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Compartmentation of Na
+
 into vacuoles is an important way for cells to avoid the toxic effects of salt. 

Here, Arabidopsis AtCCX1 was studied in Pitch pastoris GS115. Yeast expressing AtCCX1 grew better 
in high H

+
 concentration medium and high salt medium than original strain and increased Na

+
 

accumulation and decreased K
+
 accumulation. AtCCX1 was located in tonoplast in yeast. Transport 

essays were indicated by fluorescence SBFI and PBFI, respectively. Results show that AtCCX1 
simultaneously participate in transports both of Na

+
 and K

+
 and the process was inhibited by H

+
-ATPase 

inhibitor vanadate. In conclusion, we suggest that AtCCX1 is an H
+
-dependent Na

+
/K

+
 exchanger.  
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INTRODUCTION 
 
Ion ratios in plants are altered by the influx of Na

+
 through 

K
+
 pathways (Blumwald, 2000; Santa-Cruz et al., 1999; 

Rees et al., 1992). The similarity of the hydrated ionic 
radii of Na

+
 and K

+
 makes it difficult to discriminate 

between them and this is the basis of Na
+
 toxicity. For 

plant cell to deal with this deleterious ionic effect of 
salinity, it has to perform two tasks: to exclude or 
sequester Na

+ 
and Cl

-
 to avoid their toxicity in the 

cytoplasm and to maintain appropriate cellular levels of 
K

+ 
and Ca

2+
 necessary for metabolic activities (Mansour 

et al., 2003). 
CAX7 to CAX11 were recently renamed as CCX1 to 

CCX5 (Cai and Lytton, 2004; Shigaki et al., 2006) 
because they display limited primary amino-acid 
sequence homology with other CAX, but have a striking 
sequence similarity to the mammalian K

+
-dependent 

eXchanger) family is one of the five families of the CaCA. 
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Abbreviations: [K

+
], K

+
 Concentration; [K

+
]m, K

+
 concentration 

in medium; [K
+
]c, K

+
 content in yeast cells; [Na

+
], Na

+
 

concentration; [Na
+
]m, Na

+
 concentration in medium; [Na

+
]c, 

Na
+
 content in yeast cells; GAtCCX1, the Pitch pastoris GS115 

expressing AtCCX1; T[Control], the Pitch pastoris GS115; 
[H

+
]m, H

+
 concentration in culture media 

superfamily. CAXs are a group of proteins that export 
cations from the cytosol to maintain optimal ionic 
concentrations in the cell. CAXs are energized by the pH 
gradient established by proton pumps such as H

+
- 

ATPase and H
+
-pyrophosphatase (Kamiya and 

Maeshima, 2004). Several plant CAXs have been 
characterized as vacuole-localized transporters, which 
function in H

+
-coupled antiport of Ca

2+
, Mg

2+
 and Mn

2+
, 

resulting in the accumulation of these cations in vacuoles 
(Hirschi et al., 1996; Hirschi, 1999; Pittman et al., 2004; 
Mei et al., 2007). However, most members of CCXs have 
not yet to be identified and their transport properties are 
needed to complete urgently. 

The gene of AtCCX1 had been cloned and subcloned 
into Pitch pastoris GS115. In this study, static and 
dynamic transport properties of AtCCX1 in P. pastoris 
GS115 were investigated. 
 
 
MATERIALS AND METHODS 

 
Yeast was grown overnight in YPD medium at 28°C. After 
measuring the OD600, equal numbers of cells were grown in 50 ml 
of yeast peptone dextrose (YPD) +supplements.  

AtCCX1 was amplified from Arabidopsis (Arabidopsis thaliana) 
genomic DNA using PCR. Two oligonucleotide primers that are 
complementary to the 5’ and 3’ ends of the predicted AtCCX1 gene 
were generated: AtCCX1 forward primer, 5’-GGGGGTACCCCT 
CATTATTGT-TCCACTTCATACCC3’ and AtCCX1 reverse primer, 
5’- GGGCCGCGGCCTCTCGATAGTAATTCAACTATGCACA3’. Kpn 
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I and Sac II sites (underlined) were introduced for sub-cloning. 
Genomic DNA was isolated using the E.Z.N.A. TM Plant DNA Maxi 
Kit (Omega, USA), according to the manufacturer’s instructions. 
AtCCX1 genomic DNA was subcloned into the yeast expression 
vector pGAPZ B (Invitrogen, USA). 

