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A Na+ /H+ antiporter-like protein (NHXLP) was isolated from Sorghum bicolor L.
(SbNHXLP) and validated by overexpressing in tomato for salt tolerance. Homozygous T2
transgenic lines when evaluated for salt tolerance, accumulated low Na+ and displayed
enhanced salt tolerance compared to wild-type plants (WT). This is consistent with
the amiloride binding assay of the protein. Transgenics exhibited higher accumulation
of proline, K+ , Ca2+ , improved cambial conductivity, higher PSII, and antioxidative
enzyme activities than WT. Fluorescence imaging results revealed lower Na+ and higher
Ca2+ levels in transgenic roots. Co-immunoprecipitation experiments demonstrate that
SbNHXLP interacts with a Solanum lycopersicum cation proton antiporter protein2
(SlCHX2). qRT-PCR results showed upregulation of SbNHXLP and SlCHX2 upon
treatment with 200 mM NaCl and 100 mM potassium nitrate. SlCHX2 is known to be
involved in K+ acquisition, and the interaction between these two proteins might help
to accumulate more K+ ions, and thus maintain ion homeostasis. These results strongly
suggest that plasma membrane bound SbNHXLP involves in Na+ exclusion, maintains
ion homeostasis in transgenics in comparison with WT and alleviates NaCl stress.
Keywords: SbNHXLP, tomato, salt stress, co-immunoprecipitation, CHX2

INTRODUCTION
Salt stress limits plant growth and productivity by ion toxicity and water uptake by decreasing
the water potential (Munns and Tester, 2008). To combat the problem of ion toxicity, plants have
developed a number of strategies that are crucial for their survival. Plants sense the salt stress
through signal transduction and respond by modulating biochemical, physiological, and molecular
activities (Zhu, 2002). Plants prevent accumulation of Na+ in the cytosol to overcome Na+
toxicity either by Na+ efflux or compartmentalization of it into vacuoles through sodium-proton
antiporters (NHXs) which belong to the cation/proton antiporter (CPA1) family of transporters
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its role in partition of Na+ between plant organs (Olías et al.,
2009). Further, LeNHX isoforms (LeNHX1, LeNHX2, LeNHX3,
and LeNHX4) were observed in tomato with and without salt
stress (Gálvez et al., 2012). Under salt stress, transgenic tomato
overexpressing LeNHX2 showed higher accumulation of K+
compared to wild-type plants (WT) (Huertas et al., 2013).
Analysis of the cloned Na+ -H+ antiporter revealed that its
molecular weight matches with NHX2 proteins detected so far in
various taxa, but localized to the plasma membrane like NHX7
and NHX8 proteins. Its molecular weight also did not match
with NHX7/NHX8 proteins that have been identified till date and
hence, it is named as NHX-like protein. Such NHXLP genes have
not been cloned and validated for their function earlier in any
plant species so far to the best of our knowledge. Its functional
validation in tomato revealed low accumulation of Na+ , but
high accumulation of K+ in transgenics and thus conferred salt
tolerance.

(Mäser et al., 2001). Eight NHX genes have been reported
in eukaryotic systems except in yeast (contains single NHX)
and in model plants like Arabidopsis and rice they have been
characterized to some extent (Bassil et al., 2011a,b; Zhang
et al., 2015). While Na+ exclusion is carried out at the plasma
membrane via salt overly sensitive (SOS) pathway (Zhang
et al., 2001; Zhu, 2003), its sequestration is performed by
NHX that is located at the tonoplast. Na+ efflux from plasma
membrane to the apoplast is achieved by SOS1 gene, or NHX7,
located at root epidermal cells of plants. Accumulation of
Na+ inside the vacuoles reduces the toxic levels of Na+ in
cytosol with concomitant increase in the vacuolar osmotic
potential generating more negative water potential, which favors
uptake of water into the cells (Blumwald, 2000). To transport
Na+ or K+ across the membranes, plant transporters utilize
proton electrochemical gradients (Blumwald, 2000; Serrano and
Rodriguez-Navarro, 2001). Salinity causes ionic imbalance by
decreasing K+ conductance through the AKT1 channel (Qi and
Spalding, 2004). Usually, plants maintain high K+ /Na+ ratio,
but this ion ratio is disturbed during salt stress due to leakage
of K+ from the root cells (Shabala, 2000; Chen et al., 2005).
Both K+ and Na+ are exchanged for H+ in plants, and the
exchange is mediated by NHXs (Sanders, 2000; Zhu, 2003).
NHX transporters are associated with a wide variety of functions
including maintenance of K+ homeostasis (Leidi et al., 2010),
long-distance transport of Na+ from root to shoot (Shi et al.,
2002; Wu et al., 2016), salt tolerance (Zhang and Blumwald,
2001; Bassil et al., 2011b), flower opening and petal coloration
(Yoshida et al., 2009), protein targeting and trafficking (Bassil
et al., 2011a), cell expansion and flower development (Bassil et al.,
2011b), and stomatal functioning (Barragan et al., 2012). NHX
multiprotein family members localized in vacuolar (NHX1-4),
endosomal (NHX5-6), and plasma membranes (SOS1/NHX7 and
NHX8) have been reported earlier (Shi et al., 2002; Pardo et al.,
2006; Bassil et al., 2011a), but not NHX-like proteins.
NHX1 overexpression improved salt tolerance in numerous
species by sequestering Na+ into the vacuole (Apse et al.,
1999; Zhang and Blumwald, 2001; Apse and Blumwald, 2007;
Kronzucker and Britto, 2011). Lycopersicum esculentum NHX2
(LeNHX2) knockdown in tomato (Solanum lycopersicum L.)
and double knock out atnhx5/atnhx6 in Arabidopsis displayed
salt sensitivity implying that they are associated with salinity
stress (Rodriguez-Rosales et al., 2008; Bassil et al., 2011a). Likewise, AtNHX5 gene conferred tolerance to Na+ in Torenia (Shi
et al., 2008). SOS1 gene overexpression improved salt tolerance
in Arabidopsis, Lycopersicum esculentum, Brassica napus, and
Nicotiana tabacum (Apse et al., 1999; Zhang and Blumwald,
2001; Shi et al., 2003; Yadav et al., 2012). Its overexpression has
increased salt tolerance in transgenic tobacco by maintaining a
higher K+ /Na+ ratio (Yue et al., 2012). Tomato, an important
vegetable crop suffers from salt stress. Genetic engineering aids in
the transfer of candidate genes for the production of salt tolerant
crops and for sustainable agriculture. Transgenic tomato plants
overexpressing a vacuolar NHX1 were able to grow, flower, and
fruit in the presence of 200 mM NaCl (Zhang and Blumwald,
2001). Tomato with reduced SOS1 expression resulted in the
low accumulation of Na+ in stems than in the leaves indicating
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MATERIALS AND METHODS
NHXLP Gene Cloning from S. bicolor and
In silico Analysis
Full length SbNHXLP coding sequence was retrieved from
S. bicolor genome sequence using GENSCAN software (Burge
and Karlin, 1998, http://genes.mit.edu/GENSCAN.html). From
the BLAST (Altschul et al., 1990) output, end to end primers
were designed to amplify the full length gene. PCR reaction was
performed using gene specific primers (forward primer 5′ ATG
GGGCTCGATTTGGGAGCT3′ and reverse primer 5′ TCAACT
ATGCTCAGCCTCTGTCA3′ ) with S. bicolor variety BTX623
cDNA. The amplified product was cloned into pTZ57R/T vector
and sequenced. The vector pCAMBIA1302 harboring SbNHXLP
gene driven by CaMV35S promoter and NOS PolyA terminator
was mobilized into Agrobacterium tumefaciens strain LBA4404
using freeze-thaw method. SbNHXLP gene was characterized
for the number of exons, introns, and their length by Gene
Structure Display Server (GSDS) tool (http://gsds.cbi.pku.edu.
cn/). Motif search database was used to identify the sodium
proton exchanger motifs (http://www.genome.jp/tools/motif/).
Prediction of transmembrane helices in protein was carried out
using TMHMM (Krogh et al., 2001). Motifs were identified using
the MEME software (Bailey et al., 2009). Homology model of
SbNHXLP protein was created and amiloride was docked to it
using SYBYL FlexX software (Rarey et al., 1996).

