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Abstract The ability of plants to grow in high NaCl concentra-
tions is associated with the ability of the plants to transport,
compartmentalize, extrude, and mobilize Na™ ions. While the in-
flux and efflux at the roots establish the steady state rate of entry
of Na" into the plant, the compartmentation of Na™ into the cell
vacuoles and the radial transport of Na™ to the stele and its load-
ing into the xylem establish the homeostatic control of Na* in the
cytosol of the root cells. Removal of Na* from the transpira-
tional stream, its distribution within the plant and its progressive
accumulation in the leaf vacuoles, will determine the ability to
deal with the toxic effects of Na*. The aim of this review is to
highlight and discuss the recent progress in understanding of
Na* transport in plants.

© 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Keywords: Sodium; Transport; Plants; NHX; HKT; Ion
channels

1. Introduction

The aim of this review is to highlight the recent progress in
understanding of Na* transport in plants. Several recent re-
views of this area of study have been made [1-3] and these de-
scribe, in more detail, and in a more eloquent way than we
present here, the transport of Na* from the growing medium
into the roots, the Na* loading into and unloading from the
xylem, and its (re)distribution within the plant. There have
been several important publications that made incremental
contributions to this field, and we seek to highlight those in
context. And there are a few areas of debate that deserve com-
ment and continued reexamination to which we seek to draw
your attention. Because of space constraints, we were unable
to reference many of important contributions of our colleagues
and we regret omissions. In this review, we use the nomencla-
ture for HKT transporters suggested by Platten et al. [4].
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2. The influx of Na™ into the plants

The greatest proportion of the root surface area is that pre-
sented by root hairs, and it is across the plasma membrane of
these epidermal cells that the greatest portion of ion uptake
occurs. Early studies of Na™ uptake with whole plants and
excised roots led to the notion that two modes of Na* uptake
were in operation in the roots, a rapidly saturating system that
showed high affinity transport for both Na* and K", and a
non-saturating low affinity transport system [5]. Even the sim-
plest model for root sodium transport must account for multi-
ple compartments: the epidermal layer and cortex as one
compartment (with vacuoles) are separated from the stele by
the Casparian band, stelar cells (with vacuoles) adjacent to
either the xylem (xylem parenchyma), or phloem (phloem com-
panion cells) (Fig. 1). In this paper, we will discuss the influx of
Na™ into the roots as the entry of Na* into the first plant com-
partment from the external medium. Under typical physiolog-
ical conditions, plants maintain a high K*/Na™ ratio in their
cytosol with relatively high K* (100-200 mM) and low Na™
concentrations (1-10 mM) [6]. Given the negative electrical
membrane potential difference at the plasma membrane
(—140 mV) [6], a rise in extracellular Na* concentrations will
establish a large Na™ electrochemical potential gradient that
will favor the passive transport of sodium from the environ-
ment into the cytosol. Influx measurements of Na™ into whole
root/excised roots show a very high rate during the time period
in which efflux of the radioactive tracers is minimal [1]. The
high rate component (initially linear) of Na™ influx is reduced
within ten minutes, presumably by Na* efflux from the root
epidermis and cortex. These high fluxes have been recorded
also in barley [7]. This high rate of influx has been highlighted
as a potential confounding phenomenon in the assessment of
low affinity transport kinetics [7]. Tester and Davenport [1]
also pointed out that the high rates of influx measured with
tracers match well with the magnitude of sodium inward cur-
rents measured in protoplasts isolated from roots.

As stated earlier, Na™ entry into the cells of the root is pas-
sive; uniporter or ion channel type transporters are the likely
candidates for sodium influx. These include HKT, LCTI,
NSCC (including CNGCs and GLRs). Although the role of
each type of transporter can vary within species and growth
conditions, evidence would suggest that the different transport-
ers could work in parallel, mediating Na™ uptake into the roots.

