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Abstract

Distinct potassium, anion, and calcium channels in the plasma membrane and vacuolar membrane 

of plant cells have been identified and characterized by patch clamping. Primarily owing to 

advances in Arabidopsis genetics and genomics, and yeast functional complementation, many of 

the corresponding genes have been identified. Recent advances in our understanding of ion 

channel genes that mediate signal transduction and ion transport are discussed here. Some plant 

ion channels, for example, ALMT and SLAC anion channel subunits, are unique. The majority of 

plant ion channel families exhibit homology to animal genes; such families include both 

hyperpolarization-and depolarization-activated Shaker-type potassium channels, CLC chloride 

transporters/channels, cyclic nucleotide–gated channels, and ionotropic glutamate receptor 

homologs. These plant ion channels offer unique opportunities to analyze the structural 

mechanisms and functions of ion channels. Here we review gene families of selected plant ion 

channel classes and discuss unique structure-function aspects and their physiological roles in plant 

cell signaling and transport.
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INTRODUCTION

Ion channels have long been known to function in action potential generation in animal and 

plant algal cells (1–3). In plants the depolarizing phase of action potentials is, however, not 

mediated by Na+ channels, owing to the lack of a suitable Na+ gradient and to the fact that 

Na+ ions are toxic to most plant cells. Rather, the depolarizing phase of action potentials is 

mediated by Cl− efflux channels and by Ca2+ channels (3–6). Recent research has led to 

initial characterizations of Cl−/anion channel–encoding genes with unique structures (7–11).

In addition to their classical roles in action potential mediation, several classes of plant ion 

channels function in long-term net uptake or release of ions from cells or organelles (12–23). 

In this respect, several classes of plant ion channels do not show the typical rapid 

inactivation of animal ion channels. For example, inward-and outward-rectifying K+ 

channels in guard cells can remain activated for >30 min (24). This property allows these 

ion channels to function in long-term ion transport, thus mediating plant movements that are 

osmotically driven by so-called motor cells, which can show large changes in their turgor 

(25, 26).

Plant ion channels provide potent models to dissect general properties of ion channels that 

are presently of great interest and intensely debated. For example, the mechanisms allowing 

voltage sensor domains to activate and deactivate ion channels can be analyzed in plant ion 

channels because relatively closely related K+ channels exist with opposite voltage 

dependencies (27–32). Recent studies have shown that different members of the CLC family 

of membrane proteins can encode for either Cl− channels or endosomal Cl−/H+ exchangers 

(33–36). However, the physiological relevance of this Cl−/H+ exchange mechanism remains 

incompletely understood. Recent research has directly analyzed and demonstrated anion/H+ 

exchange mediated by an Arabidopsis CLC in the intact large vacuolar organelles of plant 

cells and has illustrated the physiological necessity of this type of transporter for 

concentrating nitrate reserves at 50-fold-higher concentrations inside vacuoles than in the 

cytoplasm (37).

A few studies have characterized depolarization-activated Ca2+-permeable channels in plant 

cells (38–40), and this type of ion channel has only recently been recorded in Arabidopsis 

(189). These Ca2+ channels may have specific functions, including the rapid responses of 

Venus flytrap (Dionaea muscipula) leaves (5). Most plasma membrane Ca2+ channels that 

have been recorded in plants show increased activity upon hyperpolarization (41–44). 

Interestingly, the genes that encode these Ca2+ permeable channels have not yet been 

characterized. Candidate genes in Arabidopsis may be the family of 20 cyclic nucleotide–

gated (CNG) channel homologs (45) and 20 genes encoding homologs to animal glutamate 

receptor channels (46). However, sequenced genomes and EST databases indicate that 

higher plants may not include TRP channels (47) or ORAI homologs (48) within their 

genetic repertoires.

Analyses of cells with specific functions have facilitated the characterization of plant ion 

channel functions and regulation. Guard cells have been developed as a model system for 

illuminating plant ion channel function and signaling (Figure 1). Pairs of guard cells in the 
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epidermis of leaves form stomatal pores (Figure 1a,b) that enable plants to take in CO2 from 

the atmosphere for carbon fixation. However, stomatal pores also provide the major conduits 

for water loss of plants, via transpiration to the atmosphere. Stomatal pores can close (Figure 

1a) and open (Figure 1b), thus regulating the exchange of CO2 and water with the 

atmosphere. Physiological stimuli such as light and low CO2 concentrations regulate the 

osmotic opening of stomatal pores by increasing the K+, anion, and organic solute 

concentrations of guard cells (Figure 1b;c, right). Stomatal closing, in contrast, is mediated 

by the release of K+ and anions from guard cells, resulting in guard cell turgor reduction 

(Figure 1a;c, left). Stomatal closing reduces water loss in plants and is triggered by drought 

conditions, elevated CO2, and darkness. The adaptation of patch clamping and Ca2+-imaging 

methods to the relatively small guard cells of Arabidopsis (49, 50) opened up the possibility 

of combining powerful molecular genetic/genomic analyses in Arabidopsis with single-cell 

ion channel regulation and cell signaling analyses. Analyses of ion channel regulation in 

Arabidopsis have greatly increased our understanding of ion channel functions and signaling 

mechanisms in plants. Several reviews are available for background information on 

upstream signaling mechanisms that regulate plant ion channel activity (25, 26, 51, 52), and 

recently reported examples of ion channel signaling are reviewed here.

GUARD CELLS AS A MODEL SYSTEM TO STUDY PHYSIOLOGICAL 

FUNCTIONS OF PLANT ION CHANNELS

Guard cells regulate the aperture of stomatal pores in response to many physiological stimuli 

such as light, CO2 concentration, and hormones (26, 52). Additional features have made 

guard cells an attractive model system for studies of ion channels: These cells are located in 

the epidermis and can be easily isolated, they are not connected to adjacent cells by 

plasmodesmata, and their cellular movements are rapid and driven by osmotic changes. 

