch. (B) Six weeks of non-salinity: chloroplast structure was complete. (C) Two weeks of 25 mM NaCl: chloroplast with vague outer membranes (black arrows) showed distended thylakoids (white arrows). (D) Six weeks of 25 mM NaCl: obvious swelling of the thylakoid (white arrow). (E) Two weeks of 50 mM NaCl: chloroplast envelope evagination, forming vesicles (black arrow). (F) Two weeks of 50 mM NaCl: chloroplast envelope disruption (black arrow) and distorted lamella (white arrow). (G) Two weeks of 100 mM NaCl: chloroplast envelope disintegration (black arrow) and thicker cell walls and partially dissolved grana thylakoid. (H) Six weeks of 100 mM NaCl: envelope (black arrow) and lamellar structure (white arrow) partly dissolved. (I) Two weeks of 200 mM NaCl: chloroplast disintegrated with inclusions effused (black arrows). (J) Six weeks of 200 mM NaCl: the grana and stromal lamella of chloroplast digest basically (black arrow), while thylakoids disintegrate and cavitate gradually (white arrows). Note: ch, chloroplast; g, grana; pl, plastoglobuli; st, starch grains; w, cell wall; is, intercellular space; v, vesicle.



When exposed to 25 mM NaCl for 2 weeks, the cell walls were thickened (Figure 2C, Table 1). The outer membrane of the chloroplast was vague. After 6 weeks of 25 mM NaCl treatment, the swelling of the thylakoids became obvious. The arrangement of lamella remained consistent, but showed a slight bend (Figure 2D). After 2 weeks of 50 mM NaCl treatment, chloroplast envelope was partially fragmented and evaginated to form complex vesicles (Figure 2E). Six weeks later, chloroplast envelopes disrupted with outer membranes disorganized. Grana lamella loosened with severely swollen thylakoids and space between lamella increased (Figure 2F). For plantlets treated with 100 mM NaCl for 2 weeks, the cell walls were much thicker (Table 1). Chloroplast envelope disintegrated and the grana thylakoid dissolved partially with reduced grana stacking, characterized by the presence of enlarged plastoglobuli and starch grains (Figure 2G). Six week later, the orientation of grana changed. Lamellar stacking decreased and dissolved dramatically. Membrane system was indistinct (Figure 2H). The most serious impact was observed when plantlets were treated with 200 mM NaCl. Some chloroplasts disintegrated with inclusions effused for plantlets treated with 200 mM NaCl for 2 weeks (Figure 2I). Six weeks later, the grana and stromal lamella of round chloroplasts with some starch grains digested basically, thylakoid membranes adhered to each other, while thylakoids disintegrated, cavitated, and even gradually disappeared (Figure 2J).

EFFECTS OF SALINE STRESS ON ION DISTRIBUTION IN POTATO PLANTLET TISSUES

Na and Cl contents in leaves were relatively higher than that in stems and roots for all treatments. After 2 week treatments, Na relative content in leaves was 5.1, 4.2, 3.4, 3.0, and 1.9 times of that in roots at 0, 25, 50, 100, 200 mM NaCl treatments, respectively; Cl relative content in leaves was 1.2, 4.4, 2.5, 6.4, and 5.0 times of that in roots, respectively. After 6 week treatments, with the increase of NaCl in growth environment, the relative contents of Na and Cl in tissues were higher than those at 2 weeks, respectively. In addition, Cl relative content remained higher than Na content for the same treatment and for the same organ tissue, which follows the similar trend as at 2 weeks. After 6 week treatments, Na relative content in leaves was 1.7, 1.6, 2.0, 1.7, and 1.5 times of that in roots at 0, 25, 50, 100, 200 mM NaCl treatments, respectively; Cl relative content in leaves were 2.3, 1.7, 1.8, 2.0, and 1.2 times of that in roots at corresponding NaCl treatments, respectively. These results indicated that Na and Cl were mainly distributed in leaves of potato plantlets. (Figures 3A–F).
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FIGURE 3. Ion relative content and Na/K ratio under different concentrations of NaCl using SEM-EDS. (A) Leaf Na relative content, (B) stem Na relative content, (C) root Na relative content, (D) leaf Cl relative content, (E) stem Cl relative content, (F) root Cl relative content, (G) leaf K relative content, (H) stem K relative content, (I) root K relative content, (J) ratio of Na to K in leaf, (K) ratio of Na to K in stem, (L) ratio of Na to K in root. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference by Duncan's multiple range tests at P < 0.05 (Duncan test).



In contrast, K relative content in roots, stems and leaves showed a decreasing trend with the increase of external NaCl concentration. Accumulation of K in stems was reduced, particularly in leaves. After 2 weeks of salt treatment, K relative content in roots was 1.1, 1.3, 1.3, 3.0, and 2.1 times of that in leaves at 0, 25, 50, 100, 200 mM NaCl treatments, respectively. Six weeks later, K relative content in roots, stems and leaves decreased compared to that at 2 weeks. K relative content in roots was 1.3, 1.5, 1.6, 2.7, and 1.8 times of that in leaves at 0, 25, 50, 100, 200 mM NaCl treatments, respectively (Figures 3G–I). The comparison of K distribution in the different parts of potato plantlets showed that salinity seriously reduced K allocation toward leaves.

The Na/K ratio dramatically increased, especially in leaves after treated with various concentrations of NaCl. After 2 weeks of treatments, Na/K ratio significantly increased by 2.0, 4.3, 6.0, and 19.0 times in roots, 1, 2, 3.1, and 5.1 times in stems, and 1.6, 2.6, 8.9, and 12.1 times in leaves, at 25, 50, 100, 200 mM NaCl treatments, respectively, compared to that in control tissues, After 6-week treatment, compared to the corresponding organs of control plantlets, Na/K ratio significantly increased by 1.7, 2.1, 5.5, and 7.9 times in roots, 1.3, 1, 7, and 9.1 times in stems, and 1.8, 3.3, 11.7, and 9.7 times in leaves at corresponding NaCl treatments, respectively. Potato plantlets treated with salt for 6 weeks had higher Na/K ratio in the relevant organs than those treated for 2 weeks except for leaf Na/K ratio at 200 mM NaCl concentration (Figures 3J–L).

EFFECTS OF SALINE STRESS ON LEAF FREE PROLINE CONTENT, CAT AND SOD ACTIVITIES AND MDA CONTENT

Salt stress significantly increased free proline levels in leaves (Figure 4). After 2 weeks of treatment, proline content significantly increased by 1.6, 1.9, 3.4, and 4.5 times at 25, 50, 100, and 200 mM NaCl treatments, respectively, compared to control (P < 0.05). After 6 weeks of treatments, proline significantly content increased by 0.8, 3.1, 4.7, and 3.7 times, respectively (P < 0.05). Proline content decreased significantly at 200 mM NaCl compared to that at 100 Mm NaCl (P < 0.05). Leaf proline content in plantlets treated for 6 weeks by 50, 100, and 200 mM NaCl was significant higher than that in plantlets treated for 2 weeks (P < 0.05).
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FIGURE 4. Effects of NaCl treatment on free proline content. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference by Duncan's multiple range tests at P < 0.05.



Salt stress increased the activity of the antioxidant enzymes. After 2 week treatment, compared to control, CAT activity significantly increased by 28.9, 57.9, 96.8, and 63.4% at 25, 50, 100, and 200 mM NaCl, respectively; while SOD activity significantly increased by 18.6, 41.2, 38.4, and 52.9%, respectively (P < 0.05). After 6 weeks, CAT and SOD activities significantly increased by 50.0, 80.5, 102.6, and 13.6%, and 13.1, 29.5, 29.6, and 23.9% at 25, 50, 100, and 200 mM NaCl, respectively, compared to corresponding control (P < 0.05). Leaf CAT activity in plantlets treated with 200 mM NaCl for 2 and 6 weeks and SOD activity for 6 weeks decreased significantly compared to that in plantlets treated with 100 mM NaCl (P < 0.05). Also, activities of leaf CAT and SOD in plantlets treated for 6 weeks were significantly higher than those in plantlets treated for 2 weeks except for 200 mM NaCl treatment (P < 0.05) (Figure 5).
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FIGURE 5. Effects of NaCl treatment on activities of catalase (CAT) and superoxide dismutase (SOD). (A) CAT activity, (B) SOD activity. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference by Duncan's multiple range tests at P < 0.05.



Leaf MDA content was used as an indicator of oxidative damage by salt stresses. After 2 week treatment, MDA content significantly increased by 0.8, 1.0, 1.8, and 2.0 times with the increase of external NaCl concentration compared to control plantlets; after 6 week treatment, MDA content sharply increased by 0.7, 1.1, 1.7, and 2.4 times with the increase of salinity (P < 0.05). Leaf MDA content in plantlets treated for 6 weeks were significantly higher than that in plantlets treated for 2 weeks (P < 0.05) (Figure 6).
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FIGURE 6. Effects of NaCl treatment on malondialdehyde (MDA) content. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference by Duncan's multiple range tests at P < 0.05.



EFFECTS OF SALINITY STRESS ON LEAF STOMATAL AREA AND CHLOROPHYLL CONTENT

Two weeks of salt treatment reduced stomatal area significantly by 18.0, 35.4, 61.5, and 86.7% at 25, 50, 100, and 200 mM NaCl concentrations, respectively, compared to control (P < 0.05). Six weeks of salt treatment dramatically reduced stomatal area by 70.3, 88.2, 91.6, and 99.4% with the increase of NaCl concentration (P < 0.05). Stoma was almost closed after 6 weeks of 200 mM NaCl treatment (Figure 7A).
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FIGURE 7. Effects of NaCl treatment on stomatal area (A) and chlorophyll content (B). Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference by Duncan's multiple range tests at P < 0.05.



The trend of changes for chlorophyll content was similar to that for stomatal area. After 2 weeks of salt treatment, leaf chlorophyll content decreased gradually by 24.8, 44.2, 65.5, and 70.8% with the increase of NaCl concentration, compared to control (P < 0.05). After 6 weeks of salt treatment, chlorophyll content sharply decreased by 33.9, 68.3, 88.1, and 93.6% with the increase of NaCl concentration (P < 0.05), and was much lower than that at 2 weeks under corresponding salt stresses (Figure 7B).

At the whole plantlet level, NaCl treatments inhibited potato plantlet growth. The height of seedlings gradually decreased with increase of external NaCl concentration. After 6 weeks of treatment, severe salt stress (200 mM NaCl) induced a greater decline in shoot growth and root development of potato plantlets (Figure S1).

DISCUSSION

SALINITY INDUCED ULTRASTRUCTURAL CHANGES OF LEAF MESOPHYLL CELLS AND CHLOROPLASTS

In present study, high levels of Na and Cl, and low level of K were distributed in leaves. The changes in chemical contents could result in ultrastructural alteration in leaf cells. Three salt-stress related alterations were observed. Firstly, the number of chloroplasts displaying swelled and distorted thylakoids decreased, accompanied by chloroplasts moving to the cell center. This chloroplast change is a typical effect of salinity as previously observed in salt-stressed Cucumis sativus L. (Shu et al., 2013). Secondly, cell walls thickened and plasmolysis occurred and the intercellular spaces of cell decreased with the increase of external salt concentration, which was also reported in potato cultivars (Bruns and Hecht-Buchholz, 1990; Navarro et al., 2007). Thirdly, lamella became disordered, loosened, and even indistinct, with reduced grana stacking because of inhibition of protein synthesis. Krzesłowska (2010) has reported that thickened cell wall could be as a barrier, protecting cell from toxicity of trace metals. So cell wall may function and limit passive Na and Cl enter into protoplast, maintaining structural integrity of the cell in the early low salt stress. It has been known salt stress can lead to osmotic damage. Na+ could be used directly for osmotic adjustment to maintain cell turgor and photosynthetic activity under low external salt concentration (Yousfi et al., 2010; Ebrahimi and Bhatla, 2012; Ma et al., 2012). However, with the increase of salt levels (NaCl concentration >50 mM), high concentrations of Na and Cl accumulated in leaf apoplast, leading to water loss of cell, plasmolysis and decrease of intercellular spaces in the leaves of potato plantlets. The present study observed invaginated membrane system forming numerous vesicles under salt treatments supporting observations by Kim and Park (2010), whilst contrary to Queirós et al. (2011) in which no vesicle was found in salt-adapted potato cell line. Vacuolation may be a response to membrane system damage induced by ROS caused by toxicity of Na and Cl (Kim and Park, 2010). ROS lead to the increase of plasma membrane permeability and extravasations of soluble substances, causing osmotic water imbalance, aggravating plasmolysis. Since membrane vesicles have Na+/H+ antiporter (Blumwald et al., 2000) and cell can sequester ion into vacuole (Kim and Park, 2010), vesicles may compartmentalize Na and Cl and migrate to walls. When plants were exposed to high NaCl concentration (100 mM), membrane disappeared. Salt inhibits absorption of Ca2+, further leading to instability of cell membrane and cell wall. Integral of membrane is essential in ions absorption and distribution. The destruction of the membrane structure inevitably disrupted ion homeostasis, affecting osmotic potential and inducing ion toxicity.

Disorganization of whole cells was accompanied by disintegrated chloroplasts having more starch and dissolved stroma lamella under 200 mM NaCl. It was speculated that starch synthesis plays a role in lessening the hyperosmotic stress as osmoticum. A total disorganization of the protoplast in callus cells was reported in other plants, possibly caused by dehydration (Bennici and Tani, 2012). Disintegration of chloroplasts and mesophyll cells end the photosynthesis, thus, maintaining structural integrity is necessary in plant growth (Bennici and Tani, 2012).

SALINITY CHANGED ION HOMEOSTASIS IN POTATO PLANTLETS

It has been known that the total Na+ and Cl− content increased under salt in potato cell line, and K+/ Na+ ratio was a little higher in the adapted line (Queirós et al., 2011). Ruan et al. (2005) showed that Na+ accumulation decreased from the roots to leaves in Kosteletzkya virginica. Higher Na+ distributed in roots than in leaves in maize under salt stress (Azevedo-Neto and Prisco, 2004). In Capsicum chinense, more Na+ was restricted in roots (Bojorquez-quintal et al., 2014). Higher levels of Na+ in roots can maintain the normal osmotic potential and prevent it from being transported to the leaves, therefore avoiding the accumulation of Na+ in the leaves (Tester and Davenport, 2003; Munns and Tester, 2008; Xue et al., 2013). Queirós et al. (2009) reported that higher Na+ distributed in roots, inhibiting Na+ transport to leaves in potato cell. In present study, the distribution of Na and Cl increased from roots to stems and leaves in potato plantlets, indicating that potato is not a salt exclusion plant and has lower capacity to retain saline ions in their roots. High ions in leaves leaded to osmotic damage and oxidative stress, affecting physiological and biochemical metabolism. In addition, as a whole more Cl accumulated in potato tissue than Na, indicating the absorption of Cl− was higher than Na, which is similar to the findings in sunflower (Ebrahimi and Bhatla, 2011) and in Clions (Greenway and Munns, 1980). Higher Cl− accumulation lead to more serious and instant damage under salt stress (Yao and Fang, 2008). In our study, the absorption of Na and Cl in roots, stems and leaves of potato plantlet was enhanced with the increases of NaCl concentration, and the relative contents of Na and Cl were the highest in leaves, and lowest in roots.