LCT1, a low affinity cation transporter, was isolated from
wheat using a screen for complementation of K* uptake
mutant of yeast [8]. In yeast, LCT1 catalyzed uptake of many
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Fig. 1. Movement of Na* in the plant. Schematic diagram showing radial transport and longitudinal movement of Na* ions from the soil through
the roots, up the xylem to the shoots, and recirculation through the plant. Na* enters the root cytosol via NSCC (non-selective cation channels) and
possibly other HK T-like transporters (including OsHKT2;1). Low cytosolic Na* concentrations are maintained by the action of plasma membrane-
bound (SOS1) and vacuolar-bound (NHX1) Na*/H" antiporters. A CHX-like cation/H" antiporter (CHX21) contributes to Na* movement from the
endodermal cells into the apoplast of the stele. In the stele, Na™ is loaded into the xylem by a plasma membrane-bound Na*/H™ antiporter (SOS1). In
the root, Na* can be unloaded from the xylem into the root via Na*-selective uniporters (AtHKT1;1, OsHKT1;5; Nax1). In the leaves, Na* can be
unloaded by Na*-selective uniporters (OsHKT1;5, AtHKT1;1 and Nax2), and NSCC channels. Leaf cytosolic Na* concentrations are maintained by
the action of both SOSI- like and NHX1-like Na*/H" antiporters. Mechanisms for phloem loading and unloading and recirculation of Na* via the

phloem remain to be determined.

cations, including Na™, Rb*, and Ca®*. While causing hyper-
sensitivity to sodium in yeast, which was mitigated by the addi-
tion of high (20 mM), but not low (2 mM) Ca>* to the medium
[9], LCT1 also increased uptake of Li* and Cs+. It was sug-
gested that LCT1 may be a component of the Ca>*-insensitive
Na* influx seen in wheat roots, as it was not saturated at low
external Na* (7 mM), a property attributed to NSCCs [9]. As
yet, the only in planta studies with LCT1 have been made in
the context of heavy metal uptake and detoxification in rela-
tion to external calcium [10], and although a similar protein
(CAJ76575) appears in GenBank, sequences of significant
identity are not present in rice or Arabidopsis; LCT1 may be
unique to wheat.

Ton channel transporters are likely candidates for mediating
the passive transport of Na* into the cells. In the last few years,
evidence has been presented supporting the existence of weakly
voltage-dependent non-selective cation channels (NSCC) that
are the main pathway for Na™ entry into the roots, at high soil
NaCl concentrations [1,2]. Although there are many candidate
genes in the databases that could encode these NSCC chan-
nels, their identity remains elusive. Two families of non-selec-
tive cation channels, CNGCs (cyclicnucleotide-gated channels)
[11], and GLRs (glutamate-activated channels) [12] have been
suggested to be candidate NSCC channels [1]. The inhibition
of Na* influx and NSCC currents upon addition of mem-
brane-permeant cyclic nucleotide analogues provided correla-
tive evidence for the operation of CNGCs in plants [13], a
family of plant channels that in Arabidopsis comprises 20
members [14]. To date, five AtCNGCs have been characterized
(AtCNGCl, 2, 3, 4, and 10) [11,15-17]. Electrophysiological
studies have suggested that AtCNGC1 and AtCNGC4 are
equally permeable to K* and Na* and when expressed in

Xenopus oocytes, they displayed activation by cyclic nucleo-
tides [11,15]. AtCNGC2 appears to be selective for K* and
to discriminate against Na® [11]. AtCNGC10 rescued K*
transport defective mutants of E. coli, yeast and Arabidopsis
aktl-1, suggesting that AtCNGC10 mediates the transport of
K™ into the roots [16]. AtCNGC3 was recently characterized
by functional complementation of yeast and by characteriza-
tion of Arabidopsis T-DNA knockout mutants [17]. AtCNGC3
was primarily expressed in the cortical and epidermal root
cells. Heterologous expression in yeast indicated that
AtCNGC3 could mediate the uptake of Na* and K*, and
the growth of the mutant seedlings in toxic NaCl (and KCI)
concentrations was improved, suggesting a restricted ion influx
in the mutant plants [17]. Ionotropic glutamate receptors
(GLRs) are proteins that interact with glutamate and form cat-
ion channels with a wide range of permeabilities. In Arabidop-
sis the family of putative GLRs comprises 20 members [12].
Glutamate-activated Na* and Ca** voltage-independent cur-
rents were characterized in Arabidopsis roots. Demidchik
et al. [12] noted that although the effects of environmental fac-
tors on apoplastic glutamate remains unclear, the concentra-
tions of glutamate required for half-activation of these
channels correlated well with the range of apoplastic glutamate
concentrations reported (0.2-0.5 mM), suggesting a role of
these channels in Na™ uptake.

