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ARTICLE INFO ABSTRACT

The dehydration responsive element binding (DREB) transcription factors (TFs) have been intensely reported to
regulate plant growth and defence response under stress condition. In this study, we have investigated impact of
salt stress (400 mM) at vegetative stage in tomato hybrids on (1) several yield and related components (2)
relative water content, membrane stability (3) enzymatic activity and gene expression levels of stress responsive
genesand since in tomato, little is known about its functional binding motifs, protein-protein interactions and
core amino acid residues involved in the regulation of its expression under stress condition (4)we also used in
silico approach to structurally and functionally characterize tomato DREB1 protein in response to salt stress. Salt
stress imposed at vegetative stage caused significant reduction in relative water content, chlorophyll content,
proline content, expression of stress responsive genes and enhanced membrane damage in all the hybrids.
However, hybrids viz., VRTH-1754 and VRTH-1755 showed remarkable tolerance to salt stress as they showed
low membrane damage, increased proline content and enhanced activity of antioxidant enzyme along with
expression of stress responsive genes. Phylogenetic foot-printing, multiple sequence alignment, and motif ana-
lysis of S. lycopersicum DREB1 (SIDREB1) reveal remarkable similarities with its wild homologue showing
monophyletic origin with S. pimpinellifolium and close relation with S. pennelli and S. tuberosum. Additionally,
DNA-protein interaction study revealed that the SIDREB1 protein binds to Dehydration Responsive Element
(DRE) DNA element through conserved KYRG region of AP2/ERF domain with flanking sequences viz., Tyr*’,
Gly®°, Pro®!, Cys®?, and Arg®* Furthermore, gene ontology (GO) analysis predicted the most significant sub-
cellular localization of SIDREBI protein to the chloroplast (32.9%) followed by nucleus (28.9%) and cytoplasm
(17.6%) revealing that SIDREB1 proteins were mainly involved in ethylene mediated signalling pathway,
transcription initiation and defence response.
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1. Introduction order to adapt and survive under these environmental fluctuations,-
plants activatecomplex multi-fold mechanisms of stress adaptive sig-
nalling cascades thereby triggering dynamic and temporal reprogram-

ming of complex network of proteins called transcription factors (TFs).

Sessility is one of the most noxious features of plants that imposes
severe threat to their survival under variable environmental conditions

such as high/low temperatures, drought, salinity and UV radiations
(Xin et al., 2014). Among all, soil salinity is one of the major en-
vironmental constraint that limit crop growth, yield that ultimately
affects agricultural productivity and is projected to have devastating
effect on global food production in coming years (Xin et al., 2014).
According to an estimate, 77 million hectares of land (out of 1.5 billion
hectares of total world arable land) will become unsuitable for crop
growth because of increasing land salinization due to universal climate
change and outrageous irrigation practises (Erskine et al., 2014). So, in
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Transcription factors are trans-acting predominate class of genes that
strategically regulate crop growth under stress conditions upon binding
specifically to cis-acting elements (promoter) and activating the tran-
scription of defence related genes(Hichri et al., 2014).TFs are also
known to integrates multitude of synergistic/antagonistic signalling
networks of several other TFs and functional genes thus improving
plant’s phenotypical and physiological adaptability under stress con-
ditions.

Among various TFs, Dehydration responsive element binding
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(DREB) proteinis the most important and best studied subfamily of TFs,
belonging to largest group viz., APETALA 2/Ethylene Responsive
Element Binding Factor (AP2/ERF) plant-specific transcription factors
family which is involved in the mitigation of abiotic stress induced
oxidative damagesby regulating the expression of genes involved in
stress defence pathway (Pandey et al., 2014). DREBs proteins are also
well documented toprovide immunity against several biotic stresses by
modulating the expression of several downstream genes of defence
signalling cascades through feed backward-forward loop mechanisms
(Muneer and Jeong, 2019). In addition, DREBs are also exclusively
involve in the induction of salinity tolerance by acting downstream of
auxin and ethylene signalling pathways and upstream of ABA-in-
dependent signalling pathway thereby reprogramming transcriptional
activation of DELLA nuclear proteins that are involvedin the regulation
of plant growth under salinity stress (Hichri et al., 2016).

In tomato, DREB proteins are recognised by the presence of highly
conserved YRG (720 amino acids in length) region/elements in their
AP2/ERF DNA binding domain that contain “60 amino acids, with
highly conserved short hexapeptide KYRGVR motif at N terminus, have
been proposed to be involve in DNA binding activity (Park et al., 2016).
Second, LAYD region which is "18 amino acids long at C-terminus
capable of mediating protein-protein interaction and thus forming an
amphipathic alpha helix with ability to regulate DNA binding activity of
DREBs by instigating significant change in the conformation of YRG
elements (Muchate et al., 2016). The highly conserved YRGVR residues
of the core motif with arginine and tryptophan residues in beta sheet
together with two conserved functional amino acids viz., valine and
glutamic acid residues are crucial for interaction with phosphate
backbone of Dehydration Responsive Element (DRE) of nine base pairs
conserved DNA sequence 5-TACCGACAT-3’ (Kazan, 2015). The DRE
motif was originally identified in drought responsive promoter of rd29A
gene as well as from the nuclear extracts of salt stressed protein factors
of Arabidopsis plants and the sequence of which was confirmed by gel-
shift assay (Dey and Corina Vlot, 2015).

