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Abstract Monovalent cations such as potassium (K+)
and ammonium NHþ

4

� �
are essential to plant growth

and development whereas others, such as sodium
(Na+), can greatly inhibit plant growth. To understand
and potentially manipulate the roles of these mono-
valent cations, a detailed knowledge is required about
how they move in, out, and throughout plants,
processes that are mediated by membrane trans-
porters. The application of genomics and post-
genomics methods has provided an overall idea of
the genes that encode membrane transporters and in
combination with functional analyses we now have a
more detailed picture of which proteins are involved
in particular biological functions. This review will
give an overview of the gene families that are
involved in monovalent cation transport, their mem-
bers and their broad functional classification. Subse-
quently, an update will be provided on the identity
and the roles of specific isoforms with regard to
important physiological processes such as the uptake,
long distance transport and compartmentation of K+

and Na+ and the uptake from the soil of NHþ
4 .

Keywords Cation transport . Membrane transport .
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Introduction

Plants need nutrients to grow and develop and most of
these are found as inorganic minerals in the soil.
However, most soils show deficiency for one or more
essential minerals and optimal growth conditions are
therefore rarely achieved. Throughout our agricultural
history, man has tried to improve crop growth
conditions through the use of organic or chemical
fertilisers and currently agriculture relies on the input
of an astonishing 150 million tonnes of chemical
fertiliser to maintain production. Fertilisers add consid-
erable costs to farming and also greatly impact on the
environment: Fertiliser production and transport are
highly energy consuming and (over) application can
easily lead to greenhouse gas release and pollution of
surface waters.

In contrast, many environments contain essential and
non-essential minerals in concentrations high enough to
cause toxicity and thus negatively affect plant growth.
Examples include natural and man-made biotopes that
contain toxic levels of heavy metals, arsenic, salt,
protons and many other inorganics. Dealing with
excessive amounts of inorganics is far less amenable
to simple solutions and often the affected areas are
therefore avoided for agronomic activities.

Plants have developed sophisticated mechanisms
to cope with the low abundance of nutrients and also
to provide tolerance against excessive levels of
harmful inorganics: High affinity transport systems
in roots ensure adequate nutrient uptake from dilute
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soil solutions. Often multiple uptake mechanisms
with varying substrate affinities are available that
respond to fluctuations in supply and suit a range of
external substrate concentrations. Buffer mechanisms
are present such as vacuolar accumulation during excess
supply and subsequent mobilisation when supply
becomes limited. Tolerance mechanisms include the
restricted uptake and extrusion of harmful ions, their
compartmentation into vacuoles and storage in partic-
ular tissues.

Nutrient acquisition and distribution and tolerance
mechanisms inevitably rely on proteins that are
embedded in membranes that are responsible for the
transmembrane movement of ions. Not surprisingly,
the study of such membrane transporters has featured
heavily in general plant physiology as a discipline to
understand plant nutrition and plant tolerance to abiotic
stress. Post genomics data have shown the extent to
which genomes encode membrane transporters and
their phylogenetic relationships within and across
species. It is clear that a significant proportion of the
genome (>5%) encodes membrane transport proteins
and establishing which particular transporters participate
in a certain process is a daunting task. Nevertheless, the
achieved and ongoing characterisation of specific trans-
porters, combined with the large amount of post-
genomics data that is now available allows a more
detailed dissection of the role of transporters and
transporter families in plant nutrition.

In this review I will update the recent progress that
has been made in the functional annotation and
characterisation of membrane transporters involved in
the movement of monovalent cations. I will evaluate
what the contribution of specific families and isoforms
of transporters is to important physiological processes
such as the uptake of nutrients, ion extrusion, and the
compartmentation and long distance transport of
minerals.

Monovalent cation transporters

Several plant genomes have been sequenced and this
has generated ample insights into the composition of
membrane transporter families. Although a significant
proportion of putative membrane proteins is still
annotated as ‘hypothetical’ or ‘unknown,’ most mem-
brane proteins have been classified into specific gene
families. In a small number of cases this classification

is based on functional data but more often it is on the
basis of inter- and intraspecies phylogenetic relation-
ships. For the monovalent cations around 12 families
(Table 1) can be distinguished that comprise trans-
porters with various basic mechanisms (Fig. 1): (1) Ion
channels, or uniporters, are integral membrane pro-
teins, which form regulated, substrate specific pores in
the membrane. Ion channels do not directly consume
energy and exclusively catalyse ‘down-hill’ or ‘pas-
sive’ transport, i.e. ions moving down their electro-
chemical gradient. The opening and closing, or
‘gating,’ of ion channels is subject to many factors
but often sensitive to the membrane potential (‘voltage
gated channels’) whereas in other cases the presence of
ligands is required to activate channels (‘ligand gated
channels’), e.g. in the case of cyclic nucleotide gated
channels. A third activating mechanism of ion channels
is through sensing physical stress in the membrane
itself in the case of so-called mechanosensitive ion
channels.

