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We examined the function and intracellular localiza-
tion of the product of the Na*/H* antiporter gene (OsNHX1)
cloned from rice (Oryza sativa). OsNHX1 has the ability to
suppress Na*, Li* and hygromycin sensitivity of yeast nhx1
mutants and sensitivity to a high K* concentration, a novel
phenotype of the nhxl mutants. Analysis using rice cells
expressing a fusion protein of OsNHX1 and green fluores-
cent protein and Western blot analysis using antibodies spe-
cific for OsNHX1 confirmed the localization of OsNHX1 on
the tonoplasts. These results indicate that the OsNHX1 gene
encodes a vacuolar (Na*, K*)/H* antiporter. Treatment with
high concentrations of NaCl and KCl increased the tran-
script levels of OsNHXI in rice roots and shoots. In addi-
tion, overexpression of OsNHX1 improved the salt toler-
ance of transgenic rice cells and plants. These results
suggest that OsNHX1 on the tonoplasts plays important
roles in the compartmentation of Na* and K* highly accu-
mulated in the cytoplasm into the vacuoles, and the amount
of the antiporter is one of the most important factors deter-
mining salt tolerance in rice.

Keywords: Na*/H* antiporter — Rice (Oryza sativa) — Salt
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Abbreviations: DTT, dithiothreitol; EGTA, ethylene glycol bis(2-
aminoethyl ether)tetraacetic acid; GFP, green fluorescent protein;
IPTG, isopropyl-p-p-thiogalactopyranoside; MS medium, Murashige—
Skoog medium; ORF, open reading frame; V-PPase, vacuolar H*-inor-
ganic pyrophosphatase.

Introduction

Na*/H* antiporters, which catalyze the exchange of Na*
for H* across membranes, contribute to the regulation of inter-
nal pH, cell volume and the sodium level in the cytoplasm
(Aronson 1985, Orlowski and Grinstein 1997). The antiporters
are widespread membrane proteins found in animals, yeasts,
bacteria and plants. In particular, vacuolar Na*/H* antiporters,
which compartmentalize Na* into the vacuoles for detoxifica-
tion, have been investigated as the key to salt tolerance in
yeasts and plants (Blumwald et al. 2000).

In Saccharomyces cerevisiae, the product of a gene
(ScNHX1), which is homologous to mammalian NHE, has been
shown to mediate sequestration of Na* within an intracellular
compartment and to have an endosomal distribution, localizing
to prevacuolar compartments (Nass et al. 1997, Nass and Rao
1998). In plants, a vacuolar Na*/H* antiporter gene (AtNHX1)
has been cloned in Arabidopsis thaliana as the first plant
homolog to ScNHX1 (Gaxiola et al. 1999). We have also cloned
a vacuolar Na*/H* antiporter gene (OsNHX1) from rice (Oryza
sativa) (Fukuda et al. 1999). Recently, Na*/H" antiporter genes
have been reported from several other plants (Chauhan et al.
2000, Fukuda-Tanaka et al. 2000, Hamada et al. 2001). The
increased expression of the antiporter genes by salt stress has
been reported from both glycophytes, A. thaliana and rice,
and halophytes, Mesembryanthemum crystallium and Atriplex
gmelini. Salt stress also activates the antiporter in salt-tolerant
plants such as Hordeum vulgare (Fukuda et al. 1998, Garbarino
and DuPont 1988, Garbarino and DuPont 1989) and Beta
vulgaris (Blumwald et al. 1985). These results suggest that
vacuolar Na*/H* antiporters play important roles in the salt tol-
erance of various plants.

Rice, one of the most important crops in the world, has
low salt tolerance, and its production and planting area are
greatly affected by soil salinity (Akbar and Ponnamperuma
1980). Therefore, it is of agricultural importance to analyze and
improve the salt tolerance of rice. The Na*/H* antiporter gene,
OsNHX1, which we have cloned from rice, has been shown to
play important roles in the salt tolerance of rice (Fukuda et al.
1999).

In this paper, we report a functional analysis in yeast, the
intracellular localization of OsNHX1 protein in rice cells, the
effects of salt and osmotic stresses on the expression of
OsNHX], and the salt tolerance of transgenic rice overexpress-
ing OsNHX1. We also discuss the mechanism of salt tolerance
in rice.

Results

Complementation of yeast with the OsNHX1 gene

To test the function of OsNHX1, we expressed the gene in
yeast nhx] mutants. Overexpression of OsNHX]I increased the
tolerance of the mutants to high concentrations of Na* and Li*
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Fig. 1 Expression of OsNHX! in nhxl yeast mutants. (A) Vector pKT10+HIS was introduced into wild-type (WT) (K601) and nhx/ strains
(R100). Plasmid pOsNHX1; GAP:OsNHX1 was introduced into the nhx/ mutant (OsNHXI). The strains were grown overnight in selective APG
medium (pH 6.5). Aliquots (5 pl) of a saturated seed culture and 5-fold serial dilutions of the indicated strains were spotted onto APG plates (pH
4.0) supplemented with or without 0.4 M NaCl. The strains were grown at 28°C for 8 d. (B) The same strains (5 pl of a saturated seed culture)
were grown in 2 ml of APG medium (pH 4.0) supplemented with or without LiCl for 48 h with shaking. Growth of the strains was detected by
measuring absorbance at 600 nm. Each value is the mean + SD of three independent experiments. Symbols and relevant genotypes are as follows:
closed square, K601; open square, R100; closed circle, OsNHXI. (C) Serial dilutions of the same strains as in (A) were grown on YPD plates sup-

plemented with or without 20 pg ml™' hygromycin for 3 d.

to an extent similar to that of wild-type yeast (Fig. 1A, B). The
OsNHX1-complementation of Na* and Li* sensitivity of the
nhxl mutants was obtained only when the K* concentration
was reduced (APG medium containing 1 mM K*) and the pH
was low (pH 4.0), because the mutants showed marked Na* and
Li* sensitivity compared with the wild type only under those

conditions (data not shown, Nass et al. 1997). The nhxl
mutants are also hypersensitive to hygromycin, which is a toxic
cation that accumulates intracellularly in response to an elec-
trochemical proton gradient (Darley et al. 2000). It has been
suggested that SCNHX1, which affects the pH or membrane
potential of the vacuolar and prevacuolar compartments, plays
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Fig. 2 Effect of a high KCI concentration on the nhx! yeast mutants
overexpressing OsNHXI. Each strain was grown in APG medium
(pH 4.0) supplemented with or without KCI at 28°C for 96 h. Each
value is the mean + SD of three independent experiments. Symbols
and relevant genotypes are as follows: closed square, K601; open
square, R100; closed circle, OsNHX 1.

an important role in hygromycin compartmentation into vacu-
oles (Gaxiola et al. 1999). OsNHX1 also suppressed the hygro-
mycin sensitivity of the mutants (Fig. 1C), indicating that
OsNHX1 protein has the same function as SCNHX1 in yeast. In
addition, we found that the nhx/ mutants were sensitive to a
high K* concentration in APG medium (Fig. 2). Introduction of
OsNHX] into the mutants rendered the strain tolerant to a high
K* concentration to an extent similar to that of the wild type.
These results indicate that the OsNHX1 gene encodes a vacu-
olar (Na*, K*)/H* antiporter that has activity similar to that of
the SCNHX1 protein.

