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The plant Na'/H" antiporter gene plays a major role in salt tolerance. One Na'/H" antiporter (AhNHX1)
gene was isolated from peanut (Arachis hypogaea) in the present work. The full-length cDNA of
AhNHX1 was 2,331 bp, which contains a complete ORF of 1,620 bp. The deduced protein sequence
contains 546 amino acids with a molecular mass of 58.8 KDa and a pl of 7.23. The amino acid sequence
of the AhNHX1 shares high similarity (shows more than 81.89% identity) with those of the previously
isolated NHX1 from other plants. Meanwhile, the AhNHX1 protein has twelve putative transmembrane
domains, and the conserved amiloride-binding sites (**LFFIYLLPPI*®) were found in its N-terminal. Also,
the expression of AhNHX1 was tissue-specific under different level NaCl treatments. Under 50 and 100
mM NaCl treatments, its expression showed higher in roots and lower in stems and leaves relative to
control plants, respectively. In addition, its expression was time-specific, such that under 150 mM NaCl
treatment, its expression usually increased and reached to a stable level in roots and leaves after 24 h
but in stems after 48 h, respectively. These results implied that the AhNHX1 plays an important role

under salt stress in peanut.

Key words: Arachis hypogaea, AhNHX1, salt tolerance, gene expression patterns.

INTRODUCTION

As a major environmental factor, salt stress usually
induces drop in crop yield. The injury induced by salt
stress to plant mainly includes water deficit resulting in
osmotic stress and ionic poison. To cope with salt stress,
plants have developed various adaptation mechanisms
(Bohnert et al., 1995), such as osmotic adjustment, ionic
compartmentation and some macromolecule protein
induced by hyperhaline stress, and so on. The important
mechanisms for plants to cope with salt stress are Na®
extrusion and Na® compartmentation, among which
Na'/H" antiporters play a major role in internal pH and
Na" homeostasis (Padan et al., 2001; Wiebe et al., 2001).
Na'/H" antiporters have been widely found in both
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prokaryotic and eukaryotic cells (Padan et al., 2001;
Blumwald et al., 2000). Na" extrusion depends on the
plasma membrane Na'/H" antiporter energized by the
proton gradient, which is generated by the plasma
membrane H'-ATPase. As the key factor for plant cells to
salt tolerance, Na' compartmentation enable Na' to get
into the tonoplast from the cytoplasm to protect cells from
salinity stress (Blumwald et al., 2000). More also, the
tonoplast Na'/H" antiporters (NHX1) contributes to Na
compartmentation, which is energized by the proton
gradient generated by the tonoplast H*-ATPase and H'-
Ppase (Michelet and Boutry, 1995).

Na'/H" antiporter activity in the tonoplast was first
reported in the storage tissue of Beta vulgaris roots
(Blumwald and Poole, 1985). A vacuolar Na'/H" antiporter
gene (AtNHX1) with 12 typical transmembrane segments
in its amino acid sequence was firstly isolated from
Arabidopsis thaliana (Gaxiola et al., 1999). In recent
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Table 1. PCR primers and annealing temperature.
Primer name Primer sequence (5'—3') Annealing temperature (°C) Usage
P1 CTTTATATACCTTCTGCCGCCT 54 Partial cONA cloni
P2 ACAGCACCTCTCATAAGACCAG artal oA cloning
GS3'P outer CGTTCTTATCCAACTTGGCC .
. 3' cDNA cloning
GS3'P inner TTGGTGGGCTGGTCTTATGAG 62
GS5'P outer CACCAATTGCTAGATAGTCCCCT )
. 5' cDNA cloning
GS5'P inner TTGTTAAGACTCCTGGCTGTG 55
expr-F GGCATAATGTGACAGAGAG .
55 Expression
expr-R CTGATGTTCCAGGTCTATC
18srRNA-F ATTCCTAGTAAGCGCGAGTCATCAG .
57 Expression
18srRNA-R CAATGATCCTTCCGCAGGTTCAC

years, a series of vacuolar Na'/H" antiporter genes have
been cloned from different plants, such as Oryza sativa
(Fukuda et al., 1999), Atriplex gmelini (Hamada et al.,
2001), Beta vulgaris (Xia et al., 2002), Brassica napus
(Wang et al., 2003), Suaeda salsa (Ma et al., 2004), Vitis
vinifera (Hanana et al., 2007), Glycine max (Li et al.,
2006), Aeluropus littoralis (Zhang et al., 2008), Lotus
tenuis (Teakle et al., 2010), Trifolium repens (Tang et al.,
2010), and so on. It has been shown that over expressing
vacuolar Na'/H" antiporter could improve tolerance to salt
stress obviously in A. thaliana (Apse et al., 1999),
Brassica campestris and Lycopersicum esculentum
(Zhang et al., 2001), Zea mays (Yin et al., 2004) and O.
sativa (Fukuda et al., 2004).