Genetic Transformation and Molecular
Characterization
Twelve-day-old cotyledonary and hypocotyl explants of tomato
variety Pusa Early Dwarf (PED) were used for transformation
studies. Cotyledonary and hypocotyl explants were cultured on
Murashige and Skoog’s (MS) medium (1962) fortified with 2
mg/L of thidiazuron (TDZ) (Murashige and Skoog, 1962). To
test antibiotic sensitivity, explants were cultured on regeneration
medium with different concentrations of hygromycin (0–10
mg/L) and cefotaxime (0–300 mg/L) separately. Agrobacterium
infected explants were co-cultivated in dark for 2-days, after
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experiments were repeated thrice and each time two plants were
taken.

incubation, explants were sub-cultured onto selection medium
(MS medium with 2 mg/L TDZ, 3 mg/L hygromycin, and 300
mg/L cefotaxime). Well-rooted transformants were acclimatized
and grown in green house. Genomic DNA was isolated from
leaf tissues of WT and transgenic plants (Doyle and Doyle,
1990). Putative transgenics were confirmed by PCR amplification
using SbNHXLP and hptII gene specific primers. For gene copy
number, genomic DNA (20 µg each) was digested with HindIII
and probed with hptII gene (Sambrook and Russell, 2001). Total
RNA (200 ng) isolated from transgenics and WT was used for
first strand cDNA synthesis. Transcript levels were confirmed
by reverse transcriptase PCR (RT-PCR) using SbNHXLP gene
specific primers.

Amiloride (A Known Inhibitor of Na+ /H+
Exchanger Activity) Binding Assay, Sodium
Green, and Calcium Green Indicators
To determine the action of amiloride on the activity of SbNHXLP
protein, 45-day-old transgenic and WT plants were treated with
1 mM amiloride for 2 h. To find out the Na+ and Ca2+
accumulations, tomato seedlings were grown for 9-days and
treated with 200 mM NaCl for 2 h. Root sections (8 µm) were cut
from the mature zone, incubated in microfuge tubes in 500 µl of
10 mM Sodium Green (S6901, Invitrogen) and Calcium Green
(C3012, Invitrogen) solutions separately. After 1 h incubation,
samples were observed under confocal microscope.

Segregation Analysis in T1 and T2
Transgenics and Immunolocalization of
SbNHXLP Protein
T1 seeds were germinated on MS basal medium supplemented
with 8 mg/L hygromycin. After 10-days of germination,
Mendelian inheritance was observed by calculating hygromycin
resistant and sensitive seedlings. Similarly, T2 seedlings obtained
from selfed T1 generation were cultured on MS basal medium
supplemented with 8 mg/L hygromycin. Homozygous lines
were used for subsequent studies. Eight micron sized cryotome
sections of transgenic stem were taken from 10-day-old seedlings
and fixed in 4% paraformaldehyde. Immunolocalization
method was performed with the following steps: blocking,
incubation with primary antibodies, washing, incubation
with secondary antibody conjugate, washing and putative
visualization step, washing, putative counterstaining, and
mounting. They were incubated with polyclonal Na+ /H+
antiporter antibodies (Agrisera, AS09 484) and conjugated with
Alexafluor (Invitrogen, USA) secondary antibodies. Sections
were analyzed under inverted confocal microscope (Leica
Microsystems) at 578 nm.

Ion Analysis in Transgenics
For ion analysis, 45-day-old T5−1−1 and T7−1−15 transgenic lines
and WT were treated with 200 mM NaCl for 3 consecutive
days. Root, stem, leaf, and flower tissue samples from transgenics
and WT were digested in 3 ml of 3:1 HNO3 : H2 O2 for 24
h. Ions (Na+ , K+ , Ca2+ , and Cl− ) were measured using the
inductively coupled plasma optical emission spectrometer (ICPOES, Optima 2000DV, Perkin Elmer). The experiments were
repeated thrice and each time two plants were taken.

Anatomical Studies by Measurement of
Fiber and Vessel Elements
One-month-old T5−1−1 transgenic and WT were treated with
200 mM NaCl stress for 3-days. Thereafter, stem and root
samples were macerated to measure the length and width of fibers
and vessel elements. Small matchstick size wood pieces were
macerated in Jeffrey’s fluid (Berlyn and Mikshe, 1976). Semi-thin
sections (1–2 µm) were taken with a glass knife using Reichert
OM U3 ultramicrotome. Stained sections were observed and
photographed using a Leica DM 2000 microscope attached with
a Cannon DC 150 digital camera. The length and width of vessel
elements and fibers were measured with an ocular micrometer
scale mounted in a research microscope. The number of cambial
cell layers was counted from the transverse sections. The fiber
wall thicknesses, radial extent of xylem, and vessel density were
recorded from transverse sections using ocular micrometer scale.
For each parameter, 100 readings were taken from randomly
selected elements from six replicates.

Assessment of Transgenic Lines for Salt
Tolerance
To assess salt tolerance, 45-day-old homozygous T2 transgenic
lines (T2−1−3, T4−1−6 , T5−1−1 , T7−1−15 ) along with WT were
treated with 200 mM NaCl for 15 alternate days. After treatment,
stress was relieved by rewatering to see the extent of recovery.

Measurement of Proline, Antioxidant
Enzyme, and PSII Activities under Salt
Stress
Forty five-day-old homozygous T2 transgenic lines
(T2−1−3, T4−1−6 , T5−1−1 , T7−1−15 ) along with WT were
treated with 200 mM NaCl for 15 alternate days. After 15-days
of salt treatment, proline was estimated (Bates et al., 1973),
activities of superoxide dismutase (SOD) (Beauchamp and
Fridovich, 1971), and catalase (Luck, 1974) were determined.
Protein concentration was measured by the method of Bradford
(1976). For chlorophyll fluorescence, same age-group plants
were treated with 200 mM NaCl for 7 days. PSII activity was
measured before and after salt treatment (Strasser et al., 1995),
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Effect of Salt Stress Treatment on Fruit
Yield in the Transgenic Lines
Fruit yield (number and weight of fruits per plant) was measured
in T5−1−1 and T7−1−15 transgenic lines along with WT. Sixtyday-old plants were treated with 200 mm NaCl stress for 15
alternate days. After treatment, stress was relieved by rewatering.
The fruit yield was measured on 75th day.
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Protein-Protein Interaction (PPI) by
Co-immunoprecipitation (Co-IP)

200 mM NaCl and 200 mM mannitol to induce salt and drought
stresses, respectively, for 72 h. Same age old plants were also
treated with 10 mM KCl and 100 mM KNO3 for 72 h. Root,
stem, and leaves were taken for relative expression studies of
SbNHXLP and SlCHX2 genes using POWER SYBR Green PCR
Master Mix (Applied Biosystems). SbNHXLP, SlCHX2, and βactin gene specific primers were used as shown in Table S1.
The expression levels of SbNHXLP and SlCHX2 genes in various
samples were normalized to β-actin. No template controls (NTC)
were used in every experiment. Experiments were performed
with three technical replicates for each biological duplicate. The
comparative 2−11CT method was used to calculate the relative
quantities of each transcript in the samples (Schmittgen and
Livak, 2008).

Co-IP was performed following manufacturer’s instructions
(Pierce, Co-IP kit, 26149; Thermo Scientific). Ten microliters (1
µg/µl) of anti-NHX polyclonal antibodies (Agrisera, AS07 207)
were immobilized onto A/G agarose beads. Total protein was
isolated from transgenic and WT plants. Leaf tissue (50 mg)
was ground with liquid nitrogen and washed with 1X Dulbecco’s
PBS, followed by addition of 500 µl of immunoprecipitation lysis
buffer with gentle shaking for 5 min. Tubes were centrifuged
at 13,000 × g for 10 min for pelleting. Agarose resin slurry
(80 µl) was added to the spin column and allowed to settle.
Storage buffer was removed by spinning. To this, 100 µl of 1X
coupling buffer was added and centrifuged to discard the flow
through. Cell lysate was added to the column having resin and
incubated at 4◦ C for 1 h with gentle shaking and centrifuged at
1000 × g for 1 min. Flow through was added to immobilized
antibody. Immobilized antibody beads and the protein mixture
were incubated overnight at 4◦ C, 40 µl of protein A sepharose
was added and incubated further for 2–3 h at 4◦ C. The beads were
collected by centrifugation at 100 × g for 3 min at 4◦ C, and then
washed 5 times with ice-cold IP buffer. The protein fractions were
eluted from the beads and the immunoprecipitated samples were
analyzed by SDS-PAGE and subjected to trypsin in-gel digestion
and purification using trifluoroacetic acid, 5% formic acid, and
acetonitrile. Agarose resin supplied along with the kit was taken
as a negative control. Peptides were loaded on a matrix for mass
spectrometric (MS-MS) analysis using 4700 plus MALDI TOFTOF proteomics analyzer (Applied Biosystems, USA). MS-MS
analyzed best peptide masses were taken for MASCOT analysis
to know the plausible SbNHXLP interactant, which was further
sequenced to obtain a full length sequence.