K+ participates in many cellular functions, such as protein synthesis, enzyme activation and osmotic regulation (Peng et al., 2004; Takahashi et al., 2007; Amtmann et al., 2008). Therefore, the regulation of K+ homeostasis plays a critical role in plant tolerance to abiotic stresses (Ashley et al., 2006; Wang and Wu, 2010; Demidchik, 2014; Anschütz et al., 2014; Shabala and Pottosin, 2014). Salinity induced plant nutritional disorders, such as the suppression of K+ uptake (Kader and Lindberg, 2005; Kronzucker et al., 2006; Shabala and Cuin, 2008). Bojorquez-quintal et al. (2014) suggested that more K+ accumulated in roots is correlated with the salt tolerance of Capsicum chinense. In present study, salt stress dramatically reduced K+ uptake and accumulation, especially in leaves, resulting in increased Na/K ratio in all tissues with the increase of external salt concentration and the duration of treatments.

PHYSIOLOGICAL MECHANISM OF POTATO PLANTLETS ADAPTING TO GRADIENT SALINE STRESS

Salinity leads to physiological changes in plant, especially osmotic and oxidative stress (Zhang and Shi, 2013). The accumulation of osmoprotectants is important for plant to adapt to osmotic stress (Apse and Blumwald, 2002; Waditee et al., 2007; Chan et al., 2011; Rivero et al., 2014). Proline, an important compatible osmolyte in plants, could maintain cell turgor and function in osmotic adjustment to improve plant tolerance to osmotic stress (Abrahám et al., 2010; Huang et al., 2013). In many plants, the accumulation of proline could lead to salt tolerance and has even been used as an important trait in selecting tolerant species or genotypes (Ashraf and Harris, 2004; Khelil et al., 2007; Ruffino et al., 2010). Recently, Bojorquez-quintal et al. (2014) found that more proline was accumulated in leaves of salt-tolerant habanero pepper (Capsicum chinense Jacq.) cultivar (Rex) than in salt-sensitive one (Chichen-Itza) under 150 mM NaCl treatment. In our study, the levels of free proline increased significantly with the increase of external salt concentration and with the duration of treatments except for a little decline at 200 mM NaCl after 6-week treatment (Figure 3). The reason may be that 200 mM induced excessive damage to plant cells and inhibited proline synthesis.

Antioxidant enzymes in plant can remove ROS and alleviate oxidative damage (Krantev et al., 2008; Mishra et al., 2011). It has been known that the higher activities of CAT and SOD could improve plant tolerance to salinity and K+-deficiency conditions (Wang et al., 2010; Zhou et al., 2014). It was found that SOD activity was significantly higher in the leaves of salt-tolerant wild tomato (Lycopersicon pennellii) than that of salt-sensitive cultivated tomato (Lycopersicon esculentum) after 12 and 84 d of salt treatment (140 mM NaCl) (Koca et al., 2006). Similarly, salt-tolerant Plantago maritima showed a better protection mechanism against oxidative damage caused by salt stress by its higher induced activities of CAT, SOD, glutathione reductase (GR) and peroxidase (POX) than the salt-sensitive P. media (Sekmen et al., 2007). Co-expression of the Suaeda salsa CAT and glutathione S-transferase (GST) genes enhanced the active oxygen-scavenging system that led to improved salt tolernace in transgenic rice, resulting from not only increased CAT and GST activities but also the combined increase in SOD activity (Zhao and Zhang, 2006). Jing et al. (2014) reported that overexpression of mangrove (Kandelia candel) copper/zinc superoxide dismutase gene (KcCSD) enhanced salinity tolerance in tobacco: KcCSD-transgenic lines were more Na+ tolerant than wild-type (WT) tobacco in terms of lipid peroxidation, root growth, and survival rate; Na+ injury to chloroplast was less pronounced in transgenic tobacco plants due to enhanced SOD activity by an increment in SOD isoenzymes under 100 mM NaCl stress from 24 h to 7 d; catalase activity rose in KcCSD overexpressing tobacco plants and transgenic plants better scavenged NaCl-elicited ROS compared to WT ones. In present study, the activities of CAT and SOD in leaves of potato plantlets significantly increased with the increase of NaCl concentration (0~100 mM) in medium. When exposed to 200 mM NaCl, especially after 6 weeks, leaf cells were severely damaged, even disorganized (Figure 1), leading to the damage of cellular structure or alterations of metabolism, and reducing the synthesis of CAT and SOD.

Soil salinity is known to increase the level of ROS in plant leaves and MDA is a major product of membrane lipid peroxidation (Mittova et al., 2004; Koca et al., 2006; Yazici et al., 2007). Therefore, leaf MDA content could represent the degree of cell membrane damage and is usually used to evaluate plant salt tolerance (Luna et al., 2000; Miao et al., 2010; Han et al., 2014). In our study, leaf MDA content increased significantly with the increase of external salt concentration after 2-week treatment and even increased more rapidly after 6-week treatment. However, the activities of SOD and CAT may not enough to eliminate ROS, resulted in large production of MDA under higher salt stress (200 mM).

SALINITY REDUCED LEAF STOMATAL AREA AND CHLOROPHYLL CONTENT

Chlorophyll is essential for photosynthesis, and the increase of chlorophyll content can reflect the increase of photosynthetic activity (Yamori et al., 2006). Ben et al. (2010) and Su et al. (2011) suggested that the accumulation of chlorophyll content could enhance plant salt tolerance. In the present study, leaf chlorophyll content gradually decreased with the increase of NaCl treatment and duration, which could result from the inhibition of chlorophyll synthesis caused by chloroplast damage.

Gas exchange through stoma play important role in carbon assimilation (Wilkinson and Davies, 2002). Salt stress decreases leaf stomatal area by reducing leaf water content and leaf turgor induced by ABA signal (Wilkinson and Davies, 2002). Therefore, stomatal conductance was correlated to salinity stress (Liu et al., 2014b). In our study, salt stress seriously induced stomatal closure. Reduced CO2 diffusion caused by stomatal closure lead to suppression of photosynthesis, affecting plant growth (Figure S1).

In conclusion, the adaptation of plants to salt stress is a complex process at cellular, biochemical and physiological levels. In the present study, several parameters were analyzed to demonstrate ultrastructural and physiological responding mechanisms of potato (Solanum tuberosum L.) plantlets to gradient saline stress (Figure 8). We found that with the increase of external NaCl concentration and the duration of treatments, the number of chloroplasts and cell intercellular space markedly decreased, cell wall thickened and even ruptured, and mesophyll cells and chloroplasts were gradually damaged to a complete disorganization. Above ultrastructural changes may be induced by the increased concentrations of Na+ that was transported into cytosol probably through non-selective cation channels (NSCCs), high-affinity K+ transporters (HKTs, probably HKT1;2; HKT1;4; HKT1;5 and HKT2;1) and permeated directly across plasma membrane, and Cl− that was probably transported by cation-Cl− cotransporter (CCC) (Apse and Blumwald, 2007; Plett and Moller, 2010; Zhang et al., 2010; Zhang and Shi, 2013; Almeida et al., 2014a,b; Maathuis, 2014; Maathuis et al., 2014). More and more K+ was probably transported out of the cell by K+ outward-rectifying channels (KORs) activated by membrane depolarization (DPZ) (Chen et al., 2007; Sun et al., 2009; Lu et al., 2013; Demidchik, 2014; Demidchik et al., 2014; Lai et al., 2014). Leaf MDA content increased significantly due to all membrane lipid peroxidation induced by increasing and continuous salt stress, which also induced stomata closure and chlorophyll content decline. Potato plantlets showed adaptation ability to moderate salt stress through Na+ efflux or extrusion by plasma membrane Na+/H+ antiporter (salt overly sensitive, SOS1) motivated by plasma membrane ATPase (PM-ATPase), vacuolar Na+ compartmentation by tonoplast Na+/H+ antiporter (NHX1) driven by vacuolar ATPase (V-ATPase) and H+-pyrophosphatase (VP1), accumulating osmoprotectants such as proline, and improving the activities of antioxidant enzymes (CAT and SOD). This work provided both anatomical and physiological data for characterization of damages induced by salinity and the method could be used for selecting salt-tolerant potato cultivars.
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FIGURE 8. Schematic model of ultrastructural and physiological responding mechanisms of the mesophyll cells from potato (Solanum tuberosum L.) plantlets to gradient saline stress. (A) Under non-salinity condition, water and ions was maintained at a balance status, only little proline (Pro), CAT, SOD, and MDA were accumulated within cytosol, and integrated chloroplasts were closely arranged along plasma membrane. (B) Under moderate salinity condition, abundant Na+ was transported into cytosol probably through non-selective cation channels (NSCCs), high-affinity K+ transporters (HKTs, probably HKT1;2, HKT1;4, HKT1;5, and HKT2;1) and a little permeated directly across plasma membrane, and Cl− was probably transported by cation-Cl− cotransporter (CCC). Some K+ was transported out of the cell by K+ outward-rectifying channels (KORs) activated by membrane depolarization (DPZ). The membrane system was damaged resulting in the increase of MDA and damaged chloroplasts were not closely arranged along plasma membrane. Stoma closed because of water loss and chlorophyll content decreased because of chloroplast damage. For adaptation to moderate salinity, Na+ efflux or extrusion by plasma membrane Na+/H+ antiporter (salt overly sensitive, SOS1) motivated by plasma membrane ATPase (PM-ATPase) and vacuolar Na+ compartmentation by tonoplast Na+/H+ antiporter (NHX1) motivated by vacuolar ATPase (V-ATPase) and H+-pyrophosphatase (VP1) functioned to reduce Na+ toxicity in cytosol, at the same time osmoprotectants such as proline were accumulated and the activities of antioxidant enzymes (CAT and SOD) increased. (C) Under high salinity condition, more and more Na+ was transported into cytosol probably through NSCCs and permeated directly across plasma membrane although the amount of Na+ transported by HKTs did not increase, and more Cl− was probably transported by CCC. More and more K+ was transported out of the cell by KOR. The membrane system was seriously damaged resulting in the rapid increase of MDA and disintegrated chloroplasts appeared. Stoma closed completely because of increasing water loss and chlorophyll content decreased dramatically because of severe chloroplast damage. However, the ability of Na+ efflux or extrusion by SOS1 and vacuolar Na+ compartmentation by NHX1 were not enhanced because of serious damage to membrane system, at the same time osmoprotectant content and the activities of antioxidant enzymes (CAT and SOD) did not increased any more, but even decreased. Therefore, the growth of potato plantlets was inhibited.
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Figure S1. Growth of potato plantlets in MS agar plates. Plantlets grown on MS were transferred to new solid agar MS supplemented with various concentrations of NaCl (0, 25, 50, 100, and 200 mM) for 2 and 6 weeks, respectively.
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Despite growing underground, largely in darkness, roots emerge to be very sensitive to light. Recently, several important papers have been published which reveal that plant roots not only express all known light receptors but also that their growth, physiology and adaptive stress responses are light-sensitive. In Arabidopsis, illumination of roots speeds-up root growth via reactive oxygen species-mediated and F-actin dependent process. On the other hand, keeping Arabidopsis roots in darkness alters F-actin distribution, polar localization of PIN proteins as well as polar transport of auxin. Several signaling components activated by phytohormones are overlapping with light-related signaling cascade. We demonstrated that the sensitivity of roots to salinity is altered in the light-grown Arabidopsis roots. Particularly, light-exposed roots are less effective in their salt-avoidance behavior known as root halotropism. Here we discuss these new aspects of light-mediated root behavior from cellular, physiological and evolutionary perspectives.
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LIGHT AS IMPORTANT ENVIRONMENTAL FACTOR FOR ROOTS

In nature, sessile plants have to respond to diurnal change in the light environment. One of main roles of light in plant’s life is to provide energy for photosynthesis and for the regulation of plant development at different stages such as seed germination, vegetative growth, tropisms and flowering. It is known that plant photoreceptors and related light-sensitive signaling molecules participate in the regulation of physiological conditions and morphological plasticity in response to the light environment. Darwin (1879) has discovered negative phototropism of plant roots. One year later, Francis Darwin and his father, Charles Darwin, published the book, “The Power of Movements in Plants.” They described both root and shoot tropisms. In addition, they also proposed that some form of long-distance signaling connect the sensory organ apices with the actively growing basal parts (Darwin, 1879, 1880). Since then, dedicated research work in plant physiology has discovered the long-distance signaling molecule, auxin, resulting in insights into plant photoreception. This directional growth response to incoming light is called phototropism. Positive phototropism, observed in shoots, is growth toward a light source; whereas negative phototropism, seen in roots, is bending away from the light source. We demonstrated that short (10 s), but strong (the photon flux was 82 μmol m-2 s-1), blue light illumination of Arabidopsis roots induces the immediate generation of reactive oxygen species (ROS) in root apex region, resulting in rapid increase of the root growth rate (Yokawa et al., 2011, 2013). This active response of light-stimulated root growth is termed escape tropism (Xu et al., 2013; Yokawa et al., 2013; for maize roots see Burbach et al., 2012). This tropism would allow Arabidopsis roots to escape from unfavorable light conditions if growing outside of our laboratories in the nature.

PHOTORECEPTORS IN ROOTS

It has been shown that Arabidopsis plant expresses 14 photoreceptors, most of which are also present in roots (Briggs and Lin, 2012; Jeong and Choi, 2013; Briggs, 2014). Roots grow in the dark soil to anchor the plant and to absorb mineral nutrients and water. It has been reported that light can penetrate less than several millimeters due to the rather high absorbance of soil (Woolley and Stoller, 1978). Nevertheless, small cracks or mechanical impacts can often happen which allows light to penetrate deeper. For instance, roots may be exposed to light due to sudden temperature changes, earthquake, heavy rain, wind, and so on. In addition, it is very important for emerging radicle to increase the root growth rate shortly after seed germination on the ground. It was necessary to evolve the ability of roots to respond to environmental light when the first flowering plants with modern root system emerged in land plant evolution. In the next section, intriguing interplays between phytohormones and light-related signaling pathways will be discussed.

FROM ACTIN CYTOSKELETON, VIA PIN2 RECYCLING, TO SALT AVOIDANCE TROPISMS OF ROOTS

At the cellular level, it was reported that PIN2 proteins (PIN-FORMED 2; auxin eﬄux carrier) in root apices respond to the light environment (Laxmi et al., 2008). Wan et al. (2012) demonstrated that the basipetal (shootward) PIN2-based polar auxin transport is subject to blue light control, which regulates the negative phototropism of Arabidopsis roots (Wan et al., 2012). Moreover, Dyachok et al. (2011) reported that light-activated COP1, E3 ubiquitin ligase, promotes actin polymerization and F-actin bundling, through regulation of the downstream ARP2/3-SCAR pathway in root cells. It results in increased root growth under the illuminated conditions (Dyachok et al., 2011). It was also reported that light controls bundling of F-actin in maize coleoptiles (Waller and Nick, 1997), changing sensitivity of cells to auxin, which is feeding back to control F-actin as well as cell growth (Nick et al., 2009). The interplays between F-actin and polar auxin transport mediated by endocytic vesicle recycling, especially in the transition zone of root apex, control root tropisms (Baluška et al., 1996, 2004, 2005, 2010; Baluška and Mancuso, 2013). Interestingly, precursor of endogenous auxin, indole-3-acetaldehyde (IAAld), is produced non-enzymatically in vitro by illumination of tryptophan in the presence of flavin which is abundant in living plant cells (Koshiba et al., 1993). Recently, we have proposed close links between the redox status and auxin (IAA) biosynthesis in plants (Yokawa et al., 2014). Taken together, it is obvious that roots are extraordinarily sensitive to light exposure due to their inherent evolutionary optimization for the underground life. Therefore, it is not surprising that illuminated roots of young Arabidopsis seedlings enhance their growth with the concomitant phototropism.

