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Abstract

The SpAHAI gene, encoding a plasma membrane (PM) H™-ATPase (AHA) in Sesuvium portulacastrum, was transformed into
Arabidopsis plants, and its expression increased salinity tolerance of transgenic Arabidopsis plants: seed germination ratio, root
growth, and biomass of transgenic plants were greater compared to wild-type plants under NaCl treatment condition. Upon
salinity stress, both Na* and H" effluxes in the roots of SpAHA I expressing plants were faster than those of untransformed plants.
Transformed plants with SpAHA had lower Na* and higher K™ contents relative to wild-type plants when treated with NaCl,
resulting in greater K*/Na* ratio in transgenic plants than in wild-type plants under salt stress. Extent of oxidative stress increased
in both transgenic and wild-type plants exposed to salinity stress, but overexpression of SpAHA1 could alleviate the accumu-
lation of hydrogen peroxide (H,O,) induced by NacCl treatment in transgenic plants relative to wild-type plants; the content of
malondialdehyde (MDA) was lower in transgenic plants than that in wild-type plants under salinity stress. These results suggest
that the higher H"-pumping activity generated by SpAHA1 improved the growth of transgenic plants via regulating ion and
reactive oxygen species (ROS) homeostasis in plant cells under salinity stress.

Keywords Plasma membrane (PM) H*-ATPase - Salt tolerance - Ion homeostasis - Transgenic Arabidopsis - Sesuvium
portulacastrum

Introduction

Yafei Fan, Shumin Wan, and Yingshuo Jiang contributed equally to this

work Soil salinity is a major environmental stress affecting crop

growth worldwide. It is estimated that an area of 950 mil-
lion ha of arable land throughout the world, including
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sents an increasing threat to plant agriculture. Excessive
sodium (Na*) in the soil can enter plant cells, where it is
toxic to important physiological and biochemical processes;
thus, the growth of plants under salt stress is involved in
their ability to remove Na* ions from cells (Zhou et al.
2015). Plasma membrane (PM) H*-ATPases (AHAs) are
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The PM H*-ATPase is encoded by a large gene family
(Gaxiola et al. 2007; Fuglsang et al. 2010). Bioinformatics
analyses of Arabidopsis and rice genome sequences showed
11 and 10 PM H*-ATPases in them, respectively (Axelsen and
Palmgren 2001; Arango et al. 2003). The PM H*-ATPase
generates an electrochemical potential gradient across the
membrane through hydrolyzing ATP, which provides energy
for metabolic processors in plants. In plant cells, nitrate trans-
porter (NRT) is a NO; /H* symporter, which localizes at the
plasma membrane, mediates NO; uptake using the proton
motive force generated by PM H™-ATPase (Santi et al.
2003); stomatal aperture involves regulation of osmotic pres-
sure within guard cells, which is powered by H*-ATPase
(Gaxiola et al. 2007); the PM H*-ATPase is involved in
auxin-mediated cell elongation (Rober-Kleber et al. 2003);
so, the PM H*-ATPase is necessary for nutrient uptake, pho-
tosynthesis, and cell growth. Besides regulation of many
physiological processes, the PM H*-ATPases have a critical
role in plant adaptation to salt stress conditions. The expres-
sion of three Arabidopsis AHA genes (AtAHAI, AtAHA?2, and
AtAHA3) was induced by NaCl treatment (Bose et al. 2015).
The transcript level of PM H*-ATPase gene in salt-tolerant
poplar was higher versus a salt-sensitive poplar (Ding et al.
2010). PM H*-ATPase mRNA abundance was greater in hal-
ophytes relative to glycophytes (Niu et al. 1993; Sahu and
Shaw 2009). In contrast, salt stress induced AHA expression
in all tested plants, but transcript levels of AHA genes were
much lower in halophytes (quinoa) compared with glycophyte
(Arabidopsis) (Bose et al. 2015). Besides upregulation of PM
H*-ATPase gene, salinity induced its protein biosynthesis in
some plants (Chen et al. 2010; Lopez-Pérez et al. 2009;
Palmgren 2001). Salt treatment activated PM H*-ATPase
pump activity in Thellungiella halophila (Vera-Estrella et al.
2005). Salt-tolerant rice had higher H*-ATPase activity than
sensitive one (Pons et al. 2011). PM H*-ATPase activity was
higher in halophytes than that in glycophyte under salinity
stress, too (Bose etal. 2015). A PM H*-ATPase AHA4 mutant
Arabidopsis showed a dramatic growth reduction when ex-
posed to salt stress (Vitart et al. 2001). Transgenic tobacco
plants expressing a constitutively activated plasma membrane
H*-ATPase, lacking the autoinhibitory domain, displayed in-
creased salt tolerance compared with untransformed plants
(Gevaudant et al. 2007). These suggest that PM H*-ATPase
activity is involved in plant adaptation to salinity; so theoret-
ically, expression of wild-type (WT) PM H*-ATPase should
confer salt tolerance to transgenic plants, but the reports re-
garding improving salt tolerance of transgenic plants via over-
expressing PM H*-ATPase are rare.

