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Abstract
Na+ /H+

Plant vacuolar
antiporters play important roles in cellular ion homeostasis,vacuolar pH regulation and sequestration
of Na+ ions into the vacuole. Previous research showed that hydrophilic C-terminal region of Arabidopsis AtNHX1 negatively
regulates the Na+ /H+ transporting activity. In this study, we truncated the hydrophilic C terminus of a vacuolar Na+ /H+
antiporter gene from Salicornia europaea (SeNHX1) to generate its derivative, SeNHX1-C. Expression of SeNHX1 and
SeNHX1-C in yeast mutant showed that SeNHX1 signiﬁcantly improved the tolerance to NaCl; however, the expression
of SeNHX1-C enormously decreased the tolerance to NaCl. Overall, these results suggest that the hydrophilic C-terminal
region of SeNHX1 is required for Na+ /H+ exchanging activity of SeNHX1.
[Wu G., Wang G., Ji J., Tian X., Gao H., Zhao Q., Li J. and Wang Y. 2014 Hydrophilic C terminus of Salicornia europaea vacuolar Na+ /H+
antiporter is necessary for its function. J. Genet. 93, 425–430]

Introduction
Soil salinity caused, particularly by NaCl, is a major abiotic stress worldwide. Excess Na+ in the soil is harmful
to most plants. To cope with salt stress and toxic effect of
sodium, plants have developed several adaptive mechanisms
including accumulation of osmoprotectants and removal of
intracellular Na+ (Volkov and Amtmann 2006). Exclusion
of excess cytosolic Na+ can be achieved by extruding Na+
from the cytosol to the external medium and the sequestration
of Na+ into the vacuolar compartments. Na+ /H+ antiporters
(NHX) play an important role in these processes. In plants,
Na+ /H+ antiporters are located in the vacuolar membrane
(NHX-type) and plasma membrane (SOS-type), where they
function to catalyse the exchange of Na+ and H+ across
membranes, thus preventing toxic cellular accumulations of
Na+ (Blumwald et al. 2000).
Arabidopsis salt-overly-sensitive (SOS) pathway consists
of three major components (AtSOS1, AtSOS2 and AtSOS3).
AtSOS1 is a plasma membrane Na+ /H+ antiporter that
is regulated by AtSOS2 (a protein kinase) and AtSOS3
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(a calcium-binding protein). Previous research has shown
that AtSOS1 is essential to maintain low intracellular
levels of toxic Na+ under salt stress (Qiu et al. 2002). Vacuolar Na+ /H+ antiporters have been investigated as the key
to salt tolerance in plants (Blumwald et al. 2000). The ﬁrst
plant tonoplast Na+ /H+ antiporter, AtNHX1, was isolated
from Arabidopsis (Gaxiola et al. 1999) and its overexpression resulted in plants exhibiting increased salt tolerance
(Banjara et al. 2012; Jiang et al. 2012). Phylogenetic analysis revealed that Arabidopsis vacuolar NHX family comprises six isoforms (AtNHX1, AtNHX2, AtNHX3, AtNHX4,
AtNHX5 and AtNHX6). AtNHX1 and AtNHX2 are the most
highly expressed members of this family, while AtNHX3
and AtNHX4 transcripts are almost exclusively present in
ﬂowers and roots (Silva and Geros 2009). AtNHX5, which
together with AtNHX6 suppress the salt and hygromycin
sensitivity of nhx1 cells, but marginally increased tolerance
to Li+ (Yokoi et al. 2002).
Salicornia europaea L., a succulent euhalophyte in
Chenopodiaceae, widely distributed in coastal and inland
salt marshes. S. europaea can tolerate more than 1000 mM
NaCl and is one of the most salt-tolerant plant species in the
world (Ushakova et al. 2005; Flowers and Colmer 2008).
Sequestration of excessive cytoplasmic Na+ in the vacuole
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to maintain turgor is a typical feature of halophytes
(Flowers and Colmer 2008). Although several Na+ /H+
antiporter genes have been isolated and its functional properties have been well-explored, theme mechanism for exerting
the topological analysis remains largely unclear due to lack
of information about the structure–function correlation analysis. Especially, the structural insights on vacuolar Na+ /H+
antiporters are only beginning to be obtained. Importantly,
Yamaguchi et al. (2003) reported that C-terminal region of
AtNHX1 and AtNHX4 negatively regulates the activity of
Na+ /H+ transport.
In this study, to conﬁrm whether the SeNHX1 C-terminal
region is also involved in mediating the ion exchange activity, the C terminus deleted derivative of SeNHX1
(SeNHX1-C) was generated and heterologous expression
in yeast was examined. Deletion of a 102-aa hydrophilic
terminal region signiﬁcantly inhibited the antiporter’s activity, suggesting that the C-terminal region of SeNHX1 is
required for transporting Na+ . This research provides new
data for our understanding on the structure and function
relationship of SeNHX1.