Early work showed that cellular ion flux mediates guard cell osmotic changes (53–55). The 

inward and outward-rectifying K+ channels (14, 24) and anion channels (15, 16) were 

characterized and proposed to mediate stomatal movements (Figure 1c). The development of 

the plant Arabidopsis thaliana as a genetic model organism opened the possibility of 

combining electrophysiology, cell biology, molecular genetics, and functional genomics to 

study ion channel function and signal transduction in plants. This has allowed several 

approaches to relate specific ion channel genes to physiological functions in guard cells. 

Insertional mutants have been used to identify physiological functions for specific channel 

genes (10, 21–23, 56). Ion channel activities have been analyzed in Arabidopsis signal 

transduction mutants to understand how mutations in upstream abscisic acid (ABA) signal 

transduction components such as protein phosphatases impair ABA regulation of anion 

channels that control stomatal responses (49). The ability to apply the transgenic cameleon 

Ca2+ indicator to analyze Arabidopsis signaling mutants has allowed further resolution of 

the roles of cytosolic Ca2+ in the control of stomatal aperture (50, 57, 58).

During stomatal opening, guard cell volume increases by approximately 40% (59, 60). This 

increase occurs by activation of plasma membrane H+ pumps, K+ uptake through inward-

rectifying K+ channels, organic acid (mainly malate) production, and the uptake of inorganic 

anions (Cl−), presumably through proton-coupled uptake transporters (Figure 1c, right). This 
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lowers the water potential in guard cells and drives osmotic water uptake into guard cells. 

Most of the volume change in guard cells is accounted for by increased vacuolar volume, 

with multiple smaller vacuoles fusing to form a large central vacuole (60). K+ uptake into 

vacuoles during stomatal opening is likely due to H+/K+ antiporter activity (61), whereas 

anion uptake into vacuoles may occur through a combination of low-affinity anion channels 

(9, 62, 63) and an active H+/anion exchange mechanism (37).

During stomatal closing, guard cell volume decreases owing to net cellular efflux of solutes. 

Depolarization due to plasma membrane anion channel activity was proposed to drive K+ 

efflux through outward-rectifying K+ channels (14–16). The resulting cellular export of K, 

Cl−, and organic ions such as malate drives water efflux (Figure 1a;c, left). At the vacuole 

membrane, Ca2+-activated vacuolar K+ (VK) channels are required for K+ release to the 

cytoplasm (17, 22, 64).

In the following sections, we present an overview of plant ion channel classes, how they 

relate in structure and activity to channels in other systems, and how they function in plants.

PLANT CHLORIDE/ANION CHANNELS AND TRANSPORTERS

Cl− channels in algae mediate a major component of the depolarizing phase of action 

potentials, consistent with a downhill Cl−/anion gradient from the cytoplasm to the cell wall 

space of plants cells that is typically opposite to the gradient found in animal cells (3, 6, 65, 

66). In guard cells, roots, and other cell types, anion channels may provide major 

mechanisms for net anion efflux and transport across the plasma membrane (7, 15, 16, 67) 

(Figure 1). In addition, many responses in plants, including plant pathogen responses, 

involve membrane potential depolarization accompanied by Cl− efflux, and anion channel 

blockers inhibit pathogen-induced signaling, suggesting that anion channels may play roles 

in these responses as well (68). Indeed, anion channel– mediated depolarization may 

contribute to the propagation of signals because most plant cells are cytoplasmically 

connected to one another via plasmodesmata.

Aluminum Tolerance Mediated by ALMT Anion Channels/Transporters

In addition to their proposed functions as major regulators of stomatal closing as discussed 

above, plant anion channels have been of great interest in understanding how plants can 

acquire tolerance to aluminum stress. Aluminum is the third most abundant element in the 

earth’s lithosphere (crust). In acidic soils, which cause solubilization of Al3+, Al3+ is highly 

toxic to plant growth (69). Research on different plant species has demonstrated that plant 

cultivars that show tolerance to Al3+ are able to secrete Al3+-chelating organic anions, such 

as malate and citrate at the root surface, in response to Al3+ exposure (70–72). 

Electrophysiological studies have shown that Al3+ activates anion channel currents in 

cortical cells in the root apex (71, 73).

Major genetic Al3+ tolerance loci have been cloned and mapped in several plants, and 

several of these loci encode members of a family of membrane proteins known as Al3+-

activated malate transporters (ALMTs) (Table 1) (7, 8, 74). ALMTs have 6–8 predicted 

membrane domains. Interestingly, expression of individual ALMTs in Xenopus oocytes is 
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sufficient to mediate Al3+-induced malate currents, suggesting that the ALMT transporters 

are direct sensors or receptors of Al3+ stress (7, 8, 75). Reversal potential shifts in Xenopus 

oocytes show Nernstian behavior correlating with the malate gradient (8), leading to the 

suggestion that ALMTs encode anion channels.

A recent study has shown that the Arabidopsis AtALMT9 protein is targeted to the vacuolar 

membrane of plant cells and mediates low-affinity malate uptake into plant vacuoles (9). 

Vacuolar (V-type) proton pumps acidify the lumen of vacuoles and provide the driving force 

for low- and high-affinity vacuolar malate uptake. Plant vacuoles have malate uptake 

channels (62, 63, 76). Patch clamp analysis of intact vacuoles has shown that this vacuolar 

malate current is absent in ALMT9 knockout mutant plants (9). Further structure-function 

analyses of ALMTs should shed light into the mechanisms of Al3+ activation, anion 

transport, and selectivity.

CLC Chloride Channels and Proton/Anion Exchangers

In animal cells several classes of Cl− channels are known. These include the CLC family 

(77), GABA receptor and glycine receptor channels (78), volume-regulated anion channels 

(VRACs), and bestrophins (79). In plants no bestrophin homologs or direct GABA/glycine 

receptor homologs have been reported. Small domains with homology to these ion channels 

have been reported within the 20-member glutamate receptor homolog family (80), although 

no evidence has been reported that these function as anion channels.