Western blot analysis of OsNHX1 protein

The subcellular localization of OsNHXI1 protein was
determined by Western blot analysis using polyclonal antibod-
ies against the COOH-terminus of OsNHXI1, as shown in
Materials and Methods. Fig. 3A shows that OsNHX1 was
present mainly in the tonoplast fractions from roots and shoots
of rice seedlings. The apparent molecular mass of OsNHX1 of
40 kDa determined by SDS-PAGE did not correspond to the
calculated molecular mass of 59 kDa. To check the apparent
molecular mass found by SDS-PAGE, OsNHX1 was detected
in the yeast nhx/ mutants expressing OsNHXI using anti-
OsNHX1 antibodies and Escherichia coli expressing the T7-
tagged OsNHX] using anti-T7-Tag monoclonal antibodies (Fig.
3A, B). The apparent molecular mass of OsNHX1 in the trans-
genic yeast microsome was 40 kDa and that in the transgenic
E. coli treated with isopropyl-p-p-thiogalactopyranoside (IPTG)
was 42 kDa as determined by SDS-PAGE. The results indicate
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Fig. 3 Western blot analysis of OsNHXI1 protein. (A) Microsome
fractions were isolated from R100 (nAx/) and R100 transformed with
pOsNHX1. Membrane fractions were isolated from roots and shoots of
7-day-old rice seedlings. Protein [10 pg for OsNHX1 and 1 pg for vac-
uolar H*-inorganic pyrophosphatase (V-PPase)] was separated on a
10% SDS-PAGE gel and immunoblotted. Polyclonal antibodies raised
against the COOH-terminal portion of OsNHX1 were used for the
immunoblot. Antibodies against Vigna radiata V-PPase (Maeshima
and Yoshida 1989) were used as a marker for tonoplasts. (B) The
fusion protein was extracted from BL21(DE3) and BL21(DE3) trans-
formed with pET-21a or pET-21a+OsNHX1. The expression of the
fusion protein was induced by the addition of 1mM IPTG.
BL21(DE3) containing pET-21a was grown in the medium with
0.6 mM IPTG for 3 h. Protein (14 ng) was separated on a 12% SDS-
PAGE gel and immunoblotted with anti-T7-Tag monoclonal anti-
bodies.
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that the protein band at 40 kDa detected by immunoblotting is
an actual OsNHX1 protein.

We isolated two rice osnhx! mutant lines, osnhxI-1 and
osnhxI-2, from Tosl7 insertional mutants by PCR-based
screening. The amplified DNA fragments from the two mutant
lines were sequenced, and the insertion sites were determined
(Fig. 4A). The Tosl7 gene was inserted into the sixth exon of
the OsNHXI gene in the osnhxl-1 mutant and into the eighth
exon in the osnhxI-2 mutant, suggesting that the amino acid
sequences were terminated incompletely. The insertion of
Tos17 into OsNHXI and the normal inheritance in the progeny
of the mutant lines were confirmed by Southern blot analysis as
described by Takano et al. (2001), and lines homozygous (—/-)
for the insertion were selected (data not shown). In the West-
ern blot analysis with antibodies against the COOH-terminus of
OsNHX1, the 40 kDa protein was detected in the tonoplast
fractions isolated from the progeny (+/+) with wild-type
OsNHX1I alleles but not in those from the homozygous lines
(—/-) (Fig. 4B). These results confirm that the 40 kDa protein in
the Western blot analysis is certainly the OsNHX1 protein and
that the antibodies are specific to OsNHX1.

Fig. 4 The estimation of osnhxl mutant lines. (A)
Genomic organization of OsNHXI gene and insertion
sites of Tos!7 gene in the OsNHXI gene of osnhx] mutant
lines (osnhxI-1 and osnhxI-2). The genomic organization
of OsNHX1 is derived from sequence information availa-
ble in the DDBJ/EMBL/GenBank database (accession
number AP004274). Gray and black boxes represent the
untranslated cDNA sequence and the translated cDNA
sequence, respectively. Insertion sites of TosI7 genes
(4.3 kb) (white boxes) in the OsNHX1 gene of the mutant
lines are indicated by vertical bars labeled with the range
of nucleotides. (B) Western blot analysis of the tonoplast
fractions isolated from segregating progeny of the osnhxI
mutant lines. We used shoots of 1-month-old plants of
lines homozygous (—/-) for the Tosl7 insertion and of
progeny with wild-type OsNHXI alleles (+/+). Protein
(14 pg) was separated on a 10% SDS-PAGE gel and immu-
noblotted with antibodies against the COOH-terminus of
OsNHXI1.

Localization analysis of OsNHXI protein using green fluores-
cent protein (GFP)

The subcellular localization of OsNHX1 on the tonoplasts
was confirmed by an analysis using rice cells expressing the
fusion protein of OsNHX1 and sGFP. The chimeric gene for
the fusion protein was constructed by the fusion of the
OsNHXI open reading frame (ORF) to the N-terminus
(OsNHX1-sGFP) or C-terminus (sGFP-OsNHX1) of sGFP.
The sGFP fluorescence imaged under a laser-scanning confo-
cal microscope showed that OsNHX1-sGFP distribution coin-
cided with that of the FM 4-64 stain for the tonoplasts (Vida
and Emr 1995) (Fig. 5A, B). However, sGFP-OsNHX1 pro-
duced a pattern similar to only SGFP (data not shown). Thus,
the N-terminus of OsNHX1 has a site for specific cleavage.
Several small, bright, dot-like fluorescent structures were
observed in the cells by fluorescent microscopy (Fig. SA).
These dot-like fluorescent structures were also observed in
cells expressing pMSHI1 vector not including sGFP (data not
shown), suggesting that the structures were due to false fluores-
cence, and not to fluorescence from sGFP.
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Fig. 5 Localization of OsNHX1-sGFP fusion protein expressed in rice cells. OsNHX1-sGFP fusion protein was expressed in rice cells as
described in Materials and Methods. Green fluorescence of sGFP in the cells was imaged under a laser-scanning confocal microscope (A-a and B-
a). Tonoplasts are stained red with FM4-64 (B-b). The two images of B-a and B-b are overlaid in B-c. Contrast images of the cells are shown in
A-b and B-d. N, nucleus; V, vacuole. Scale bar in A = 50 um; scale bar in B = 10 pm.

Expression of the OsNHX1 gene in rice seedlings subjected to
various stresses

The effects of salt and osmotic stresses on the expression
of OsNHXI were examined by Northern blot analysis of total
RNAs from roots and shoots of 7-day-old rice seedlings after 5
or 24 h of treatment with 0.2 M NaCl or 0.4 M mannitol,
respectively. The salt stress increased the transcript levels of
OsNHX1 in roots and shoots (Fig. 6). As estimated by density
scanning, the level of OsNHX1 transcripts in roots increased 4-
and 2-fold after treatment with NaCl for 5 and 24 h, respec-
tively, and that in shoots increased 2-fold after both 5 and 24 h.
On the other hand, the transcript levels of OsNHXI increased
slightly only in roots after 5 h of the treatment with mannitol.
The increase in the transcript level due to osmotic stress was
less than that due to salt stress. These results show that mainly
ionic stress increased the level of OsNHX] transcripts.

In addition, we performed another Northern blot analysis
with 7-day-old rice seedlings after 24 h of treatment with 0 to
0.2 M NaCl or KCI. The treatments with a high concentration
of each salt increased the transcript levels of OsNHX1 in both
roots and shoots (Fig. 7). Treatment with NaCl increased the
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Fig. 6 Northern blot analysis of the rice vacuolar Na*/H* antiporter
in rice seedlings treated with salt and osmotic stresses. Thirty pg of
total RNAs was isolated from shoots and roots of 7-day-old rice seed-
lings at the indicated times after the start of treatment with 0.2 M NaCl
or 0.4 M mannitol. The isolated RNA was separated, blotted onto a
nylon membrane and hybridized with the **P-labeled 3'-untranslated
regions of OsNHXI. Methylene blue staining of the rRNA on the
membrane is also shown.
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Fig. 7 Northern blot analysis of the rice vacuolar Na*/H* antiporter
in rice seedlings treated with various concentrations of NaCl and KCI.
Thirty pg of total RNAs was isolated from shoots and roots of 7-day-
old rice seedlings after 24 h of treatment with NaCl or KCl. The iso-
lated RNA was separated, blotted onto a nylon membrane and hybrid-
ized with the 3?P-labeled 3'-untranslated regions of OsNHXI.
Methylene blue staining of the rRNA on the membrane is also shown.

transcript level of OsNHX1 in shoots at more than 50 mM. On
the other hand, treatments with 0.05 to 0.1 M KCI did not
increase the transcript levels of OsNHXI in roots or shoots.
However, the treatment with 0.2 M KClI abruptly increased the
levels 4-fold and 2-fold, relative to the control, in roots and
shoots, respectively (signals of the Northern analysis were nor-
malized according to the intensity of the rRNA signals), and in
roots the level of increase was higher than that resulting from
the treatment with 0.2 M NaCl.

