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An obligate halophyte,Salicornia brachiatagrows in salt marshes and is considered to
be a potential resource of salt- and drought-responsive gees. It is important to develop
an understanding of the mechanisms behind enhanced salt tetance. To increase this
understanding, a novelSbSRP gene was cloned, characterized, over-expressed, and
functionally validated in the model planiicotiana tabacum The genome of the halophyte
S. brachiata contains two homologs of an intronlessSbSRP gene of 1,262 bp in length

that encodes for a stress-related protein. Anin vivo localization study con rmed that

SbSRP is localized on the plasma membrane. Transgenic tobaccelants (T1) that
constitutively over-express theShSRPgene showed improved salinity and osmotic stress
tolerance. In comparison to Wild Type (WT) and Vector Contr¢V/C) plants, transgenic
lines showed elevated relative water and chlorophyll contg, lower malondialdehyde
content, lower electrolyte leakage and higher accumulatio of proline, free amino
acids, sugars, polyphenols, and starch under abiotic stres treatments. Furthermore,
a lower build-up of H,O, content and superoxide-radicals was found in transgenicries

compared to WT and VC plants under stress conditions. Trans@pt expression ofNt-APX

(ascorbate peroxidase),Nt-CAT (catalase),Nt-SOD (superoxide dismutase) Nt-DREB

(dehydration responsive element binding factor), anNt-AP2 (apetala2) genes was higher
in transgenic lines under stress compared to WT and VC plantsThe results suggested
that overexpression of membrane-localizedSbSRP mitigates salt and osmotic stress
in the transgenic tobacco plant. It was hypothesized thaSbSRP can be a transporter
protein to transmit the environmental stimuli downward tlaugh the plasma membrane.
However, a detailed study is required to ascertain its exactole in the abiotic stress
tolerance mechanism. OverallSbSRPis a potential candidate to be used for engineering
salt and osmotic tolerance in crops.
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INTRODUCTION its oligosaccharides, proteome and metabolites, provides an
opportunity to investigate its salt tolerance systemg et al.,
About 450 million small-scale producers around the world2012; Joshi et al., 2012; Mishra et al., 2013, 2015; Pate| et al.
are dependent on agriculture for their sustenance. The Food016J. Di erent salt tolerance mechanisms have been reported
and Agriculture Organization of the United Nations=AO, from halophytes {ha et al., 2011; Chaturvedi et al., 2014; Singh
2019 estimates that feeding the world's population will requireet al., 2014a; Udawat et al., 2)afd several EST databases have
a 60% expansion in overall agriculture production by 2050been created for numerous halophytes, includidgbrachiata
Many resources are needed for sustainable food security éha et al., 2009 Alfalfa (Jin et al., 201)) and Chenopodium
the challenges faced by industries are huge and there is aftbum(Gu etal., 201)L
urgent need for crop improvements to mitigate crop failure Molecular processes that control Naompartmentalization
during unfavorable conditionsHAO, 201§. Plants encounter in vacuoles receive much attention, while other key procesiure
a wide range of environmental stresses during their liflgg/c in the tissue tolerance of Naand Cl and osmotic change
and they have evolved di erent mechanisms to combat thesare neglected\{unns and Tester, 2008From a developmental
stresses, for example through modulating their physiology anperspective, all resistance systems are modi ed and genotype
interactive molecular and cellular alteration&1(ght and Knight,  specic (Vinocur and Altman, 200k Several candidate genes
200). The Intergovernmental Panel on Climate Change (IPCChnd promoters responsible for enhanced abiotic stress totera
reported that high temperatures, salinity, oods, droughtda have been cloned fronSalicorniaand characterized in model
deterioration of arable land severely aect the agriculturaorganisms and crop plants such as jatropha, castor, cumin, and
economy in the developing world\nan et al., 2000 groundnut (Chaturvedi et al., 2012; Joshi et al., 2013; Pandey
According to a report, about 800 million ha of land areet al., 2013, 2016; Singh et al., 2014b; Tiwari et al., 2014,
salt-a ected worldwide and soil salinity is gradually incsg®y 2015a,b, 2016; Udawat et al., 2014; Patel et al.) 2Hd%ever,
(Munns, 2005; Tuteja et al., 2011Furthermore, it has also it is challenging to identify key genes in the stress toleean
been predicted that drought stress will become more frequenhechanism. A number of novel genes have been characterized,
because of the long-term e ects of global warming. The impacsuch asSbUSPSbSDRIMsZEPR andIbZFP1, but other novel or
of abiotic stresses di ers regionally and depends on the adbpteuncharacterized genes may play a critical role in stressaiote
agricultural practices. An adverse impact is envisaged fer th(Singh et al., 2016; Udawat et al., 2016; Wang et al., 2016;
agricultural economy of developing countries, therefor@jon Zhang et al., 2006 The EST database contains about 30%
precautionary steps are needed to develop adaptive strafegiesnovel or uncharacterized clone sequences $aticornia The
sustainable agriculture according to the changing envinent  gene clone Sal-C-64 (EB484712) exhibited high expressiderun
(Ashraf and Foolad, 2007; Tuteja et al., 20Ihe majority of salt stress but shows no signi cant homology with the existing
crops are glycophytes, which means they are not able to groslatabase. It was speculated that this gene might be invaivbe i
in soil that has a high salt concentratio®f{abala, 20)3The abiotic stress tolerance mechanism; therefore, it wasteeléor
extent to which plants can endure high salinity varies amondunctional validation. The full-length gene encodes for atpin
species, and a way to di erentiate these species is to establigtat is designated aSalicornia rachiata stress-elated potein
whether they pro t from a large amount (100 mM or more) of (SISRP). B
NaCl in the soil Ghabala and Mackay, 20Q1B5alt tolerance is Despite these developments, numerous di culties remain,
usually measured as the percentage biomass gain by plantsniot just in explaining the stress response mechanism in plants,
the saline environment compared to control conditions over aut also in utilization genes from halophytes to increase the
de nite time period (Viunns, 2003. Most commonly, the ions salt tolerance of crop plantsQ(n et al., 201). In order to
that cause high salinity are Kaand CI as they prevail in better understand the mechanism of salt tolerance, the sbke
seawater. Halophytes utilize these ions for a large portidgh&if  number of genes involved in plant homeostasis was investigat
osmotic changeK|owers et al., 20)0Plants have evolutionarily These genes modulate physiology by compartmentalizing ions
conserved mechanisms to endure harsh conditions by expigessifor osmotic alteration, combining perfect solutes, gathgri
enzymes, transcription regulators and other factors thattion  fundamental supplements (especially*Xwhen under high
in pathways directed by phytohormones, such as abscisic acidlinity conditions (increased concentration of Naions),
(ABA), and second messengers, such a&Qalukhopadhyay conning the passage of saline ions into the transpiration
and Tyagi, 2016 stream, and managing transpiration under saline condition
The complete waterfront zone of Gujarat (India) is gradually(Flowers et al., 20)0To accomplish the genetic engineering
becoming increasingly saline due to salt farming, poonf plants with improved abiotic stress tolerance, a contirsiou
agricultural practices, urbanization and poor environméntae ort to nd “potential genes” is crucial in order to add to
practices {ha et al., 20)1 Salicornia brachiatas an obligate stress endurance in transgenic plantse¢ et al., 20)2 The
halophyte that belongs to the Amaranthaceae family. It is @&urrent study will identify novel salt determinants or maste
lea ess annual succulent plant and is abundant in salt masheswitches involved in ion homeostasis and osmobalance of
on the Guijarat coast of IndiaS. brachiatahas the ability to halophytic plants. A deeper understanding of the underlying
grow in a wide range of NaCl concentrations (0.1-2.0 M) andnechanisms of enhanced salt tolerance is important for the
also requires NaCl foin vitro regeneration {oshi et al., 20)2  development of transgenic plants. Therefore, to understdned t
This unusual characteristics, alongside other factorshsag mechanisms responsible for improved abiotic stress toleranc
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of S. brachiataa novelShSRRyjene was cloned, characterized,Subcellular Localization

over-expressed and functionally validated in the model planA translational fusion cassette &SRRalong with RFP (red

N. tabacum uorescent protein) was made to study subcellular localmati
TheSbSRBpen reading frame (ORF) was ampli ed, cloned into
pPENTER/D-TOPO (Invitrogen, USA) and sequenced (Table S1).