Statistical Analysis
All experiments were carried out thrice with five plants in each
treatment (unless otherwise mentioned). Mean, standard error
mean, and t-test values were calculated with the help of excel
sheet and the graphs were plotted using GraphPad softwareV6.01
Version (http://www.graphpad.com/scientific-software/prism).

RESULTS
SbNHXLP Gene Cloning and In silico
Analysis
SbNHXLP full length cDNA (1473 bp) was amplified (Figure 1A)
and deposited in NCBI (Accession number EU482408).
SbNHXLP gene cassette driven by CAMV35S promoter and
NOS terminator (Figure 1B) was cloned into pCAMBIA1302
vector using HindIII enzyme (Figure 1C). In silico analysis of
SbNHXLP exhibited 93, 87, and 74% homology with NHX2,
83, 84, and 71% homology with NHX3 protein of maize,
rice, and Arabidopsis, respectively. It has 12 exons and 11
introns (Figure S1A) and is localized on the chromosome
number 9. Two Na+ -H+ exchanger motifs were detected in
SbNHXLP (Figure S1B). Further, SbNHXLP revealed that it is

Gene Expression Analysis by Quantitative
Real Time (qRT)-PCR
To find out the expression levels of SbNHXLP and SlCHX2, 1month-old T5−1−1 transgenic and WT plants were treated with

FIGURE 1 | SbNHXLP gene isolation and construction. (A) isolation of SbNHXLP (1473 bp), (B) gene construct and vector, (C) recombinant vector map of
pCAMBIA1302-SbNHXLP. SbNHXLP, Sorghum bicolor Na+ /H+ antiporter-like protein; hptII, hygromycin; CaMV35S, Cauliflower mosaic virus 35S promoter; nos,
nopaline synthase terminator.
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genomic DNA with HindIII and probed with hptII (Figure 3B).
Four lines with single gene copies were used for further
experiments. RT-PCR analysis displayed high transcript
levels in the leaf tissues of transgenic lines, but not in WT
(Figure S2B).

a transmembrane protein (Figure S1C) which has eight motifs
(Figure S1D) with varying number of amino acids as shown
in Table S2. Though its molecular weight did not match with
NHX7/NHX8 proteins, it is localized on the plasma membrane
like that of NHX7 and NHX8 proteins which is later mirrored
using immunolocalization. SbNHXLP was modeled and a
drug inhibitor amiloride was docked to the conserved domain
LLFIYLLPPI, indicating that amiloride inhibits its activity
(Figure S1E).

Mendelian Inheritance Pattern of hptII in T1
and T2 Generations, and Subcellular
Localization of SbNHXLP

Molecular Characterization of Transgenics

All the four T1 transgenic lines showed Mendelian inheritance
of 3:1 (3 resistant: 1 susceptible) monogenic ratio (Figure S3 and
Table S3). All T2 progenies segregated in 1:2:1 ratio (Figure S4
and Table S4), and the homozygous lines (T2−1−3 ,T4−1−6 ,
T5−1−1 , T7−1−15 ) were used for further analysis. At 578 nm,
no fluorescence signals were noticed in WT stem, but red
color fluorescence signals were emitted at the plasma membrane
level in transgenic stem indicating SbNHXLP localization in the
membrane (Figures 4A,B).

The vector pCAMBIA1302-SbNHXLP was mobilized into the
A. tumefaciens strain LBA4404 by freeze-thaw method and
utilized for genetic transformation studies. Transformants
from cotyledonary and hypocotyl explants were regenerated
on MS medium fortified with 2 mg/L TDZ and 3 mg/L
hygromycin (Figure 2A) with 44 and 32% frequencies,
respectively. Transformants showed multiple shoot regeneration
(Figure 2B) and rooting on 2 mg/L TDZ and 3 mg/L hygromycin
(Figure 2C). After 15 days of acclimatization in coco-peat
(Figure 2D), transgenics were transferred to garden soil
(Figure 2E) and grown in the green house (Figure 2F). Genomic
DNA was isolated from all the transgenics and plasmid DNA
of pCAMBIA1302-SbNHXLP served as positive control.
All the putative transformants showed PCR amplification
(750 bp) of SbNHXLP (Figure 3A) and 776 bp of hptII
(Figure S2A) genes but corresponding bands were not observed
in WT. Gene copy number was confirmed by digesting the

Overexpression of SbNHXLP in Tomato
Confers Salt Tolerance
Upon exposure to salt stress, WT displayed rapid leaf yellowing
(including apical leaves) and turned brown. On the other hand,
transgenic plants exhibited delayed leaf yellowing or partial
browning after treatment. While transgenics recovered after
stress treatment, WT did not and died eventually (Figure 5).

FIGURE 2 | Different developmental stages of in vitro transformants. (A) regeneration of putative transgenic shoots from cotyledonary and hypocotyl explants
on 2 mg/L TDZ and 3 mg/L hygromycin medium, (B) multiple shoot regeneration on 2 mg/L TDZ, (C) rooting of transformants with elongated multiple shoots on 3
mg/L hygromycin medium, (D) hardening of the transformant in coco-peat, (E) acclimatized transgenic in the garden soil, (F) putative transformants growing in green
house.
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FIGURE 3 | Molecular characterization of transgenics. (A) SbNHXLP PCR, (B) gene copy number by Southern blot analysis of genomic DNA digested with
HindIII and probed with hptII sequence. M, molecular marker of 1 kb; +C, SbNHXLP, Sorghum bicolor Na+ /H+ antiporter-like protein; pCAMBIA1302-SbNHXLP
plasmid; WT, wild-type; T1, T2, T3, T4, T5, T6, and T7 transgenic lines.

FIGURE 4 | Immunolocalization of SbNHXLP protein. (A) absence of fluorescence in WT stem, (B) presence of fluorescence in T5−1−1 stem. Fluorescence
signals were emitted at the plasma membrane as revealed by using NHX antibodies conjugated with Alexafluor antibodies at 578 nm. WT, wild-type plant.

Estimation of Proline, Antioxidant Enzyme,
and PSII Activities

15% in transgenics but dramatically (by 48%) in WT. Transgenic
lines recorded approximately 40% higher Fv/Fm than the WT
(Figure 6D).

Devoid of stress, no significant accumulation of proline was
observed in transgenics and WT. Under stress, accumulation of
proline was significant in transgenic lines. Transgenics displayed
4-folds higher proline content after 7-days of treatment but
decreased slightly by 15th day (Figure 6A). No significant change
in SOD activity was recorded in transgenics and WT without
stress. But, SOD activity increased by 1.5-folds in the transgenics
upon exposure to NaCl stress in comparison to WT (Figure 6B).
Similarly, catalase activity in transgenics under stress conditions
was 2.4-folds higher as compared to WT (Figure 6C). Before
salt treatment, there was no considerable change in Fv/Fm ratio
between transgenic lines and WT. After treatment with 200 mM
NaCl for 72 h, photochemical activity of PSII decreased by 5 to

Frontiers in Plant Science | www.frontiersin.org

Inhibition of SbNHXLP by Amiloride,
Sodium, and Calcium Green Fluorescence
Imaging
To find out whether SbNHXLP excludes Na+ like SOS1 protein,
amiloride binding assay was performed. The drug amiloride
binds to the SbNHXLP modeled protein motif LLFIYLLPPI,
which is highly conserved among all the NHX members and
inhibits the activity of these proteins. This is substantiated
in transgenic plants treated with 1 mM amiloride which
showed inhibition of SbNHXLP activity with a decrease in
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FIGURE 5 | Evaluation of transgenic tomato plants expressing SbNHXLP gene along with WT. Forty-five-day-old plants were subjected to 200 mM NaCl for
15 alternate days. WT, wild-type; T2−1−3 , T4−1−6 , T5−1−1 , and T7−1−15 , transgenic lines.

