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OS1  gene  overexpression  increased  salt  tolerance  in  transgenic  tobacco  by
aintaining  a  higher  K+/Na+ ratio
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a  b  s  t  r  a  c  t

Crop  productivity  is  greatly  affected  by soil  salinity,  so  improvement  in  salinity  tolerance  of crops  is  a
major  objective  of many  studies.  We  overexpressed  the  Arabidopsis  thaliana  SOS1  gene,  which  encodes  a
plasma  membrane  Na+/H+ antiporter,  in tobacco  (Nicotiana  tabacum  cv.  Xanthi-nc).  Compared  with  non-
transgenic  plants,  seeds  from  transgenic  tobacco  had  better germination  under  120  mM  (mmol  L−1)  NaCl
stress;  chlorophyll  loss  in  the  transgenic  seedlings  treated  with  360  mM NaCl was  less;  transgenic  tobacco
eywords:
+

a+

ransgenic
obacco
tSOS1 overexpression

showed  superior  growth  after  irrigation  with  NaCl  solutions;  and  transgenic  seedlings  with  150  mM  NaCl
stress accumulated  less  Na+ and  more  K+.  In addition,  roots  of  SOS1-overexpressing  seedlings  lost  less  K+

instantaneously  in  response  to  50 mM  NaCl  than  control  plants.  These  results  showed  that  the A. thaliana
SOS1  gene  potentially  can improve  the  salt  tolerance  of  other  plant  species.

© 2011 Elsevier GmbH. All rights reserved.

alt tolerance

ntroduction

Soil salinity is a major abiotic stress of crop productivity because
t decreases crop yields and limits expansion of agricultural land.

ineral nutrients are required to maintain crop growth and devel-
pment. However, growth of crops is restrained by excessive
oluble ions, such as sodium and chloride.

Salt stress involves cellular osmotic stress, ion toxicity and their
onsequent secondary stresses (nutritional deficiency and oxida-
ive stress) (Zhu, 2001). Toxic effects of Na+ include inhibition of
nzyme activity (Hasegawa et al., 2000) and disruption of K+ nutri-
nt acquisition (Zhu, 2003). Thus, it is essential for crops that cells
ust be able to transport or compartmentalize Na+ to maintain

on-toxic levels of cytosolic Na+ (Manabe et al., 2008).
Plants are thought to prevent excessive Na+ accumulation in the

ymplast by restricting influx, increasing efflux, and increasing vac-
olar sequestration of Na+ (Tester and Davenport, 2003). Na+/H+

ntiporters located in both the plasma and vacuolar membranes

re ubiquitous membrane proteins that catalyze the exchange of
a+ for H+ across membranes; they play major roles in remov-

ng Na+ from the cytosol or compartmentalizing it in vacuoles for

Abbreviations: WT,  wild type; MS,  Murashige-Skoog; SIET, scanning ion-
elective electrode technique.
∗ Corresponding author. Tel.: +86 10 62733427; fax: +86 10 62733427.

E-mail address: lizhaohu@cau.edu.cn (Z. Li).
1 1These authors contributed equally to this work.

176-1617/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
oi:10.1016/j.jplph.2011.10.007
maintenance of a low Na+ concentration (Apse et al., 1999; Shi et al.,
2002), energized by electrochemical H+ gradients generated by H+-
pumps in the plasma membrane, i.e., H+-ATPase, and the tonoplast,
i.e., H+-ATPase and H+-PPiase (Wang et al., 2007). Manipulating
genes responsible for Na+/H+ antiporters to maintain ionic homeo-
stasis in plants is an important strategy to deal with salt stress.

NHX1, a vacuolar Na+/H+ antiporter, was isolated first from Ara-
bidopsis (Gaxiola et al., 1999). Overexpression of NHX1 improved
the salt tolerance of Arabidopsis (Apse et al., 1999), Brassica napus
(Zhang et al., 2001), tomato (Zhang and Blumwald, 2001), maize
(Yin et al., 2004), wheat (Xue et al., 2004) and rice (Chen et al.,
2007a). Consequently, a primary strategy for improving plant
salt tolerance is through overexpression of genes that are either
induced by stress and/or required for normal levels of tolerance
(Yang et al., 2009).