MATERIALS AND METHODS An LR recombination reaction was performed between an attL-

Cloning and In-silico Analysis containing pPENTER/D-TOPCEbSRRecombinant vector and

A novel EST clone (Sal-C-64: EB484712) was used to desidl attR-containing pSITE-4CA (RFP) destination vector using

primers (Table S1). The gene was converted to full IengtthsinEﬁ Clonase |l enzyme mix (Invitrogen, USA). Positive clones

. Do ere selected, conrmed by PCR and transferred to onion
RACE (rapid ampli cation of CDNA ends) and was SequenceuE;vpidermal cells using a gene gun (PDS-1000/He Biolistic, 8jora

and ana_lyzed. The NCBI (National Center for Blotech_nology SA). Vector pSITE-4CA:RFP was also transformed and used
Information) database was used to search for nucleotide an

. . . as a control. Transformants were incubated in the dark for
protein homologs. The secondary structure was predictedgusi : . .
. : .12 h and the transient expression of RFP was observed using
EXPASYy tools. Amino acid sequences deduced from nucleotide : . : .
. N epi uorescence microscope (Axio Imager, Carl Zeiss AG,
sequences were imported to the ProtParam tool of the ExPA ermany)
server Artimo et al., 201 pfor primary analysis and the PSIPRED Y).

server Buchan et al., 20)(or the prediction and analysis of Genomic Organization

theds_ec%nda_ry ﬁ_trgg[;r:/.l_'l'hhe func’iionzzglacfli_\r/]itysalfS_RP wads The SbSRPwas amplied and the gene copy number was
predicted usingTrSSP(Mishra et al., 201 The amino acid o10mined using DNA gel blot analysisdshi et al., 201 Table

sequences were subjected to_ BLAST (qum Local Allgnmegb_ Genomic DNA oSalicorniawas extracted using a modi ed
Search Tool) and compared with the Protein Data Bank (PDBE:TAB (N-cetyl-N, N, Ntrimethyl ammonium bromide) method

and Conserved quain Dz_ita bank (CTDD)' T_he _phylogram(Bubner et al., 2004and was quanti ed (ND-1000, Nanodrop
stud_y was accomplished using the MaX|m_um Likelihood (MI_‘)TechnoIogy, USA) and digested with dierent restriction
statistical methoql based on the JTT matrlx-bas.ed model usm?nzymes EcoR Sat, Smd, and Hindlll). Digested DNA was
Molecular Evolutionary Genetics Analyses version 6 [MEGAG6 ransferred to a Hybond  membrane (Amersham Pharmacia,
(Tamura etal., 2093 UK) using an alkaline transfer bu er (0.4 N NaOH along with 1
M NaCl). The blot was hybridized with PCR-generated DIG-11-
Transcript Pro ling dUTP labeledSbSRProbe overnight at 42C (Table S1). Signals
For transcript pro ling, 1-month-old seedlings were transfed ~ were obtained using CDP-Star as a chemiluminescent substra
to a hydroponic culture medium containing ¥ strength MS and detected on X-ray Im.
basal medium and growin vitro with 8/16 h dark/light cycle . .
at 25C for 15 days. Di erent NaCl (0.05, 0.10, 0.25, 0.50, and>€netic Transformation of Tobacco Plants
1.00 M) stress treatments were given to plants for 24 h band Molecular Con rmation
transferring plants grown under equivalent condition to newThe SbSRPORF was amplied (Table S1) and cloned in
hydroponic culture media (¥4 MS containing di erent NaCl pCAMBIA1301 under the control of a 35S promotetia
concentrations). In the second set of experiments, dierentan intermediate pRT101 plant expression vector and the
abiotic stresses (salt, 250 mM; desiccation; heatCASold, recombinant pPCAMBIA1301:358t8RP vector was mobilized
4 C) were applied for dierent time periods (2, 6, 12, 24 h)into Agrobacterium tumefaciengstrain LBA4404). Tobacco
to plants. Total RNA was isolated from control and stressegNicotiana tabacunev. Petit Havana) plants were transformed by
plant samples using the GITC methodClfomczynski and the leaf disc methodHorsch et al., 1985and transgenic plants
Sacchi, 1997and quanti ed with a Nanodrop spectrophotometer (T0) were obtained using standard tissue culture methodie T
(NanoDrop, USA). cDNA was prepared using a Impromll T1 transgenic lines, obtained from TO plants, were subjetded
reverse transcriptase rst strand cDNA synthesis kit (Prgae PCR and southern analysis for the con rmation of trans-gene
USA). The quantitative real-time PCR (qRT-PCR) reactiongSbSRPintegration.
were carried out with gene-speci ¢ primers atmetubulin was
used as the internal reference gene (Table S1). At the end Siemi-quantitative RT-PCR
the PCR cycles, products were retained through a melt curvEhe total RNA was extracted using the GITC method from
analysis to check the speci city of PCR ampli cation in gRT- six transgenic lines (L2, L7, L10, L16, and L17), vectorrobnt
PCR. The amplied products were checked on 1% agaros@/C) and wild-type (WT) plants (abiotic stressed and unstre¥sed
gel to conrm the expected size. The gRT-PCR data werand quanti ed (ND-1000). The mRNA was converted to cDNA
analyzed using the comparativer Gnethod, and the relative using Superscript Il RT (Invitrogen, USA). Thetubulin gene
fold-gene expression (21 €7) of the ShSRRyene in stressed was used as an internal reference gene and resulting cDNA of
plants in comparison to control plants (without treatment) wasboth (SbSRRand b-tubulin) were ampli ed using PCR (Table
determined after normalizing with internal contrdb-tubulin  S1). The semi-quantitative RT-PCR was performed three times
Cr-values [Livak and Schmittgen, 2001; Schmittgen and Livakindependently and amplicons were observed through agarose gel
2009. electrophoresis. Three transgenic lines (L2, L7, and L1@&)ysH
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better over-expression of ttf&hSRgene and so were selected forstress) using a 2,3-bis-(2-methoxy-4-nitro-5-sulfophg+aH-

further analysis. tetrazolium-5-carboxanilide (XTT) assayi€¢ma et al., 2004
. Leaf segments were kept in a potassium phosphate bu er (20
Analyses of Transgenic Plants mM, pH 6.0) containing 50&M XTT for 5 h and the increase

The copy number of theSbSRRyene in transgenic lines was jn absorbance was measured at 470 nm. Likewise, leaf segment
determined by DNA gel blottingJoshi et al., 20)as described (of equal weight and size) of 45 day old treated and untreated
above using gene-speci ¢ probes (Table S1). The T1 seeds@ntrol and transgenic, plants were used to evaluate celllijabi
SbSRRPver-expressing transgenic lines (L2, L7, and L16) alongsing a 2,3,5-triphenyltetrazolium chloride (TTC) assaigina

with VC and WT plants were germinated on MS media thatet a1, 2011 Leaf fragments were carefully rinsed in sterile water
contained NaCl (200 mM) or Polyethylene glycol (10% PEG}nd keptin TTC solution in the dark for 6 h at room temperature
under controlled conditions. The seedling growth perceete@s (RT). Leaf samples were then boiled in 5 ml of 2-methoxy

calculated using the following equation:- ethanol until dry, to release bound formazan. Then, 5 ml of 2-
_ methoxy ethanol was added for the second time, and the change
Percent seedling growith (Number of seeds grown in absorbance was measured at 485 nm.