FIGURE 6 | Evaluation of transgenics under salt stresses. (A) proline content, (B) SOD activity, (C) CAT activity, (D) chlorophyll fluorescence. Forty-five-day-old
plants were subjected to 200 mM NaCl (salt stress) for 15 consecutive days. In each independent experiment, 5 plants were used. For chlorophyll fluorescence,
45-day-old plants were treated with 200 mM NaCl for 3 consecutive days. In each independent experiment, 2 plants were used. The mean and SE from three
independent experiments are shown. *Indicates significant differences in comparison with the WT at p < 0.05. WT, wild-type; T2−1−3 ,T4−1−6 , T5−1−1 , and
T7−1−15 , transgenic lines. FW, fresh weight; Fv/Fm, chlorophyll fluorescence; WS, wothout stress.

Na+ efflux compared to WT (Figure 7). To find out if the
protein is able to exclude Na+ and accumulate Ca2+ at the
membrane level, roots were treated with Sodium and Calcium

Frontiers in Plant Science | www.frontiersin.org

Green indicators. Transgenic roots showed less fluorescence
indicating reduced accumulation of Na+ due to Na+ exclusion
compared to WT (Figures 8A,B). Increased Calcium Green
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treated WT. Dimensional changes in vascular tissues of WT and
transgenics treated with salt stress are shown in Tables S5, S6,
respectively.

Fruit Yield in Transgenics under Salt Stress
Upon NaCl stress, normal flowering was noticed in transgenics,
but flower drop was severe in WT. Devoid of stress, transgenics
displayed reduced fruit and seed sizes when compared with WT.
Without stress, the number of fruits per plant was 17.8 ± 1.18
in WT and 21.46 ± 1.06 in T5−1−1 transgenic line. Similarly,
total fruit weight per plant was 770 ± 47.52 g in WT (without
stress) and 831.8 ± 51.02 g in T5−1−1 transgenic line. Transgenics
recovered when salt stress was relieved, but not WT, which died
eventually. The number of fruits produced per plant in T5−1−1
transgenic line was 15.46 ± 1.23 and the total fruit weight was
582.26 ± 37.5 g after stress recovery (Table 1).

FIGURE 7 | Estimation of sodium flux by amiloride binding assay.
Forty-five-day-old transgenic and WT plants were treated with 1 mM amiloride
for 2 h. In each independent experiment, 2 plants were used. The mean and
SE from three independent experiments are shown. *Indicates significant
differences in comparison with the WT at p < 0.05. WT, wild-type; T5−1−1
and T7−1−15, transgenic lines.

SlCHX2-the Interactant of SbNHXLP
Protein
In silico protein-protein interaction studies of NHX using
GeneMANIA software revealed hypothetical interactions with
several members of NHX and CHX families (Figure S5).
Co-immunoprecipitation followed by MS-MS analysis
(Figure 11) showed that SbNHXLP protein interacts in vitro
with Solanum lycopersicum cation proton antipoter2 (SlCHX2),
a member of the CPA2 family. SbNHXLP-SlCHX2 complex was
detected in the immunoprecipitate of root extracts captured
by anti-NHX antibody when electrophoresed with SDS-PAGE
(Figure 11, insert) which shows that it is in agreement with in
silico predictions. The protein was sequenced and the amino
acid sequence of SlCHX2 was confirmed by BLASTP analysis
(Table S7).

fluorescence was recorded in transgenics relative to WT
(Figures 8C,D).

Estimation of Ion Analysis in Transgenics
and WT under Salt Stress
Na+ and K+ homeostasis is a crucial step in plants for salt
tolerance. Overexpression of SbNHXLP resulted in reduced Na+
accumulation with a concomitant increase in K+ under salt
stress in transgenics compared to WT. At 200 mM NaCl, root,
stem, leaf, and flower tissues exhibited significant reductions
in Na+ content in T5−1−1 transgenic line compared to WT
(Figure 9A). Transgenic leaf contained the least amount of 8.99
mg/g dry tissue, followed by root and flower. Accumulation
of Na+ was 3-folds lower in leaf tissues in transgenics in
comparison with stem. Transgenic line showed higher K+
content in roots (6-folds) and flowers (Figure 9B). On the other
hand, Ca2+ content in transgenic did not differ much from that
of WT (Figure 9C), while chloride content was slightly less in
transgenics (Figure 9D).

qRT-PCR Analysis of SbNHXLP and SlCHX2
After normalization with internal control gene β-actin, it has
been observed that expression levels of SbNHXLP vary among
the 3 tissues. SbNHXLP and SlCHX2 genes displayed a differential
expression in response to the stress treatments (Figure 12). Both
NaCl and KNO3 treatments showed higher transcript abundance
in root tissues of tomato for SbNHXLP (4.5 and 2.3-folds increase,
respectively) and SlCHX2 (4.7 and 4-folds increase, respectively).
Mannitol (drought) also enhanced the activities of SbNHXLP
(3-folds) and SlCHX2 (1.75-folds). Contrarily, KCl treatment
slightly induced the SbNHXLP activity (1.5-folds, in contrast
to 4.5-folds under NaCl stress) but interestingly decreased the
SlCHX2 expression (1.5-folds decrease).

Effect of Salt Stress on the Cambium and
Secondary Xylem of Stem and Root
Transgenics growing under stress showed better vascular
conductivity compared to WT. Transgenic root (Figure 10B)
displayed multiple cambial cell layers, xylem, fiber length, width,
and higher thickness. Vessel element length and width was
more in transgenics compared to WT (Figure 10A). Similarly in
salt treated transgenic stems, multiple cambial cell layers with
increased fiber length and width, vessel length and width were
noticed (Figure 10D) in comparison with WT (Figure 10C).
Further, cell lysis was noticed in the outer cortex region of
WT root (Figure 10A) and stem (Figure 10C). Xylogenesis was
noticed in transgenic plants, as evident from the significantly
higher number of cambial cell layers in the stem, amount of
secondary xylem in both stem and root compared to that of salt

Frontiers in Plant Science | www.frontiersin.org

DISCUSSION
Cloning, Overexpression of SbNHXLP in
Tomato and Its Localization
NHX-type antiporters are pivotal players in salt tolerance and
also in growth and cell expansion (Bassil et al., 2011a,b). In the
present study, a member of the NHX gene family, named as
SbNHXLP was isolated from a C4 cereal crop species S. bicolor.
SbNHXLP showed high homology like other NHX members
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FIGURE 8 | Confocal images of Sodium Green and Calcium Green indicators in WT and T5−1−1 transgenic roots. (A) Sodium Green fluorescence in WT
root, (B) Sodium Green fluorescence in T5−1−1 root, (C) Calcium Green fluorescence in WT root, (D) Calcium Green fluorescence in T5−1−1 root. Nine-day-old
seedlings were treated with 200 mM NaCl for 2 h. Root sections (8 µm) were incubated with 10 mM Sodium Green and Calcium Green solutions separately. After 1 h
incubation, samples were observed under confocal microscope. WT, wild-type.

FIGURE 9 | Ion analysis of T5−1−1 and T7−1−15 transgenic lines. (A) Na+ , (B) K+ , (C) Ca2+ , (D) Cl− content. Na+ , K+ , Ca2+ , and Cl− ion levels in root, stem,
leaf, and flower tissues were estimated. In each independent experiment, 2 plants were used. The mean and SE from three independent experiments are shown.
*Indicates significant differences in comparison with the WT at p < 0.05. WT, wild-type; T5−1−1 and T7−1−15 ,transgenic lines; DW, dry weight.
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FIGURE 10 | Anatomical transverse section of T5−1−1 transgenic line and WT treated with 200 mM NaCl. Transverse sections showing vascular tissues in
(A) WT root, (B) T5−1−1 root, (C) WT stem, (D) T5−1−1 stem. WT root shows the occurrence of thick walled multiple vessels (arrows). In T5−1−1 root, radially
elongated, loosely organized inner cortical cells with large intercellular spaces are seen. Arrow head indicates formation of lysigenous cavities in the cortex. WT stem
shows high vessel density and thin walled fibers in the secondary xylem with the arrangement of vessels in tangential multiples (arrows). Secondary xylem of the
T5−1−1 stem shows the distribution of solitary vessels with wide lumen and thick walled fibers. Arrows indicate the collenchymatous outer cortex. Enlarged view of
T5−1−1 stem shows 3–4 layered cambial zones (vertical bar). Scale bar = 50 µm. WT, wild-type.