The salt-overly-sensitive (SOS) signal-transduction pathway
is important for ion homeostasis and salt tolerance in plants
(Hasegawa et al., 2000; Zhu, 2003). The SOS pathway in Arabidopsis
is defined by three main protein components, SOS1, SOS2, and SOS3.
Salt stress elicits a transient increase of Ca2+ that is sensed by SOS3,
a myristoylated calcium-binding protein, which interacts with and
activates SOS2, a serine/threonine protein kinase. The SOS2/SOS3
kinase complex phosphorylates and activates the SOS1 protein (Qiu
et al., 2002; Zhu, 2003).
The SOS1 gene was identified initially as a genetic locus required
for salt tolerance in Arabidopsis (Wu et al., 1996). A few years later,
the AtSOS1 gene was  cloned, and further studies suggested that
SOS1 in Arabidopsis is a plasma membrane Na+/H+ antiporter (Shi

dx.doi.org/10.1016/j.jplph.2011.10.007
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:lizhaohu@cau.edu.cn
dx.doi.org/10.1016/j.jplph.2011.10.007
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t al., 2000). The SOS1 gene in Arabidopsis is most strongly expressed
n epidermal cells at the root tip and in parenchyma cells surround-
ng the vascular tissues (Qiu et al., 2002; Shi et al., 2002). SOS1
n Arabidopsis under severe salt stress is assumed to mediate Na+

fflux at the root epidermis and long-distance transport from roots
o shoots while protecting individual cells from Na+ toxicity.

Recently, a series of SOS1-like Na+/H+ antiporter coding genes
ave been identified and cloned from many other plants, including
opulus euphratica (Wu et al., 2007), rice (Martínez-Atienza et al.,
007), wheat (Xu et al., 2008), tomato (Olias et al., 2009), Thel-

ungiella salsuginea (Oh et al., 2009), and the moss Physcomitrella
atens (Fraile-Escanciano et al., 2010). SOS1 is most commonly con-
idered to drive the expulsion of sodium from plants.

Overexpression of AtSOS1 increased salt tolerance of transgenic
rabidopsis by limiting Na+ accumulation in the xylem and stem
Shi et al., 2003). However, Yang et al. (2009) reported that salt
olerance of transgenic Arabidopsis overexpressing SOS1 under salt
tress conditions was improved, but accumulation of Na+ and K+

n transgenic plants did not change much compared to the control
lants. For our research, the SOS1 gene under control of a strong
onstitutive promoter was transferred into the tobacco genome
y Agrobacterium-mediated transformation. Salt tolerance of trans-
enic plants and accumulation of Na+ and K+ in transgenic plants
ith salt treatment were evaluated.

aterials and methods

onstructs and plant transformation

SOS1 cDNA was cloned as an XbaI–KpnI fragment downstream of
 super promoter and consisted of three copies of the octopine syn-
hase enhancer in front of the manopine synthase promoter in the
CAMBIA 1300 binary vector containing a hygromycin-resistant
electable marker (Yang et al., 2009). The recombinant plasmid
as introduced into Agrobacterium tumefaciens strain EHA105, and

ransformation of tobacco (Nicotiana tabacum cv. Xanthi-nc) by A.
umefaciens was performed as described by Shikanai et al. (1998).

The infected leaf sections were cultivated on Murashige-
koog (MS) co-culture medium (MS  medium supplemented
ith 0.2 mg  L−1 naphthalene acetic acid and 3 mg  L−1 6-benzyl-

minopurine, pH 5.8) for 2 d. Then, the explants were transferred
o a selection medium (MS  co-culture medium supplemented with
0 mg  L−1 hygromycin and 500 mg  L−1 cefotaxime) for 4–5 weeks
o induce shoot development in a greenhouse at 22 ◦C with light
ntensity of 50 �mol  m−2 s−1 and 70% relative humidity under a
ong-day photoperiod (16 h light, 8 h dark). The well-grown shoots
4–6 cm long) were excised carefully and transferred onto rooting

edium (MS  medium supplemented with 0.05 mg  L−1 indole-
-butyric acid and 250 mg  L−1 cefotaxime) and 47 independent
ransformed lines were raised.

