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Abstract Salt stress is one of the most serious factors lim-
iting the productivity of agricultural crops. Increasing evi-
dence has demonstrated that vacuolar Na+/H+ antiporters
play a crucial role in plant salt tolerance. In the present
study, we expressed the Suaeda salsa vacuolar Na+/H+ anti-
porter SsNHX1 in transgenic rice to investigate whether
this can increase the salt tolerance of rice, and to study how
overexpression of this gene affected other salt-tolerant
mechanisms. It was found that transgenic rice plants showed
markedly enhanced tolerance to salt stress and to water
deprivation compared with non-transgenic controls upon
salt stress imposition under outdoor conditions. Measure-
ments of ion levels indicated that K+, Ca2+ and Mg2+ contents
were all higher in transgenic plants than in non-transformed
controls. Furthermore, shoot V-ATPase hydrolytic activity
was dramatically increased in transgenics compared to that
of non-transformed controls under salt stress conditions.
Physiological analysis also showed that the photosynthetic
activity of the transformed plants was higher whereas the
same plants had reduced reactive oxygen species genera-
tion. In addition, the soluble sugar content increased in the
transgenics compared with that in non-transgenics. These
results imply that up-regulation of a vacuolar Na+/H+ anti-
porter gene in transgenic rice might cause pleiotropic up-
regulation of other salt-resistance-related mechanisms to
improve salt tolerance.

Key words Na+/H+ antiporter · Salt tolerance · SsNHX1 ·
Suaeda salsa · Transgenic rice

Introduction

Salt stress affects plant growth and development in many
different ways. To maintain growth and productivity, plants
must adapt to stress conditions and exercise specific toler-
ance mechanisms. One mechanism involves removal of Na+

from the cytoplasm by transporting it into the vacuole via
Na+/H+ exchangers driven by the electrochemical gradient
of protons (H+) generated by the tonoplast H+-ATPase (V-
ATPase) and H+-pyrophosphatase (V-PPase) (Niu et al.
1995; Qiu et al. 2004; Sze et al. 1999). In plants, Na+/H+

antiporters catalyze the exchange of Na+ for H+ across mem-
branes and have a variety of functions, including mainte-
nance of cellular ion homeostasis, and regulation of
cytoplasmic pH and cell turgor (Horie and Schroede 2004).
Increasing evidence has demonstrated that vacuolar Na+/H+

antiporters play a crucial role in plant salt tolerance.
Improvement in salt tolerance evoked by overexpression of
AtNHX1 was observed in Arabidopsis, tomato, Brassica
and wheat (Apse et al. 1999; Zhang and Blumwald 2001;
Zhang et al. 2001; Xue et al. 2004). Increased salt tolerance
was also observed in transgenic rice carrying the OsNHX1
(NHX1 from Oryza sativa) and AgNHX1 (NHX1 from
Atriplex gmelini) genes (Fukuda et al. 2004; Ohta et al.
2002). These results indicate that expression of a single Na+/
H+ antiporter gene in plants can be effective in reducing Na+

toxicity. However, thus far the mechanisms underlying the
enhancement of salt tolerance in Na+/H+ antiporter trans-
formed plants are not yet clear (Tester and Davenpor 2003).

As mentioned above, several crop species have shown
increased salt tolerance following transformation with the
NHX1 gene originating from different plants; however, the
NHX1 from the halophyte Suaeda salsa has not previously
been overexpressed in rice. S. salsa is one of the most impor-
tant leaf succulent euhalophytes in northern China, and can
tolerate coastal seawater salinity and salinity fluctuations
resulting from water evaporation and tidal inundation. In
contrast to some other halophytic plants, S. salsa does not
have salt glands or salt bladders on its leaves. Thus, this
plant must compartmentalize the toxic Na+ in the vacuoles.Fengyun Zhao and Zenglan Wang contributed equally to this work.
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Previous work in our laboratory has shown that expression
of the S. salsa SsNHX1 is increased by salt stress. This result
suggested that SsNHX1 might play an important role in the
salt tolerance of S. salsa (Ma et al. 2004). In this work, we
introduced the S. salsa vacuolar Na+/H+ antiporter SsNHX1
into rice to investigate whether the salt tolerance of the
transgenic rice was increased. Furthermore, we attempted
an in-depth study of how overexpression of this gene affects
other salt-tolerant mechanisms. Possible mechanisms
employed by SsNHX1-transgenic rice plants to improve salt
tolerance are discussed.