Channels typically exhibit substrate affinities in the
millimolar range and can catalyse the transport of
millions of ions per second. The latter makes them
ideally suited to function in the bulk movement of
ions, for example during rapid adjustment to osmotic
changes, large scale mineral uptake or in rapid
signalling events. However, the substrate specificity
of ion channels may be low. (2) In contrast to ion
channels, antiporters or exchangers are a type of
‘carrier’ which can accumulate substrate. The energy
for movement of the main substrate is derived from
coupling its transport to the ‘down-hill’ movement of
a second substrate. In plants, the second substrate is
typically a proton (H+) and substantial H+ gradients
exist across the plasma membrane and the vacuolar
membrane to energise H+-coupled antiporters. (3)
Symporters, or cotransporters, are also carrier type
mechanisms that, like antiporters, use energy stored in
the electrochemical H+ gradient to accumulate sub-
strates against an electrochemical gradient. However,
in the case of symporters, the main substrate and the
H+ are moved in the same direction. Anti- and
symporters can have very high substrate affinities
and generally are highly selective. This inevitably
means their turn over rates are considerably lower
than those of ion channels and usually are limited to
hundreds or thousands of substrates per second. All
three mechanisms are found in the plasma membrane
and endomembranes such as the tonoplast. A short
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description of the various gene families that encode
monovalent cation transporters follows below.

Ion channels

On the basis of structure and homology to their
animal counterparts, four main cation channel fami-
lies can be distinguished that include voltage and
ligand gated channel types (Fig. 2). Two families
comprise K+ selective ion channels whereas the
remaining two encode non-selective ion channels that
do not or only weakly discriminate between monova-
lent cations.

Shaker type channels are the most thoroughly
characterised both in planta and using heterologous
expression systems (see Very and Sentenac 2002 for
review). Shaker type channels are predominantly

expressed in the plasma membrane, exhibit a high
selectivity for K+ and have a basic subunit structure of
6 transmembrane domains (TMDs) with a pore region
between the 5th and 6th TMD (Fig. 2a). The pore
region contains the selectivity filter with the canonical
GYGD motif, a hall mark for K+ selectivity. The 4th
TMD contains the voltage sensor and the entire
protein contains 4 identical (homotetramer) or differ-
ent (heterotetramer) subunits. Channel gating is
activated in response to changes in the membrane
potential and the family is subdivided accordingly:
Depolarisation activated Shaker channels increase
their open probability when the membrane becomes
less polarised and this class of channel typically
conducts outward K+ currents, i.e. K+ moving from
the cytosol to either the external medium or into
cellular compartments. In addition to these outward

Table 1 Overview of the main gene families involved in the movement of monovalent cations

Transporter
family

Isoforms in
A thaliana

Isoforms in O
sativa

(Putative)
role

Reference

Cation channels
Shaker type 9 8–10 K+ uptake; Long distance

K+ transport; K+ release
Very and Sentenac (2002)

TPK 5 3 Vacuolar K+ release Gobert et al. (2007), Becker et al. (2004)
CNGC 20 15 K+ uptake; Na+ uptake Talke et al. (2003), Li et al. (2005),

Gobert et al. (2006)
GLR 20 20 Unknown Davenport (2002)
Ammonium transporters
AMT 5–6 11 NHþ

4 uptake Ludewig et al. (2002), Ludewig et al. (2002),
Loque et al. (2007)

Cation exchangers
NHX 8–9 6–7 Vacuolar Na+ compartmentation Apse et al. (1999), Zhang and Blumwald (2001),

Yokoi et al (2002), Fukuda et al. (2004),
Xue et al. (2004), Pardo et al. (2006)

SOS1 1 1 Na+ extrusion; Na+ xylem loading Zhu (2002), Shi et al. (2002)
CHX 29 17 Long distance Na+ transport;

vacuolar K+ loading
Sze et al. (2004), Cellier et al. (2004),
Hall et al. (2006)

NHD 2 1 Unknown Ottow et al. (2005)
KEA 6 2–3 Unknown Maser et al. (2001)
Cation symporters
KUP/HAK 12 17 High affinity K+ uptake;

vacuolar K+ release
Ahn et al. (2004), Armengaud
et al. (2004), Gierth et al. (2005),

HKT 1 9 Na+ uptake; long distance
Na+ transport

Berthomieu et al. (2003), Garciadeblas et al.
(2003), Rus et al. (2004), Ren et al. (2005),
Platten et al. (2006),

The number of family members in Arabidopsis thaliana and Oryza sativa is mainly based on data from the Aramemnon plant
membrane protein database (http://aramemnon.botanik.uni-koeln.de/). The assigned (putative) roles are often for specific isoforms
within families (see text) and only include processes discussed in the text.
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rectifying K+ channels, plasma membranes contain
inward rectifying K+ channels that respond to hyper-
polarisation of the membrane. Both inward and
outward rectifying K+ channels show a strong
dependence on membrane potential whereas a third
subgroup only shows weak (inward) rectification.
Shaker type channels fulfil a large number of
functions but are major contributors to K+ uptake
and K+ homeostasis and are main K+ conduits during
cellular movement exemplified by stomatal function.

The two pore K+ (TPK) channel family contains 5
members in Arabidopsis. TPKs show a 4-TMD, 2
pore structure with both pores containing the GYGD
motif (Fig. 2b) and active channels presumably
function as dimers (Voelker et al. 2006). No voltage
sensor is present and TPK activity is not or very

weakly affected by membrane voltage (Gobert et al.
2007). Four out of five TPKs contain two clearly
defined ‘EF hand’ domains that are involved in Ca2+

binding, pointing to a regulatory function of this
divalent cation. Only a few TPKs have been charac-
terised either in heterologous systems or in planta
(Becker et al. 2004; Gobert et al. 2007) and indicate a
role in membrane potential regulation and in K+

homeostasis.
Cyclic nucleotide gated channels (CNGCs) show a

very similar basic structure to Shaker type channels
with 6 TMDs and a pore between the 5th and 6th
TMD (Fig. 2c). Their gating is not, or only weakly,
dependent on membrane voltage but does require the
binding of ligand in the form of cGMP or cAMP.
CNGC selectivity is likely to be low and this class of
channel is believed to be able to conduct K+, Na+, Ca2+