No differences were observed in growth or morphology
etween wild-type (WT) plants and each transgenic line. Trans-
enic plants harboring SOS1 were screened on MS  agar medium
ontaining 50 mg  L−1 hygromycin. The presence and integrity of
he transgene were further confirmed by PCR amplification using
rimers specific for SOS1. We  selected two dominant lines (SOS1-
2 and SOS1-20) that exhibited the greatest root bending in MS
edium containing 150 mM NaCl, and harvested homozygous T3

rogeny for further studies.

NA hybridization
T3 seeds of transgenic tobacco were sown on MS  agar medium
ontaining hygromycin (50 mg  L−1), and seeds of the WT  were
own on MS  agar medium without hygromycin. Seedlings
iology 169 (2012) 255– 261

3-week-old were transferred to MS  solution either without NaCl
or containing 150 mM NaCl and treated for 12 h; the control
was treated with MS  solution only. Total RNA isolation and RNA
gel blot analysis were performed as described by Chen et al.
(2005).  The partial SOS1 fragment (657 bp) was amplified by
PCR with the forward 5′-CTGACTTACTCGCACTCA-3′ and reverse
5′-ACGCAGCAGAAATGTAGC-3′ primers as probes.

Analysis of salt-stress tolerance

A germination test was  initiated with seeds sown on MS  agar
medium containing 120 mM NaCl. Seedlings 6-d-old were trans-
ferred to 0.5-strength MS  nutrient solution containing 360 mM
NaCl. The control seedlings were treated with 0.5-strength MS  solu-
tion without NaCl. Seedlings were photographed on day 10.

For another salt-tolerance experiment, T3 seeds of transgenic
tobacco were grown on MS  agar medium containing hygromycin
(50 mg  L−1) for 1 week, and WT  seeds were sown on MS  agar
medium lacking hygromycin. The hygromycin-resistant and WT
seedlings were transferred to MS  agar medium for another week.
Then the seedlings were transferred to 15-by-15-cm pots contain-
ing roseite and perlite (1:1, v/v) for 4 weeks. Each pot had three
transgenic tobacco and three WT  plants, and there were five repli-
cates. The experiment was conducted three times.

All transgenic tobacco and WT  plants were cultured in a
growth chamber under a long-day cycle (14 h light, 10 h dark)
with 450 �mol  m−2 s−1 light intensity, 30% relative humidity, and
day/night temperatures of 26/20 ◦C. The plants were irrigated with
a constant supply of nutrient solution (2.93 mM KNO3, 0.73 mM
KH2PO3, 1.6 mM Mg2SO4·7H2O, 0.75 mM (NH4)2SO4, 2.86 mM
Ca(NO3)2·4H2O, 82 �M NaFeEDTA, 1.05 �M H3BO3, 0.78 �M KC1,
0.27 �M MnSO4·2H2O, 20 nM ZnSO4, 4.7 nM (NH4)6MO7O24·4H2O,
and 11.25 nM CuSO4·5H2O) as needed.

After growth in pots for 4 weeks, the plants were fully irri-
gated with NaCl solutions of increasing concentration from 50, 100,
150, 200, 250 to 300 mM for 4 d at each concentration, and thus
plants were treated with NaCl solution for 24 d total. After the treat-
ment, the plants were grown for another 6 weeks and watered as
needed. Then, they were irrigated again with regular nutrient solu-
tion as described above. After 3 weeks growth, photosynthesis rate
and chlorophyll content were measured, and the height and fresh
weight of plants were recorded.

Measurement of photosynthesis rate and chlorophyll content

Photosynthesis rate was  measured with a portable photosyn-
thesis system (Li-6400, LI-COR, Lincoln, NE, USA). Leaves were
placed in 6 cm2 chambers, and the photon flux density was set
at 1000 �mol  m−2 s−1 photosynthetically active radiation. Chloro-
phyll was  extracted with 80% acetone and quantified using
ultraviolet spectrophotometry.

