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Soil salinity represents an increasing threat to agri-
cultural production. High sodium (Na®) concentra-
tions in soils are toxic to most higher plants. More than
40% of irrigated lands worldwide show increased salt
levels. Several studies have shown that under saline
conditions, Na™" influx into root cells occurs via Na*
permeable transporters (Amtmann et al., 1997; Roberts
and Tester, 1997; Tyerman et al., 1997), which in turn
elevates the cytoplasmic sodium concentration and
causes toxicity (Kingsbury and Epstein, 1986). Chan-
nels and transporters for nutrient cations such as Ca**
and K* allow sodium influx. Furthermore, other Na*
transporters that are more specific for sodium trans-
port play diverse roles in protecting plant cells and
whole tissues from Na' toxicity. Important mecha-
nisms that contribute to Na" tolerance are Na " efflux
transporters (DuPont, 1992; Shi et al., 2002) and Na*
transporters that mediate Na" sequestration into va-
cuoles (Blumwald and Poole, 1985, 1987). Moreover,
recent research also has shown that plasma membrane
Na® influx can mediate Na® tolerance by reducing
vascular long-distance Na' transfer to leaves, thus
protecting photosynthetically active tissues from sa-
linity stress (Méser et al., 2002a; Berthomieu et al.,
2003). Here we review findings of plant Na* trans-
porter genes that have been shown to contribute to
important and specific mechanisms during plant sa-
linity stress.

SEQUESTRATION OF SODIUM INTO VACUOLES

One distinctive structural feature of plant cells is the
presence of large membrane-bound compartments,
the vacuoles. Early biochemical and tonoplast trans-
port analyses led to the model that the sequestration of
excessive Na' under salt stress is mediated by Na*/
H" antiporters localized in the vacuolar membrane
(Blumwald and Poole, 1985, 1987). These Na*/H*
antiporters mediate Na" uptake into vacuoles, which
is driven by the vacuolar proton gradient established
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by the vacuolar (V-type) proton ATPase that acidifies
the vacuolar lumen (Fig. 1). The resulting vacuolar
Na" sequestration protects essential enzymatic reac-
tions in the cytoplasm from excess Na' levels while
maintaining turgor (Glenn et al., 1999).

The Arabidopsis genome-sequencing project led to
the identification of a plant Na'/H" antiporter gene,
AtNHX1, and subsequently five additional Arabidop-
sis homologs of AtNHX1 (Apse et al., 1999; Gaxiola
et al, 1999; Yokoi et al, 2002). AtNHX1 is highly
homologous to the Na*/H" antiporters from Saccha-
romyces cerevisize (Nhx1) and the NHX family of
Caenorhabditis elegans and humans. Expression of
the AtNHX1 cDNA in the yeast nhx1 mutant comple-
mented the salt-sensitive phenotype (Gaxiola et al.,
1999). Apse et al. (1999) biochemically demon-
strated tonoplast localization of AtNHX1 and Na'-
dependent tonoplast proton transport via AtNHX1
with AtNHXI-overexpressing Arabidopsis plants.
AtNHX1-overexpressing Arabidopsis showed a salt-
tolerant phenotype compared to wild type and seques-
tered more Na™ in plants under salt stress conditions,
providing molecular evidence that Na* /H" exchange
in vacuoles is an important factor for salt tolerance. In
support of these findings, T-DNA tagged atnhx1 plants
showed an increase in salt sensitivity compared to wild
type (Apse et al., 2003). Improvement in salt tolerance
evoked by AtNHX1 overexpression was also observed
in Brassica and tomato (Lycopersicon esculentum; Zhang
and Blumwald, 2001; Zhang et al., 2001). An Nhx1
homolog was also identified in rice (Oryza sativa), and
overexpression of OsNHX1 in rice also conferred an
increase in salt tolerance (Fukuda et al., 2004). These
studies show that overexpression of vacuolar NHX
transporters provides an approach that can contribute
to the molecular breeding of salt-tolerant plants.