In the past recent years, extensive studies have been done to assess
the role of stress inducible DREBs transcription factors in the regulation
of gene expression in response to various abiotic stresses (Sun et al.,
2015; Guo et al., 2016; Wang et al., 2016). They have been shown to
transcriptionally activate the ectopic expression of defence related
genes involved in host defence mechanisms in Arabidopsis (Chen et al.,
2016), tobacco (Mishra et al., 2015), potato (Charfeddine et al.,
2015).The studies in these crops have laid the ground on which DREB
has emerged as a key gene (compared to its corresponding counterparts
viz., WRKY, MYB, MYC and NAC) having potential to confer multiple
abiotic stress tolerance upon its transcriptional reprograming (Wang
et al., 2016).However, only few studies have investigated the role of
DREBs in response to salinity stress tolerance in tomato (Rao et al.,
2015a; Hichri et al., 2016), which mainly focuses on physiological,
biochemical, gene expressionand microarray analysis.

Knowledge about DNA binding motif, functional domain, conserved
amino acid residues involved in the regulation of stress tolerance re-
garding their biological and molecular function in tomato is scarce. So,
in this study, our objectives were to (a) characterize tomato hybrids for
their physio-biochemical ability to tolerate salt stress, (b) determinethe
expression level of DREB1 candidate genes for salt tolerance in selected
tomato hybrids and (c) to unravel DNA-protein interaction, protein-
protein interaction, gene ontology enrichment analysis using in-silico
approach to explore probable residues involved in DNA protein binding
and functional interactive partners involved in DREB1 signalling. In
addition, comprehensive knowledge about binding motifs, key residues,
active sites and probable ligand binding sites can help predicts biolo-
gical, molecular and functional dimensions of DREB1 protein which are
crucial for modulation of stress tolerance in tomato plants.
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2. Materials and methods
2.1. Plant materials and growth condition

An experiment was designed to decipher the consequences of sali-
nity stress in four tomato hybrids viz., VRTH-1747, VRTH-1749, VRTH-
1754 and VRTH-1755 along with KT-8 variety (salt tolerant variety)
and Agata-30 (salt enduring variety) as a check under green-house
conditions at Indian Institute of Vegetable Research Varanasi (U.P),
India from September to December 2017. Both of these varieties has
been used as a one of the donor parents in the development of all the
four hybrids. The parents were selected on the basis of their initial
screening i.e. seed germination percentage in basic nutrient solution
containing 200 mM of NaClunder in-vitro condition (Supporting in-
formation Figure S1). Seeds of all the hybrids along with parents were
sown in the beginning of September and seedlings with 4-5 true leaves
were transplanted in polyvinyl chloride pots (20 and 16 cm in diameter)
filled with 5000 g of air-dried soil organized by mixing loam soil with
farm yard manure (FYM) in 1:3 v/v quantity. The approximate day and
night conditions during the entire experimental period were 28-32 °C/
18-26°C air temperature, 1050-1450 umol/m?s light intensity and
40-50% relative humidity.

2.2. Experimental design and stress exposure

Salt treatments of 400 mM NaCl were initiated in the mid October,
when the inflorescence appeared form each seedling growing uni-
formly. The NaCl (400 mM) was applied in four treatments which was
repeated at three days interval till the optimum concentration of NaCl
was achieved. The pH of all NaCl treated soil as well as soil from control
pots were measured using digital pH meter: for NaCl treated soils the
pH ranged from 7.62 to 7.92 whereas in control soils the pH ranged
from 6.52 to 6.72, respectively. All the plants were divided randomly in
to three sets with ten pots in each set (Supporting information Figure
$2).0ne set was used as control, second set was used for various phy-
siological, biochemical and molecular analysis after the completion of
the treatment, while third set was left for four more weeks to observe
growth parameters and fruit quality attributes.Each set with 10 pots
was considered as single replicate, therefore there were thirty pots in
three replicates. The fully-expanded third leaf from the top was plucked
on the completion of the treatment, frozen immediately in liquid N,
and kept at —80 °C until further analysis.

2.3. Measurement of indicators for photosynthetic function

Measurement of photosynthetic function was done in terms of re-
lative water content (RWC)andphotosynthetic pigment contents.
Relative water content was measured by recording fresh weight (FW),
turgid weight (TW) and dry weight (DW) of 15 uniform sized leaf discs
devoid of midrib following the method of Turner and Kramer (1980)
and was measured as per the following equation: Leaf RWC (%) =
[(FW-DW)/ (TW-DW)] x 100. Total chlorophyll and carotenoid con-
tents were measured by extracting leaf tissue in 80% acetone (Porra
et al., 1989) and recording the absorbance of supernatant at 663, 645,
480 and 510 nm. The amount of photosynthetic pigments in leaf sam-
ples were computed as per the equation given by Arnon (1949) and
expressed as mg g_lFW.

2.4. Measurement of indicators for membrane damage

Electrolytic leakage and lipid peroxidation as an indicator for
membrane damage. Electrolytic leakage was measured by recording the
conductivity of 15 leaf leachates at 40 and 100 °C using conductivity
meter (Century Instruments, Chandigarh, India). The conductivities
were determined by following the standard equation: (C1/C2) x 100
(Deshmukh et al.,, 1991). Lipid peroxidation was determined by
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measuring the absorbance of malondialdehyde (MDA) level at 532 nm
and 600 nm generated by the reaction between thiobarbituric acid and
trichloroacetic acid using the method of Heath and Packer (1968).