EGFP (enhanced green fluorescent protein) sequence was 
cloned from vector pIRES2-EGFP (Invitrogen, USA) using PCR by 
two oligonucleotide primers. The forward primer was 
GCGCAAGCTTGTATGGGATCTGATCTGGGGCCTCG and the 
reverse primer was GCGCAAGCTTTGTTTCAGGTTCAGGGGG 
AGGTGTG. Hind III sites (underlined) were introduced for sub-
cloning. Then, EGFP sequence was fused to C-terminal of AtCCX1 
in vector pGAPZ B. The primers CGTTGCTTGAGACACTAGGGTT 
CTT and ACCTCTACAAATGTGGTATGGCTGAT were used to test 
the correct reading order of EGFP by PCR. Yeast vacuolar protein 
P51 was used as a marker protein and fused to EGFP as described 
previously (Morris et al., 2008; Carter et al., 2004). 

Inductively coupled plasma mass spectrometry (ICP-MS) analy-
sis was done as described previously with a little modification (Eide 
et al., 2005). Yeast cells were collected from the 50 ml yeast culture 
suspension by centrifugation at 3,000 × g for 10 min and washed 
with 50 ml of distilled, deionized H2O. To ensure remove unbound 
elements, this process was repeated for three times. The cells were 
then placed in a 50 ml conical flask with stopper and 5 ml 30% 
HNO3 was added. The samples were digested overnight in a 65°C 
water bath. Afterward, 5 ml of distilled, deionized H2O was added, 
the samples were vortexed briefly. Before ICP-MS analysis, the cell 
digests were diluted 100 times or even more. ICP-MS analysis was 
performed with a Varian 820-MS ICP mass spectrometer (made in 
USA) with a three-channel peristaltic pump. 

Yeast membrane vesicles were prepared as described previously 
with a few modifications (Nakanishi et al., 2001). Yeast cells were 
precultured at 30°C for 2 days in YPD medium that contained 
supplements. The cell culture was diluted 64-fold and then grown 
for 12 h to reach an exponential phase. After being washed with 0.1 
M Tris-HCl, pH 9.4, 50 mM 2-mercaptoethanol and 0.1 M glucose at 
30°C for 10 min, cells were treated with a zymolyase medium at 
30°C for 1 h with gentle agitation. The medium contained 0.05% 
zymolyase 20 T, 0.9 M sorbitol, 0.1 M glucose, 50 mM Tris-Mes, pH 
7.6, 5 mM DTT, 0.043% yeast nitrogen base without amino acids 
and ammonium sulfate and 0.25×dropout solution composed of all 
amino acids and adenines. Spheroplasets were collected from the 
suspension by centrifugation at 3,000×g for 10 min and washed 
with 1 M sorbitol. 

The spheroplasts were resuspended in 50 mM Tris-ascorbate, pH 
7.6, 1.1 M glycerol, 1.5% polyvinylpyrrolidone (Mr 40,000), 5 mM 
EGTA-Tris, 1 mM DTT, 0.2% bovine serum albumin, 1 mM PMSF 
and 1 mg/l leupeptin and then homogenized with a motor-driven 
Teflon homogenizer. After centrifugation at 2,000×g for 10 min, the 
precipitate wassuspended in the same buffer and centrifuged again. 
All of the supernatant fractions were pooled and centrifuged at 
120,000×g for 30 min. The precipitate was suspended in 15% (w/w) 
sucrose and layered on a 35% (w/w) sucrose solution. Both 
sucrose solutions contained 10 mM Tris-Mes, pH 7.6, 1 mM EGTA-
Tris, 2 mM DTT, 25 mM KCl, 1.1 M glycrol, 0.2% bovine serum 
albumin, 1 mM PMSF and 1 mg/l leupeptin. After centrifugation at 
150,000×g for 30 min, the interface portion was collected and 
diluted with 5 mM Tris-Mes, pH 7.6, 0.3 M sorbitol, 1 mM DTT, 1 
mM EGTA-Tris, 0.1 M KCl, 1 mM PMSF, 1 mg/l leupeptin and 5 mM 
MgCl2. The precipitate after centrifugation at 150,000×g for 30 min 
was resuspended in 5 mM Tris-Mes, pH 7.6, 0.3 M sorbitol, 1 mM 
DTT, 1 mM EGTA-Tris, 1 mM PMSF, 1 mg/l leupeptin and 1.5 mM 
MgCl2. The suspension was stored at ‐80°C until use. 