Several studies have appeared that analyze the
ion selectivity and activity regulation of AtNHXI.
Potassium-proton exchange activity mediated by
AtNHX1 was found in addition to Na®/H" ex-
change in tonoplast vesicles isolated from AtNHXI-
overexpressing tomato plants and yeast (Zhang and
Blumwald, 2001), and in liposomes reconstituted with
purified AtNHX1 (Venema et al., 2002; Fig. 1). Tono-
plast vesicles isolated from mutant atnhx1 showed
reduced H"-coupled cation transport activity not only
for Na* but also for K" (Apse et al., 2003). These data
suggest that AtNHX1 contributes to vacuolar K*
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Figure 1. Schematic drawing of a simplified plant cell model repre-
senting Na® transport proteins discussed in this review. Regions
surrounded by dotted lines indicate hypotheses and subjects that
remain to be shown. Plasma membrane Na*/H* antiporter SOS1 and
Na™ transporter AtHKT1 have been hypothesized to transport in either
direction depending on conditions (Shi et al., 2002; Berthomieu et al.,
2003). Vacuolar Na*/H™ antiporter AINHX1 is hypothesized to trans-
port K* (Zhang and Blumwald, 2001; Venema et al., 2002) and Li* (Qiu
et al., 2004) in addition to Na™.

sequestration. Yamaguchi et al. (2003) reported that
deletion of the C terminus of AtNHX1 causes en-
hanced Na“/H" but lower K" /H" exchange rates. By
contrast, Qiu et al. (2004) reported that cation/ H* ex-
change in tonoplast vesicles isolated from Arabidopsis
cultured cells shows Na* and, to a lesser extent, Li*
transport but not K" transport.

PLASMA MEMBRANE SODIUM EXTRUSION

Salt-sensitive SOS mutant loci were identified as
essential factors for salt tolerance in Arabidopsis by
screening for reduced root bending of seedlings grown
in the presence of sodium (Wu et al., 1996). The sos1,
s0s2, and so0s3 loci have been shown to affect Na*
transport and Na" transport regulation. Detailed phe-
notyping of sos1 plants revealed two features. Firstly,
hyfersensitivity of sos1 plants is specific to Na' and
Li". Secondly, sos1 plants show growth deficiencies on
media containing low potassium concentrations. The
SOS1 gene encodes a Na'/H" antiporter that has 12
transmembrane domains in the N-terminal half and
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a long hydrophilic C-terminal tail (Shi et al., 2000).
Based on imaging experiments of SOS1-GFP fusions
SOS1 was predicted to be targeted to the plasma
membrane of cells (Shi et al., 2002; Fig. 1). Plasma
membrane Na/H" antiporters mediate Na* extru-
sion that is energized by proton influx. The SOS2 gene
encodes a protein kinase (Liu et al., 2000) that is
activated by SOS3 (Halfter et al., 2000). SOS3 encodes
a Ca®" binding protein that interacts with SOS2 (Liu
and Zhu 1998). Qiu et al. (2002) biochemically dem-
onstrated that plasma membrane Na/H" exchange
activity of sosl, sos2, and sos3 plants are reduced
compared to wild type. However, addition of a consti-
tutively active SOS2 kinase mutant in vitro stimulated
and recovered Na“/H" exchange in vesicles isolated
from so0s2 and sos3 plants but not in those from sos1
plants (Guo et al., 2001; Qiu et al., 2002). Furthermore,
Quintero et al. (2002) reconstituted the SOS system in
yeast and demonstrated that SOS2 and SOS3 regulate
Na" transport by SOS1. These results support a model
in which SOS1 activity is regulated by a complex
composed of the SOS2 kinase and the SOS3 Ca**
binding protein in vivo.

5052 has been reported to also regulate tonoplast
Na“/H" exchange activity. The sodium/proton ex-
change activity in tonoplast vesicles of sos2 plants was
reported to be greatly reduced in comparison to that of
wild type. But interestingly, Na*/H" exchange activ-
ity in tonoplast vesicles of sos3 plants was not affected
(Qiu et al., 2004). These data therefore indicate that the
SOS signaling pathway is branched, such that vacuolar
Na“/H" antiport activity is regulated in an SOS3-
independent manner (Qiu et al., 2004).