2.5. Measurement of indicators for oxidative stress

Hydrogen peroxide content, proline content and catalase activity
were measured as an indicator of oxidative stress from both salt-af-
fected and unaffected leaf tissue. Hydrogen peroxide (H,0,) content
was measured by recording the strength of yellow coloured solution
containing 50 mm phosphate buffer (pH 6.5), and 1 ml of 0.1% titanium
sulfate in 20% H,SO4 at 410 nm (Jana and Choudhuri, 1981). Proline
level was examined by extracting leaf tissue in 3% sulfosalicylic acid
and recording the absorbance of chromophore containing acid ninhy-
drin at 520 nm (Bates et al., 1973). Activity of antioxidative enzyme
catalase was assayed by homogenizing leaf tissues in 50 mM Tris NaOH
buffer (pH 8.0) containing PVP, Triton X-100 and EDTA and recording
the absorption of assay mixture for 5min at 240 nm (Mckersie et al.,
1990). The activity was expressed in pmol of H,O, oxidized
min~' mg~! protein.

2.6. RNA isolation and cDNA preparation

TRIZOL reagent (Invotrogen) was used to isolate total RNA fol-
lowing the manufacturer’s instructions. The intensity of the isolated
RNA was confirmed by recording the absorption ratio at 260/280 nm
between 1.80 and 2.05 and 260/230 nm ranging from 2.00 to 2.60
using Nanophotometer (Implen, California, USA) and integrity was
confirmed on 1.0% agarose gel electrophoresis tinged with ethidium
bromide. The isolated RNA was then used to synthesise first strand of
cDNA using 1.0 ug of RNA and the iScriptTM cDNA synthesis kit (Bio-
Rad Laboratories, USA), according to manufacturer's instructions.

2.7. Real time (RT-PCR) gene expression analysis

Real time PCR analysis was performed only on one tomato hybrid
i.e. VRTH-17-55 because it has superior physiological and biochemical
adaptability to salt stress compared to its corresponding counterparts
along with better yield related attributes.SsoFast” EvaGreen’Supermix
detection chemistry (Bio-Rad) was used for the real time PCR analysis
using iQ5thermocycler (BioRad Laboratories, USA). Primers were de-
signed by accessing the sequences from Genbank using Primer 3 soft-
ware (Supporting information Table 1) and the reactions were for-
mulated in an overall volume of 20 ul containing: 1l of each gene
specific primers (0.2 uM) and 10 ul of 2 X SsoFast EvaGreen® Supermix
and 2l of the template (20 ng). The relative quantification was done
by using the 27 24T method given by Livak and Schmittgen (2001) and
was further normalized to the C; data of ACTIN transcript level as an
internal control. Each gene per sample was analysed for at least three
biological and three technical replicates. Data obtained from RT-PCR
were subjected to Bio-conductor R (http://www.bio conductor.org)
analysis to generate heat map.

2.8. Database search and comparative phylogeny

Tomato dehydration responsive element binding 1 (DREB 1) protein
(Locus: NP_001234689.1) was retrieved from NCBI database and NCBI
BLAST server http://blast.ncbi.nlm.nih.gov/Blast.cgi was used to
identify functional and relevant sequential homologue with in the other
members of solanaceous family. The sequences were selected on the
basis of percentage identity, query cover, E value.The sequences having
sequence identity (> 90%) were selected for sequential classification
and phylogenetic study.The alignment of the sequences was checked
using Bio-Edit tool (Hall, 1999) and phylogenetic tree was constructed
by employing UPGMA method with 1000 bootstrap replications values
using MEGA 7 suite http://www.megasoftware.net (Tamura et al.,
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2013). Sequential classification between all the identified members of
DREB protein sequences were inferred by performing multiple sequence
alignment using CLC bio workbench and the functional DREB domain
regions occupied by DREB proteins were identified by using In-
teProScanhttp://www.ebi.ac.uk/Tools/pfa/iprscan (Jones et al., 2014),
NCBI CDD server http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml (Marchler-Bauer et al., 2011) and ExPASy-Prosite scan http://
prosite.expasy.org/scanprosite (de Castro et al., 2006). The distribution
of conserved motifs in DREB 1 protein present across all the identified
members was investigated using MEME Suite 4.1.1.2 (Multiple EM for
Motif Elicitation) http://meme.ncbr.net (Bailey et al., 2006). The se-
lection parameter for motif analysis was set to any number of repeats
with motif width of 10 and 30 residues and maximum number of motifs
to be analysed was set to 40. The circos visualization tool http://circos.
ca (Krzywinski et al., 2009) was used for the identification of simila-
rities and differences for the characterized DREB 1 protein with the
different members of tomato family using percentage similarity ma-
trices obtained through Clustal W phylogenetic clustering program.

2.9. Gene prediction and promoter analysis

The gene prediction analysis was done to find out all the available
DREB members present in the genome of tomato. The protein sequence
of DREB1 was subjected to TBLASTN search using whole genome
shortgun contigs (wgs) with organism name S. lycopersicum (taxid:
4081). The BLAST results obtained were further subjected to Fgenesh
(HMM based gene prediction tool) server http://www.softberry.com for
identification and predicting the position of DREB1 protein across the
whole tomato genome (Solovyev et al., 2006). The nucleotide se-
quences encoding DREB1 protein was identified and characterized on
the basis of transcriptional start site and Poly A sequences. Further,
gene display server (GSDS 2.0) http://gsds.cbi.pku.edu.cn/ (Hu et al.,
2014) was used for the structural characterization of DREB1 gene
which was also confirmed by subjecting protein sequences relevant to
the nucleotide sequences to BLAST-P against uniport database.