High affinity potassium transporters (HKT) have been
shown to function as Na*/K " symporters and as Na*-selective
uniporters [2,18]. In Arabidopsis, there is only a single member
of the HKT family. In the different plant tissues that have been
examined, AtHKT1;1 has been found in different cell types,
but in the root, AtHKTI;1 is localized in the stele. Na* influx
remained unchanged in a AtHKT1;1 T-DNA insertion knock-
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out mutant, thus suggesting that in Arabidopsis AtHKTI;1
does not mediate significant Na* influx [19,20]. However, in
rice, the expression of some of the nine members comprising
the rice HKT family is consistent with a potential role in root
influx. Both OsHKT2;1 and OsHKT2;2 transcripts were de-
tected in both leaves and roots from the salt-tolerant Pokkali
and the salt-sensitive BRRI Dhan29 rice varieties [21].
OsHKT?2;1 has been shown to mediate Na* influx (and not
K™) [22], when the plants are K*-deficient [18]. OsHKT2;2
was shown to catalyze Na*-dependent K" uptake [22]. During
salt-stress the expression of OsHKT2;1 was down-regulated in
the salt tolerant variety, suggesting a reduction in Na™ influx in
the salt-tolerant variety [21]. On the other hand, the initial
expression of OsHKT2;2 was reduced in the roots of the
salt-sensitive variety [21] and strongly enhanced in the leaf
mesophyll cells of the salt tolerant variety and the connecting
area between the phloem and mesophyll cells. The wheat
TaHKT2;1 functions as a Na*/K* symporter [23] and its
down-regulation in planta reduced the accumulation of Na™
in the roots and improved salt-tolerance [24].

3. Efflux of Na™ from the root

The dramatic unidirectional influx measured in intact and
excised roots is counteracted by a large efflux, at steady state
Na* concentrations. It is the net of these fluxes that contrib-
utes to the accumulation of sodium in the root and the rest
of the plant.

In the presence of elevated levels of Na* outside the cell, the
electrochemical gradients that make sodium uptake into the
root (and cells) passive make the efflux of Na* from the cell
an active process. While sodium extrusion in animals and
microorganisms (including yeast) is directly energized by
ATP hydrolysis (Na*-ATPases), these Na* pumps are absent
from higher plants [2]. Secondary active transport (Na*/H*
antiporters) at the plasma membrane facilitates Na* efflux.
Plasma membrane Na"/H" antiporter activity has been mea-
sured in membranes isolated from both root and shoot tissues.
This electroneutral exchange of sodium for protons to facili-
tate efflux is the only mode of transport that has been
measured for efflux under physiological conditions. In Arabid-
opsis, the gene product SOSI1 has been identified to mediate, at
least partially, cellular sodium efflux [25]. Recently, its rice
ortholog was shown to functionally complement an Arabidop-
sis mutant [26]. SOS1 was first identified by mapping of a “salt
oversensitive phenotype” identified in a screen for altered root
growth on saline media [27]. SOS2 and SOS3, genes found in
the same root-bending screen, regulate SOSI1 activity: SOS3
is a myristoylated calcium binding protein that recruits SOS2
to the plasma membrane; SOS2, a serine/threonine protein
kinase, activates SOS1 by phosphorylation and dramatically
increases Na*/H" exchange activity in isolated plasma mem-
brane vesicles [28].

A comparison of Na'/H" exchange activities in plasma
membrane vesicles isolated from Arabidopsis roots of wild-type
and sos! mutant plants clearly shows a diminished activity in
membranes isolated from the sos/ mutant [28]. The mem-
branes of the mutant retained some Na*/H" exchange activity,
and this was attributed to other possible exchangers that might
be present. The CHX family of cation/proton exchangers in
Arabidopsis comprises 28 members [29] and may contain suit-
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able isoforms that account for this activity, although the mem-
branes used in these studies were isolated from leaves, and the
‘residual’ activity seen in these may not be the same as in roots.