The area of the saline-alkaline land in China is very
large, and effects of salt stress on peanut have been
seldom mentioned except the damaging mechanisms of
salt stress to peanut photosynthetic apparatus (Qin et al.,
2011). In the present work, we tried to further recognize
the related salt-resistant mechanisms of peanut through
cloning of the new vacuolar Na'/H" antiporter gene from
peanut, analyzing its structure and the molecular
characterization, and studying its expression patterns
under salt stress. It seemed that the AhLNHX1 plays an
important role in peanut under salt stress.

MATERIALS AND METHODS
Plant materials and treatments

Peanut (Arachis hypogaea) cultivar "Linhua 5" was used as
materials for gene clone and expression analysis. Seeds were
cultivated in sand in greenhouse and irrigated with Hoagland
solution. The experiments were conducted when the third
compound leaf was fully expanded. To induce salt stress, some
seedlings were incubated in fresh Hoagland medium with 0, 50,
100, 150, 200 and 250 mM NacCl for 72 h, respectively while others
were treated in fresh Hoagland medium with 150 mM NacCl for 0,
24, 48, 72 and 96 h, respectively. Roots, stems and leaves were
harvested at the end of the stress, frozen immediately in liquid
nitrogen for at least 3 h, and then stored at -80°C for RNA

extraction and cDNA synthesis.

Total RNA extraction and cDNA synthesis

Total RNA was isolated by using TRIzol Reagent (Invitrogen, Inc.
USA) according to the manufacturer’s instructions, and then treated
with DNase | to remove DNA contamination. First-strand cDNAs
were synthesized with ~2 pg total RNAs by using a cDNA synthesis
kit (Promega) according to the manufacturer's protocol.

Isolation and sequencing of AhNHX1

To clone AhNHX1 gene, primers were designed (Table 1) according
to the sequences of NHX1 genes from Galega orientalis (GenBank
accession no. EU340284), Glycine max (GenBank accession no.
AY972078) and Robinia pseudoacacia (GenBank accession no.
EF675631). Firstly a fragment of c.a. 933 bp was amplified from
cDNA prepared from peanut leaves by using primers P1 and P2
(Table 1). Comparison with sequences in the databases revealed
that the fragment codes for an internal region of the NHX1
homologous gene and lacks 5" and 3' sequences. Hence, to isolate
the complete 5' and 3’ regions of this gene, 5-RACE and 3' region
amplifications were carried out using two pairs of gene-specific
primers of the 5" and 3' full RACE Kit (TaKaRa, Dalian, China)
(Table 1). The full length sequence of the gene was joined by these
3 parts. The recombinant plasmid was transformed into competent
Escherichia coli DH5a cells. At least four positive recombinant
clones were sequenced with ABI 3730 sequencer.

Software for bioinformatics analysis

Nucleotide acid sequence analysis, ORF searching and amino acid
deduction were performed withn DNAMAN version 6.0
(http://www.lynnon.com/). The protein prediction and analysis were
performed by using the Conserved Domain Architecture Retrieval
Tool of BLAST at the National Center for Biotechnology Information
(NCBI) server (http://www.ncbi.nlm.nih.gov/BLAST), the Computer

pl/Mw (http://au.expasy.org/tools/pi_tool.html), Protscale
(http://www.expasy.org/ cgi-bin/protscale.pl), TMHMM
(http://www.cbs.dtu.dk/services/ TMHMM -2.0/), SignalP 3.0
(http://genome.  cbs.dtu.dk/services/SignalP) and PSORT I

(http://psort.ims.u —tokyo.ac.jp/form2.html), respectively. Also, a
phylogenetic tree was constructed by using software Mega 4.0 with
neighbor-joining method.
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Real-time quantitative PCR (qPCR)

Real-time PCR was performed using SYBR green PCR master mix
(Takara, Dalian, China) in optical 96-well reaction plates (Applied
Biosystems) on an Eppendorf Mastercycler system. The SYBR
Green fluorescent dye was used to detect the synthesized dsDNA.
The total reaction volume of 20 yL contained 10 pL 2 x Power
SYBR Green Master Mix Reagent (Applied Biosystems), 2 yL of
diluted cDNA and 1 pL of each gene-specific primer(10 uM). PCR
conditions: 95°C for 2 min; 40 cycles of 95°C for 20 s, 55°C for 30
s, 72°C for 20 s; and then the melting curve. The data were
expressed as the final cycle number necessary to reach a threshold
fluorescence value (Ct). Data were normalized by the 2*°°' method
and 18S-RNA was used as control. Primers for AhNHX1 and 18s
rRNA mRNA amplification were expr-F, expr-R and 18srRNA-F and
18srRNA-R (Table 1), respectively. Five repeated trials were done
in independent biological replicates.