2.10. Structural modelling and validation

The identified protein sequences for DREB1 protein in tomato were
taken for homology modelling and DNA protein docking analysis. The
template proteins for modelling DREB1 protein were identified using
BLAST-P programme of Protein Data Bank (http://www. rcsb.org/pdb)
(Berman et al., 2000). Four most closely related protein templates
(confirmed by evaluating them on several other platforms using BLAST-
P programme of NCBI) whose crystal structures were resolved through
NMR and X-ray diffraction were used to generate 3D structure of pro-
teins using MODELLER module of Discovery studio 3.0 (accelrys.com;
Shahi et al., 2013). The MODELLER generated four models based on the
available templates i.e. complex of GCC-box binding domain of ATERF1
(PDB ID: 1GCC), Crystal Structure of AtERF96 with GCC-box (PDB ID:
5WX9), solution structure of the GCC-box binding domain (PDB ID:
2GCC) and solution structure of the GCC-box binding domain (PDB ID:
3GCQ). The selected modelled protein was further refined for Ca traces
using two-step atomic level energy minimization module of ModRefiner
http://zhanglab.ccmb.med.umich.edu/ModRefiner (Xu and Zhang,
2011) and topological details of the modelled protein was retrieved by
superimposing the modelled proteins with each templates using Su-
perpose version 1.0 http://wishart.biology.ualberta.ca/superpose
(Maiti et al., 2004). The structural stability and reliability of the pre-
dicted models were further checked on several qualitative and quanti-
tative score values and the model with the lowest energy values was
selected for further study. The qualitative assessments of the models
were done in terms of geometric analysis of the models, stereochemical
orientation and patterns of backbone conformations of nonbonded
atomic interactions. Single model method was use for the qualitiative
estimation of predicted model using ProSA https://prosa.services.came.
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environment as two fixed factors and means were compared by using
Duncan Multiple Range Test (DMRT) at a threshold value of 0.05 with
statistical software package SPSS 21.0 (SPSS Inc, Chicago, IL, USA).

3. Results
3.1. Effect of salt stress on RWC and photosynthetic pigments content

Salt stress (400 mM) substantiallyaffected RWC by 7.9-17.9% re-
spectively in all the hybrids/parents compared to their non-stressed
counterparts. Among hybrids, VRTH-1747 and VRTH-1755showed
better water holding capacity as they exhibited minimum decrease
(2.1-3.1%) in RWC under salt stressin contrast to control condition
(Table 1).Whereas, the interactive effect of G X E on RWC was non-
significant for the hybrids.The exposure of plant to salt stress at 400 mM
indubitably affected chlorophyll and carotenoid contents by 62.2% and
79.5% in all the hybrids/parents under salt stress (Table 1). Hybrids,
viz.,VRTH-1754 and VRTH-1755 showed higher chlorophyll and car-
otenoid contentsas compared to other hybrids under control and salt
stress conditions. Significant interactive effect of G X E was observed
on chlorophyll and carotenoid contents for all the hybrids.

3.2. Effect of salt stress on membrane integrity

Salt stress significantly affected membrane damage in all the hy-
brids which was evident by the increase in electrolytic leakage and lipid
peroxidation (Table 1). Maximum damage to the membrane integrity
both in terms of electrolytic leakage (5.0-15.0%) and lipid peroxidation
(42.1-45.6%) was observed for the hybrids VRTH-1747 and VRTH
1749 (Table 1). However, the hybrids viz., VRTH 1754 and VRTH 1755
alleviated the salt induced membrane damage showing minimum
electrolytic leakage (2.2-7.8%) and lipid peroxidation (36.6%). Sig-
nificant interactive effect of G X E was detected on EL and LPO for all
the hybrids.

3.3. Effect of salt stress on ROS and oxidative stress generation

Imposition of salt stress (400 mM) caused significant upsurge in the
oxidative damages in all the hybrids. Proline content decreased posi-
tively by 49.4-193.6% whereas H,0O, generationincreased significantly
by 39.1-60.1% (Table 1). The hybrids viz., VRTH 1755 and VRTH 1754
showed increased proline and H,0, contents under salt stress compared
to their respective controls. The activity of catalase (CAT) increased
significantly due to effect of salt stress in all the hybrids as well in the
parents. Upon salt exposure, the activity increased by 47.7-62.2% re-
cording highest for VRTH 1754 and VRTH 1755 compared with con-
trols, respective counterparts and parents (Table 1). The interactive
effect of G X E on proline, H,O, and catalase was found significant for
all the hybrids as well as the parents.

3.4. Effect of salt stress on yield and related components

The tomato plants exposed to salt stress (400 mM) exhibited sig-
nificantly higher reduction of 9.1-19.5%, 11.4-19.5%, 2.02-18.6% and
41.6-130.1% in fruit length, fruit width, locule number and yield/plant
respectively except for total suspended solids (TSS) which showed
sharp increase of 16.7-28.2% compared to their respective controls
(Table 2). The hybrids viz., VRTH 1755 and VRTH 1754 showed better
and improved fruit length (19.8 and 6.01%), fruit width (20.4 and
17.8%), TSS (17.5 and 4.59%) and total yield per plant (45.8 and
39.2%) compared to their respective counterparts under salt stress. The
interactive effect of G X E was significant for fruit length and yield and
non-significant for fruit width, locule number and TSS for all the hy-
brids.
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3.5. Effect of salt stress on expressions of defence related genes