Materials and methods

Vector construction and rice transformation

The Na+/H+ antiporter gene from S. salsa (SsNHX1) (Ma
et al. 2004) was excised from the vector pMD18::SsNHX1
by digestion with KpnI and BamHI restriction enzymes, and
the resulting fragment was inserted into the plant binary
expression vector pROKII, between the cauliflower mosaic
virus (CaMV) 35S promoter and octopine synthase termi-
nator. The resulting plasmid, named pROKII/SsNHX1
(contained a selectable marker gene NPTII), was mobilized
to Agrobacterium tumefaciens strain EHA105 and used for
plant transformation.

For A. tumefaciens-mediated transformation, mature
seeds of rice (Oryza sativa L. cv. Zhonghua No. 11) were
used. Seeds were sterilized, and callus induction, co-
cultivation with A. tumefaciens and plantlet regeneration
were carried out by the method of Jang et al. (1999) and
Liu et al. (1998) with some modifications. The transformed
calli and plantlets were screened on Murashige and Skoog
(1962) medium supplemented with 50 µg ml−1 kanamycin
and 300 µg ml−1 cefotaxime. Putative primary transfor-
mants (T0 generation) were acclimatized in a greenhouse
for 7 days, and then transplanted into big plastic pots
(34 cm in diameter and 31 cm in height) filled with field
soil. The transgenic plants were watered daily, and grew to
maturity under outdoor conditions. Their offspring – T3

generation (each generation seeds were all screened on the
selection medium) – were used for further experimental
analysis.

Salt stress treatment of rice

Seeds of transgenic (T3 generation) and non-transgenic rice
(cv. Zhonghua No. 11) were grown on selection and non-
selection medium, respectively, for 2 weeks and then the T4

seedlings were transplanted into plastic pots (14 cm in
diameter and 13 cm in height with small bottom outlet, each
containing five seedlings) filled with field soil. These pots
were immersed in big rectangle basins containing half-
strength Hoagland nutrient solution, which was changed
every 3 days under outdoor conditions. The average day/
night temperature was 35°C/24°C, the relative humidity was

60%/80% and the maximum photosynthetically active radi-
ation on a clear day was about 1,500 µmol m−2s−1.

After 3 weeks, the 5-week-old T4 seedlings were sub-
jected to salt treatments under the same conditions. NaCl
was dissolved in half-strength Hoagland nutrient solution
and loaded in the big rectangle basins (the solution was
changed every day). NaCl concentrations were stepped up
in 50 mM/3 days increments until final concentrations (0,
150, 300 mM) were achieved. Three days after NaCl treat-
ment, the seedlings were used for further physiological
analysis.

RNA gel blot analysis

RNA gel blot analysis experiments were performed as
described previously (Gao et al. 2003). Each lane contained
30 µg  total  RNA  and  a  600-bp  fragment  of  the  SsNHX1
5′-terminal region was used as the probe.

Measurement of relative water content

After salt treatment as described above, the relative water
content  (RWC)  of  the  stressed  shoots  was  measured.
RWC was calculated as: RWC (%) = (FW − DW)/(TW −
DW) × 100, where FW is fresh weight, TW is turgid weight
after soaking samples in deionized water for 24 h, and DW
is dry weight after oven-drying samples at 85°C for 24 h. For
each transgenic line, six measurements were carried out,
each repeat containing ten shoots.

Analysis of root proton export capacity

To analyze root proton export capacity, transgenic and non-
transgenic rice seeds were germinated and grown on
Murashige and Skoog medium containing 150 mM NaCl for
15 days in a greenhouse with a photoperiod of 16 h light and
8 h darkness, a temperature of 25°C/20°C and a relative
humidity of 60%/80%. Roots from each line (21 replicates)
were used for the experiments according to the method of
Yan et al. (2002) with some modifications. After washing
with deionized water, roots were carefully spread on the
surface of an agar sheet [0.75% (w/v) agar, 0.006% (w/v)
bromocresol purple, 1 mM CaSO4 and 2.5 mM K2SO4,
pH 6.5], gently pressed into the agar sheet and incubated
for 7 h in darkness in a growth chamber. For study of the
inhibitory effect of vanadate, 1 mM vanadate was included
in the agar sheet.

