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Abstract

Kallar grass (Leptochloa fusca) is a highly salt-tolerant C4 perennial halophytic forage. The regulation of ion movement
across the plasma membrane (PM) to improve salinity tolerance of plant is thought to be accomplished with the aid of the
proton electrochemical gradient generated by PM HT-ATPase. In this study, we cloned a partial gene sequence of the Lf PM
HT-ATPase and investigated its expression and activity under salt stress. The amino acid sequence of the isolated region of
LfPM H*-ATPase possesses the maximum identity up to 96% to its ortholog in Aeluropus littoralis. The isolated fragment
of LfPM H*-ATPase gene is a member of the subfamily IT of plant PM H*-ATPase and is most closely related to the Oryza
sativa gene OSA7. The transcript level and activity of the PM H*-ATPase were increased in roots and shoots in response to
NaCl and were peaked at 450 mM NaCl in both tissues. The induction of activity and gene expression of PM H*-ATPase in
roots and shoots of Kallar grass under salinity indicate the necessity for this pump in these organs during salinity adaptation

to establish and maintain the electrochemical gradient across the PM of the cells for adjusting ion homeostasis.
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Introduction

Plants are continually exposed to a large variety of biotic
and abiotic stresses during their whole life that severely
reduces their productivity (Cao et al. 2017). Salinity is a
significant abiotic stress affecting plant growth and devel-
opment and is expected to increase because of global
weather changes and as a consequence of many irriga-
tion practices (Reddy et al. 2017). Usually, the high salt
concentration can disturb vital physiological processes
through inducing low osmotic potential of the soil solu-
tion (water deficits), hyperosmotic stress, ion imbalance,
nutritional imbalance, metabolic disorders, and even
death (Munns and Tester 2008). However, ionic imbal-
ance caused by the accumulation of excessive amounts of
Na* and Cl~ ions is a major contributory factor (Acosta-
Motos et al. 2017). Under conditions of elevated NaCl
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levels outside the cell, Na™ excessively accumulates in
the cytoplasm, which results in the inhibition of plant
growth and development (Janicka-Russak et al. 2013).
The reactions of the plant to salinity stress are complex
and involving responses to cellular osmotic and ionic
stresses, subsequent secondary stresses (e.g., oxidative
stress), and whole plant coordination of these responses
(Gupta and Huang 2014). The regulation of intracellular
ion concentration is an essential strategy for growth in a
saline environment. To prevent the accumulation of exces-
sive amounts of Na* in the cytosol, Na* is excluded from
the cytosol to the apoplast or compartmentalize inside
the vacuole utilizing the Na*/H" antiporters (Park et al.
2016). Elimination of sodium ions out of the cell, cata-
lyzed by the specific PM Na*/H™ antiporter, depends on
the membrane proton electrochemical gradient (Blumwald
et al. 2000). H*-ATPase is a significant enzyme protein of
the plant plasma membrane. It is involved in many physi-
ological processes during plant growth and development,
including those related to environmental stress tolerance,
intracellular pH regulation, stomatal movements, and cel-
lular expansion (Haruta et al. 2015; Zhu et al. 2015). The
PM H*-ATPase uses the energy released upon hydrolysis
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of ATP to transport proton across the plasma membrane
of the cells against chemical and electrical gradients (Sze
et al. 1999; Falhof et al. 2015). Using this mechanism,
the proton electrochemical gradient, which is generated
and maintained across the plasma membrane, provides
the driving force for secondary transporters and chan-
nel proteins to uptake and efflux of ions and metabolites
across the plasma membrane (Palmgren 2001; Almeida
etal. 2017). Multiple genes encoding PM H*-ATPase have
been cloned in many plants such as Arabidopsis thaliana
(Harper et al. 1994), rice (Zhang et al. 1999), tomato (Kal-
ampanayil and Wimmers 2001), Chloris virgata (Zhang
et al. 2014), Hevea brasiliensis (Zhu et al. 2015), and
potato (Stritzler et al. 2017). The molecular study of plant
PM H*-ATPase has shown that this enzyme is encoded by
a multigene family organized into five subfamilies accord-
ing to their amino acid sequence identities and expres-
sion profiles (Gaxiola et al. 2007; Zhu et al. 2015). The
expression of genes belonging to subfamilies I and IT is
not restricted to particular organs and highly expressed in
all plant tissues. Conversely, expression of genes belong-
ing to the other three groups is more specialized, and their
expression is limited to specific organs or cell types and/
or to the particular conditions, including salt stress (Ped-
ersen et al. 2012). Several studies have revealed that activ-
ity and transcript levels of PM H*-ATPase differentially
regulated in response to environmental and hormonal sig-
nals, including salinity in both halophytes and glycophytes
(Kalampanayil and Wimmers 2001; Janicka-Russak and
Ktobus 2007; Sahu and Shaw 2009; Pedersen et al. 2012).