TABLE 1 | Fruit yield (number of fruits/plant and fruit weight/plant) in WT and transgenic lines.
Type of stress

Number of fruits/plant

Fruit weight/plant (in g)

WT

T5−1−1

T7−1−15

WT

T5−1−1

T7−1−15

Without stress

17.8 ± 1.18

21.46 ± 1.06*

21.26 ± 1.17*

770.8 ± 47.52

831.8 ± 51.02

801.6 ± 61.96

200 mM NaCl

–

15.46 ± 1.23

14.4 ± 0.95

–

582.26 ± 37.5

527 ± 37.75

Estimation of tomato fruit yield (number and weight of fruits per plant) in WT and transgenic lines. In each independent experiment, 5 plants were used. The mean and SE from three
independent experiments are shown. *Indicates significant differences in comparison with the WT at p < 0.05. WT, wild-type; T5–1–1 and T7–1–15 , transgenic lines.

protein localized to the plasma membrane in transgenics similar
to that of SOS1 and NHX8 proteins and helps in effluxing Na+
(Shi et al., 2002).

(NHX2 and NHX3) at the amino acid level, but the molecular
weight did not match.
Initially, tomato transformation was carried out and the
results are in agreement with the earlier findings reported by Rao
et al. (2009). Morphological variations in shoot or root lengths
were not observed in the transgenics, but fruit and seed sizes
varied when compared with WT devoid of salt stress. It has
been shown that transgenics driven by constitutive promoters
suffer from undesirable phenotypes, such as stunted growth
and reduced yield (Wang et al., 2013). Proteins encoded by
the DNA sequences of the NHX family members have been
reported to be located on different cellular membranes (Zhang
et al., 2015). For Na+ transport across the membranes, proteins
encoded by members of the NHX family genes utilize H+
gradient as the driving force (Bassil et al., 2012). Our results with
immunolocalization indicate that SbNHXLP is a transmembrane

Frontiers in Plant Science | www.frontiersin.org

Salt Tolerance in SbNHXLP Transgenic
Tomatoes
Transgenics with single gene copy number were used in the
present study for functional validation of the gene, since more
than one copy may result in gene silencing (Tang et al., 2007).
Salt stress generally causes inhibition of plant growth, reduction
in photosynthesis, and protein synthesis (Hasegawa et al., 2000).
Mohammad et al. (1998) and Meloni et al. (2001) observed
reduction in plant height, shoot weight, and number of leaves
per plant under salt stress in tomato and cotton, respectively.
Contrarily, no reduction in plant height was noticed, but fruit
and seed sizes decreased in the present study under salt stress.
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FIGURE 11 | Co-immunoprecipitation and MS-MS analysis. MS-MS analysis of CHX2. SbNHXLP-CHX2 complex was detected in immunoprecipitate of root
extracts captured by anti-NHX antibody when electrophoresed with SDS-PAGE (insert).

High proline accumulating lines of niger (Guizotia abyssinica)
displayed significantly higher antioxidant enzyme activities
compared to the lines that accumulate low levels (Sarvesh
et al., 1996). Proline protected antioxidative enzyme activities in
transgenic sorghum plants under NaCl stress (Reddy et al., 2015).
Transgenics displayed reduced photochemical PSII activity
compared to WT under salt stress, indicating less chlorophyll
damage in transgenics. Our observations corroborate the results
obtained by Singh and Dubey (1995) and Hasegawa et al.
(2000). Redondo-Gómez et al. (2007) noticed a decline in
stomatal conductance resulting in reduced photosynthetic rate.
But, SbNHXLP transgenics displayed higher Fv/Fm ratio leading
to better survival under salt stress like in transgenic sorghum
(Reddy et al., 2015). Thus, SbNHXLP appears to be protecting
photosynthetic as well as antioxidative enzyme activities.

Transgenics developed with NHX family members conferred
enhanced tolerance to salt (Shi et al., 2002; Liu et al., 2008;
Rodriguez-Rosales et al., 2008; Pandey et al., 2016). In order
to validate the function of SbNHXLP, transgenics were exposed
to salt stress alongside the WT. Similar to previous reports,
transgenic tomato also displayed enhanced tolerance to salt in
comparison with WT. Na+ enters into epidermal and cortical
cells through root hairs via non-selective cation channels. It may
also enter into endodermis which does not have any casparian
bands and suberin lamellae (White, 2001; Moore et al., 2002). But,
plants display tolerance to NaCl stress either by excluding Na+
ions at the membrane level or by sequestering them into vacuoles
(Shi et al., 2000; Garciadeblás et al., 2003; Apse and Blumwald,
2007), carried out by NHX family member proteins.

Enhanced Proline, Antioxidant, and PSII
Activities in Transgenics

Na+ Exclusion at the Plasma Membrane
and Ion Homeostasis in Transgenics

Three to four-fold increases in proline accumulation was
noticed in tomato transgenics over that of WT. Cuin and
Shabala (2005) demonstrated that exogenously supplied proline
significantly reduces NaCl-induced K+ efflux from barley roots
in a dose-dependent manner. Therefore, salt-stress-induced
proline accumulation may prevent NaCl-induced K+ leakage
from the cells under salt stress conditions and thus maintain
ion homeostasis. Enhanced catalase and SOD activities were
noticed in transgenics indicating that SbNHXLP and perhaps
salt-induced proline may be protecting these enzyme activities.

Frontiers in Plant Science | www.frontiersin.org

Amiloride binds to specific signature sequence LLFIYLLPPI of
NHX family members and inhibits their activity (Wu et al., 2011).
Transgenic tomato overexpressing SbNHXLP showed reduced
SbNHXLP activity due to amiloride binding in comparison
with WT which are not exposed to amiloride inhibition
indicating that SbNHXLP belongs to NHX family members. Our
studies with Sodium Green dye demonstrated that transgenic
root sections contained less Na+ , compared to that of WT
indicating SbNHXLP is associated with Na+ exclusion at the
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the root to the shoot/leaf (Zhu et al., 2015). It appears that
by retaining Na+ in the stems, SbNHXLP prevents Na+ from
reaching leaves which are sensitive to the toxic levels of Na+
ions. Less accumulation of Na+ was also observed in other SOS1
transgenic species like tomato (Olías et al., 2009) and tobacco
(Yue et al., 2012). Concurrently, significant accumulation of K+
was noticed in transgenic tomato, thus balancing ion homeostasis
as has also been noticed in SOS1 transgenics (Rodriguez-Rosales
et al., 2008). Calcium Green indicator displayed slightly higher
calcium levels in transgenics in the present study. This is
again consistent with slightly increased levels of Ca2+ ions
in stem, leaf, and flower tissues of transgenics compared to
WT.

SbNHXLP Overexpression Improves
Vascular Conductivity
In the present study, salt treated WT plants recorded significantly
reduced secondary growth indicating that saline stress delays the
process of xylogenesis in roots and stems of tomato plants. Salt
treated transgenics displayed higher amount of xylem compared
to that of treated WT. In soybean roots, NaCl retarded primary
xylem differentiation due to delayed expression of alternate
oxidase gene, but subsequently accelerated the secondary xylem
differentiation (Hilal et al., 1998). In poplar, salt stress reduced
the radial size of cambium and xylem differentiation has been
curtailed due to diminished nutrients (Escalente-Perez et al.,
2009). Enhanced xylem production in salt treated transgenic
tomato plants suggests that there may not be any alternations in
supply of nutrients to the cambium. Xylem in the salt exposed
plants often contains vessels with small diameter than those
that are grown devoid of it (Baum et al., 2000). Salt tolerant
poplars showed less vessel diameter compared to salt sensitive
ones (Junghans et al., 2006). We report here occurrence of
multiple vessels with thicker walls in transgenics unlike that of
WT. In poplar, salt stress negatively influenced the expansion
of xylem vessels by decreasing biosynthesis and transport of
auxin (Junghans et al., 2006). The change in vessel diameter
may influence the rate of hydraulic conductivity. The large
diameter vessels in the roots of SbNHXLP transgenics indicate
a tendency for proper conductivity of water and hence better
tolerance under saline conditions. A distinct change in the
structure/dimensions of vessel elements and fibers to achieve
more wall thickness is the salient feature found in the salt tolerant
transgenics. This feature could be associated with relatively high
conduit wall reinforcement that facilitates prevention of vessel
collapse under osmotic stress as pointed out by Hacke and Sperry
(2001).