Total number of seeds 100 N
Membrane Stability Index (MSI) and
T1 seedlings that were uniform in size and germinated org|ectrolyte Leakage (EL)

MSB containing hygromycin (20 mg L) were transferred {0 @ eajthy fresh leaves were harvested (from treated and atetce
hydroponic system with %2 strength MS media, incubated foronirol and ShSRRransgenic plants) and MSI was determined
45 days, and then subjected to stress treatment (for 24 hrundgy the process explained Bairam (1994)Leaf segments were
200 mM NaCl or 10% PEG) for biochemical and physiologicajept in sterile water, and 1st set (L1) was stored aC4fbr 30
analysis. min where 2nd set (L2) was stored at 1@for 10 min. Electrical

Quanti cation of Osmotic Adjustment conductivity (EC) of samples from both sets was measured, and

Leaf segments of 45 day old treated and untreated plants we'y(lasI was calcu_lated a8SID 100 1~ LlA2.
For analyzing the electrolyte leakage, leaf samples were

collected and incubated overnight at20 C. The next day, . . :

: thoroughly rinsed with sterile water to remove surface bdun
plant samples were thawed and centrifuged at 13,000 rpm f%rle(:trol tes. Fresh leaf segments were stored in theestesiler
10 min at 4C. The cell sap extract was used to determine the yes. 9

. . . in sealed tubes and incubated, overnight, on a rotating shak
cellular osmotic potential of the sample using a vapor Pressure, - ext day, EC was determined (Lt) by a conductivity meter
osmometer (VAPRO, Wescor Inc., USA). '

(SevenEasy, Mettler Toledo AG 8603, Switzerland). Then, leaf
Relative Water Content (RWC) samples from the each treatment were autoclaved atQ20r

Leaf fresh weight was measured from treated and untreated® Min, subsequently, they were chilled to RT and EC (LO) was
control (WT and VVC), and transgenic plants, following overnig detérmined again (utts et al., 1995 The percentage EL was
incubation of leaf samples in deionized water. The next dayletermined a&L(%)D 100  Lt=L0.

turgid weight, and dry weight were determined after dryirtg a . . . .

a constant temperature (4G). Relative water content (RWC, %) Quanti cation of Proline, H 0, and Lipid

was calculated using the following equation: Peroxidation
The free proline and HO> content in the treated and untreated,
RWC(%) D 100 [(Fresh weight Dry weighj= control, and transgenic plants were calculated by the method
(Turgid weight Dry weighj] described byates et al. (197&@ndHe et al. (2005)respectively.

A standard curve was generated with the known concentration
: : of proline and KO3, an increase in absorbance was recorded at

L;aacthSenef]C(ﬁné:e Assay and Quanti cation 520 and 560 nm, respectively. Lipid peroxidation was calatlate
0 orophyll Content by quantifying the level of MDA (malondialdehyde) produced by

Similar sized leaf disc1(D 10) from 45 day old control and 1 (thiobarbituric acid) reactionraper and Hadley, 1990
transgenic plants were oated in ¥z strength MS (control) media

or 20%) and incubated for 8 days under controlled conditions . . .
The e ects of salt and osmotic stress were examined by vjsuaIRe_ducmg Sugar, OllgO Sugar, Free Amino
observing phenotypic alteration amongst di erent leaf segtaen ACid, and Polyphenol Content

In addition, total chlorophyll content was calculated foafeliscs ~ The total quantities of oligo and reducing sugars were deteed

per gram of tissue fresh weightEkeep and Bloom, 1935 by reference to a standard curve that was generated usingsguco
(Sigma-Aldrich, USA). The treated and untreated, control and
XTT and TTC Assay transgenic leaf segments were crushed in 85% ethanolifalio

Leaf segments (of a uniform size and weight) of 45 day oléhcubation with an anthrone reagent. All samples were boiled
plants (treated and untreated, control and transgenic) weréhen cooled to room temperature, and absorbance was recorded
used to quantify the accumulation of superoxide radicalte(af at 620 and 540 nm. The level of reducing sugar was computed
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using a colorimetric test and the DNS methodgmm and Willis,  uorescence was computed. Photosynthesis, photochemical
1959. Total amino acids and polyphenol content were calculate@ ciency, and water use e ciency were investigated. All
by reference to a standard curve, which was generated binglyc measurements were taken on four fully expanded leaves. The
and catechol solution, respectivelygndey et al., 2015; Patel ratio of variable to maximum uorescence was then deterndine
et al., 2016p Fresh leaf samples were crushed in 85% ethanasFvVFmD (Fm Fo/Fm). The computed light was switched on
evaporated to dryness following re-dissolution in ninhydar  and actinic light was given for 30 s at an intensity df,000hmol

the Folin-Ciocalteu reagent. Variation in color intensityas then  photons m 2's 1 PAR (photosynthetically active radiation) and

analyzed at 570 or 650 nm. FmPwas calculated.
In vivo Localization of H 5,05, Statistical Analysis
Superoxide-Radicals, and Starch Data from 3 replicates, each containing 15 plants, were

The hydrogen peroxide, superoxide-radicals, and starch undé&locumented for each set of experiments. Results are expressed a
salt (200 mM NaCl) or osmotic (10% PEG) stress werdnean standard error. Statistical signi cance was determined
determined in vivo using a histochemical stain of 3,3- by ANOVA (analysis of variance) amongst the means of WT,
diaminobenzidine (DAB), nitro-blue tetrazolium (NBT), or VC. and transgenic plants. A Tukey HSD test was used for
potassium iodide (KI), respectivelysii et al., 2010 DAB and comparisons and the di erences were considered to signi cant
NBT were prepared as 1 mg i solutions in 10 mM phosphate whenp < 0.05 and these di erences are designated by di erent
buer (pH 7.8), whereas KI (1mg mi!) solution made in letters.
distilled water. Fresh leaf segments (of treated and utdétba
control, and transgenic plants) were dipped in the freshyRESULTS

repared stain solutions, kept in the dark for 2 h followed b - . .
gxprc))sure to white light (40ch))| m 2s 1spectral ux photon) In-silico Analysis Predicts That the  SbSRP
for DAB (8 h) and NBT (1 h). Foin vivo localization of starch, May Be a Novel Transporter
leaf segments were immersed in Kl solution for 1 min. The blug'he full-length SoSRPgene (1262 bp; gene accession no.
or brown spots that appeared on the leaves indicatedivo ~ KX242114) contained a%untranslated leader sequence(5

localization. UTR: 1-294 bases), an open reading frame (ORF: 753 bp; 295-
1047), 8UTR (215 bp; 1048-1262) and a poly A tail of 19
Analyses of lon Content base pairs (Figure S1). TH8hSRFORF (753 bp) encoded a