In the case of the membrane protein CLC genes, a family of seven homologs is present in 

the Arabidopsis genome (Table 1). Several plant CLC proteins are targeted to intracellular 

organelles (37, 81–83). The first electrophysiologically characterized plant CLC protein was 

AtCLCa, which is targeted to plant vacuoles (37). Interestingly, AtCLCa mediates proton/

anion (nitrate) exchanger activity in the vacuolar membrane, rather than anion channel 

activity (37). Previous studies of the bacterial ClC-e1 and the endosomal CLC-4 and CLC-5 

membrane proteins showed that they encode proton/Cl− exchangers (33–35). However, the 

physiological relevance of proton/Cl− exchange activity compared with Cl− channel activity 

remained unclear in bacteria and animal cells. For example, both Cl− channels and proton/

Cl− exchangers would be predicted to mediate Cl− uptake into endosomes. Research on 

plant vacuoles showed that AtCLCa is energetically suited for the physiological 

accumulation of nitrate into vacuoles at lumenal concentrations that are 50-fold higher than 

typical cytosolic nitrate concentrations (37). Passive nitrate channels would not allow such 

physiological nitrate accumulation in plant vacuoles that may generate membrane potentials 

of –30 mV (on the cytoplasmic membrane side relative to the vacuole lumen).

Analyses of bacterial CLC proton/Cl− exchanger ClC-ec1 have shown that two glutamate 

residues (E148 and E203) are important for proton/Cl− exchange activity vis-à-vis Cl− 

channel activity of other CLC proteins (36). Interestingly, four of seven Arabidopsis CLC 

proteins have glutamate residues at both corresponding positions (e.g., E203 and E270 of 

AtCLC-a) (37, 84), indicating that only three Arabidopsis CLCs may encode anion channels, 

whereas most plant CLC transporters may encode proton/anion exchangers.
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Expression of a proton/anion exchanger CLC in the plasma membrane of plant cells may be 

relevant for anion efflux and membrane depolarization (84) because the extracellular space 

of plant cells has an acidic pH (e.g., pH 5.5 to 6). For example, motor cells that rapidly 

reduce their turgor via ion release (Figure 1a) could build up high cell wall anion 

concentrations (25, 84), which would limit the ability of passive anion channels to continue 

driving turgor reduction (Figure 1c, left). However, proton/anion exchangers would 

energetically favor continued anion efflux across the plasma membrane and could continue 

to mediate anion efflux and depolarization, which is required for K+ efflux via K+ channels 

from motor cells. Further research is needed to determine whether a plant CLC protein is 

targeted to the plasma membrane and what type of biophysical anion transport mechanism 

such transporters utilize.

Slow Anion Channels Require the SLAC1 Membrane Protein

Research on guard cells has led to the model that anion channels are critical mechanisms for 

controlling stomatal closing and anion efflux from plant cells (15, 16). However, apart from 

genes encoding the ALMT malate channels/transporters, anion channel– encoding genes 

have remained unknown in plants. Recent genetic screens for ozone sensitivity of leaves and 

for CO2 insensitivity of leaf temperature have led to isolation of a gene, named SLAC1, that 

encodes a plasma membrane protein in guard cells (10, 11). Interestingly, slac1 mutant 

alleles show insensitivity to CO2-, ABA-, and ozone-induced stomatal closing (10, 11). This 

ozone insensitivity leads to an increased entry of ozone into leaves through open stomata 

(Figure 1) and thus to enhanced ozone damage in slac1 mutants (10).

Patch clamp analyses of two slac1 mutant alleles showed that slow/sustained (S-type) anion 

channel currents were greatly impaired, whereas the rapid (R-type) anion channels and the 

plasma membrane Ca2+-permeable ICa channels were intact in guard cells (10). Thus, these 

data provide strong genetic evidence for the model that S-type anion channels provide one 

of the critical mechanisms for signal-induced stomatal closing (15). These analyses do not 

exclude a role for R-type anion channels in stomatal closing because, for example, light-dark 

transitions, ABA, and transitions to low humidity showed a slowed or a partial stomatal 

closing response in slac1 mutant alleles that may be mediated by the remaining R-type anion 

channels or other anion efflux conductances (10). As discussed above in reference to CLCs, 

there may be a third type of anion efflux channel/transporter that also contributes to the 

control of stomatal closing. Furthermore, analyses of slac1 mutants show that R-type and S-

type anion channels do not require identical membrane proteins (10), although these findings 

do not exclude the possibility that other proteins are shared among these two types of plant 

anion channels (85).

SLAC1 is part of a gene family with five members in the Arabidopsis genome (Table 1). 

SLAC1 encodes a membrane protein that has nine to ten predicted transmembrane domains 

with large N- and C-terminal domains. SLAC proteins show a weak homology in their 

predicted transmembrane domains to a fungal (86) and a bacterial malate transporter in the 

TDT family. Both the S-type and the R-type anion channels allow Cl− and malate efflux 

from guard cells (16, 87), which correlates with malate and Cl− efflux from guard cells 

during stomatal closing (88, 89). Thus, the homology of SLAC1 to malate transporters and 
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the disruption of S-type anion currents in slac1 mutants indicate that SLAC1 is a member of 

a novel plant anion/Cl− channel family. Further research on SLAC proteins should 

determine their regulation mechanisms and functions in various plant tissues.

PLANT Ca2+ CHANNELS

Several distinct Ca2+ channel activities have been characterized in the plasma membrane of 

plant cells. However, to date, the corresponding genes have not been identified. Land plants 

encode one type of voltage-dependent Ca2+ channel homolog (TPC1) that has been well 

characterized and is expressed in the vacuolar membrane (see below). Candidate genes that 

possibly encode plasma membrane Ca2+ channels are a family of 20 glutamate receptor 

homologs (GluR) (46) and a family of 20 CNG channel homologs (CNGC) (45, 90). 

Glutamate receptor homologs are required for glutamate-induced depolarization and 

intracellular [Ca2+] elevation in roots (91, 92). Further voltage clamp recordings of these 

channels will be valuable for comparisons to known root Ca2+ channels (42, 93). For more 

information on plant homologs of ionotropic glutamate receptors, see Lacombe et al. (46).