Leptochloa fusca (L.) Kunth, also known as Diplachne
fusca, is a C4 perennial halophytic forage plant from the
Poaceae family and widely spread in salt-affected regions
of Pakistan and India. This forage plant is locally known
as Kallar grass. It is an attractive model plant to study the
mechanism of salinity tolerance, mainly due to its charac-
teristics as a typical euhalophyte having both accumulating
and excreting properties (Adabnejad et al. 2015). In a previ-
ous study, we reported the isolation, characterization, and
gene expression analysis of PM Na*/H* antiporter (SOS1)
gene from Kallar grass during salinity stress (Taherinia et al.
2015). The extrusion of Na* through this Na*/H* antiporter
is driven by an inwardly directed proton gradient produced
by the PM H*-ATPase (Janicka-Russak and Kabala 2015).
However, there are no reports on the isolation and identifica-
tion of PM H*-ATPase gene from this monocot halophyte.
Therefore, to complete the previous study, in the present
work, a cDNA fragment representing the partial coding
sequence of PM H*-ATPase gene was isolated by a PCR
approach, and the effect of NaCl on gene expression and
activity of the PM H*-ATPase in the halophyte Leptochloa
fusca was studied. The results provide useful information for
future studies on the molecular and biochemical basis of the
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PM H*-ATPase role in salinity tolerance and to gain a better
understanding of adaptation to salt stress in this halophyte.

Materials and methods
Plant material, growth conditions, and treatments

The surface-sterilized seeds were planted in 15-cm diam-
eter pots filled with prewashed and nutrient-free sand.
Plants were grown in a greenhouse under conditions of a
16:8 h (light:dark) photoperiod at temperature 26 +2 °C and
irrigated daily with half-strength Hoagland’s solution for
60 days before starting salt treatments. After this period, the
seedlings were treated with half-strength Hoagland’s solu-
tion containing different concentrations of NaCl. To avoid
salt shock injuries, salt treatments were gradually stepped
up in 75 mM/day increments until final salinity concen-
trations of 300, 450 and 600 mM were achieved. Control
plants were maintained in half-strength Hoagland’s solu-
tion without NaCl. For every treatment, three replicates were
maintained. Shoots and roots were harvested 3 weeks after
final treatment concentrations were achieved, frozen in liq-
uid nitrogen, and kept at —80 “C until enzyme activity and
Real-time qRT-PCR analyses.

Determination of Na* and K* contents in shoots
and roots

After oven-drying, root and shoot samples were ground to
a fine powder and burned in 560°C to obtain ash, which was
then digested in 10 mL of 1N HCI. Na and K ion concentra-
tions in the digested samples were determined using a flame
photometer JENWAY, PFP-7, Staffordshire, UK).

Cloning of partial PM H*-ATPase coding sequence

Total RNA was extracted from root tips of Kallar grass by
Topazol plus Kit (TopazGene, Iran) according to the manu-
facturer’s instructions and then was treated with RNase-free
DNase I (Thermo Fisher Scientific) to remove DNA contami-
nation. One pg of RNA was reverse-transcribed to its corre-
sponding cDNA according to the instructions of the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
The resulted cDNA can finally be used as a template in PCR.
The primers were designed using Primer Premier 6 (Table 1)
according to conserved regions of PM H*-ATPase orthologs
in other members of Poaceae, i.e., Oryza sativa, Triticum aes-
tivum, Zea mays, Hordeum vulgar and Aeluropus littoralis.
The PCR was performed in a total volume of 25 pl containing
1 pmol of forward and reverse primer. The PCR condition was
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Ta!ale 1 Sequejnces _Of primer Gene Sequence (5' to 3") Product
pairs used for isolation the size
partial gene sequence of LfPM ibp)
H*-ATPase and real-time qRT-
PCR analysis PM H*-ATPase (isolation) Forward: CTAAGGACAGAGTTAAGCC’ 660
Reverse: GAGGGTGTTGAGCTCCC
PM H*-ATPase (real-time qRT-PCR) Forward: TGCTACTGGTATTGTGCTTGG 124
Reverse: ATGCTCGCTGTCCCTGATAG
18SrRNA (real-time qRT-PCR) Forward: ATGATAACTCGACGGATCGC 169