The plant samples (treated and untreated, control, and trangg  protein of 250 amino acid residues (Figure S1) with an estuhat
plants) were dried at 6% for 72 h and their dry weights molecular mass of 80-85 KDa and theoretical isoelectrictpoin
were determined. Plant samples were acid digested overnigfl) of 8.34. The total number of negatively charged residues
in perchloric acid-nitric acid solution (3:1), heated to dess (aspartate and glutamate) is 28 and there are 30 positively
following re-dissolution in sterile water. lon content was charged residues (arginine and lysine). The N-termingbiBRP
determined using an inductively coupled plasma optical emissi is M (methionine) and its estimated half-life is 30 h for

spectrometer (Optima2000DV, PerkinElmer, Germany). mammalian reticulocytesir{ vitro), >20 h for yeasti( vivo),

L . and >10 h for E. coli(in vivo). The instability index of the
Quantitative Real-Time PCR (qRT-PCR) SISRP protein was computed to be 34.52; this classies the
Analysis protein as stable according to ExPasy's ProtParam Tool (SIB,

Total RNA was extracted from control and treated plant sampleS$wiss Institute of Bioinformatics). The TMpred program presict
(WT, VC, and transgenic lines) and cDNA was synthesizedgisinmembrane-spanning regions and their respective orientation
a Superscript RT 11l cDNA synthesis kit (Invitrogen, USA). A (Figure S2). The prediction was made using an amalgamation of
real-time qRT-PCR analysis was performed for antioxidard an several weight matrices for the scoring of TMbase, a database
transcription factor genes of the host planit6OD NtAPX,  of naturally occurring transmembrane proteins. The prediatio
NtCAT, NtDREB and NtAP2). A melt curve analysis was also Of the topology of the membrane spanning domains revealed
implemented to validate the speci city of the gqRT-PCR reaatio the presence of one transmembrane domain score from 25
(Table S1). The housekeeping geiméubulin was used as a to 44 at the N-terminal region (Figure S2). The predicted
reference and the relative expression change (compared to Wspcondary structure of the deduc&tSRP protein contained
and control condition) was calculated using the CT methodtopological arrangements of elements (ceithelices, andb-
(Livak and Schmittgen, 2001; Schmittgen and Livak, 2008 strand) with classical folding (Figure S2). TheSSPprogram
predicts thatSISRP is a transporter. The conserved domain
Measuring Photosynthesis and Respiration database (CDD) categorized the deduced protein as part of
Photosynthesis was computed by determining the rate of chandhe rubber elongation factor/stress related protein partlite
of COz over time in a leaf covered with a moderately big chambeisuperfamily (REF/SRPP). Phylogenetic analyses revealed that
following the manufacturer's instructions (LI-6400XTi6;COR  SISRP showed proximity with thBeta vulgarignd Vitis vinifera
Biosciences Inc., Nebraska). The treated (NaCl 200 mM ar@& PEhypothetical or predicted REF/SRPP like particle. T3SRP
10%) and untreated plants of control and transgenic lines wergene sequence showed 78% identity vBtbta vulgarissubsp.
kept under controlled conditions for 24 h and then chlorophyll vulgaris predicted REF/SRPP like prote#st3g05500 mRNA,
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71% with Populus trichocarp&®EF family protein, 71% with transcript under 250 mM salt stress; when the salt conceioinat
Populus trichocarpanknown clone mRNA, 71% witfPopulus was increased further to 500 and 1,000 mM, there was a reductio
euphraticaREF/SRPP like protein&t3g05500 mRNA, 70% with in the transcript level, and about 1.7 and 1.5-fold expressiere
Ricinus communifREF like protein, 69% witlCitrus sinensis detected respectively. Therefore, 250 mM NaCl was found to
predicted REF/SRPP like proteA&t3g05500 mRNA, 69% with be the optimum concontration foBbSRRranscript expression.
Citrus clementinahypothetical protein mRNA, and 69% with Consequently, plants were subjected to 250 mM salt stress for
Vitis vinifera predicted SRP like mRNA hence was consideredange of durations from 2 to 24 h, and an exponential increase i

uncharacterized. the mRNA level oBbSRFrom 2.5 to 6.5-fold was observed up to
12 h, thereafter expression decreaded and reached to 8l%ifol
The SbSRP Is a Plasma Membrane 24 h compared to control condition. Under cold and desiccation

stresses, relative expressionStifSRRranscript was maximum
8.6 and 3.8-fold, respectively at 12 h. Under heat, $ixSRP
transcript reached a maximum of 25.63-fold at 24 h (Figure S3)

Localized Protein

The transient expression of RFP only an8bSRMRFP
(Figure 1A) in onion epidermal cells revealed th&bSRHs
expressed in the plasma membrane whereas RFP is expressed

uniformly throughout the cells Figure 1B. The sequence Analysis Con rms Overexpression of the

analysis of the cDNA clone compared to the genomic clon&ShSRP Gene in Transgenic Tobacco Lines
revealed a single exon structure SibSRRyene, con rming the  pative transgenic lines (T1) were screened by germinatio
intronless genomic organization of the gene. Inthe DNA detb hygromycin (20mg L1) and the presence of transgenes
analysisEcoR Hindlll, Sa¢, and Sma-digested genomic DNA 45 con rmed by PCR ampli cation ofiidA and hptll genes
produced two intense bands; hence, the existence of at l8ast t rigyres S4A,B). Acclimatized putati@SRFover-expressing

homologs of thesSbSRRene was depictedrigure 10. transgenic lines were conrmed for the stable integratioh o
. . the transgene into the tobacco genome by DNA hybridization
Transcript Pro ling Con rms the (Figure S4C). Ampli cation of theuidA and hptll genes was

Differential Expression of the SbSRP Gene  observed in all the transgenic lines (L1-L17) and the positive
The transcript pro le of SbSRRvas studied irSalicorniaunder  control, whereas no ampli cation was observed in WT (wild

salt, desiccation, heat, and cold stress using qRT-PCRur@=ig type, non-transgenic) plants. DNA gel blot analysis revealed
S3). A 3.7-fold exponential increase was observed irBth®@RP that transgenic lines L3, L6, and L12 had two copies of the

A
= o B o ) T 0 - - s S I R~ 0 -
pSITE-4CA RFP:SbSRP
DAPI Merge C

, RFP

Bri

Marker Ladder

FIGURE 1 | Sub-cellular localization of SbSRP protein and gene copy number. (A) Vector pSITE-4CARFP) andSbSRP-1:RFPgene construct, (B) Transient
expression of RFP alone andSbSRP:RFP translational fusion protein on transformed onioepidermal cells and(C) DNA hybridization ofSalicornia brachiatagenome
to determine the copy number of SbSRP gene.