Several studies have identified hyperpolarization-activated Ca2+ channels (41–44). ABA 

enhances this ICa activity (44) by shifting the activation voltage to more positive potentials 

(43). ABA regulation of ICa can occur through reactive oxygen species (ROS) production 

(44, 94), which induces increases in cytosolic Ca2+ concentration ([Ca2+]cyt). ABA 

induction of ROS and ABA activation of ICa channels are impaired in guard cells in which 

the plasma membrane NADPH oxidase Atr-BOHD and AtrBOHF genes are disrupted, 

providing genetic evidence for a role of ROS in ICa regulation by ABA (94). Furthermore, 

ICa is regulated by Ca2+-dependent protein kinases and protein phosphorylation events (95, 

96).

Hyperpolarization-activated Ca2+-permeable channels have also been analyzed in root cells 

(42, 97). Differences in ROS sensitivity of these channels in mature versus elongating root 

cells indicates that more than one class of hyperpolarization-activated channel may exist in 

plants (93). A study in the root hair development mutant rhd2, which has very short root hair 

cells, identified the rhd2 mutation in the transmembrane NADPH oxidase AtRBOHC (98). 

This study further showed a defect in rhd2 in establishing a root hair tip–focused [Ca2+]cyt 

gradient. Application of hydrogen peroxide to cells reestablished Ca2+ influx and Ca2+ 

channel activation in root hair cells (98; see Note Added in Proof following the Literature 

Cited).

Depolarization-activated Ca2+ channels have been characterized in plant cells (38–40, 99) 

but appear to be less ubiquitous than hyperpolarization-activated channels. The relative 

scarcity of depolarization-activated Ca2+ channels may be because optimal conditions for 

analyzing these channels have not yet been developed or other plant types and cell systems 

may need to be analyzed for this purpose. Studies of action potentials in Venus flytrap 

suggest that depolarization-activated Ca2+ channels may function in this electrically 

propagated response (5, 100). Plants also have stretch-activated Ca2+ channels (101), for 

which the genes and regulation mechanisms remain less studied to date. Mechanical 

stimulation of Arabidopsis roots causes a rapid rise in [Ca2+]cyt (102). This system may be 

Ward et al. Page 7

Annu Rev Physiol. Author manuscript; available in PMC 2016 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



well suited for advancing models of functions, regulation, and genes mediating 

mechanosensitive [Ca2+]cyt elevations. A recent study identified Arabidopsis Mca1, a 

potential component of mechanosensitive Ca2+ channels (103; see Note Added in Proof ).

COMPARATIVE GENOMICS OF HIGHER PLANT ION CHANNELS WITH 

CHLAMYDOMONAS

The unicellular green alga Chlamydomonas reinhardtii has been a model organism primarily 

for the study of photosynthesis and chloroplast biogenesis and its ability to grow 

heterotrophically in the dark, allowing for isolation of photosynthetic mutations that would 

be lethal in vascular plants. Since the completion of the Chlamydomonas genome project 

(104), C. reinhardtii has been useful for comparative genomics with other members of the 

kingdom Viridiplantae. These genomic analyses allow extrapolation to the common ancestor 

of all green plants, a photosynthetic organism that lived more than a billion years ago before 

the divergence of the chlorophytes (green algae) and the streptophytes (land plants). The C. 

reinhardtii genome was found to encode a number of ion channels that had been thought to 

be specific to animals (105; Table 1): an inositol-1,4,5-trisphosphate-gated Ca2+ channel, 

nine predicted 4 × 6 transmembrane domain–containing Ca2+ channel α subunits, and seven 

6TM1P proteins with similarity to hyperpolarization-activated cyclic nucleotide– gated 

(HCN)-type K+ channels. The physiological function of these ion channels in C. reinhardtii 

remains to be elucidated. On the bases of these findings and the lack of known close 

homologs in land plant genomes (Table 1), Chlamydomonas can be considered a “green 

animal” (104). The presence of such animal-type ion channel genes in a green alga suggests 

that they had also been part of the ion channel repertoire of the ancestral viridiplant and 

were subsequently eliminated in the streptophyte lineage (105). Likewise, Na+ and K+ ion 

transporter/channels such as HKT/Trk or the KUP/HAKs (discussed below), which occur 

not only in plants but also in fungi and bacteria, may have been present in an ancestor of 

animals as well and were lost in the course of metazoan evolution. Thus, parsimonious 

comparison of transporter genes indicates that the common ancestor of plants and animals 

had a larger repertoire of ion channel classes than did extant members of either kingdom. 

Presumably such an organism was heterotrophic and unicellular.

POTASSIUM CHANNELS

Cation Channels with Pore Loops

We refer the reader to reviews on the physiology, regulation, and structure-function analyses 

of plant K+ channels for background information (106, 107, 108). Here we review some of 

the major and new insights into K+ channel structure and function and also recent advances 

from functional genetic analyses in Arabidopsis. Loop structures, in contrast to α-helical 

transmembrane domains, allow channels to engage moieties of the polypeptide backbone in 

K+ ion binding (109). Thus, the K+ ions inside the pore of the K+ channel interact with the 

carbonyl oxygens of the filter triad glycine-tyrosine-glycine (GYG) located at the end of the 

channel’s pore loop (P-loop) (110). Together, the carbonyl groups of the four filters of a 

tetrameric channel coordinate two K+ ions separated by one molecule of H2O in a similar 

way to the hydration sphere in water, explaining at once the near diffusion limit Vmax of K+ 
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channels and the strong discrimination against the smaller cation Na+ (110). The GYG triad 

is characteristic for K+ channels (110); less selective cation channels/transporters also 

possess P-loops, but with a less stringent filter motif (111–113). Nevertheless, the P-loops 

are evolutionarily conserved to a degree that renders them readily detectable in silico (Figure 

2). To identify all types of P-loop-containing cation channels from plants, we scanned the 

predicted proteomes of A. thaliana, Populus trichocarpa, Oryza sativa, and C. reinhardtii 

with a hidden Markov model–based profile for P-loops. The results are shown in Figure 2. 