Reverse: CTTGGATGTGGTAGCCGTTT

3 min at 94 °C (one cycle), 45 Sec at 94 °C, 45 Sec at 54 C,
1 min at 72 “C (30 cycles), and 10 min at 72 “C (one cycle).

Cloning of PM H*-ATPase amplicon into sequencing
vector

To clone the amplicon of PM H*-ATPase into pTZ57R/T vec-
tor, InsTAclone™ PCR Cloning Kit (Thermo Fisher Scien-
tific), and competent cells of E. coli strain DH5a were used
according to manufacturer’s instructions. In brief, based on
blue/white screening, recombinant colonies were selected
for DNA extraction by GF-1 Plasmid DNA Extraction Kit
(Vivantis, Malaysia). The sequencing of an isolated coding
region of the PM H*-ATPase gene was carried out by Faza
Pajooh Biotech (Tehran, Iran) using M13 universal primers.
The resulted sequence was checked using Chromas Lite 2.01
(Technelysium) after the clipping of vector sequences.

Conserved domains, homology, and phylogenetic
analyses

The sequence homology and the deduced amino acid
sequence comparisons were carried out using the BLAST
algorithm at the National Center for Biotechnology Infor-
mation (NCBI) (http://www.ncbi.nlm.nih.gov/blast). The
conserved domain platform (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml) and InterProscan (www.ebi.ac.uk/
tools/pfa/iprscan), were employed to examine the protein
family, domain, or functional site. Gene translation and
prediction of the deduced protein were carried out using
the EXPASY tool (http://au.expasy.org/translate/). Multiple
sequence alignment was performed using BioEdit version
7.1.9. The phylogenetic tree was constructed by the MEGAS
software using the neighbor-joining method with 1000 boot-
strap replications.

Gene expression analysis
RNA extraction and cDNA synthesis

Total RNA was isolated from shoots and roots of the control
and treated seedlings using Topazol plus Kit (TopazGene,

Iran) following the manufacturer’s instructions. RNA quan-
tification was carried out using a Thermo Scientific™ Nan-
oDrop™ One® Spectrophotometer and gel electrophoresis to
test the RNA quality and purity, as described by Sambrook
et al. (1989). Next to DNasel treatment of RNA samples,
1 pg of total RNA was reverse-transcribed to corresponding
cDNAs using RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific).

Real-time qRT-PCR analysis

Real-Time Quantitative Reverse Transcription PCR was
performed on a Bio-RadiQ5 Multicolor Real-Time PCR
detection system (BioRad, Hercules, CA, USA) following
the manufacturer’s protocol using the SYBR Green PCR
Master Mix. The primer pairs used for Real-time qRT-PCR
are listed in Table 1. 18SrRNA was used as an internal refer-
ence gene (Nicot et al. 2005). Relative expression software
tool (REST) analysis provided ratios of expression, statisti-
cal analysis, and confidence intervals for the results. The
reaction conditions included an initial denaturing step of
95 °C for 10 min followed by 40 cycles of 95 C for 15 s,
58 °C for 15 s, and 72 °C for 30 s, after which a melt curve
was produced at 60-95 ‘C. Each Real-time gqRT-PCR analy-
sis was carried out in triplicates.

PM H*-ATPase activity assay

PM H*-ATPase activity was determined in purified mem-
branes isolated by a two-step aqueous two-phase parti-
tioning system as described by Buckhout et al. (1989)
from shoots and roots of Kallar grass seedlings with or
without salt treatment. The protein content of the plasma
membrane was calculated from a BSA standard curve, as
described by Bradford (1976). The hydrolytic activity of
PM H*-ATPase was assayed according to the method of
Blumwald and Poole (1987) by adding 50 pL (approxi-
mately 5 pg) plasma membrane vesicles into 500 pL reac-
tion medium containing 30 mM Hepes-Tris (pH 6.5),
50 mM KNO;, 3 mM MgSO,, 0.1 mM (NH,),Mo0,,
0.1 mM NaNj; and 0.01% (w/v) Triton X-100. The reac-
tion was initiated by adding 3 mM ATP-Na2. After 20 min
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of reaction at 37 ‘C, the reaction was stopped by adding
50 pL 55% (v/v) trichloroacetic acid. Inorganic phosphate
hydrolyzed by the plasma membrane vesicles was deter-
mined according to Ohnishi et al. (1975), and the activity
was expressed as umol Pi/mg protein/h.