RFP:pSITE4CA <—— SpSRP:RFP:pSITE4CA —> %
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transgene, whereas L2, L7, L10, L16, and L17 clearly showespectively. Transgenic lines showed better protection df Ch
a single transgenic event, validating the single-copy imtiggn ~ from salt and osmotic stress conditions than WT and VC
of T-DNA into the tobacco genome. All other lines showedplants. Individually, transgenic lines, L2, L7, and L16,vebd
faint or unclear transgenic events while WT and VC plants didabout 50% (30.94-15.3B 15.59mgg’ Fw), 42% (29.88-
not illustrate any detectable hybridization signal. THere, the  17.21D 12.67 mg g Fw) and 48% (26.92-14.0112.91 mgg?
comparative ectopic expression analysis of lines L2, L7, 18), L Fw) reduction under salinity (NaCl) stress. Similarly, a
and L17 was carried out by semi-quantitative RT-PCR and reab1% (30.94-12.0® 18.91mgg! Fw), 63% (29.88-11.1R
time (QRT) PCR (Figures S5A,B). Transgenic lines L2, L7, artB.76 mgg! Fw) and 52% (26.92-13.048 13.86mg g* Fw)
L16 showed 4.6, 5.9, and 5.6-fold increases whereas L1@&rdl2 reduction was found in transgenic lines (L2, L7, and L16)
L17 showed about 3—-4-fold increases under salinity stfdss. under osmotic stress, respectively. Total carotenoid curdkso
ShSRBver-expressing transgenic lines L2, L7, and L16 exhibiteeixhibited a similar pattern as chlorophyll conterfigure 3).
higher expression than the others lines, and no ampli catioswaAbout an average of 47% (6.8-3%63.2mgg* Fw) decrease
observed from the cDNA of WT and VC plants. The stringency ofwas observed in transgenic lines compared to 79.5% (6.8—
the PCR was checked by amplifying #vubulin as the internal  1.4D 5.4mgg* Fw) reduction in control plants under stress
reference gene using the same cDNA and PCR conditions. Aconditions. Furthermore, transgenic lines showed siganty
amplicon of 300 bp was obtained in all transgenic lines and(p < 0.05) improved cell viability in contrast to WT and VC
the WT and VC plants. Semi-quantitative RT-PCR and gRT-plants under salt and osmotic stress conditions (Figure S6B)
PCR additionally con rmed the stable integration and exzies
of the transgene in putative transgenic lines. Transgemiesli .
(L2, L7, and L16) and control plants (WT and VC) were Overexpression of the SbSRP Gene
selected for further analysis. The activity of the reportengg Improves Physiology of the Plant
b-glucuronidase, in the leaf segment of transgenic, VC and WDsmotic potential and water retention ability of the WT, VC,
plants was visualized, and e cient GUS activity was observednd transgenic plant leaves were evaluated under contiilitga
(Figure S5C). and osmotic stress conditionssigure 4). All transgenic lines
were better able to adjust osmotically 1.7 to 1.9 MPa)

. under both salinity and osmotic stress conditions compared t
Overexpression of the SbSRP Gene WT and VC plant ( 0.6 to 0.8 MPa) leaves. The relative
Enhances Plant Growth water content (RWC) of all transgenic lines was signi cantly
The seeds from WT, VC, and transgenic lines (L2, L7, antiigher under stress conditions than that of WT and VC plants
L16) were harvested from the greenhouse, surface-seatjliz during salinity and osmotic stress. At control conditionn a
and germinated under di erent conditions. Th8bSRFover- average of 55% RWC was observed in all plants. About 42-50%
expressing transgenic lines L2, L7, and L16 showé®% RWC was detected in transgenic lines under stress conditions
seedling growth under NaCl and osmotic stress conditiongompared to control plants (28-33% RWC in WT and VC). Lipid
(Figure 2). This seedling growth percent was signi cantly peroxidation of WT, VC, and transgenic lines was compared
dierent (p < 0.05) to that observed in WT and VC, which in leaf segments by estimating the MDA content (about 0.24
exhibited 54% seedling growth. After 3 weeks of salinitymmol g * Fw), which is generated after lipid peroxidation and
(NaCl 200 mM) and osmotic stress (mannitol 300 mM)is accumulated in leaves. The MDA content abruptly increased
treatment, transgenic lines illustrated phenotypically tbet (about 6-fold) in the control (WT and VC) plants under
tolerance than WT and VC plants. Likewise, growth parameterstress, and 1.38 and 1.45 mmol’gFw MDA contents were
were signi cantly p < 0.05) enhanced iBbSR®ver-expressing detected in WT and VC, respectively. The MDA content also
transgenic lines compared to WT and VC plants under stresicreased irSbSRRver-expressing transgenic lines by 1.8-2.7-
conditions igure 2). fold, and 0.43, 0.66, and 0.58 mmol’g-w MDA contents were

After 7 days of incubation in control conditions, NaCl (100, detected in transgenic lines, L2, L7, and L16, respectivetier
150, 200 mM) or PEG (10 and 20%), leaf discsStWiSRP salinity stress. Similarly, 2.2—4.7-fold increase wasenvies!
over-expressing transgenic lines showed lower degradatfon under osmotic stress, and 1.15, 0.89, and 0.54 mmél kw
chloroplasts and stayed greener than WT and VC leaf disdgIDA contents were measured. Electrolyte leakage (%) from the
(Figure S6A). The total chlorophyll (Chl; about 29.5mglg leaves of WT, VC, and transgenic lines were not signi cantly
Fw) and carotenoid (about 6.8 mg §Fw) content were almost di erent and was approximately an average of 8% in control
comparable between control (WT and VC) and transgenic plantsonditions. Under stress conditions, the leakage in WT and
under normal (unstressed) conditiong-igure 3). After NaCl VC plants increased 2.9-fold, and approximately an average of
and osmotic stress, the total Chl content was reduce30%. 23% EL was observed in comparison to that of the control.
About 5.7 and 2.6mg ¢ Fw Chl contents were observed The electrolyte leakage BbSR®ver-expressing transgenic lines
in WT under NaCl and osmotic stress, respectively. Similarly(13.5%) increased about 1.7-fold upon stress treatmentt tuats
about 3.8 and 7.3mg ¢ Fw Chl were detected in VC plant signi cantly lower (23.0-13.B 9.5%) than that of WT and VC
under NaCl and osmotic stress, respectively. The degree pfants (i.e., 23%). In control conditions, the membrane diggbi
reduction was less in transgenic lines and about 13.8 anah@.6 index (MSI) was comparable (about 0.92) in all plants (WT, VC,
g ! Fw total Chl and carotenoid contents were quanti ed,and transgenic lines). Transgenic lines showed a signtlgan
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FIGURE 2 | Plant growth analyses of transgenic tobacco plant s under abiotic stress. (A) Calculation of seedling growth percentage after 21 days.
Comparative study of(B) morphology and (C) fresh weight and water content of transgenic lines (L2, L7,red L16) and control plants (WT and VC), grown for 21 days
under salt and osmotic stress. Bars represent means SE and values with different letters are signi cant aP < 0.05.