Overexpression of OsNHX1 protein in transgenic rice cells

A construct containing OsNHX! was introduced into the
genome of Oryza sativa L. cv Nipponbare. Eight independent
transgenic rice calli were obtained, and cell suspension cul-
tures were initiated from the transgenic calli. Overexpression of
OsNHX1 protein was confirmed by Western blot analysis of
tonoplast fractions isolated from wild-type and transgenic cells
with polyclonal antibodies against the COOH-terminus of
OsNHX1 (Fig. 8A). We used two of the cell lines (95-1-35 and
95-5-169) in this experiment. To examine whether the overex-
pression of OsNHX1 would enhance the tolerance of cells to
salt stress, we cultured wild-type and transgenic cells in the
presence of 0.1 or 0.2 M NaCl. Growth of the wild-type cells

was inhibited by the presence of 0.1 and 0.2 M NaCl, and the
wild-type cells grew poorly in the presence of 0.2 M NaCl. On
the other hand, the growth of the transgenic cells in the pres-
ence of 0.1 and 0.2 M NaCl was improved relative to that of the
wild-type cells in correlation with the increase in the level of
OsNHX1 (Fig. 8B, C).

We determined the Na* and K* contents in wild-type and
transgenic rice cells grown in the medium containing 0, 0.1 or
0.2M NaCl (Fig. 8D, E). The Na* content of both the wild-
type and transgenic cells increased, and the K* content
decreased, with exposure to high concentrations of NaCl. The
Na* content of the transgenic cells grown in the presence of a
high NaCl concentration was higher than that of the wild-type
cells (Fig. 8D), and correlated with the increase in the level of
OsNHX1 (data not shown). These results indicate that the
increased vacuolar compartmentation of Na* in the transgenic
cells induced the higher salt tolerance of the transgenic cells.

Overexpression of OsNHX1 in transgenic rice plants

We assessed whether the overexpression of OsNHX1
allowed plants to grow in the presence of high NaCl. We
obtained 31 transgenic plants and seven homozygous lines of
the T3 generation (data not shown), and used two of the lines
(95-3-2 and 95-4-12) in this experiment. We confirmed the
overexpression of OsNHX1 by Western blot analysis, as shown
by the experiment with the transgenic rice cells (Fig. 9A). The
overexpression of OsNHX1 did not affect the growth of the
transgenic plants grown under control conditions (Fig. 9B, C).
We grew wild-type and transgenic rice plants in the presence of
0.05 and 0.1 M NaCl. The growth of the wild-type plants was
severely inhibited, whereas that of the transgenic plants in the
presence of high NaCl concentrations was improved relative to
that of the wild-type plants; the transgenic plants were able to
maintain growth in 0.1 M NaCl, but the wild-type plants even-
tually died (Fig. 9B, C).

We determined the Na* and K* contents of the leaves of
wild-type and transgenic plants grown under control and high-
NaCl conditions (Fig. 10) and found no significant differences
(ANOVA and Tukey’s test, P >0.05). In contrast to the result
for the transgenic cells, the Na* and K* contents in the trans-
genic plants were similar to those in the wild type under all
growth conditions.

Fig. 8 Growth and ion contents of wild-type (WT) and transgenic rice cells overexpressing OsNHX1 grown at various salt concentrations. Wild-
type rice cells (lines 97-4-5 and 97-5-15) transformed with pMSHI1 and transgenic cells (lines 95-1-35 and 95-5-169) transformed with
pMSHI1+0OsNHXI were cultured in the presence of 0, 0.1 and 0.2 M NaCl for 14 d. (A) Western blot analysis of the tonoplast fractions isolated
from these cells. Protein (7 pg) was separated on a 10% SDS-PAGE gel and immunoblotted with antibodies against the COOH-terminus of
OsNHX1. (B and C) Growth of wild-type (white bars; 97-4-5 in B and 97-5-15 in C) and transgenic cells (black bars; 95-1-35 in B and 95-5-169
in C) is shown as % control of dry weight. Each value is the mean + SD of three independent experiments. Asterisks represent significant differ-
ences between the wild-type and transgenic cells (P <0.01, Student’s 7 test). (D and E) Na* (D) and K* (E) contents of wild-type (white bars; 97-5-
15) and transgenic cells (black bars; 95-5-169). Ion contents were determined as shown in Materials and Methods. Each value is the mean + SD of
three independent experiments. Different letters in each graph (a—c in D and a—d in E) indicate significant differences (P <0.05, ANOVA and

Tukey’s test). DW, dry weight.
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Fig. 9 Salt tolerance of wild-type (WT) and transgenic rice plants overexpressing OsNHX1 grown at various salt concentrations. Wild-type and
transgenic plants were grown under normal conditions for 18 d, and then treated with 0, 0.05 or 0.1 M NaCl for 7 weeks. (A) Western blot analy-
sis of the tonoplast fractions isolated from the leaves of wild-type plants (line 97-1-29) transformed with pMSH1 and from those of transgenic
plants (lines 95-3-2 and 95-4-12) transformed with pMSH1+OsNHX 1. Protein (10 pg) was separated on a 10% SDS-PAGE gel and immunoblot-
ted with antibodies against the COOH-terminus of OsNHX1. (B and C) Wild-type (no vectors and 97-1-29) and transgenic plants (95-3-2 and 95-
4-12) were grown in the presence of 0 (a), 0.05 (b) or 0.1 (c) M NaCl. We obtained similar results in another experiment. Scale bar = 20 cm.
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Discussion

The ability of OsNHX1 protein to transport several ions

OsNHX1 had the ability to suppress the Na*, Li*, K* and
hygromycin sensitivity of yeast nhx/ mutants (Fig. 1, 2). These
results indicate that OsNHX1 protein has the activity of
ScNHXI1 protein and functions as a vacuolar (Na*, K*)/H* anti-
porter. However, the nhx/ mutants overexpressing OsNHXI
had lower tolerance for Na*, K* and hygromycin than wild-type
yeast. The lack of a signal peptide in the construction of the
yeast expression vectors used in our study may cause the phe-
notype of the mutants overexpressing OsNHXI, as suggested
by Darley et al. (2000). Results similar to those obtained with
OsNHX]I have been reported for nhx] mutants overexpressing
AtNHX]1 from A. thaliana or AgNHX1 from A. gmelini (Gaxiola
et al. 1999, Quintero et al. 2000, Hamada et al. 2001). These
findings suggest that NHX-type antiporters of various plants
have functions similar to SCNHX1, of which they are homologs.

The present findings show that the nhx/ mutants are sensi-
tive to a high K* concentration, and OsNHX1 has the ability to
suppress the K* sensitivity of the mutants. This is the first
report that a plant vacuolar Na*/H* antiporter has the ability to
suppress the sensitivity of nhx/ mutants to a high K* concentra-
tion. In S. cerevisiae, NHA1 and ENA1-4, Na* transporters in
the plasma membranes, mediate Na* and K* efflux, and
mutants of these genes show lower tolerance to high K* con-
centration than wild-type (Banuelos et al. 1998). These results
suggest that Na* transporters, including SCNHX1, can function
as Na*/K* transporters and that they have an important role in
the tolerance of yeast to high K* concentrations. In plants, it
has been shown by the analysis of antiporter activity that
AtNHX1 can catalyze K* transport (Zhang and Blumwald
2001, Venema et al. 2002). These findings suggest that plant
NHX-type antiporter genes, including OsNHXI, encode vacu-
olar (Na*, K*)/H" antiporters, and like SCNHX1, they may play
an important role in the compartmentation of K* highly accu-
mulated in the cytoplasm into vacuoles.