Transgenic plants expressing the B-glucuronidase
(GUS) gene under the control of the SOSI promoter
showed GUS activity predominantly in xylem paren-
chyma cells (Shi et al., 2002). Furthermore, xylem sap
extracted from salt-stressed sosl plants contained
more Na' than wild type. Additional GUS activity
was detected in epidermal cells of root tips. Reduced
Na"/H" transport activity in whole leaf plasma membrane
vesicles isolated from sosl, however, indicates that
SOS1 may be more widely expressed in plants (Qiu
etal., 2002). sos1 plants show a strong growth defect un-
der severe salt stress (e.g. 100 mM NaCl) and accumu-
late more Na* in both roots and shoots than wild
type. However, under moderate stress conditions, such
as 25 mM NaCl, sos1 seedlings and plants accumulate
less Na* than wild type. From these results, Shi et al.
(2002) hypothesized a long-distance Na' transport
model, in which under moderate stress, SOS1 func-
tions to load Na* into the xylem in roots for Na*
transfer and storage in leaf mesophyll vacuoles.
Whereas under severe Na" stress, SOS1 is proposed
to function in unloading Na" from the root xylem to
reduce Na" damage of leaves that might be caused by
exceeding the capacity of Na* sequestration in leaf cell
vacuoles. This model would require reversibility in the
Na " transport direction of SOS1 in xylem parenchyma
cells.
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SODIUM EXTRUDING ATPASES ARE FOUND IN
SOME PLANT SPECIES

In fungi, such as the yeast S. cerevisiae, plasma
membrane sodium extrusion is mediated by Na'-
ATPases named ENA. ENA is derived from the Latin,
exitus natrus, for sodium efflux. ENAs function in
addition to the Na"/H" antiport system (Haro et al.,
1991). Recently, ENAT homologs were isolated from
the moss, Physcomitrella patens (PpENA1, PpENA2A;
Benito and Rodriguez-Navarro, 2003). The expression
of the PPENA1 cDNA in the highly sodium sensitive
yeast mutant, enal-4 nhal, complemented the salt-
sensitive phenotype, whereas PPENA2A did not. PpE-
NA2 transcripts seem to be subject to differential
splicing in Physcomitrella, yielding three different
transcripts, PPENA 2A, 2B, and 2C. Functions of the
PpENA2B and 2C transcripts have not yet been tested.
ENA homologs have not been identified in the Arabi-
dopsis and rice genomes or in expressed sequence tags
of other h1gher plants. Findings in Physcomltrella
suggest that Na -extruding pumps existed in primi-
tive land plants but these genes may have been lost in
higher plants during evolution (Benito and Rodriguez-
Navarro, 2003).

HIGH-AFFINITY POTASSIUM UPTAKE AND
SODIUM TRANSPORT

Potassium influx transporters have long been pro-
posed to mediate sodium influx (Epstein et al., 1963).
The HKT1 cDNA was isolated from a wheat (Triticum
aestivum) root cDNA library by complementation
screening of a K’ uptake deficient yeast mutant
strain, trk1 trk2 (Schachtman and Schroeder, 1994).
HKT1 mediates saturable high-affinity K uptake
act1v1ty in yeast (K, approximately 3 um K" and 29
uM Rb™"; Schachtman and Schroeder, 1994; Rubio et al.,
1995). Detailed analyses of HKT1 expressed in yeast
and Xenopus oocytes showed that HKT1 shows two
transport modes, saturable high-affinit ty K*"-Na*
couptake (symport) and low affinity Na" transport
(Rubio et al., 1995). The transport properties of the
KtrAB K* uptake system have been analyzed in
Vibrio alginolyticus, a marine bacterium that can cause
food poisoning. The KtrB subunit gene in V. alginoly-
ticus is homologous to HKT1 (Durell et al., 1999) and
was also shown to mediate Na"-coupled K* uptake
(Tholema et al., 1999). For wheat HKT1, high-affinity
K* uptake is stimulated by micromolar extracellular
Na" concentrations. However, at high toxic extracel-
lular Na® concentrations, K™ uptake mediated by
HKT1 is blocked and selective low-affinity channel-
like Na" uptake occurs (Rubio et al., 1995; Gassmann
et al., 1996). Another class of K" uptake transporters,
the KUP/ HAK/KT fam1ly, has also been shown to
mediate low-affinity Na" influx at high Na" concen-
trations (Santa-Maria et al., 1997).
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Na"-coupled high-affinity K" uptake activity was
shown to be the predominant form of high-affinity
potassium uptake in certain higher plant species,
including Egeria, Elodea, and Vallisneria and charo-
phyte algae such as Chara australis and Nitella trans-
lucens (Smith and Walker, 1989; Walker and Sanders,
1991; Maathuis et al., 1996), showing that this activity
has physiological relevance in plants. However, in
roots of wheat barley (Hordeum vulgare) and maize
(Zea mays), Na*-coupled high affinity K™ uptake could
not be detected, indicating that HKT1-type transport
provides a minor component to total K uptake in
these plants (Maathuis et al., 1996). Similarly proton-
stimulated high-affinity K* uptake could also not be
resolved in maize roots (Newman et al., 1987; Kochian
et al., 1989). Together, these studies indicate that many
transporter types may have overlapping K" uptake
activities in these plants (Schroeder et al., 1994), thus
rendering individual activities difficult to resolve in
wild-type backgrounds (Maathuis et al., 1996; Rubio
et al., 1996; Miser et al., 2001).