Determination of the total K+, Na+, Ca2+ and Mg2+ 
concentration

Total K+, Na+, Ca2+ and Mg2+ contents of T4 transgenic rice
plants were determined using an atomic absorption spectro-
photometer (Z-8000, Hitachi, Tokyo) as described by Gao
et al. (2003).
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Isolation of membrane vesicles

For P-ATPase, V-ATPase and V-PPase hydrolytic activity
analysis, tonoplast and plasma membrane vesicles were iso-
lated from salt-stressed rice leaves and roots using a sucrose
density gradient centrifugation technique as modified by
Wang et al. (2001). The protein content was determined by
the method of Bradford (1976).

Analysis of P-ATPase, V-ATPase and V-PPase hydrolytic 
activity

Activities of substrate hydrolysis of P-ATPase, V-ATPase
and V-PPase were measured as described by Wang et al.
(2001). P-ATPase activity was analyzed in the presence of
1 mM molybdate, 1 mM azide and 50 mM nitrate at 37°C.
V-ATPase activity was analyzed in the presence of 1 mM
molybdate,  1 mM  azide  and  1 mM  vanadate  at  37°C.
V-PPase activity was analyzed in the presence of 1 mM
molybdate, 1 mM azide, 50 mM nitrate and 1 mM vanadate
at 37°C.

Measurement of the net photosynthetic rate

For net photosynthetic rate (Pn) determination, rice growth
and NaCl treatment were as above. Pn was measured using
an automatic photosynthetic measuring apparatus (Ciras-2,
PPSystems, Hitchin, Hertfordshire, UK) as described by
Qiu et al. (2003).

Direct localization of H2O2 in rice tissue

For detection of H2O2 generation, transgenic (T3 genera-
tion) and non-transgenic rice seeds were germinated and
grown on Murashige and Skoog medium with or without
150 mM NaCl for 15 days in a greenhouse with a photo-
period of  16 h  light  and  8 h  darkness,  a  temperature  of
25°C/20°C and a relative humidity of 60%/80%. The middle
part of the second leaf blade for each line (20 replicates)
was excised for DAB (3,3-diaminobenzidine) staining and
H2O2 localization detection as described by Talarczyk et al.
(2002).

Malon dialdehyde content determination

Malon dialdehyde (MDA) content was tested by the
method of Heath and Packer (1968).

Measurement of soluble sugar content

The soluble sugar content was measured by the modified
method of Fairbairn (1953).

Results

SsNHX1 gene expression in transgenic rice

The Na+/H+ antiporter gene SsNHX1 (Ma et al. 2004; acces-
sion number AF370358) was introduced into a salt-sensitive
rice cultivar (O. sativa cv. Zhonghua No. 11) by A. tumefa-
ciens-mediated transformation under the control of the
CaMV 35S promoter. A total of 26 transgenic lines carrying
the SsNHX1 were identified by polymerase chain reaction
(PCR) and reverse transcription (RT)-PCR analysis (data
not shown), and two of these lines (Ss-21 and Ss-47) were
selected for SsNHX1 expression analysis because their T3

offspring were homozygous. Transgene expression was
examined by mRNA gel blot hybridization using total RNA
from leaf tissues. As shown in Fig. 1, both transgenic lines
accumulated the SsNHX1 transcript, but the mRNA levels
were different in different lines (this result was similar to
that of RT-PCR). 