The fluorescence quenching of SBFI and PBFI were used to 
monitor the dynamic of Na

+
 and K

+
 concentration inside membrane 

vesicles. Membrane vesicle suspensions were recollected by 
centrifugation at 150,000×g for 30 min and the precipitate was kept. 
The precipitate was  then  loaded  with  SBFI-AM  (or  PBFI-AM)  by   

 
 
 
 
adding 50 µl of 10 µmol/l SBFI-AM (or PBFI-AM) with 0.04% 
pluronic F-127. After 100 min, excess SBFI-AM (or PBFI-AM) was 
removed by washing with buffer. While the indicator is SBFI, the 
buffer is 5 mM Tris-Mes, pH 6.0, 0.3 M sorbitol, 1 mM DTT, 1 mM 
EGTA-Tris, 0.1 M KCl, 1 mM PMSF, 1 mg/l leupeptin. While the 
indicator is PBFI, the buffer is 5 mM Tris-Mes, pH 6.0, 0.3 M 
sorbitol, 1 mM DTT, 1 mM EGTA-Tris, 0.1 M NaCl, 1 mM PMSF, 1 
mg/l leupeptin. Excitation ratios of fluorescence at 344 and 400 nm 
measured at emission 500 nm were used to estimate the content of 
Na

+
 or K

+
 inner vesicle. The time-dependent fluorescence changes 

were monitored on a Hitachi F4500 fluorescence spectro-
photometer. Results were corrected for background fluorescence 
and presented as percentage of untreated control. 
 
 

RESULTS 
 

AtCCX1 was introduced into P. pastoris GS115. To test 
the properties of AtCCX1 in yeast, yeast growth density 
was tested in OD600 by ultraviolet spectrophotometer. 
After expressing ATCCX1, yeast showed the different 
performance in [H

+
] gradient medium. The variant 

expressing AtCCX1, unlike original strain, preferred to 
growing best at [H

+
]m 0.01 µM (pH = 6) rather than at 

[H
+
]m 1 µM (pH = 8). Figure 1A shows that GAtCCX1 

grew more better in high [H
+
]m than T[control]. And the 

most suitable fittest [H
+
]m shifted from 0.01 to 1 µM. The 

growth of yeast under salt stress was also tested. The 
variant expressing AtCCX1 significantly grew better in 
both NaCl and KCl medium than control (Figure 1B,C). 
The results indicate that expression of AtCCX1 might be 
helpful for yeast against salt stress. 

To identify localization of AtCCX1 in yeast cell, C-
terminal of AtCCX1 was fused to EGFP (enhanced green 
fluorescent protein). Vacuolar protein P51 was also fused 
to EGFP as a marker protein. Fluorescent pictures were 
obtained by Olympus fluorescence microscope. Figure 2 
shows that AtCCX1 was located in tonoplast apparently, 
consistent with P51. 

To investigate substrates of AtCCX1, ICP-MS analysis 
was performed in H

+
 gradient medium. 8 elements con-

centration in different [H
+
] concentration medium were 

tested with ICP-MS and relative concentration variation 
percentages of 8 elements were calculated with ∆cation = 
(C[AtCCX1]cation- C[control]cation)/ C[control]cation 
(Figure 3). The results show that ∆Na

+
 and ∆K

+
 were the 

highest, especially while [H
+
]m=1 µM, respectively to be 

160.5% and -49.1%. 
ICP-MS analysis was performed in K

+
 gradient medium 

to further investigate accumulation of Na
+
 and K

+
. Both 

GAtCCX1 and T[control] were grown in [K
+
] gradient 

culture medium for 14 h and [Na
+
]c and [K

+
]c were tested 

with ICP-MS. Accumulation of K
+
 in original strains raised 

up significantly companying with the increasing of [K
+
]m, 

but accumulation of K
+
 in variants stayed at a steady level 

in all [K
+
] gradient culture medium (Figure 4). Accumu-

lation of Na
+
 in original strains raised up significantly with 

the increasing of [K
+
]m, but accumulation of Na

+
 in 

variants was strengthened more than that of original 
strains (Figure 5). 
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Figure 1. Growth of AtCCX1-expressing yeast strains (A) growth of yeast in 
various [H

+
] gradient medium; (B and C) growth of yeast in various [Na

+
] and 

[K
+
] gradient medium. 
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Figure 2. Localization of AtCCX1 in yeast (A) excited at 488 nm, filtered between 500 and 510 nm; (B) bright 
field; (C) excited at 488 nm, observed at full wavelength cation content in yeast.  
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Figure 3. ICP-MS analysis from dry weight of unit volume yeast 
culture. 