A few yeas ago, salt-stressed roots of Arabidopsis have been shown to alter root growth direction in order to avoid high salt areas via so-called salt avoidance tropism (Li and Zhang, 2008; Sun et al., 2008). This active root tropism requires ion gradient sensing pathway which would then control the PIN2 abundance, recycling and degradation (Li and Zhang, 2008; Sun et al., 2008). This unique Arabidopsis root behavior was linked to phospholipase D Zeta2 (PLDζ2) activity which stimulates clathrin-mediated endocytosis of PIN2, and this tropism was also termed root halotropism (Galvan-Ampudia et al., 2013; Rosquete and Kleine-Vehn, 2013; Pierik and Testerink, 2014). Interestingly, similarly, as in halotropism, PLDζ2 is involved in root hydrotropism through the PIN2-mediated suppression of root gravitropism (Taniguchi et al., 2010). Moreover, PLDζ2 is crucial for brefeldin A-sensitive endocytic recycling driving PIN2 recycling (Li and Xue, 2007) and polar auxin transport in the transition zone (Mancuso et al., 2007). Because PIN2 is crucial in this respect, as well as in adaptive responses of roots to light (Laxmi et al., 2008; Sassi et al., 2012; Wan et al., 2012), it is very important to test whether light condition affect the response of Arabidopsis roots to the salt stress.

PLANT HORMONES ARE INTEGRATED WITH LIGHT SIGNALING PATHWAYS

Karrikin molecule was isolated from the smoke of combusted plant materials and found to potently stimulate the germination of plant seeds (Flematti et al., 2004). This compound was identified as 3-methyl-2H-furo[2,3-c]pyran-2-one, karrikin-1 or karrikinolide-1 (KAR1) shown in Figure 1A-a, and another analogs of karrikins (KAR2-KAR6) commonly possess butenolide structure. The Arabidopsis mutant kai2 lacking KAI2 genes insensitive to KAR1 triggered promotion of seed germination. KAI2 is thought to be a putative receptor of karrikins (Nelson et al., 2010; Waters et al., 2012). KAI2 is a member of α/β-hydrolase family and is also known as HYPOSENSITIVE TO LIGHT (HTL). Role of KAI2/HTL in light responses (Figure 1B) of roots will be described in the next section.


[image: image]

FIGURE 1. Cross talk between butenolide plant hormones and light signaling pathways. (A) Chemical structures of (a) Karrikin1, KAR1 and (b) Strigolactone analog, GR24. (B) Interaction of hormonal and light signaling pathways.



Arabidopsis thaliana AtD14 (ortholog of DWARF14) is a paralog of KAI2/HTL, which belongs to α/β-hydrolase family and plays a role in strigolactone perception (Waters et al., 2012). Strigolactones are synthesized from carotenoids and released into root exudates to promote germination of parasitic weeds (Yoneyama et al., 2007), as well as to stimulate hyphal branching in arbuscular mycorrhizal fungi (Akiyama et al., 2005). Strigolactones act also as a new class of plant hormone that inhibit the growth of axillary buds (Umehara et al., 2008) and alter root architecture (Koltai, 2011). Strigolactones are categorized as a sesquiterpenes lactone and have two moieties of butenolide (shown in Figure 1A-b as synthesized analog, GR24). As described above, karrikins have butenolide moieties as well. Therefore, because of the structural similarity of two molecules, karrikin receptor KAI2/HTL can respond to strigolactones. However, in contrast, the proposed strigolactone receptor AtD14 is insensitive to karrikins; indicating that the activity of KAI2/HTL as α/β-hydrolase is more flexible to detect butenolide structure than AtD14, probably due to evolutionary issues (Waters et al., 2012).

It was reported that F-box protein, MORE AXILLARY BRANCHES2 (MAX2), is located in the downstream of both KAI2/HTL and AtD14 and thus necessary for plants to respond to karrikin and strigolactone (Nelson et al., 2010; Waters et al., 2012). MAX2 forms SCF E3 ubiquitin ligase complex (Skp1, Cullin1, F-box), which modulates further downstream transcriptions (Stirnberg et al., 2007; Shen et al., 2012). However, molecular functions of KAI2/HTL or AtD14-mediated SCFMAX2 regulation of plant morphogenesis are not known yet. Interestingly in this respect, max2 mutants are hyper-sensitive to drought and osmotic stress, including high NaCl, mannitol, and glucose (Bu et al., 2014). Furthermore, strigolactones exert positive roles in plant adaptation to drought and salt stress (Ha et al., 2014). We will discuss these newly emerging aspects in the final section.

LIGHT SIGNAL TRANSDUCTION VIA COP1 AND HY5 IS INTEGRATED WITH HORMONAL SIGNALING

In principle, plants recognize light as specific wavelengths by specific photoreceptors. Activated (excited) photoreceptors convert the light information into physiological signaling in diverse manners. CONSTITUTIVE PHOTOMORPHOGENIC1(COP1), E3 ubiquitin ligase, participates in the light-perceiving signaling cascade via affecting ubiquitination of target proteins. Once the activity of COP1 is inhibited, the downstream bZIP transcription factor, ELONGATED HYPOCOTYL5 (HY5) is freed from ubiquitination by COP1 and starts specific gene transcriptions related to light responses (Figure 1B left). COP1 and HY5 control root growth, lateral root formation, root hair tip growth, as well as root touch-responses and gravitropism (Oyama et al., 1997; Ang et al., 1998; Cluis et al., 2004; Datta et al., 2006, 2007; Sibout et al., 2006). Importantly, SALT TOLERANCE HOMOLOG2 (STH2) is interacting partner of COP1 and HY5 which controls roots and their anthocyanin levels (Datta et al., 2007).

Interestingly, exposure of plants to strigolactone inhibits the COP1 activity, suggesting that strigolactones can mimick light perception in plants (Tsuchiya et al., 2010). They also demonstrated that max2 mutant of rice produces excess of strigolactones, resulting in the inhibition of COP1 and expression of light-responsive genes (Tsuchiya et al., 2010). In addition, it was reported that max2 mutant is hypersensitive to red, far-red and blue light (Shen et al., 2007). Auxin interaction with the signaling pathway of strigolactones via MAX2 was already reported (Hayward et al., 2009). Finally, the key transcription factor of light signaling HY5 requires strigolactones in order to stimulate Arabidopsis seed germination during thermoinhibiton (Toh et al., 2012). Light also induces auxin biosynthesis via photoexcitation of flavins (Koshiba et al., 1993; Yokawa et al., 2014).

Karrikin receptor KAI2 is also known as HTL. KAI2/HTL expression was strongly increased by blue, red and far-red light and HY5 binds to the promoter region of HTL, indicating the expression of KAI2/HTL is regulated in response to light environment (Sun and Ni, 2011). Furthermore, KAI2/HTL is located downstream of HY5 (Figure 1B) and induced by light treatment (Sun and Ni, 2011). Meanwhile, it was reported that the treatment of seeds with KAR1 (chemical structure is shown in Figure 1A-a) improved light responses in germination and early development of seedlings (Nelson et al., 2010). It implies that karrikins can affect the array of gene expression regarding light responses.

Plant roots exposed to salinity stress increase abscisic acid (ABA) and ABA-related gene expressions (Raghavendra et al., 2010). ABA and strigolactones are synthesized from carotenoids and the levels of these two plant hormones are affecting each other (López-Ráez et al., 2010). Salt stress increases strigolactone levels in roots which then promote arbuscular mycorrhizal symbiosis, resulting in changing ABA contents and alleviating stress response (Aroca et al., 2013). Strigolactones, ABA and cytokinin signaling pathways are integrated to allow plants to cope with high salinity environment very effectively (Ha et al., 2014). Many players of the phytohormone signaling pathways are overlapping and integrating with light-response pathways.

Taken together, these findings suggest that hormonal and light signaling pathway utilizes same junction for plant morphogenesis as well as for adaptation to abiotic stresses. The signaling pathways proposed (Figure 1B) are highly integrated, interacting with each other and, obviously, they represent just a ‘tip of the iceberg.’ In the case of roots, we should consider light solely as information (not as source of energy) into our careful consideration for our understanding of plant photomorphogenesis. In the next session, we are discussing how the root sensitivity to salinity is altered via exposure of roots to light.

UV LIGHT AND UVR8 IN DROUGHT AND SALINITY RESPONSES OF ROOTS

It has been reported that the reduction of plant growth under water deficit is driven by the UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVR8; Kliebenstein et al., 2002; Brown et al., 2005; Favory et al., 2009; Fasano et al., 2014). Fasano et al. (2014) previously shown that the UVR8 gene complements the osmosensitive yeast mutant mpk1 ppz1. The expression of UVR8 was found upregulated in Arabidopsis plants grown under salt or osmotic stress conditions. Furthermore, the ectopic expression of UVR8 causes pleiotropic effects on plant growth, such as a general reduction of plant organ size, leaves with smaller cells, reduced root growth, and the accumulation of flavonoids. This suggests that the UV-B morphogenic responses are enhanced in the UVR8-overexpressing plants grown under low levels of UV-B light. The growth defects of the UVR8-overexpressing plants are even more severe under osmotic and salt stress. In contrast, the inactivation of UVR8 expression does not affect shoot or root growth under standard or mild drought stress conditions. Thus, the hypersensitive response to osmotic stress of the 35SUVR8 plants is strictly UVR8-dependent (Fasano et al., 2014).

There are extensive evidences that osmotic stress as well as UV-B light impacts are more prominent on shoots than on roots. Under mild osmotic stress, roots continue to grow (Bartels and Sunkar, 2005; Pardo, 2010; Werner et al., 2010). Moreover, enhanced root growth was observed in transgenic plants with a higher drought or salt-stress tolerance (Bartels and Sunkar, 2005). Whereas the impact of osmotic stress on root development is well known (recently reviewed in Liu et al., 2014), effects of UV-B on root growth are poorly understood. In general UV-B reduces primary root growth of Arabidopsis seedling (Kim et al., 1998; Tong et al., 2008). In the adult plant, increased allocation of biomass to roots has been reported to occur under UV-B stress (Bussell et al., 2012).

Development of a larger root system is considered as a drought-avoidance strategy that plants adopt to improve the uptake of water and nutrients when their availability in the soil is limited (Fukai and Cooper, 1995; Liao et al., 2001; Sharp et al., 2004; Pierik and Testerink, 2014). The UV-B photoreceptor UVR8 is expressed in roots of wild type plants (Rizzini et al., 2011; reviewed in Yokawa and Baluška, 2014). As shown in Figure 2, UVR8::GFP is expressing in Arabidopsis roots and is transported into nuclei upon irradiation of roots with UV-B. Over-expression of UVR8 greatly reduces root growth under light exposure and aggravates their weaker performance under the osmotic stress (Fasano et al., 2014). In comparison to the control plants, the primary root and lateral root densities were 13 and 60%, respectively. This indicates that auxin-dependent lateral root growth was most hampered. Indeed the root-phenotypes of the 35S-UVR8 plants are reminiscent that one of auxin mutant (Zhao, 2010). The analysis of lateral roots showed that the number of lateral root primordia and emerged lateral roots of the 35S-UVR8 plants was 12 and 68%, respectively, reduced in comparison to the control plants (Fasano et al., 2014). Flavonoids accumulation was found to be 2.2-fold increased in the root of the UVR8-over-expressing plants, whereas the content of IAA-conjugates showed a tendency to decrease (Fasano et al., 2014). Thus, the defects in cell expansion of the 35S-UVR8 roots could be associated to the increased levels of flavonoids which, in turn, alter polar auxin transport and/or auxin homeostasis (e.g., Santelia et al., 2008).
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FIGURE 2. Relocation of UVR8::GFP to nuclei in Arabidopsis root cells. (A) Root apex region. (B) Magnified view of cells in the transition zone. Bar indicates 10 μm. Arabidopsis roots were exposed to 1 h UV-B treatment (3.9 μmol m-2 s-1).



Flavonoids are synthesized in roots, regulating root branching, gravitropism, and stress adaptation (Brown et al., 2001; Buer and Muday, 2004; Agati et al., 2011; Emiliani et al., 2013). Flavonoid concentrations are significantly higher in combined stress-treated plants than in those treated with UV-B alone (Hughes et al., 2010; Comont et al., 2012). Together, all these reports suggest that UVR8, via the control of flavonoid accumulation, might be a common intermediate in light and hormone signaling pathways to regulate root growth and development under abiotic stress challenges. Besides UV-B, drought and salinity have also been associated with anthocyanin accumulations in various tissues including roots (Agati et al., 2011; Emiliani et al., 2013; Meng, 2014). Importantly in this respect, the light-induced stimulation of Arabidopsis root growth is mediated via the COP1-mediated accumulation of anthocyanins (Meng, 2014).

IMPACT OF LIGHT ON SALINITY AVOIDANCE VIA ROOT HALOTROPISM

Although root apices growing in soil are known to be at a front line that can be exposed to salt stress, an impact of light on modulation of the sensitivity of roots to salinity has not been considered to date. Importantly, most experiments using the laboratory grown Arabidopsis seedlings are using roots exposed to light, although root apices outside in the nature are mostly in darkness.

As shown in the Figure 3, we have demonstrated that light exposure affects the root response to the salinity stress. Columbia WT seedlings were grown on agar plates containing NaCl only at their bottom parts. With this system, root tropism responses to salinity, halotropism, can be observed. Our methods followed the protocol described in (Galvan-Ampudia et al., 2013; Rosquete and Kleine-Vehn, 2013). After replacing bottom part of agar with the NaCl-agar, plastic dishes were covered with aluminum foil to allow dark treatment. Light/dark period was 16 h/8 h and light intensity was about the 120 μmol m-2 s-1, comparable to conditions in Galvan-Ampudia et al. (2013). Both the dark- and light-grown roots grew straight to the boundary of two agar media in control experiments with 0 mM NaCl (Figure 3). On the other hand, roots growing in darkness have higher sensitivity to NaCl than that roots exposed to light (Table 1). Dark-grown roots showed halotropism by avoiding salt-enriched agar areas at all concentrations of NaCl (Figure 3; Table 1). At the 100 mM concentration of NaCl, light-grown roots kept growing into the salty part of agar across the borderline between two agar parts even after several days. This suggests that light either prevents roots to accomplish the halotropism or that light lowers the sensitivity of Arabidopsis roots to perceive a gradient of salinity. The fact that light grown roots performed halotropism at higher concentrations of NaCl (Table 1) suggests that light interferes with the elusive root’s ability to sense the Na+ gradients (Maathuis, 2014). As root apices of roots growing outside in the nature are typically located deep in the soil in darkness, it can be expected that their halotropism is more efficient than for roots of laboratory grown seedlings.
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FIGURE 3. Light environment affects sensitivity of Arabidopsis roots to salinity. Seedlings of Col-0 were firstly grown on 1/2 MS media for 5 days. Bottom part of agar was removed diagonally and new 1/2 MS media containing NaCl was added. Petri dishes were placed either in light or dark condition for 3 days. Roots growing on agar plates in dark/light conditions with 0, 100, 200, and 300 mM NaCl media in the bottom half of Petri dishes. The method used for imposing the root halotropism is following exactly the protocol as published by Galvan-Ampudia et al. (2013). White arrows indicate the gravity vector. All seedlings were grown in vertical position. Bar indicates 1 cm.