Tonoplast localization of OsNHX1 protein

The 40 kDa protein is OsNHX1 protein (Fig. 3, 4), and
anomalous migration of hydrophobic membrane proteins may
be the main cause of the lower mass. Apse et al. (1999) and
Venema et al. (2002) showed an apparent mass of 45-50 kDa,
which is below the predicted molecular mass (58 kDa), for
AtNHX1 protein in A. thaliana using antibodies against the
COOH-terminus. The lower apparent mass of plant NHX-type
antiporter proteins compared with the mass predicted by calcu-
lations based on their gene sequences may be a general charac-
ter of masses determined with SDS-PAGE.

The OsNHX1 band is diffuse in the Western blot analyses
of rice and transgenic yeast. However, the band is clear for the
transgenic E. coli lacking the ability to glycosylate proteins.
There are three potential glycosylation sites in the deduced
sequence of amino acid residues of OsNHX1 (Fukuda et al.

1999). These results suggest that OsNHX1 is a glycoprotein.
Wells and Rao (2001) have demonstrated that SCNHX1 is a
glycoprotein and shows a diffuse band in Western blot analysis
of the yeast. In addition, immunological analyses have shown
that the bands of AtNHX1 and AgNHX1 are also diffuse (Apse
et al. 1999, Hamada et al. 2001). These results support our sug-
gestion that OsNHX1 is a glycoprotein.

The analysis using rice cells expressing the fusion protein
of OsNHX1 and sGFP confirmed the localization of OsNHX1
on the tonoplasts (Fig. 5). In addition to the results from the
analysis using sGFP, the Western blot analysis showed that
OsNHX1 was present in the tonoplast fractions from roots and
shoots of rice (Fig. 3A). Apse et al. (1999) and Hamada et al.
(2001) also used Western blot analysis to show that AtNHX1
and AgNHX1 are localized in the tonoplasts. These findings
suggest that plant NHX-type antiporters are vacuolar Na*/H*
antiporters that catalyze the compartmentation of Na* to the
vacuoles. Homologs to plant NHX-type antiporters have been
identified in animals (NHE6 and NHE7) (Numata et al. 1998,
Numata and Orlowski 2001). NHE6 and NHE7 localize to the
mitochondria and the trans-Golgi network, respectively, although
these antiporters are members of the animal Na*/H* exchanger
(NHE family) localized in the plasma membranes. In addition,
ScNHX1 localizes to the late endosomal/prevacuolar compart-
ments (Nass and Rao 1998). These antiporters share a cluster in
a phylogenetic analysis of various Na*/H* antiporters from a
wide variety of organisms, including animals, yeasts, bacteria
and plants (Fukuda et al. 1999). Recently, Shi et al. (2002)
showed that AtSOS1, a novel Na*/H* antiporter in A. thaliana,
is localized in the plasma membranes, and the deduced amino
acid sequence of the antiporter has low similarity to those of
plant NHX-type antiporters. These results indicate that the
NHX-type antiporters, NHE6 and NHE7 form a family of
intracellular antiporters that may have evolved independently
of antiporters localized in the plasma membranes.

The regulation of OsNHXI gene expression under various
stresses

Treatment with a high concentration of NaCl increased the
transcript levels of OsNHX1 in rice roots and shoots (Fig. 6, 7).
In addition, the increase in OsNHX] transcript levels by 0.4 M
mannitol, iso-osmotic stress for 0.2 M NaCl, was lower than
that caused by salt stress. These results indicate that the expres-
sion of OsNHX1 is regulated by salt stress, and that this regula-
tion is mainly due to ionic stress. Transcript levels of OsNHX1
in shoots were higher than those in roots irrespective of the
concentration of NaCl (Fig. 6, 7). OsNHX1 may play an
important role in the salt tolerance of shoots rather than roots.

Treatment with 0.2 M KCl also increased the transcript
levels of OsNHXI in roots and shoots (Fig. 7). In roots, the
increase in OsNHX1 expression by 0.2 M KCl was higher than
that by 0.2 M NaCl, indicating that the increased expression of
the gene was mainly due to the ionic stress of KCl. The effect
of a high K* concentration on the leaf growth of rice is similar
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Fig. 10 Na* (A) and K* (B) contents of wild-type and transgenic plants overexpressing OsNHX1 grown at various salt concentrations. Wild-type
(no vectors; white bars) and transgenic plants (95-3-2 and 95-4-12; gray and black bars) were grown under normal conditions for 18 d, and treated
with 0, 0.05 or 0.1 M NaCl for 7 weeks. Na* and K* were extracted from the leaves, and ion contents were determined as shown in Materials and

Methods. Each value is the mean = SD of three independent experiments.

to or greater than that of a high Na* concentration (Yeo et al.
1991). In A. thaliana, treatment with a high K* concentration
has also been reported to increase the expression of AtNHXI
(Gaxiola et al. 1999). In addition, we showed that OsNHX1
protein had the ability to suppress K* sensitivity of yeast nhxl
mutants and, like AtNHX1, to transport K* (Fig. 2). These
results support the suggestion that plant NHX-type antiporters,
including OsNHX1, regulate the K* level in plant cells and play
an important role in the tolerance of plants to high K* concen-
trations.

The importance of OsNHX1 protein in salt tolerance of rice
Overexpression of OsNHX1 improved the salt tolerance
of transgenic rice cells, and this improvement in the salt toler-
ance was correlated with an increase in the Na* content of rice
cells grown in a medium with high NaCl concentration (Fig. 8).
These results indicate that the increased activity of OsNHX1 in
the tonoplasts enhanced the compartmentation of Na* into the
vacuoles and resulted in the increased tolerance of the trans-
genic cells to a high NaCl concentration. Similar results have
been reported in some transgenic plants, A. thaliana, Lycoper-
sicon esculentum and Brassica napus, overexpressing AtNHX1
(Apse et al. 1999, Zhang and Blumwald 2001, Zhang et al.
2001). These results suggest that a vacuolar Na*/H* antiporter
is effective for improving the salt tolerance of various plants.
We previously reported that the activity of vacuolar Na*/H* ant-
iporter in rice was lower than that in barley, a salt-tolerant crop,
although they had similar apparent K, values, and suggested
that the amount of the antiporter is one of the most important
factors in removing Na* from the cytoplasm and determining
salt tolerance (Fukuda et al. 1998). The present findings con-

firm that an increased amount of a rice vacuolar Na*/H* anti-
porter, OsNHX1, conferred higher salt tolerance in rice.

Although we showed that OsNHX1 protein had the abil-
ity to transport K* (Fig. 2), the K* content of the transgenic rice
cells overexpressing OsNHX1 was less than or similar to that
of the wild-type cells under all growth conditions (Fig. 8E).
The K*/Na* ratio in salt-treated cells is lower than that in con-
trol cells, because Na* can be transported into the cells through
K* carriers (Blumwald et al. 2000). Although further investiga-
tions of the ion selectivity of OsNHX1 protein are needed, the
larger decrease in the K* content of the salt-treated transgenic
cells compared with that of the salt-treated wild-type cells
might be related to the larger increase in the Na* content of the
transgenic cells compared with that of the wild type. The
mechanism causing the lower K* content in the control trans-
genic cells compared with that of the control wild-type cells is
unknown. It might be difficult for the K* transport stimulated
by increased OsNHXI1 to affect the K* content in the whole
cell. It is possible that some secondary phenomenon might have
caused the result, because the K* content is much higher than
the Na* content in the cells and many K* transport mechanisms
exist in plant cells (Schachtman 2000).

