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Maintaining a high K+/Na+ ratio in 
the cell cytosol, along with the 

transport processes implicated in the 
xylem and phloem loading/unloading 
of Na+ in plants (long-distance trans-
port) are key aspects in plant salt toler-
ance. The Ca2+-dependent SOS pathway 
regulating Na+ and K+ homeostasis and 
long-distance Na+ transport has been 
reported in Arabidopsis. However, 
Arabidopsis might not be the best model 
to analyze the involvement of the SOS 
pathway in long-distance Na+ trans-
port due to the very short stem of these 
plants which do not allow a precise dis-
section of the relative content of Na+ in 
stem versus leaf. This separation would 
be critical to assess the role of SOS1 in 
xylem loading/unloading, Na+ export 
by roots, retention in stems and the dif-
ferential distribution/accumulation in 
old leaves. Towards this goal, tomato 
might represent a superior model due to 
its anatomical structure and agricultural 
significance. We recently demonstrated 
the key role played by the plasma mem-
brane Na+/H+ antiporter SlSOS1 in salt 
tolerance in tomato by maintaining ion 
homeostasis under salinity stress and in 
the partitioning of Na+ in plant organs.

Ion homeostasis under salt stress condi-
tions is essential in salt tolerance and 
involves a network of transport processes 
regulating uptake, extrusion through the 
plasma membrane, compartmentation 
of salts into cell vacuoles and recircula-
tion of ions through the plant organs, 
thus allowing the osmotic adjustment and 
maintenance of high K+/Na+ ratios in the 

cytosol of plants.1,2 The SOS signaling 
pathway is essential in the salt tolerance of 
Arabidopsis.3 This pathway regulates Na+ 
and K+ homeostasis as well as long-dis-
tance Na+ transport from roots to shoots.3 
In the SOS pathway, a calcium-binding 
protein, SOS3, senses cytosolic calcium 
changes elicited by salt stress.4 SOS3 phys-
ically interacts with and activates the ser-
ine/threonine protein kinase, SOS2.5 The 
SOS3/SOS2 kinase complex phosphory-
lates and activates the plasma membrane 
Na+/H+ exchanger encoded by the SOS1 
gene.6,7 AtSOS1 expression was observed at 
the epidermal cells of the root tip implying 
a role of this transporter in extruding Na+ 
to the soil.8 Additionally, the preferential 
expression of AtSOS1 in the cells sur-
rounding the vasculature also suggested 
a role of this transporter in the control 
of long-distance Na+ transport in plants, 
since this ion is transported from the root 
to the shoot via the xylem.8 The great sig-
nificance of this Na+/H+ antiporter in salt 
tolerance was further recognized when 
overexpression of AtSOS1 restricted Na+ 
accumulation in plant cells and improved 
the salt tolerance of Arabidopsis.9

Although orthologous SOS genes have 
been identified in crop species like rice 
and wheat,10,11 the relevance of this path-
way for salt tolerance in crop plants has 
not yet been demonstrated. Furthermore, 
the study of the involvement of the SOS 
pathway in long-distance Na+ transport 
by retention of salt in the stem, and the 
differential distribution/accumulation in 
old leaves, is a difficult task in Arabidopsis 
due to the small size of the stem. Tomato 
is a good alternative to study Na+  
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in the rate of Na+ efflux, to which SOS1 is 
known to be critical, would have dramatic 
effects in the root Na+ content. However, 
what we would like to highlight here is 
the critical importance of SOS1 to con-
trol Na+ distribution among plant organs. 
The analyses of the fluxes of Na+ and K+ to 
individual organs supported an important 
function of this Na+/H+ antiporter in the 
distribution of Na+ throughout the tomato 
plant. Arabidopsis sos1 mutants accumu-
lated more Na+ in shoots under severe 
salt stress than the wild-type, presumably 
because of uncontrolled Na+ uptake by 
roots. However, under mild stress condi-
tions, the mutant accumulated less Na+ 
in the shoot than wild-type, suggesting 
that AtSOS1 mediated xylem loading.8 

these plants more sensitive to salt stress 
(Fig. 1A), thus extending the observa-
tions from the model system Arabidopsis 
to a crop plant. Net uptake rates of Na+ 
in whole plants were three-fold higher in 
SlSOS1-silenced plants than in wild-type 
plants subjected to mild (25 mM NaCl) 
and severe salt stress (100 mM NaCl),14 
indicating that the main action of SOS1 is 
the extrusion Na+ out of the root. As previ-
ously discussed,1 the rates of unidirectional 
entry of Na+ (influx) in roots are very high 
but they do not translate into a commen-
surate Na+ accumulation. The much lower 
rate of net Na+ uptake relative to unidi-
rectional influx (about ten-fold) implies a 
substantial efflux rate of ca. 90% of the 
incoming Na+. Thus, even small changes 

long-distance transport due to its anatomi-
cal structure, and the high genotypic diver-
sity related to salt tolerance. The relatively 
more tolerant tomato species accumulate 
higher amounts of salt in stems and leaves 
while the more sensitive species accumu-
late salt mainly in roots.12 Physiological 
evidences indicate that tomato roots could 
determine the Na+ concentration reaching 
aerial parts depending on the intensity of 
the stress,13 probably involving the SOS 
pathway.