Statistical analysis

Statistical analysis of all parameters was performed using
SAS 9.1 software. Averages of three replicates for all data
in this study were used. Standard deviations are given as
bars. One-way between-subjects ANOVA was conducted
to compare the effect of different levels of salinity on Na*
and K* contents, gene expression, and enzyme activity
of Lf PM-H"-ATPase in roots and shoots of Kallar grass.
Post-hoc comparisons using Duncan’s multiple range tests
(p=0.05) were used to compare means when ANOVA
was significant.

Results
The effect of salt stress on Na* and K* accumulation

The amount of Na* and K™ accumulated in shoots and
roots and the Na*/K* ratio is shown in Table 2. In general,
Na* accumulation exhibited a continuous increase in the
shoots and roots of Kallar grass in response to increasing
salt stress. In both tissues, the K content increased with
rising salinity and reached the highest value at 300 mM
NaCl and then decreased gradually. The Nat/K™ ratio of
Kallar grass gradually increased in both tissues follow-
ing treatment with increasingly higher concentrations of
NaCl. Under the extreme salt stress (600 mM NaCl), Na*
content in both tissues was peaked, thereby resulting in
an increase in Na*/K™ ratio by 6.5- and 6.3-fold in shoots
and roots, respectively (Table 2).

Conserved domains, homology, and phylogenetic
analyses of Lf PM H*-ATPase

Using conserved sequences of PM H*-ATPase, Lf PM
H*-ATPase partial sequence (660 bp) was cloned from
Leptochloa fusca and deposited in GenBank with accession
number KM234610. As prophesied with the ORF finder,
the greatest length of the LfPM H-ATPase ORF is 615 bp,
which encodes a 204 amino acid peptide. According to the
results of the conserved domain analysis, the isolated region
of Kallar grass PM HT-ATPase is related to HAD_like
superfamily (c121460).

The aa sequence of the isolated Lf PM H*-ATPase frag-
ment comprising 288 aa (GenBank: AIV00616) was used as
an initial query to search, using the protein—protein BLAST
tool, against the non-redundant protein sequences. As a
result, the identity of the deduced amino acid sequence of
isolated Lf PM H*-ATPase gene to that of Aeluropus lit-
toralis, Zea mays/Sorghum bicolor, Oryza sativa, Setaria
italica, and Triticum aestivum/Hordeum vulgare was 96%,
93%, 91%, 90%, and 84%, respectively (Fig. 1).

To investigate the relationship between the Kallar grass
PM H*-ATPase gene and other P-type ATPase genes, a phy-
logenetic tree was created using the MEGA 5.1 software by
comparing the amino acid sequences of LfPM H-"ATPase,
Nicotiana plumbaginifolia, Oryza sativa, and Arabidopsis
thaliana. The results showed that PM H*-ATPase could be
divided into five distinct subgroups as described previously
(Pedersen et al. 2012; Falhof et al. 2015), in which Lf PM
H*-ATPase was classified as a subfamily including OSA7,
PMA4, AHA3, AHA1, AHA2, AHAS and most closely
related to the Oryza sativa gene OSA7 (Fig. 2).

Effects of salinity stress on PM H*-ATPase gene
expression and activity

The results showed that NaCl significantly induced LfPM
H*-ATPase gene expression in shoots [F (3, 8)=7.27,
p=0.0113], and roots [F (3, 8)=27.29, p=0.0001] of Kallar