Several stress responsive have critical functions in plant’s salt stress
tolerance. The genes viz., ATP, DREB1, DREB2, DREB3, HSP, ZFP, LEA
and EF were chosen on the basis of their putative role in transcription,
protein metabolism and defence signalling response to validate changes
in the expression pattern among all the tomato hybrids. Transcript
abundance analysis of all the genes indicated differential response
under salt stress (Fig. 1). The expression of the transcript encoding a
putative DREB transcription factors viz., DREB 1 (75 and 79,6%), DREB
2 (74 and 69.8%) and DREB 3 (77.4 and 74.0%) were significantly
increased in VRTH 1755 and VRTH 1754 hybrids compared to their
respective counterparts and parents upon salt exposure (Fig. 1). Simi-
larly, the relative abundance of ATP (82.4 and 78.9%), HSP (56.4 and
52.8%) and ZFP (71.4 and 65.8%) were also found to be upregulated in
both VRTH 1755 and VRTH 1754 hybrids and were downregulated in
VRTH 1747 and VRTH 1749 hybrids and parents.The expression of LEA
(62.3 and 69.4%) and EF (42.3 and 62.6%)showed differentialresponse
under salt stress as their expression was repressed in VRTH 1747 and
VRTH 1749 hybrids. However, both LEA (78.4, 70.5 and 50%) and EF
(67.0, 59.4 and 50%) were induced upon salt exposure in VRTH 1755,
VRTH 1754 and KT-8. Overall, the results confirmed that the expression
of all the selected genes were significantly upregulated in VRTH 1755
and VRTH 1754 hybrids compared to VRTH 1747 and VRTH 1749
(Fig. 1).

3.6. Database search and comparative phylogeny

The BLAST-P search against non-redundant (nr) database reveal all
the possible homologs for dehydration responsive element binding
(DREB 1) protein 1 in tomato. Sequences showing extreme identity
(100%) acquiring maximum query coverages (100%) with the target
sequence were exploited for further study. The phylogenetic tree based
on maximum likelihood methods revealed monophyletic origin and
relatedness of SIDREB1 (NP_001234689.1)with its wild homologue
Solanum pimpinellifolium (AKC42089.1) and close resemblance with
Solanum  pennelli (XP_006353419.1) than Solanum tuberosum
(XP_006353419.1) (Fig. 2A). On the contrary, the other members of the
family viz.,Capsicum annum (XP_016573418.1) and Nioctiana tabacum
(XP_016461559.1) formed a separate out-group (Fig. 2A). The result
clearly indicated that SIDREB1 was of recently evolved compared to
other homologous/orthologous members of tomato family. The mul-
tiple sequence alignment of functional domain from DREB1 protein
sequences showed maximum conservation of amino acid residues in the
entire stretch of protein among all the members (Fig. 2B). Strongest
conservation of core amino acid residues around KYRG domain re-
gionmight be the crucial sites for binding of DREB1 proteins to the DRE
elements as minimal disturbanceshad occurred during the course of
their phylogenetic evolution.The similarities and the differences among
different tomato members and with the other homologs and orthologs
was also compared by using circos visualization tool. At 50% cut-off
values, the SIDREB1 showed no relation with Nicotiana tabacum.How-
ever, SIDREB1 showed strong relationship with Solanum pimpinellifolium
and Solanum pennelliwhereas least was observed with Solanum tuber-
osum and Capsicum annum (Fig. 3).The intensity of the circos colour
bands indicate the level of conservation of amino acid residues across
the relevant members.

3.7. Distribution of conserved motifs

The distribution of the functionally conserved network elements
(motifs) with in the tomato family were scanned by subjecting complete
DREB1 protein sequences of tomato to Multiple EM (Expectation
Maximization) for Motif Elicitation (MEME) analysis tool. In total, 19
conserved motifs were identified which showed strong conservation of
AP2 domain across all the members for DREB1 protein (Fig. 4A). The
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Table 2
Changes in yield and related attributes in tomato hybrids/parents subjected to 400 mM of salt stress.
Hybrids/parents Treatments GH FS FL (cm) FW (cm) LN TSS Y/P
(Kg/plant)

VRTH-17-55 Control Determinate Oval round 5.10 + 0.15% 6.26 + 0.19% 5.07 + 0.34%° 4.70 + 0.21% 12.0 + 0.41*
400 mM 4.68 + 0.23% 5.39 + 0.22° 4,55 + 0.17%° 6.55 + 0.26° 8.47 + 0.24%

VRTH-17-47 Control Indeterminate Oval round 4.80 + 0.15° 5.94 + 0.12° 4.53 + 0.26™ 4.47 +0.18" 11.0 + 0.28%
400 mM 411 +017° 5.23 + 0.14° 4.42 + 0.20°° 5.77 + 0.25° 5.60 + 0.24¢

VRTH-17-54 Control Determinate Oval round 4.77 + 0.11° 5.82 + 0.18° 4.43 + 0.28° 4.50 + 0.24> 11.8 + 0.32"
400 mM 3.99 + 0.16™ 5.22 + 0.16° 4.30 + 0.22° 5.66 + 0.21° 7.56 + 0.25"

VRTH-17-49 Control Determinate Round 5.00 + 0.15% 5.82 + 0.23° 4.27 + 0.16° 4.77 + 0.24° 13.0 + 0.35%
400 mM 4.04 + 0.20™ 5.15 + 0.17° 4.34 +0.19° 5.73 + 0.30° 5.63 + 0.28¢

KT-8 (Salt tolerant) Control Semi indeterminate Round 4.70 + 0.15° 5.87 + 0.14° 5.50 + 0.24° 5.40 + 0.15° 10.4 + 0.33¢
400 mM 410 +0.17° 5.14 + 0.13° 4.76 + 0.27° 6.65 + 0.17° 6.71 + 023°

Agata-30 (Salt enduring) Control Determinate 4.33 + 0.18° 5.13 + 0.14¢ 4.39 + 0.19° 4.34 +0.18¢ 9.30 + 0.35°
400 mM 3.75 + 0.21¢ 4.29 +0.19° 3.70 + 0.19¢ 5.53 + 0.18° 4.59 + 0.22°