(p < 0.05) higher MSI (about 0.83) under stress conditions/C) under stress conditions. During salinity stress “Neontent
compared to control plants (0.59; WT and VC). Results sugge# WT and VC plants increased about 1.1-fold; transgenicdine
that transgenic plants maintained membrane stability adbdt  also accumulated Ng but not to the same extent as WT and
fold better under stress condition than that of WT and VC VC plants (Figure S7). The%content under control conditions
plants. was similar (about 0.4mg ¢ Dw) in all plant types, but WT

. and VC showed more than a 60% reduction iff Kontent (0.4—
The SbSRP Gene Involves in lon 0.15D 0.25mg g! Dw) under salinity stress, in comparison
Homeostasis to transgenic lines (0.4-0.26 0.14mg g! Dw) where the
The N& content under control conditions was almost reduction was only 35%. Likewise, th& #laC ratio was found
comparable (0.55mg ¢ Dw) in WT, VC and transgenic lines to be signi cantly higher in transgenic lines over-expressthe
but found lower under in transgenic lines (compared to WT andSbSRBene (Figure S7).
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FIGURE 3 | Estimation of chlorophyll content and carotenoids . (A) Total chlorophyll,(B) chlorophyll a,(C) chlorophyll b, and (D) carotenoids contents of
transgenic (L2, L7, and L16) and control plants (WT and VC) der salt and osmotic stress condition. Bars represent means SE and values with different letters are
signi cant at P < 0.05.

Overexpression of the SbSRP Enhances condition) in transgenic plants increased 2.2-fold (1.03gng

Biochemical Status of the Plant Fw) under salinity and drought stress conditions whereas a
No signi cant di erence was observed in the proline 8.05mg slight increase (about 1.2-fold) was observed in WT and VC
g 1 Fw), free amino acid (4.32mg g Fw), and polyphenol (about an average of 0.55mg'gFw) plants Eigure 5B). The
(0.12mg g Fw) contents between control (WT and VC) and ©ligo-sugar content (about an average of 0.74 mg Bw) was
transgenic lines, over-expressi@pSRPgene, under control comparable under control conditions, whereas transgemiesli
condition (Figure 5). Proline content increased about 1.5—2-fold L7 and L16 exhibited about 4.4-times higher oligo-sugar eont
under salinity stress (5.46, 6.61, and 7.99 mbfv) and osmotic (about an average of 3.23mg’gFw) under stress conditions
stress (5.2, 3.19, and 2.85 mg-d~w) conditions in transgenic (Figure 5F).
lines L2, L7, and L16, respectively, while WT and VC plants
showed a non-signi cant increase (about 0.03 mg) in prolineln-vivo Localization and Estimation of ROS
content (igure 5A). Transgenic plants maintained the free Fresh leaf segments (of treated and untreated, control and
amino acid content (about an average of 3.6 mg §w) under  transgenic plants) were dipped in the freshly prepared DAB
stress conditions in contrast to WT and VC (2.1mglgFw) and NBT stain solutions, kept in the dark for 2 h followed
plants Figure 5B). The polyphenol content was increased abouby exposure to white light forin-vivo localization study.
2.6-fold ( 0.32mg g Fw) in all transgenic lines under stresses,There was no variation in peroxide localization or free
except L16, which showed a di erent result and accumulateg onlradicals among leaves of WT, VC, asbSRRover-expressing
0.04 mg (about 1.3 times) polyphenol than control plants (WTtransgenic lines under control conditions following stmig
and VC) under osmotic stres&igure 50). with DAB and NBT (igure 6A). In contrast, WT and VC
Total soluble sugars (about an average of 1.2my fgw) plants leaves displayed elevated levels of brown and blue
increased about 3.5-4.5-fold under salinity and osmotiesst insoluble precipitate formation in comparison to transgenic
conditions in transgenic lines (about an average of 4.1 my g lines under salt and osmotic stress. These results demad@stra
Fw) as compared to the control conditions, but only a slightthat WT and VC leaves build up more superoxide-radicals
change (1-2-fold) was observed in control (WT and VC; aboutind H,O, than those of ShSRPover-expressing transgenic
an average of 2.2mg § Fw) plants Figure 5D). The reducing lines under stress, con rming thaSbSRPmitigates abiotic
sugar level (about an average of 0.47mgd §w in control  oxidative stressn situ. Similarly, the cellular starch content
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FIGURE 4 | Physiological analyses of transgenic lines.

Estimation of osmotic potential (OP), relative water conte (RWC)

osmotic stress conditions. Bars represent means SE and values with different letters are signi cant aP < 0.05.

, lipid peroxidation (MDA content),
electrolyte leakage (EL), and membrane stability index (MJSrom leaves of control plants (WT and VC) and transgenicdis (L2, L7, and L16) under control, salinity and
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FIGURE 5 | Biochemical analyses of transgenic tobacco plants under abiotic stress.  Estimation of (A) proline, (B) free amino acids (FAA)(C) total phenolic
content (polyphenol; TPC)(D) total soluble sugars (TSS)(E) reducing sugars (RS), andF) oligo sugars (OS) in control (WT and VC) and transgenic plantL2, L7,
and L16) under salinity and osmotic stress condition. Barsepresent means SE and values with different letters are signi cant aP < 0.05.

was equivalent under control conditions, but transgenitet expression ofNt-APX was upregulated by more than 8-fold
showed a deep purple stain under salt and osmotic stressder salt, drought, ABA, SA, heat, and cold stress in L2,
conditions, showing thatSbSRPover-expressing transgenic whereas an 5-7-fold increase was observed in L7 under stress
lines maintained cellular starch content, even under strescompared to WT, VC plants, and control condition. However,
conditions. L16 showed lower accumulation of the transcript lf-APX
Lower accumulation of ROS was observed in transgenignder stress conditions. Thét-CAT gene transcript also showed
lines (an average of 0.068n0ol g * Fw), whereas WT and a similar pattern, although L16 accumulated about 8 timesamor
VC plants exhibited the higher accumulation of28> (an  transcript under salt and drought stress than WT and VC plants.
average of 0.28mol g * Fw) under salt and osmotic stress The transcript of Nt-SOD increased by 8-fold in L2, and by
conditions Figure 6B). The superoxide content was measured7-fold in L7 and L16 under stress conditions. Likewise, the
by the reduction of XTT tetrazolium salt, where the transigen transcript ofNt-DREBand Nt-AP2accumulated 4—6 times more
lines showed a signi canty(< 0.05) increase in absorbance (470in transgenic lines compared to WT and VC plants under stress
nm) in contrast to WT and VC plants under stress conditionsconditions.
(Figure 60).

Overexpression of the SbSRP Gene
The SbSRP Gene May Regulate the Enhances Photosynthesis of the Plant

Transcript Expression of Antioxidative Net assimilation rate was 12mmol CO, m 2's 1in WT, VC,

Enzyme-Encoding and Transcription and transgenic plants under control conditions. Under stress
Factor Genes conditions, it reduced to #mol CO, m 2s 1in WT and VC
The mRNA level of genes encoding antioxidative enzymes anglants, but transgenic plants (L2, L7, and L16) maintainedesl
transcription factors (ascorbate peroxidasét-pPX], catalase of 6.5, 8.0, and 5:8mol CO, m 2s 1, while transpiration rate
[Nt-CAT], superoxide dismutaseNf-SOL], DREB Nt-DREB, was2.0,1.5,and 2.8 mmopB m 2s 1. These results con rmed
and AP2 Nt-APZ) were studied in WT, VC, and the transgenic the role of SbSRHANn providing abiotic stress tolerance to the
lines (L2, L7, and L16) under control and stress conditiongransgenic tobacco plants by maintaining photosynthesis unde
(salinity, osmotic, heat, cold, ABA, and SAjgure 7). The stress conditionFigure 8).
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FIGURE 6 | In vivo localization and cell viability. (A)  In vivolocalization of HO,, superoxide and starch, estimation of(B) H,O, content and (C) superoxide
radicals of transgenic (L2, L7, and L16) and control (WT andG) leaves. Bars represent means SE and values with different letters are signi cant aP < 0.05.