Materials and methods
Yeast strain and growth conditions

S. cerevisiae mutant GX1(ena1::HIS3::ena4, nhx1::
TRP1), derived from W303-1B (MATα, ura3-1,leu2-3,trp11,his3-11, ade2-1,can1-100) was used in this study. Yeast
cells were grown in YPD (1% yeast extract, 2% peptone,
2% glucose) or uracil-free SD medium (SD-u, 0.67% yeast
nitrogen base, 2% glucose) with appropriate amino acid supplements as indicated. Tolerance to NaCl was determined
in uracil-free SG medium (SG-u, with 2% galactose instead
of 2% glucose). For ion content measurements, yeast cells
were performed in the alkali cation-free liquid AP medium
(8 mM phosphoric acid, 10 mM L-arginine, 2 mM MgSO4 ,
0.2 mM CaCl2 , 2% galactose, plus vitamins and trace elements) supplemented with 1 mM KCl with or without NaCl
as indicated.

SeNHX1, except the sequence encoding C-terminus 108
amino acid) were ampliﬁed from pMD18-T-SeNHX1
using appropriate primers, inserted into BamHI and XbaI
sites of the yeast expression vector pYES2 (Invitrogen,
Carlsbad, USA) yielding pYES2-SeNHX1 and pYES2SeNHX1-C, respectively. These constructs were transformed into yeast mutant GX1 using lithium acetate transformation method following the manufacturer’s instructions. The SeNHX1-speciﬁc primer pair F1 (5 -CGC
GGATCCATGTTGTCACAATTGAGCTC-3 ) and R1 (5 GCTCTAGAACTGTTCTGTCTAGCAAATTGTC-3 ) were
utilized for expression study of SeNHX1, whereas F1
and R2 (5 -GCTCTAGACTAGTGTTTTGAATGTGGC-3 )
primers were used for expression of SeNHX1-C. The
sequence underlined is the recognition site of the restriction enzymes BamHI for F1, and XbaI for R1 and R2,
respectively.
Complementation of yeast with SeNHX1 and SeNHX1-C

For the NaCl stress treatment, yeast GX1 harbouring pYES2,
pYES2-SeNHX1 and pYES2-SeNHX1-C constructs were
ﬁrst cultured in SD-u media overnight and then inoculated in
the same medium (1:50 dilution, with 1% rafﬁnose instead
of 2% glucose), and incubation was continued for a further 4–6 h with shaking. Addition of 2% (w/v) galactose
to the medium induces transcription from the GAL1 promoter. Subsequently, they were cultivated for an additional
24 h with shaking, and diluted to the same concentration
(OD600 = 1.0). For drop tests, volumes of 5 μL of each
of the 10-fold serial dilutions were spotted onto solid inductive SG-u medium supplemented without or with 100 mM
NaCl. All strains were grown at 30◦ C for 3 days and
photographed. For liquid Na+ tolerance assays, yeast cells
(OD600 = 1.0) were inoculated into SG-u liquid medium
containing different concentrations of NaCl and shaking
for 48 h. Cell growth was then determined by OD600
measurements.
Determination of intracellular ion content

Homology comparison was analysed using the Clustal X
Multiple Sequence Alignment Algorithm (Thompson et al.
2002) and edited using GeneDoc (Nicholas et al. 1997).
The subsequent phylogenetic analysis was contructed with
the neighbour-joining (NJ) method using Mega software ver.
4.1 (Tamura et al. 2007). The transmembrane domains of
SeNHX1 were analysed with SOSUI online program (http://
bp.nuap.nagoya-u.ac.jp/sosui/sosui_submit.html). BLAST
search was performed on the NCBI web-server.

Different yeast cells were grown to OD600 of 0.3 in AP
medium, then resuspended into the same medium supplemented with 70 mM NaCl and continued to culture
6 h with shaking. Yeast cells were harvested by centrifugation and then washed twice with ice-cold 10 mM
MgCl2 , 10 mM CaCl2 , 1 mM HEPES. Intracellular ions
were extracted by addition of HCl to a ﬁnal concentration of 0.4% and incubation for 20 min at 95◦ C. After
removal of cell debris by centrifugation, sodium and potassium ion content was determined with an atomic absorption
spectrometer.

Plasmid construction and yeast transformation

Statistical analysis

The open reading frame of SeNHX1 (GenBank accession
no. AY131235.1) and SeNHX1-C (encoding aa 1–452 of

All measurements were performed in triplicate, and the
standard deviation (SD) of the means was calculated.