Sesuvium portulacastrum is a halophyte with optimal
growth at 200-300-mM NaCl (Yi et al. 2014). Upon grown
in saline environment, S. portulacastrum cells accumulated
lots of Na*, and there is neither salt glands nor bladders in
all tissues of the halophyte (Slama et al. 2008; Lokhande et al.
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2010; Rabhi et al. 2010), suggesting that S. portulacastrum
may have special ability to extrude Na* out of cells. SpAHA1
is a PM-bound protein found in S. portulacastrum; not only its
expression could be induced by salinity but also SpAHALI
generated an increased proton gradient that stimulated the
Na*/H* exchange activity of SpSOSI1 in transgenic yeast cells,
such that the yeast cells coexpressing SpSOS! and SpAHAI
grew better than the cells transformed with only SpSOSI or
SpAHA I under NaCl treatment (Zhou et al. 2015). These sug-
gest that SpAHA1 may be implicated in the plant salt toler-
ance. To test the hypothesis, the SpAHAI gene was trans-
formed into Arabidopsis plants. SpAHAI-expressing
Arabidopsis plants displayed better growth relative to WT
plants under salinity condition. So, our results provided direct
genetic evidence about the salt-tolerant role of PM H*-ATPase
in transgenic plants.

Materials and methods
Plasmid construction

The cDNA sequence of PM H*-ATPase gene SpAHA I (acces-
sion no. JX628604) from S. portulacastrum plants was previ-
ously reported (Zhou et al. 2015). To construct its plant ex-
pression vector, the full length of SpAHAI was obtained by
PCR using the plasmid p414-SpAHA as a template and a pair
of primers (SpAHAI1-F and SpAHAI1-R shown in
Supplementary Table 1). The resulting fragment was digested
with Spe I and Eco72 1 and then inserted between the two
restriction enzyme sites of the pPCAMBIA1304 binary vector
(CAMBIA Co., Australia) containing kanamycin and
hygromycin resistance selectable markers to generate
pCAMBIA1304-SpAHAI.