Statistical analysis

For gPCR analysis, the mRNA level of AhNHX1 gene was shown
as mean * standard error of the mean (SEM). Group data for
multiple comparisons were analyzed by ANOVA with the GLM
procedure, followed by Duncan’s multiple range test to test for
differences (SAS, 1989). When P<0.05, the difference was
considered as significant.

RESULTS
Isolation and characterization of AhNHX1

The full sequence of peanut NHX1 (AhNHX1) cDNA was
cloned successfully in the present work. The cDNA of
AhNHX1 (GenBank accession no. HM590627) has 2,331
bp, while its 5" untranslated region (UTR), open reading
fame (ORF), 3' UTR and polyA tail was 450, 1,620, 261
and 22 bp, respectively. Additionally, its ORF encodes
539 amino acids, with a molecular mass of 5.9 kDa and a
theoretical pl of 6.20 (Figure 1). Multiple sequence
alignments showed a high homology of amino acid
sequence between AhNHX1 and tonoplast Na'/H"
antiporters of other high plants. The amino acid sequence
of AhNHX1 showed more than 81.89% identities to that
of Glycine max (GmNHX1), Robinia pseudoacacia
(RpNHX1), Galega orientalis (GoNHX1), Trifolium repens
(TrNHX1), Lotus tenuis (LtNHX1), Medicago sativa
(MsNHX1) and Caragana korshinskii (CkNHXlg,
respectively (Figure 2). The sequence of **LFFIYLLPPI*®
(shadow region in Figure 1) is identified as the binding
site of amiloride, which inhibits the activity of Na'/H"
exchanger (Hamada et al., 2001).

In addition, two potential glycosylation sites were also
found in AhNHX1 (Asn-50 and -293). These results
indicate that the AhNHX1 protein is also glycosylated.
The signal peptide prediction showed that the N-terminal
1-40 amino acids form the signal peptide, and the
maximum cleavage site was 0.014 between pos. 40 (Gly)
and 41 (His). Hydropathy analysis showed that AhNXH1
protein was a hydrophobic protein because the AhNHX1

protein has a typical hydrophobic region in N-terminal
portion and a highly hydrophilic tail in the C-terminal
portion, and its grand average of hydrophilicity was 0.536.
Morealso, the protein contained 12 putative trans-
membrane domains (Figure 2). The ratio of AhNHX1
protein in the plasma membrane was 82.6%, and the
ratio of a-helices, random coails, little extended strands
and B-turns in its secondary structure was 52.21, 29.31,
15.96 and 3.53%, respectively.

Furthermore, to study phylogenetic relationship
between AhNHX1 and known Na'/H" antiporters of plant,
phylogenetic tree was constructed by comparing full-
length amino acids of AhNHX1 with those of NHX1 from
other plant species (Figure 3). AhNHX1 was found to be
close to Papilionaceae group (GoNHX1, TrNHXZ,
MsNHX1, CkNHX1, GmNHX1, LtNHX1, and RpNHX1).

Expression patterns of AhNHX1 gene under salt
stress

In the roots, relative abundance of AnNNHX1 from peanut
seedlings under 50 and 100 mM NaCl treatment
gradually increased up to 2.4- and 3.4-fold more than that
of the control (0 mM), while the expression of AnNHX1
showed the lowest under 150 mM NacCl treatment among
salt stresses after 72 h. The expressions of AhNHX1 in
roots had no obvious difference among 50, 200 and 250
mM NacCl treatment. However, the expression levels of
AhNHX1 in roots showed no significant difference under
salt stress (P>0.05) (Figure 4A). Moreover, the
expressions of AhNHX1 in stems and leaves were
significantly inhibited under all salt stresses relative to the
control (P<0.05) (Figure 4A). The relative abundance of
AhNHX1 mRNA were about 206-fold higher in stems in
the control than that in the seedlings under 200 mM NaCl
stress, and the relative abundance of AhNHXL1 in the
leaves decreased about 60-fold in the seedlings under
150 mM NaCl stress relative to that in the control
(P<0.05).