Ubiquitous throughout all kingdoms of life are the tetrameric cation channel with cytosolic 

N and C termini and, per subunit, six transmembrane domains and one P-loop between TM5 

and TM6. This topology, 6TM1P, is shared between voltage-gated K+ (Kv) channels, CNG 

channels, and HCN channels, suggesting a common evolutionary origin of these families. 

The smallest K+ channel subunits, represented by KcsA from Streptomyces lividans (110), 

consist of just one P-loop between two transmembrane domains. Other classes of cation 

channels carry two P-loops per subunit and presumably function as dimers. In plants these 

are the KCO/TPK (two-pore) K+ channels with four transmembrane domains; the P-loops 

are located between TM1 and TM2 and between TM3 and TM4. The schematic topologies 

are depicted in Figure 2.

Shaker-Type K+ Channels

Named after the Drosophila shaker mutant, Shaker-type K+ channels are the archetypal 

voltage-gated K+ channels. Crystal structures have been resolved for the archaebacterial 

KvAP and the mammalian channel Kv1.2 (110). Shaker channels are activated by 

depolarization of the membrane potential. The voltage sensitivity is conferred by TM4, 

which contains a series of positively charged amino acids. Movement inside the membrane 

of this voltage sensor in response to depolarization opens the channel (114–117). The first 

depolarization-activated K+ channel described from plants was SKOR, the stelar K+ outward 

rectifier from A. thaliana (29). SKOR is expressed in the vascular cylinder of the root, 

where it is thought to mediate the release of K+ into the xylem (conducting tissue) for root-

to-leaf transport. This model is in accordance with the lowered K+ content in xylem sap of 

T-DNA-disrupted skor null mutant Arabidopsis (29). SKOR mainly allows unidirectional 

K+ efflux from cells because the activation potential of plant outward-rectifying K+ channels 

shifts to more positive voltages upon an increase in the extracellular K+ concentration (24, 

118, 119). A related channel from Arabidopsis, GORK (guard cell outward-rectifying K+ 

channel) (120), is the major outward-rectifying K+ channel in guard cells and contributes to 

stomatal closure. Depolarization of guard cells by anion efflux activates GORK, and the 

resulting K+ efflux further contributes to water loss and stomatal closure. Disruption of 

GORK by T-DNA insertion impaired stomatal closure (21). GORK is also expressed in root 

hairs (121). Although there are apparently no further genes for outward-rectifying K+ 

channels in the Arabidopsis genome, the situation is more complex: When coexpressed in 

Saccharomyces cerevisiae or Xenopus laevis oocytes, SKOR and GORK subunits are able to 

form heteromeric channels, and thus heteromeric channels may form in vivo (122).

Inward-Rectifying Shaker K+ Channels

Plants possess members of the 6TM1P super-family that carry all the hallmarks of Shaker 

channels, including the voltage sensor. These channels function as inward-rectifiers, 
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activated by hyperpolarization of the membrane potential (14, 27, 123). The family of 

inward-rectifying Shaker channels comprises the first K+ channels identified from plants, 

Arabidopsis AKT1 and KAT1. Both genes were identified by functional complementation in 

K+ uptake– deficient yeast selected on limiting [K+] (124, 125).

AKT1 is expressed in Arabidopsis roots. Homozygously disrupted akt1 plants exhibit an 

impaired growth phenotype on micromolar extracellular [K+], indicating that a channel can 

contribute to root K+ accumulation from soil provided the membrane potential is large 

enough to enable concentrative uptake (18). The growth phenotype is apparent only in the 

presence of NH4
+ (18). These data correlate with the finding that ammonium blocks 

alternative transporters for root K+ uptake (126). AKT1 is regulated by the kinase CIPK23, 

which in turn is activated by calcineurin B–like Ca2+ sensors (127, 128). The Arabidopsis 

null mutant cipk23 also exhibits an impaired growth phenotype at low K+ concentrations in 

the presence of NH4
+ (129). Arabidopsis guard cells express several of the inward-rectifying 

Shaker channels: AKT1, AKT2, KAT1, KAT2, and the regulatory subunit KC1 (19). These 

channels mediate hyperpolarization-induced K+ influx, resulting in water influx and 

stomatal opening in response to signals such as sunlight (Figure 1b;c, right). Expression of 

dominant-negative KAT1 variants suppressed light-induced K+ uptake in guard cells and 

reduced stomatal opening (20). In accordance with an important role of KAT1 in stomatal 

opening, KAT1 activity is regulated at multiple levels. Treatment with ABA reduced KAT1 

expression in guard cells and triggered endocytosis of the channel (130), whereas auxin 

enhanced KAT1 expression in seedlings (131). When expressed in heterologous systems, 

KAT1 was activated by external acidification (132) or coexpression of 14-3-3 proteins (133) 

and was inhibited by coexpression of the regulatory subunit KC1 (134). Again, the 

properties of the inward-rectifying Shaker channels in planta may be multiplexed by the 

formation of heteromeric channels (135–138).

HCN Channels and CNG Channels

HCN and CNG cation channels have a 6TM1Ptopology, with positive charges in TM4 and a 

C-terminal cyclic nucleotide (cNMP) binding domain, and presumably function as 

tetramers. Both channel types are allosterically activated by cyclic nucleotides, but only the 

HCN channels are voltage sensitive, activated by membrane hyperpolarization. In 

accordance with the less stringent filter sequence, HCN K+ channels are also permeable to 

Na+. CNG channels are even less selective and also conduct divalent cations. In mammals, 

HCN channels function as cardiac pacemakers, whereas CNG channels generate electrical 

signals in olfactory neurons and photoreceptors. Land plants do not appear to possess HCN 

channels. The photosynthetic green alga C. reinhardtii, however, encodes seven unclassified 

channels related to HCN channels (Table 1; Figure 2) that represent the predominant 

GTM1P channels in this organism.