Measurement of Na+ and K+ contents

To measure Na+ and K+ contents in plant tissues, 6-d-old tobacco
seedlings were transferred to MS  medium either without NaCl
or with MS  medium containing 150 mM NaCl and treated for 6 d
in the greenhouse at 22 ◦C. After salt treatment, the plants were
harvested, rinsed with three quick-dips in deionized water and
blotted with filter paper. Then, they were dried at 85 ◦C for 24 h,
ashed in a muffle furnace at 575 ◦C for 5 h, and dissolved in 0.1 M

HCl. The Na+ and K+ contents of the samples were measured by
atomic absorption spectrophotometry (Xu et al., 2006). The exper-
iment was  conducted three times with three replicates in each
experiment.
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easurement of K+ flux

Seeds of transgenic tobacco and WT  plants were germinated
n MS  medium at 22 ◦C with light intensity of 50 �mol  m−2 s−1.
eedlings 6-d-old were used for net K+ flux measurements. The
+ flux was measured by non-invasive scanning ion-selective elec-

rode technique (SIET) as described previously (Sun et al., 2010)
t the Xuyue Science and Technology Co., Beijing, China. Briefly,
he microelectrode was constructed from a silanized borosilicate
lass capillary front-filled with an ion-selective cocktail (K+: Fluka
0398, Fluka Chemie GmbH, Buchs, Switzerland). An Ag/AgCl wire
lectrode holder was inserted into the back of the electrode to make
lectrical contact with the electrolyte solution.

The ion-selective electrode was calibrated in a set of standard
olutions (K+: 0.1, 0.5, 1.0 mM,  K+ was 0.5 mM in the measuring
olution) before and after use. Root segments were incubated in

 mL  of measuring solution (0.2 mM KCl, 0.1 mM CaCl2, 0.1 mM
gCl2, 0.5 mM NaCl, 0.3 mM MES, 0.2 mM Na2SO4, pH 6.0, 5.5 mM
annitol; −0.02 MPa). The measuring site, in which a vigorous

ux of K+ was usually observed, was 500 �m from the root apex.
teady-state ion fluxes were measured for 5–20 min, then the test
reatment was applied and the transient ion flux kinetics was  mea-
ured for a further 10–20 min. The data recorded during the first
inute were discarded because of diffusion effects from addition

f the stock. The flux data were recorded with MageFlux developed
y Yue Xu (http://xuyue.net/mageflux; Sun et al., 2010).

tatistical analysis

Data were analyzed using one-way analysis of variance and the
eans were separated using Duncan’s multiple range tests at the

% level of significance.

esults

NA gel blot analysis of SOS1 expression in transgenic tobacco
lants

The expression levels of SOS1 transcripts were assayed in 3-
eek-old seedlings. RNA gel blot analysis showed that transcripts
ere highly expressed in SOS1-12 and SOS1-20 transgenic lines
ith or without salt treatment, but not in the WT  plants (Fig. 1).
nd the result also showed that the expression of SOS1-12 became

ower after salt stress.
alt tolerance of transgenic plants

Salt tolerance during seed germination and early seedling devel-
pment was determined for homozygous SOS1-12 and SOS1-20

ig. 1. RNA gel blot analysis of two SOS1-overexpressing transgenic tobacco lines
SOS1-12 and SOS1-20) and wild-type (WT) plants in the presence or absence of
aCl. Seedlings 3-week-old were transferred to MS medium without NaCl or con-

aining 150 mM NaCl for 12 h. Total RNAs were extracted and used for RNA gel blot
nalysis.
iology 169 (2012) 255– 261 257

transgenic lines germinated on MS  medium containing 0 or 120 mM
NaCl. On MS  medium without salt, the transgenic lines and the con-
trol (WT) were similar in germination and early growth (Fig. 2A).
However, on MS  medium with salt, most seeds of the transgenic
lines could germinate and grow, whereas the control seeds barely
germinated.

In another salt-tolerance assay, 6-d-old seedlings of transgenic
and WT  plants were transferred to 0.5-strength MS  liquid medium
lacking NaCl or supplemented with 360 mM NaCl for 10 d. Salt treat-
ment quickly restrained the growth of transgenic and WT seedlings
and decreased chlorophyll contents, but chlorophyll loss was less
in transgenic plants than WT  plants (Fig. 2B).