Arabidopsis transformation and gene expression
assays

The recombinant plasmid pCAMBIA1304-SpAHAI was in-
troduced into Agrobacterium tumefaciens strain GV3101
(Konez and Schell 1986) using chemical transformation and
then transformed into Arabidopsis thaliana (Col-0) via flower
bud (Clough and Bent, 1998). Seeds from TO generation were
initially screened on MS medium containing 50-pug/mL
hygromycin B. DNA was extracted from putative transgenic
lines and used as the template to verify SpAHAI transgenic
plants via PCR amplification with SpAHAI gene-specific
primers (SpAHAI1-TF and SpAHA1-TR shown in
Supplementary Table 1) and the /4ygB gene primers (HygF
and HygR shown in Supplementary Table 1). Total RNA
was extracted from transgenic and WT plants using the
TRIzol method (Invitrogen, Carlsbad, USA). SpAHAI expres-
sion in transgenic plants was analyzed via reverse
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transcriptional (RT) PCR with an internal control of the house-
keeping gene Actin as described previously (Albrecht et al.
2003). The PCR products with described size were examined
by agarose gel electrophoresis, respectively. Quantitative real-
time PCR (qRT-PCR) was performed for expression assay of
Arabidopsis AtSOSI gene. RNA was extracted from WT or
SpAHA I-transgenic Arabidopsis plants treated with or with-
out 200-mM NaCl. The PCR conditions were as follows:
95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s, and
60 °C for 30 s. A dissociation curve from 60 to 95 °C was
generated to verify primer specificity, and data analysis was
performed using the SDS plate utility software, version 2.4.
The value of relative expression of the AsSOS! gene in un-
transformed plants without salt treatment was arbitrarily set to
1, and values of the relative expression of the gene in salt-
treated WT plants and SpAHA 1-transgenic plants treated with
or without NaCl were expressed based on the value measured
in the WT plants grown under control condition. The primers
of SpAHAI (SpAHAI1-RT-F and SpAHA1-RT-R), AtSOS1
(AtSOS1-qRT-F and AtSOS1-qRT-R), and Actin (Actin-RT-
F and Actin-RT-R; Actin-qRT-F and Actin-qRT-R) were
shown in Supplementary Table 1.

Salt-tolerant determination of SpAHA 7-expressing
plants

To test the response of SpAHA I-transgenic Arabidopsis
plants to salinity stress, seeds from T3 homozygous trans-
genic and WT plants were germinated on MS plates

50 75 100

NaCl concentration (mM)

supplemented with 0-, 50-, 75-, or 100-mM NaCl in growth
chamber at 22 °C with 16-h light/8-h dark. After 7 days, the
plates were photographed, and germination ratios of these
seeds were recorded. As for the experiments about the re-
sponse of seedlings to salinity stress, 5-day-old seedlings
grown on MS medium were transferred onto MS plates with
0-, 50-, and 75-mM NaCl, respectively, and allowed to grow
for 7 days; after that the root length, lateral root number, and
fresh weight of the seedlings were measured. Again, the 5-
day-old seedlings were transferred into pots containing or-
ganic soil and sand (3:1, v/v) and grown in the greenhouse at
22 °C with 16-h light period for 4 weeks and then treated
with 200-mM NaCl. After 10 days, the plants were
photographed, and plant growth was assessed as fresh
weight.

Determination of H* and Na™ flux in roots

Seven-day-old seedlings grown on MS plates were transferred
to MS medium with 0- or 100-mM NaCl. Three days after
NaCl treatment, the roots from the seedlings were balanced in
measurement buffer (0.1-mM KCI, 0.1-mM CaCl,, and 0.5-
mM MES, pH 6.0) to balance for 5 min, and then, net H" or
Na* flux in the roots was determined using Non-invasive
Micro-test Technology (NMT100 Series, Younger USA
LLC., Amherst, MA01002, USA) and iFluxes/imFluxes 1.0
(YoungerUSA, LLC, Amherst, MA 01002, USA) Software in
the Younger USA (Xuyue Beijing) NMT Service Center as
described previously (Sun et al. 2009; Zhou et al. 2016).
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Fig. 2 Change in the growth of a
the seedlings treated with NaCl.
Five-day-old seedlings grown MS
plates were transferred to MS
plates with 0-, 50-, and 75-mM
NaCl, respectively. a After

7 days, the seedlings on the plates
were photographed. Growth per-
formance was expressed as fresh
weight (b), root length (¢), or lat-
eral root number (d). Data repre-
sent the mean + SE of 12 repli-
cates, and different letters above
the columns indicate significant
differences at p < 0.05 level
among the different data. OE-2/3,
SpAHA I-overexpressing line 2/3;
WT, wild-type plants

OE-3

50 mM NaCl

75 mM NaCl

Assays of Na” and K* contents in Arabidopsis plants

The SpAHA I-expressing and WT seedlings were treated with
or without 200-mM NaCl for 2 weeks, and then the Na* and
K* contents in the plants were determined by atomic absorp-
tion spectrometry as previously described (Zhou et al. 2016).