TABLE 1. Halotropic bendings of Arabidopsis roots grown in different light conditions.
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LIGHT-INDUCED ROOT GROWTH IS EXPENSIVE AND ALTERS PHYSIOLOGY AND MORPHOLOGY OF WHOLE SEEDLINGS

It is important to be aware that light-induced stimulation of root growth is changing the physiology of whole seedlings/plants. Figure 4 summarizes light-induced root growth mediated via COP1 interactions with the actin cytoskeleton (Dyachok et al., 2011) and anthocyanin biosynthesis (Meng, 2014). Both SCAR and PAP mediated pathways require sucrose as energy source (Kurata and Yamamoto, 1997; Kircher and Schopfer, 2012; Maier et al., 2013; Meng, 2014). Roots lacking ANGUSTIFOLIA3 (AN3) transcription coactivator have reduced anthocyanin levels and longer roots in light than WT roots (Meng, 2014). In contrast, the an3 mutant roots are shorter that WT roots when grown in darkness. Interestingly, AN3 binds to COP1 promoter to inhibit the light-induced root elongation (Meng, 2014). Besides anthocyanins, light-exposed roots show also rather dramatic increase of phenylpropanoid metabolism, inducing not only flavonoids but also monolignol glucosides (Hemm et al., 2004). Possible impacts of light on the Casparian bands formation in endodermis can be expected and easily tested.
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FIGURE 4. Light-induced root growth is expensive. Light-induced root elongation is mediated via COP1 interactions. Both SCAR and PAP mediated pathways require enough sucrose as an energy source. This figure is based on following references: Dyachok et al. (2011), Wan et al. (2012), Bai et al. (2014), Fasano et al. (2014), and Meng (2014).



Light-induced actin polymerization, auxin polar transport, root growth and anthocyanin biosynthesis are energetically demanding processes. The increased demand of sucrose for the root photomorphogenesis (Costigan et al., 2011; Warnasooriya and Montgomery, 2011; Yokawa et al., 2013) is going at the expense of other potential sinks of the plant body (Kurata and Yamamoto, 1997; Yazdanbakhsh et al., 2011; Kircher and Schopfer, 2012). Moreover, salt stress perceived locally at the root apex is rapidly spread throughout the plant body via systemic signaling (Choi et al., 2014; Gilroy et al., 2014). Therefore, it is important to be aware that illumination of roots has rather dramatic consequences for the whole seedling’s physiology and morphology.

CONCLUSIONS AND PERSPECTIVES

Our results using salt stress reveal that light exposed roots show different behavior and responses under salt stress. One possible scenario, based on reports that illuminated roots enhance strigolactone levels (Koltai et al., 2011) and strigolactone increases drought and salt tolerance of roots (Ha et al., 2014), is that the light-exposed roots are less sensitive to salt stress. Whereas the dark-grown roots show halotropism (salt avoidance tropism) by growing around the salt-enriched agar parts, the light-exposed roots grow into the salt-enriched agar if NaCl levels are not too high (Tables 1 and 2). As light-induced strigolactone levels modify also root responses to low phosphate (Mayzlish-Gati et al., 2012), one can propose that exposure of Arabidopsis roots to light is modifying their whole physiology. In fact, our preliminary data reveal that Arabidopsis roots exposed to light show changes the sensitivity also to the aluminum toxicity (Kagenishi et al., in preparation). In addition, IAA levels in light exposed (1 h) maize roots were more than doubled compared to control levels (Yokawa et al., in preparation). It is intriguing that enhanced strigolactone levels resemble light-induced effects on roots. It was shown that light impacts on the actin cytoskeleton, also increased abundance and recycling of PIN2 auxin transporter (Laxmi et al., 2008; Dyachok et al., 2011; Wan et al., 2012; Pandya-Kumar et al., 2014). Moreover, salt stress, drought stress, cold stress, alkaline stress, aluminum toxicity; all these challenges target the PIN2 auxin transporter which is expressed in the root apex transition zone (discussed in Baluška et al., 2010; Baluška and Mancuso, 2013). In order to avoid light exposure of roots, we recommend using of the partially darkened Petri dishes (Yokawa et al., 2011, 2013; Xu et al., 2013). This is important as stressing roots with light is modifying not only root responses to diverse stresses but also the overall physiology of such seedlings. For example, it has been reported that circadian rhythms in Arabidopsis roots are governed by the shoot part (James et al., 2008). Importantly in this respect, ROS signaling and homeostasis was shown to be a major modulator of circadian rhythms both in prokaryotes and eukaryotes (Edgar et al., 2012; Lai et al., 2012; Stangherlin and Reddy, 2013). It is possible that seedlings will change even their circadian clock when roots are illuminated.

TABLE 2. Arabidopsis root lengths in different salt and light conditions.
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Although plant roots are heterotrophic plant organs, they require active suppression of photosynthetic gene expression. Tyrosylprotein sulfotransferase (TPST) protein HPS7 emerged recently as crucial player controlling this active suppression (Kang et al., 2014). Interestingly enough, hsp7 mutant roots show enhanced photosynthesis-related effects under phosphate deficiency stress. Previous studies identified Golden-Like transcription factors GLK1 and GLK2 involved in activation of photosynthetic genes in roots (Waters et al., 2009; Kobayashi et al., 2013). Both hsp7 and GLK-ox mutant roots do not show stunted root growth and any other phenotypes when grown in darkness (Kang et al., 2014).

Finally, the plant physiology perspective of the light-induced root growth in Arabidopsis is considering the high root growth rate as a sign of optimal root growth conditions. In stark contrast, the plant neurobiology interpretation of this increased root growth rate is that the light-exposed roots are experiencing stress and that such stressed roots are trying to escape from this unfavorable situation (Yokawa et al., 2011, 2013; Xu et al., 2013). Alpi et al. (2007), critics of the plant neurobiology initiative claimed that ‘… plant neurobiology does not add to our understanding of plant physiology, plant cell biology or signaling.’ Now, some 7 years later, it is getting obvious that plants and their roots are behaviorally much more complex than envisioned in the framework of classical plant physiology (Trewavas, 2005, 2009, 2014; Trewavas and Baluška, 2011; Baluška and Mancuso, 2013; Pierik and Testerink, 2014). Illumination of the roots is common laboratory praxis ever since Arabidopsis thaliana was introduced as model organism to plant sciences. However, it is important to be aware that light exposure of roots emerges as stress factor for the laboratory grown Arabidopsis seedlings. This is clear example for the usefulness of viewing plants as actively living and sensitive organisms solving their own plant-specific problems in intelligent manner.
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Beneficial soil bacterium Bacillus subtilis (GB03) augments salt tolerance of white clover
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Soil salinity is an increasingly serious problem worldwide that reduces agricultural output potential. Selected beneficial soil bacteria can promote plant growth and augment tolerance to biotic and abiotic stresses. Bacillus subtilis strain GB03 has been shown to confer growth promotion and abiotic stress tolerance in the model plant Arabidopsis thaliana. Here we examined the effect of this beneficial soil bacterium on salt tolerance in the legume forage crop, white clover. Plants of white clover (Trifolium repens L. cultivar Huia) were grown from seeds with or without soil inoculation of the beneficial soil bacterium Bacillus subtilis GB03 supplemented with 0, 50, 100, or 150 mM NaCl water into soil. Growth parameters, chlorophyll content, malondialdehyde (MDA) content and osmotic potential were monitored during the growth cycle. Endogenous Na+ and K+ contents were determined at the time of harvest. White clover plants grown in GB03-inoculated soil were significantly larger than non-inoculated controls with respect to shoot height, root length, plant biomass, leaf area and chlorophyll content; leaf MDA content under saline condition and leaf osmotic potential under severe salinity condition (150 mM NaCl) were significantly decreased. Furthermore, GB03 significantly decreased shoot and root Na+ accumulation and thereby improved K+/Na+ ratio when GB03-inoculated plants were grown under elevated salt conditions. The results indicate that soil inoculation with GB03 promotes white clover growth under both non-saline and saline conditions by directly or indirectly regulating plant chlorophyll content, leaf osmotic potential, cell membrane integrity and ion accumulation.
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INTRODUCTION

Soil salinity has a significant negative impact on global agricultural productivity, and is a particularly acute issue in both irrigated and non-irrigated areas of the world (Flowers, 2004; Zhang et al., 2010a; Kronzucker and Britto, 2011; Zhang and Shi, 2013). Most crop and forage plants that feed the global population are sensitive to high salt concentration in soils (Rengasamy, 2010; Kronzucker et al., 2013). Soil salinity promotes osmotic stress, water deficit, stomatal closure and reduced leaf expansion (Rahnama et al., 2010; James et al., 2011); moreover, soil salinity causes deficiency of essential nutrients such as K+. Elevated Na+ inside plants can decrease plant photosynthetic rates and biomass accumulation (Mahajan and Tuteja, 2005; Munns and Tester, 2008; Zhang et al., 2010a; Zhang and Shi, 2013). Therefore, there is a need to find new ways to cope with the threat of global soil salinization to agriculture.

Beneficial interactions between bacteria and plants accelerate seed germination, promote growth, increase crop yields and secondary metabolites, and augment reproductive success. More recently plant-microbe interactions have been attributed to increased biotic and abiotic stress tolerance, including plant disease resistance and salt and drought tolerance (van Hulten et al., 2006; Zhang et al., 2008a; Hayat et al., 2010; Marques et al., 2010; Rudrappa et al., 2010; Medeiros et al., 2011; Cappellari et al., 2013; Diagne et al., 2013; de Zelicourta et al., 2013). Bacillus subtilis that is not toxic to humans widely exists in soils and can produce a wealth of antibacterial substances including lipopeptides, polypeptides, and phospholipids (Stein et al., 2002). Recently, Medeiros et al. (2011) found that transcriptional profiling in cotton was linked with Bacillus subtilis (UFLA285) which promoted biotic-stress tolerance. Zhang et al. (2011) found that a bioorganic fertilizer could effectively control banana wilt by strong colonization of Bacillus subtilis N11. B. subtilis strain GB03 that emits a complex blend of volatile organic compounds (VOCs) enhances growth and abiotic stress tolerance in Arabidopsis (Ryu et al., 2004; Farag et al., 2006). A bouquet of over 25 bacterial volatile odors have been identified that trigger differential expression of approximately 600 Arabidopsis transcripts related to cell wall modifications, primary and secondary metabolism, stress responses, hormone regulation and other expressed proteins (Zhang et al., 2007). In Arabidopsis, GB03 regulates auxin homeostasis and cell expansion (Zhang et al., 2007), augments photosynthesis by decreasing glucose sensing and ABA levels (Zhang et al., 2008b); promotes salt tolerance as well as reduces total Na+ by regulating tissue specific expression of AtHKT1 (Zhang et al., 2008a). GB03 has also been shown to stimulate iron acquisition and increased photosynthetic capacity (Zhang et al., 2009). More recently GB03 has been found to improve osmotic-stress tolerance by elevating levels of endogenous osmoprotectants (Zhang et al., 2010b). With such beneficial plant responses activated by GB03, a legume forage crop is now being examined as to how it responds to this beneficial microbe.

White clover (Trifolium repens L.) is an important forage crop worldwide. Like many forage crops, white clover is sensitive to soil salinity (Rogers et al., 1997). Salt stress can decrease both above-ground growth and the number of root nodules that in turn compromise nitrogen fixation and soil fertility (Acharya et al., 2011). Since GB03 promotes growth and salt tolerance in Arabidopsis, the question of how GB03 improves growth and salt tolerance in the salt-sensitive forage crop white clover was addressed. The aim of current work was to evaluate the efficiency of Bacillus subtilis GB03 for growth promotion and salt tolerance in white clover.

MATERIALS AND METHODS

BACTERIAL SUSPENSION CULTURE

Bacillus subtilis strain GB03 was streaked onto LB agar plates and incubated at 28°C without light for 24 h (The bacterium strain was presented by Professor Paul W. Paré at Texas Tech University, USA). Bacterial cells were then harvested from LB agar plates, transferred into liquid LB media and cultured at 28°C with 250 rpm rotation to yield 109 colony forming units (CFU) mL−1, as determined by optical density and serial dilutions (Zhang et al., 2008a).

PLANT GROWTH AND TREATMENTS

White clover (Trifolium repens L. cultivar Huia) seeds were surface sterilized with 2% NaClO for 1 min followed by 70% ethanol for 10 min, and rinsed with sterile water five times (The white clover seeds was presented by Dr. Wanhai Zhou at Gansu Agricultural University, China). Seeds were then sown in presterilized plastic pots (diameter 20 cm, depth 22 cm, 10 seeds/pot with eight replicates) containing 600 g of heat-sterilized (95°C, 48 h) vermiculite and soil mix (1:1) watered with half strength Hoagland's nutrient solution (5 mM KNO3, 1 mM NH4H2PO4, 0.5 mM Ca(NO3)2, 0.5 mM MgSO4, 60 μM Fe-citrate, 92 μM H3BO3, 18 μM MnCl2·4H2O, 1.6 μM ZnSO4·7H2O, 0.6 μM CuSO4·5H2O, and 0.7 μM (NH4)6Mo7O24·4H2O). Each pot was watered with nutrient solution (400 mL) once per week. After germination, six uniform seedlings per pot were selected for continued growth and inoculated directly to the soil with 1 mL bacterial suspension culture as inoculation treatment or 1 mL liquid LB medium as a control. For salt stress treatments, seedlings were watered with 0, 50, 100, and 150 mM NaCl present in the nutrient solution. Each treatment contained eight pots as replications. Plants were grown in a glasshouse at the temperature regulated to around 28°C during the day and 22°C at night. Relative humidity averaged 65 and 75% for day and night periods, respectively, with natural photoperiod and light intensity.

PLANT BIOMASS AND PHYSIOLOGICAL MEASUREMENTS

Sixty-day old plants were used for plant growth measurements and physiological index determination. Whole plant leaves were harvested to count leaf number per plant, measure leaf area using a leaf area meter (Epson Perfection 4870 Photo scanner, Epson America Inc., Long Beach, CA, USA) (Ma et al., 2012). Average area per leaf was calculated from leaf area per plant divided by leaf number per plant.

Plants were removed from the pots and roots were water rinsed to remove attached soil. Shoot height and root length (root depth) were measured by a ruler. Then, root and shoot were separated and blotted gently. Fresh weights were determined immediately and samples were oven dried at 80°C for 2 day for dry weight measurements.

Leaf chlorophyll content was estimated according to Porra et al. (1989). Fresh leaf samples were ground thoroughly with 80% acetone in the dark and centrifuged at 9000 g for 10 min at 4°C. Absorbance reading (UV-2102C Spectrophotometer, Unico Instrument Co., Ltd, Shanghai, China) at 645 and 663 nm for collected supernatant was used to estimate total chlorophyll content based on chlorophyll equations of Porra et al. (1989).

To probe oxidative stress the biomarker malondialdehyde (MDA) was extracted and measured spectrophotometrically using a thiobarbituric acid (TBA) protocol (Bao et al., 2009). Absorbance was determined at 450, 532, and 600 nm using a UV spectrophotometer (UV-2102C, Unico Instrument Co., Ltd, Shanghai, China).

Leaf osmotic potential (Ψs) was measured according to Ma et al. (2012). Fresh leaf samples were frozen in liquid nitrogen. Cell sap was collected by thawing slowly and then Ψs was determined using a cryoscopic osmometer (Osmomat-030, Gonotec GmbH, Berlin, Germany) at 25°C. The readings (mol·L−1) were used to calculate the solute potential (Ψs) in MPa with the formula Ψs = − The readings × R × T, here R = 0.008314 MPa · L · mol−1 · K−1 and T = 298.8 K (Ma et al., 2012).

ION ANALYSIS

Na+ and K+ contents were measured according to the method described by Wang et al. (2007). Roots were washed twice for eight min in ice-cold 20 mM CaCl2 to exchange cell wall-bound K+ and Na+ and the shoots were rinsed in deionized water to remove surface salts. Root and shoot were separated and samples oven dried at 70°C for 2 day. Na+ and K+ were extracted from dried plant tissues in 100 mM acetic acid at 90°C for 2 h. Ion analysis was performed using an atomic absorption spectrophotometer (2655-00, Cole-Parmer Instrument Co., Vernon Hills, IL, USA).

DATA ANALYSIS

Results of the growth, physiological index, ion contents and ion ratio were presented as means with standard deviations (n = 8). Statistical analyses, One-Way ANOVA and Duncan's multiple range tests, were performed.