Overexpression of OsNHX1 also improved the salt toler-
ance of transgenic rice plants (Fig. 9). This result indicates that
OsNHXI1 is effective for improving salt tolerance not only in
rice cells, but also in plants. However, in contrast to the result
for transgenic rice cells, no significant differences were
observed in the leaf Na* content of either wild-type or trans-
genic plants grown in a high NaCl concentration (Fig. 10). This
is the first report that shows a difference in the increase in Na*
content under salt stress between transgenic cells and plants
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overexpressing a vacuolar Na*/H* antiporter. We also analyzed
the Na* content in the shoots and roots of 8-day-old wild-type
and transgenic seedlings grown for 5 d in the presence of 0.1 M
NaCl, and found that the content in the transgenic seedlings
was similar to that in the wild-type seedlings (data not shown).
These results are contrary to those for three transgenic dicot
plants overexpressing AtNHX1 (Apse et al. 1999, Zhang and
Blumwald 2001, Zhang et al. 2001). However, Ohta et al.
(2002) reported that Na* content in young leaves of transgenic
rice plants overexpressing AgNHX1 was the same as that in
wild-type plants after 3 d of 0.3 M NaCl treatment, although
the transgenic plants had higher salt tolerance than the wild-
type plants. Although only the young leaves of rice plants
grown for a long time (more than 3 weeks) were analyzed in
their study, Ohta et al. (2002) suggested that compartmentation
of Na* into the mature leaves may improve the salt tolerance of
the plants. We also observed the Na* content in surviving
(younger) leaves of transgenic plants grown for a long time
(more than 9 weeks) (Fig. 10). The difference in Na* content
between wild-type and transgenic rice plants might be observed
in the mature leaves, but not in the young leaves. Although fur-
ther investigations are needed, the compartmentation of Na*
into mature tissues might prevent young tissues from the
impairment of salt stress and contribute to the improvement of
salt tolerance in rice plants. In rice seedlings, which do not
develop mature tissues, no significant differences were
observed in the growth of shoots and roots between wild-type
and transgenic seedlings (8-day-old) grown for 5 d in the pres-
ence of 0, 0.1 and 0.2 M NaCl (data not shown). This result
supports the suggestion that compartmentation of Na* into
mature tissues improves salt tolerance in rice plants.

Overexpression of a vacuolar Na*/H* antiporter, AINHX1,
has been suggested to significantly improve the salt tolerance
of the crop plants L. esculentum and B. napus (Zhang and
Blumwald 2001, Zhang et al. 2001). However, for efficient
improvement of salt tolerance in agricultural contexts, the
mechanism of salt tolerance should be examined for each spe-
cies or family, because the mechanisms may differ, as shown in
this paper. Rice is a staple food of more than 50% of the
world’s population, and it is also a representative of monocot
crops, which account for 90% of the world’s staple diet. Most
wild grasses are also monocots. Therefore, it is worthwhile to
elucidate the mechanism of salt tolerance of rice and to
improve the salt tolerance of rice plants. The present findings
regarding rice and the rice vacuolar Na*/H* antiporter OsNHX1
revealed differences in the mechanism of salt tolerance
between rice, a monocot species, and three dicot species over-
expressing AtNHX1 and should be useful for improving the
salt tolerance of rice and other monocots significantly and effi-
ciently for practical use in the field.

Materials and Methods

Yeast strains and media

The two yeast (S. cerevisiae) strains, K601 (wild type) and R100
(Anhx1::URA3) (kindly provided by Dr. Rajini Rao, Johns Hopkins
University, U.S.A.), used in this study are isogenic to W303 (ade2-1
canl-100 his3-11, 15 leu2-3, 112 trpl-1 wura3-1) and have been
described previously (Nass et al. 1997). Yeast cells were grown in
YPD [1% (w/v) yeast extract / 2% (w/v) peptone / 2% (w/v) glucose],
SD [0.67% (w/v) Yeast Nitrogen Base (Difco Lab., Detroit, MI,
U.S.A)) with 2% (w/v) glucose], or APG medium containing 10 mM
arginine, 8 mM phosphoric acid, 2 mM MgSO,, 1 mM KCl, 0.2 mM
CaCl,, 2% (w/v) glucose, trace vitamins and minerals, at pH 6.5 with
arginine (Nass et al. 1997). Where indicated, NaCl or hygromycin-B
was added, or the pH was adjusted to 4.0 with acetic acid.

Plant materials and growth conditions

Rice (O. sativa L. cv. Nipponbare) seedlings or plants were used
in the experiments. For seedling culture, rice seeds were imbibed over-
night and then placed on cotton mesh suspended over a nutrient solu-
tion, containing 0.5 mM NH,H,PO,, 1 mM KNO;, 0.5 mM MgSO,,
12.5 uM Fe-EDTA, 1 mM CaCl, and micronutrients. Seedlings were
grown by hydroponics in the nutrient solution in a growth chamber
under a 14-h photoperiod with a photon flux density of 100 pmol m™
s7'. In the chamber, relative humidity was 75%, and the temperature
was 30°C during the day and 25°C at night. Air was continuously bub-
bled through the nutrient solution. Seedlings were stressed as indi-
cated beginning 7 d after sowing.

Rice seeds were germinated and then transplanted into soil (Bonsol
no.1; Sumitomo Chemical Corp., Tokyo, Japan). Plants were grown in
a growth chamber under a 14-h photoperiod with a photon flux den-
sity of 200 umol m™ s™! under a relative humidity of 70% at 28°C dur-
ing the day and 24°C at night. The water in the soil was changed every
2 d. The plants were grown for 18 d and then stressed as indicated.

Expression of OsNHX1 in yeast

The OsNHX1 ORF was obtained from a cDNA including the full
length of the gene by PCR with the 5'-primer d(CGGAATTCAT-
GGGGATGGAGGTGGCGGC) and the 3'-primer d(ACGCGTCGA-
CATTCCATTCTCATTTCTTTG), which included EcoRI and Sall
restriction sites on their respective 5’ ends. The resulting fragment was
subcloned into pBluescript II KS+ (Stratagene, San Diego, CA,
U.S.A.) and sequenced to verify the fidelity of the PCR product. The
OsNHX1 ORF was inserted into the EcoRI/Sall site of pKT10+HIS3,
which was derived from the yeast-E. coli shuttle vector pKT10
(Tanaka et al. 1990) by insertion of HIS3, downstream of the GAP pro-
moter, producing the plasmid pOsNHX1. K601 and R100 were trans-
formed with lithium acetate (Gietz and Schiestl 1995).

Expression of OsNHX1 in Escherichia coli

For expression of T7-tagged OsNHXI1 in bacteria, the OsNHX1
OREF fragment obtained by the same method as expression of OsNHX1
in yeast was inserted into the EcoRI/Sall site of pET-21a(+) (Novagen,
Madison, WI, U.S.A.). The plasmid was transformed into the E. coli
strain BL21(DE3). The strain was grown in 2x YT [1% (w/v) yeast
extract / 1.6% (w/v) tryptone / 0.5% (w/v) NaCl] plus ampicillin
(50 mg liter™). Protein expression was induced at an ODgs, of 0.7 with
1 mM IPTG.