Two-Way Anova

Genotype Fokk dedkse Fkk ek sk

Environment ok ek wxx

Genotype X Environment * NS NS NS ol

The values of GH: Growth habit, FS: Fruit shape, FL: Fruit length, FW: Fruit width, LN: Locule number, Y/P: Yield/plant (means of three replicates + SE) in the same
column with different letters are significantly different at the 0.05 level according to Duncan’s multiple range test from each other (P < 0.05). Data were analysed
with two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; NS; not significant.
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Fig. 1. Heat Map and clustering analysis of stress responsive genes in hybrids and parents of S. lycopersicumunder salt stress (400 mM).

distribution of motifs was also analysed in the form of phylogenetic tree
that also clustered S. lycopersicum, S. pimpenellifolium and S. pennelli into
one group with S. tuberosum evolutionary closer to above three com-
pared to C. annum and N. tabacum (Fig. 4A). The significance of motifs
wasevaluated in statistical terms of their E-value which is a con-
servative value that provides frequency of occurrence for each motif
whereas the p-value denotes the probability of their occurrence. In our
results, the N-terminal domain (NTD) from SIDREB1 was represented
by motif 7 (MAIMDQAANM; p-value 8.0e -16), AP2 domain (Fig. 4B)
was constituted by motif 1 (YRGVRQRIWGKWVAEIREPKRGSRLWL-
GTF; p-value 2.3e — 39) whereas C terminal domain was represented by

motif 4 (MDIVEPTSIDEDTLKSGWDCLDKLNMDEMEF; p-value 9.1e — 40).
The motif scanned by MEME and MAST analysis reveal that functional
motifs depicting N-terminal, C-terminal and AP2 domains were strongly
conserved among all members of tomato family.

The result of motif scan analysis is in the conformity of the results of
the multiple sequence alignment done for the full length SIDREB1
protein revealing the conservation of core residues which was also
clearly reflected from our motif distribution analysis. However, pre-
senceof certain conserved motifs among different DREB1 family
member provide an estimate of unique motifs for certain group.
Therefore, in the present study, absence of fifth and seventh motifs and
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Fig. 2. Phylogenetic tree showing (A) evolutionary relationship and emergence (B) sequence alignment of the conserved functional domain of Solanum lycopersicum
dehydration responsive element binding (SIDREB1) protein among different members of solanaceous family.

presence of additional two motifs viz.,motif 12 (PMTNDPGFDF; p-value
1.6e — 11) and motif 13 (DNNFVSDDQCEF; p-value 5.5e — 12) was ob-
served in S. pimpenellifoliumsignifies the sequence divergence with in
the same group (Fig. 4A). Similarly, motif 10 (LPTVSQSGSNT; p-value

1.6e — 11) and motif 11 (IKEEPIAFEY; p-value 1.7e — 12) were found to
be present in both C. annum and N. tabacum but absent from S. lyco-
persicum, S. pimpenellifolium and S. pennelliindicating their common
phylogenetic origin and their subsequent divergence from C. annum and

Fig. 3. Comparative analysis of similarities and differences in Solanum lycopersicum dehydration responsive element binding (SIDREB1) protein among different

members of solanaceous family.
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Fig. 4. The motif scan analysis showing distribution and presence /absence of common and uncommon motifs found in S.lycopersicum, S. pimpenellifolium, S. pennelli,
S. tuberosum, C. annum and N. tabacum discovered through MEME and MAST analysis. (A) The block diagram showing the sequence of discovered motifs for SIDREB1.
The red arrows indicate the presence of uncommon motif in S. pimpenellifolium, black arrows indicate the presence of uncommon motifs in S. tuberosumand purple
arrows indicate presence of uncommon motifs in C. annumwhich are absent in other members. (B) The sequential logo of the motif 1 showing consensus sequences

present in all the representatives’ members.

N. tabacum from the same family (Fig. 4A). Furthermore, presence of
additional motif 16 (SENESGKDDFQ; p-value 3.0e — 11) in N. tabacum
which was absent in all the other members may provoked N. tabacum to
form separate cluster. The motif logo diagram for motif 1 having KYRG
sequences lying in the AP2 DNA binding domain showing highest
conservation among all the members as indicated by the height of the
alphabetical letters have been depicted in Fig. 4B.

3.8. Gene prediction and whole genome sequence analysis

For gene prediction and whole genome shortgun sequence analysis
SIDREB1 protein sequence was subjected to TBLASTN analysis. The
TBLASTN analysis predicted the probable whole genome shortgun se-
quences available across tomato genomesviz.,BABP01006590.1
(Identity 84%; Query cover 100%), AEKE03003142.1 (Identity 84%;
Query cover 100%), AEKE03003141.1 (Identity 37%; Query cover
98%), BABP01092002.1 (Identity 45%; Query cover 43%) (Supporting
information Figure S4).The first hit BABP01006590.1 (with identity
84% and query cover 100%) was further subjected to gene prediction
analysis through fgenesh gene prediction tool that significantly pre-
dicted coding sequences, transcriptional start sites (TSS), Poly A tail
along with the probable protein sequences which were in accordance
with the input nucleotide sequences for SIDREB1 (Fig. 5). Further, the
first hit (BABP01006590.1) obtained after TBLASTN analysis was sub-
jected to BLAST-P analysis of uniprotKBdatabase to identify putative
homologs/orthologs for the input query SIDREB1 protein. The uni-
protKB BLAST-P analysis of query protein showed 100% homology with
DREB protein of S. lycopersicum (Q8GZF2) and with S. pimpinellifoilum
(Supporting information Figure S3) thus revealing close evolutionary
relationships between S. lycopersicum (Q8GZF2) and S. pimpinellifoi-
lumfor thequery protein as confirmed by phylogenetic tree constructed
based on protein BLAST annotations and circos plot. Identification of
functional domain and sites