RESULTS

BACILLUS SUBTILIS GB03 PROMOTED WHITE CLOVER GROWTH

Bacillus subtilis GB03 enhanced both shoot height and root length of white clover under both non-saline conditions and salinity stress (Figure 1 and Supplementary Figure 1). Shoot height was increased by 60.1% (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly improved shoot height by 57.4% (P < 0.01), 33.7% (P < 0.05), and 95.6% (P < 0.01) at 50, 100, and 150 mM NaCl treatments, respectively (Figure 1A). Root length was increased by 23.9% (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly improved root length by 28.0% (P < 0.01), 15.4% (P < 0.01), and 16.9% (P < 0.05) with 50, 100, and 150 mM NaCl treatments, respectively (Figure 1B).
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FIGURE 1. Effects of GB03 bacterization on shoot height (A) and root length (B) of white clover under various concentrations of NaCl. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



GB03 increased plant biomass of white clover under both non-saline conditions and salinity stress (Figure 2). Shoot fresh weight was increased 4.1-fold (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly improved shoot fresh weight by 5.5-fold (P < 0.05), 6.9-fold (P < 0.01), and 3.0-fold (P < 0.05) with 50, 100, and 150 mM NaCl treatment, respectively (Figure 2A). Shoot dry weight was increased by 4.0-fold (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly improved shoot dry weight by 4.9-fold (P < 0.05), 6.4-fold (P < 0.01), and 3.2-fold (P < 0.05) with 50, 100, and 150 mM NaCl treatment, respectively (Figure 2B). Root fresh weight was increased by 55.0% (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly improved shoot dry weight by 44.1% (P < 0.05) and 27.7% (P < 0.05) at 50 and 100 mM NaCl treatment, respectively (Figure 2C). Root dry weight was increased by 74.7% (P < 0.01) under non-saline conditions; compared to corresponding media control, GB03 significantly improved shoot dry weight by 51.7% (P < 0.01) and 32.5% (P < 0.05) at 50 and 100 mM NaCl treatment, respectively (Figure 2D). GB03 had no significant effects on root fresh and dry weights under 150 mM NaCl stress.
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FIGURE 2. Effects of GB03 bacterization on plant growth of white clover under various concentrations of NaCl. (A) shoot fresh weight, (B) shoot dry weight, (C) root fresh weight, and (D) root dry weight. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



GB03 INCREASED LEAF AREA AND CHLOROPHYLL CONTENT

GB03 promoted leaf growth under both non-saline and salinity stress conditions (Figure 3). Leaf area per plant was increased by 3.1-fold (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly increased leaf area per plant by 5.7-fold (P < 0.05), 7.8-fold (P < 0.01), and 1.5-fold (P < 0.05) with 50, 100, and 150 mM NaCl treatment, respectively (Figure 3A). Leaf number per plant was increased by 84.2 % (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly elevated leaf number per plant by 142.1% (P < 0.05) and 107.7% (P < 0.05) with 50 and 100 mM NaCl treatments, respectively (Figure 3B). Average area per leaf was increased by 125.6% (P < 0.05) under non-saline conditions; compared to corresponding media control, GB03 significantly improved average area per leaf by 159.4% (P < 0.01), 334.5% (P < 0.01), and 81.5% (P < 0.01) with 50, 100, and 150 mM NaCl treatments, respectively (Figure 3C).
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FIGURE 3. Effects of GB03 bacterization on leaf development and growth of white clover under various concentrations of NaCl. (A) leaf area per plant, (B) leaf number per plant, and (C) average area per leaf. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



In addition to promoting leaf growth, Bacillus subtilis GB03 increased leaf chlorophyll content under both non-saline and salinity stress (Figure 4). Leaf chlorophyll content rose by 36.0% (P < 0.01) under non-saline condition; compared to corresponding media control, GB03 significantly increased leaf chlorophyll content by 34.3% (P < 0.01), 37.5% (P < 0.01), and 57.4% (P < 0.01) with 50, 100, and 150 mM NaCl treatments, respectively (Figure 4).
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FIGURE 4. Effects of GB03 bacterization on total chlorophyll content of white clover under various concentrations of NaCl. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



GB03 REDUCED LEAF OSMOTIC POTENTIAL UNDER HIGHER SALINITY CONDITION

At lower salt concentration (0, 50, and 100 mM NaCl), compared with the controls, GB03 had no significant effect on leaf osmotic potential; however, under higher salt concentration (150 mM NaCl), GB03 significantly decreased leaf osmotic potential of white clover by 46.7% (P < 0.05) (Figure 5).
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FIGURE 5. Effects of GB03 bacterization on leaf osmotic potential of white clover under various concentrations of NaCl. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



GB03 REDUCED LEAF MALONDIALDEHYDE (MDA) CONTENT UNDER SALINITY CONDITIONS

The results indicated that GB03 reduced leaf MDA content under both non-saline conditions and salinity stress (Figure 6). Leaf MDA content was not changed under non-saline conditions; however, compared to corresponding media control, GB03 significantly reduced leaf MDA content by 52.7% (P < 0.01), 56.8% (P < 0.01), and 53.8% (P < 0.05) with 50, 100, and 150 mM NaCl treatments, respectively (Figure 6), thus, oxidative stress tolerance and integrity of the cell membrane as measured by the biomarker MDA were both favorably regulated by GB03.
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FIGURE 6. Effects of GB03 bacterization on leaf malondialdehyde (MDA) content of white clover under various concentrations of NaCl. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



GB03 REDUCED SODIUM ACCUMULATION UNDER SALINITY CONDITIONS

To test whether GB03 inoculation resulted in altered ion accumulation in white clover under various salinity conditions, endogenous Na+ and K+ content was measured in the 0, 50, 100, and 150 mM NaCl treatments. K+ accumulation was un-effected by GB03 inoculation (Figures 7A,B). However, endogenous Na+ accumulation was reduced significantly. Compared to the media control, GB03 significantly decreased shoot Na+ content by 40.7% (P < 0.01), 22.5% (P < 0.01), and 26.3% (P < 0.01), as well as root Na+ content by 27.1% (P < 0.05), 39.7% (P < 0.01), and 40.7% (P < 0.01) with 50, 100, and 150 mM NaCl treatments, respectively (Figures 7C,D).
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FIGURE 7. Effects of GB03 bacterization on ion contents of white clover under various concentrations of NaCl. (A) shoot K+ content, (B) root K+ content, (C) shoot Na+ content, (D) root Na+ content. Values are means and bars indicate SDs (n = 8). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).



K+/Na+ ratios were also significantly improved by GB03 inoculation with 50, 100, and 150 mM NaCl treatments. Compared to corresponding media control, Shoot K+/Na+ ratios increased by 78.6% (P < 0.01), 32.0% (P < 0.05), and 39.7% (P < 0.05) as well as root K+/Na+ ratios by 34.6% (P < 0.05), 82.2% (P < 0.01), and 66.2% (P < 0.01) under soil salinity conditions of 50, 100, and 150 mM NaCl, respectively (Table 1).

Table 1. Effects of GB03 bacterization on K+/Na+ ratio in shoot and root of white clover under various concentrations of NaCl.
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DISCUSSION

INFLUENCE OF BACILLUS SUBTILIS GB03 ON GROWTH OF WHITE CLOVER UNDER SALINE CONDITION

Beneficial soil bacteria promoted plant growth of many plant species (Bashan et al., 2000; Gray and Smith, 2005; Xie et al., 2009; Paré et al., 2011). Under salinity stress, inducible plant growth promotion mediated by beneficial soil bacteria has also been observed in several cultivated and wild plant species including dwarf saltwort (Salicornia bigelovii) (Bashan et al., 2000), tomato (Lycopersicon esculentum) (Mayak et al., 2004), chickpea (Cicer arietinum) (Mhadhbi et al., 2004), alfalfa (Medicago sativa) (Ibragimova et al., 2006), common glasswort (Salicornia europea) (Ozawa et al., 2007), maize (Zea mays) (Bano and Fatima, 2009), and wheat (Triticum aestivum) (Tiwari et al., 2011). The growth promotion of white clover by GB03 inoculation in soil evaluated in the present study is consistent with previous reports in Arabidopsis (Zhang et al., 2007, 2008a,b, 2010b; Xie et al., 2009; Paré et al., 2011). Interestingly, our results indicated that GB03 is a more efficient promoter of shoot growth than root growth in white clover, especially under salt exposure (50, 100, and 150 mM NaCl). Whether GB03 promotes growth of white clover by enhancing nitrogen fixation and the coordination between nitrogen-fixing bacteria and Bacillus subtilis (GB03) in the rhizosphere remain to be investigated.

Leaf development plays an important role in plant production since it affects the area available for photosynthesis, which is strongly related to plant growth and biomass accumulation (Gutierrez-Boem and Thomas, 1998; Battie-Laclau et al., 2013). In our study, GB03 inoculation significantly increased leaf area per plant, leaf number per plant, and thereby average area per leaf in white clover. Leaf chlorophyll content is also an important physiological trait directly linked to photosynthesis rate in plants (Ma et al., 2012). Previous studies showed that plants grown under salinity conditions produced less chlorophyll and dry matter than those without salinity stress due to chlorophyll peroxidation (Hernandez et al., 1995; Zayed and Zeid, 1998; Lunde et al., 2007; Tuna et al., 2008; Barry, 2009). Zhang et al. (2008b) found that GB03 augments photosynthetic capacity by increasing photosynthetic efficiency and chlorophyll content in Arabidopsis. With white clover, GB03 significantly improved leaf chlorophyll content under both non-saline and salinity conditions (50, 100, and 150 mM NaCl).

GB03 AMELIORATED LEAF OSMOTIC ADJUSTMENT ABILITY AND ALLEVIATED CELL MEMBRANE DAMAGE UNDER SALINE CONDITIONS

When plants are exposed to saline or drought conditions, osmotic stress rapidly follows (Munns and Tester, 2008). Salt stress reduces the rates of photosynthesis and transpiration, stomatal conductance and leaf area etc. (Wang et al., 2005; Ramani et al., 2006). Leaves could accumulate abundant osmoprotectant and adjust their osmotic potential (≈leaf water potential) below that of the apoplast and soil in order to ensure that the plants can continue to absorb moisture from the soil and maintain turgor pressure, thus improving their stress tolerance (Bao et al., 2009; Jha et al., 2011; Janz and Polle, 2012; Ma et al., 2012).

 Zhang et al. (2010b) reported that GB03 enhanced Arabidopsis choline and glycine betaine synthesis associated with enhanced osmolyte content, resulting in increased plant tolerance to osmotic stress. In the case of white clover, GB03 significantly reduced leaf osmotic potential under severe salt stress conditions (150 mM NaCl).

Soil salinity is known to increase the level of reactive oxygen species in plant leaves, which are well recognized for membrane lipid peroxidation and cause an increase in leaf malondialdehyde (MDA), a product of membrane lipid peroxidation (Koca et al., 2006; Yazici et al., 2007). Therefore, leaf MDA content, representing the degree of cell membrane damage, is usually used to evaluate plant tolerance to salinity and drought (Luna et al., 2000; Miao et al., 2010). In this work, GB03 significantly decreased leaf MDA content of white clover under saline conditions (50, 100, and 150 mM NaCl).

GB03 REDUCED NA+ CONTENT IN PLANTS

Saline soils contain a varied and complex array of cation-anion pairs (e.g., Na2SO4, MgSO4, CaSO4, MgCl2, KCl, and Na2CO3), with Na+ often the dominant species (Zhang et al., 2010a). Growth inhibition, a common plant response to soil salinity, is correlated with high internal Na+ concentration and low K+/Na+ ratio in the plant (Zhang et al., 2010a). Plants grown in saline conditions can minimize Na+ toxicity by restricting Na+ uptake and Na+ xylem loading, extruding Na+ from root cells and redirecting Na+ from shoots to roots (Tester and Davenport, 2003; Munns and Tester, 2008; Zhang et al., 2010a; Kronzucker and Britto, 2011; Zhang and Shi, 2013). Zhang et al. (2008a) found that in Arabidopsis GB03 decreased whole plant Na+ content to 54% of that in control plants by down-regulating HKT1 expression in roots to decrease root Na+ uptake and up-regulating HKT1 expression in shoots to enhance shoot-to-root Na+ recirculation, respectively. In this study, GB03 soil inoculation significantly decreased Na+ accumulation and increased K+/Na+ in both shoots and roots of white clover under salt stress with no measurable effect on K+ content in the whole plant. Whether GB03 improves salt tolerance of white clover by tissue specific regulation of HKT gene expression remains to be investigated.

In summary, the results presented here established that the inoculation of the soil bacterium Bacillus subtilis GB03 to the rhizosphere significantly increases plant growth and biomass of the forage legume white clover under both non-saline and saline conditions. GB03-regulated plant processes include chlorophyll abundance, leaf osmotic potential, cell membrane integrity, and ion accumulation. This study provides insight for the application of selected bacteria to cultivated legumes to combat saline toxicity.
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Supplementary Figure 1. Effects of bacterization on growth of white clover plants in pots under various concentrations of NaCl. Here GB03 represents Bacillus subtilis GB03 suspension culture in LB medium, LB Luria Broth medium without bacteria and 0, 50, 100, and 150 the concentrations of NaCl (mM).

REFERENCES

 Acharya, A. R., Wofford, D. S., Kenworthy, K., and Quesenberry, K. H. (2011). Combining ability analysis of resistance in white clover to southern root-knot nematode. Crop Sci. 51, 1928–1934. doi: 10.2135/cropsci2010.12.0695

 Bano, A., and Fatima, M. (2009). Salt tolerance in Zea mays (L.) following inoculation with Rhizobium and Pseudomonas. Biol. Fert. Soils 45, 405–413. doi: 10.1007/s00374-008-0344-9

 Bao, A. K., Wang, S. M., Wu, G. Q., Xi, J. J., Zhang, J. L., and Wang, C. M. (2009). Overexpression of the Arabidopsis H+-PPase enhanced the salt and drought tolerance in transgenic alfalfa (Medicago sativa L.). Plant Sci. 176, 232–240. doi: 10.1016/j.plantsci.2008.10.009

 Barry, C. S. (2009). The stay-green revolution: recent progress in deciphering the mechanisms of chlorophyll degradation in higher plants. Plant Sci. 176, 325–333. doi: 10.1016/j.plantsci.2008.12.013

 Bashan, Y., Moreno, M., and Troyo, E. (2000). Growth promotion of the seawater-irrigated oilseed halophyte Salicornia bigelovii inoculated with mangrove rhizosphere bacteria and halotolerant Azospirillum spp. Biol. Fert. Soils 32, 265–272. doi: 10.1007/s003740000246

 Battie-Laclau, P., Laclau, J. P., Piccolo, M., Arenque, B., Beri, C., Mietton, L., et al. (2013). Influence of potassium and sodium nutrition on leaf area components in Eucalyptus grandis trees. Plant Soil 371, 19–35. doi: 10.1007/s11104-013-1663-7

 Cappellari, L. R., Santoro, M. V., Nievas, F., Giordano, W., and Banchio, E. (2013). Increase of secondary metabolite content in marigold by inoculation with plant growth-promoting rhizobacteria. Appl. Soil Ecol. 70, 16–22. doi: 10.1016/j.apsoil.2013.04.001

 de Zelicourta, A., Al-Yousif, M., and Hirta, H. (2013). Rhizosphere microbes as essential partners for plant stress tolerance. Mol. Plant 6, 242–245. doi: 10.1093/mp/sst028