FIGURE 12 | Relative expression of SbNHXLP, and SlCHX2 at the
transcript level is shown in different tissues. Relative expression of
SbNHXLP, and SlCHX2 are shown during different stress conditions in
comparison to its control as revealed by quantitative RT-PCR analysis. Values
represent the expression values obtained after normalizing against control
value. All samples were analyzed in triplicates, in two independent
experiments. Names on the horizontal axis indicate the genes, and the vertical
axis represent the tissues, i.e., UTR, untreated transgenic root; UTS, untreated
transgenic stem; UTL, untreated transgenic leaf; STR, salt-treated transgenic
root; STS, salt-treated transgenic stem; STL, salt-treated transgenic leaf; DTR,
drought-treated transgenic root; DTS, drought-treated transgenic stem; DTL,
drought-treated transgenic leaf; KClTR, potassium chloride-treated transgenic
root; KClTS, potassium chloride-treated transgenic stem; KClTL, potassium
chloride-treated transgenic leaf; KNO3 TR, potassium nitrate treated transgenic
root; KNO3 TS, potassium nitrate-treated transgenic stem; KNO3 TL,
potassium nitrate-treated transgenic leaf. Each color represents the relative
expression levels. Salt, 200 mM NaCl; drought, 200 mM mannitol; KCl, 10 mM
KCl, and KNO3 , 100 mM KNO3 .

plasma membrane level like SOS1 protein. Consistent with this,
decreased Na+ levels were noticed in tomato transgenics under
NaCl stress compared to WT. This is due to the overexpression
of SbNHXLP gene, which helps in Na+ exclusion at the plasma
membrane level. Like SOS1, SbNHXLP is perhaps playing a
pivotal role in Na+ efflux being a transmembrane protein.
These results indicate that plants use alternate or multiple genes
for Na+ exclusion with redundant functions. Ion accumulation
patterns point out more accumulation of Na+ in stems in
comparison to root, flower, and leaf. It has been found out
earlier that SOS1-like Na+ /H+ exchanger retrieves Na+ from
the xylem, and thus limits the rates of Na+ transport from

Frontiers in Plant Science | www.frontiersin.org

Enhanced Fruit Yield in SbNHXLP
Transgenics under Stress
Devoid of salt stress, reduced fruit and seed sizes and
increased number of fruits were observed in transgenics
in comparison with WT. Mohammad et al. (1998) and
Meloni et al. (2001) observed reduction in plant height,
shoot weight, and number of leaves per plant under salt
stress in tomato and cotton, respectively. It has been shown
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Figure S1 | In silico anlaysis of SbNHXLP gene. (A) gene characterization, (B)
sodium proton exchangers, (C) transmembrane segments, (D) motif analysis, and
(E) modeling and amiloride binding (blue lines).
Figure S2 | Molecular characterization of transgenics. (A) hptII PCR, (B)
SbNHXLP RT-PCR. M, molecular marker of 1 kb; +C, pCAMBIA1302-SbNHXLP
plasmid; WT, wild-type; T1, T2, T3, T4, T5, T6, and T7 transgenic lines.
Figure S3 | Mendelian inheritance pattern in T1 transgenicss along with
WT seedlings on MS medium with 8 mg/L hygromycin. WT, wild-type.
Figure S4 | Mendelian inheritance pattern in T2 transgenicss along with
WT seedlings on MS medium with 8 mg/L hygromycin. WT, wild-type.
Figure S5 | In silico protein-protein interaction of NHX proteins with CHX
proteins using GeneMANIA.
Table S1 | List of primers used in qRT-PCR.
Table S2 | Sequences of motifs.
Table S3 | T1 segregational analysis of SbNHXLP gene in presence of MS
medium containing 8 mg/L hygromycin. WT, wild type. χ 2 calculated < χ 2
tabulated 3.841 (Significance at p < 0.05).
Table S4 | T2 segregational analysis of SbNHXLP gene in presence of MS
medium containing 8 mg/L hygromycin. WT, wild type. χ 2 calculated < χ 2
tabulated 3.841 (Significance at p < 0.05). HR, homozygous resistant, AS,
azygous sensitive.

CONCLUSION
We identified a member of the NHX gene family in S. bicolor
and named it as SbNHXLP gene. It encodes a transmembrane
protein. Overexpression of SbNHXLP in tomato plants lead
to less Na+ and more accumulation of K+ in root and
flower tissues indicating that it helps in ion homeostasis. Coimmunoprecipitation followed by MALDI-TOF analysis showed
that SbNHXLP protein interacts in vitro with SlCHX2, belonging
to CPA family and maintains ion homeostasis.
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Table S5 | Anatomical characteristics as influenced by 150 mM NaCl in the
roots of WT and the transgenic line T5−1−1 . WT, wild type. ∗ Significant
differences following ANOVA test (α = 0.05).
Table S6 | Anatomical characteristics as influenced by 150 mM NaCl in the
stems of WT and the transgenic line T5−1−1 . WT, wild type. ∗ Significant
differences following ANOVA test (α = 0.05).
Table S7 | Amino acid sequence of SlCHX2 protein.

13

January 2017 | Volume 7 | Article 2027

Kumari et al.

NHX-Like Protein Alleviates Salt Stress

REFERENCES

Hacke, U. G., and Sperry, J. S. (2001). Functional and ecological xylem anatomy.
Perspect. Plant Ecol. Evol. Syst. 4, 97–115. doi: 10.1078/1433-8319-00017
Hasegawa, P. M., Bressan, R. A., Zhu, J. K., and Bohnert, H. J. (2000). Plant cellular
and molecular responses to high salinity. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 51, 463–499. doi: 10.1146/annurev.arplant.51.1.463
Hilal, M., Zenoff, A. M., Ponessa, G., Moreno, H., and Massa, E. M. (1998).
Saline stress alters the temporal patterns of xylem differentiation and alternative
oxidase expression in developing soybean roots. Plant Physiol. 117, 695–701.
doi: 10.1104/pp.117.2.695
Huertas, R., Rubio, L., Olivier, C., García-Sánchez, M. J., De Dios, A. J., and
Venema, K. (2013). The K+ /H+ antiporter LeNHX2 increases salt tolerance
by improving K+ homeostasis in transgenic tomato. Plant Cell Environ. 36,
2135–2149. doi: 10.1111/pce.12109
Junghans, U., Polle, A., Duchting, P., Weiler, E., Kuchlman, B., and Gruber,
F. (2006). Adaptation to high salinity in poplar involves a change in
xylem anatomy and auxin physiology. Plant Cell Environ. 29, 1519–1531.
doi: 10.1111/j.1365-3040.2006.01529.x
Kant, S., Kant, P., Raveh, E., and Simon, B. (2006). Evidence that differential gene
expression between the halophyte, Thellungiella halophila, and Arabidopsis
thaliana is responsible for higher levels of the compatible osmolyte proline and
tight control of Na+ uptake in T. halophila. Plant Cell Environ. 29, 1220–1234.
doi: 10.1111/j.1365-3040.2006.01502.x
Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E. L. (2001). Predicting
transmembrane protein topology with a Hidden Markov Model: application to
complete genomes. J. Mol. Biol. 305, 567–580. doi: 10.1006/jmbi.2000.4315
Kronzucker, H. J., and Britto, D. T. (2011). Sodium transport in plants: a critical
review. New Phytol. 189, 54–81. doi: 10.1111/j.1469-8137.2010.03540.x
Leidi, E. O., Barragán, V., Rubio, L., El-Hamdaoui, A., Ruiz, M. T.,
Cubero, B., et al. (2010). The AtNHX1 exchanger mediates potassium
compartmentation in vacuoles of transgenic tomato. Plant J. 61, 495–506.
doi: 10.1111/j.1365-313x.2009.04073.x
Liu, H., Wang, Q., Yu, M., Zhang, Y., Wu, Y., and Zhang, H. (2008). Transgenic
salt-tolerant sugar beet (Beta vulgaris L.) constitutively expressing an
Arabidopsis thaliana vacuolar Na+ /H+ antiporter gene, AtNHX3, accumulates
more soluble sugar but less salt in storage roots. Plant Cell Environ. 31,
1325–1334. doi: 10.1111/j.1365-3040.2008.01838.x
Luck, H. (1974). Methods in Enzymatic Analysis. New York, NY: Academic Press.
Mäser, P., Thomine, S., Schroeder, J. I., Ward, J. M., Hirschi, K., and Sze, H. (2001).
Phylogenetic relationships within cation transporter families of Arabidopsis.
Plant Ph ysiol. 126, 1646–1667. doi: 10.1104/pp.126.4.1646
Meloni, D. A., Oliva, M. A., Ruiz, H. A., and Martinez, C. A. (2001). Contribution
of proline and inorganic solutes to osmotic adjustment in cotton under salt
stress. J. Plant Nutr. 24, 599–612. doi: 10.1081/pln-100104983
Mohammad, M., Shibli, R., Ajouni, M., and Nimri, L. (1998). Tomato root and
shoot responses to salt stress under different levels of phosphorus nutrition. J.
Plant Nutr. 21, 1667–1680. doi: 10.1080/01904169809365512
Moore, C. A., Bowen, H. C., Scrase-Field, S., Knight, M. R., and White, P. J. (2002).
The deposition of suberin lamellae determines the magnitude of cytosolic Ca2+
elevations in root endodermal cells subjected to cooling. Plant J. 30, 457–465.
doi: 10.1046/j.1365-313x.2002.01306.x
Mottaleb, S. A., Rodríguez-Navarro, A., and Haro, R. (2013). Knockouts
of Physcomitrella patens CHX1 and CHX2 transporters reveal high
complexity of potassium homeostasis. Plant Cell Physiol. 54, 1455–1468.
doi: 10.1093/pcp/pct096
Munns, M., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911
Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth
and bio-assay with tobacco tissue cultures. Physiol. Plant. 15, 473–497.
doi: 10.1111/j.1399-3054.1962.tb08052.x
Olías, R., Eljakaoui, Z., Li, J., De Morales, P. A., Marín-Manzano, M. C., Pardo, J.
M., et al. (2009). The plasma membrane Na+ /H+ antiporter SOS1 is essential
for salt tolerance in tomato and affects the partitioning of Na+ between plant
organs. Plant Cell Environ. 32, 904–916. doi: 10.1111/j.1365-3040.2009.01971.x
Pandey, S., Patel, M. K., Mishra, A., and Jha, B. (2016). In planta
transformed Cumin (Cuminum cyminum L.) plants, overexpressing the
SbNHX1gene showed enhanced salt endurance. PLoS ONE 11:e0159349.
doi: 10.1371/journal.pone.0159349