and possibly other monovalent and divalent cations. In
Arabidopsis, the CNGC family comprises 20 isoforms
(see Talke et al. 2003 for review) and a similar number
is present in rice. Some isoforms have been studied in
detail and it appears that CNGCs function in the two
broadly defined areas of plant pathogen response
signalling and cation homeostasis. For example,
CNGC2, 4, 11 and 12 all play roles in response to
bacterial pathogens, particularly in the signal transduc-
tion that leads to the hypersensitive response (Clough
et al. 2000; Balague et al. 2003; Yoshioka et al 2006).
Other CNGC isoforms such as CNGC3 and CNGC10
have been shown to contribute to monovalent cation
uptake in plant roots (Li et al. 2005; Gobert et al.
2006). A further cluster of CNGCs, CNGC7, 8, 16 and
18, is preferentially or exclusively expressed in pollen
(Bock et al. 2006) although their function in this tissue
is unknown.

The glutamate like receptor (GLR) gene family
encodes another class of putative ligand gated ion
channels. The functioning channel complex of GLRs
is likely to consist of a tetra- or pentamer with each
subunit containing three transmembrane segments and
a pore region that includes the selectivity filter
(Fig. 2d). Ligand binding is believed to take place at
two extracellular sites. The Arabidopsis genome
sequence revealed a gene family with 20 members
encoding putative GLRs containing three subfamilies
(Davenport 2002) and this arrangement is largely
mirrored in rice. Presently very little is known
regarding the physiological role of most GLRs:
Overexpression of AtGLR3;2 led to Ca2+ deficiency
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Fig. 1 Major classes of membrane proteins involved in the
transport of monovalent cations. ‘Antiporters’ are secondary
active mechanisms that use the proton motive force (‘H+

gradient’) to drive extrusion or vacuolar loading of cations. The
main substrate and H+ move in opposite direction across the
membrane. ‘Symporters’ similarly use the proton motive force
for the accumulation or vacuolar release of monovalent cations
but both substrates move in the same direction across the
membrane. The large differences in cytoplasmic, apoplasmic
and vacuolar pH constitute the necessary H+ gradients which
act as an electrochemical ‘battery’ and can be used to energise
antiport and symport activity. ‘Uniporters’ or ion channels are
passive mechanisms. In essence, these are pores in the
membrane whose opening and closing (gating) is strictly
controlled by factors such as the membrane potential, the
presence of ligands or physical forces on the membrane.
Depending on the local electrical and chemical gradients, ion
channels can facilitate either the uptake or the loss of cations
from the cytosol. PM: plasma membrane; TO: tonoplast
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symptoms and hypersensitivity to Na+ and K+ stress
(Kim et al. 2001).

Apart from these four families, a two pore channel
(TPC) with a structure that resembles two fused Shaker
subunits has been found in Arabidopsis and other
species. AtTPC1 mediates the vacuolar SV (slow
vacuolar) current and may be relevant in trans-
tonoplast monovalent cation fluxes or in Ca2+ signal-
ling (Peiter et al. 2005). One putative K+ selective
channel that resembles half the structure of TPK
channels is also encoded by the Arabidopsis genome.

Ammonium transporters

Isoforms of the ammonium transporter (AMT) family
constitute a class of ubiquitous integral membrane
proteins that mediate movement of ammonia/ammoni-
um NH3

�
NHþ

4

� �
across cell membranes. AMTs

possess 11 or 12 TMDs and have been found in all
kingdoms of life. In plants, AMTs are expressed
exclusively in the plasma membrane and their expres-
sion can be induced by substrate availability or by
nitrogen deficiency. AMTs form homo- or hetero-
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Fig. 2 Generalised secondary structures of ion channel
subunits. a Shaker type voltage dependent K+ channels
comprise 6 TMD with a voltage sensing region in the S4
domain that controls channel gating, and a ‘GYGD’ motif in
the pore (P) region that confers K+ selectivity to the channel.
Functional channels contain four 6 TMD subunits that form
either hetero- or homotetramer. b Two pore K+ channels (TPKs)
have 4 TMD with two GYGD motifs. The C-terminus often
contains two Ca2+ binding ‘EF hand’ motifs (not shown). Two
4 TMD subunits form a functional channel, probably as a
homodimer. c Cyclic nucleotide gated channels (CNGCs), like

Shaker type channels, contain 6 TMD but do not have a voltage
sensor. The pore region does not have a GYGD sequence and in
plants, varies considerably from animal CNGCs. The C-
terminus contains a calmodulin (CaM) and a cyclic nucleotide
binding domain (CNBD) which partly overlap and control
channel gating. Four 6 TMD subunits form either hetero- or
homotetramers channels. d Glutamate like receptors (GLRs)
contain 3 TMDs, two putative extracellular substrate binding
domains (S) and functional GLRs may consist of four or five
subunits
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trimers, in which each subunit contains a narrow pore
through which substrate transport occurs. The C-
terminus of AMTs may be involved in allosteric
regulation of the oligomer activity via phosphorylation
of a threonine (Loque et al. 2007). Different AMT
isoforms have diverging affinities that range between
micromolar and millimolar and this property may vary
in a tissue dependent manner (Ludewig et al. 2003).
The AMT family in Arabidopsis has 5 to 6 members
but is much bigger in plants that prefer NHþ

4 as a
nitrogen source such as rice which contains at least 11
AMT isoforms.