Chen et al.         9747 
 
 
 

0

5

10

15

20

25

30

0 10 20 40 60 80 100
[ K+] m ( mM)

[K
+ ]c

  
(u

g/
mg

)

GAt CCX1
GS115

 
 
Figure 4. Accumulation of K

+
 in yeast strains growing in [K

+
] gradient medium. 
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Figure 5. Accumulation of Na

+ 
in yeast strains growing in [K

+
] gradient medium. 

 
 
 
 

It was reasonable to infer that AtCCX1 took part in 
transports of Na

+
 and K

+
, according to the results of ICP-

MS analysis. However, a piece of evidence that AtCCX1 
dynamically transported Na

+
 and K

+
 are still needed. In 

this section, dynamic of Na
+
/K

+
 transport essay by 

AtCCX1 was described. SBFI and PBFI, which were 
fluorescent indicators for sodium and potassium, 
respectively, were used in this experiment. Membrane 
vesicle of the variants which had been treated with AM-
PBFI was preloaded with a K

+
 buffer (5 mM Tris-Mes, pH 

6.0, 0.3 M sorbitol, 1 mM DTT, 1 mM EGTA-Tris, 0.1 M 
KCl, 1 mM PMSF, 1 mg/l leupeptin) (Figure 6). After 
detecting for 6 min, 20 mM [Na

+
] was added into the 

buffer. Without [Na
+
] in the solution, a steady-state PBFI 

fluorescence ratio level was observed. While 20 mM [Na
+
] 

was added into the solution, PBFI fluorescence ratio 
began to reduce sharply. However, if vanadate, a H

+
-

ATPase inhibitor, was contained in the solutions, PBFI 
fluorescence ratio was kept in a steady level all the time, 
no matter whether [Na

+
] was added. Compared with PBFI 

fluorescence ratio, similar performance was observed in 
SBFI fluorescence ratio, but a slightly difference. 
Membrane vesicle of variants that had been treated with 
AM-SBF I was preloaded with a Na

+
 buffer (5 mM Tris-

Mes, pH 6.0, 0.3 M sorbitol, 1 mM DTT, 1 mM EGTA-Tris, 
0.1 M NaCl, 1 mM PMSF, 1 mg/l leupeptin) (Figure 7). 
After detecting for 6 min, 20 mM [K

+
] was added into the 

buffer. Without [K
+
] in the solution, a steady-state SBFI 

fluorescence ratio level was observed while   20  mM  [K
+
]  

was  added  into  the  solution,  SBFI fluorescence ratio
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Figure 6. Fluorescent image of membrane vesicles loaded with PBFI. 20 mM [Na

+
] was 

added after the beginning of testing for 6 min in form of NaCl. 
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Figure 7. Fluorescent image of membrane vesicles loaded with SBFI. 20 mM [Ka

+
] 

was added after the beginning of testing for 6 min in form of KCl. 
 
 
 

raised up dramatically. However, if vanadate was 
contained in the solution, PBFI fluore-scence ratio will be 
kept in a steady level all the time, no matter whether [K

+
] 

was added. 
 
 
DISCUSSION  
 
To avoid the toxic effects of salt, cell sequesters Na

+
 into 

vacuoles (Ye et al., 2009). In Arabidopsis, the AtNHX 
family of Na

+
/H

+
 antiporters functions in Na

+
 compart-

mentation (Blumwald, 2000; Hanana et al., 2009; Xu et 
al., 2009). AtNHX1 and AtNHX2 are localized in the 
tonoplast membrane and their transcript levels are 
upregulated by ABA or osmotic stress (Yokoi et al., 
2002). However, recently, CCXs in Arabidopsis were also 

found to be related to Na
+
 compartmentation. Hetero-

logous expression of AtCCX3 in yeast increased 
accumulation of Na

+
 in yeast (Morris et al., 2008), similar 

to NHX1 to promote Na
+
 uptake (Kinclova et al., 2003; 