The time course of AhNHX1 expressions under 150
mM NacCl salt stress were also detected (Figure 4B). The
relative abundance of AhNHX1 in roots showed the
highest at 24 h (P<0.01) and decreased sharply at 48, 72
and 96 h. After 0 and 24 h during 150 mM NacCl stress,
the expressions of AhNHX1 in stems reached the peak at
48 h (P<0.05) and then decreased at 72 and 96 h.
However, its expressions in leaves decreased gradually
from 24 to 72 h and increased at 96 h, although its
expressions were not significant relative to the control
(P>0.05).

DISCUSSION
With the development of the molecular biological

technology, many plant salt-responsive genes have been
studied (Fukuda et al., 1999; Hanana et al., 2007; Zhang
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GAAAGGTTTTCCTTATTCCAATTACCTCCTTCTCTCATCATTTCAGCTTCGCGTTCAATA
ACGAAAAGTCGGARACCCTATTTAGTTCTCTATT TGAGAACTGAAACAAAGTGTTTCCAA
TCTGCTTGGAAGTCGAACTACTGAATTGGTTCGCCAAAATCTTTTTCTGTTCGAATCTTT
GCGTAATAGCAACAGAAAAAAAGAAAAAAAACTGGAGGCTTTTCCTTCTGCATTGTTTTT
CATGAGATTCTCTTGTTGATGCGATCCTAAGGTTCTTGAATGGACAGTTCGGAGACGTAG
ATTTGGATTTTTGGAACACGAGATTGACTTTGAACTTGGAAACTCGGUTATAATAATICTG
AAGTTTTAGTGCAGCATCTGGTTCTGCAATTATTGGAATTTGTTTTCTICTICTCCTICT
TCTTTTGGGGAAGTGAGTGTTGTGTCAAAAATGGGGTTCGAATTAGATGCTGTGGTTTCG
M G F E L D A V V 8
AAATTGCAAAATCTTGCCACTTCTGATCATTCCTCTGTGGTGTCAATGAACATCTTTGTT
K L Q N L A T S D H S S V V S M N I F V
GCACTTCTGTGTGCTTGTATTGTTATTGGCCATCTTCTTGAGGAAAATCGGTGGATGAAT
A L L CA CTI VI GHLTULTETEIUNT RWMN
GAATCTATCACTGCCCTITTTGATTGGCGTTTGCACTGGTGTGTTCATTTTGCTGGCCAGT
E S I T A L L I G V ¢ T G V F I L L A S
GGIGGTACACACTCGCATATTCTTGTCTTCAGTGAAGATCTTTTCTTTATATACCTTCTG
G ¢ T H S H I L V F S E DI/L F F I ¥ L L
CCGCCTATAATATTCAATGCCGGGTTTCAAGTGAAAAAGAAGCAGTTCTITGTTAACTTC
PUPTN T F N A G F Q V K K K Q F F V N F
ATCACCATCATGATGTTTGGTGCAGTTGGTACATTAATATCGTGTACCATCATAACCTTC
I T I M M F ¢ AV ¢ T VLI S CTTI I TF
GGTGTTACACAARATTTTCAAGAGGATGGATATTGGTCCTATGGARATAGGGGACTATCTA
¢ v T ¢ T P K R M D T 66 P M E T GG D Y L
GCAATTGGTGCAATATTTGCCGCAACAGATTCTGTGTGCACATTGCAGGTGCTAAATCAA
A I G A I FAATU DSV CTTULUGQUVILNOQ