There is currently much debate about the exact
mechanism employed by AMT transporters: In
bacteria some AMT transporters can function as ‘gas
channels’ facilitating transmembrane diffusion of
ammonia (NH3) whereas plant AMT transporters are
primarily involved in ammonium uptake. In plants,
the high affinity system is thought to function as a
uniport, i.e. thermodynamically equivalent to an ion
channel. However, since it is virtually impossible to
determine the exact nature of the permeating sub-
strate, it can not be ruled out that some high affinity
AMT proteins function as NH3:H

+ symporters. The
mechanism of low affinity NHþ

4 uptake is unclear.

Cation exchangers

Plants have four major gene families that encode
monovalent cation exchangers. Members of some of
these families have been scrutinised for their substrate
properties and physiological roles. The Na+:H+

exchangers (NHXs) have 12 TMDs and a conserved
domain that binds the inhibitor amiloride. The NHX
family totals 6–8 members in Arabidopsis (Yokoi et
al. 2002) and can be subdivided into a ‘vacuolar
membrane’ and an ‘endomembrane’ subfamily with
the former being capable of transporting Na+ and K+

with equal affinity whereas the other subclass has a
greater affinity for K+ (Pardo et al. 2006). At the
tonoplast, the capacity of NHXs to move Na+ into the
vacuole makes them important plant salt tolerance
determinants since vacuolar deposition of Na+ is
deemed to be a major salinity tolerance mechanism.
However, other functions include acidification of
trafficking vesicles and endomembrane K+:H+ ex-
change. The latter is an important constituent of
overall K+ homeostasis. A further function appears to
be in vacuolar pH control: For example in the petals

of morning glory, NHX1 is responsible for alkalisa-
tion of the vacuole thereby changing the petal colour
from purplish red to sky-blue (Yoshida et al. 2005).
Expression of NHXs occurs in all studied tissues with
some isoforms showing tissue specific patterns.
Expression can be constitutive but often responds to
environmental stimuli, particularly the onset of
salinity stress (Apse et al. 1999). An NHX-like
protein, SOS1, is expressed at the plasma membrane
where it participates in cytosolic Na+ extrusion (Zhu
2002).

A second family of cation H+ exchangers (CHXs)
is much larger and less well characterised (Sze et al.
2004). Around 30 isofoms are found in the Arabi-
dopsis genome and around 20 in rice. CHXs have 10
to 12 TMDs and probably transport K+ and/or Na+ in
exchange with H+ and are thus functionally and
structurally very similar to the NHXs. Interestingly,
the expression of around 10 Arabidopsis CHX
proteins is pollen specific (Bock et al. 2006) and not
detected in other tissues though the physiological
relevance of this remains unknown.

Further putative plant Na+:H+ antiporters show
high similarity to bacterial NhaD (Na+:H+ antiport
family D) proteins which are 400–500 aa long and
exhibit 10–13 TMDs. In Arabidopsis two isoforms
(NHD1 and NHD2) are distinguished which may be
primarily plastidic. The role of a similar protein in the
salt resistant tree Populus euphratice (PeNhaD1) was
recently reported on (Ottow et al. 2005).

The K+ efflux antiporter (KEA) family was
identified on the basis of homology to similar proteins
in gram-negative bacteria. The Arabidopsis genome
contains 6 KEA isoforms and although KEAs may
function as K+ antiport, none of them has been
studied in any detail (Maser et al. 2001).

Cation symporters

Three families of cation symporters are present in
plant genomes that are involved in the movement of
monovalent cations. The first family comprises the K+

uptake permeases (KUPs) and is also annotated as the
high affinity K+ (HAK) or the K+ transporter (KT)
family (Ahn et al. 2004; Rodriguez-Navarro and
Rubio 2006). The secondary structure of KUPs
contains 12–14 TMDs and KUPs are highly selective
for K+. Substrate affinities range from low micromo-
lar to millimolar levels with some isoforms apparently
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capable of both low and high affinity K+ transport. In
analogy with their bacterial orthologues, plant KUPs
are assumed to mediate K+ transport via coupling to
cotransported H+ but conclusive evidence for this
mechanism has yet to be provided. There are around
12 KUPs in Arabidopsis and 17 in rice and targeting
is likely to include both the plasma membrane and the
tonoplast although often the exact membrane local-
isation is unknown. Many KUPs show tissue specific
expression patterns and transcriptional regulation in
response to K+ conditions. For example, the expres-
sion of several KUP isoforms is induced by K+

starvation (Armengaud et al. 2004; Gierth et al.
2005). The physiological roles of KUPs include high
affinity K+ uptake at the root:soil boundary, intracel-
lular K+ distribution, turgor driven growth (Rigas
et al. 2001; Elumalai et al. 2002) and general K+

homeostasis (Ahn et al. 2004; Rodriguez-Navarro and
Rubio 2006).

The high affinity K+ transporter (HKT) family has
only one member in Arabidopsis but 8 or 9 in rice and
homologues have been found in species such as wheat,
barley, eucalyptus and Mesembryanthemum (Platten et
al. 2006). Structurally, plant HKTs are similar to fungal
Trk K+ transporters with an 8 TMD, 4 pore architec-
ture. The first plant HKT was identified using a cDNA
library form starved wheat and TaHKT1 was capable
of high affinity K+ transport when expressed in yeast
(Rubio et al. 1995), hence its nomenclature. Yeast data
also showed that, mechanistically, TaHKT1 mediated
high affinity K+ uptake was coupled to Na+ transport
and thus might constitute a Na+-gradient driven K+:
Na+ symport. However, there is no evidence that such
a system operates in planta (Maathuis et al. 1996) and
subsequent studies have shown that Na+ coupled K+

transport may be an artefact (Haro et al. 2005) and that
most HKTs are Na+ selective and likely to function as
low affinity (e.g. Laurie et al. 2002; Berthomieu et al.
2003) or high affinity (Garciadeblas et al 2003; Haro
et al. 2005) Na+ transporters in plants.