Assays of hydrogen peroxide and MDA content

One-week-old seedlings of SpAHAI-expressing and WT
Arabidopsis were exposed to 75-mM NaCl for 7 days, and
then hydrogen peroxide (H,O,) in plants was analyzed by
3,3'-diaminobenzidine (DAB) staining method described by
Daudi and O’Brien (2012); the MDA content was determined
in the leaves according to the thiobarbituric acid (TBA) meth-
od (Dhindsa and Matowe 1981).
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Statistical analysis

The two-tailed Student’s test was used to analyze the data
expressed as the means + SE, and differences with a p value
<0.05 were considered significant.

Results
Identification of SpAHAT transgenic plants

The gene SpAHAI, encoding a PM-bound H*-ATPase (Zhou
et al. 2015), was transformed into Arabidopsis plants via me-
diation of a binary expression vector PCAMBIA1304 with the
CaMV 35S promoter. Genomic DNA PCR analyses with
SpAHA1 gene specific primers and the primers of 4ygB gene
showed that 11 transgenic lines were gotten (Supplementary
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Fig. 3 Change in the growth of a
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Fig. 1a). RT-PCR analysis was performed to study the expres-
sion level of SpAHAI in transgenic plants. Except for the
lower expression level in line 5 and line 8, SpAHA1 could
significantly be expressed in other transgenic lines
(Supplementary Fig. 1b). So, the T3 generation of homozy-
gous transgenic plants of SpAHA1-line 1, SpAHA1-line 2, or
SpAHA1-line 3 was used to analyze SpAHA1 function.

The effects of salinity stress on seed germination
and the growth of seedlings

Seed germination and seedling growth are most sensitive
stages during whole life period; so, the plant responses to
salinity stress during the two early stages can clearly indicate
plant salt tolerance. Seeds from three transgenic lines (linel,
line2, and line3) and WT Arabidopsis plants could nearly
germinate under normal MS medium plates, but NaCl treat-
ment severely inhibited the germination of WT seeds, the ger-
mination ratio decreased with increasing NaCl concentrations,
even all WT seeds exposed to 100-mM NaCl could not ger-
minate (Fig. 1); the transgenic seedlings grew slowly after
germination under salinity treatment relative to those grown
on MS plates without NaCl, but their seeds nearly could

germinate under 50- and 75-mM NaCl except for decreased
germination ratio under 100-mM NaCL

In order to investigate the influence of salinity on seedlings
growth, 5-day-old seedlings of SpAHA 1-line 2 and SpAHA1-
line 3 grown in normal medium were transferred to normal
medium or MS medium containing 50- or 75-mM NaCl.
Seven days after transferring, the plant growth parameters
were analyzed. As seen from Fig. 2a—d, no growth difference
was observed between WT and transgenic plants under normal
condition. However, when grown on NaCl plates, SpAHA -
expressing seedlings grew better relative to WT plants. For
example, the root length, fresh weight, and the number of
lateral roots of SpAHA1-line 2 were 27, 40, and 38% greater
than untransformed plants under 75-mM NaCl condition, re-
spectively (Fig. 2). These indicated that SpAHA expression
lightened the effect of salinity stress on plant growth.