The Arabidopsis genome encodes 20 CNGC genes (45). Forward and reverse genetic studies 

have identified functions of Arabidopsis CNGC genes. The Arabidopsis dnd1 (defense, no 

death) mutant has a defect in the CNGC2 gene (139). dnd1 mutants exhibit a reduced 

localized programmed cell death response to pathogens, termed a hypersensitive response, 

but have elevated systemic acquired resistance. AtCNGC11 and −12 are important for 
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resistance against an avirulent Hyaloperonospora pathogen (140). These results indicate 

roles for CNG channels in pathogen defense responses. Furthermore, a recent study showed 

that null mutations in the Arabidopsis CNGC18 gene abolishes polarized growth of pollen 

tubes (141). cAMP but not cGMP activates a hypopolarization-dependent Ca2+ current in 

guard cells (142). Apart from these advances, the in vivo electrophysiological regulation 

properties of AtCNGCs remain less well understood and will require further analyses.

HKT TRANSPORTERS

Plant HKT (high-affinity K+ transporter) proteins belong to the Trk/HKT superfamily of 

monovalent cation transporters, together with bacterial TrkH, KtrB, and fungal Trk proteins 

(111). Trk/HKT transporters carry eight transmembrane domains and four P-loop-like 

domains in one polypeptide chain and are therefore thought to function as monomers that 

resemble KcsA-type K+ channel tetramers in structure (111, 143). The first gene cloned 

from plants was wheat HKT1 (144), which, when expressed in X. laevis oocytes or in S. 

cerevisiae, functions as a K+/Na+ cotransporter/channel (145). The majority of the 

subsequently characterized HKTs from plants are permeable to Na+ as well (146–148). HKT 

transporters in Arabidopsis, rice, and wheat protect plant leaves from over accumulating Na+ 

to toxic levels (149–151). In plant physiology, Na+ has a dual role: Under K+ starvation, 

Na+ can replace the nutrient K+ (152) in its nonspecific function as an osmolyte in the 

vacuole. However, in the cytosol, Na+ competes with K+-specific functions and is toxic to 

most plants. Arabidopsis AtHKT1 is a single-copy gene that transports Na+ when expressed 

in oocytes or yeast (146). Site-directed mutagenesis showed that a point mutation in the 

predicted selectivity filter contributes to determining K+/Na+ selectivity (112). Forward 

genetic (150, 153–155) as well as reverse genetic (149, 151, 156) approaches have identified 

AtHKT1 as a key component in protection of plants against salinity stress and in controlling 

shoot/root Na+ distribution. Arabidopsis athkt1 null mutants exhibit lower root Na+ content 

and higher shoot Na+ content compared with wild-type plants (149). This indicates that 

AtHKT1 functions to counteract Na+ accumulation in the shoot, where photosynthetic tissue 

is particularly Na+ sensitive. AtHKT1 and the rice ortholog OsHKT8 (OsHKT1;5) are 

expressed in xylem parenchyma cells in leaves (150, 151). Both function in the retrieval of 

Na+ from the xylem sap (150, 151, 156, 157), thus protecting leaves from overaccumulating 

Na+. A recent review describes plant HKT proteins in more detail (158).

KUP/HAK/KT K+ TRANSPORTERS

The KUP/HAK/KTs are a family of permeases that are selective for K+ but do not have P-

loops. They have a predicted topology of 10 to 14 predicted transmembrane domains (159), 

but the K+ transport mechanism (channel or other) remains unknown. The founding 

members of this family were cloned from bacteria (named KUP) (160) and from fungi 

named HAK (high-affinity K+ uptake mechanism) (161). In plants, the first KUP/HAK/KT 

transporters were discovered independently by several laboratories from EST sequences and 

via yeast complementation (126, 162–164). Bacteria and fungi usually have only one or two 

KUP/HAK/KT genes (if any; S. cerevisiae, for instance, has none), whereas in plants the 

KUP/HAK/KTs form multigene families, with 13 members in Arabidopsis, 25 in rice, and 24 

in poplar (90, 158, 159, 165). C. reinhardtii has three predicted KUP/HAK/KT genes (104). 
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The expansion of the KUP/HAK/KT family in vascular plants is likely to reflect the 

speciation of individual KUP/HAK/KT paralogs and the importance of K+ transport for 

many different physiological processes. The physiological functions of individual 

KUP/HAK/KT members are therefore challenging to assign by reverse genetics and require 

knowledge of the gene’s expression pattern. The promoter of A. thaliana AtHAK5 is active 

in the root vasculature and epidermis (166), and AtHAK5 expression is upregulated at low 

[K+] (166–168). K+ starvation also induced expression of orthologs from rice and barley 

(165, 169). Genetic disruption of AtHAK5 did not greatly affect plant growth. However, 

athak5 null mutant plants contained less K+ and displayed impaired Rb+ uptake kinetics. In 

particular, the K+-starvation inducible high-affinity component of root Rb+/K+ absorption 

(170) was diminished in athak5 null mutant Arabidopsis (166). For two other KUP/HAK 

members, a physiological function could be attributed by forward genetics: The Arabidopsis 

mutant Shy3-1 (short hypocotyl in the dark) results from a point mutation in AtKUP2 

(At2g30070) (171), and the mutant Thr1 (tiny root hair) is caused by disruption of AtKUP4 

(At4g23640) (172), indicating a role for KUP/HAK transporters in cell expansion. A recent 

review discusses the KUP/HAKs in more detail (158).

VACUOLAR ION CHANNELS

TPK1 Twin-Pore K+ Channels

VK (vacuolar K+) channels were first identified in the guard cell vacuole membranes and 

are activated by elevated [Ca2+]cyt in the range of 1 µM and highly selective for K+ (17). VK 

channels were suggested to function as a pathway for organellar K+ release into the cytosol 

in response to elevated [Ca2+]cyt during stomatal closure (17). VK channels show a slight 

rectification that favors K+ efflux from vacuoles, and VK channel activity is also stimulated 

by low cytosolic pH (17, 173). Expression of an Arabidopsis cDNA TPK1/KCO1 

(At5g55630) in yeast revealed vacuolar channel activity consistent with hallmark properties 

of VK channels (174). Arabidopsis mutants disrupted in TPK1 lacked detectable VK 

channel activity and exhibited slower stomatal closing in response to ABA (22).