Table 2 Effect of salinity stress

NaCl (mM) Shoots Roots

on the Na* and K* contents

(mg/gDW) and Na*/K* ratio in Na*t K* Na*/K* ratio Nat K* Na*/K* ratio

the shoots and roots of Kallar

grass 0 2.1964 d 7.4306 a 0.2955d 2.2816d 6.9251 a 0.3294 d
300 5.9164 c 7.5535a 0.7832 ¢ 5.8611 ¢ 7.1556 a 0.8190 ¢
450 8.2053 b 5.4136 b 1.5156 b 8.6553 b 5.8157b 1.4882 b
600 9.5693 a 4.9289 ¢ 1.9414 a 10.0405 a 4.8055 ¢ 2.0893 a
F value 257.51 46.22 115.34 123.61 29.16 154.02
P value <0.0001 <0.0001 <0.0001 <0.0001 0.0001 <0.0001
Error 0.121 0.119 0.014 0.284 0.121 0.011

Values are mean + SD of triplicate. Means within a column followed by different letters indicate significant
differences at p<0.05 according to the Duncan’s test
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Fig.1 Multiple alignment of the deduced amino acid sequence of
Kallar grass PM H*-ATPase with other related orthologs of different
species using BioEdit version 7.1.9 (Hall 1999). Black blocks indi-
cate highly conserved residues. Accession numbers are Leptochloa
fusca (AIV00616), Aeluropus littoralis (AEO22063), Triticum aesti-
vum (AAV71150), Oryza sativa Japonica group (CAD29313), Setaria

| =
IAMBRTLFFSCREGURSIRLS
12BBRTOF RBREFGURSIRLS
IAMBRTLFFSCREGURSIRLS
WAMHRTLE

MHSTD

IHRTDFEPRRREGVISIE
MHRTLDEERCKE G”QSIR-S"H:NVSALYL””SIVSQ
HR CFF

QL'\)ATI_IA”YnNrICFnQIKC ICrlCrIAC”'J'rII.YSiV!YEPL

VYANWGEARIRGIGWGWAGUY

AVYANWGEARIRGIGHWGHAGVIWLYSIVFYEEL
T UYANWSEAR G’GrlCrIAG"IrILYS?YIIPL
L -AQLvnILIavyhunsEA:&KGoCﬂCﬂAc“InLys
PGELLVTAFLLAGLVATLIAVYANWS FARIRGIGHGWAGVIWLESIVFYFEL
FGLLLVTAELLAQL”AIIEA”YnNﬂC:ARIKGIGﬂCﬂAGVUﬂLYSIVEYIPL
EG

L

I.LL&IA:-EAQL'JAILIAWANWGEA:IRGIG?:GHAGVIWLYSEWY!;L:\

L. fusca E

A. littoralis EAIGIVL!IYL‘IMIVE

S. bicolor E

0. sativa EA

A. thaliana E vLG!YQnLMT\ 7 M
N. plumbaginifolia EA VLGEYSALMTIV

T. aestivum FATQRVLGMYLALE TV

P. miliaceum EAIGIvL ‘YLnLVI”I

H. brasiliensis EA

S. italica EA

L. fusca VE

A. littoralis VE

S. bicolor ERPGLLLVTA LL QL’AT:En
0. sativa IEREGLLLVIAENLACGLVATE
A. thaliana ESEGLL iAQLVATFIA
N. plumbaginifolia ER LLVHEAE

T. aestivum VER

P. miliaceum VER

H. brasiliensis VER

S. italica VEREGLLLVTAFLLAQ

L. fusca AWCNLLENRTAFTTRKLYG
A. littoralis AWCNLLENRTAFTTRRLYGE
S. bicolor ?“NLL“NKIA“TIKK:YC
0. sativa “NLL“NKHAIIIKK:YG
A. thaliana 1N1L_NKT FTTKRLY

N. plumbaginifolia NLiﬁNKTAETIKK:Y

T. aestivum CNL ONK'IAET'I@Y

P. miliaceum CNLLENRTAFTTRRLDYGR
H. brasiliensis AI’NLLENKIAEITKK:Y

S. italica AWCNLLENRTAFTTRRLCYGR
L. fusca

A. littoralis

S. bicolor

0. sativa

A. thaliana

N. plumbaginifolia

T. aestivum

P. miliaceum

H. brasiliensis

S. italica

30 &0 50 €0 70
Y EU T [ | .