 Diagne, N., Thioulouse, J., Sanguin, H., Prin, Y., Krasova-Wade, T., Sylla, S., et al. (2013). Ectomycorrhizal diversity enhances growth and nitrogen fixation of Acacia mangium seedlings. Soil Biol. Biochem. 57, 468–476. doi: 10.1016/j.soilbio.2012.08.030

 Farag, M. A., Ryu, C. M., Sumner, L. W., and Paré, P. W. (2006). GC-MS SPME profiling of rhizobacterial volatiles reveals prospective inducers of growth promotion and induced systemic resistance in plants. Phytochemistry 67, 2262–2268. doi: 10.1016/j.phytochem.2006.07.021

 Flowers, T. J. (2004). Improving crop salt tolerance. J. Exp. Bot. 55, 307–319. doi: 10.1093/jxb/erh003

 Gray, E. J., and Smith, D. L. (2005). Intracellular and extracellular PGPR: commonalities and distinctions in the plant-bacterium signaling processes. Soil Biol. Biochem. 37, 395–412. doi: 10.1016/j.soilbio.2004.08.030

 Gutierrez-Boem, F. H., and Thomas, G. W. (1998). Phosphorus nutrition affects wheat response to water deficit. Agron. J. 90, 166–171. doi: 10.2134/agronj1998.00021962009000020008x

 Hayat, R., Ali, S., Amara, U., Khalid, R., and Ahmed, I. (2010). Soil beneficial bacteria and their role in plant growth promotion: a review. Ann. Microbiol. 60, 579–598. doi: 10.1007/s13213-010-0117-1

 Hernandez, J. A., Olmos, E., Corpas, F. J., Sevill, F., and Delrio, L. A. (1995). Salt-induced oxidative stress in chloroplasts of pea plants. Plant Sci. 105, 151–167. doi: 10.1016/0168-9452(94)04047-8

 Ibragimova, M. V., Rumyantseva, M. L., Onishchuk, O. P., Belova, V. S., Kurchak, O. N., Andronov, E. E., et al. (2006). Symbiosis between the root-nodule bacterium Sinorhizobium meliloti and alfalfa (Medicago sativa) under salinization conditions. Microbiology 75, 77–81. doi: 10.1134/S0026261706010140

 James, R. A., Blake, C., Byrt, C. S., and Munns, R. (2011). Major genes for Na+ exclusion, Nax1 and Nax2 (wheat HKT1;4 and HKT1;5), decrease Na+ accumulation in bread wheat leaves under saline and waterlogged conditions. J. Exp. Bot. 62, 2939–2947. doi: 10.1093/jxb/err003

 Janz, D., and Polle, A. (2012). Harnessing salt for woody biomass production. Tree Physiol. 32, 1–3. doi: 10.1093/treephys/tpr127

 Jha, Y., Subramanian, R. B., and Patel, S. (2011). Combination of endophytic and rhizospheric plant growth promoting rhizobacteria in Oryza sativa shows higher accumulation of osmoprotectant against saline stress. Acta Physiol. Plant. 33, 797–802. doi: 10.1007/s11738-010-0604-9

 Koca, H., Ozdemir, F., and Turkan, I. (2006). Effect of salt stress on lipid peroxidation and superoxide dismutase and peroxidase activities of Lycopersicon esculentum and L. pennellii. Biol. Plant. 50, 745–748. doi: 10.1007/s10535-006-0121-2

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

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

 Luna, C., Seffino, L. G., Arias, C., and Taleisnik, E. (2000). Oxidative stress indicators as selection tools for salt tolerance in Chloris gayana. Plant Breeding 119, 341–345. doi: 10.1046/j.1439-0523.2000.00504.x

 Lunde, C., Drew, D. P., Jacobs, A. K., and Tester, M. (2007). Exclusion of Na+ via sodium ATPase (PpENA1) ensures normal growth of Physcomitrella patens under moderate salt stress. Plant Physiol. 144, 1786–1796. doi: 10.1104/pp.106.094946

 Ma, Q., Yue, L. J., Zhang, J. L., Wu, G. Q., Bao, A. K., and Wang, S. M. (2012). Sodium chloride improves photosynthesis and water status in the succulent xerophyte Zygophyllum xanthoxylum. Tree Physiol. 32, 4–13. doi: 10.1093/treephys/tpr098

 Mahajan, S., and Tuteja, N. (2005). Cold, salinity and drought stresses: an overview. Arch. Biochem. Biophys. 444, 139–158. doi: 10.1016/j.abb.2005.10.018

 Marques, A. P., Pires, C., Moreira, H., Rangel, A. O., and Castro, P. M. (2010). Assessment of the plant growth promotion abilities of six bacterial isolates using Zea mays as indicator plant. Soil Biol. Biochem. 42, 1229–1235. doi: 10.1016/j.soilbio.2010.04.014

 Mayak, S., Tirosh, T., and Glick, B. R. (2004). Plant growth-promoting bacteria confer resistance in tomato plants to salt stress. Plant Physiol. Biochem. 42, 565–572. doi: 10.1016/j.plaphy.2004.05.009

 Medeiros, F. H., Souza, R. M., Medeiros, F. C., Zhang, H., Wheeler, T., Payton, P., et al. (2011). Transcriptional profiling in cotton associated with Bacillus subtilis (UFLA285) induced biotic-stress tolerance. Plant Soil 347, 327–337. doi: 10.1007/s11104-011-0852-5

 Mhadhbi, H., Jebara, M., Limam, F., and Aouani, M. E. (2004). Rhizobial strain involvement in plant growth, nodule protein composition and antioxidant enzyme activities of chickpea-rhizobia symbioses: modulation by salt stress. Plant Physiol. Biochem. 42, 717–722. doi: 10.1016/j.plaphy.2004.07.005

 Miao, B. H., Han, X. G., and Zhang, W. H. (2010). The ameliorative effect of silicon on soybean seedlings grown in potassium-deficient medium. Ann. Bot. 105, 967–973. doi: 10.1093/aob/mcq063

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

 Ozawa, T., Wu, J., and Fujii, S. (2007). Effect of inoculation with a strain of Pseudomonas pseudoalcaligenes isolated from the endorhizosphere of Salicornia europea on salt tolerance of the glasswort. Soil Sci. Plant Nutr. 53, 12–16. doi: 10.1111/j.1747-0765.2007.00098.x

 Paré, P. W., Zhang, H. M., Aziz, M., Xie, X. T., Kim, M. S., Shen, X., et al. (2011). Beneficial rhizobacteria induce plant growth: mapping signaling networks in Arabidopsis. Biocommun. Soil Microorg. Soil Biol. 23, 403–412. doi: 10.1007/978-3-642-14512-4_15

 Porra, R. J., Thompson, W. A., and Kriendemann, P. E. (1989). Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophyll a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochim. Biophys. Acta 975, 384–394. doi: 10.1016/S0005-2728(89)80347-0

 Rahnama, A., James, R. A., Poustini, K., and Munns, R. (2010). Stomatal conductance as a screen for osmotic stress tolerance in durum wheat growing in saline soil. Funct. Plant Biol. 37, 255–263. doi: 10.1071/FP09148

 Ramani, B., Reeck, T., Debez, A., Stelzer, R., Huchzermeyer, B., Schmidt, A., et al. (2006). Aster tripolium L. and Sesuvium portulacastrum L.: two halophytes, two strategies to survive in saline habitats. Plant Physiol. Biochem. 44, 395–408. doi: 10.1016/j.plaphy.2006.06.007

 Rengasamy, P. (2010). Soil processes affecting crop production in salt-affected soils. Funct. Plant Biol. 37, 613–620. doi: 10.1071/FP09249

 Rogers, M. E., Noble, C. L., Halloran, G. M., and Nicolas, M. E. (1997). Selecting for salt tolerance in white clover (Trifolium repens): chloride ion exclusion and its heritability. New Phytol. 135, 645–654. doi: 10.1046/j.1469-8137.1997.00685.x

 Rudrappa, T., Biedrzychi, M. L., Kunjeti, S. G., Donofrio, N. M., Czymmek, K. J., Paré, P. W., et al. (2010). The rhizobacterial elicitor acetoin induces systemic resistance in Arabidopsis thaliana. Commun. Integr. Biol. 3, 130–138. doi: 10.4161/cib.3.2.10584

 Ryu, C. M., Farag, M. A., Hu, C. H., Reddy, M. S., Kloepper, J. W., and Paré, P. W. (2004). Bacterial volatiles induce systemic resistance in Arabidopsis. Plant Physiol. 134, 1017–1026. doi: 10.1104/pp.103.026583

 Stein, T., Borchert, S., Conrad, B., Feesche, J., Hofemeister, B., Hofemeister, J., et al. (2002). Two different lantibiotic like peptides originate from the ericin gene cluster of Bacillus subtilis A1/3. J. Bacteriol. 184, 1703–1711. doi: 10.1128/JB.184.6.1703-1711.2002

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

 Tiwari, S., Singh, P., Tiwari, R., Meena, K. K., Yandigeri, M., Singh, D. P., et al. (2011). Salt-tolerant rhizobacteria-mediated induced tolerance in wheat (Triticum aestivum) and chemical diversity in rhizosphere enhance plant growth. Biol. Fert. Soils 47, 907–916. doi: 10.1007/s00374-011-0598-5

 Tuna, A. L., Kaya, C., Higgs, D., Murillo-Amador, B., Aydemir, S., and Girgin, A. R. (2008). Silicon improves salinity tolerance in wheat plants. Environ. Exp. Bot. 62, 10–16. doi: 10.1016/j.envexpbot.2007.06.006

 van Hulten, M., Pelser, M., van Loon, L. C., Pieterse, C. M., and Ton, J. (2006). Costs and benefits of priming for defense in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 103, 5602–5607. doi: 10.1073/pnas.0510213103

 Wang, L. W., Showalter, A. M., and Ungar, I. A. (2005). Effects of intraspecific competition on growth and photosynthesis of Atriplex prostrata. Aquat. Bot. 83, 187–192. doi: 10.1016/j.aquabot.2005.06.005

 Wang, S. M., Zhang, J. L., and Flowers, T. J. (2007). Low-affinity Na+ uptake in the halophyte Suaeda maritima. Plant Physiol. 145, 559–571. doi: 10.1104/pp.107.104315

 Xie, X., Zhang, H., and Paré, P. W. (2009). Sustained growth promotion in Arabidopsis with long-term exposure to the beneficial soil bacterium Bacillus subtilis (GB03). Plant Signal Behav. 4, 948–953. doi: 10.4161/psb.4.10.9709

 Yazici, I., Tuerkan, I., Sekmen, A. H., and Demiral, T. (2007). Salinity tolerance of purslane (Portulaca oleracea L.) is achieved by enhanced antioxidative system, lower level of lipid peroxidation and proline accumulation. Environ. Exp. Bot. 61, 49–57. doi: 10.1016/j.envexpbot.2007.02.010

 Zayed, M. A., and Zeid, I. M. (1998). Effect of water and salt stresses on growth, chlorophyll, mineral ions and organic solutes contents, and enzymes activity in mung bean seedlings. Biol. Plant. 40, 351–356. doi: 10.1023/A:1001057728794

 Zhang, H., Kim, M. S., Krishnamachari, V., Payton, P., Sun, Y., Grimson, M., et al. (2007). Rhizobacterial volatile emissions regulate auxin homeostasis and cell expansion in Arabidopsis. Planta 226, 839–851. doi: 10.1007/s00425-007-0530-2

 Zhang, H., Kim, M. S., Sun, Y., Dowd, S. E., Shi, H., and Paré, P. W. (2008a). Soil bacteria confer plant salt tolerance by tissue-specific regulation of the sodium transporter HKT1. Mol. Plant Microbe Interact. 21, 737–744. doi: 10.1094/MPMI-21-6-0737

 Zhang, H., Murzello, C., Sun, Y., Kim, M. S., Xie, X., Jeter, R. M., et al. (2010b). Choline and osmotic-stress tolerance induced in Arabidopsis by the soil microbe Bacillus subtilis (GB03). Mol. Plant Microbe Interact. 23, 1097–1104. doi: 10.1094/MPMI-23-8-1097

 Zhang, H., Sun, Y., Xie, X., Kim, M. S., Dowd, S. E., and Paré, P. W. (2009). A soil bacterium regulates plant acquisition of iron via deficiency-inducible mechanisms. Plant J. 58, 568–577. doi: 10.1111/j.1365-313X.2009.03803.x

 Zhang, H., Xie, X., Kim, M. S., Kormyeyev, D. A., Holaday, S., and Paré, P. W. (2008b). Soil bacteria augment Arabidopsis photosynthesis by decreasing glucose sensing and abscisic acid levels in planta. Plant J. 56, 264–273. doi: 10.1111/j.1365-313X.2008.03593.x

 Zhang, J. L., Flowers, T. J., and Wang, S. M. (2010a). Mechanisms of sodium uptake by roots of higher plant. Plant Soil 326, 45–60. doi: 10.1007/s11104-009-0076-0

 Zhang, J. L., and Shi, H. Z. (2013). Physiological and molecular mechanisms of plant salt tolerance. Photosynth. Res. 115, 1–22. doi: 10.1007/s11120-013-9813-6

 Zhang, N., Wu, K., He, X., Li, S. Q., Zhang, Z. H., Shen, B., et al. (2011). A new bioorganic fertilizer can effectively control banana wilt by strong colonizaton with Bacillus subtilis N11. Plant Soil 344, 87–97. doi: 10.1007/s11104-011-0729-7

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

Received: 19 August 2014; Accepted: 16 September 2014; Published online: 08 October 2014.

Citation: Han Q-Q, Lü X-P, Bai J-P, Qiao Y, Paré PW, Wang S-M, Zhang J-L, Wu Y-N, Pang X-P, Xu W-B and Wang Z-L (2014) Beneficial soil bacterium Bacillus subtilis (GB03) augments salt tolerance of white clover. Front. Plant Sci. 5:525. doi: 10.3389/fpls.2014.00525

This article was submitted to Plant Physiology, a section of the journal Frontiers in Plant Science.

Copyright © 2014 Han, Lü, Bai, Qiao, Paré, Wang, Zhang, Wu, Pang, Xu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



[image: image]


OPS/images/fpls-06-00425/fpls-06-00425-g004.gif
Protonpump
Al

onconcentaions
nsdecalloutside

Metsbotam sy
d AT aiable

Nonssectie
eotoncurrent

[ —
ctter oKt





OPS/images/fpls-06-00425/fpls-06-00425-g005.gif
[rr—

::;il... '-.:.::t-:_ e | e






OPS/images/fpls-06-00425/fpls-06-00425-g002.gif





OPS/images/fpls-06-00425/fpls-06-00425-g003.gif
chime 1000
cotruc~ 00y
et copctance o 18
00 10 omso e
b7 G000 prtomel
o 13 40 AT el
meriane ptet e 000

Somascerirs

oA vy





OPS/images/fpls-06-00873/fpls-06-00873-g010.jpg
A 20 mV

. N
g%MMWN

-20mV

ST M gy
-50mV *

ST w" w i

o= i ol
-70mV *

|5DA

S00ms 460 keI

omv

\
y o (¥
S e PR Y

o
o
-20 mV
L ATV
§: L ""’;‘JM’N’\-”’"“ )
=70mV | SPA
§ 2 At e
*
-90 mV
§ o o,
*
10 KCI

C omv

&JMW%'

o-l
-30 mV
A
] ' : ‘
8N S

-70 mV

100 NaCl





OPS/images/fpls-06-00425/fpls-06-00425-g001.gif





OPS/images/fpls-06-00873/fpls-06-00873-g011.jpg
reactive oxygen species

K+

ssium channel

potassium concentration

K+
signed potassium
hannel

phosphorylation:‘: \\\ 14-3-3 proteins

lipid signalling

calcium signalling





OPS/images/fpls-05-00525/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-05-00600/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-05-00605/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-05-00634/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-05-00525/pg1-1.jpg





OPS/images/fpls-05-00525/fpls-05-00525-t001.jpg
NaCl (mM) Shoots

GB03 LB
0 9.8740.42a 9.81+0.80a
50 2814£024b 1.58+0.15¢
100 1.35+0.15cd 1.03::0.09d
150 031:£0.04e 0.22:+0.02¢

Roots

GBO3

3.13+0.25a
1.53%0.17b
1.0740.07¢
0.72:40.05d

LB

2.81+0.30a
1.1440.03¢
0.594:0.05¢
0.434:0.02f

Values are means + SDs (n = 8). Different letters indicate significant difference
at P < 0.05 (Duncan test) within shoots and roots, individually.