SpAHAT1 increased salt tolerance of mature plants
in soil

To address more accurately the effect of salinity stress on plant
growth, 5-day-old uniform seedlings grown in normal medi-
um were transferred into soil. After 4 weeks, the plants were
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Fig. 4 H* fluxes in roots of wild-
type Arabidopsis plants and
transgenic lines. Seven-day-old
seedlings were transferred to MS
medium with or without 100-mM
NaCl for 3 days, and then H* flux
in roots was measured using the
NMT technique as described in
the “Materials and methods” sec-
tion. a The change in the NMT
signal is expressed as arbitrary
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treated with 200-mM NaCl for 10 days, and then the whole
plants were harvested and weighted. The growths of WT and
transgenic plants (line 2 and line 3) were inhibited while ex-
posed to NaCl treatment (Fig. 3a, b), but the growth reduction
of SpAHA I-expressing plants is 52 and 46% smaller relative
to WT plants under NaCl treatment (Fig. 3c), indicating that
SpAHAL conferred salt tolerance to transgenic plants.

Faster H* efflux and Na* extrusion in roots and lower
Na* content in transformed plants exposed to salt
stress

The PM H*-ATPase generates proton gradient across the
membrane, which energizes for many physiological pro-
cesses, such as nutrient uptake, stomatal opening, phloem
loading, and cell growth (Palmgren 2001). The proton mo-
tive force created by H*-ATPase is also essential for Na*
extrusion from root cells mediated by a PM Na*/H*
antiporter SOS1, which is the only Na* efflux protein
(Gaxiola et al. 2007). SpAHA1 could function as a PM
H*-ATPase and provide energy for Na*/H* exchange ac-
tivity of SpSOSI in co-transgenic yeast cells under salinity
condition (Zhou et al. 2015). In the present investigation,
the roots from the tested plants were equilibrated in mea-
surement buffer of pH 6 for 5 min, and then proton flux
signal was recorded. Acidification of the measurement
buffer led to significant proton uptake of roots of plants
grown in normal medium (Fig. 4). In contrast, salinity
treatment led to H* efflux in the roots (Fig. 4), which is
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consistent with the previous report that NaCl induced sig-
nificantly H* efflux in the roots of Arabidopsis plants
(Bose et al. 2015), suggesting that PM H*-ATPase activity
in roots from seedlings exposed to salinity stress was
higher compared with unstressed plants. The increased
H*-pumping activity in Arabidopsis treated with NaCl
may be involved in salinity-induced AHA expression in
Arabidopsis plants (Bose et al. 2015). Furthermore, H*
efflux in the roots of SpAHAI transgenic plants
(SpAHA1-line2) was faster than that in WT plants while
treated with NaCl (Fig. 4b). H" extrusion across plasma
membrane is dependent on PM H'-ATPase (Fuglsang et
al. 2007), that is, if the activity of PM H*-ATPase in-
creases, the rate of H" efflux at plasma membrane in-
creases. These suggested that proton pump ability of PM
H*-ATPase of SpAHAI-expressing seedlings was relatively
higher compared to WT, which was involved in constitu-
tive expression of SpAHAI1 regulated by 35S promoter
from the plasmid pCAMBIA1304 (Supplementary
Fig. 1b). So, the extra H -pumping activity mediated by
SpAHAT1 could provide more motive force for Na* extru-
sion generated by PM Na*/H™ antiporter; correspondingly,
Na* was faster transported out of cells in SpAHAI trans-
genic (SpAHA 1-line2) roots than WT plants under salinity
stress (Fig. 5a, b). Additionally, PM H*-ATPase higher
activity in saline conditions reduced Na* influx through
repolarizing the NaCl-induced depolarization of the PM
(Sun et al. 2009). These lead to less Na* accumulation in
SpAHA I-expressing plants exposed to salinity stress
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Fig.5 Na" fluxes in roots of wild- a
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relative to WT plants (Fig. 6a); so, SpAHA1 could allevi-
ate toxicity of salinity stress via decreasing Na* concentra-
tion in cytosol.