HKT1 homologs have been isolated or detected from
many species, including Arabidopsis, eucalyptus, rice,
ice plant (Mesembryanthemum), and poplar (Populus
spp.; Fairbairn et al., 2000; Uozumi et al., 2000; Horie
et al., 2001; Golldack et al., 2002; Garciadeblas et al.,
2003; Sul et al., 2003). The completed sequence of the
japonica rice genome shows the presence of up to nine
OsHKT genes (Garciadeblés et al., 2003). Interestingly,
HKT homologs fall into two different classes of trans-
port properties in heterologous expression systems.
For instance, K* uptake was not observed for the
Arabidopsis homolog AtHKT1 in both yeast and
Xenopus oocytes, although a large Na ™ uptake activity
was detected (Uozumi et al., 2000; Fig. 1). In the case
of eucalyptus two HKT1 homologs EcHKT1 and
EcHKT2, were isolated, and both transporters showed
K" and Na" currents in oocytes (Fairbairn et al., 2000).
In rice two highly homologous proteins, OsHKT1 and
OsHKT?2 (91% identity), were identified in the indica
variety Pokkali. Interestmgly, OsHKT1 showed an
AtHKT1-like Na"-specific transport activit ¥ whereas
OsHKT?2 showed a wheat HKT1 like K*-Na ™ transport
activity (Horie et al., 2001).

Through a combination of functional chimeric HKT
analyses and sequence analyses an amino acid was
identified in HKT transporters that plays an important
role in determmmg the transport mode of HKT trans-
porters (K"-Na* symporter or Na" transporter; Maser
et al., 2002b). This amino acid lies within a predicted

“pore-loop” domain. The presence of a Gly residue
resulted in K"-Na" transport, whereas a Ser residue at
this position caused more Na' selective transport
(Méser et al., 2002b). Interestingly, Gly residues also
form the narrowest portion of the selectivity filter in K*
channel pore-loop domains (Mackinnon and Yellen,
1990; Nakamura et al., 1997; Doyle et al., 1998). Thus,
HKT analyses indicate that Gly residues in P-loops
may provide a more general mechanism for producing
K" selectivity in transport proteins. These data also
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provide support for the hypothesis that HKT trans-
porters have an ion channel type transport mode
(Gassmann et al., 1996).

Several reports have analyzed the physiological
roles of HKT transporters in vivo. Laurie et al. (2002)
found that transgenic wheat plants expressmg
an HKTI1 antisense construct showed Na' tolerance
under saline conditions, and Na " uptake activity and
accumulation were reduced. Consistent with these
results RNA in situ hybridizations in wheat showed
that HKT1 is expressed in root cortex cells (Schacht-
man and Schroeder, 1994). The Arabidopsis genome
includes only one HKT1 gene, AtHKT1. T-DNA in-
sertions in AtHKT1 gene suppressed the Na' hyper-
sensitivity of s0s3 plants leading to the proposal that
AtHKT1 mediates Na* uptake into Arabidopsis roots
(Rus et al., 2001). However, Méser et al. (2002a) and
Berthomieu et al. (2003) showed that loss-of-function
mutations 1n the AtHKT1 gene lead to over accumu-
lation of Na" in shoots and rendered plant leaves Na*
hypersensitive. Transgenic plants harboring an
AtHKT1 promoter-GUS construct showed AtHKT1
expression in vascular tissues (Méser et al., 2002a;
Berthomieu et al., 2003). Further in situ hybridizations
showed expression in phloem tissues (Berthomieu
et al., 2003). Taken together with the previous reports
show1ng the Na " selectivity of AtHKT1, a model was
proposed in which AtHKT1 would mediate Na*
loading into the phloem in leaves, and also Na®
unloading from the phloem sap in roots (Berthomieu
et al., 2003; Figs. 1 and 2). Na" selectivity and HKT
mutant studies show that members of this gene family
play important roles in long-distance Na™ transport
and plant salt tolerance.