In the third salt-tolerance assay, transgenic and WT seedlings
were grown in the same pots for 4 weeks, and their growth were
similar (Fig. 3A). Then the young plants were continuously treated
with six increasingly higher NaCl concentrations over 24 d. Dur-
ing the first days of NaCl treatment, both transgenic and control
seedlings grew normally, but gradually their growth rates became
slower and no new expanded leaves developed after 3 weeks.
After 24 d of irrigating with salt solution, the growth of all plants
was inhibited (Fig. 3B). However, after rewatering with nutrient
solution, the transgenic plants almost recovered normal develop-
ment, whereas the WT control plants were damaged too severely
to recover and some plants died (Fig. 3C).

After rewatering with nutrient solution for 3 weeks, photosyn-
thesis rate and chlorophyll content of plant leaves were taken and
plants were harvested. The biomass of transgenic plants was  higher
than that of WT  plants. The height of transgenic plants was  about
1.5 times higher and fresh weight was  about 0.57 times higher than
those of the WT  plants (Fig. 4). In addition, the chlorophyll con-
tent of transgenic plants was  0.70 times higher than that of the WT
plants, and the photosynthesis rate 1.4 times.

Na+ and K+ accumulation and K+ flux

To determine if overexpression of SOS1 reduces Na+ accumula-
tion in tobacco, the Na+ content of tobacco seedlings in response to
150 mM NaCl treatment for 6 d was  examined. Prior to salt treat-
ment (0 d), Na+ and K+ content were similar between transgenic and
WT plants (Fig. 5A and B). However, with 6-d salt treatment trans-
genic seedlings accumulated less Na+ and more K+ than WT plants.
Also, the K+/Na+ homeostasis ratios in transgenic plants overex-
pressing SOS1 were 0.45 times higher than that of the control plants
under salt stress conditions (Fig. 5C).

Further analyses of K+ flux using SIET yielded results consis-
tent with the above findings. NaCl treatment caused a K+ efflux in
tobacco roots both for WT  and transgenic plants (Fig. 6A). Stress
with 50 mM NaCl induced responses from SOS-12 and SOS-20
roots that were qualitatively similar. However, roots of SOS1-
overexpressing plants lost less K+ instantaneously than did WT
plants. NaCl treatment increased the mean rate of K+ flux for both
WT and transgenic plants (Fig. 6B). However, the mean rates of
K+ flux for the two transgenic lines were smaller than WT plants
without or with NaCl treatments.

Discussion

SOS1 driven by a super promoter

Overexpression of SOS1 in transgenic Arabidopsis was  driven
by the constitutive CaMV 35S promoter, and salt treatment could

increase the levels of SOS1 transcript (Shi et al., 2003). In this study,
SOS1 was  driven by a super promoter, and high levels of SOS1
transcripts were detected in the transgenic plants with or with-
out salt treatment, but not in WT  controls (Fig. 1). In response to

http://xuyue.net/mageflux
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Fig. 2. Enhanced salt tolerance of two SOS1-overexpressing tobacco lines (SOS1-12 and SOS1-20) and wild-type (WT) plants during seed germination and early seedling
development. (A) Seeds were germinated on MS  medium and MS medium containing 120 mM NaCl and grown for 8 d. (B) Salt-tolerance assay of plants grown in 0.5-strength
MS  nutrient solution with or without 360 mM NaCl for 10 d.

Fig. 3. Enhanced salt tolerance of SOS1-overexpressing tobacco seedlings. For two transgenic plants (SOS1-12 and SOS1-20) and wild-type (WT) plants: (A) Grown in the
same  pots for 4 weeks without salt treatment. (B) After treatment for 24 d with six increasingly higher concentrations of NaCl (50, 100, 150, 200, 250 and 300 mM for 4 d
each),  followed by 6 weeks of growth without NaCl. (C) Irrigated with normal nutrient solution to restore normal growth after Step B followed by 3 weeks of growth.
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ig. 4. Plant height, fresh weight, leaf chlorophyll content and photosynthesis rate
lants  grown in pots for 9 weeks after the salt treatment. FW,  fresh weight. Values 