Darley et al., 2000; Fukuda et al., 2011). When compared 
with NHX1, AtCCX3 simultaneously transported K

+
 and 

Mn
2+

 apart from Na
+
. In this study, we found that Na

+
 and 

K
+
 were the main substrates of AtCCX1. AtCCX1 was 

located in tonoplast (Figure 2) and increased 
accumulation of Na

+
 and decreased accumulation of K

+
 

and Cu
2+

 (Figures 3 to 5). Dynamic of Na
+
/K

+
 transport 

essay indicated that AtCCX1 facilitated Na
+
 influx and K

+
 

efflux depending on H
+
 gradient. These results suggest 

that AtCCX1 be an H
+
 dependent Na

+
/K

+
 exchanger. 

Actually, the results are consistent with AtCCX3 and 
AtCCX4 (Morris et al., 2008).  Vacuolar  sequestration  of 



 
 
 
 
Na

+
 not only lowers Na

+
 concentration in the cytoplasm, 

but also contributes to osmotic adjustment to maintain 
water uptake from saline solutions. Na

+
 compart-

mentation is an economical means of preventing Na
+
 

toxicity in the cytosol because the Na
+
 can be used as an 

osmolyte in the vacuole to help to achieve osmotic 
homeostasis (Li et al., 2010; Zhu, 2001). 

A wealth of evidence indicates that most of the 
transporters in plant are regulated by pH (Sze, 1993; 
Duan et al., 2007; Kuchitsu et al., 1992). Here, we 
analyzed the effect of pH on AtCCX1. After expressing 
AtCCX1, the fittest growth pH in culture medium shifted 
from 8 to 6. While pH in the medium is identical to 6, 
relative changes of Na

+
 and K

+
 of GAtCCX1, compared 

with wild type, were the highest. Dynamic of Na
+
/K

+
 

transport essay showed that exchange between Na
+
 and 

K
+
 caused by AtCCX1 could be prevented by vanadate, 

an H
+
-ATPase inhibitor. These results suggest that [H

+
] 

gradient regulated ion transport of AtCCX1. Similar 
results were found in other transporters. Structure-
function studies have proved that CAX1, CAX2 and 
CAX3 share a similar sequence domain participating in 
pH regulation (Pittman et al., 2005). In Escherichia coli 
NhaA, it was found that His-226 is part of the pH sensor 
(Gerchman et al., 1993; Rimon et al., 1995).  

A high cytosolic K
+
/Na

+
 ratio is important for main-

taining cellular metabolism (Zhu, 2003; Hauser and 
Horie, 2010; Leidi et al., 2010). Various reports have 
indicated that increasing cytosolic K

+
 levels relative to 

Na
+
, thus, increasing the K

+
/Na

+
 ratio, is crucial for Na

+
 

tolerance in plants and maintaining high K
+
/Na

+
 ratio in 

shoots is highly correlated with salinity tolerance in 
glycophytes (Dubcovsky et al., 1996; Ren et al., 2005; 
Sunarpi et al., 2005; Zhu et al., 1998; Mason et al., 
2010). The Arabidopsis AtHKT1 protein, a Na

+
-K

+
 co-

transporter, mediates Na
+
 influx when expressed in 

heterologous systems such as Xenopus oocytes, yeast 
and wheat (Mason et al., 2010; Uozumi et al., 2000; 
Laurie et al., 2002; Baek et al., 2011; Plett et al., 2010). 
The novel CCXs family is also possibly correlated with 
maintenance of Na

+
/K

+
 ratio in plant. In this study, the 

results indicate that AtCCX1 was a Na
+
/K

+
 exchanger and 

is regulated by [H
+
] gradient. It was proposed that 

AtCCX1 contribute to lower cytosolic Na
+
 concentration 

by K
+
 reverse flow.  

 
 
ACKNOWLEDGEMENTS 
 
We thank National Natural Scientific Foundation of China 
(Grant 30600384 and 50809068) and Young Outstanding 
Scholar Foundation of Northwest A&F University for 
providing the study funds. 
 
 
REFERENCES 

 
Baek D,  Jiang JF,  Chung JS,  Wang BS,  Chen JP,  Xin ZG,  Shi HZ  

Chen et al.         9749 
 
 
 

(2011). Regulated AtHKT1 gene expression by a distal enhancer 
element and DNA methylation in the promoter plays an important role 
in salt tolerance. Plant Cell Physiol. 52(1): 149-161. 