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410.
doi: 10.1016/S0022-2836(05)80360-2
Apse, M. P., Aharon, G. S., Snedden, W. A., and Blumwald, E. (1999). Salt tolerance
conferred by overexpression of a vacuolar Na+ /H+ antiport in Arabidopsis.
Science 285, 1256–1258. doi: 10.1126/science.285.5431.1256
Apse, M. P., and Blumwald, E. (2007). Na+ transport in plants. FEBS Lett. 581,
2247–2254. doi: 10.1016/j.febslet.2007.04.014
Bailey, T. L., Bodén, M., Buske, F. A., Frith, M., Grant, C. E., and Clementi, L.
(2009). MEME SUITE: tools for motif discovery and searching. Nucleic Acids
Res. 37, 202–208. doi: 10.1093/nar/gkp335
Barragán, V., Leidi, E. O., Andrés, Z., Rubio, L., De Luca, A., and Fernández, J. A.
(2012). Ion exchangers NHX1 and NHX2 mediate active potassium uptake into
vacuoles to regulate cell turgor and stomatal function in Arabidopsis. Plant Cell
24, 1127–1142. doi: 10.1105/tpc.111.095273
Bassil, E., Coku, A., and Blumwald, E. (2012). Cellular ion homeostasis:
emerging roles of intracellular NHX Na+ /H+ antiporters in plant growth and
development. J. Exp. Bot. 63, 5727–5740. doi: 10.1093/jxb/ers250
Bassil, E., Ohto, M. A., Esumi, T., Tajima, H., Zhu, Z., and Cagnac, O. (2011a). The
Arabidopsis intracellular Na+ /H+ antiporters NHX5 and NHX6 are endosome
associated and necessary for plant growth and development. Plant Cell 23,
224–239. doi: 10.1105/tpc.110.079426
Bassil, E., Tajima, H., Liang, Y. C., Ohto, M, A., Ushijima, K., Nakano, R.,
et al. (2011b). The Arabidopsis Na+ /H+ antiporters NHX1 and NHX2 control
vacuolar pH and K+ homeostasis to regulate growth, flower development, and
reproduction. Plant Cell 23, 3482–3497. doi: 10.1105/tpc.111.089581
Bates, L. S., Waldran, R. P., and Teare, I. D. (1973). Rapid determination of free
proline for water stress studies. Plant Soil 39, 205–208. doi: 10.1007/bf00018060
Baum, S. F., Tran, P. N., and Silk, W. K. (2000). Effect of salinity on xylem
structure and water use in growing leaves of sorghum. New Phytol. 46, 119–127.
doi: 10.1046/j.1469-8137.2000.00625.x
Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: improved assays
and an assay applicable to acrylamide gels. Anal. Biochem. 44, 276–287.
Berlyn, G. P., and Mikshe, J. P. (1976). Botanical Microtechnique and
Cytochemistry. Iowa, IA: Iowa State University Press.
Blumwald, E. (2000). Sodium transport and salt tolerance in plants. Curr. Opin.
Cell Biol. 12, 431–434. doi: 10.1016/s0955-0674(00)00112-5
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3
Burge, C. B., and Karlin, S. (1998). Finding the genes in genomic DNA. Curr. Opin.
Struct. Biol. 8, 346–354. doi: 10.1016/s0959-440x(98)80069-9
Chanroj, S., Wang, G., Venema, K., Zhang, M. W., Delwiche, C. F., and
Sze, H. (2012). Conserved and diversified gene families of monovalent
cation/H+ antiporters from algae to flowering plants. Front. Plant Sci. 3:25.
doi: 10.3389/fpls.2012.00025
Chen, Z., Hong, X., Zhang, H., Wang, Y., Li, X., Zhu, J. K., et al.
(2005). Disruption of the cellulose synthase gene, AtCesA8/IRX1, enhances
drought and osmotic stress tolerance in Arabidopsis. Plant J. 43, 273–283.
doi: 10.1111/j.1365-313x.2005.02452.x
Cuin, T. A., and Shabala, S. (2005). Exogenously supplied compatible solutes
rapidly ameliorate NaCl-induced potassium efflux from barley root. Plant Cell
Physiol. 46, 1924–1933. doi: 10.1093/pcp/pci205
Doyle, J. J., and Doyle, J. L. (1990). A rapid total DNA preparation procedure for
fresh plant tissue. Focus 12, 13–15. doi: 10.1007/bf02668766
Escalente-Perez, M., Lautner, S., Nehls, U., Selle, A., Tenber, M., Schnitzler,
J. P., et al. (2009). Salt stress affects xylem differentiation of gray poplar
(Poplar×canescens). Planta 229, 299–309. doi: 10.1007/s00425-008-0829-7
Gálvez, F. J., Baghour, M., Hao, G., Cagnac, O., Rodrıguez Rosales, M. P., and
Venema, K. (2012). Expression of LeNHX isoforms in response to salt stress
in salt sensitive and salt tolerant tomato species. Plant Physiol. Biochem. 51,
109–115. doi: 10.1016/j.plaphy.2011.10.012
Garciadeblás, B., Senn, M. E., Bañuelos, M. A., and Rodríguez-Navarro, A. (2003).
Sodium transport and HKT transporters: the rice model. Plant J. 34, 788–801.
doi: 10.1046/j.1365-313x.2003.01764.x

Frontiers in Plant Science | www.frontiersin.org

14

January 2017 | Volume 7 | Article 2027

Kumari et al.