DISCUSSION order to achieve tolerance, including ion compartmentalizat
osmotic adjustment (osmolytes), succulence (ion sequéstra
As plants are sessile in nature, they have to face numerois vacuoles), selective uptake and ion transp@OS1NHX1,
abiotic stresses such as salt, drought, extreme temperatutékT2, CLC), enzymatic (SOD, APX, GST, GR) and non-
variation in light, and UV radiation. Salinity in uences almst enzymatic (proline, glycine betaine, ascorbate, tocopherol
every aspect of plant physiology, commonly at the entire planpolyols, polyamines) antioxidant response, maintenance of
level, through osmotic stress in early stages, and ioniesstr redox/energetic status, salt inclusion/excretion, anchegie
at later phases of developmentlnns and Tester, 2008 control (DREB, NAC, MYB). The present study reported the
Abiotic stresses, along with population increases and lack dfolation, cloning and functional validation of a novel tsal
food, create trouble for people globally, and cause lossethworresponsive gen§bSRPfrom an extreme halophyt8. brachiata
hundreds of million dollars every year. Salinity is devetgpi The SbSRPgene was characterized at the genomic and
as a noteworthy issue, and halophytes give a remarkabieanscriptomic levels and was genetically transformed into
opportunity to adjust crops to dierent saline biological Nicotiana tabacuncv. Petit Havana. The role of the candidate
niche (Mishra et al., 2016 Halophytes are well-adapted to SbSRPgene under salinity and osmotic stress tolerance was
high salinity due to their modied molecular, biochemical, studied in the putative T1 generation of transgenic tobacco.
morphological, anatomical, and physiological charactesst The full length ShSRBequence was 1,262 bp and included
Halophytes have therefore developed a cascade of genesaif untranslated leader sequenc&(5TR: 1-294 bp), an open
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FIGURE 7 | Transcript expression analysis of host stress res  ponsive genes. Comparative transcript expression pro le of antioxidant ad transcription factor
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reading frame (753 bp ORF that encoded a protein of 250 aand L16) along with control plants (WT and VC) were selected
with an estimated molecular mass of 80-85 kDa),JBR  for physio-morpho-biochemical and molecular analysis based
(215 bp; 1,047-1,262) and a poly A tail of 19 base pairs (Figuom higher gene expression, histochemical GUS expression, and
S1). The genomic organization of tiBbSRRjene revealed that percent seedling growtt.ue et al. (2014eri ed that transgenic

it is an intronless gene, consisting of a single exémn et al. tobacco plants illustrated higher rates of seed germination
(2008)reported that the rice and\rabidopsiscontain 19.9 and and chlorophyll content relative to WT in response to salt
21.7% intronless genes, respectively. These results mayrsupsiress.

future work on the role of intronless genes in plants and other The WT and VC plants did not show any expression of the
higher organisms by comparative, evolutionary, and funwio transgene while the transgenic lines L2, L7, and L16 showed a
analysis.Yan et al. (2014gemonstrated that maize intronless higher level ofSbSRRranscript expression than that of other
genes (36.87%) play a crucial role in energy metabolism arohes although a comparable amount of cDNA was used (Figure
translation. Intronless genes are widespread in prokaryates S5). Chlorophyll content was considered as one of the indisato
are also additionally seen as rapidly inducible eukaryotices of cellular stress, and it reduces in plants during abiotiesst In

(Giri et al., 201} At least two homologs of thEBbSRRjene are the present study, Chl a, Chl b, total chlorophyll, and caroien
present in theS. brachiatagenome, as shown by DNA gel blot content were considerably decreased in WT and VC plants under

analysis Figure 10. The DNA sample digested witHindlll,  salinity or osmotic stress compared to transgenic lifkégire 3).
EcoR, Smd, and Sa¢ showed only two bands, signifying the The di erences between chlorophyll contents may vary while
existence of two copies of the gene. considering relative water contents. Similarly, transgeatants

The SbSRRranscript showed higher expression under salt(tobacco and groundnut) over-expressiS8gpAPXand SbASR-1
desiccation, heat, and cold stress $n brachiata(Figure S3). showed elevated chlorophyll content under oxidative stress
Zhang et al. (2014stated that transcriptome data could provide provoked by osmotic and salinity stresSiiigh et al., 2014a,b;
insight into the molecular mechanisms behind the response tdiwari et al., 2015 Plant senescence is characterized by the
salt stress in the physic nut and might provide an asset fodegradation of cellular components, which leads to the loss of
the genetic engineering of salt tolerance in crops. Theadtses compartmentalization and tissue structure, resulting innpla
support the notion thaSalicorniashows enhanced abiotic stressdeath Ean et al., 1997 Transgenic plants could withstand
tolerance due to the accumulation of transcripts of seveoaleh  higher salt stress than the wild type in leaf disc assays arsl pot
salt responsive genes, of whishSRIs one (Jha et al., 2009 (Joshi et al., 2013; Singh et al., 201®ased on this evidence,

The SbSRRyene sequence showed 80% identity wBtbta it is presumed that over-express&SRP may have sheltered
vulgaris 71% with Populus trichocarpa71% with Populus the chlorophylls from oxidative damage, and consequently,
euphratica 70% withRicinus communjsand 69% withCitrus  transgenic lines retain elevated chlorophyll, and caroigno
sinensipredicted REF/SRPP-like protein. Transient REBBRP  content. Ramel et al. (2012)eported that carotenoids play a
expression analysis clearly indicated that SRP was prefeltgnti key role in the protection of the photosynthetic machinery by
compartmentalized in the plasma membranédure 1). This  stabilizing thylakoid phospholipids, hence reducing the &xti
was further conrmed byin silico TMpred analysis, which triplet state of chlorophyll and singlet oxygen in salinitydan
showed the presence of one transmembrane domain (Figueesmotic stress conditions.

S2). To reveal the capacity of an unknown gene, subcellular The RWC analysis of WT and VC plants and transgenic
localization studies are another way to identify the fuantiof  tobacco lines demonstrated higher relative water content i
the relating protein. The area of the reporter gene in a sublzll  the transgenic lines than in WT and VC plants under salinity
compartment, as coordinated by the unknown intertwinedand osmotic stress conditiong-igure 4). Similar results were
protein, frequently provides support for identifying the furamt  reported byJha et al. (2011)Chaturvedi et al. (2014)Patel
and con nement of the geneCurtis and Grossniklaus, 203 et al. (2015) Tiwari et al. (2015h)and Udawat et al. (2016)
Crosstalk at the plasma membrane interface is imperative fovhereSbASR-1, SbNHX-1, SbMT&hd SbUSRover-expressing
sessile living beings, such as plants, which are require@ep k transgenic tobacco, castor, and groundnut lines showedvaro
up a various range of plasma membrane receptor and transporate of water loss in salt and drought stress. MDA formation
proteins so as to have the capacity to sense and react to changesl electrolyte leakage are universal stress indicatoes th
in their surroundings (uschnig and Vert, 2004 The present determine the degree of damage caused by stress in plants;
study conrms that SISRP is a plasma membrane protein,stress-induced ROS generation is accountable for thesadeak
which is in line within silicostudies Figure 1 and Figure S2). and the accumulation of MDA. MDA is the byproduct of lipid
Based on conserved motifs proposed for a special REF/SRPP-Iperoxidation due to the production of free radicals during
family of uncharacterized proteins in plan8tSRP is categorized stress, while electrolyte leakage is the releasé dirstn ROS-