Increased K* content in SpAHAT-expressing plants

High concentrations of Na* in plant cells exposed to salinity
stress caused plasma membrane depolarization, which in-
creases K* efflux through depolarization-activated outward
rectifying K* channels (Adams and Shin 2014), leading to
K* nutrient deficiency in plants under salt stress. Therefore,
maintaining cellular K* levels above a certain threshold in
saline environments is critical for plant growth and salt toler-
ance (Zhu et al. 1998). The proton gradient created by H*-
ATPase is largely responsible for a negative potential across
the plasma membrane, which is essential for PM repolariza-
tion under salinity stress (Mansour 2014). Upon exposure to
salinity stress, the roots of SpAHAI-expressing Arabidopsis
had faster H* efflux compared to WT plants (Fig. 4a, b), indi-
cating that higher H*-pumping activity generated by SpAHALI
was helpful to PM repolarization; NaCl treatment decreased
K* content in both WT and transgenic plants, but SpAHA -

a
200
100 r
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——WT
—m— SpAHAL

S S I I N B . | | I

36 72 108 144 180 216
Time (s)

b

SpAHA1

expressing plants (SpAHA1-line2) had increased K* content
relative to WT plant while treated with NaCl (Fig. 6b); the
plants expressing SpAHAI grew better than WT plants in sa-
line environment. These suggest that SpAHA1 expression
could relieve the inhibitory effect of salinity on plant growth
via maintaining K* homeostasis in plant cells.

SpAHAT1 expression led to less reactive oxygen
species (ROS) accumulation in transgenic plants
treated with NaCl

Salt stress interferes with the homoeostasis of ROS and leads
to ROS accumulation (Borsani et al. 2001). Hydrogen perox-
ide (H,0O,) is one of several ROS and can be detected out by
staining with 3,3’-diaminobenzidine (DAB) in plant tissues
(Daudi and O’Brien 2012). In the present study, DAB-
staining WT and transgenic plants exposed to salinity stress
had darker color than non-stressed plants (Fig. 7a), indicating
that H,O, content was higher in NaCl-treated plants than in
untreated plants. However, as seen from Fig. 7a, the brown
color of DAB-staining plants of transgenic plants was lighter
relative to WT plants under saline condition, suggesting that

@ Springer



1834 Y. Fan et al.
Fig. 6 Na' and K* contents in —~a
wild-type Arabidopsis plants and 5 ~
transgenic lines. WT and trans- 'g 100 BWT a
genic plants grew in soil with 0- L OSpAHAL
or 200-mM NaCl for 2 weeks, E 80 P b
and Na* (a) and K* (b) in the o= 60 |
above plants were determined as o
described in the “Materials and é 40
methods.” Data represent the =
mean = SE of three replicates; ﬂ_,: 20 1 a a
different letters above the col- ° | oo 1
umns indicate significant differ- +:; 0
ences at p < 0.05 level among the Z. Control 200 mM NaCl
different data. SpAHAI,
SpAHA I-overexpressing line 2;
WT, wild-type plants b
= BW
280 a a T
o 0 SpAHAI
>
60 | b
a
en
& 40 a
£
§ 20 1
S0 ' —
N,
Control 200 mM NaCl

SpAHAT1 might alleviate H,O, accumulation in transgenic
plants induced by salinity. Excessive ROS can damage mem-
brane integrity via oxidizing membrane lipids, such that useful
metabolites leak from plant cells (Velarde-Buendia et al.
2012). Malondialdehyde (MDA) is a critical oxide of mem-
brane lipids; so, it can represent the membrane lipid damage to
some extent. Here, the difference of MDA contents between
WT and transgenic plants was not clear under non-stress con-
dition, whereas upon exposure to salinity, WT plants accumu-
lated more MDA compared with transgenic plants (Fig. 7b),
suggesting that oxidative damage to membranes in SpAHAI-
transgenic plants was less. These results indicate that
SpAHA1 could increase plant salt tolerance via alleviating
oxidative damage generated by salinity stress.