Na™/H" exchange activity has not been reported for plasma
membranes isolated from roots of Arabidopsis, although SOS1
antibodies detected a band of the appropriate size in the plas-
ma membrane fraction of root microsomal membranes [28].
Shabala et al. [30] used vibrating microelectrodes to compare
fluxes in excised roots of Arabidopsis wild-type and mutants
of the SOS pathway. Differences in K* and H* fluxes between
wild-type and sos/ mutants were qualitatively different in the
root apex and mature root zones on addition of 50 mM NaCl.
As transport effects were also different among the sos mutants,
the authors concluded that SOS1 may act both dependent and
independent of SOS2/SOS3 regulation [30]. Certainly other
antiporters might be expressed in the apex and mature zones
of the root (i.e. CHXs), and SOS1 expression is also induced
by NaCl [25]. Thus, the exposure to NaCl of the excised roots
may not have been sufficiently long for the expression of SOSI
and its activation. The potential for CAX1 regulation by
SOS2, shown by Cheng et al. [31] is also worth consideration;
as cytosolic Ca®" regulation itself may influence a broad range
of ion fluxes. Certainly the differences in activity attributed to
SOSI1 and/or its regulatory pathway might be different in vivo
or in vitro [30], but experimental treatments would also
strongly affect the interpretation of phenotype.

SOS1 function in whole plant Na* transport is an area
requiring some resolution, as tissue localization of SOSI
expression is ambiguous and the potential interaction of the
protein with other cellular targets contributing to Na* trans-
port complicates the ability to make direct attributions of
function. SOS1 promoter—GUS fusions show expression in
root epidermis at the root cap and also in vascular tissues,
though particularly in close association with the xylem [25].
Expression in the shoot also indicated a predominantly vascu-
lar localization, but the plants grown for these assays were
grown in the absence of salinity stress. In leaves, SOS1 activity
was assayed after salinity treatment of the plants, presumably
because mRNA levels are dramatically lower before NaCl
treatment, both in roots and shoots [25]. 35S-SOS1 transgenic
plants show a dramatic increase in SOS1 expression, relative to
wild-type, only under salt-stress treatment, suggesting that
SOS1 mRNA stability may be regulated as well [32]. A more
detailed characterization of SOS1 expression, perhaps with
the native promoter—SOS1-GFP fusions that could be crossed
into the different sos mutant backgrounds, might be helpful.
Nonetheless, tissue Na™ accumulation and its dynamics clearly
point to the importance of SOS1 in sodium efflux in the root,
as sos] mutant plants (and also sos2 and sos3 mutants) dis-
played a higher root Na* concentration relative to wild-type
[25,33]. Conversely, SOS1 overexpressing plants show reduced
Na* accumulation in the shoot and reduced Na* concentration
in the xylem [32]. While Na* efflux has not been directly mea-
sured in Arabidopsis sos mutant plants, the increase in root
Na™* concentration (and also shoot Na* concentration) must
be due to SOS1-dependent (if not mediated) efflux, as Na* in-
flux in sos! plants was the same as that of wild-type plants [20].
The relative contribution of Na™ efftux and influx in the root to
net Na* root and shoot accumulation has been compared in
Arabidopsis and Thellungiella halophila, its salt-tolerant rela-
tive [34]. Net root accumulation was similar in the both spe-
cies, but higher shoot Na* accumulation in Arabidopsis was
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attributed to lower rates of unidirectional Na™ influx in 7. halo-
phila roots, while rates of root unidirectional efflux were simi-
lar in the two plants [34]. This reduced rate of influx in
T. halophila was found to be related to the lower conductance
to Na* (and higher K* selectivity) of T. halophila root cell
membranes, which was consistent also with less depolarization
of the plasma membrane electrical potential difference of
T. halophila cells on exposure to Na* [35]. Tester and Daven-
port [1] and Kronzucker et al. [36] raised the question of what
adaptive significance the high rate of cycling of Na* at the
plasma membrane might have. This remains an open question,
but the systematic application of these kinetic measurements to
mutants in Arabidopsis, and also those that should be forth-
coming in rice as well as 7. halophila (perhaps a TILLING
mutant population for forward and reverse screens?), may pro-
vide more information.