Microsome preparation from yeast

Yeast microsomes were prepared using a modification of the
method of Jazwinski (1990). Yeast cells were grown to mid-exponential
phase in APG medium at 28°C. After pelleting, cells were suspended
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in 0.1 M Tris-H,SO,, pH 9.4, containing 10 mM dithiothreitol (DTT)
and incubated for 30 min at 30°C with shaking. After centrifugation at
3,000xg for 5 min, suspended cells were digested with Zymolyase 20T
(Seikagaku Kogyo Co., Tokyo, Japan) at 0.5 mg mI™ in 20 mM potas-
sium phosphate buffer, pH 7.4, containing 1.2 M sorbitol for 1 h at
30°C with gentle shaking. The resulting spheroplasts were washed
with ice-cold potassium phosphate buffer and suspended in 20 mM Tris-
HCI, pH 7.4, 0.6 M sorbitol and 50 uM Pefabloc SC (4-(2-amino-ethyl)-
benzenesulfonyl-fluoride hydrochloride) (Merck, Darmstadt, Germany).
The suspension was homogenized with a Dounce homogenizer and
centrifuged at 3,000xg for 5 min. The supernatant (crude solution) was
centrifuged at 100,000xg for 60 min. The precipitate was resuspended
in potassium phosphate buffer, and used as the microsome.
Proteins were quantified by the method of Bradford (1976).

Transformation of rice calli and plants

The cDNA construct of full-length OsNHX1, which was cloned
into the BamHI site of pBluescript KS+, was digested with Kpnl and
Notl restriction enzymes. The resulting fragment was subcloned into
the Ti-plasmid pMSHI1 containing a hygromycin resistance gene (a gift
from Dr. Tsutomu Kawasaki, Nara Institute of Science and Technol-
ogy, Japan) downstream of the CaM 35S-promoter (Kawasaki et al.
1999). The resultant plasmid was introduced into calli derived from
rice by transformation mediated by Agrobacterium tumefaciens (strain
EHA101) (Hood et al. 1986) as described by Toki (1997). Transformed
calli were selected for hygromycin resistance, and plants were regener-
ated from the transformed calli.

For the experiments using rice cells, we initiated cell suspension
cultures from the transformed calli and maintained the cells in
Murashige—Skoog (MS) medium containing 3% (w/v) sucrose, 2 pug
ml™ 2,4-D, vitamins and 50 ug ml™' hygromycin in the dark at 26°C
on a rotary shaker (120 rpm) and subcultured every second week.

For the experiments using transgenic rice plants, seeds of wild-
type and transgenic rice were germinated on wet filter paper for 3 d,
transplanted onto a 0.9% (w/v) agar plate containing 50 pg ml™ hygro-
mycin for selection, and grown for 6 d. The plants grown on the plate
were transplanted into soil.

Membrane preparation from rice

Tonoplasts were isolated from roots and shoots of rice seedlings
by using a modification of a method described previously (Fukuda et
al. 1998). Roots or shoots were homogenized in 50 mM MOPS-KOH,
pH 7.6, containing 0.25 M sorbitol, 5 mM ethylene glycol bis(2-
aminoethyl ether)tetraacetic acid (EGTA), 1.5% (w/v) polyvinylpyrro-
lidone K-30, 2.5 mM potassium metabisulfite and 50 pM Pefabloc SC.
The resulting pellets after final centrifugation were resuspended in
MOPS-KOH buftfer, and used as the tonoplast fraction.

Plasma membranes were isolated from roots and shoots of rice
seedlings using the aqueous two-phase system of Hodges and Mills
(1986). We used a grinding medium containing 50 mM MES-Tris, pH
7.6, 0.3 M sucrose, 0.5% (w/v) BSA, 5mM EDTA, 5 mM EGTA,
4 mM salicylhydroxamic acid, 1 mM DTT, 2.5 mM sodium metabi-
sulfite, 20 mM NaF and 2 mM phenylmethylsulfonyl fluoride.

Preparation of OsNHX1 antibodies and Western blot analysis
Polyclonal antibodies were raised in rabbit against a synthetic
peptide derived from the COOH-terminal region of the predicted
OsNHX1 amino acid sequence (Val-Pro-Phe-Ser-Pro-Gly-Ser-Pro-
Thr-Glu-Gln-Ser-His-Gly-Gly-Arg) (Fukuda et al. 1999). The antibod-
ies were purified by affinity purification using a chromatography col-
umn linked with the synthetic peptide. SDS-PAGE was performed in
10% gels containing 20% glycerol (Schagger and von Jagow 1987) or
12% gels (Laemmli 1970). Immunoblotting was carried out with

Immobilon-P membrane (polyvinylidene difluoride) (Millipore, Bed-
ford, MA, U.S.A.) onto which proteins in the gel were transferred by
an electrophoretic transfer system (Bio-Rad Laboratories, Hercules,
CA, U.S.A)). Goat anti-rabbit IgG conjugated with alkaline phos-
phatase (Organon Teknika Corp., West Chester, PA, U.S.A.) was used
as a secondary antibody to detect the IgG on the immunoblot. Immu-
noreactive bands were detected by AttoPhos Substrate Set (Roche
Diagnostics Corp., Indianapolis, IN, U.S.A.) using FluorImager 575
(Molecular Dynamics, Sunnyvale, CA, U.S.A.). For expression of T7-
tagged OsNHX1, mouse monoclonal antibodies against the T7-tag
(Novagen, Madison, WI, U.S.A.) and VECTASTAIN ABC kit (Vector
Laboratories, Burlingame, CA, U.S.A.) were used.

Isolation of osnhx1 mutants from Tos17 insertional mutants

The Functional Genomics Laboratory at the National Institute of
Agrobiological Sciences (Japan) has produced large populations of
rice mutants generated by using 7os/7-mediated mutagenesis (Hiro-
chika 2001). We screened the populations of Tos/7 insertional mutants
by PCR using TosI7-specific primers and OsNHX-specific primers in
all possible combinations as described by Takano et al. (2001). The
amplified DNA fragments were analyzed by Southern blot analysis
with 3?P-labeled ORF of OsNHX]I to eliminate non-specific amplifica-
tions and sequenced to confirm the insertion of Tos/7.

Expression of a fusion protein of GFP and OsNHX1 in rice cells

The vector psGFP (sGFP S65T mutant) was kindly provided by
Dr. Yasuo Niwa, Shizuoka Prefectural University, Japan (Niwa et al.
1999). The vector psGFPcs, which is a derivative of psGFP (Jiang et
al. 2001), was kindly provided by Dr. Akiko Baba, National Institute
of Agrobiological Sciences, Japan. The construct OsNHX1-sGFP was
generated by PCR amplification from the cDNA including the full
length of OsNHX1 with the 5'-primer d(ACGCGTCGACCAT-
GGGGATGGAGGTGGCGGCGG) and the 3'-primer d(CATGCCAT-
GGATCTTCCTCCGTGGCTCTGCTCG), which included Sall and
Ncol restriction sites on their respective 5" ends. The amplified DNA
fragment was subcloned into the Sall/Ncol sites of psGFP and
sequenced to verify the fidelity of the PCR product. The Sall/Notl
fragment of the construct was subcloned into the pMSH1 vector with
the Smal/Notl sites downstream of the CaM 35S-promoter. The con-
struct sSGFP—-OsNHX1 was generated by PCR amplification from the
cDNA including the full length of OsNHX/ with the 5'-primer
d(ATATGGGCCCATGGGGATGGAGGTGGCGGCGG) and the 3'-
primer d(ATATCCCGGGTCTTCCTCCATGGCTCTGCTCG), which
included Apal and Xmal restriction sites on their respective 5" ends.
The amplified DNA fragment was subcloned into the Apal/Xmal sites
of psGFPcs and sequenced. The Xbal/Notl fragment of the construct
was subcloned into pMSH1 with the Xbal/Notl sites. The OsNHX1-
sGFP and sGFP-OsNHXI1 constructs were used to transform the rice
calli with A. fumefaciens. Suspension cultures of rice cells were estab-
lished from the transformed calli. The cell suspension was maintained
in MS medium containing 50 ug ml™' hygromycin, as stated in the
Transformation of rice calli and plants section.