alt treatment, a significantly elevated level of SOS1 was observed
n SOS1-20 plants, which was consistent with the results described
arlier (Yang et al., 2009). The reduction of the RNA transcription
f SOS1-12 plants under the salt treatment could be explained
y RNA threshold model (Gallie, 1998). SOS1-12 plants showed

 high level transcription of SOS1 in the absence of salt. Salt fur-
her induced expression level of SOS1, activated a sequence-specific
NA degradation mechanism and resulted lower expression of
OS1-12 (Baykal and Zhang, 2010). Furthermore, tobacco plants
ay  also have some other transporter(s) which is (are) function-

lly similar to SOS1. However, further studies are needed to verify
his.

ncreased salt tolerance of transgenic plants

Overexpression of SOS1 improved the salt tolerance of trans-
enic Arabidopsis, and transgenic Arabidopsis showed enhanced
arly seedling development and increased root growth under salt
tress compared to control plants (Shi et al., 2003). In our study,
ransgenic tobacco overexpressing SOS1 had improved salt toler-
nce in three salt stress assays. Germination of seeds under salt
tress was markedly increased for transgenic tobacco when com-
ared to control seeds (Fig. 2A). Also, transgenic seedlings, when
upplemented with 0.5-strength MS  liquid medium containing
60 mM NaCl (Fig. 2B) or treated with six increasing NaCl con-
entrations (Fig. 3) showed superior growth compared with WT
lants.

Salinity stress caused inhibition of growth and development,
educed rates of photosynthesis, respiration, and protein syn-
hesis, and disturbed nucleic acid metabolism (Hasegawa et al.,
000). Also, salt induced a decrease in total chlorophyll and
hanges in the chlorophyll a/b ratio (Singh and Dubey, 1995). Our
OS1-overexpressing transgenic tobacco showed higher chloro-

hyll content than control plants in response to increasing NaCl
oncentration (Fig. 4C). Thus, transgenic plants had higher pho-
osynthesis rates leading to greater production of assimilation
roducts (Fig. 4D).
o  SOS1-overexpressing tobacco lines (SOS1-12 and SOS1-20) and wild-type (WT)
eans ± SE; *P < 0.05, **P < 0.01.

Redondo-Gómez et al. (2007) reported that salt stress induced
a decline in stomatal conductance that led to a reduction in inter-
cellular CO2 concentration, which would limit carboxylation and
decrease the photosynthetic assimilation rate. Increasing salinity
for tomato was  accompanied by significant reductions in shoot
weight, plant height, and number of leaves per plant, root length,
and root surface area per plant (Mohammad et al., 1998). Also,
increasing salinity for cotton resulted in a significant decrease
in root, shoot, and leaf growth biomass and an increase in the
root/shoot ratio (Meloni et al., 2001). Similar results were obtained
in our study, where transgenic plants had higher biomass than wild
plants under salt stress (Fig. 4A and B).

Na+, K+ accumulation and K+ flux

Under severe salt stress, SOS1 functions were to limit the
transportation of Na+ thereby limiting accumulation of Na+ in
Arabidopsis (Shi et al., 2002). And that was  further verified in
transgenic Arabidopsis overexpression of AtSOS1 at the cellular
level or whole plant level (Shi et al., 2003). Recent studies also
proved that SOS1 play an important role in mediating cellular
Na+ efflux through gene silencing in tomato (Olias et al., 2009),
Thellungiella salsuginea (Oh et al., 2009), and Physcomitrella patens
(Fraile-Escanciano et al., 2010). Olias et al. (2009) further revealed
that the critical importance of SOS1 in preventing Na+ from
reaching the photosynthetic tissues by partitioning Na+ in plant
organs and retaining Na+ in the stems of tomato. Similar to those
results, we  found that SOS1-overexpressing transgenic tobacco
accumulated less Na+ than WT plants (Fig. 5A) under salt stress
(150 mM NaCl). Based on the model of Na+ loading into or retrieval
from the xylem in Arabidopsis proposed by Shi et al. (2002),  SOS1
might function in loading Na+ into the xylem via which Na+ is
transported from root to shoot under mild salt stress (25 mM