OPS/images/fpls-05-00600/pg1-1.jpg





OPS/images/fpls-05-00605/pg1-1.jpg





OPS/images/fpls-06-00425/fpls-06-00425-g006.gif
Cionintracelir





OPS/images/fpls-05-00430/fpls-05-00430-g008.gif
Letaks
Gatiak1
AtHAKS
osHAKL

TvLANDY
TvIowDN
IvLYANDN

[Gocanea
ozsoreass
lcosorens;






OPS/images/fpls-05-00430/fpls-05-00430-g007.gif
P

AHAKS - e





OPS/images/fpls-05-00430/fpls-05-00430-g002.gif
K’} (nmol mg™)

000

1500

Na) (amol mg’






OPS/images/fpls-06-00071/fpls-06-00071-g006.gif





OPS/images/fpls-05-00430/fpls-05-00430-g001.gif
¢ . o1mmc omm
s o1’ otmm asmw oamuk






OPS/images/fpls-06-00071/fpls-06-00071-g005.gif
Persia 118

. .
E
£
-

ciongaton
os5838
i

[
Elongation





OPS/images/fpls-06-00071/fpls-06-00071-g008.gif





OPS/images/fpls-06-00071/fpls-06-00071-g007.gif





OPS/images/fpls-05-00430/fpls-05-00430-g006.gif
IR

RO g M)





OPS/images/fpls-06-00071/fpls-06-00071-g002.gif





OPS/images/fpls-05-00430/fpls-05-00430-g005.gif
(KTesT)

o4






OPS/images/fpls-06-00071/fpls-06-00071-g001.gif





OPS/images/fpls-05-00430/fpls-05-00430-g004.gif
K') (nmol mg™).

(€8) (nmol mg’’)

o

=

0

150

-
=
EE S

S






OPS/images/fpls-06-00071/fpls-06-00071-g004.gif
i
§
i
2

30 mM NaCl

100 mM NaCl

SOmMKG

100 MMKCI






OPS/images/fpls-05-00430/fpls-05-00430-g003.gif
-
o5 [=pM






OPS/images/fpls-06-00071/fpls-06-00071-g003.gif





OPS/images/fpls-06-00023/fpls-06-00023-g001.gif
Not Na” fux (prmol cm” ) >
83

EXN)

.
e
i
i
in
o

Detace fam et )

Week2

Distance o o0l 8p (un)





OPS/images/fpls-06-00023/fpls-06-00023-g002.gif





OPS/images/fpls-06-00023/fpls-06-00023-g003.gif





OPS/images/fpls-06-00023/fpls-06-00023-g004.gif
ARl
achicso
Ghahicsn
sz

™~
Bachicso
Ghahicsn
sz

e~
Beehicso
Ghahicsn
sz

I~
Beehicso
Diehicsn
Ghahicsn
sz

T EE TSP PRSPPI TEIESFIRESLR FURSE R 5
AT LTAPPLGSPFLSPTTPPFGITPLASSAALSLE - LGS, 55
MAIAY AT LTASPSHPLLSTFPSATLIRTSSFRGILA

AUPIESITP SHLALSPSSTVSPALFSSTRASL
o NANNTILIS - SPSHLLIP-— PSSSTIRSSFRGHSLYNARLGSY 17

SSRGS EGVYALTOEDEGPTYTLITG 115
SLAL PPV TR AAGTSIREGVVTLTQERGYTYNRSLITGN 117
TFILTAASITVVAKAAVLASNVEGSLTOENOGHTVNVRITGLITGN 112
SLATIPORUSVEAVTREAVAGASENEGVVTLTOEIGHTYNRTGLTTGK 10
SEAV KPSV SAKKAYAVLAGTSIAE GO TQUSGP TN 10

FIBEYGOTTGCISTGPTHATEDE RN AU AEATIVIRGE 175
FIREYGOTTGC TGRSR A AEAKITIAG] 177
TGOS TSIV AN AEATITNG 172
BTSN ATHAEDEVRIIGLON NIV AEATIVNGL 165

PLSGTIGRPIELEDOLGKGHELSL TGNV 2
PLSGTIGRAVIELEDOLCKGHELSLTOGRLACNGFTFY 2
PLSGATVIGALVELEDOLOKGHELSL TRV o
LS GEWIELEDOLGKGHELSLTGRRLAGIGLTFY P
LGS AL KOO SL TGS ACVIGLT. 2






OPS/images/fpls-06-00023/fpls-06-00023-g005.gif





OPS/images/fpls-06-00023/fpls-06-00023-g006.gif





OPS/images/fpls-06-00023/fpls-06-00023-g007.gif





OPS/images/fpls-06-00023/fpls-06-00023-g008.gif





OPS/images/fpls-06-00023/fpls-06-00023-g009.gif





OPS/images/fpls-05-00634/fpls-05-00634-g005.gif
Relative biomass, %

‘Relative grain yield, %

Relative grain yield, %

[

Reatve aperure lengn. %

.

5 % _\‘;:}..

R y

-

R EEEEE:
Relave aperture weth langih, 5.

R REEEEE:
‘Relative aperture width ! length, %





OPS/images/fpls-05-00634/fpls-05-00634-g006.gif
EML&LJ M






OPS/images/fpls-05-00634/fpls-05-00634-g007.gif





OPS/images/fpls-05-00634/fpls-05-00634-g008.gif
QT IETE I g S g e g





OPS/images/fpls-05-00634/fpls-05-00634-g009.gif
// e
/
0///

e
o
‘oo
o
o m w0
Relative gens experession, %






OPS/images/fpls-07-00977/fpls-07-00977-g004.jpg
mesophyll salt gland leaf surface

s N/ N

intercellular space intercellular space externalcellular space

H* H* H

(®)

ATP

collecting
, chamber

AP ADP+PI ADP+Pi

mesophyll cell

secretory cell

Na* ==
vesicle transport

O

1, K

\
\

- - -

water movement

----- > ) . droplet/ /





OPS/images/fpls-07-00977/fpls-07-00977-g003.jpg





OPS/images/fpls-07-00977/fpls-07-00977-g002.jpg
Salt secretion ability

No report

Majority low






OPS/images/fpls-07-00977/fpls-07-00977-g001.jpg





OPS/images/fpls-05-00718/fpls-05-00718-g004.jpg
“Sensors’ UVR8/PHOT1/PHY...
“Transducers’ NPH3/PIF3/COP1...

SN

‘Effectors”  PIN2 ~ SCAR/ARPs AN3/PAP1,2

1 Lﬂ Lﬂ Sugars

: “‘Energy”

Auxin transport Actin Anthocyanln
Polymerization  gynthesis

v

7 g

Light-Induced Root Growth

\ J






OPS/images/fpls-05-00605/fpls-05-00605-g010.gif
Chichen-tza





OPS/images/fpls-08-00406/fpls-08-00406-t001.jpg
Clade/Family

Asterids
Acanthaceae

Convolvulaceae

Oleaceae

Primulaceae

Solanaceae

Caryophyllales
Aizoaceae

Amaranthaceae

Frankeniaceae

Plumbaginaceae

Tamaricaceae

Rosids
Combretaceae

Malvaceae

Moraceae

Poaceae
Chloridoideae

Cynodonteae

Zoysieae

Oryzoideae

*mangroves; 'CAM species; C4 species; N/F none found.

Species

Acanthus ebracteatus*, A. ilicifolius*
Avicennia germinans*, A. officinalis*,
A. marina*®

Cressa cretica

Philyrea latifolia
Aegiceras corniculatum*

Glaux maritima

Samolus repens

Nolana mollist

Mesembryanthemum crystallinum?,
M. nodifiorum’*

Aizoon canariense
Atriplex amnicola, A. canescens,
A. lentiformis, A. semilunaris

Bienertia sinuspersicit

Chenopodium quinoa, C. album

Frankenia grandiolia

Aegialitis annulata*, A. rotundifolia*

Armeria canescens
Limoniastrum guyonianum,

L. monopetalum

Limonium bicolor, L. delicatulum,

L. furfuraceun, L. gmelini, L. linifolium,
L. perez, L. platyphyllum

Reaumuria soongorica, R. trigyna

Tamarix androssowi, T. ahylla, T. hispida,
T. minoa, T. pentandra, T. usneoides

Laguncularia racemosa®

Gossypium hirsutum

Ficus formosana

Aeluropus littoralis*
Buchloe dactyloides*

Bouteloua spp.*

Chloris gayana®
Cynodon dactylon®

Dactyloctenium aegyptium’*

Diplachne fusca*
Distichlis spicata*

Eleusine indlica®

Leptochloa digitata*, L. fusca®
Odyssea paucinervis®
Pappophorum philippianum®

Munroa argentina®
Spartina spp.*

Sporobolus virginicus*

Zoysia spp.t

Porteresia coarctata

Structure

Organized into secretory, stalk, and basal cells
(Das, 2002; Ong and Gong, 2013)

Organized into secretory, stalk, and basal cells
(Shimony et al., 1973; Drennan et al., 1987;
Balsamo and Thomson, 1993; Tan et al., 2013;
Naidoo, 2016)

Multiple secretory cells on top of a single stalk cell
subtended by a basal cell

(Weiglin and Winter, 1988)

Several secretory cells, a stalk cell, and a basal cell
formed in an epidermal pit (Gucci et al., 1997)
24-40 secretory cells connect to a single basal cell
on top of sub-basal cells (Cardale and Field, 1971)
A large vacuolated basal cell, a stalk cell, and 4-8
cytoplasm dense secretory cells in an epidermal pit
(Rozema et al., 1977)

6-12 unequally sized secretory cells arranged on a
single stalk and basal cell in an epidermal pit (Adam
and Wiecek, 1983)

Structure undefined, but presence of glands
confirmed (Mooney et al., 1980)

Large highly vacuolar bladder cell (Steudle et al.,
1975; Agarie et al., 2007; Grigore et al., 2014)

Large bladder cells (Grigore et al., 2014)
Stalked bladder cell forms a bicellular gland
(Malcolm et al., 2003; Shabala et al., 2014; Pan
etal, 2016)
Stalked bladder cell forms a bicellular gland (Akhani
etal., 2005; Park et al., 2009)
A highly vacuolated bladder cell is connected to a
cytoplasm dense stalk cell (Reimann and Breckle,
1988; Adolf et al., 2013; Shabala et al., 2014)
Organized into two highly vacuolar collecting cells
and six largely cytoplasmic secretory cells (Balsamo
and Thomson, 1993)
Organized into three concentric rings. Inner two
rings contain palisade cells with large vacuoles and
outer ring has smaller cells and cytoplasm dense
basal cells (Atkinson et al., 1967; Das, 2002)
Organized into 12 gland cells and 4 subsidiary cells
with a structure similar to other salt glands in the
family (Scassellati et al., 2016)
Organized as an embedded cup of muitiple cells
(loannidou-Akoumianaki et al., 2015; Zouhaier
etal., 2015)
4 types of cells in a total of 16 cells organized into
secretory, accessory, inner cup, outer cup, and
basal cells (Faraday and Thomson, 1986a;
Vassilyev and Stepanova, 1990; Daraban et al.,
2013; Crigore et al., 2014; Yuan et al., 2015b;
Aymen et al., 2016)
Inner and outer secretory cells arranged in a cuticle
lined cup arranged on top of a basal cell (Weiglin
and Winter, 1991; Wang et al., 2016)
Highly vacuolar two basal cells and mostly
cytoplasmic dense six secretory cells (Campbell
and Stong, 1964; Thomson and Liu, 1967; Villar
etal., 2015; Wilson et al., 2016)

Multicellular gland in a pit (Francisco et al., 2009;
Pelozo et al., 2016)

The salt gland structure s not described in detail
but resembles a multicellular glandular trichome
(Peng et al., 2016)

Multicellular glandular trichome (Chen and Chen,
2005)

Organized as a bicelular gland with a basal
collecting cell and a secretory cap cell

(Zouari et al., 2007; Barhoumi et al., 2008)
(Liphschitz and Waisel, 1974; Marcum, 2006, 2008)

Céccoli et al., 2015

Amarasinghe and Watson, 1988; Takao et al., 2012

Oross and Thomson, 1982; Amarasinghe and
Watson, 1988; Marcum, 2006, 2008

Liphschitz and Waisel, 1974
Céccoli et al., 2015

Liphschitz and Waisel, 1974; Oross and Thomson,
1982; Marcum, 2006; Semenova et al., 2010;
Céccoli et al., 2015

Liphschitz and Waisel, 1974

Wieneke et al., 1987; Amarasinghe and Watson,
1988

Somaru et al., 2002
Taleisnik and Anton, 1988; Céccoli et al., 2015
Céccolli et al., 2015

Levering and Thomson, 1971; Liphschitz and
Waisel, 1974

Amarasinghe and Watson, 1988; Marcum, 2006,
2008

Amarasinghe and Watson, 1988; Marcum et al.,
1998; Marcum and Murdoch, 1990

Unicellular finger shaped or peg shaped hairs
(Flowers et al., 1990; Sengupta and Majumder,
2010)

References for publicly available
cDNA/RNAseq data

ESTs (Nguyen et al., 2006, 2007); RNAseq
(Yang et al., 2015)

RNAseq (Huang et al,, 2014); ESTs (Mehta
et al., 2004; Jyothi-Prakash et al., 2014)

N/F

NF
ESTs (Fu et al., 2005)

N/F

N/F

DNA (Roeurn et al., 2016), ESTs
(Cushman et al., 2008); RNAseq (Oh et al.,
2015; Teukagoshi et al., 2015); miRNAseq
(Chiang et al., 2016)

ESTs (Li et al., 2014); cDNA (Adair et al.,
1992)

454 cDNA (Offermann et al., 2015)

ESTs (Coles et al., 2005; Stevens et al.,
2006; Gu et al,, 2011); RNAseq (Zhang
etal., 2012); genome (Yasui et al., 2016)
NF

N/F

N/F

N/F

ESTs (Wang et al., 2008), RNAseq (Yuan
etal, 2015b, 2016b)

RNAseq (Dang et al., 2013; Shi et al., 2013;
Liu et al., 2014, 2015)

©DNA (Gao et al., 2014; Wang L. et al.,
2014; Yang et al., 2014); ESTs (Wang et al.,
2006; Gao et al., 2008); RNAseq (Wang C.
etal, 2014)

N/F

Genome (L et al., 2015); microarray
(Rodriguez-Uribe et al., 2011; Yin et al.,
2012), RNAseq (Peng et al., 2014; Lin

et al,, 2015); micro-RNAseq (e et al.,
2014) [Only a few selected references are
given for G. hirsutum genetic resources)
N/F

ESTs (Zouari et al., 2007)

RNAseq (Wachholtz et al., 2013), cDNA
(Budak et al., 2005, 2006)

Wachholtz et al., 2013; Amaradasa and
Amundsen, 2016

N/F

RNAseq (Hu et al., 2015), cDNA
(Pefia-Castro et al., 2006; Kim et al., 2008)
N/F

N/F

©DNA (Zhao et al., 1989)