Enhancing salt tolerance of transgenic rice

To test whether expression of the SsNHX1 in rice increased
salt tolerance, 5-week-old T4 plants of the 26 transgenic lines
and non-transgenic rice controls (cv. Zhonghua No. 11)
were treated with 0, 150 and 300 mM NaCl for 3 days fol-
lowed by non-stress treatment under outdoor conditions
(see Materials and methods). Statistic analysis indicated
that these transgenic lines showed markedly enhanced salt
tolerance, and they behaved in similar manner upon salt
stress imposition. Two of these transgenic lines (Ss-21 and
Ss-47) were used for detailed experiments. No visual differ-
ences in growth and development between transgenic and
non-transgenic rice lines were observed under non-salt
stress conditions (Fig. 2a). However, when treated with
300 mM NaCl for 3 days (NaCl concentrations were
stepped up in 50 mM/3 day increments until 300 mM was
achieved for 3 days) under outdoor conditions, all non-
transgenic rice plants wilted and showed salt-induced leaf
rolling. In contrast, such symptoms were slight in SsNHX1
transgenic plants (Fig. 2b). To further examine the salt tol-
erance capacity of transgenic rice, changes in RWC in the
same plant shoots caused by salt stress were measured. As
shown in Fig. 2c, although RWC reduced in all experimental
lines  in  response  to  the  increase  in  NaCl  concentration,
the reduction was far greater in non-transformed lines

Fig. 1. RNA gel blot analysis of SsNHX1 expression in transgenic rice
plants. Each lane contained 30 µg total RNA. A 600-bp region of
SsNHX1 5′ was used as the probe. Nt Non-transformed rice line; Ss-
21, Ss-47 SsNHX1-transformed rice lines
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compared to transgenic lines. Specifically, when plants were
exposed to 300 mM NaCl for 3 days under outdoor condi-
tions, the RWC decreased 49% in non-transgenics, but only
25% and 28% in transgenic plant lines Ss-21 and Ss-47,
respectively. This result indicated that transgenics had a
higher water retention capacity than non-transgenics. Sim-
ilarly, both fresh weight and dry weight were also higher in
transgenic lines than in non-transgenic controls (data not
shown). Moreover, after removal of salt stress the trans-
genic plants recovered, whereas none of the control rice
plants survived under the same conditions. A further
remarkable characteristic of the transgenic plants was that
their roots grew well and were able to export more protons
out of root cells compared to the non-transgenic control
plants (Fig. 3) upon salt treatment (see Materials and meth-
ods). Obviously, these results indicate increased resistance
to salt stress in SsNHX1-transformed rice plants. 

Reestablishing ion homeostasis in transgenic rice

Maintenance and reestablishment of cellular ion homeosta-
sis during salt stress is crucial for plant survival and growth
(Niu et al. 1995). To further investigate whether the
increased salt tolerance of transgenic rice plants was related
to ion levels, 5-week-old T4 plants of transgenic lines Ss-21
and Ss-47 and non-transgenic controls were exposed to 0,
150, 300 mM NaCl for 3 days under outdoor conditions, and
total Na+, K+, Ca2+ and Mg2+ concentrations in the shoots
were measured. As shown in Fig. 4, although Na+ increased
(Fig. 4a) and both K+ (Fig. 4b) and the K+/Na+ ratio (Fig. 4c)
decreased in both transgenic and non-transgenic plants
following treatment with increased concentrations of NaCl,
the transgenic rice plants contained more K+ and had a

Fig. 3. Root proton export capacity in 15-day-old T4 SsNHX1-
transgenic rice plants. Non-transgenic and T3 transgenic rice seeds were
germinated and grown on MS + 150 mM NaCl for 15 days in a growth
chamber. After being washed with deionized water, roots were care-
fully spread on the surface of an agar sheet [0.75% (w/v) agar, 0.006%
(w/v) bromocresol purple, 1 mM CaSO4 and 2.5 mM K2SO4, pH 6.5],
gently pressed into the agar sheet and incubated for 7 h in darkness in
a growth chamber. To assess the inhibitory effect of vanadate, 1 mM
vanadate was included in the agar sheet. Nt Non-transformed rice line,
Ss-21 SsNHX1-transformed rice line,  V plus 1 mM vanadate,  NV no
vanadate; each line contained 21 replicates (see Materials and
methods)

a b c

Fig. 2. Growth (a, b) and relative water content (RWC) (c) of 5-week-
old T4 transgenic rice plants upon NaCl treatment. a Before salt stress
treatment. b Plants exposed to 300 mM NaCl for 3 days under outdoor
conditions, NaCl concentrations were stepped up in 50 mM/3 day
increments until a final concentration of 300 mM was achieved. c Plants
treated with different concentrations of NaCl for 3 days under outdoor
conditions. RWC (%) = (FW − DW)/(TW − DW) × 100 (FW fresh

weight, TW turgid weight after soaking samples in deionized water for
24 h, DW dry weight after oven-drying samples at 85°C for 24 h). For
each line, six measurements were carried out, each repeat contain ten
shoots. Nt, Non-transformed rice line; Ss-21, Ss-47, SsNHX1-trans-
formed rice lines. Values represent means ± SD of six independent
experiments (see Materials and methods)