HEMMEALYLQ
HEMMEALYLQ
HEMMSALYL(Q
HE IMSALYLG

VSIVSQALIFVIRSRSHS
VSIVSQALIFVIRSRSWS
VSIVSGALIFVIRSRSHS
VSIVSCALIEVIRSRSHS
SiSQALIEVTRSRS’rJS
ISCALIEVIRSRSHS
VSIVSCGALIFVIRSRSHS
ALIEVIRSRSHS
LIFVIRSRSWS
ALIFVIRSRSWS

SO

1933
sqmscvav JALYLG
FSCREGV 7MMSALYL

SMSALYLQ

GVURSIE

22
-
oLk

=
E

NsnLYL VSIVSGA

DRFGURSIRSSEHEM
33 MSALYLQUSIVSG

K:G» SIRCSE

!
xy
n IR

VALYSIVEYEFEL

nN N x

=
brf bxf bxi bxf bxj b bxf b bxy

IEYMEL

Fx{ IMEM x| bx| KEEEON x|

RTLHGLQEPESASNTLENERSSYRELSGIA

RTLHGLQEPESASNTLENERSSYRELSEI
QRTLHGLGEPESARINTLENDRSSYRELSEIA
“QILHGLVPP“ ASNTLENDCRSSYRELSEIA
QRILHGL”P§3 -=N“f§sy-=15{fm
QRTLHGLQEEE LENEE SYR-LS"IA:kAKR
GRTLHGLQJEE

RTLHGLQEEE ASNIL?.~KSSYR;LS?

ILHGLQFPEIAS T ———— EGARRRA

ASNTLENDCRSSYRELSEIAEGAR

=

W m l'l

o
&
QAR
o
QA
o)

2
')
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coding sequence
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Fig.2 Phylogenetic analysis
of Leptochloa fusca, Arabi-
dopsis thaliana, Nicotiana
plumbaginifolia, and Oryza
sativa PM H*-ATPases. To
generate the phylogenetic tree,
the amino acid sequences of
PM H*-ATPase from Kallar
grass (KHA), O. sativa (OSA1,
OSA2 and OSA4-OSA10), N.
plumbaginifolia (PMA1-PMAG,
PMAS and PMADY), and A.
thaliana (AHA1-AHA11) was
compared using MEGAS.1
software (http://www.megas
oftware.net/) and Neighbor-
Joining method. The percent-
age of replicate trees in which
the associated taxa clustered
together in the bootstrap test
(1000 replicates) is indicated
next to the branches. GenBank
accession numbers are O.
sativa OSA1 (Q43001), OSA2
(Q43002), OSA4 (AJ440002),
OSAG6 (AJ440217), OSA7
(AJ440218), OSAS8 (AJ440219),
OSA9 (AJ440220) and OSA10
(AJ440221); N. plumbag-
inifolia PMA1 (Q08435),
PMA2 (Q42932), PMA3
(Q08436), PMA4 (Q03194),
PMAS5 (AAV49160), PMA6
(Q9SWH2), PMAS (Q9SWHI),
PMA9 (Q9SWHO); and A. thali-
ana AHA1 (P20649), AHA2
(P19456), AHA3 (P20431),
AHA4 (Q9SUS58), AHAS
(Q9SJB3), AHAG6 (Q9SH76),
AHA7 (Q9LY32), AHAS
(Q9M2A0), AHA9 (Q42556),
AHA10 (Q43128), AHA11
(Q9LV11); Accession numbers
for L. fusca PM H*-ATPase
(AIV00616)

Fig. 3 Effects of NaCl stress
on the relative mRNA level

of LfPM H*-ATPase in the
shoots and roots of Kallar
grass seedlings after 21 days
of treatments. The values are
represented as mean + SD of
three replicates. Different letters
indicate significant differences
at p<0.05 according to the
Duncan’s test
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grass at p<0.05 level (Fig. 3). In shoots, the expression of
PM H*-ATPase was increased by 1.15- and 1.4-fold at 300
and 450 mM NaCl, relative to control, respectively. In roots,
exposing the plants to 300 and 450 mM NaCl significantly
increased the expression levels of PM H-ATPase by 1.6-
and 1.9-fold higher than control, respectively. By increasing
the salinity level to 600 mM, the mRNA levels of the PM
H*-ATPase down-regulated in both tissues and reached the
control level. The NaCl treatments significantly changed the
activity of the PM H*-ATPase in shoots [F (3, 8)=206.32,
p <0.0001] and roots [F (3, 8)=233.45, p<0.0001] of
Kallar grass at p <0.05 level (Fig. 4). When seedlings were
treated with 300 mM or 450 mM NaCl, the activity of the
PM H*-ATPase significantly increased in shoots (+50%
and +108% at 300 mM and 450 mM compared to con-
trol, respectively) and roots (+75% and +119% at 300 mM
and 450 mM compared to control, respectively) tissues. In
contrast, the activity of the PM H +-ATPase dramatically
decreased at 600 mM NaCl and reached a level below con-
trol in shoots and roots. The PM H*-ATPase activity was
closely related to the concentrations of NaCl (Fig. 4).