Sequence analysis
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Observations were expressed as mean ± SD (n = 3). Data
were analysed by Student’s t-test to assess signiﬁcant differences. In the results, statistical differences are referred to as
signiﬁcant when P ≤ 0.05.

Results and discussion
Sequence analysis

Multiple sequence alignment revealed a high degree of
homology between deduced amino acid sequences of
SeNHX1 and other vacuolar Na+ /H+ antiporters, previously characterized in higher plants (ﬁgure 1a). The deduced
amino acid sequence of SeNHX1 is 80 and 76% identical to that of CkNHX1 and AtNHX1, respectively. However, there is low conservation region in the C terminal
(448–560 aa) (data not shown). The phylogenetic analysis of several Na+ /H+ antiporters showed that SeNHX1
formed a clade with the most closely related plant NHX
homologue, which differed from the cluster of plasma
membrane Na+ /H+ antiporter such as SOS1 (ﬁgure 1b).
Further analysis showed that SeNHX was evolutionarily closer to AtNHX1, AtNHX2, AtNHX3 and AtNHX4
rather than to AtNHX5, and AtNHX6. All these results
implied that SeNHX1 is a vacuolar Na+ /H+ (NHX-type)
antiporter gene (ﬁgure 1b). The overall structure of SeNHX1
generated by the SOSUI program indicated that it comprises nine predicted transmembrane domains and a long
hydrophilic C-terminal tail of 116 residues. Nine transmembrane domains are divided into four primary helixes and
ﬁve secondary helixes (ﬁgure 1c). The topology analysis
also indicated that the N terminus of SeNHX1 is facing
the cytosol, almost the entire C-terminal hydrophilic region
resides in the vacuolar lumen. To maintain the transmembrane topology of SeNHX1, the maximum of C-terminus
108 amino acid (aa) could be deleted. Although transmembrane topology of SeNHX1 remained, the ninth transmembrane region changed (from 422–444 aa to 421–443 aa)
in case of 109 or 110 aa in C-terminal tail were deleted.
Moreover, if the number of deleted C-terminal amino
acids increased from 111 to 116 (the whole hydrophilic
C-terminal tail), the ninth transmembrane domain type
was transformed from secondary helix to primary helix
(data not shown).
Functional comparison of SeNHX1 and SeNHX1-C
in yeast mutant

Using yeast mutant as a heterologous expression system is
a convenient and powerful means to verify functional characterization of plant transport proteins (Dreyer et al. 1999).
To compare salt tolerance of SeNHX1 with its derivative,
yeast mutant GX1 harbouring SeNHX1-C and SeNHX1
subjected to NaCl stress. Yeast GX1 cells lack the Na+ efﬂux
proteins ENA1, ENA2, ENA3 and ENA4 and the prevacuolar antiporter nhx1 making the strain very sensitive to high