4. Root radial transport

Transport of Na™ across the root and into the xylem occurs
along symplastic and apoplastic pathways from the epidermis
to the xylem. However, with the deposition of apoplastic barri-
ers (suberin lamellae/Casparian band), a higher selectivity for
ion movement (both in and out of the stele) is facilitated.
Restriction of xylem loading can be accomplished, in part, by
the restriction of Na* entry from the cortical cells into the stele,
by an effective Casparian band and efficient sodium efflux from
the cells at this border [37]. The contribution of a physical bar-
rier to the restriction of Na* radial transport was evident in the
comparison to the salt-sensitive Populus tomentosa to the salt
tolerant Populus euphratica [38]. The latter had lower Na* in
the stele and higher Na™ in the cortex after 20 days exposure
to high salinity; net uptake of sodium was significantly less in
P. euphratica [38]. Salinity stress can induce a more rapid mat-
uration of the endodermal Casparian bands in young cotton
roots ([39], and references therein) and conversely, growth in
high humidity/low transpiration can lead to the formation of
more permeable endodermis [40]. An Arabidopsis mutant that
overaccumulated Na™ in the shoot, sas/, was found to be defec-
tive in root radial transport of Na*, as the root Na* concentra-
tion was the same as wild-type and shoot Na* concentration
was two—sevenfold higher than wild-type plants [41]. The xylem
was found to have 5.5-fold higher Na' concentrations.
Although this mutation has yet to be associated with a gene,
it has been localized to a small region at the bottom of chromo-
some I1I [41]. AtCHX21 expression in the plasma membrane of
the endodermal cells is strongly suggestive of a role for the pro-
tein in ion selectivity at the endodermis [42]. The chx2] mutant
plants had lower xylem Na® concentrations and displayed
lower Na* accumulation in the leaves as compared to wild-type
plants, leading to the hypothesis that AtCHX21 contributed to
Na™ efflux from the endodermal cells into the stele [42]. It
remains to be seen whether the knockout is more tolerant to
higher concentrations of Na* in the growth medium.

5. Xylem loading/unloading

As much as 10-15% of the surface area of the xylem trac-
heids is in contact with the xylem parenchyma at structures
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called bordered pits [1]. This large surface area can easily
accommodate the large quantities of ions and water that must
be passed from the root to the shoot. Tester and Davenport [1]
and deBoer and Volkov [43] pointed out that this interface can
be quite plastic, with large increases in this surface area occur-
ring, via the proliferation of transfer cells at certain loci along
the xylem, upon the exposure of some plants to salinity. Ex-
port of Na* to the xylem is assumed to be active, given that
the xylem parenchyma electrical membrane potential difference
has been measured at between 60 and 100 mV negative inside
the xylem parenchyma cell (XPC) (reviewed in [43]). The elec-
trochemical potential for Na* may be lower than that facing
the root epidermis under high salinity, as xylem sap concentra-
tions have been measured in the range of 1-20 mM [22]. High-
er xylem Na* concentrations, particularly under conditions of
significant transpiration, would lead to the untenable accumu-
lation of Na* in the shoot. Under conditions of moderate
salinity in Arabidopsis, SOS1 was proposed to mediate the
loading of Na™ into the xylem, as the sos/ mutant plants
had less accumulation of Na* [25]. Unloading of Na* from
the xylem is likewise assumed to be passive, mediated by
Na* permeable channels.

At higher salinity, xylem loading of Na* is possibly passive,
as higher XPC cytosolic Na* and a relatively depolarized plas-
ma membrane would favor Na* movement in to the xylem, as
is the case for K™ loading via SKOR channels [44]. The role for
a SOSI1 antiporter in loading of the xylem is supported by
experiments in which acidification of the xylem in Plantago
maritima and barley resulted in an increase in the Na* concen-
tration of the xylem sap [43].