GATGAGACACCTTTATTGTACAGTCTTGTATTTGGGGAGGGTGTTGTGAATGATGCCACA
D ETPLLY S L VF F GETGUV V NTDA AT
TCAGTGGTGCTTTTCAATGCAATCCAAAGCTTTGACCTTGAGCAAATTGACCCGTCAATT
S Vv Vv.LF NA I Q S F DULETUG QTIUDTFP s I
GCTTTGCAATTTATTGGCAACTTCTTGTATCTGTTTCTCACAAGCACATTGCTTGGAGTT
AL Q F I G N F L YL FIULTSTTULTULG V
GGGGCAGGGCTGCTTAGTGCTTACATTATAAAGAAGCTGTATATTGGCAGACACTCTACA
G A G L L S A Y I I K K L Y I G R H S T
GATCGTGAGGTTGCTCTCATGATGCTCATGGCATACCTCTCCTACATGGTGGCCGAGTTG
D R E VA LMMILMATYTUL S Y MV A E L
TGCTATCTGAGTGGCATTCTCACTGTATTCTTTTGCGGAATTGTTATGTCTCATTATACT
Cc Y L $ G I L TV F T F CG I VM S HY T
TGGCATAATGTGACAGAGAGC TCAAGAGTCACCACCAAGCACGCATTTGCAACCATATCG
W H NV T E S S R V T T K H A F A T I S
TTTGTTGCTGAGATATTTCTCTTCCTTTATGTTGGTATGGATGCCT TGGACATTGAAAAG
F VA ETIFLPF LYV GMUDA ATLTDTIE K
TGGAGTTTTGTCAGTGATAGACCTGGAACATCAGTAGCAGTGAGTGCAGTATTGATGGGT
W S F VS DRUPOGT S VAV S AV L MG
CTAGTACTTGTTGGAAGAGCAGCTTTTGTTTTCCCGTTATCGTTCTTATCCAACTTGGCC
L VL VG RA AATFVF P L S F L S N L A
AAAAAGTCATCAAGCGAGAAAATCACTTTCAGGCAGCAAGTGATTATTTGGTGGGCTGGT
K K S § S E K I T F R Q Q V I I W WA G
CTTATGAGAGGTGCTGTTTCAATGGCACTTGCGTATAATCAGTTCACGATGTCCGGGCAT
L M R G AVSMATLM AYNG QT FTMS G H
ACACAACAGCAATCCAATGCTATCATGATCACCAGCACCATCACAGTTGTGCTTTTCAGC
T Q Q Q S NA I M ITSTTITV VL F S
ACAGTGGTGTTTGGTTTGATGACTAAACCACTCATAATGCTTTTGCTGCCTCCAGACCCT
T VvV F G LMTI KUZPTULTIMTULTIULTL®PUPUDP
CATAAAGGTACAAGCTCCACGAACAGCATATTGAGTCCAAAATCAGTTACTGTCCCACTT
H K G T S S TN S I L S P K SV T V P L
CTTGCCCAAGAATCTGAAGCTGATCTTGAAGGCCATGAAGTTAGTCGCCCAAGCAGTATT
L AQ E S EADTULETG GUHTEV S RZP 5 5 1
CGCAACTTGCTAACCAGGCCAACACACACCGTCCACAGATTATGGCGTAAGTTCGACGAT
R N L L T R P T H T V HR L WR K F D D
TCATTCATGCGCCCCGTTTTCGGCGGCAGGGGTTTTGTTCCTGTAGAGCCTGGTTCTCCA
S FMRPVF G GRGTF VPV EUZPG S P
ACCGAACGCAATGGCCATGGATGGCATTGAGAAGGCCAGAAAACAAAATATGTATGATGT
T E R N G H G W H *
GTTGTAAGCTGCTTAAAATTT TGTGCAGATAAAAAATGCGTGTATGAAGAACCACCTTAC
TGAAATTTTGTTAAGCTGTGTGTATGGTGATCAGAACTGAGACAGC TATGTAACATAGTT
CATCTCTGCCTATCTTGTAAGTTGTAAAGCTTATGAATTATATTTGTATTTAATTGTTTG
TAGATTCTAATTATTATAAAATTTGTCGCAAAAAAAAAAAAAAAAAAAAAA