N/F
N/F

N/F

N/F

N/F

RNAseq (Baisakh et al., 2008; Ferreira de
Carvalho et al., 2013; Bedre et al., 2016;
Nah et al., 2016), mRNA (Qin et al., 2015;
Zandkarimi et al., 2015)

RNAseq (Yamamoto et al., 2015)

Genomes (Tanaka et al., 2016), RNAseq
(Ahn et al., 2015; Wei et al., 2015; Xie et al.,
2015), cDNA (Chen et al., 2015), ESTs
(Cheng et al., 2009; Ko et al., 2010)
RNAseq (Garg et al,, 2013); miRNAseq
(Mondal et al., 2015)
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NaCl treatments Contribution of Contribution of Contribution of Contribution of free

(mM) Na* to Ws (%) K* to Ws (%) betaine to Ws (%) proline to s (%)
0 2.0+03c 338+52a 6.0+03b 03+0.1c
100 32.4+3b 26.0 + 3.2ab 6.4+03b 030.1c
200 34.7 £550 19.9 +2.4b 7.3+ 04a 28+02b
400 488+4.2a 92+ 1.1¢ 8.1+03a 38+02a

Values are mean + SE (n = 8). Columns with different letters indicate significant differences at P < 0.05 (Duncan test).
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Type 1: Bladder

. Non-core Caryophyliales:
Core Caryophyllales: Aizoaceae Plumbiginaceae, Frankiniaceae Asterids: Acanthaceae

Tamaricaceae

Type 3: Bicellular hair
Cuticular chamber

Cuticle Asterids: Primulaceae Asterids: Oleaceae

Poaceae: Chioridoidea Epidermal pit
Type 4: Unicellular hair

- -Cuticle
1

Rosids: Combretaceae

Poaceae: Oryzoideae
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Small root cell

Volume =500 fL

Cell surface = 450 um?
Surface/volume = 0.9 pm-?

lon current of 1 mA/m? (=1 fA/um?)
of monovalent cation corresponds to
2.8*106 ions/second per a cell

or 10 uM/second per a cell

or 860 mM/day per a cell

Large leaf cell

Volume = 1000 pL

Cell surface = 170 000 um?
Surface/volume = 0.16 pm-*

lon current of 1 mA/m? (=1 fA/um?)
of monovalent cation corresponds to
1.1*10° ions/second per a cell

or 1.8 uM/second per a cell

or 155 mM/day per a cell
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Mock 100 mM 200 mM 300 mM

Dark 0% (n=25) 26% (n=23) 90% (n = 30) 92.3% (n = 26)
Light 0% (n=29) 185% (n=27) 16.7% (n=30) 46.4% (n = 28)

Roots have been considered halotropic when scored root apex angles are greater

than 45° with respect of the gravity vector (= same angle with the boundary of
agar).
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Mock 100 mM 200 mM 300 mM

Dark 10.24+29mm 11.6+26mm 93+ 18mm 10.4 £ 2.4 mm

Light 211 +44mm 205+£27mm 159+£29mm 145+3.1Tmm

Root lengths were measured after 3-days-incubation on NaCl treatment plates.
20-30 roots in each plate were measured and standard deviations are presented
next to the average length (mm).
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Species

Saccharomyces cerevisiae

Endomyces magnusi,
(size of cels is about 15 x 30 um)

Pichia humbololtii
(cell size is about 12-15 um in diameter)

Neurospora. crassa

(a) hyphae diameter over 10-15um or (o)
spherical cells with diameter about
15-20um)

Giant E. coll cells (about 5 um in diameter)

Membrane
potential values,
my

Around ~70to —45

(1) Around ~40
(2) Around ~150 to
-120

Around ~90 to ~50

Below 300 to ~120

Below —140

References

Reviewed in Borst-Pauwels,
1981

(1) Vacata et al., 1981
(2) Bakker et al,, 1986

Hofer and Novacky, 1986;
Lichtenberg et al., 1988

{a) Slayman and Slayman, 1962;
(b) Blatt and Slayman, 1983,
1987

Felle et al,, 1980

Notes

Values might be ot realistic, fast decay in some experiments

(1) Measured in artiicial pond water, pH is not indicated, over
1.5mM K*, 0.5mM Na*, 0.2mM Ca?*

(2) ~124mV at pH 4.5 (0.1mM KCI), preimpalement value
estimated around —190m\V; —146mV at pH 7.1 (0.1mM KC)
and preimpalement value estimated around —275mV

100mM KCI depolarized membrane of Pichia humbololti
from —48 to ~21 mV, while 100mM NaCl to ~37 mV and
100mM LiCl by 3mV only; membrane potential depended on
external pH increasing from 60 to —30mV under external
pH change from 6 to 8 or from 6 to 4 Hofer and Novacky,
1986

Depended on concentration of external K+ and internal pH

—100mV at pH 5.5 and —142mV at pH 8.0
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6.02710% fmole is the Avogadro constant.
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Method

Leaf disks secretion
covered with oil

X-ray microanalysis

Method combined
scanning electron
microscopy (SEM)
with X-ray

Norvinvasive
Microsensing
System
(NMS)-BIO-001A
(Younger USA
Sci.&Tech)

Nanoscale
secondary ion
mass spectrometry
(SIMS)

Principle of the method

The method was first developed by
Faraday et al. (1986) and Dschida
et al. (1992), and recently improved
by the use of il (Yuan et al., 2013).
The secreted ion solution by salt
glands on single leaf can be
isolated in oil droplets. The
accurate ion concentration can be
obtained in the further steps.

In X-ray analysis, the ratio of
intensity of a target element of
unknown concentration to that of
an internal standard of known
concentration is related to the
concentration of the target element.
The relative elemental sensitivity of
the spectrometer was determined
by the analysis of a multi-elemental
aqueous standard solution
containing V, Co, Zn, Se, and St
(Sobrado and Greaves, 2000).

The method is based on SEM and
X-ray analysis. SEM can give the
clear component cells of salt glands
and the secreted salts on the salt
gland. In addition, X-ray can
measure the ions by salt secretion
in the specified locations. The
structure-function relationships can
be explored in-deep.

The ions can be measured by
moving an electrode repeatedly
between two positions in a
predefined excursion (5-30 jum) at
a programmable frequency in the
range 0.01-10.00 Hz with a range
0f 0.3-0.5 Hz being typical for
many types of electrodes

This method is operated combined
with high-pressure freezing (HPF)
and freeze substitution (FS). The
bombardment of ions results in the
ejection of charged atomic and
molecular species from the surface
layers of the sample. These
secondary ions are then separated
on the basis of their
mass-to-charge ratio using a
high-performance mass
spectrometer, and are correlated
with their spatial origin to form a
chemical image (Smart et al., 2010).

Simple method without a
need of special
equipment, and usually
costs 12-24 h,
Resolution is at the level
of whole plant or the
single leaf.

The method allows
determinations in both
materials from plants and
animal species and is a
useful tool because it
provides multi-elemental
analysis simultaneously.

The method can give the
intuitive secreted salt
drops without any need
for sectioning. Besides,
this combined means
may give the real-time
secretion status of a salt
gland. This is the most
precise and accurate
means to observe salt
secretion and measure
secreted ions.

The measurement of salt
secretion of single salt
gland is realized by this
method. The salt
secretion can be
detected real-time. Most
of inorganic ions can be
measured, usually

5-20 min to measure one
ion with simple operation.
The ions can be
measured with spatial
resolutions of better than
100 nm. The accurate ion
distribution and
concentration are
showed on a chemical
image based on TEM
analysis. This method
resolved the problems of
fon position, distribution
and content n situ.

Cannot provide
direct evidence of
salt secretion by a
single salt gland.

Requires special
equipment and
strict procedure.

Due to the
complicated
sample preparation
procedures, this
method required
more accurate and
efficient operations
in order to measure
salt secretion
rapidly and
precisely.

NMS detects the
net flux of an ion of
a salt gland rather
than ion efflux.
Most of the organic
acid anions cannot
measure. Salt gland
may be destroyed
during peeling the
epidermis.

More applications
need to be
attempted in salt
secretion of salt
glands. The
complicated and
strict operating
procedures may
limit the wide
applications.

Secreted ions
and
concentration

Nat
20-200 mM,

0-10mM, CI~
20-200 MM,
etal.

Na*

20-200 MM,
K* 5-10mM,
Ca?+ 1-3mM,
Mg?+ 2-6 mM,
8042~

2-6 mM, et al.

Nat

20-200 mM,
K*¥ 5-20 mM,
etal.

Nat

20-200 MM,
K* 5-20 mM,
o

20-200 MM,
etal.

Na*

20-200 mM,
K* 10-300 mM
in nucleus of
salt gland.

Possible
driving
forces

symporter

HKT1,
CNGC,
NSCC

HKT1,
H+/CI
symporter

Applications in
recretohalophytes

Limonium bicolor
(Faraday et al.,
1986; Yuan et al.,
2013); Avicennia
germinans (Dschida
etal., 1992)

Porteresia
coarctata (Flowers
etal., 1990);
Tamarix aphylla
(Storey and
Thomson, 1994);
Avicennia marina
(Sobrado and
CGreaves, 3
Chen et al., 2010)

Chloris gayana (Oi
etal., 2013);
Cynodon dactylon
(Parthasarathy
etal., 2015);
Limoniastrum
guyonianum
(Zouhaier et al.,
2015)

Avicennia marina
(Chen et al., 2010);
Limonium bicolor
(Feng et ., 2014)

Limonium bicolor
(Feng et ., 2015)

The distinction between the methods is partially arbitrary. The contents are partially referred to Volkov (2015). HKT1, high-affinity K* transporter 1; CNGC, cyclic nucleotide-

gated cation channel; NSCC, non-selective cationic channel.
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Treatment

Mutation 3mMK* 0.1mM K+ 0.1mMK* 0.1mMK*+ 0.1mMK+
100mM Na* 300mM Na* 1mM Cs*

wr 6.6+0.2° - - - -

L776H 36402 43£02° 9.5+06° - 30.340.9°
Mutll  39£03° 3702 55202 124%2° 327%18°
F130S  34£01° 35+£0.1° 69£04° 7.3%18" 68+04°

Shown are mean values of at least three replicates & standerd error. Different
letters indicate significant differences within each column according to Tukey
test (p < 0.01).
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Vimex (nmol  Rb*Km  K*Ki Nat Cs* Ki

mg-1min-1) (M) (M) Ki(mM) (M)
W 05+03 12603 12 10 16
L776H* 52403  81x1.0 12 10 16
Muti1 41£02  25+07 57+01 123+21 21308
F130S 10402  01£01 03402 06+03 0302
*From (Rubio et al,, 2000).

Values at the average of at least three replicates + standard error. Vinax (nmol
mg™! min=) and Ky, (M) values for Rb* uptake and K; values for inhibition of
Rb* uptake by K* (M), Na* (mM), and and Cs* (uM).
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Method or group of
methods

Kinetic measurements
of ion concentrations

MIFE: microelectrode
ion flux estimate/
measurements

Measurements of
unidirectional ion fluxes

Electrophysiological
methods

Fluorescent indicators

Principle of the method

lon concentrations in plant tissues or in
nutrient solution are measured in time, the
concentration differences along the time
points are plotted against time.

Tiny ion-selective microelectrode with tip
around a pmeter vibrates within seconds in
the vicinity of a cell or plant tissue and
measures ion concentrations. Changing in
time difference in concentrations is
recalculated to ion fluxes.

Plant tissues or organs are loaded with
radioactive ions or rare ions to imitate ions of
interest. Unidirectional usually outward ion
fluxes of the isotope or rare ion are measured
then as changes in concentrations against
time.

Isolated cell membrane, piece of membrane
o single cell within a plant preparation are
subjected to set of physiological voltages and
ion current is registered in the form of electric
current.

Fluorescent ion selective indicators

The distinction between the methods is partially arbitrary.

Spatial and temporal resolution,
advantages

Resolution is at the level of whole plant or
plant tissues, usually tens of minutes and
hours are needed o register changes. Simple
methods without a need of special equipment,
convenient for most ions.

Resolution at the level of individual cells within
seconds, measurements may last for hours.

‘Spatial resolution at the level of whole plant or
plant tissues, recordings from minutes lasting
to hours are needed to register changes.

Spatial resolution of single molecules or single
cells. Temporal resolution from pseconds to
minutes. High accuracy and possibilty to find
out specific molecules for transport of definite
ions.

Resolution at the level of individual cells within
tens of seconds to minutes, recordings over
tens of minutes to hours.

Disadvantages

Measures net fluxes, not separate influx
and flux outside of plant tissues. Low
level of resolution.

Requires special equipment.
lon-selective electrodes often interfere
with organic compounds. Reliable
ion-selective resins available for a few
major ions only.

Reaquires radioactive isotopes and often
complicated calculations with several
proposed pools of ions.

Indirect measurements, measure total
electric current carried out by several
ion species.

Require specific protocols for loaing,
intrinsic autofiuorescence and
non-specific adsorption of fluorescent
indicators could be drawbacks.





OPS/images/fpls-05-00634/pg1-1.jpg





OPS/images/fpls-05-00718/pg1-1.jpg





OPS/images/fpls-05-00746/pg1-1.jpg





OPS/images/fpls-05-00787/pg1-1.jpg





OPS/images/fpls-06-00023/pg1-1.jpg





OPS/images/fpls-07-00977/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-00406/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-00724/logo.jpg
, frontiers
in Plant Science





OPS/images/fpls-08-01795/logo.jpg
, frontiers
in Plant Science





OPS/images/fpls-06-00873/cross.jpg
®

o fark





OPS/images/fpls-06-00873/logo.jpg
’ frontiers
in Plant Science





OPS/images/fpls-08-00406/cross.jpg
3,

i





OPS/images/fpls-07-00977/cross.jpg
®

o fark





OPS/images/fpls-07-00848/cross.jpg
®

o fark





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fpls-07-00848/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-06-00226/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-06-00425/logo.jpg
, frontiers
in Plant Science





OPS/images/fpls-06-00023/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-06-00071/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-06-00226/fpls-06-00226-i001.jpg





OPS/images/fpls-06-00226/fpls-06-00226-i002.jpg





OPS/images/fpls-05-00718/logo.jpg
PLANT SCIENCE





OPS/images/fpls-05-00746/logo.jpg
PLANT SCIENCE





OPS/images/fpls-05-00525/fpls-05-00525-g006.gif





OPS/images/fpls-06-00226/fpls-06-00226-i003.jpg
HCO,





OPS/images/fpls-05-00525/fpls-05-00525-g007.gif





OPS/images/fpls-05-00787/logo.jpg
i}
PLANT SCIENCE





OPS/images/fpls-05-00525/fpls-05-00525-g004.gif





OPS/images/fpls-05-00525/fpls-05-00525-g005.gif





OPS/images/fpls-05-00525/fpls-05-00525-g002.gif
il

I

o w ww
s s





OPS/images/fpls-05-00525/fpls-05-00525-g003.gif
©
(A





OPS/images/fpls-05-00525/fpls-05-00525-g001.gif
@ w0 w
Naci
ncos
. o
)






OPS/images/fpls-05-00787/fpls-05-00787-t001.jpg
NaCl (mM) 0 25 50 100 200

Intercellular  6.41+0.57a 2.34+0.07b 0+0c 0+0c NA
space (um)

Cell wall 0.18+0.02a 0.19+0.01a 0.18+0.00a 0.26+0.02b NA
)

Values are means  standard deviation (n = 6). Means in each line followed by
different letters were statistically different (P < 0.05) by Duncan's multiple range
tests. NA, not available. At 200mM, parameters could not be obtained due to
cell wall rupture and cell disintegration.