The cation-chloride-cotransporters (CCCs) were
identified in plants on the basis of their homologues
in animals. CCCs contain 12 TMDs and are well
characterised in animals where they play essential
roles in electrolyte homeostasis. Animal CCCs co-
transport one Cl− with one K+, one Cl− with one Na+

or two Cl− with one K+ and one Na+ and thus operate
electroneutrally. The number of plant CCCs is small,
with only one isoform present in the Arabidopsis

genome and two isoforms in rice. AtCCC functions as
a 2Cl−:K+:Na+ cotransporter, is expressed in root and
shoot tissues and affects chloride root-shoot partition-
ing (Colmenero-Flores et al. 2007). However, the
potential role of CCCs in cation movement will need
further study.

Potassium nutrition

The monovalent cation K+ is an essential nutrient for
all living organisms and crucial for many metabolic
reactions via its specific activation of enzymes. Its
low charge:mass ratio also makes K+ well suited as a
counter ion for cytoplasmic polyanions. Plants further
need K+ in the vasculature as counter ion for long
distance transport of sugars and nitrate and K+ is a
predominant contributor to cell turgor via its osmotic
effects in the vacuole. Thus, major physiological
functions require high K+ concentrations and K+ can
comprise up to 10% of plant dry weight. K+

deficiency on the other hand, has a large negative
effect on plant health and biomass production.

K+ uptake from the soil

The mechanisms for K+ uptake into plant roots
include high- and low-affinity components with Km

values in the μM and mM range and were extensively
studied using 86Rb+ as a K+ tracer (see Maathuis and
Sanders 1996; Very and Sentenac 2003; Rodriguez-
Navarro and Rubio 2006 for reviews). Low affinity
uptake can proceed through passive mechanisms and
is believed to be driven by the membrane potential
whereas high affinity uptake may require additional
mechanisms for energisation. Electrophysiological
studies, particularly during the 1990s, showed that
specific K+ ion channels and H+:K+ cotransport
systems underlie these components of K+ uptake
(Maathuis and Sanders 1994) and during the same
period the molecular identity of the main contributing
mechanisms was also established. A main component
of the low affinity K+ uptake pathway in roots has
been identified as an inward K+ selective channel of
the Shaker type called AKT1 in Arabidopsis (Fig. 3;
Sentenac et al. 1992; Hirsch et al. 1998) and with
homologues in many species such as rice (OsAKT1),
potato (StSKT1), carrot (DcDKT1) and maize
(ZmKZM1). This type of channel is predominantly
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expressed in the plasma membrane of root cortical
and epidermal cells (including root hairs) where it can
be recorded as an ion channel with around 5 pS
conductance and a Km for K+ of around 10 mM
(Maathuis and Sanders 1995). Interestingly, its selec-
tivity for K+ is several times higher than for Rb+,
casting some doubt on the interpretation of many low
affinity flux data particularly where the values of
kinetic parameters such as Vmax and Km are
concerned. Other Shaker type channels such as
AtKC1 (also called AKT4/KAT3), although not
functional as homomers, can modify K+ uptake by
interacting with AKT1 (Reintanz et al. 2002; Very

and Sentenac 2003). AKT1/KC1 heteromers show
altered voltage dependence compared to AKT1
homomers. A low K+ induced signalling cascade that
involves Ca2+ binding proteins and kinases may
control the switch between AKT1 and AKT1/KC1
mediated K+ uptake (Li et al. 2006).

Non selective, ligand gated channels from the
CNGC family are also implicated as K+ uptake
pathways. For example, CNGC10 which is relatively
highly expressed in root tissue, was able to comple-
ment the K+ uptake deficient phenotype of the akt1–1
loss of function mutant, showing it can form a root K+

uptake pathway and considerably augment K+ uptake
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Fig. 3 Various transporters
involved in the uptake, long
distance transport and com-
partmentation of K+. K+

uptake from the soil is pre-
dominantly mediated by
HAK5 and AKT1 type
transporters. AKT1 activity
is modulated through heter-
omerisation with KC1
(AKT4) depending on K+

supply. Members of the
CNGC family (e.g.
CNGC10) may also play a
role in K+ uptake. SKOR,
and other non-identified
channels, is responsible for
xylem K+ loading whereas
recycling of K+ through the
phloem probably involves
AKT3. The exact mecha-
nism of vacuolar K+ loading
is not understood but prob-
ably relies on H+:K+ anti-
porters from the CHX and/
or NHX family. Vacuolar
K+ release can be mediated
by TPK1 in K+ replete con-
ditions whereas KUP/HAK
type symporters perform
energised translocation of
K+ to the cytoplasm when
vacuolar K+ levels are
diminished
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when overexpressed in the akt1–1 genotype (Li et al.
2005).