Blumwald E (2000). Sodium transport and salt tolerance in plants. Curt.  
Opin.  Cell  Biol. 12(4): 431-434. 

Cai XJ, Lytton J (2004). The cation/Ca
2+

 exchanger superfamily: 
Phylogenetic analysis and structural implications. Mol. Biol. Evol. 
21(9): 1692-1703. 

Carter C, Pan SQ, Jan ZH, Avila EL, Girke T, Raikhel NV (2004). The 
vegetative vacuole proteorne of Arabidopsis thaliana reveals 
predicted and unexpected proteins. Plant Cell. 16(12): 3285-3303.  

Darley CP, van Wuytswinkel OCM, van der Woude K, Mager WH, de 
Boer AH (2000). Arabidopsis thaliana and Saccharomyces cerevisiae 
NHX1 genes encode amiloride sensitive electroneutral Na

+
-/H

+
 

exchangers. Biochem. J. 351: 241-249. 
Duan XG, Yang AF, Gao F, Zhang SL, Zhang JR (2007). Heterologous 

expression of vacuolar H
+
-PPase enhances the electrochemical 

gradient across the vacuolar membrane and improves tobacco cell 
salt tolerance. Protoplasma, 232(1-2): 87-95. 

Dubcovsky J, Maria GS, Epstein E, Luo MC, Dvorak J (1996). Mapping 
of the K

+
/Na

+
 discrimination locus Kna1 in wheat. Theor. Appl. Genet. 

92(3-4): 448-454. 
Eide DJ, Clark S, Nair TM, Gehl M, Gribskov M, Guerinot ML, Harper JF 

(2005). Characterization of the yeast ionome: a genome-wide 
analysis of nutrient mineral and trace element homeostasis in 
Saccharomyces cerevisiae. Genome Biol. 6(9): 1-13. 

Fukuda A, Nakamura A, Hara N, Toki S, Tanaka Y (2011). Molecular and 
functional analyses of rice NHX-type Na

+
/H

+
 antiporter genes. Planta, 

233 (1): 175-188. 
Gerchman Y, Olami Y, Rimon A, Taglicht D, Schuldiner S, Padan E 

(1993). Histidine-226 is part of the pH-sensor of nay, a Na
+
/H

+
 

antiporter in escherichia-coli. Proc. Natl. Acad. Sci. U.S.A. 90(4): 
1212-1216. 

Hanana M, Cagnac O, Zarrouk M, Blumwald E (2009). Biological roles 
of NHX vacuolar antiport: achievements and prospects of plant 
breeding. Bot. Bot. 87(11): 1023-1035. 

Hauser F, Horie T (2010). A conserved primary salt tolerance 
mechanism mediated by HKT transporters: a mechanism for sodium 
exclusion and maintenance of high K

+
/Na

+
 ratio in leaves during 

salinity stress. Plant Cell Environ. 33 (4): 552-565. 
Hirschi KD (1999). Expression of Arabidopsis CAX1 in tobacco: altered 

calcium homeostasis and increased stress sensitivity. Plant Cell, 
11(11): 2113-2122. 

Hirschi KD, Zhen RG, Cunningham KW, Rea PA, Fink GR (1996). 
CAX1, an H

+
/Ca

2+
 antiporter from Arabidopsis. Proc. Natl. Acad. Sci. 

U.S.A. 93(16): 8782-8786. 
Kamiya T, Maeshima M (2004). Residues in internal repeats of the rice 

cation/H
+
 exchanger are involved in the transport and selection of 

cations. J. Biol. Chem. 279(1): 812-819. 
Kinclova O, Flegelova H, Sychrova H (2003). Functional expression of 

the Oryza sativa NHX1 antiporter in Saccharomyces cerevisiae. 
Yeast, 20: S231-S231. 

Kuchitsu K, Kasamo K, Shibuya N (1992). Salt stress-induced cell injury 
and H

+
-gradient between the cytoplasm and the vacuole in 

suspension-cultured plant-cells. Photosynthesis Res. 34(1): 218-218. 
Laurie S, Feeney KA, Maathuis FJM, Heard PJ, Brown SJ, Leigh RA 

(2002). A role for HKT1 in sodium uptake by wheat roots. Plant J. 
32(2): 139-149. 