RETRACTED A
RTIC

LE

99

higher K+/Na+ ratio compared to non-transformed lines
(Fig. 4b,c). We also observed 20–30% more Ca2+ in
SsNHX1-transgenic plants than in non-transgenic plants
(Fig. 4d) regardless of NaCl level, despite the fact that an
increase in Ca2+ occurred in all experiment lines upon salt
stress. Whereas Mg2+ increased at 150 mM NaCl and
decreased at 300 mM NaCl, transgenic lines had a 30–45%
higher Mg2+ concentration than non-transgenics (Fig. 4e).
The ion concentrations in the transgenic plants were closely

related to their root proton export capacity and salt
tolerance. 

Increasing V-ATPase activity in transgenic rice plants

The data presented in Fig. 2 indicate that expression of
SsNHX1 in transgenic rice can increase salt stress
resistance, which may result from Na+ sequestration.

Fig. 4. Total Na+ (a), K+ (b), Ca2+ 
(d), Mg2+ (e) content, and K+/Na+ 
ratio (c) in 5-week-old T4 
transgenic rice shoots treated 
with different concentrations of 
NaCl for 3 days under outdoor 
conditions. Nt Non-transformed 
rice line; Ss-21, Ss-47, SsNHX1-
transformed rice lines. Values 
represent means ± SD of six 
independent experiments (see 
Materials and methods)
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Theoretically, the ability to compartmentalize sodium may
result from a stimulation of the proton pumps that provide
the driving force for increased sodium transport into the
vacuole via Na+/H+ exchangers (Parks et al. 2002). Previ-
ously, no comparative analysis on V-ATPase and V-PPase
activity has been performed in NHX1-transgenic plants. In
the current study, to examine whether expressing SsNHX1
in transgenic rice induced an increase in H+-ATPase and H+-
PPase activity, vesicles of plasma membrane and tonoplast
were isolated by sucrose density gradient centrifugation
from 5-week-old T4 transformed plants of Ss-21 and Ss-47
and non-transformed controls grown in the presence or
absence of 150 mM NaCl for 3 days under outdoor condi-
tions. Measurement of the hydrolytic activities of V-
ATPase, V-PPase and P-ATPase revealed no obvious differ-
ences in these enzyme activities, either in shoots or in roots,
between transgenics and non-transgenics under non-salt
stress conditions (data not shown). However, shoot V-
ATPase hydrolytic activity increased dramatically in trans-
genics when subjected to salt stress treatment, and was
nearly twice that of non-transformed controls (Fig. 5a). In
contrast, the activity of V-PPase and P-ATPase in the shoots
was much lower than that of V-ATPase, and no marked
differences in these enzyme activities could be seen
between transgenic and non-transgenic rice. It was also
observed that root V-ATPase activity was higher in trans-
genics than in non-transgenics, but lower compared to that
of the shoot. Moreover, root P-ATPase activity in transgen-
ics was also higher compared to non-transformed lines
(Fig. 5b), in agreement with root proton export levels. These
results support the idea that Na+ accumulation in SsNHX1-
transgenic rice is energized by the H+ electrochemical
gradient, particularly by V-ATPase. 