Identification of functional sites underlying the SIDREB1 protein
sequence was done by submitting sequence to ExPASy PROSITE online

tool (http://prosite.expasy.org). The results of PROSITE scan retrieved
the functional signature sequence at N-terminal end that constitute
KYRG (AP2/ERF) domain region occupying in the protein and also
confirmed that the SIDREB1 protein belong to AP2/ERF gene super-
family. Furthermore, InteProScan scan analysis also revealed the pre-
sence of KYRG (AP2/ERF) DNA binding domain that span from 1- 140
amino acid residues in which the core signature sequences cease to exist
between Lys®! and Pro'®® (Supporting information Figure S5). The
propensity of the signature sequences obtained for SIDREBI1 after
PROSITE analysis was further confirmed by multiple sequence align-
ment done for the functional domain region viz., KYRG (AP2/ERF) (60
amino acids) showed strong conservation of the core signature se-
quences across all the members.

3.9. Structural modelling and superimposition of KYRG domain

The N-terminal DNA binding domain of SIDREB1 was modelled
using appropriate templates chosen on the basis of sequence similarity
and residue completeness. DS Modeller generated a total of five models
for SIDREB1 (Table 3) and the model with least RMSD (Ca trace) value
with respect to crystal structure of template was selected for further
interactions. In the present result, the modelled N-terminal domain for
SIDREB1 (Fig. 6A) was good in terms of total calculated electrostatic
energy (minimum) which is an important parameterthat depict stability
and reliability of protein structures (Pokala and Handel 2005). The
specifically recognized GCC box sequence (DRE elements; 5-TACCGA
CAT-3’) (Fig. 6B) for DNA-protein interaction studies was modelled
using DNA sequence to structure tool (http://www.scfbio-iitd.res.in/
software/drugdesign/bdna.jsp) (Arnott et al. 1976). The predicted
model with good score values was submitted to PMDB that assigned
PMDB ID (PM0091904) for our submitted structure (Supporting in-
formation Figure S6).Structural resemblance of different proteins
structures despite of sequence similarity and divergent evolution has
been well documented. Therefore, the predicted SIDREB1 model was
superimposed on each template to assess their topological details
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Fig. 5. Whole genome sequence and gene prediction analysis in SIDREB1 using TBLASTN and Fgenesh (HMM based gene prediction) tools for identification of

transcriptional start sites and Poly A sequences.

Table 3

Molecular PDF energy, GA341 score and DOPE score for modelled SIDREB1.
Model name Molecular PDF energy GA341 score DOPE score
Predicted model scores for DREB1
MODEL 1 (B0001) 286.6218 1.00000 — 4311.87695
MODEL 2 (B0002) 323.5970 0.99999 —4259.92139
MODEL 3 (B0003) 349.9475 0.99999 — 4225.76904
MODEL 4 (B0004) 364.0876 0.99998 — 4234.29150
MODEL 5 (B0005) 333.5226 0.99997 — 4339.36377

(Fig. 7). The superimposition results from SALIGN web server showed
high similarity between the target protein (SIDREB1) with its template
structures. The structural alignment for predicted model showed high

@A)

similarity with 1GCC, 2GCC and 3GCC templates as compared 5WX9
which was further confirmed by observed local and global RMSD values
for each template. The RMSD values when the predicted model was
superimposed on 1GCC, 2GCC, 3GCC were 1.00 A°, 0.80 A° 0.57 A°
alpha carbon and 1.01 A®, 0.83 A2 0.65 A° around the backbone con-
firming that the AP2/ERF domain structures are highly conserved with
high level of sequence similarity across the divergent AP2/ERF mem-
bers (Fig. 7A, B, C). Whereas, when SIDREB1 was superimposed over
template 5SWX9 the calculated RMSD values were found to be 1.77 A°
alpha carbon and 1.75 A° around the backbone which unveil synon-
ymous or non-synonymous substitutions of some amino acid residues
thereby distinguishing 5SWX9 templates from rest of template structures
and predicted protein (Fig. 7D).

B)

A9
A

T19

Fig. 6. Predicted structures of (A) functional domain of SIDREB1 generated by MODELLER module of Discovery Studio 3.0 (B) structure of the dehydration

responsive element (DRE) (TACCGACAT).
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Fig. 7. Superimposition results represented with their respective global and local RMSD-values showing the structural conservation of SIDREB1 domain. Sequence
alignment between SIDREB1 with the respective templates (1GCC, 2GCC, 3GCC and 5WX9) predicts the synonymous (blue) and non-synonymous substitutions

(white).

3.10. Model evaluation and validation

The three-dimensional (3D) model of SIDREB1 was generated using
Modeller Discovery Studio Client 3.0 by aligning and satisfying all the
spatial parameters in terms of probability density functions (PDFs) and
discrete optimized protein energy (DOPE) which statistically assessed
the homology of the modelled protein. The DS modeller generated a
total of five models which were arranged on the basis of essential en-
ergy and stability parameters. The model with the lowest DOPE and
GA341 score was selected for DNA-protein interaction study (Table 3).
The qualitative assessment of our predicted model (SIDREB1) was
performed using Ramachandran plot analysis using RAMPAGE server
and PROCHECK analysis using PDBSum server concluded that 100% of
the amino acid residues were observed in most favoured regions against
"98% expected value and 0.0% residues were detected in allowed re-
gions against “2.0% expected value (Table 4). The results obtained from
RAMPAGE server was also confirmed by the results of PROCHECK
analysis of PDBSum server which also predicted that 100% of the re-
sidues occurred in the most favoured region (A,B,L), 0.0% residues
were observed in additional allowed regions (a, b, 1, p) and no residues
were found in the disallowed regions as compared to respective tem-
plates (Fig. 8A).