Confocal microscopy

Rice cells were labeled with 40 pM FM 4-64 [N-(3-triethylam-
moniumpropyl)-4-(6-(4-diethylamino)phenyl)hexatrienzyl]pyridinium
dibromide] (Molecular Probes, Eugene, OR, U.S.A.) for 30 min, and
cultured in fresh medium for 5 h as described by Nass and Rao (1998).
The fluorescent images were observed using a Bio-Rad Micro
Radiance 2000 confocal laser microscope. GFP and FM 4-64 were
excited by wavelengths of 488 nm and 514 nm, respectively, from an
Ar laser.
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Northern blot analysis

Northern blot analysis was performed by using standard proce-
dures (Sambrook et al. 1989). After gel electrophoresis and blotting of
total RNA onto a nylon membrane (Biodyne A; Pall Corp., Port Wash-
ington, NY, U.S.A.), hybridization was performed with *?P-labeled
cDNA fragments prepared using a random primer labeling kit (Ran-
dom Primers System; Takara, Tokyo, Japan). The membrane was
exposed to an imaging plate, and the radioimage of the plate was ana-
lyzed (BAS2000; Fuji, Tokyo, Japan). The Northern experiments were
performed at least twice. Equal loading of RNA blots was assessed by
scanning the signals of ribosomal RNA detected with methylene blue.

Dry weight and ion content determination

Rice cells were collected by filtration on preweighed Whatman
Grade 113 filter paper and rinsed quickly with distilled water at least
five times. Leaves were cut from rice plants and rinsed with distilled
water to wash out possible surface contamination by Na*. The col-
lected cells and leaves were dried at 70°C for at least 4 h and for 3 d,
respectively, and then the dried materials were reweighed to obtain the
dry weight. The dried cells and leaves were extracted in boiling water
for 1 h and 0.1 M acetic acid at 90°C for 2 h, respectively. The con-
tents of Na* and K* were determined with a capillary electrophoresis
system (P/ACE System 2100; Beckman Instruments, Fullerton, CA,
U.S.A)) as described by the manufacturer. The running buffer used for
the ion analysis contained 13 mM of o-hydroxyisobutyric acid and
5mM UV CAT-1 (Millipore Corp., Milford, MA, U.S.A.). Statistical
analyses with Student’s ¢ test, ANOVA and Tukey’s test were per-
formed using the TTEST procedures and the General Linear Models
procedures of the Statistical Analysis System (SAS Institute Inc., Cary,
NC, U.S.A)).

Acknowledgments

We thank Dr. M. Maeshima (Nagoya University, Japan) for
kindly providing pKT10 vector and the anti-V-PPase antibodies, and
Drs. K. Ishimaru, H. Kouchi, H. Kumagai and Y. Umehara for techni-
cal advice and provision of some of the materials employed in this
work. We also thank K. Saeki, M. Mori, C. Tsuiki, T. Kataoka and S.
Li for technical assistance. This work was supported by Grants-in-Aid
from the Ministry of Agriculture, Forestry and Fisheries of Japan
(Development of Innovative Transgenic Plants no.2113 and Rice
Genome Project MP-2126).

References

Akbar, M. and Ponnamperuma, F.N. (1980) Saline soil of south and southeast
Asia as potential rice lands. In Rice Research Strategies for the Future. Edited
by IRRI. pp. 256-281. IRRI, Los Banos, Laguna, Philippines.

Apse, M.P.,, Aharon, G.S., Snedden, W.A. and Blumwald, E. (1999) Salt toler-
ance conferred by overexpression of a vacuolar Na*/H* antiport in Arabidop-
sis thaliana. Science 285: 1256-1258.

Aronson, P.S. (1985) Kinetics properties of the plasma membrane Na*/H*
exchanger. Annu. Rev. Physiol. 47: 545-560.

Banuelos, M.A., Sychrova, H., Bleykasten-Grosshans, C., Souciet, J.-L. and
Potier, S. (1998) The Nhal antiporter of Saccharomyces cerevisiae mediates
sodium and potassium efflux. Microbiology 144: 2749-2758.

Blumwald, E., Cragoe, EJ. and Poole, R.J. (1985) Na*/H* antiport in isolated
tonoplast vesicles from storage tissue of Beta vulgaris. Plant Physiol. 78:
163-167.

Blumwald, E., Aharon, G.S. and Apse, M.P. (2000) Sodium transport in plant
cells. Biochim. Biophys. Acta 1465: 140-151.

Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principles of protein-dye bind-
ing. Anal. Biochem. 72: 248-254.

Chauhan, S., Forsthoefel, N., Ran, Y., Quigley, F., Nelson, D.E. and Bohnert,
H.J. (2000) Na*/myo-inositol symporters and Na*/H"-antiport in Mesembry-
anthemum crystallium. Plant J. 24: 511-522.

Darley, C.P., van Wuytswinkel, O.C.M., van der Woude, K., Mager, W.H. and de
Boer, A.H. (2000) Arabidopsis thaliana and Saccharomyces cerevisiae NHX1
genes encode amiloride sensitive electroneutral Na*/H* exchangers. Bio-
chem. J. 351: 241-249.

Fukuda, A., Nakamura, A. and Tanaka, Y. (1999) Molecular cloning and expres-
sion of the Na*/H* exchanger gene in Oryza sativa. Biochim. Biophys. Acta
1446: 149-155.

Fukuda, A., Yazaki, Y., Ishikawa, T., Koike, S. and Tanaka, Y. (1998) Na*/H*
antiporter in tonoplast vesicles from rice roots. Plant Cell Physiol. 39: 196—
201.

Fukuda-Tanaka, S., Inagaki, Y., Yamaguchi, T., Saito, N. and Iida, S. (2000)
Colour-enhancing protein in blue petals. Nature 407: 581.

Garbarino, J. and DuPont, EM. (1988) NaCl induces a Na*/H* antiport in tono-
plast vesicles from barley roots. Plant Physiol. 86: 231-236.

Garbarino, J. and DuPont, EM. (1989) Rapid induction of Na*/H* exchange
activity in barley root tonoplast. Plant Physiol. 89: 1-4.

Gaxiola, R.A., Rao, R., Sherman, A., Grisafi, P,, Alper, S.L. and Fink, G.R.
(1999) The Arabidopsis thaliana transporters, AINHX1 and Avpl, can func-
tion in cation detoxification in yeast. Proc. Natl Acad. Sci. USA 96: 1480—
1485.

Gietz, R.D. and Schiestl, R.H. (1995) Transforming yeast with DNA. Methods
Mol. Cell. Biol. 5: 255-269.

Hamada, A., Shono, M., Xia, T., Ohta, M., Hayashi, Y., Tanaka A. and
Hayakawa, T. (2001) Isolation and characterization of a Na*/H* antiporter
gene from the halophyte Atriplex gmelini. Plant Mol. Biol. 46: 35-42.

Hirochika, H. (2001) Contribution of the TosI7 retrotransposon to rice func-
tional genomics. Curr. Opin. Plant Biol. 4: 118-122.

Hodges, T.K. and Mills, D. (1986) Isolation of the plasma membrane. Methods
Enzymol. 118: 41-54.

Hood, E.E., Helmer, G.L., Fraley, R.T. and Chilton, M.D. (1986) The hyperviru-
lence of Agrobacterium tumefaciens A281 is encoded in a region pTiBo542
outside of T-DNA. J. Bacteriol. 168: 1291-1301.

Jazwinski, S.M. (1990) Preparation of extracts from yeast. Methods Enzymol.
182: 154-174.

Jiang, C.-J., Shoji, K., Matsuki, R., Baba, A., Inagaki, N., Ban, H., Iwasaki, T.,
Imamoto, N., Yoneda, Y., Deng, X.-W. and Yamamoto, N. (2001) Molecular
cloning of a novel importin o homologue from rice, by which constitutive
photomorphogenic 1 (COP1) nuclear localization signal (NLS)-protein is
preferentially nuclear imported. J. Biol. Chem. 276: 9322-9329.

Kawasaki, T., Henmi, K., Ono, E., Hatakeyama, S., Iwano, M., Satoh, H. and
Shimamoto, K. (1999) The small GTP-binding protein Rac is a regulator of
cell death in plants. Proc. Natl Acad. Sci. USA 96: 10922-10926.