Discussion

To barricade the accumulation of toxic Na™ in the cytosol,
active Na* efflux into the apoplast is one of the main strat-
egies applied by plants to improve salt tolerance (Blum-
wald et al. 2000). The Na*t efflux from the cytosol can be
fulfilled with the Na*/H* antiporter activity in the plasma
membrane (SOS1). The driving force, for Na* exclusion by
this antiporter, was created by the membrane HT-ATPase
pump (Shi et al. 2002). In the present study, we for the first
time, isolated and characterized a partial cDNA clone of PM
H*-ATPase gene from the L. fusca shoots using RT-PCR
method and the validated sequence was registered in the
GenBank (Accession No. KM234610). The obtained cDNA

Fig. 4 Effects of NaCl stress on 18 -
the activity of LfPM H*-ATPase

isolated from shoots and roots 16 -
of Kallar grass seedlings 14 4
after 21 days of treatments.
The values are represented as
mean + SD of five replicates.
Different letters indicate sig-
nificant differences at p <0.05
according to the Duncan’s test

PM ATPase activity
(umol Pi mg™! protein h-')

clone and sequence data of Lf PM H*-ATPase will promote
the detection of its full-length. The conserved domain analy-
sis revealed that putative Lf PM H*-ATPase protein is related
to haloacid dehydrogenase (HAD) superfamily (c121460).
This superfamily comprises different enzymes, including
P-type ATPases and can be involved in a variety of cellular
processes ranging from amino acid biosynthesis to detoxi-
fication (Marchler-Bauer et al. 2011). The P-type ATPases
are a large and vital protein family that pumps lipids and ions
across cellular membranes, and can be classified into five
subfamilies (P1-P5) (Thever and Saier 2009). P3A-ATPases
are PM H* pumps that transport H (+) from the cytosol to
the extracellular space, thus energizing the plasma mem-
brane for the uptake of nutrients and ions and are expressed
in plants and fungi (Palmgren 2001; Pedersen et al. 2012).
From the homology point of view, the aa sequence of Lf
PM H+-ATPase (GenBank: AIV00616) retains consider-
able identities to its orthologues in other plant species, espe-
cially Poaceae family (Fig. 1). Kallar grass is a member of
the Poaceae family to which many crops, like wheat, barley,
rice, millet, and maize as well belong. Hence, Kallar grass
has many characteristics in common with these major crop
plants. Determining the mechanisms for salinity tolerance
in Kallar grass may lead to the breeding of salt tolerance
into cereals and other crop plants in the future. Multiple
alignments of the protein sequences of A. thaliana (AHA),
N. plumbaginifolia (PMA), O. sativa (OSA), and L. fusca
(KHA) PM H*-ATPases were carried out to generate a
phylogenetic tree (Fig. 2). The results indicated that PM
H*-ATPase could be divided into five distinct subfamilies as
previously defined (Zhu et al. 2015; Stritzler et al. 2017), in
which KHA was classified as subfamilies II. The continuous
accumulation of Na* observed in L. fusca with increasing
external NaCl concentration is a hallmark of halophytes and
indicates the active sodium efflux into the apoplast and its
compartmentalization inside the vacuole to adapt to saline
conditions (Munns and Tester 2008). These results conform
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with previous findings in other salt-tolerant species such as
Salicornia persica (Tale Ahmad et al. 2013) and Halogeton
glomeratus (Wang et al. 2015). Halophytic plants, which live
in saline environments typically, accumulate high concentra-
tions of inorganic ions (especially Na™) as an osmolyte with
low energy cost to lower their osmotic potential in response
to increasing salinity (Shabala 2013). The ability of plants to
prevent the detrimental effects of salt stress strongly depends
on their potassium nutrition and maintenance of a high cyto-
solic K* concentration (Almeida et al. 2017). The accumula-
tion of sodium and the concomitant decrease of potassium
levels appear to be one of the general characteristics of halo-
phytes (Shabala 2013). Under salinity, the Na* can compete
with K* for the same binding sites and therefore interferes
with potassium transport into the cell using its physiological
transport systems (Orlovsky et al. 2016). However, in both
tissues of Kallar grass, the K* content at 300 mM NaCl was
increased compared with the control, suggesting at least this