TPK1 is localized in vacuole membranes, and the TPK1 gene is expressed at high levels in 

most tissues (22, 175). TPK1 is a member of the two-pore-domain K+ channel family, first 

described in yeast (176; Figure 2). There are five members of this family in Arabidopsis and 

three in rice, and all share the same topology of four transmembrane spans and two pore 

domains (Figure 2; Table 1). TPK1 has two EF hand Ca2+ binding domains in the C 

terminus, which makes TPK1 distinct from animal TPK channels (177) and indicates that 

Ca2+ binds and activates the channel directly (17, 22).

The KcsA-Type Channel Kir

Consisting of just two transmembrane domains and one P-loop per subunit, the KcsA-type 

channels are the most rudimentary of the K+ channels (110). The Arabidopsis genome 

encodes only one KcsA-type channel, Kir1, whereas rice and poplar apparently lack such 

channels. Kir1 was formerly named KCO3 because it belongs to the KCO family of TPK 

channels (Figure 2). Thus, Kir1/KCO3 may be the direct descendant of a gene that, upon 

duplication, became the founding member of the two-pore family. Alternatively, Kir1/KCO3 
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may be a truncated descendant of that family. The position of Kir1/KCO3 in the 

phylogenetic tree (Figure 2) does not support the first hypothesis, and the circumstance that 

other plants lack KcsA-type genes also points toward Kir1/KCO3 being a descendant of the 

KCO/TPK family. The function of Kir1/KCO3 in Arabidopsis remains to be investigated.

TPC1 Voltage-Dependent Calcium Channel: Slow Vacuolar Channel

The slow vacuolar (SV) channel was shown to be Ca2+ activated in vacuole membranes 

from beet storage tissue (178) and has subsequently been found in vacuole membranes from 

many plant cell types. SV channels are activated by Ca2+ and positive voltages on the 

cytoplasmic membrane side and are large-conductance, nonselective cation channels. In 

guard cells SV channels were found to be Ca2+-permeable (17), leading to the hypothesis 

that SV channels participate in Ca2+ signaling by releasing Ca2+ from the vacuole.

In 2005, Peiter et al. (56) identified the gene encoding SV channels in Arabidopsis as TPC1 

(At4g03560). TPC1 is a unique gene in plants, the only homolog of voltage-dependent Ca2+ 

channels in the Arabidopsis genome. Similar to TPC channels in animals (179), TPC1 in 

plants has two pore domains rather than the four pore domains usually associated with 

voltage-dependent Ca2+ channels. In plants, TPC1 is highly expressed in all tissues, 

consistent with the ubiquity of SV channel activity in plant vacuoles. The voltage 

dependence of SV channels limits vacuolar Ca2+ release, although recordings of 

deactivating (tail) currents show a clear Ca2+ permeation toward the cytoplasmic membrane 

side (17, 180). For physiological Ca2+ release (181), it has been proposed that the voltage 

dependence of SV channels would need to be shifted by modulators, as was recently found 

in Arabidopsis mesophyll vacuoles (182). An Arabidopsis TPC1 knockout mutant was 

defective in the inhibition of stomatal opening by external Ca2+ (56). This finding is 

consistent with a function for SV channels in guard cell Ca2+ signaling. However, ABA 

inhibited stomatal opening in the mutant similarly to wild type (56). The TPC1 mutant was, 

however, less sensitive to ABA inhibition of seed germination, indicating that SV channels 

participate in a subset of ABA signaling pathways in plants. Now that TPC1 has been 

identified as the SV channel–encoding gene (56), the physiological functions of this 

ubiquitous channel can be analyzed in diverse tissue types and under diverse conditions.

Elevated extracellular Ca2+ causes cytoplasmic [Ca2+] elevations in plant guard cells (57, 

183). The CAS1 Ca2+ receptor is required for this response, triggering [Ca2+]cyt oscillations 

that then inhibit stomatal opening and induce stomatal closing (184, 185). CAS1 has a single 

putative transmembrane domain and binds Ca2+ ions with a low affinity (184). No CAS1 

homologs have been identified in nonplant species. CAS1 has been localized to the plasma 

membrane (184) and to thylakoid membranes in chloroplasts (185). More work will be 

required to understand how extracellular Ca2+ causes CAS1-dependent intracellular [Ca2+] 

elevations (184, 185).

Fast Vacuolar Channels

The fast vacuolar (FV) channel is a low-conductance, nonselective cation channel that is 

inhibited by elevated [Ca2+]cyt. FV channels were first identified in vacuole membranes 
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from beet storage tissue (178). FV channels were subsequently analyzed in guard cells 

(173). The genes encoding FV channels have not been identified.

In guard cell vacuoles, if K+ accumulates relative to the cytoplasm during stomatal opening, 

then FV channels should be downregulated, allowing K+/H+ antiporters such as CHX20 (61) 

to generate a K+ gradient. FV channels can be very active at resting [Ca2+]cyt. However, 

physiological concentrations of Mg2+ inhibit FV channels (186), and FV channels are 

voltage dependent, with lower open probabilities at membrane potentials close to 0 mV 

(178, 186). Elevated vacuolar K+ causes an increase in the open probability of FV channels 

(187). FV channels may function as a pathway for K+ flux from the vacuole into the 

cytoplasm during proposed Ca2+-independent stomatal closing.

CONCLUSIONS

Detailed studies have revealed the activities of K+, anion, and Ca2+ channels and 

transporters in plant cells. Recent advances, especially patch clamping of Arabidopsis cell 

types, the sequencing of the Arabidopsis genome, and the development of genomic 

approaches in Arabidopsis, have facilitated the identification of genes encoding specific ion 

channel and transporter activities. The availability of mutants with defects in signal 

transduction pathways combined with electrophysiological assays have allowed rapid 

progress in understanding physiological functions of specific ion channels, as exemplified 

for guard cell ion channels. Guard cells have been developed as model plant cells for the 

study of ion channels because they respond to many physiological stimuli, are easily 

observed and isolated, and undergo osmotically driven reversible cellular movements 

requiring ion channel activity. Notably, related ion channels are found in most other cell 

types and are important for many other physiological processes, including mineral nutrition, 

signal transduction, tropisms, cell elongation, the export of toxic ions and organic acids, and 

interactions with pathogens and symbiotic organisms.