When external [K+] becomes increasingly low, K+

uptake needs to be energised. This presumably occurs
through H+ coupled systems that have been shown to
operate in root plasma membranes. Through a 1:1
coupling stoichiometry, such K+:H+ symports can drive
106 fold K+ accumulation (Maathuis and Sanders
1994). Many members of the KUP/HAK family show
high selectivity for K+ and Km values in the micromo-
lar range (Rodriguez-Navarro and Rubio 2006). Typi-
cally, HAKs are expressed ubiquitously making it
difficult to find proteins that specifically participate in
K+ uptake. However, loss of function studies and
transcriptomics studies led to the identification of
AtHAK5 as a major component of high affinity K+

uptake in roots (Armengaud et al. 2004; Gierth et al.
2005). This HAK isoform has a Km of around 25 μM
which is in excellent agreement with that measured for
unidirectional fluxes or using electrophysiology.

Thus, it appears that AKT1/KC1- type channels
provide the major pathway for low affinity K+ uptake
while H+ coupled KUP/HAK proteins, particularly
HAK5, mediate high affinity K+ uptake. However,
this demarcation between the two kinetic phases is
probably less defined: deletion of AtAKT1 reduces
low affinity K+ uptake but, interestingly, also reduced
high affinity K+ uptake (Hirsch et al. 1998). The latter
phenomenon was only observed in the presence of
millimolar levels of NHþ

4 , which inhibit KUP/HAK
type mechanisms, but suggests there is a large degree
of plasticity in overall uptake. Studies with the akt1
loss of function mutant in the presence of NHþ

4 also
provide clear evidence that at least one other
mechanism must be present in plant roots to mediate
the residual K+ uptake in these conditions. The
identity of this system has yet to be discovered and
its characterisation would greatly help in completing
our picture for K+ uptake from the soil.

Intercellular K+ distribution and long distance
transport

High levels of K+ are required throughout the plant
and a sophisticated mechanism is in place to ensure
delivery of this ion to every cell. K+ uptake at the root
soil boundary occurs through mechanisms discussed
above and its distribution around the root symplast
most likely depends on bulk flow through intercon-

necting plasmodesmata. Delivery to non-root tissues
requires K+ loading into the xylem apoplast a process
largely controlled by outward rectifying K+ channels
originally identified in Arabidopsis as AtSKOR
(Fig. 3; Gaymard et al. 1998). SKOR is a Shaker
type K+ channel activated when the membrane
depolarises. A SKOR knockout mutant showed a
reduced shoot K+ content and a reduced K+ content in
the xylem sap and SKOR transcription is inhibited by
ABA (Lagarde et al. 1996). The latter ensures reduced
K+ loading into the xylem to maintain adequate root
turgor when soils dry out. All these properties suggest
an important role for SKOR in K+ xylem loading and
hence its delivery to shoot tissue. However, using
patch clamp studies on xylem parenchyma cells,
several other outward rectifying, K+ conducting
channels have been observed (Roberts and Tester
1995; Wegner and deBoer 1999) but further research
is needed to establish the molecular identity of these
transporters.

Long distance K+ transport is by no means
unidirectional and a large proportion of shoot K+ is
recycled to the root through the phloem (Marschner et
al. 1997). One reason for this apparently futile cycle is
the role K+ plays as counterion for root to shoot
translocation of NO�

3 and the phloem K+ influx that
accompanies assimilate loading. The K+ channel
AKT3 is weakly inward rectifying and has been
shown to express in the phloem of Arabidopsis leaves
(Marten et al. 1999). AKT3 is therefore a prime
candidate for the release of K+ into the phloem.

Cellular K+ partitioning

The prominent role of K+ as turgor provider means it
is deposited in the vacuole in high concentrations.
However, in many conditions vacuolar K+ may need
to be released, for example when K+ becomes
deficient (Walker et al. 1996), when significant
osmotic adjustment is necessary or when turgor
driven movement is required such as during stomatal
closure. The processes of vacuolar deposition and
vacuolar release are mediated by tonoplast trans-
porters involved in the bidirectional transfer of K+.
Vacuolar loading of K+ may to some extent be
mediated by cation channels such as TPC1 and
TPK1 but must rely on energised mechanisms to
reach K+ concentrations that are equal or higher than
those in the cytoplasm. It is generally assumed that
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K+:H+ exchangers, particularly from the CHX and
NHX family, drive such fluxes ((Fig. 3; Cellier et al.
2004; Sze et al. 2004; Pardo et al. 2006). Hard
evidence for this assumption remains elusive and
further research is urgently needed to identify specific
members of the CHX or other exchanger families that
are responsible for this important mechanism.

Release of vacuolar K+ is largely thermodynami-
cally ‘down hill’ and thus likely to be through ion
channels. Particularly TPK1 appears to be a main
contributor to this process since its expression was
shown to impact on overall K+ homeostasis and on
stomatal closure in particular (Gobert et al. 2007).
However, after prolonged K+ starvation, vacuolar K+

concentrations may become significantly lower than
cytoplasmic ones (Walker et al. 1996) and thus
vacuolar K+ release requires energisation. The parti-
cipating transporter(s) is unknown but interestingly,
proteomics studies suggest that several members of
the HAK/KUP family are localised at the tonoplast (e.g.
Jaquinod et al. 2007). Driven by the trans-tonoplast
proton motive force, such systems could facilitate ‘up
hill’ K+ release from the vacuole.

Salinity and sodium transport

Non-essential inorganic ions can be present in soils in
toxic amounts. The most significant for agriculture is
Na+ accumulation, a rapidly increasing problem in
many areas around the globe. Salt-toxicity in plants
comprises osmotic and ionic components, both
causing diminished growth and a main question
associated with this stress concerns the identity and
regulation of transporters involved in the uptake and
distribution of Na+. Although slow progress is being
made in this area, most studies have been carried out
using glycophytic models which to some extent may
challenge the validity of the obtained results since
they may not necessarily pertain to tolerance mech-
anisms but rather reflect general stress responses. On
the other hand, most crops are glycophytic and thus it
is important to understand mechanisms in this plant
category before we can improve its salt tolerance.