as an SRP-like protein, which is a stress-related protein thaictivated cation channels against its counter ions, GIPC?
may be released into the cytosol during osmotic lysis. Th&lO,, citrate and malate[femidchik et al., 2014 The present
SbSRBene was transformed and transgenic tobacco plants westudy reported elevated MDA content and electrolyte leakage
developed. Successful integration of the transgene wakatedi in WT and VC plants in comparison t&bSRRver-expressing
by PCR and DNA gel blot analysis (Figure S4). The semiransgenic lines under salinity and osmotic stress condgio
guantitative RT-PCR and qRT-PCR showed higher expressidrigure 4). Conversely, under control conditions, all plant types
of the transgene (Figure S5). Three transgenic lines (L2, Lg8howed a comparable level of MDA and electrolyte leakage.
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The cellular stress marker proline was quanti ed, whichstarch, sucrose, amino acid, lipid and protein degradatibaf t
accumulates during osmotic stress to balance the osmotgupply other sources of energy and metabolites during stress
homeostasis across the membrane. In the present study, tlenditions.

SbSRPver-expressing putative transgenic lines exhibited higher To further validate the probable regulatory role of the
accumulation of free proline than WT and VC plants under SISRP protein, transcript expression of antioxidant-encoding
salinity and osmotic stress conditiongigure 5. Analogous genes Nt-APX (cytosolic ascorbate peroxidaseNt-CAT
results were observed in transgenic tobacco lines overesgprg  (catalase)Nt-SOD (mitochondrial superoxide dismutase), and
SbUSPgrown under salinity and osmotic stress conditionstranscription factor-encoding gened\t-DREB and Nt-AP2,
(Udawat et al., 2006 The accumulation of this amino acid, were analyzed in WT, VC, and transgenic plants subjected
primarily during salinity and drought stress, is consideredto control conditions, salinity, drought, ABA, SA, heat,dan
to play an important role as an osmoregulatory osmolytecold stress Kigure 7). The relative increase iiNt-APX, Nt-
(Delauney and Verma, 199and also acts as a signaling moleculeCAT, Nt-SODQ Nt-DREB and Nt-AP2 transcript expression
(Szabados and Savoure, 201Total soluble sugar, reducing was higher in transgenic lines under stress conditiohs!
sugars, oligo-sugars, and polyphenol content were found tet al. (2013)reported thatArabidopsistransgenic lines over-
be signi cantly higher in the transgenic tobacco lines ever expressingLcASR-1showed elevated transcript expression of
expressing th&SbhSRRyene compared to that of WT and VC CAT, SODQ APX and glutathione reductase enzyme genes,
plants under salinity and osmotic stress conditiofisglire 5.  thus contributing to improve ROS scavenging in transgenic
TobaccoASR1 improved the transcript accumulation of sugar plants.

transporters, viz hexose transporter, sucrose transporter an Based on transcript expression analysis, it was concluded tha
vacuolar glucose transporter proteinsdminguez et al., 20)3 SbSDR-&nd SbUSRyenes (cloned frons. brachiatpinvolve in
Glucose and sucrose are transported from the leaves to tlike transcriptional regulation of antioxidant enzyme-edaw
phloem with the help of these transporters, in order to thengenes $ingh et al., 2016; Udawat et al., 201The present
mobilize the sugars to other plant organs. Based on oustudy is in agreement with these reports and suggests that
experimental results, we hypothesize tI®ilBERP may regulate SISRP may be further implicated in ROS scavenging activity
several sugar transporter proteins and improve the abiotidirectly as a non-enzymatic antioxidant or indirectly byluncing
stress tolerance in transgenic plants by the mobilization ofhe expression of several genes encoding antioxidativenesszy
plant photosynthate to the root or other non-photosynthetic (Figure 7). Wang et al. (2011demonstrated that the activity of
organs. ascorbate peroxidase (APX) and catalase (CAT), which are two

Fresh leaf segments (of treated and untreated, control, ankky reactive oxygen species (ROS) detoxifying enzymes, were
transgenic plants) were dipped in the freshly prepared DARelevated in transgenic plants exposed to salt stress in compariso
and NBT stain solutions, kept in the dark for 2 h followed byto WT plants. The primary job accomplished by APX and CAT
exposure to white light foin-vivo localization study. Peroxide is to detoxify the HO, into water molecules, which under
and superoxide free radicals werevivo localized in leaves of normal conditions is kept under control. Similar results wer
WT, VC, and transgenic plants-{gure €). An almost negligible found in transgenic tobacco and groundnut lines over-expirgg
amount of free radicals (insoluble brown and blue-coloredSbASR-1(Chaturvedi et al., 2014; Tiwari et al., 20)5Fhe
precipitate) was observed under control conditions, whereasain e ect of abiotic stresses on plant growth/productivity is
under salt and osmotic stress, the leaves from the WT andorrelated with the communication occurs between organd an
VC plants exhibited higher accumulation of brown and blue-each cell types have less or more speci ¢ response to the stress.
colored precipitate following DAB and NBT histochemical Based on results, itis speculated that membrane-loca8iBsRP-
staining. This observation suggests that there is a greatBke protein may regulate the expression of the antioxidative
accumulation of peroxide and superoxide free radicals in WTand transcription factor genes; it may sense environmental
and VC plants under stress conditions. In agreement with oustimuli and transmits downward through the plasma membrane
ndings, transgenic tobacco and groundnut lines over-exgsiag  (Figure 9. The salt tolerance mechanism shown in this model
SbpAPXand SbASR-Jalso exhibited reduced accumulation ofis a schematic representation of a general salt tolerance
H20, content and superoxide-radicals free radicals in leavemechanism (irrespective of organelle-specic) using previous
grown under salt and drought stres$i(igh et al., 2014a,b; studies.

Tiwari et al., 2015p Likewise, leaves of the putative transgenic

lines over-expressingbSRPetained a higher amount of starch

(observed as a purple precipitate), even under salinity anONCLUSION

osmotic stress conditions, in contrast to WT and VC plant

leavesParvaiz and Satyawati (20G@yiewed carbohydrates such In this study, the SbSRPgene was cloned from an extreme
as sugars (glucose, fructose, sucrose, fructans) and fthaid halophyte S. brachiataand functionally characterized using
starch accumulation under salt stress may play a key role imansgenic approach. The genome organization study revealed
osmoprotection, osmotic adjustment, carbon storage, adiced  the two homologs of an intronlesSbSRRyene. Thein silico
scavengingBaena-Gonzalez et al. (200d@scribed the role of andin vivo localization study suggest that tiBSRProtein is
most the importantKIN10 activated genes and their control con ned to the plasma membrane. Morphological, biochemical,
over the majority of catabolic pathways, including cell walland physiological analyses of T1 transgenic tobacco lines
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FIGURE 9 | A hypothetical model to infer the putative role of membr ane bound SbSRP-like protein in abiotic stress tolerance mechanism. The salt
tolerance mechanism shown in this model is a schematic repgentation of a general salt tolerance mechanism (irrespege of organelle-speci ) using previous
studies.
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