TOXIC SODIUM INFLUX INTO ROOTS

One of the important questions to be addressed with
respect to salinity stress in plants is the identification
of channels and transporters respon51ble for toxic Na*
influx into root cells. Classical *Na* influx studies
showed multiple kinetic components of Na* influx
into barley roots (Rains and Epstein, 1965, 1967).
Furthermore, single locus mutations that greatly di-
minish Na" influx into plants have not been found,
suggesting that several parallel redundant pathways
exist (Schroeder et al., 1994). Na™ influx currents have
been characterized in electrophysiological studies in
root cortex cells of wheat (Tyerman et al., 1997), maize
(Roberts and Tester, 1997), and barley suspension-
cultured cells (Amtmann et al., 1997). These studies
suggest that Na* influx is mediated by voltage-in-
dependent, nonselective cation channels (named VIC
or NSC; Tyerrnan and Skerrett, 1999). Calcium inhibi-
tion of Na* influx in wheat was observed (Tyerman
et al., 1997; Buschmann et al., 2000; Davenport and
Tester, 2000). The NSC current in wheat cortex cells is
weakly voltage dependent and nonselective among
monovalent cations (Davenport and Tester, 2000).
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Figure 2. Model for role of AtHKT1 in long-distance transport in
Arabidopsis (Méser et al., 2002a; Berthomieu et al., 2003). Na*
recirculation is proposed to be mediated by AtHKT1 at the phloem
(Berthomieu et al., 2003). Overaccumulated Na™ in shoots is loaded
into the phloem and unloaded from the phloem in roots.

Furthermore, in wheat root cortex cells K" deprivation
was shown to enhance Na" influx currents, providing
evidence that K™ starvation-induced transporters con-
tribute to Na™ influx (Buschmann et al., 2000). How-
ever, the molecular identity of VIC/ NSC remains
unknown and more than one transporter gene may
contribute to this activity.

A cDNA was isolated from wheat that mediates
low-affinity K" and cation transport in yeast and was
named LCT1 (Schachtman et al., 1997). Analysis of the
secondary structure of LCT1 predicts the presence of
8 to 10 hydrophobic domains with a hydrophilic N
terminus. The hydrophobic region is distinctive and
novel compared to other transporter genes. LCT1
mRNA is detected at low levels in wheat roots and
leaves. LCT1 functions as a nonselective cation perme-
able transporter in yeast medlatlng not only K™ influx
but also Rb*, Na*, Cd*", and Ca®" transport (Schacht-
man et al., 1997; Clemens etal., 1998). LCT1 expression
rendered yeast more salt sensitive (Amtmann et al.,
2001). However, further analyses will be required to
determine to which plant membrane and cell types
LCT1 is targeted and physiological roles of LCT1
remain to be identified.

VIC/NSC currents in Arabidopsis are down-
regulated by the addition of cAMP and cGMP
(Maathuis and Sanders, 2001; Fig. 1). Furthermore,
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ZNa” tracer influx experiments show reduction in
Na' influx in the presence of cyclic nucleotides and
salt tolerance of Arabidopsis plants was improved
(Maathuis and Sanders, 2001). These results support
the hypothesis that cyclic nucleotide inhibited chan-
nels may contribute to VIC/NSC currents (Fig. 1). The
Arabidopsis genome includes 20 cyclic nucleotide
gated channel-like genes (Maser et al., 2001), and their
roles in root Na* influx remain to be determined.

CONCLUSIONS

Salt stress is a major problem threatening agricul-
tural productivity and yields in the 21st century.
Salinity threatens many arid and heavily populated
regions of the world. The combination of physiologi-
cal, biochemical, genomic, genetic, and molecular bi-
ological analyses has led to the identification and
characterization of important Na* transporter genes
and proteins. Interestingly, the genes that have been
analyzed via mutagenesis in plants to date show
important and distinct roles in controlling salinity
stress. These findings have led to the formulation of
novel hypotheses on Na" sequestration, long-distance
transport, and influx that point to mechanisms mediat-
ing plant salt tolerance and demonstrate that salt toler-
ance can be manipulated by molecular engineering of
plants using these genes. Further research and de-
velopment using these genes and diverse promoters,
which are tissue and condition dependent, will likely
contribute to the future engineering of crops with
enhanced salinity resistance. Genome-wide analyses
indicate that additional classes of Na " transporters are
likely to exist and characterization of further complex-
ities and interesting functions of Na™ transporters are
on the horizon.
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