NHX-Like Protein Alleviates Salt Stress

roles in osmotic adjustment and K+ homeostasis in pollen development. Plant
Physiol. 136, 2532–2547. doi: 10.1104/pp.104.046003
Tang, W., Newton, R. J., and Weidner, D. A. (2007). Genetic transformation and
gene silencing mediated by multiple copies of a transgene in eastern white pine.
J. Exp. Bot. 58, 545–554. doi: 10.1093/jxb/erl228
Wang, J. Y., Lai, L. D., Tong, S. M., and Li, Q. L. (2013). Constitutive and
salt-inducible expression of SlBADH gene in transgenic tomato (Solanum
lycopersicum L. cv. Micro-Tom) enhances salt tolerance. Biochem. Biophys. Res.
Commun. 432, 262–267. doi: 10.1016/j.bbrc.2013.02.001
White, P. J. (2001). The pathways of calcium movement to the xylem. J. Exp. Bot.
52, 891–899. doi: 10.1093/jexbot/52.358.891
Wu, G. Q., Wang, Q., Bao, A. K., and Wang, S. M. (2011). Amiloride reduces
sodium transport and accumulation in the succulent xerophyte Zygophyllum
xanthoxylum under salt conditions. Biol. Trace Elem. Res. 139, 356–367.
doi: 10.1007/s12011-010-8662-9
Wu, X. X., Li, J., Wu, X. D., Liu, Q., Wang, Z. K., Liu, S. S., et al.
(2016). Ectopic expression of Arabidopsis thaliana Na+ (K+ )/H+ antiporter
gene, AtNHX5, enhances soybean salt tolerance. Genet. Mol. Res. 15, 1–12.
doi: 10.4238/gmr.15027483
Yadav, N. S., Shukla, P. S., Jha, A., Agarwal, P. K., and Jha, B. (2012). The SbSOS1
gene from the extreme halophyte Salicornia brachiata enhances Na+ loading in
xylem and confers salt tolerance in transgenic tobacco. BMC Plant Biol. 12:188.
doi: 10.1186/1471-2229-12-188
Yoshida, K., Miki, N., Momonoi, K., Kawachi, M., Katou, K., and Okazaki, Y.
(2009). Synchrony between flower opening and petal-color change from red
to blue in morning glory, Ipomoea tricolor cv. Heavenly Blue. Proc. Jpn. Acad.
Ser. B Phys. Biol. Sci. 85, 187–197. doi: 10.2183/pjab.85.187
Yue, Y., Zhang, M., Zhang, J., Duan, L., and Li, Z. (2012). SOS1 gene
overexpression increased salt tolerance in transgenic tobacco by
maintaining a higher K+ /Na+ ratio. J. Plant Physiol. 169, 255–261.
doi: 10.1016/j.jplph.2011.10.007
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.
doi: 10.1038/90824
Zhang, H. X., Hodson, J. N., Williams, J. P., and 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. U.S.A. 98, 12832–12836. doi: 10.1073/pnas.231476498
Zhang, Y. M., Zhang, H. M., Liu, Z. H., Li, H. C., Guo, X. L., and Li, G. L. (2015).
The wheat NHX antiporter gene TaNHX2 confers salt tolerance in transgenic
alfalfa by increasing the retention capacity of intracellular potassium. Plant Mol.
Biol. 87, 317–327. doi: 10.1007/s11103-014-0278-6
Zhu, J. K. (2002). Salt and drought stress signal transduction in plants. Annu. Rev.
Plant Biol. 53, 247–273. doi: 10.1146/annurev.arplant.53.091401.143329
Zhu, J. K. (2003). Regulation of ion homeostasis under salt stress. Curr. Opin. Plant
Biol. 6, 441–445. doi: 10.1016/s1369-5266(03)00085-2
Zhu, M., Shabala, L., Cuin, T. A., Huang, X., Zhou, M., Munns, R., et al. (2015).
Nax loci affect SOS1-like Na+ /H+ exchanger expression and activity in wheat.
J. Exp. Bot. 3, 835–844. doi: 10.1093/jxb/erv493

Pardo, J. M., Cubero, B., Leidi, E. Q., and Quintero, F. J. (2006). Alkali cation
exchangers: roles in cellular homeostasis and stress tolerance. J. Exp. Bot. 57,
1181–1199. doi: 10.1093/jxb/erj114
Qi, Z., and Spalding, E. P. (2004). Protection of plasma membrane K+ transport
by the salt overly sensitive1 Na+ -H+ antiporter during salinity stress. Plant
Physiol. 136, 2548–2555. doi: 10.1104/pp.104.049213
Rao, M. M., Jain, A., Rao, A. M., Sunita, M. S. L., Jalaja, N., and Kishor, P. B.
K. (2009). Factors affecting Agrobacterium-mediated genetic transformation in
tomato (Lycopersicum esculentum L. Mill). Adv. Plant Sci. 22, 323–329.
Rarey, M., Kramer, B., Lengauer, T., and Klebe. G. (1996). Fast flexible docking
method using an incremental construction algorithm. J. Mol. Biol. 261,
470–489.
Reddy, P. S., Jogeswar, G., Kumar, R. G., Maheswari, M., Reddy, A. R.,
and Varshney, R. K. (2015). Proline over-accumulation alleviates salt stress
and protects photosynthetic and antioxidant enzyme activities in transgenic
sorghum [Sorghum bicolor (L.) Moench]. Plant Physiol. Biochem. 94, 104–113.
doi: 10.1016/j.plaphy.2015.05.014
Redondo-Gómez, S., Mateos-Naranjo, E., Davy, A. J., Fernández-Muñoz, F.,
Castellanos, E., and Luque, T. (2007). Growth and photosynthetic responses to
salinity of the salt-marsh shrub Atriplex portulacoides. Ann. Bot. 100, 555–563.
doi: 10.1093/aob/mcm119
Rodriguez-Rosales, M. P., Jiang, X., Gálvez, F. J., Aranda, M. N., Cubero, B., and
Venema, K. (2008). Overexpression of the tomato K+ /H+ antiporter LeNHX2
confers salt tolerance by improving potassium compartmentalization. New
Phytol. 179, 366–377. doi: 10.1111/j.1469-8137.2008.02461.x
Sambrook, J., and Russell, D. W. (2001). Molecular Cloning: A Laboratory Manual,
3rd Edn. New York, NY: Cold Spring Harbor Laboratory Press.
Sanders, D. (2000). Plant biology: the salty tale of Arabidopsis. Curr. Biol. 10,
486–488. doi: 10.1016/s0960-9822(00)00554-6
Sarvesh, A., Anuradha, M., Pulliah, T., Reddy, T. P., and Kishor, P. B. K. (1996). Salt
stress and antioxidant response in high and low proline producing cultivars of
niger, Guizotia abyssinica (L.f) Cass. Ind. J. Exp. Biol. 34, 252–256.
Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by
the comparative CT method. Nat. Protoc. 3, 1101–1108. doi: 10.1038/nprot.
2008.73
Serrano, R., and Rodriguez-Navarro, A. (2001). Ion homeostasis
during salt stress in plants. Curr. Opin. Cell Biol. 13, 399–404.
doi: 10.1016/s0955-0674(00)00227-1
Shabala, S. (2000). Ionic and osmotic components of salt stress specifically
modulate net ion fluxes from bean leaf mesophyll. Plant Cell Environ. 23,
825–837. doi: 10.1046/j.1365-3040.2000.00606.x
Shi, H., Kim, Y., Guo, Y., Stevenson, B., and Zhu, J. K. (2003). The Arabidopsis
SOS5 locus encodes a putative cell surface adhesion protein and is required for
normal cell expansion. Plant Cell 15, 19–32. doi: 10.1105/tpc.007872
Shi, H., Ishitani, M., Kim, C., and Zhu, J. K. (2000). The Arabidopsis thaliana salt
tolerance gene SOS1 encodes a putative Na+ /H+ antiporter. Proc. Natl. Acad.
Sci. U.S.A. 97, 6896–6901. doi: 10.1073/pnas.120170197
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. doi: 10.1105/tpc.010371
Shi, L. Y., Li, H. Q., Pan, X. P., Wu, G. J., and Li, M. R. (2008). Improvement
of Torenia fournieri salinity tolerance by expression of Arabidopsis AtNHX5.
Funct. Plant Biol. 35, 185–192. doi: 10.1071/fp07269
Singh, A. K., and Dubey, R. S. (1995). Changes in chlorophyll a and b contents
and activities of photosystems 1 and 2 in rice seedlings induced by NaCl.
Photosynthetica 31, 489–499.
Strasser, R. J., Srivastava, A., and Govindjee. (1995). Polyphasic chlorophyll a
fluorescence transients in plants and cyanobacteria. Photochem. Photobiol. 6,
32–42. doi: 10.1111/j.1751-1097.1995.tb09240.x
Sze, H., Padmanaban, S., Cellier, F., Honys, D., Cheng, N. H., and Bock, K. W.
(2004). Expression patterns of a novel AtCHX gene family highlight potential

Frontiers in Plant Science | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Kumari, Kumar, Sivan, Katam, Suravajhala, Rao, Varshney and
Kishor. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

15

January 2017 | Volume 7 | Article 2027