SsNHX1-transgenics maintain a higher level of 
photosynthesis 

It is known that salt stress decreases plant photosynthetic
capacity and causes inhibition of plant growth (Greenway

and Munns 1980). To contribute to a better understanding
of the role of SsNHX1 in transgenic rice response to salt
stress, we analysed photosynthesis capacity by measuring
the net photosynthetic rate (Pn) and Fv/Fm ratio [chloro-
phyll fluorescence (Fv/Fm) ratio represents the activity of
PSII] in transformants and non-transformants upon salt
treatment. When 5-week-old T4 transgenic plants of Ss-21
and Ss-47 and non-transformed controls were treated with
0, 150, 300 mM NaCl for 3 days under outdoor conditions,
Pn declined in all experimental lines with increased NaCl
concentrations in the watering solution (Fig. 6); however, a
significantly greater decrease occurred in non-transformed
lines compared to that in transgenic lines. For instance, Pn

decreased 79% in non-transgenic rice, but only 49% and
56% in transgenics Ss-21 and Ss-47, respectively, upon
exposure to 300 mM NaCl for 3 days. Similarly, a decrease
in the Fv/Fm ratio in the same plants was also observed.
However, the Fv/Fm ratio of SsNHX1-transgenic plants was
15–20% higher than that of non-transformed plants upon
150 mM NaCl treatment for 5 days in a greenhouse (data
not shown). These results implied that expression of
SsNHX1 in transgenic rice might effectively reduce Na+ in
the cytoplasm by sequestrating Na+ into vacuoles, thus
protecting the photosynthetic machinery from Na+ toxicity
and allowing a higher level of photosynthesis to be
maintained. 

Reducing generation of reactive oxygen species in 
transformed rice

Salt stress has been reported to enhance production of reac-
tive oxygen species (ROS; Mittova et al. 2004). To test
whether the increased salt tolerance of SsNHX1 transgenic
rice plants reduced production of ROS such as H2O2, the
DAB (3,3-diaminobenzidine) staining method was applied
to detect putative changes in H2O2 distribution in SsNHX1
transgenics Ss-21 and Ss-47 and non-transgenics upon salt
stress imposition (Talarczyk et al. 2002). As shown in

Fig. 5. Hydrolytic activity of V-
ATPase, V-PPase and P-ATPase 
in 5-week-old T4 transgenic rice 
plant shoots (a) and roots (b) 
grown in the presence of 150 mM 
NaCl for 3 days under outdoor 
conditions. Nt Non-transformed 
rice line; Ss-21, Ss-47 SsNHX1-
transformed rice lines. Values 
represent means ± SD of six 
independent experiments (see 
Materials and methods)
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Fig. 7a, H2O2 caused by salt stress could be detected around
the vascular bundle cells and mesophyll cells in all experi-
mental plant leaf blades compared to non-stressed controls,
but the generation of H2O2 was much less in transgenic lines
Ss-21 and Ss-47 than in non-transgenic lines. The results
coincided with the H2O2 (data not shown) and MDA
(Fig. 7b) concentrations in the same plants. These results
suggested that SsNHX1-transgenic rice might reduce H2O2

generation by increasing vacuolar Na+ compartmentation. 

Increased soluble sugars in transgenic rice plants

As presented above, transgenic rice carrying the SsNHX1
gene had enhanced salt tolerance, which may result from
Na+ accumulation in the vacuole. As Na+ accumulates in the
vacuole, osmotic potential in the cytoplasm must be bal-
anced with that in the vacuole (Tester and Davenpor 2003).
To detect any change in osmoprotectants in the transgenics,
5-week-old T4 transgenic plants of Ss-21 and Ss-47 and non-
transformed controls were treated with 0, 150, 300 mM
NaCl for 3 days under outdoor conditions, and both soluble
sugar  and  proline  contents  in  the  shoots  were  measured.
As shown in Fig. 8a, the soluble sugar content increased at
150 mM NaCl and decreased at 300 mM NaCl in all exper-
imental plants, but in transgenic rice lines it was 1.83- to
2.32-fold higher compared to non-transgenic rice lines
regardless of NaCl level. The proline content increased with
increased NaCl concentration, and the non-transformed
controls contained markedly more proline than the trans-

genics (Fig. 8b). Moreover, the proline content changed in
a manner similar to that of MDA (Fig. 7b) and H2O2

(Fig. 7a) upon salt treatment. These results suggest that sol-
uble sugars, but not proline, might play a role in osmotic
adjustment under salt stress conditions in these transgenic
rice plants. 