Removal of sodium from xylem has been observed along the
basal portions of the root and shoot of corn, bean and soybean
[1,43]. Under normal conditions, the cellular uptake of sodium
is passive, owing to the electrical potential difference at the
plasma membrane, and it is therefore likely to be mediated by
channel- or uniporter-type transporters. However, Lacan and
Durand [45] proposed a model for Na™ retrieval from the xylem
in which a plasma membrane-bound Na*/H" antiporter could
operate “in reverse”, using the Na* gradient across the XPC
plasma membrane (high Na™ in the xylem, low Na* in the cyto-
sol) to facilitate H" extrusion and Na™ uptake by the XPC. This
model required first, a large Na™ gradient, and second, a de-
crease in the pH difference between the xylem and the XPC
cytosol (either by alkalinization of the xylem or acidification
of the cytosol). The assumptions of this model are faulty as
its theoretical basis. Biological membranes lack passive H* con-
ductances [46]. On the other hand, both passive and active (al-
beit secondary) pathways exist for Na™ transport. It is hard to
conceive a Na®/H" antiporter driven by the Na* gradient
across the membrane when passive conductances (HKTs,
NSCCs) in the same membrane will dissipate any Na™ electro-
chemical potential difference across the XPC. The acidification
of the XPC cytosol with respect to the xylem is unlikely (re-
viewed in [43]). Also, Na™ contents in xylem sap of wild-type
Arabidopsis have been reported in the range of 9 mM [47] and
5 mM [48] when the plants were grown at 100 mM NacCl for
two days, suggesting the lack of large Na™ concentration gradi-
ents (larger in the xylem with respect to XPC cytosol). The
apparent increase of shoot Na* concentrations in Arabidopsis
sos] mutant plants grown at high salinity (100 mM) treat-
ment—in contrast to the reduced shoot sodium observed at
moderate salinity stress owing to reduced xylem loading via
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SOS1—prompted Shi et al. [47] to adopt the model proposed by
Lacan and Durand [45] notwithstanding a simpler proposed
model in which excessive net influx of Na™ into the root (owing
to reduced efflux in the sos/ mutant plants) would lead to great-
er loading of the xylem. In addition to preferential expression
of SOSI1 in vascular tissues (discussed earlier), subsequent pub-
lications have contributed interpretations that continue to
favor the model. While some part of this might be due to
ambiguous phenotypes, the clear demonstration of the role
for AtHKT1;1 in xylem unloading (in addition to the strong
evidence for similar mechanisms in rice and wheat), which is
consistent with experimentally determined parameters for the
xylem, will make the operation in of the Na*/H" antiport “in
reverse”, that is, driven by the Na* gradient thermodynami-
cally not favorable. Clearly, due to the existence of passive
pathways (i.e. AtHKTI;1 and possible cation channels), any
Na™ gradient would dissipate passively. The elements discussed
above precludes the operation of a Na*/H™ antiporter in xylem
unloading and until direct evidence shows otherwise, this
notion should be put to rest.

A convincing body of evidence has been accumulated that
supports the role for AtHKTI;l in xylem unloading.
AtHKT1;1 was first proposed to be a pathway for sodium in-
flux owing to the rescue of the salt sensitivity of mutants of the
SOS pathway by a hktI knockout [49,50]. But influx of Na* in
the hktl mutant plants was not different from the wild-type
[19,20]. HKT1 promoter activity was also inconsistent with
an influx role, as it was shown to be active in the stele of the
root and vascular tissue in the shoot [51]. Subsequently it
was shown that AtHKT1;1 localized to the plasma membrane
of XPC [52]. This contrasted with the phloem-associated signal
from AtHKT1;1 promoter—GUS fusions [19]. Over accumula-
tion of Na* in the shoots and reduced Na™ accumulation in
roots, with an increase in the concentration of Na® in the
xylem of athktl;l] mutants pointed to a similar role for
AtHKTI;1 in Arabidopsis as for HKT-type proteins in rice
and wheat [48]. Davenport et al. [33] reported kinetics of
Na™ uptake and translocation in WT, athktl, and sosI mutants
that are consistent with previous observations of alterations in
shoot and root ion content changes in athkt! mutants, and
support the idea that AtHKTI1;1 mediates retrieval of Na*
from the xylem in Arabidopsis roots. While Na* translocation
to the shoot was increased in the Akt/ mutant plants, only a
small reduced recirculation, not sufficient to account for differ-
ences in shoot Na* accumulation, was observed in relative to
the wild-type plants [33]. If there is a role for AtHKTI;1 in
phloem recirculation (see below) it may be small. Two natural
variants of HKT1 in the Ts-1 and Tsu-1 Arabidopsis acces-
sions appear to have a reduced expression level in the root, rel-
ative to the Col-0 ecotype [53]. While a number of differences
exist between Col-0 and Ts/Tsu HKT1 coding regions that
may also contribute to altered activity, the HKT1 variants in
the Ts-1 and Tsu-1 accessions are correlated to higher shoot
Na™ concentrations [53]. And despite the higher shoot Na™
concentrations in these accessions, they appear to be more salt
tolerant [53], which is in stark contrast to the sensitivity shown
in the athktl mutations isolated by Gong et al. [54], where a
recessive mutation with a deletion in transmembrane domains
of AtHKTI;1 function resulted in increased shoot Na* and in-
creased sensitivity. This interesting phenotype, and its sug-
gested relationship to the variant HKT1 locus in the Tsu-1
accession, requires further investigation.
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Two recent reports in rice and wheat are consistent with
HKT-type proteins mediating xylem unloading of Na*. Ren
et al. [55] cloned a salinity tolerance QTL from rice, named
SKCI, which is expressed in vascular tissue preferentially in
XPC. The xylem Na* concentration was much lower in the tol-
erant variety (Koshihikari), compared to its NIL (SKCI1) line
and shoot accumulation of Na* was also lower in the tolerant
variety [55]. SKC1 is the same as OsHKTI1;5 (formerly
OsHKTS). In wheat, two loci have been characterized that also
appear to encode HKT-type proteins that reduce Na* content
by xylem unloading [56]. Nax2 appeared to function in xylem
unloading of Na™ in the root only, but Nax1 appeared to func-
tion in the root and leaf, contributing to a reduction in Na*
concentration along the length of the leaf sheath [56].