We isolated the SlSOS1 gene, encod-
ing a Na+/H+ antiporter from tomato, 
and confirmed through gene silencing 
that it plays a crucial role in the survival 
of tomato plants under saline conditions.14 
Silencing of SlSOS1 in tomato renders 

Figure 1. effect of SlSOS1 silencing on growth of tomato (a) and na+ content in different plant organs (B). Growth of whole plant of wild type and 
a F1 tomato (S. lycopersicum cv. moneymaker) plant line transformed with the SlSOS1 gene silencing construct cultivated in hydroponic culture and 
subjected to treatment for five days with a mild (25 mM NaCl) and severe (100 mM NaCl) salt stress. Data, expressed as g DW per plant, are means ± 
SD of at least three independent experiments, using eight plants per line and per treatment.
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xylem parenchyma-xylem vessel interface 
to mediate vectorial movements of Na+ in 
and out of the xylem sap.

Our results provide evidence of the 
importance of the plasma membrane Na+/
H+ antiporter, SOS1, in maintaining ion 
homeostasis in tomato, a crop plant that is 
a Na+ excluder with the capacity to toler-
ate moderate salt concentrations.12,15,16 We 
also show that, besides its main action in 
extruding Na+ out the root, SOS1 is criti-
cal for the partitioning of Na+ in plant 
organs and the ability of tomato plants 
to retain Na+ in the stems, thus prevent-
ing Na+ from reaching the photosynthetic 
tissues.
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stem, or transferred to leaves. It remains to 
be shown whether the depletion of SOS1 
in suppressed tomato does affect the func-
tion of the HKT1 orthologous protein 
in the xylem parenchyma of tomato. At 
the same time, SOS1 might contribute 
in the exclusion of Na+ from the cytosol 
of young leaves toward the leaf apoplast, 
avoiding the accumulation of intracellu-
lar Na+ in cells lacking a well-developed 
vacuolar system, while HKT1 might act 
predominantly in the fully expanded or 
mature leaves with a well-developed vacu-
olar system that can accumulate Na+. Part 
of apoplastic Na+ could also be retrieved 
by the action of HKT1 at phloem com-
panion cells. This might contribute, to 
some extent, to Na+ recirculation through 
phloem (Fig. 2). It will be of interest to 
experimentally determine the expression 
pattern of SOS1 (and perhaps HKT1-like 
genes) in relation to the developmental 
stage of the plant organs, and also the pos-
sibility that these proteins are recruited 
to specific membrane domains near the 

In tomato, SlSOS1-silenced plants under 
saline conditions accumulated more Na+ 
in roots and leaves than control plants 
under both mild and severe regimes of 
salt stress (Fig. 1B). By contrast, the 
stems of suppressed plants accumulated 
significantly less Na+ under severe stress  
(100 mM NaCl). The ability to retain 
Na+ in stems was clearly lost in suppressed 
plants, in which an acropetal gradient of 
Na+ was established. As most glycophytes, 
tomato plants exclude salts from the pho-
tosynthetic tissues in leaves by remov-
ing Na+ from the root while retaining it 
mainly in the stem,15,16 and SOS1 seems 
critical to this process. The greatest Na+ 
accumulation in control plants was found 
in stems at any time point or salt regime, 
whereas the suppressed plants showed 
preferential deposition in roots, particu-
larly at longer times of treatment. Average 
Na+ contents in stems of suppressed plants 
remained mostly unchanged. Net Na+ 
fluxes carried over by xylem sap movement 
was much lower in suppressed plants than 
in controls. The greater accumulation of 
Na+ in the roots of suppressed plants is 
coherent with the known role of SOS1 in 
Na+ efflux in roots, but the contribution of 
SOS1 to the retention of Na+ in the stem 
of the control plants is perplexing and not 
immediately reconciled with the proposal 
that SOS1 loads Na+ into the xylem. We 
hypothesize that the activity of SOS1 
should be coordinated with other trans-
porters in order to control the Na+ that 
reaches the photosynthetic tissues (Fig. 2). 
A functional link and possible interplay 
between AtSOS1 and AtHKT1;1 has been 
previously suggested.17 It appears that 
the transport function of the SOS1 and 
HKT1 systems is coordinated to achieve 
Na+ (and K+) homeostasis18 (Fig. 2). 
Dysfunction of either system alters long-
distance transport and adequate partition 
of Na+, thereby resulting in salt-sensitive 
phenotypes in Arabidopsis.17 Our results 
are coherent with a model in which SOS1 
mediates the transfer of Na+ from the 
xylem parenchyma to xylem vessels, pref-
erentially in roots, whereas HKT1 would 
mediate the reverse flux, i.e., Na+ unload-
ing from the xylem in the stem. The 
coordinated actions of these transporters 
would ultimately determine the amount of 
Na+ that leaves the roots, is retained in the 

Figure 2. Schematic diagram showing na+ fluxes mediated by SlSOS1 within the plant. The main 
action of SlSO1 is extruding Na+ out the root and the partitioning of na+ in plant organs. Suppres-
sion of SlSOS1 causes a root-to-leaf gradient of na+ distribution together with a reduced ability 
to accumulate na+ in the stem. the transport function of the SOS1 and HKt systems may be 
coordinated to achieve na+ and K+ homeostasis.
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