Na+ uptake from the soil

The inward electrochemical gradient for Na+ is large
in most conditions and it is generally accepted that its

influx into the plant symplast occurs to a large extent
via ion channels (see Demidchik and Maathuis 2007
for review). Unlike animals, plants do not appear to
have Na+ selective ion channels and the selectivity of
most K+ channels is sufficiently high to preclude
significant Na+ conductance. However, a large num-
ber of studies has shown that non-selective cation
channels are responsible for a large portion of Na+

uptake. With the large gene families encoding this
class of ion channel, identification of specific gene
products has been difficult. A particular, predomi-
nantly root expressed, CNGC isoform was recently
identified as contributing to short term Na+ uptake
and CNGC3 loss of function marginally improved
plant salt tolerance (Fig. 4; Gobert et al. 2006). Other
CNGCs such as CNGC10 may also play a role in Na+

uptake (Li et al. 2005).
Another important factor for Na+ influx are the

HKT transporters. In Arabidopsis the HKT family
contains only one member but particularly in cereals
larger families are present with 9 members in rice
(Platten et al. 2006). In wheat, the use of TaHKT1
antisense led to reduced Na+ influx in the low affinity
range and improved salt tolerance (Laurie et al. 2002).
In cereals such as rice HKT transporters are likely to
contribute to both low and high affinity Na+ uptake:
OsHKT2;1 exhibited a Km of around 20 μM and is
believed to mediate high affinity Na+ uptake whereas
another isoform OsHKT1;1 showed an apparent Km

of around 4 mM (Garciadeblas et al. 2003). High
affinity Na+ uptake is not of relevance in the context
of salt stress but does become important when K+

becomes severely limited. Both flux data and tran-
scriptional data derived from cereals suggest that in
those conditions, HKT transporters augment plant
survival by mediating Na+ uptake that can substitute
the lost K+ (Rodriguez-Navarro and Rubio 2006).
Indeed, growth of K+ depleted plants is typically
improved when moderate concentrations of Na+ are
supplied and mechanisms such as OsHKT2;1 are
likely to facilitate this.

Long distance transport and distribution of Na+

Many plants, including most crops, avoid excessive
build up of salt in their photosynthetic tissues. Na+

translocation to shoots is therefore often limited in
contrast to K+ translocation and this apparent K+/Na+

selectivity is often used as an important determinant
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of salt resistance. It remains to be shown how root
symplastic Na+ enters the xylem. The K+ release
channel SKOR is virtually impermeable to Na+ so can
be ruled out. Root xylem parenchyma cells do contain
low selectivity, outward rectifying, cation channels
that can release Na+ into the xylem (Roberts and
Tester 1995; Wegner and deBoer 1999) but their
genes are not known. The NHX-like antiporter SOS1
is expressed in root xylem parenchyma cells and has
been suggested to play a role in Na+ xylem loading
during moderate salt stress (Fig. 4; Shi et al. 2002).
Another H+ cation exchanger, AtCHX21, is primarily

expressed in the root endodermis. Loss of function in
this gene leads to diminished Na+ levels in the xylem
but does not affect phloem Na+ levels. These results
suggest that CHX21 is another important contributor
to Na+ xylem loading (Hall et al. 2006).

Several HKTs have also been implicated in root to
shoot translocation of Na+. In rice, HKT1;5 was
found to be instrumental in controlling shoot K+/Na+

ratios. This plasma membrane Na+ transporter is
expressed predominantly in xylem parenchyma cells
where it is believed to retrieve Na+ from the sap to
prevent Na+ accumulation in the shoot (Ren et al.
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Fig. 4 Transporters
involved in the uptake, long
distance transport and com-
partmentation of Na+. The
identity of the transporters
that mediate Na+ uptake
from the soil is largely un-
known but probably includes
non-selective ion channels
such as CNGC3 and
HKT1;1-type mechanisms
for low affinity uptake. Al-
though probably species de-
pendent, plants may also use
HKT type transporters for
high affinity Na+ uptake,
particularly when K+ is defi-
cient. Salt tolerance in sev-
eral species relies on Na+

extrusion via antiport sys-
tems such as SOS1 at the
plasma membrane and
NHX1 at the vacuolar mem-
brane. Loading of Na+ into
the xylem via SOS1 and
CHX type transporters, its
removal from the transpira-
tional stream by HKT1;5 and
its loading into the phloem
by HKT1;1 all contribute to
the overall long distance
movement and shoot root
partitioning of Na+
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2005). TmHKT7 appears to fulfil a comparable role
in durum wheat (Huang et al. 2006).

In Arabidopsis, distribution of Na+ between root and
shoot tissues is to a large extent controlled by AtHKT1
(Berthomieu et al. 2003; Rus et al. 2004). AtHKT1 is
mainly expressed in the phloem and in shoots is
believed to load Na+ into this conductive tissue for
retranslocation to the root. Since, as with many trans-
porters, the activity of HKT1 is essentially reversible, it
may further contribute to relieving the shoot from
excessive Na+ load by extracting Na+ from the root
phloem, possibly for extrusion into the root apoplast.
However, the notion that retranslocation of shoot Na+

contributes significantly to salt tolerance has been
challenged. Work carried out on wheat showed no
correlation between shoot to root Na+ retranslocation
and salt tolerance in a comparative study between two
varieties of durum wheat known to differ in salt
tolerance and Na+ accumulation (Davenport et al. 2005).