Figure 1. Nucleotide and deduced amino acid sequence of AhRNHX1 cDNA. A box shows TATA box of
promoter sequence. Two potential glycosylation sites in AhNHX1 are underlined. The binding site of
amiloride that inhibited eukaryotic Na'/H" antiporters is shaded.
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Figure 2. Comparison of AhNNHX1 with other plants amino acid sequences of Na'/H" antiporters and the predicted
transmembrane of AhNHX1 protein. AhNHX1 (HM590627), Arachis hypogaea; GmNHX1 (AY972078), Glycine
max; RpNHX1 (EF675631), Robinia pseudoacacia; GoNHX1 (EU340284), Galega orientalis; TrNHX1
(EU109427), Trifolium repens; LtNHX1 (EU727217), Lotus tenuis; MsNHX1 (GU265772), Medicago sativa;
CKkNHX1 (DQ812099), Caragana korshinskii.



Xing et al. 14307
&l SolHX1
100 TriH1
86 | I VN[
36 CkMHX1
a5 || GrmkHx1
o0 LtrH1
100
RpMHX1
77| AhNHX1
AghH1
3 S5 HH
DsMH=1
= AtNH1
67 ZmMHE
Wl H
LerHx1
' 0.05 '

Figure 3. Phylogenetic tree of AhNHX1 animo acid and other plant species. AINHX1(AY685183),
Arabidopsis Thaliana; ZmNHX1(AY270036); Zea mays; OsNHX1(AY324877), Oryza sativa;
AhNHX1(HM590627),  Arachis hypogaea; GoNHX1(EU340284), Galega  orientalis;
TrNHX1(EU109427), Trifolium repens; CkNHX1(DQ812099), Caragana korshinskii;
GmNHX1(AY972078), Glycine max; LtNHX1(EU727217), Lotus tenuis; RpNHX1(EF675631),
Robinia pseudoacacia; VWNHX1(AY634283), Vitis vinifera; SSNHX1(AF370358), Suaeda salsa;
SeHNX1(AY131235), Salicornia  europaea; AgNHX1(AB038492), Atriplex gmelini;
LeNHX1(AJ306630), Lycopersicon esculentum; MsNHX1(GU265772), Medicago sativa.

et al., 2009; Tang et al., 2010; Z&rb et al., 2005; Guan et
al., 2011; Wang et al., 2011), among which Na'/H" anti-
porters play a key role in the maintenance of osmotic
balance (Rausch et al., 1996), with the vacuolar Na'/H"
antiporter gene becoming one of the most top genes for
plant salt-tolerance research. The NHX1 genes encode
vacuolar Na'/H" exchangers that catalyze the exchange
of Na* for H" across the membrane in the vacuoles. In
plants, the transport of Na* into the vacuoles is promoted
by the NHX1 proteins that are energized by the H'
gradient generated by the vacuolar H-ATPase and H'-
pyrophosphatase (Blumwald et al., 2000). To investigate
the function of Na'/H" antiporter in peanut salt tolerance,
a full-length cDNA of vacuolar Na'/H" antiporter was
cloned from peanut and named AhNHX1. The putative
amino acid sequence of AhNHX1 has the conserved
“4| FFIYLLPPI®*" amiloride drug-binding site and two N-
glycosylation sites at (Asn® and Asn®®), respectively

(Figure 1). The amino acid sequence of AhNHX1 has
high similarity to that of GmNHX1, RpNHX1, GoNHX1,
TrNHX1, LtNHX1, MsNHX1 and CkNHX1 (Figure 2),
which implied that the AhNHX1 is a vacuolar-type protein
and its coding gene belongs to the gene family of
vacuolar Na'/H" antiporters.

The structure of Na'/H® antiporters has been well
characterized. Yamaguchi et al. (2003) reported that the
topology of AtNHX1 with 9 transmembrane segments and
3 hydrophobic regions do not span the tonoplast
membrane, but seems to be membrane associated. The
hydrophobicity plot of AhNHX1 showed that it has 12
transmembrane segments, and TM5 and TM6 seemed
not to cross the vacuolar membrane, which is very similar
to some other Na'/H' antiporters, such as AtNHXI,
GmNHX1, OsNHX1, etc. (Figure 2). Additionally, several
non-homologous regions appeared at the N-terminal
towards the cytoplasm and the C-terminal regions with a
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Figure 4. Real time RT-PCR analysis of the AhNHX1 gene under NaCl stress condition. A, Different NaCl
concentration stress for 72 h; B, 150 mM NacCl stress for different time. Bars with different small or capital

letters are significantly different at P<0.05 or 0.01.

long hydrophilic tail almost entirely residing in the
vacuolar lumen. It has been demonstrated that the
vacuolar localization of the C terminus of Na'/H"
antiporter is related to regulation of the antiporter activity
and cation selectivity (Yamaguchi et al., 2003, 2005).
Most of variable regions are between amino acid
residues 428 to 469.

Both constitutive- and induction expression of NHX1
gene have been found in plants, for example, the
expressions of AtNHX1 (Gaxiola et al., 1999) and
BvNHX1 (Xia et al., 2002) gene belong to constitutive
expression, and the expression of NHX1 in barley root
tonoplast belongs to induction expression (Garbarino and
Dupont, 1989). From our result, it seems that the
expression of AhNHX1 belongs to constitutive
expression, which expression could be detected

apparently in roots, stems and leaves of both control and
stress plants (Figure 4). Unlike AhNHX1, some NHX1
genes expression in other plants showed tissue-specific,
for example, Purple NHX1 gene expressed abundantly in
petals about 12 h before flowering, but it appears to be
scarcely in roots, stems and leaves (Yamaguchi et al.,
2001).

It has also been reported that NHX proteins in plants
have been directly associated with the accumulation/
sequestration of sodium in the vacuole (Apse et al., 1999,
Zhang et al., 2001). However, the ability of a plant to
sustain growth under high salinity conditions is not
directly correlated with the presence of a gene coding for
the antiporter but is more likely to be correlated with the
antiporter activity (Apse et al., 1999). NHX1 gene from
different plants showed different response to salt stress.