NaCl), but it plays a critical role in retrieving Na+ from the xylem
to prevent overaccumulation in the xylem transpirational stream
under severe salt stress (100 mM NaCl). And the role of SOS1
controlling long-distance Na+ transport from xylem stream was
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Fig. 5. Accumulation of Na+ (A) and K+ (B) in two SOS1-overexpressing tobacco lines
(SOS1-12 and SOS1-20) and wild-type (WT) plants after treatment with 150 mM
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Fig. 6. Effect of salinity (50 mM NaCl) on net K+ flux (influx negative) measured
in  seedling roots of two  SOS1-overexpressing tobacco lines (SOS1-12 and SOS1-20)
and  wild-type (WT) plants. (A) K+ fluxes for WT,  SOS1-12 and SOS1-20 prior to salt
treatment. Each point represents the mean of five to eight seedlings. (B) The mean
aCl for 6 d. (C) K+/Na+ ratio. DW,  dry weight. Data were obtained from experiments
epeated three times and are means ± SE; *P < 0.05, **P < 0.01.

urther verified in transgenic Arabidopsis overexpressing SOS1 (Shi
t al., 2003). Therefore, AtSOS1 in transgenic tobacco maybe share
he same role in controlling long-distance Na+ transport under the
alt stress conditions. However, this is first time to overexpress
tSOS1 in plant other than Arabidopsis, and the role of SOS1 should
e further confirmed by taking advantage of tobacco with a more
onvenient anatomy in future studies.

Although the SOS1 phenotype was first identified by using a
oot-bending assay based on salt stress in Arabidopsis, SOS1 was
nitially suggested to be primarily involved in high affinity K+ trans-
ort (Wu et al., 1996). Further studies showed that there was

 correlation between salt tolerance of atsos1,  atsos2 and atsos3
utants and their K+ tissue contents (Zhu et al., 1998). SOS1 pro-

ected the AKT1 K+ channel, which mediated K+ influx in presence

f increased Na+ (Qi and Spalding, 2004). Shabala et al. (2005)
bserved that K+ efflux from atsos1 roots in presence of salt was
reater than in WT  plants in both the apical or mature regions
rate of K+ flux during the period of salt-stress treatment. Values are means; *P < 0.05,
**P  < 0.01.

and suggested that SOS1 played an important role in controlling K+

transport. Consistent with those reports, our results showed that
K+ efflux from the elongation region of roots of transgenic tobacco
overexpressing SOS1 was smaller than that from WT plants (Fig. 6).
However, there was a difference in K+ efflux between the control
and transgenic plants under non-salt treatment. This could be the
reason of difference in root zone at the same distance (500 �m)
between them. It is interesting to examine whether there is a differ-
ence in the root growth and development between the transgenic
and control seedlings in further studies.

K+ is an essential macronutrient that is required for diverse
cellular processes such as osmotic regulation, maintenance of
membrane potential, enzyme activity, protein and starch synthe-
sis, respiration and photosynthesis (Hauser and Horie, 2010). A
high K+/Na+ ratio in the cytosol was  essential for normal cellular
functions of plants (Chinnusamy et al., 2005). A higher K+/Na+ ratio
could minimize Na+ toxicity under salt stress, and it was generally
accepted that maintenance of K+/Na+ homeostasis was  an impor-
tant aspect of salt tolerance (Tester and Davenport, 2003; Volkov
et al., 2004; Kronzucker et al., 2006; Chen et al., 2007b; Hauser and
Horie, 2010). SOS1-overexpressing plants exposed to 150 mM NaCl
accumulated more K+ than WT plants (Fig. 5B), and the K+/Na+ ratio
was higher in transgenic plants than WT  tobacco (Fig. 5C and D).

Our results demonstrated that SOS1 overexpression in tobacco
improved salt tolerance of transgenic plants by maintaining a
higher K+/Na+ ratio than in WT  tobacco. Since salt tolerance in

plants is a complex trait that involves multiple physiological and
biochemical mechanisms expressed by numerous genes, whether
the plasma membrane Na+/H+ antiporter SOS1 of Arabidopsis
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