Efflux of Na+

In contrast to K+, Na+ can easily accumulate to toxic
levels within the cell cytosol and various mechanisms
are present to prevent this. Na+ compartmentation into
the vacuole occurs in all tissues and is a main strategy
to detoxify Na+ while still retaining its contribution as
a ‘cheap’ osmolyte to lower the water potential. NHX1
is a H+ driven antiport mechanism at the tonoplast that
plays a major role in this process (Fig. 4). AtNHX1
overexpression significantly improved salinity toler-
ance in Arabidopsis (Apse et al. 1999) and subsequent
manipulation of NHX1 ortholog expression 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. Other NHX isoforms localising to
the tonoplast (Yokoi et al. 2002) may also contribute to
vacuolar Na+ sequestration.

Apart from improving vacuolar Na+ deposition,
NHX1 could also mitigate the K+ deficiency that
frequently accompanies salinity stress. The increasing
evidence that NHX antiporters are main constituents of
overall K+ homeostasis (Pardo et al. 2006) appears to
be substantiated by the study of Xue et al., (2004)
where increased NHX1 expression led to improved
wheat salt tolerance but augmented shoot K+ levels
rather than Na+.

Cytosolic Na+ is further controlled by H+ driven
antiporters that are expressed at the plasma mem-
brane. For example, SOS1 is expressed in xylem
parenchyma cells where it may participate in loading
and retrieval of xylem Na+. However, SOS1 is also
prominent in root tip cells. Since these cells are
predominantly evacuolate and therefore lack the
option of vacuolar Na+ compartmentation, SOS1 is
believed to be essential in this tissue for the extrusion
of cytoplasmic Na+ into the apoplast. Na+ extrusion
into the apoplast is assumed to take place in most
plant tissues, particularly at the root–soil boundary.
However, the participating proteins have yet to be
identified and whether such a mechanism can sub-
stantially contribute to salt tolerance, particularly in
field conditions, has yet to be established.

Ammonium nutrition

Plants predominantly use NO�
3 and NHþ

4 as nitrogen
source. As a reduced form of nitrogen NHþ

4 is
preferred by many plants over NO�

3 when both are
available. Nevertheless, due to its tendency to
dissipate transmembrane H+ gradients, NHþ

4 readily
leads to toxicity at high concentrations. Thus its
transport and distribution are tightly controlled.

At the root–soil boundary members of the AMT
family are responsible of NHþ

4 uptake. In tomato root
hairs LeAMT1;1 functions as a membrane potential
driven uniport system with a Km for NHþ

4 in the
micromolar region (Ludewig et al. 2002). In the same
organism, LeAMT1;2 functions in a similar way but
with a lower substrate affinity.

AMT transporters not only move NHþ
4 as a

substrate but may simultaneously act as NHþ
4 sensors

via a cytosolic domain that is part of the C-terminus
(Loque et al. 2007). Phosphorylation of this domain
catalyses its interaction with cytoplasmic loops of the
AMT protein providing rapid inactivation of NHþ

4

transport.
Vacuolar deposition of NHþ

4 may constitute a
storage and detoxification mechanism and levels of
2–45 mM have been reported (Miller et al. 2001).
Although NHþ

4 permeable channels have been
recorded at the tonoplast their role in NHþ

4 compart-
mentation and molecular identity remains to be
revealed. In addition, aquaporins may mediate trans-
tonoplast movement of NH3. Similarly, an NHþ

4
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permeable channel in the rhizobium peribacteroid
membrane has been implicated in the trans-symbiont
nitrogen transfer (Tyerman et al. 1995) but it has not
been identified at the gene level.

Concluding remarks

In their natural environment plants experience
multiple and complex combinations of nutrient
supply and also the presence of potentially detri-
mental minerals. Understanding how plants execute
a coordinated response to fluctuating conditions and
how they generate tolerance against harmful ions
has been greatly improved by high throughput
approaches such as genome sequencing and tran-
scriptomics. Results from such studies show that the
vast majority of plant transporters is encoded by
multigene families to which broad functions can be
assigned. However, it is not immediately obvious
which members of a family contribute to specific
processes such as the uptake or distribution of a
particular nutrient. Thus, although bioinformatics
has generated a platform for the selection of
candidate genes, to elucidate the roles of specific
transporters, reverse genetics, overexpression and
functional analysis studies are still required.

The combination of genome based methods and
functional analyses of individual transporter proteins
has so far been very successful in assigning physio-
logical functions to particular transporters but less so
in understanding the complement of transporters that
contributes to a particular process. In Arabidopsis for
example, members of the HAK/KUP transporter
family, of the KAT/AKT channel family, and CNGC
family all play roles in K+ uptake from the soil, a
process that is now fairly well understood. In many
other cases, such as Na+ uptake or K+ partitioning,
this information is far more limited.

It is also good to point out that much of the
evidence for the role of particular proteins in
physiological processes has yet to be confirmed
outside the laboratory. Indeed, real field conditions
could perceivably lead to expression of hitherto
unknown proteins or reveal properties that otherwise
remain obscured. With the advent of better model
species such as rice and the application of more
realistic conditions the ‘real’ physiological value of
specific proteins will be easier to assess.

Thus, although there is still a long way to go and
the laborious nature of ‘gene by gene’ functional
analyses hampers rapid advancement, the continuing
expansion of our knowledge regarding membrane
transporters will lead to synergistic benefits and
therefore speed up progress.
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