Discussion

Sodium is a trace element in plants. However, excess sodium
in the plant cells is toxic to some important physiological and
biochemical processes; so, Na™ extrusion from cells is in-
volved in plant salt tolerance. The proton motive force created
by H*-ATPase under salt stress energizes Na* extrusion me-
diated by a PM Na*/H" antiporter SOS1 (Zhou et al. 2015).
Therefore, the PM H*-ATPase is a kind of key plant
halotolerance factor. T-DNA insertion mutant Arabidopsis of
a PM H*-ATPase AHA4 displayed decreased growth relative
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to WT plant under salinity stress (Vitart et al. 2001).
Hyperactive mutant of a tobacco plasma membrane H-
ATPase 2PMAA4 increased salt tolerance of transgenic tobacco
compared to untransformed plants (Gevaudant et al. 2007),
but it was not reported whether the overexpression of the
WT H*-ATPase conferred strong salt tolerance to transgenic
plants there. In the present study, in order to provide a direct
genetic evidence for the involvement of full-length PM H™-
ATPase gene in salt tolerance in transgenic plants, a PM H*-
ATPase gene SpAHAI was cloned from a halophyte S.
portulacastrum and transformed into Arabidopsis plants.
The growth of both WT and transformed Arabidopsis plants
was inhibited under salinity stress, but SpAHA I-expressing
plants exhibited increased salt tolerance relative to WT plants
and displayed more than 80% higher germination rate and
40% greater biomass than WT plants under 75-mM NaCl,
respectively (Figs. 1 and 2); the roots of transgenic plants with
SpAHA1 had a faster net H" efflux rate than WT plant under
salt stress(Fig. 4); in these transgenic and non-transgenic
plants treated with NaCl, the Na* efflux rate in transgenic
roots was faster relative to untransformed roots, such that
SpAHA I-expressing plants accumulated less Na* compared
to WT plants (Fig. 5).

Our recent investigation showed that SpAHA1 functioned
as a H"-ATPase at the plasma membrane and produced an
increased electrochemical gradient of protons to promote the
Na*/H* exchange activity of SpSOSI1 in yeast cells
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Fig. 7 Assays of hydrogen peroxide (H,O,) and MDA content. Wild-
type and transgenic seedlings were treated with 75-mM NaCl, and the
plants were harvested. a Plant H,O, was analyzed as described in the
“Materials and methods.” One representative of three plants. After
wild-type and transgenic Arabidopsis plants were treated with 75-mM
NaCl for 10 days, b MDA contents in leaves were determined as de-
scribed in the “Materials and methods.” Data represent the mean + SE
of three replicates; different letters above the columns indicate significant
differences at p < 0.05 level among the different data. OE-2/3, SpAHAI-
overexpressing line 2/3; WT, wild-type plants

coexpressing both genes SpAHAI and SpSOS1 (Zhou et al.
2015). NaCl treatment induced the expression of AzSOS! in
Arabidopsis plants, which is consistent with the previous re-
port that Arabidopsis SOS1 was up-regulated at the transcrip-
tion level in response to NaCl (Shi et al. 2000). Furthermore,
mRNA abundance of AtSOS! was higher in SpAHA [-trans-
genic plants than WT plants under salinity stress
(Supplementary Fig. 2). These suggest that enhanced plasma
membrane H* pumping generated by SpAHALI in transgenic
plants provided extra energy to support Na* export mediated
by the native Na*/H* antiporter at the plasma membrane; ex-
cess Na* in the cytosol was transported out of cells, such that

the toxicity of intracellular Na* became lower; corresponding-
ly, the plants expressing SpAHAI grew better than untrans-
formed plants in the saline environment (Figs. 1 and 2), indi-
cating that the SpAHA1 may play a decisive role in plant salt
tolerance and can be utilized as candidate gene for engineering
salt tolerance in crops.