sodium (Quintero et al. 2000; Shi et al. 2002). As shown
in ﬁgure 2, expression of SeNHX1 signiﬁcantly enhanced
Na+ tolerance equivalent to endogenous NHX1. The empty
vector can also partly conferred Na+ tolerance, but the recovery was not as great as with SeNHX1. However, deletion of
the hydrophilic C terminus resulted in a dramatic decrease in
Na+ tolerance. The liquid salt tolerance test showed that the
salt tolerance of yeast expressing SeNHX1-C was dropped
by 1-fold as compared with the yeast carrying SeNHX1
(ﬁgure 3). Thus, it seems that the hydrophilic C-terminal
region of SeNHX1 is required for its activity of transporting
Na+ in yeast. The hydrophilic C-terminal region brings about
substantial activation of SeNHX1, as inferred from increased
tolerance of yeast cells to NaCl and enhanced intracellular
Na+ sequestration into vacuoles. Essentially similar results
were reported for the Caragana korshinskii sodium/proton
exchanger 1 (CkNHX1) (Yang et al. 2012). The expression of CkNHX1-C (C-terminus 102 aa was deleted) had
much less effect on NaCl tolerance in yeast and Arabidopsis sos3-1 mutant compared with expression of CkNHX1.
These results demonstrate that the hydrophilic C-terminal
region of nhx1 family may compose a functional module that controls cellular Na+ homeostasis. These ﬁndings
also provide a molecular basis for the phenotypic, because
they imply SeNHX1 would be locked in an inactive state
when the C terminal region is absent. On the contrary, previous research showed that hydrophilic C-terminal region
of Arabidopsis AtNHX1 negatively regulates the Na+ /H+
transporting activity (Yamaguchi et al. 2003). Further, they
found that the binding of AtCaM15 to AtNHX1 modiﬁed the Na+ /K+ selectivity of the antiporter, decreasing its
Na+ /H+ exchange activity (Yamaguchi et al. 2005). In addition, deletion of the hydrophilic C terminus of AtNHX4
dramatically increased the hypersensitivity of transformants
(Li et al. 2009). Recent study in yeast showed the salt
ability of AtNHXS1, a novel plant vacuolar Na+ /H+
antiporter gene without C-terminal region using DNA shufﬂing technique, is only 1-fold improved than the wild type
(Xu et al. 2010). However, the salt ability of NHXFSl,
a novel plant vacuolar Na+ /H+ antiporter gene with Cterminal region, evolved by DNA family shufﬂing with
four wide-type vacuolar Na+ /H+ antiporters is 3.5-fold
improved in yeast. Overall, these different results of truncation hydrophilic C-terminal region may be due to the different salt tolerance mechanisms between halophytes and glycophytes. Another important reason may be that the long
C-terminal hydrophilic tail is necessary to transfer function of vacuolar Na+ /H+ antiporter in the evolution of
nature.
To elucidate the mechanism by which SeNHX1-C led
to reduce Na+ tolerance to yeast cells, the Na+ contents of
cells expressing of SeNHX1-C and SeNHX1 proteins were
measured. As shown in ﬁgure 4, expression of SeNHX1-C
protein further reduced Na+ accumulation, below the level
of cells expressing SeNHX1. The NaCl tolerance conferred
by SeNHX1 protein correlated with greater Na+ content,
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Figure 1. Amino acid sequence analysis of Na+ /H+ antiporters. (a) Multisequence alignment of SeNHX1 protein with other selected
plant Na+ /H+ antiporters. Conserved residues are indicated in white on a black background. Consensus sequence is displayed in bottom
line according to GeneDoc, numbers referring to similarity groups according to Blosum 62 score table; 1, Asp and Asn; 3, Ser and Thr; 4,
Lys and Arg; 6, Leu, Ile, Val, Met. Sequence data were obtained from GenBank, and aligned using ClustalX and GeneDoc. (b) Phylogenetic tree of several plant Na+ /H+ antiporters. Unrooted NJ tree was constructed using MEGA 4.1 software. The scale bar indicates the
distance calculated from the multiple alignment. (c) Membrane topology of SeNHX1. Possible membrane topology of SeNHX1 predicted
by program SOSUI is available at http://bp.nuap.nagoya-u.ac.jp/sosui/. Box indicates the deleted C-terminal tail sequences of SeNHX1.
The accession numbers and sources of the antiporter sequences are as follows: Salicornia europaea (AY131235); Caragana korshinskii (DQ812099); Arabidopsis thaliana (AtNHX1, NM_122597; AtNHX2, NM_111375; AtNHX3, NM_124929; AtNHX4, NM_111512;
AtNHX5, NM_104315; AtNHX6, NM_106609); Arabidopsis thaliana (AtSOS1, AAF76139); Triticum aestivum (TaSOS1, AAQ91618).
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Figure 2. Functional characterization of SeNHX1 and SeNHX1C in yeast. Na+ tolerance assay of yeast transformed with
empty vector (pYES2), SeNHX1, and SeNHX1-C, respectively.
Volumes of 5 μL each of original yeast cultures (OD600 = 1.0)
and their 10-fold serial dilutions were spotted onto SG-U plates.
Plates were incubated at 30◦ C and photographed after three
days.

indicative of ion compartmentalization rather than extrusion.
The activity of SeNHX1 protein also enhanced more intracellular K+ status than SeNHX1-C protein. Ion accumulation
data indicate that the hydrophilic C-terminal region function
to facilitate Na+ ion compartmentalization and maintain
intracellular K+ status.
In this research, SeNHX1 mediated greater Na+ tolerance than SeNHX1-C, providing functional evidence
that the hydrophilic C terminus of vacuolar Na+ /H+
antiporter gene is an important salt tolerance determinant. The present results also suggest that the C-terminal
hydrophilic tail might interact with the membrane segments.
Further studies are required to clarify these points and the
structural and functional properties of eucaryotic Na+ /H+
antiporters.

Figure 4. Na+ and K+ contents in yeast cells. Intracellular Na+
(a) and K+ (b) contents were measured in yeast cells grown in
AP medium in the absence (control) or presence of 70 mM NaCl
until midexponential growth phase. Results are the mean ± SD
(n = 3). Asterisks represent statistically signiﬁcant differences
between SeNHX1 and SeNHX1-C. *P  0.05, **P  0.01.
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