AtNHX1 expression could be upregulated by salt stress in
leaves but not in roots (Quintero et al., 2000). More also,
CmNHX1 expression increased in roots but decreased in
leaves with increasing NaCl concentration (Wang et al.,
2011). Many researches on NHX1 gene expression
induced by salt stress were less than 24 h (Quintero et
al., 2000; Wang et al., 2002; Wang et al., 2011; Zhang et
al., 2009). In the present work, AhNHX1 expression was
assessed after 72 h salt stresses with different NaCl
concentration. Its expression could be upregulated by salt
stress except for 150 mM NacCl treatment in roots, but
depressed in leaves and stems (Figure 4A).

The depression of AhNHX1 in leaves and stems might
be related to a prolonged stress time since some NHX1
gene could reach expressing peak less than 24h under
salt stress (Quintero et al., 2000; Wang et al., 2011). As
to this depression of AhNHX1 expression in roots induced
by 150 mM NacCl treatment, its mechanism still remains
unclear. Additionally, NHX1 expression in plants was
time-specific under salt stress (Wang et al.,, 2011),
VVNHX1 expression only showed high levels at the
veraison and post-veraison stages (Hanana et al., 2007).
During the time course, AhNHX1 expression showed the
highest in roots and leaves after 24 h salt stress and in
stems after 48 h salt stress, respectively (Figure 4B).
These results therefore implied that the response
mechanisms of different peanut tissues to salt stress are
different, and roots were more resistant to salt stress
relative to stems and leaves. It also implied that the
AhNHX1 gene might be a functional candidate gene for
peanut salt tolerance to be utilized in transgenic plants.

ACKNOWLEDGMENTS

This work was supported by the Supporting Plan of
National  Science and Technology of China
(2006BAD21B04) and the Natural Science Foundation of
Shandong Province (ZR2009DZ007, ZR2011CQO042).

REFERENCES

Apse MP, Aharon GS, Snedden WA, Blumwald E (1999). Salt tolerance
confereed by overexpression of a vacuolar Na'/H" antiporter in
Arabidopsis. Science, 285: 1256-1258.

Blumwald E, Poole RG (1985). Na'/H" antiport in isolated tonoplast
vesicles from storage tissue of Beta Vulgaris. Plant Physiol. 78: 163-
167.

Blumwald E, Aharon GS, Apse MP (2000). Sodium transport in plant
cells. Biochim. Biophys. Acta. 1465: 140-151.

Bohnert HJ, Nelson DE, Jensen RG (1995). Adaptation to
environmental stresses. Plant Cell, 7: 1099-1111.

Fukuda A, Nakamura A, Tagiri A, Tanaka H, Miyao A, Hriochika H,
Tanaka Y (2004). Function, intracellular localization and the
importance in salt tolerance of a vacuolar Na'/H" antiporter from rice.
Plant Cell Physiol. 45: 146-159.

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

Garbarino J, Dupont FM (1989). Rapid induction of Na'/H" exchanger
activity in barley root tonoplast, Plant Physiol. 89: 1-4.

Xing et al. 14309

Gaxiola RA, Rao R, Sherman A, Grisafi P, Alper SL, Fink GR (1999).
The Arabidopsis thaliana proton transporters, AtNhx1 and Avpl, can
function in cation detoxification in yeast, Proc. Natl. Acad. Sci. USA.
96: 1480-1485.

Guan B, Hu Y, Zeng Y, Wang Y, Zhang F (2011). Molecular
characterization and functional analysis of a vacuolar Na'/H"
antiporter gene (HCNHX1) from Halostachys caspica. Mol. Biol. Rep.
38: 1889-1899.

Hamada A, Shono M, Xia T, Ohta M, Hayashi Y, Tanaka A, Hayakawa T
(2001). Isolation and characterization of a Na'/H" antiporter gene
from the halophyte Atriplex gmelini, Plant Mol. Biol. 46: 35-42.

Hanana M, Cagnac O, Yamaguchi T, Hamdi S, Ghorbel A, Blumwald E
(2007). A grape berry (Vitis vinifera L.) cation/proton antiporter is
associated with berry ripening. Plant Cell Physiol. 48: 804-811.

Li WY, Wong FL, Tsai SN, Phang TH, Shao G., Lam HM (20086).
Tonoplast-located GmCLC1 and GmNHX1 from soybean enhance
NaCl tolerance in transgenic bright yellow (BY)-2 cells. Plant Cell
Environ. 29: 1122-1137.

Ma XL, Zhang Q, Shi HZ, Zhu JK, Zhao YX, Ma CL, Zhang H (2004).
Molecular cloning and different expression of a vacuolar Na'/H"
antiporter gene in suaeda salsa under salt stress. Biol. Plant. 48 :
219-225.