Fig. 6. Net photosynthetic rate of 5-week-old T4 SsNHX1-transgenic
rice plants exposed to different concentrations of NaCl for 3 days
under outdoor conditions. Nt Non-transformed rice line; Ss-21, Ss-47
SsNHX1-transformed rice lines. Values represent means ± SD of six
independent experiments (see Materials and methods)

Fig. 7. H2O2 generation (a) and malon dialdehyde (MDA) concentra-
tion (b) in SsNHX1-transgenic rice plants exposed to salt stress. a
Visualization of H2O2 by DAB (3,3-diaminobenzidine) staining in 15-
day-old T4 SsNHX1-transgenic rice leaf blades. The middle part of the
second leaf blade for each line was excised for DAB staining and H2O2

localization. CK No salt stress; Nt non-transformed rice exposed to
150 mM NaCl for 15 days; Ss-21, Ss-47 transgenic rice exposed to
150 mM NaCl for 15 days; white arrows vascular bundle. Each line was
represented by 20 plants (see Materials and methods). b Changes in
MDA content caused by different concentrations of NaCl treatment
for  3 days  under  outdoor  conditions  in  5-week-old  T4  transgenic
rice plant shoots. Values represent means ± SD of six independent
experiments

a

b
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Discussion

Higher K+, Ca2+ and Mg2+ ion levels might contribute to 
increased resistant to salt stress

In this work, we showed that although Na+ increased in both
transgenic and non-transgenic rice plants in response to
treatment with NaCl (Fig. 4a), the transgenics exhibited
markedly enhanced salt tolerance (Fig. 2b, c) and water
retention. These results are similar to those of Zhang et al.
(2001) and Ohta et al. (2002). We ascribed these properties
to the increased accumulation of Na+ in the vacuole due to
expression of SsNHX1. Potassium is required for many
functions in plants (Mäser et al. 2001). The ability of plants
to maintain a high cytosolic K+/Na+ ratio is likely to be one
of the key determinants in plant salt tolerance (Maathuis
and Amtmann 1999). Xue et al. (2004) reported that
AtNHX1-transgenic wheat had a higher K+ content and K+/
Na+ ratio compared to non-transgenic plants; similar results
were also observed in SsNHX1-transgenic rice in this study
(Fig. 4b, c). Possibly, the relatively higher K+ level was
related to the elevated Ca2+ levels in transgenics (Fig. 4d),
because increased Ca2+ could stimulate net uptake of K+ by
enhancing membrane integrity (Maathuis et al. 2003).
Moreover, the relatively higher Ca2+ concentration in
SsNHX1-transgenic rice might result from the higher capac-
ity for root proton export, which in turn could enhance salt
tolerance due to the fact that Ca2+ plays a number of roles
in stabilizing cell walls and membranes and as a second
messenger under salt stress conditions (Maathuis et al.
2003). Higher level of shoot Mg2+ content in the transgenic
lines compared with non-transgenics was also observed
(Fig. 4e). The significance of Mg2+ homeostasis has been
particularly established with regard to its role in photosyn-
thesis. Mg2+ is the central atom of the chlorophyll molecule,
and fluctuations in Mg2+ levels in the chloroplast regulate
the activity of key photosynthetic enzymes (Shaul 2002).
The higher level of photosynthesis in transgenics may also
be related to the increased Mg2+ content, in addition to the
sequestering  of  Na+  in  the  vacuole  and  the  protection  of

the photosynthetic machinery from Na+ toxicity due to the
expression of SsNHX1. These results show that Na+, K+,
Ca2+ and Mg2+ homeostasis is correlated with the level of
salt-tolerance in these transgenic rice plants.

V-ATPase and P-ATPase may coordinate regulation of salt 
tolerance in transgenic rice

It has been suggested that most cations are transported
against their electrochemical gradient by proton-coupled
transporters rather than by primary ion pumps (Sze et al.
1999). Gaxiola et al. (2002) predicted that overexpression
of AtNHX1 would increase vacuolar Na+ sequestration,
implying that there is enough proton electrochemical gra-
dient (PEG) to support the extra activity. Alternatively,
AtNHX1 overexpression could trigger the activation of any
of the vacuolar H+-pumps to provide the extra PEG
required. However, to date there was no experimental evi-
dence to link vacuolar Na+ accumulation with V-ATPase
and/or V-PPase activity in vacuolar Na+/H+ antiporter-
transgenic plants. In the present study, we demonstrated
that, similar to the case of salt-tolerant plants (Barklaz et al.
1995; Wang et al. 2001; Parks et al. 2002), Na+ accumulated
in  SsNHX1-transgenic  rice  concurrently  with  increased
V-ATPase activity induced by salt treatment (Fig. 5a, b).
This result supported the idea that plants adapt to high Na+