Leidi EO, Barragan V, Rubio L, El-Hamdaoui A, Ruiz MT, Cubero B, 
Fernandez JA, Bressan RA, Hasegawa PM, Quintero FJ, Pardo JM 
(2010). The AtNHX1 exchanger mediates potassium 
compartmentation in vacuoles of transgenic tomato. Plant  J. 61(3): 
495-506. 

Li TX, Zhang Y, Liu H, Wu YT, Li WB, Zhang HX (2010). Stable 
expression of Arabidopsis vacuolar Na

+
/H

+
 antiporter gene AtNHX1, 

and salt tolerance in transgenic soybean for over six generations. 
Chin. Sci. Bull. 55(12): 1127-1134. 

Mansour MMF, Salama KHA, Al-Mutawa MM (2003). Transport proteins 
and salt tolerance in plants. Plant Sci. 164(6): 891-900. 

Mason MG, Jha D, Salt DE, Tester M, Hill K, Kieber JJ, Schaller GE 
(2010).  Type-B   response   regulators   ARR1  and  ARR12  regulate 
expression of AtHKT1; 1 and accumulation of sodium in Arabidopsis 



9750         Afr. J. Biotechnol. 
 
 
 

shoots. Plant J. 64(5): 753-763. 
Mei H, Zhao J, Pittman JK, Lachmansingh J, Park S, Hirschi KD (2007). 

In planta regulation of the Arabidopsis Ca
2+

/H
+
 antiporter CAX1. J. 

Exp. Bot. 58: 3419-3427. 
Morris J, Tian H, Park S, Sreevidya CS, Ward JM, Hirschi KD (2008). 

AtCCX3 Is an Arabidopsis Endomembrane H
+
-Dependent K

+
 

Transporter. Plant Physiol. 148(3): 1474-1486. 
Nakanishi Y, Saijo T, Wada Y, Maeshima M (2001). Mutagenic analysis 

of functional residues in putative substrate-binding site and acidic 
domains of vacuolar H

+
-pyrophosphatase. J. Biol. Chem. 276(10): 

7654-7660. 
Pittman JK, Cheng NH, Shigaki T, Kunta M, Hirschi KD (2004). 

Functional dependence on calcineurin by variants of the 
Saccharomyces cerevisiae vacuolar Ca

2+
/H

+
 exchanger Vcx1p. Mol. 

Microbiol. 54(4): 1104-1116. 
Pittman JK, Shigaki T, Hirschi KD (2005). Evidence of differential pH 

regulation of the Arabidopsis vacuolar Ca
2+

/H
+
 antiporters CAX1 and 

CAX2. FEBS Lett. 579(12): 2648-2656. 
Plett D, Safwat G, Gilliham M, Moller IS, Roy S, Shirley N, Jacobs A, 

Johnson A, Tester M (2010). Improved salinity tolerance of rice 
through cell type-specific expression of AtHKT1; 1. Plos One, 5(9): 1-8. 

Rees D, Lee CB, Gilmour DJ, Horton P (1992). Mechanisms for 
controlling balance between light input and utilization in the salt 
tolerant alga dunaliella c9aa. Photosyn. Res. 32(3): 181-191. 

Ren ZH, Gao JP, Li LG, Cai XL, Huang W, Chao DY, Zhu MZ, Wang ZY, 
Luan S, Lin HX (2005). A rice quantitative trait locus for salt tolerance 
encodes a sodium transporter. Nat. Genet. 37(10): 1141-1146. 

Rimon A, Gerchman Y, Olami Y, Schuldiner S, Padan E (1995). 
Replacements of histidine-226 of Nhaa-Na

+
/H

+
 antiporter of 

Escherichia-coli - cysteine (H226c) or serine (H226s) retain both 

normal cctivity and pH sensitivity, aspartate (H226d) shifts the pH 
profile toward basic pH, and alanine (H226a) inactivates the carrier at 
all pH values. J. Biol. Chem. 270(45): 26813-26817. 

Santa-Cruz A, Acosta M, Rus A, Bolarin MC (1999). Short-term salt 
tolerance mechanisms in differentially salt tolerant tomato species. 
Plant Physiol. Biochem. 37(1): 65-71. 

Shigaki T, Rees I, Nakhleh L, Hirschi KD (2006). Identification of three 
distinct phylogenetic groups of CAX cation/proton antiporters. J. Mol. 
Evol. 63(6): 815-825. 