Michelet B, Boutry M (1995). The plasma membrane H-ATPase. A
highly regulated enzyme with multiple physiological functions, Plant
Physiol. 108: 1-6.

Padan E, Venturi M, Gerchman Y, Dover N (2001). Na'/H" antiporters.
BBA-Bioenergetics, 1505: 144-157.

Qin LQ, Li L, Bi C, Zhang YL, Wan SB, Meng JJ, Meng QW, Li XG
(2011). Damaging Mechanisms of Chilling- and Salt Stress to Arachis
hypogaea L. leaves. Photosynthetica, 49: 37-42.

Quintero FJ, Blatt MR, Pardo JM (2000). Functional conservation
between yeast and plant endosomal Na'/H" antiporters, FEBS Lett.
471: 224-228.

Rausch T, Kirsch M, Low R, Lehr A, Viereck R, Zhigang A (1996). Salt
stress responses of higher plant: the Na'/H" -antiporters. J. Plant
Physiol. 148: 425-433.

Tang R, Li C, Xu K, Du YH, Xia T (2010). Isolation, Functional
Characterization, and Expression Pattern of a Vacuolar Na'/H"
Antiporter Gene TrNHX1 from Trifolium repens L, Plant Mol. Biol.
Rep. 28: 102-111.

Teakle NL, Amtmann A, Real D, Colmer TD (2010). Lotus tenuis
tolerates combined salinity and waterlogging: maintaining O,
transport to roots and expression of an NHX1-like gene contribute to
regulation of Na* transport. Physiol. Plant. 139: 358-374.

Wang J, Zuo K, Wu W, Song J, Sun X, Lin J, Li X, Tang K (2003).
Molecular cloning and characterization of a new Na‘/H" antiporter
gene from Brassica napus. DNA Seq. 14: 351-358.

Wang S, Zhang YD, Pere PG, Deng YW, Li ZZ, Huang DF (2011).
Isolation and characterization of a vacuolar Na'’/H" antiporter gene
from Cucumis melo L. Afr. J. Biotechnol. 10: 1752-1759.

Wiebe CA, DiBattista ER, Fliegel L (2001). Functional role of polar
amino acid residues in Na'/H" exchangers. Biochem. J. 357: 1-10.
Xia T, Apse MP, Aharon GS, Blumwald E (2002). Identification and
characterization of a NaCl-inducible vacuolar Na'/H* antiporter in

Beta vulgaris. Physiol. Plant. 116: 206-212.

Yamaguchi T, Aharon GS, Sottosanto JB, Blumwald E (2005). Vacuolar
Na'/H" antiporter cation selectivity is regulated by calmodulin from
within the vacuole in a Ca®* and pH-dependent manner. Proc. Natl.
Acad. Sci. USA. 102: 16107-16112.

Yamaguchi T, Apse MP, Shi H, Blumwald E (2003). Topological analysis
of a Plant vacuolar Na'/H" antiporter reveals a luminal C terminus
that regulates antiporter cation selectivity. Proc. Natl. Acad. Sci. USA.
100: 12510-12515.

Yamaguchi T, Fukada-Tnaka S, Inagaki Y, Saito N, Yonekura-
Sakakibara K, Tanaka Y, Kusumi T, Lida S (2001). Genes encoding
the vacuolar Na'/H" exchanger and flower coloration. Plant Cell
Physiol. 42: 451-461.

Yin XY, Yang AF, Zhang KW, Zhang JR (2004). Production and analysis
of transgenic maize with improved salt tolerance by the introduction
of AtNHX1 gene. Acta Botanica Sinica. 46: 854-861.

Zhang GH, Su Q, An LJ, Wu S (2008). Characterization and expression
of a vacuolar Na'/H" antiporter gene from the monocot halophyte



14310 Afr. J. Biotechnol.

Aeluropus littoralis. Plant Physiol. Biochem. 46: 117-126.

Zhang HX, Hodson JN, Williams JP, Blumwald E (2001). Engineering
salt-tolerant Brassica plants: Characterization of yield and seed oil
quality in transgenic plants with increased vacuolar sodium
accumulation. Proc. Natl. Acad. Sci. USA. 98: 12832-12836.

Zhang QG, Xu XF, Wang Y, Li TZ, Kong J, Han ZH (2009). Isolation
and preliminary function analysis of a Na'/H" antiporter gene from
Malus zumi. Afr. J. Biotechnol. 8: 4774-4781.

Zo6rb C, Noll A, Karl S, Leib K, Yan F, Schubert S (2005). Molecular
characterization of Na'/H" antiporters (ZmNHX) of maize (Zea mays
L.) and their expression under salt stress. J. Plant Physiol. 162: 55-
66.