The finding that most plant ion channels have homologs in animals has increased interest in 

plants as model systems. Analysis of differences in ion channel gating, kinetics, selectivity, 

and regulation is contributing to understanding the structure-function relation of ion 

channels in general. In addition, plant cells provide advantages for analysis of intracellular 

channels: The plant vacuole is large and can be directly patch clamped, whereas the 

equivalent endosomes or lysosomes in animal cells are not as readily accessible.

Understanding the genetic bases of ion channels raises the possibility of engineering new 

traits of importance for agriculture and the environment. For example, ALMT anion 

channels function in the export of organic acids that allow plants to survive toxic Al3+ 

concentrations that are a major global problem in acidic soils. ALMT activity or expression 

could be modified in agricultural crops to allow food production on marginal land. Another 

example is the recent identification of SLAC1. SLAC1 has a central role in regulating 

stomatal aperture, which controls CO2 uptake and water loss. Water use efficiency and 

resistance to drought are increasingly important in agriculture. Atmospheric CO2 

concentrations are predicted to continue to increase. Modification of SLAC1 may provide a 

mechanism to limit water loss and improve drought resistance while maintaining high 
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carbon fixation rates. Thus, many new and unexpected properties of plant ion channels of 

importance to humans and the environment are undoubtedly awaiting discovery.
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Figure 1. 
Model for ion channel and transporter classes and their demonstrated or predicted roles 

during stomatal movements. (a) A closed stomate in a leaf from Vicia faba (broad bean). (b) 

An open stomate from Vicia faba. Two guard cells surround the stomatal pore and regulate 

the aperture of the central pore. (c) Model for regulation and activity of guard cell ion 

channels and transporters. (Left) (1) Signals that induce stomatal closing include the 

hormone abscisic acid (ABA), high [CO2], high extracellular [Ca2+], and high ozone [O3]. 

Many of the receptors involved remain to be identified (see Reference 26). Stomatal closing 
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requires net cellular efflux of solutes, in particular K+, Cl, and malate. ABA induces reactive 

oxygen species (ROS) production (2), which activates Ca2+-permeable ICa channels (3). 

Cytosolic Ca2+ concentration ([Ca2+]cyt) is a central regulator of transport mechanisms in 

guard cells and activates slow/sustained (S-type) anion channels (4) and vacuolar SV (TPC) 

channels (7) and VK (TPK) channels (8). Cl and malate efflux through S-type and rapid (R-

type) anion channels (4) and possibly CLC Cl/H+ antiporters (6) causes depolarization and 

drives K+ efflux through outward-rectifying K+ channels (5). At the vacuole membrane, SV 

(TPC1) channels (7) are Ca2+-activated and Ca2+-permeable voltage-dependent channels. 

VK (TPK) channels (8) are Ca2+ activated, are highly selective for K+, and are proposed to 

allow K+ release from the vacuole during stomatal closing. (Right) Mechanisms that 

function in guard cell ion uptake and stomatal opening. Blue light (10) activates 

phototropins (receptor/kinase), leading to stomatal opening. Signaling results in 14-3-3 

binding to plasma membrane proton pumps (11), leading to hyperpolarization and 

acidification of the extracellular space. Hyperpolarization activates inward-rectifying K+ 

channels (12). At the vacuolar membrane, proton pumps (13) acidify the vacuole lumen and 

drive K+/H+ antiporters (14 ). Cl and malate may accumulate in the vacuole through anion 

channel and anion antiporters (15 ).
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Figure 2. 
Phylogenetic tree of P-loop-containing proteins from Arabidopsis thaliana (dark blue), rice 

(Oryza sativa; red ), and Chlamydomonas reinhardtii (light blue). Where applicable, 

schematized membrane topologies are indicated: P-loop, green; transmembrane domain 4 

(TM4) including positively charged amino acids, orange; K+ selectivity filter residues, 

magenta. Cytosolic elements such as long C-terminal domains, cyclic nucleotide (cNMP) 

binding domains, or ankyrin repeats are not depicted. The photosynthetic alga C. reinhardtii 

has a unique set of ion channel genes (see Reference 105 and text). The P-loop-containing 
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channels from C. reinhardtii all have a positively charged TM4, but only five (179857, 

144365, 189793, 144354, and 165774) have a K+ selectivity filter. Because these do not 

form a clade, and because the C. reinhardtii channels are poorly resolved in general, they 

could not be attributed to specific classes. Scale indicates the number of amino acid 

substitutions per site. Kv IR, inward-rectifying K+ channel; Kv OR, outward-rectifying K+ 

channel; CNGC, cyclic nucleotide–gated channel; TPK, two-pore K+ channel.
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Table 1

Number of predicted transporter genes in the genomes of Arabidopsis, poplar, rice, and Chlamydomonasa

A. thaliana P. trichocarpa O. sativa C. reinhardtii

Predicted proteome size 31,711 58,036 26,841 14,598

Cation transporters

KcsA type 1 0 0 0

Shaker type 9 11 6 0

TPK/KCO 5 10 4/3 0

Unclassified 6TM1P 0 0 0 9

CNGC 20 12 10 0

TPC 1 1 1 0

HKT 1 2 6 0

KUP/HAK 13 28 25 3

Anion channels

CLC 7 8 5 5

SLAC 5 4 7 1

ALMT 13 22 8 0

Calcium channels

VDCC 0 0 0 9

Ins-3P–R 0 0 0 1

GluR (plant type) 20 61 13 0

a
The predicted proteomes were screened with HMMer profiles (188) made from homology-reduced sets of representative proteins of each family. 

See text for abbreviations of family names. The results are affected by differences in sequence coverage and quality of gene predictions between 
species.
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