Sunarpi, Horie T, Motoda J, Kubo M, Yang H, Yoda K, Horie R, Chan 
WY, Leung HY, Hattori K, Konomi M, Osumi M, Yamagami M, 
Schroeder JI, Uozumi N (2005). Enhanced salt tolerance mediated by 
AtHKT1 transporter-induced Na

+
 unloading from xylem vessels to 

xylem parenchyma cells. Plant J. 44(6): 928-938. 
Sze H (1993). Life and H

+
 pumps - a citation commentary on H

+
-

translocating atpases - advances using membrane-vesicles by Sze 
H. Curr. Cont./Agric. Biol. Environ. Sci. (18): 8-8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
Uozumi N, Kim EJ, Rubio F, Yamaguchi T, Muto S, Tsuboi A, Bakker EP, 

Nakamura T, Schroeder JI (2000). The Arabidopsis HKT1 gene 
homolog mediates inward Na

+
 currents in Xenopus laevis oocytes 

and Na
+
 uptake in Saccharomyces cerevisiae. Plant Physiol. 122 (4): 

1249-1259. 
Xu K, Hong P, Luo LJ, Xia T (2009). Overexpression of AtNHX1, a 

vacuolar Na
+
/H

+
 antiporter from Arabidopsis thalina, in Petunia 

hybrida enhances salt and drought tolerance. J. Plant  Biol. 52 (5): 
453-461. 

Ye CY, Zhang HC, Chen JH, Xia XL, Yin WL (2009). Molecular 
characterization of putative vacuolar NHX-type Na

+
/H

+
 exchanger 

genes from the salt-resistant tree Populus euphratica. Physiol. Plant, 

137(2): 166-174. 
Yokoi S, Quintero FJ, Cubero B, Ruiz MT, Bressan RA, Hasegawa PM, 

Pardo JM (2002). Differential expression and function of Arabidopsis 
thaliana NHX Na

+
/H

+
 antiporters in the salt stress response. Plant J. 

30(5): 529-539. 
Zhu JK (2001). Plant salt tolerance. Trends Plant Sci. 6 (2): 66-71. 
Zhu JK (2003). Regulation of ion homeostasis under salt stress. Curr. 

Opin. Plant  Biol. 6(5): 441-445. 
Zhu JK, Liu JP, Xiong LM (1998). Genetic analysis of salt tolerance in 

Arabidopsis: Evidence for a critical role of potassium nutrition. Plant 
Cell. 10(7): 1181-1191. 

Uozumi N, Kim EJ, Rubio F, Yamaguchi T, Muto S, Tsuboi A, Bakker EP, 
Nakamura T, Schroeder JI (2000). The Arabidopsis HKT1 gene 
homolog mediates inward Na

+
 currents in Xenopus laevis oocytes 

and Na
+
 uptake in Saccharomyces cerevisiae. Plant Physiol. 122(4): 

1249-1259. 
Xu K, Hong P, Luo LJ, Xia T (2009). Overexpression of AtNHX1, a 

vacuolar Na
+
/H

+
 antiporter from Arabidopsis thalina, in Petunia 

hybrida enhances salt and drought tolerance. J. Plant Biol. 52(5): 
453-461. 

Ye CY, Zhang HC, Chen JH, Xia XL, Yin WL (2009). Molecular 
characterization of putative vacuolar NHX-type Na

+
/H

+
 exchanger 

genes from the salt-resistant tree Populus euphratica. Physiol. Plant, 
137(2): 166-174. 

Yokoi S, Quintero FJ, Cubero B, Ruiz MT, Bressan RA, Hasegawa PM, 
Pardo JM (2002). Differential expression and function of Arabidopsis 
thaliana NHX Na

+
/H

+
 antiporters in the salt stress response. Plant J. 

30(5): 529-539. 
Zhu JK (2001). Plant salt tolerance. Trends Plant Sci. 6(2): 66-71. 
Zhu JK (2003). Regulation of ion homeostasis under salt stress. Curr.  

Opin. Plant Biol. 6(5): 441-445. 
Zhu JK, Liu JP, Xiong LM (1998). Genetic analysis of salt tolerance in 

Arabidopsis: Evidence for a critical role of potassium nutrition. Plant 
Cell, 10(7): 1181-1191. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