Laemmli, UK. (1970) Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227: 680-685.

Maeshima, M. and Yoshida, S. (1989) Purification and properties of vacuolar
membrane proton-translocating inorganic pyrophosphatase from mung bean.
J. Biol. Chem. 264: 20068-20073.

Nass, R., Cunningham, K.W. and Rao, R. (1997) Intracellular sequestration of
sodium by a novel Na*/H* exchanger in yeast is enhanced by mutations in the
plasma membrane H*-ATPase. J. Biol. Chem. 272: 26145-26152.

Nass, R. and Rao, R. (1998) Novel localization of a Na*/H* exchanger in a late
endosomal compartment of yeast. J. Biol. Chem. 273: 21054-21060.

Niwa, Y., Hirano, T., Yoshimoto, K., Shimizu, M. and Kobayashi, H. (1999)
Non-invasive quantitative detection and applications of nontoxic, S65T-type
green fluorescent protein in living plants. Plant J. 18: 455-463.

Numata, M. and Orlowski, J. (2001) Molecular cloning and characterization of a
novel (Na*, K*)/H* exchanger localized to the trans-Golgi network. J. Biol.
Chem. 276: 17387-17394.

Numata, M., Petrecca, K., Lake, N. and Orlowski, J. (1998) Identification of a
mitochondrial Na*/H* exchanger. J. Biol. Chem. 273: 6951-6959.

Ohta, M., Hayashi, Y., Nakashima, A., Hamada, A., Tanaka, A., Nakamura, T.
and Hayakawa, T. (2002) Introduction of a Na*/H" antiporter gene from Atri-
plex gmelini confers salt tolerance to rice. FEBS Lett. 532: 279-282.

Orlowski, J. and Grinstein, S. (1997) Na*/H* exchangers of mammalian cells. J.
Biol. Chem. 272: 22373-22376.

220z 1snbny |z uo 1senb Aq 056+ 181/9%1/Z/S/ol0ne/dod/woo"dno-olwapese)/:sdjy Woly papeojumod



Rice vacuolar Na*/H" antiporter 159

Quintero, FJ., Blatt, M.R. and Pardo, J.M. (2000) Functional conservation
between yeast and plant endosomal Na*/H* antiporters. FEBS Lett. 471: 224—
228.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Cloning: A Labo-
ratory Manual, 2nd Edn. Cold Spring Harbor Lab., Cold Spring Harbor, NY.
Schachtman, D.P. (2000) Molecular insights into the structure and function of

plant K* transport mechanisms. Biochim. Biophys. Acta 1465: 127-139.

Schagger, H. and von Jagow, G. (1987) Tricine-sodium dodecyl sulfate-polyacr-
ylamide gel electrophoresis for the separation of proteins in the range from 1
to 100 kDa. Anal. Biochem. 166: 368-379.

Shi, H., Quintero, F.J., Pardo, J.M. and Zhu, J.-K. (2002) The putative plasma
membrane Na*/H* antiporter SOS1 controls long-distance Na* transport in
plants. Plant Cell 14: 465-477.

Takano, M., Kanegae, H., Shinomura, T., Miyao, A., Hirochika, H. and Furuya,
M. (2001) Isolation and characterization of rice phytochrome A mutants.
Plant Cell 13: 521-534.

Tanaka, K., Nakafuku, M., Tamanoi, F., Kaijo, Y., Matsumoto, K. and Toh-e, A.
(1990) IRA2, a second gene of Saccharomyces cerevisiae that encodes a pro-
tein with a domain homologous to mammalian ras GTPase-activating pro-
tein. Mol. Cell. Biol. 10: 4303-4313.

Toki, S. (1997) Rapid and efficient Agrobacterium-mediated transformation in
rice. Plant Mol. Biol. Rep. 15: 16-21.

Venema, K., Quintero, FJ., Pardo, J.M. and Donaire, J.P. (2002) The Arabidop-
sis Na*/H* exchanger AtNHX1 catalyzes low affinity Na* and K* transport in
reconstituted liposomes. J. Biol. Chem. 277: 2413-2418.

Vida, T.A. and Emr, S.D. (1995) A new vital stain for visualizing vacuolar mem-
brane dynamics and endocytosis in yeast. J. Cell Biol. 128: 779-792.

Wells, K.M. and Rao, R. (2001) The yeast Na*/H* exchanger Nhxl is an N-
linked glycoprotein. J. Biol. Chem. 276: 3401-3407.

Yeo, A.R., Lee, K.-S., Izard, P., Boursier, P.J. and Flowers, T.J. (1991) Short-
and long-term effects of salinity on leaf growth in rice (Oryza sativa L.). J.
Exp. Bot. 42: 881-889.

Zhang, H.X. and Blumwald, E. (2001) Transgenic salt-tolerant tomato plants
accumulate salt in foliage but not in fruit. Nat. Biotechnol. 19: 765-768.

Zhang, H.X., Hodson, J.N., Williams, J.P. and Blumwald, E. (2001) Engineer-
ing salt-tolerant Brassica plants: Characterization of yield and seed oil qual-
ity in transgenic plants with increased vacuolar sodium accumulation. Proc.
Natl Acad. Sci. USA 98: 12832-12836.

(Received October 10, 2003; Accepted December 3, 2003)

220z 1snbny |z uo 1senb Aq 056+ 181/9%1/Z/S/ol0ne/dod/woo"dno-olwapese)/:sdjy Woly papeojumod



	Function, Intracellular Localization and the Importance in Salt Tolerance of a Vacuolar Na
	Introduction
	Results
	Complementation of yeast with the
	Western blot analysis of OsNHX1 protein
	Localization analysis of OsNHX1 protein using green fluorescent protein (GFP)
	Expression of the OsNHX1 gene in rice seedlings subjected to various stresses
	Overexpression of OsNHX1 protein in transgenic rice cells
	Overexpression of OsNHX1 in transgenic rice plants

	Discussion
	The ability of OsNHX1 protein to transport several ions
	Tonoplast localization of OsNHX1 protein
	The regulation of OsNHX1 gene expression under various stresses
	The importance of OsNHX1 protein in salt tolerance of rice

	Materials and Methods
	Yeast strains and media
	Plant materials and growth conditions
	Expression of
	Expression of
	Microsome preparation from yeast
	Transformation of rice calli and plants
	Membrane preparation from rice
	Preparation of OsNHX1 antibodies and Western blot analysis
	Isolation of osnhx1 mutants from
	Expression of a fusion protein of GFP and OsNHX1 in rice cells
	Confocal microscopy
	Northern blot analysis
	Dry weight and ion content determination

	Acknowledgments
	References

	Akbar
	Accepted December 3, 2003)


	Yoshiyuki
	Institute of Biological Sciences, University of Tsukuba, Tennoudai 1-1-1, Tsukuba, Ibaraki, 305-8...
	We examined the function and intracellular localization of the product of the Na
	Keywords
	Abbreviations: DTT, dithiothreitol; EGTA, ethylene glycol bis(2- aminoethyl ether)tetraacetic aci...
	OsNHX1
	Apse
	Aronson
	Banuelos
	Blumwald
	Blumwald
	Bradford
	Chauhan
	Darley
	Fukuda
	Fukuda
	Fukuda-Tanaka
	Garbarino
	Garbarino
	Gaxiola
	Gietz
	Hamada
	Hirochika
	Hodges
	Hood
	Jazwinski
	Jiang
	Kawasaki
	Laemmli
	Maeshima
	Nass
	Nass
	Niwa
	Numata
	Numata
	Ohta
	Orlowski
	Quintero
	Sambrook
	Schachtman
	Schagger
	Shi
	Takano
	Tanaka
	Toki
	Venema
	Vida
	Wells
	Yeo
	Zhang
	Zhang