A recent report using wheat-L. elongatum group 3 disomic
substitution and addition lines is suggestive of one or more
alleles from L. elongatum that reduce leaf Na* accumulation
relative to the salt-sensitive variety, Chinese spring [57]. It is
intriguing that while the gene of interest on the group 3 substi-
tution was a SOS1 homologue, it was the expression of the
wheat homolog of AtHKTI;1, on a different linkage group,
that was most significantly affected in the substitution lines
above.

6. Vacuolar Na* compartmentation

The compartmentation of Na* ions into vacuoles provides an
efficient mechanism to avert the toxic effects of Na* in the cyto-
sol. The transport of Na™ into the vacuoles is mediated by cat-
ion/H* antiporters that are driven by the electrochemical
gradient of protons generated by the vacuolar H*-translocating
enzymes, the H*-ATPase and the H*-PPiase. Although the
activity of these cation/H™ antiporters was demonstrated more
than 20 years ago [58], their molecular characterization was
only possible after the Arabidopsis Genome-sequencing pro-
ject. Following the cloning of AtNHXI1, the first member of
the NHX family of plant endosomal Na*/H" antiporters (com-
prising six isoforms, AtNHX1-6) [59], AtNHX1 was shown to
mediate both Na*/H* and K*/H" exchange in plant vacuoles
[60-62], and in vacuoles from yeast expressing AtNHXI1 [63].
Since then, the existence of NHX-like proteins has been demon-
strated in all plants tested; whether gymnosperm or angio-
sperm, monocots or dicots [3]. Vacuolar NHX transporters
have been shown to play significant roles in endosomal pH reg-
ulation [64], cellular K* homeostasis and cell expansion [65],
vesicular trafficking and protein targeting [66-68].

Since under normal growth conditions, higher plants are not
exposed to high Na® concentrations, the roles of vacuolar
NHX-like Na*/H* antiporters in Na® transport and Na*
homeostasis become relevant only during the growth of the
plants in the presence of soil solutions containing high NaCl
concentrations, and the concomitant increase in cellular Na*
concentrations. A correlation between the expression of genes
encoding NHX antiporters in salt-tolerant cultivars and their
salt tolerance was shown in cotton [69]. Similar results were
observed in wheat [70] suggesting that the higher expression
of endogenous vacuolar Na*/H™ antiporters in roots and
shoots of the salt-resistant wheat genotypes facilitated Na*
exclusion from the cytosol, improving salt tolerance [70].
The key role of NHX genes has been emphasized with the
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generation of salt-tolerant transgenic plants through the over-
expression of NHX genes in a wide variety of species [1,71].
Under these conditions, vacuolar Na*/H" antiporters play a
key role in mediating the transport of Na™ into the vacuoles,
lowering cytosolic Na* concentrations and ameliorating the
toxic effects of Na™ on metabolism [72].