levels in part by increasing the activity of proton pumps (Sze
et al. 1999). One possible mechanism regulating the link
between the activities of vacuolar Na+/H+ antiport and H+-
transporting ATPase may be that ectopic expression of
SsNHX1 in transgenic rice could trigger the activation of V-
ATPase activity to provide the driving force for Na+ com-
partmentation. Another putative regulatory mechanism
that could link the activities of vacuolar Na+/H+ antiport and
V-ATPase may be inferred from the result that Ca2+

enhanced V-ATPase activity relatively more in transgenics
(Fig. 4d), thereby increasing Na+ accumulation in the vacu-
ole because the activity of V-ATPase was Ca2+-dependent
upon salt stress (Han et al. 2005). Qiu et al. (2004) sug-
gested that there might be coordinate regulation of the

Fig. 8. Changes in soluble sugar 
(a) and proline (b) content in 5-
week-old T4 transgenic rice plant 
shoots caused by different 
concentrations of NaCl treatment 
for 3 days under outdoor 
conditions. Nt Non-transformed 
rice line; Ss-21, Ss-47 SsNHX1-
transformed rice lines. Values 
represent means ± SD of six 
independent experiments
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exchangers in the tonoplast and plasma membranes. We
noticed that the activity of root P-ATPase was also higher
in transgenics than in non-transgenic controls (Fig. 5b),
which might imply that P-ATPase and V-ATPase are coor-
dinately regulated in transgenic plant salt tolerance. Our
results indicate that a similar mechanism possibly exists in
transgenic rice. To our knowledge, this is the first experi-
mental evidence linking V-ATPase activity with Na+ com-
partmentation in NHX1-transgenic plants.

Soluble sugars may be involved in osmotic adjustment in 
transgenic rice plants

As Na+ accumulated in the vacuole, osmotic balance
between vacuolar and cytosolic compartments must be
required. In the present study, we found that SsNHX1-
transgenics contained more soluble sugars compared with
non-transgenics upon salt stress imposition (Fig. 8a). Pre-
sumably, these soluble sugars resulted from the higher level
of photosynthesis or from the metabolism of carbohydrate
compounds in SsNHX1-transgenic rice upon exposure to
salt stress. In contrast to other plants (Hong et al. 2000), the
proline level was much lower in transformants than in non-
transgenic controls (Fig. 8b), coinciding with levels of MDA
and H2O2 in plants subjected to salt stress treatment. These
results imply that soluble sugars, rather than proline, might
contribute to osmotic adjustment in transgenic rice plants
under salt stress conditions (Hu et al. 2000).

In addition, the lower generation of H2O2 and MDA in
transgenic rice plants upon salt stress treatment supports
the idea that expression of SsNHX1 could reduce Na+ tox-
icity to the cytoplasm and the photosynthetic machinery by
increased sequestration into the vacuole.

Transgenic rice plants overexpressing AgNHX1 showed
a strong tolerance to salt stress under the conditions of a 3-
day exposure to 300 mM NaCl followed by non-stress treat-
ments (Ohta et al. 2002); however, these transgenic studies
were based on laboratory tests. It should be noticed that our
results were obtained under outdoor conditions, approxi-
mating those of the field except for the controlled NaCl
concentrations. These results may be more reliable than
greenhouse data due to the fact that plants rarely experi-
ence stress from a single environmental source, and multi-
stress interactions often occur under field conditions.
Furthermore, in this study, we provided more detailed
physiological evidence in SsNHX1-transgenic rice than that
available in AgNHX1-transgenic rice plants.

In  conclusion,  the  increase  in  Na+  accumulation  and
V-ATPase activity, together with other physiological
characteristics of SsNHX1-transgenic rice suggest that up-
regulation of SsNHX1 might cause pleiotropic up-
regulation of a set of salt-tolerant-related mechanisms to
confer higher levels of salt tolerance to the transgenic rice.
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