concentration of salt probably does not hurt K™ uptake by
Kallgrass. The high concentration of Na* (600 mM) in the
growth environment negatively affects the intracellular K*
influx in Kallar grass and decreased K* content inside the
plant and resulted in increased Na*/K* ratio in shoots and
roots compared with control (Table 2). Salt stress signifi-
cantly increases PM H*-ATPase expression and activity in
roots and shoots of Kallar grass, suggesting a requirement
for this pump in these organs during salt adaptation. PM
H*-ATPase plays a principal role in physiological functions
and adaptation of plants to changing conditions, specifically
stress. Thus, PM H*-ATPase may be generally substantial to
environmental stress resistance (Palmgren and Nissen 2011).
Our results were consistent with previous reports that salin-
ity stimulates the gene expression or hydrolytic activity of
PM H*-ATPase in roots and shoots of other halophytes (Niu
et al. 1993; Sibole et al. 2005; Chen et al. 2010; Olfatmiri
et al. 2014). The increased activity of the PM H*-ATPase
in roots and shoots of Kallar grass, followed an increase
in the transcript levels of the enzyme, may reflect that the
stimulation of PM H*-ATPase activity in roots and shoots
could partially have emanated from increased transcript lev-
els. Moreover, in the current study, at all salinity levels, the
expression levels and activity of PM H*-ATPase were higher
in roots than in shoots. The high degree of NaCl induction of
the PM H*-ATPase expression/activity in roots compared to
shoots could contribute to restriction of the toxic ions’ trans-
port to the photosynthesizing tissues and adjustment of ionic
homeostasis. Under salinity stress, the ion homeostasis was
disturbed in root tissues. Increasing pump activity due to the
accumulation of gene transcripts was required for the estab-
lishment and maintenance of the electrochemical potential
gradient across the plasma membrane of epidermal, corti-
cal, and endodermal cells. This electrochemical gradient
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prevented further apoplast transport of Na* and CI~ into
the xylem, through which the ion will be translocated into
the shoots (Falhof et al. 2015). The gene expression level
and enzyme activity of Lf PM H*-ATPase were gradually
increased with the increased levels of salinity, peaked in
450 mM NaCl, and after that reduced at 600 mM NaCl. It
appears that the activity of this protein is required for ion
homeostasis in L. fusca under 450 mM NaCl. However, at
the higher salt concentration (600 mM), the plant requires
more energy to cope with the existing condition, so the
amount of protein reduces to minimize the cost of energy
consumed by proton pumps, thus enhancing the overall suit-
ability of the plant. Besides, high salt concentrations may
disrupt the cell membrane and hence reduce the need for
PM H*-ATPase activity and its expression. Our previous
studies showed that the transcript level of the PM Nat/H*
antiporter (SOS1) was up-regulated in shoots and roots of
L. fusca in response to salt stress (Mohammadi et al. 2019).
The coordinate induction of SOS1 and PM H*-ATPase sup-
ports this idea that Kallar grass has a regulated mechanism
that controls Na™ influx and efflux across the plasma mem-
brane and explains the ability of this halophyte to survive
and keep growth under high salt concentrations.

Conclusion for future biology

To avoid the toxic effects of salt, Na* ions are compart-
mentalized into vacuoles, or extruded to the apoplast, and
remain at low concentrations in the cytosol. The PM Na*/
H™* antiporter and the PM H*-ATPase pump can mediate
Na* efflux from the cytosol and contribute to Na* toler-
ance. Salt stress increased Lf PM H*-ATPase expression
and activity, which suggests that PM H*-ATPase could
play an essential role in maintaining ion homeostasis and
salt tolerance of this monocot halophyte. Since most of the
agriculturally important plants are monocot glycophytes,
studying a closely related halophyte might be an effective
way to unravel and improve salt tolerance in crops. Lf PM
H*-ATPase gene isolated from this grass could be a poten-
tial candidate gene for enhancing salt tolerance in various
crops through genetic engineering in the future.
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