ROS are toxic when they accumulate in the cells. So, in-
tracellular ROS levels under normal conditions are tightly
regulated by numerous peroxidative and antioxidative reac-
tions within the cell. Salinity can disequilibrate between
ROS production and scavenging, resulting in the accumula-
tion of ROS, which in turn negatively affects cellular struc-
tures and metabolism (Chaves and Oliveira 2004; Chaves et
al. 2009). In order to protect a cell from oxidative damage
generated by salinity, excess ROS should be scavenged by
antioxidant mechanisms. Haem oxygenase (HO) is an impor-
tant component of the antioxidant defense systems in plants;
overexpression of AtHO gene enhanced salinity tolerance in
Arabidopsis via increasing the activity and expression of the
PM H'-ATPase (Bose et al. 2013). Here, H,O, contents in-
creased in both untransformed and transgenic plants when
treated with NaCl, but comparative analyses showed that
SpAHA1 expression in Arabidopsis plants led to lower H,O,
level relative to WT plants under salinity stress (Fig. 7a).
Excessive ROS can damage membrane integrity, such that
useful metabolites leak out of plant cells. It is reported that
NaCl-induced K* efflux is a result of the PM disintegrity and
not due to ion channel mediation in rice (Coskun et al. 2013),
indicative of the prime role of the PM stability maintenance in
salt tolerance of plants. In the present study, the MDA content
of non-transgenic Arabidopsis plants was higher than
SpAHA I-expressing plants when exposed to salinity stress
(Fig. 7b). These indicate that expression of SpAHA [ alleviated
membrane damage via regulating ROS homeostasis in plant
cells under salt stress and improved the growth of transgenic
plants treated with NaCl.

Potassium (K™) is an essential macronutrient that plays an
important role in plant growth and development (Barragan et
al. 2012). Due to similarity in physicochemical properties be-
tween Na* and K*, Na* competes with K* for major binding
sites in key physiological and biochemical processes in the
cytoplasm (Marschner 1995), especially, Na* inhibits the ac-
tivity of many enzymes that require K* for functioning
(Duggleby and Dennis 1973); so, excessive Na* can interfere
with the essential roles of K* in the cytosol (Marschner 1995).
It has been suggested that plant survival under salt stress re-
quires a high cytosolic K¥/Na™ ratio in the cytoplasm. So,
restricting Na™ influx into cells may improve plant growth
under salinity stress (Lutts et al. 1996; Tester and Davenport
2003). Under salt stress conditions, PM potential is strongly
depolarized, which favors passive Na* influx to cells and K*
efflux out of cells. Electrochemical potential gradient across
PM generated by H*-ATPases can repolarize the NaCl-
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induced depolarization of PM (Mansour 2014). So, the main-
tenance of the PM potential through H"-ATPases activity can
help to reduce Na* influx via depolarization-activated NSCCs
and K* efflux via KORs and NSCCs (Sun et al. 2009). Net H*
efflux from root cells was faster in SpAHA ! transgenic plants
relative to WT plants (Fig. 4), suggesting that SpAHA1 gen-
erated extra H*-ATPase activity and provided higher electro-
chemical potential and H* gradient across PM, which may be
helpful to reduce Na* influx and K* efflux, correspondingly,
leading more K" retention and lower Na* concentration in
cytosol of transgenic Arabidopsis plants than WT plants
(Fig. 6), and restored higher K*/Na* level in SpAHA1 trans-
genic plants than in WT plants, which is a strong indication of
salt tolerance. These results suggest that SpAHA1 could in-
crease salt tolerance through controlling K*/Na* homeostasis
in transgenic plants.

Taken together, the genetic evidence suggests that
SpAHA1 function to decrease the accumulation of Na* via
producing an increased electrochemical gradient of protons
to promote PM Na*/H* exchange activity and plays a critical
role in plant salt tolerance.
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