The activity of vacuolar antiporters has been extensively
demonstrated in vitro. Na*(K")-dependent H* movements
were shown in isolated tonoplast vesicles ([61,63,73-75], and
others), reconstituted proteoliposomes [62], and intact vacu-
oles [64,76,77]. H"-dependent Na* transport was also demon-
strated in purified tonoplast vesicles with fluorescence
quenching techniques [61], and by the accumulation of
%2[Na*] in acidic vesicles [73]. A few non-invasive techniques
have been developed for the measurement of Na* concentra-
tions in planta and to assess Na*/H" antiporter-mediated vac-
uolar Na* accumulation. These techniques include the use of
microelectrodes [78], *Na NMR [79-81], and fluorescence
dyes [82-84]. Although limited to single cell measurements, tri-
plebarreled electrodes provide accurate and high temporal res-
olution for the measurement of Na™ activity [78]. *Na* NMR
allows accurate ion measurements and with good spatial reso-
lution. The only drawbacks of the method are the high cost of
the equipment and that relatively long time needed for data
acquisition. Fan et al. [79] used in vivo **Na’- and 3'P
NMR to assess tonoplast Na*/H" activity in excised roots of
two barley cultivars differing in salt tolerance, and similar
methodology was used to monitor cytosolic/vacuolar pH shifts
and vacuolar Na* concentrations in isolated vacuoles [81] and
cell suspensions [80]. Halperin and Lynch [82] used the tetra-
ammonium salt of SBFI, sodium-binding benzofuran isophta-
late, to measure changes cytosolic Na® in root hairs of
Arabidopsis, and the acetoxymethyl (AM) ester of SBFI was
used to characterize changes in cytosolic Na* in salt-sensitive
(Jaya) and salt-tolerant (Pokkali) rice varieties [84]. In this
work, the authors showed that Pokkali cells maintained low
cytosolic Na* concentrations via an amiloride-sensitive seques-
tration of Na* into intracellular compartments, indicative of
the action of vacuolar Na*/H" antiporters. Fluorescent dye-
mediated quantification of Na* concentrations provides a
real-time, non-invasive, method for the measurements of intra-
cellular Na™ concentrations. The main drawbacks of this meth-
odology are the difficulties associated with the partition of the
dye into multiple compartments (i.e. cytosol and vacuole), and
the relatively narrow window of the linear response of the dye
(up to 40 mM Na™*) [84].

Indirect measurement of vacuolar accumulation is often at-
tempted because of the technical difficulties described above.
Higher Na* contents in aerial and root tissues of transgenic
plants expressing NHX-like antiporters, grown in high salinity,
have been demonstrated [63,61,85,86]. Whole plant and/or tis-
sue Na* contents were reported with a view to assessing vacu-
olar Na* compartmentation brought about the action of the
Na™/H" antiporters. Although one would expect that plants
will maintain a concentration gradient of Na* across the tono-
plast, and relatively lower Na* concentrations in the cytosol,
this situation will only hold when plants are facing a non-lethal
salt-stress, since under lethal stress the H*-electrochemical gra-
dients driving the Na™/H™ antiporter will not be functional and
as a consequence, the Na* concentration gradients will dissi-
pate, resulting in Na™ equilibrium in the tissue. Under these
conditions, a comparison between the Na™ content in salt-toler-
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ant plants and non-tolerant plants would show very little differ-
ence in Na* content, although the salt-tolerant plants would
display active growth in the presence of salt while the salt-sen-
sitive plants would stop growing and eventually die. In addi-
tion, when measuring relative Na* contents in tissues with the
aim of assigning a role(s) to the NHX-like antiporters in vacu-
olar Na* compartmentation, the possibility that cell specific
roles are fulfilled by these antiporters needs to be considered.

7. Na* recirculation

The recirculation of Na* back to the roots by the phloem is
still unresolved. Although evidence has been presented to sup-
port the notion of Na* recirculation to the roots could signif-
icantly alter the Na* concentrations in the leaves in several
species and the extent of this recirculation could be related
to the tolerance of plants to salinity ([1], and references there-
in), the transport systems associated with this phenomena have
not yet been identified. It has been postulated that AtHKT1;1
could be involved in the recirculation of Na* by mediating the
loading of Na™ form the shoot into the phloem and then
unloading it into the roots [19]. However, a recent publication
demonstrated that although AtHKT1;1 controls the retrieval
of Na* form the xylem, is not involved in Na"* recirculation
via the phloem [33].

8. Conclusions

There are many more HKT-type transporters in rice (and
wheat) and their roles in Na* transport have not yet been as-
signed. The other families of putative Na* transporter proteins
(CHX, CNGC, GLR, NHX) are also large in Arabidopsis and
functional assignment remains to be determined for most of
the proteins. The pathways for Na* transport that contribute
to the fluxes in the root, stem and leaf tissues are just beginning
to be determined at the cellular level. A closer connection be-
tween the whole plant and whole tissue Na* transport kinetics
and the cellular (and apoplastic) routes of Na* has been most
effectively made with the use of mutants and experimentation
under the conditions of steady state Na* in the root medium.
A continued effort in this direction is sure to yield more inter-
esting data.
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