Furthermore, the results of ProSA server also validated that the
predicted model (SIDREB1) has minimum structural error difference in
terms of Z score and was very close to the NMR resolutedtarget tem-
plate proteins (Table 4; Fig. 8B). The ERRAT analysis of modelled
protein exhibited an ERRAT score of 94.0% which also confirmed that
the atomic bonding interactions with in the predicted model was good
as compared to respective templates (Table 4). The superiority of our
computed model was also validated by Resolution by Proxy (RESPROX)
analysis which also authenticated that the predicted model (SIDREB1)
had better atomic resolution than template proteins (Table 4). Ad-
ditionally, the predicted model was subjected to Qualitative Model
Energy Analysis (QMEAN) for the assessment of geometrical aspects in
terms of long-range interaction which also confirmed the predicted
model was of good quality as compared to respective experimental
structures (Table 4). The quantitative aspects of the modelled protein
were confirmed by VADAR results that evaluated the model for its
stereo quality index, fractional accessible surface area, functional re-
sidual volume and other quantitative statistics. The VADAR results
predicted that computed model (SIDREB1) existed as coiled type
structure 22 (37%), beta 20 (34%) and 16 (27%) helix type config-
uration with the observed H bond energy (-2.1, SD = 1.1) against ex-
pected (-2.0, SD = 0.8).
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3.11. DNA-protein interaction

The most reliable model (SIDREB1; Fig. 6A) satisfying all the qua-
litative and quantitative energy parameters were docked with the
specially recognised 3D structure of GCC (DRE element; Fig. 6B) box
sequence for the identification of core amino acid residues involved in
the interaction with the ligand (GCC box DNA element) and the binding
energy for most stable complex was calculated. In our result, the most
stable docked complex has binding energy (Eia1 = -537.64 Kcal/mol)
which confirm the stability of the docked complex as substantiated by
low energy (most negative) of the docked complex (Supporting in-
formation Figure S7). The DNA-protein interaction studies revealed that
SIDREB1 binds with GCC-box DNA sequence through conserved KYRG
motifs (Fig.9A). The key residues which were involved in the interac-
tion were Arg'®, Glu'®, Pro?°, Lys?!, Arg??, Leu®®, Trp?’, Leu®®, Asp*®,
Ala*, Arg46, Ala*’, Met*®, Tyr49, Glyso, Pro®!, Cyssz, and Arg54(Fig. 9A;
9B) as compared to NMR derived solution structure of AtDREB1 (1GCC)
in which the interacting residues was also conserved YRG motifs com-
prising Gly“s, vall®, Arglso, Arg152, Trp*®4, Ly5156, Glu'®?, 11e'?,
Arg'®% Pro'®, Gly'®®, Arg'”°, Trp'72, Gly'”%, Thr'”® and Tyr'®thereby
confirming that similar consensus core residues of KYRG motifs are
involved in binding as those found in AtDREB1 (Fig. 9A).

3.12. Protein-protein interaction

The assessment of functional interactive network made by SIDREB1
was analysed by the results obtained by STRING server at medium
confidence level by selecting default custom values of 10 interactors
form both first shell and second shell (Fig. 10). At medium confidence
interval, we observed that SIDREB1 (Solyc06g050520.1.1) was found to
be in interaction with only one protein viz.,diphthine ammonia ligase
enzyme (Solyc04g010080.2.1; score value 0.901) from its first shell of
interactors, which is an uncharacterized protein with possible role as
eukaryotic elongation associated factor. Whereas the SIDREB1 (So-
lyc06g050520.1.1) was found to have interaction with several proteins
from second shell interactors displaying maximum score values of
0.913 and 0.878 with an uncharacterized protein (Solyc08g062910.2.1
andSolyc12g062900.1.1) having translation elongation factor activity
and GTPase activity and lastly with ubiquitin binding like protein
(Solyc04g079840.2.1 and Solyc05g052910.2.1; score value 0.901)
which are involved in metal ion binding (Fig. 10). The results of the
present study have shown all the possible interactive partners asso-
ciated with SIDREB1 protein (Supporting information Table S2) which
eventually confirm the involvement of the DREB1 protein in different
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Table 4

Assessment of qualitative and quantitative scores for the modelled DREB1 protein and its comparison with the experimentally deduced (X-ray diffracted/NMR) structures.

ReSProx Rampage results

Overall quality Errat

score

Z score

Qmean score

Protein name

S. No

Outlier region (%)

Additionally allowed (%)
0.0 0.0

Most favoured (%)

100

1.39

94.00

-3.60

0.02

SIDREB1 dehydration responsive element binding protein 1 S. lycopersicum (NCBI ID:

1.

) (predicted model)
Complex of GCC-box binding domain of ATERF1 and GCC-box DNA (PDB ID: 1GCC) (Template 1)

GCC-box binding domain, NMR, minimized mean structure (PDB ID: 2GCC) (Template 2)
Solution structure of the GCC-box binding domain (PDB ID: 3GCC) (Template 3)
Crystal Structure of AtERF96 with GCC-box (PDB ID: 5WX9) (Template 4)

NP_001234689.1

0.0
3.3

4.9

95.1

1.25
2.77
2.70
3.04

94.44
53.84
43.63
50.86

-3.83
-3.91
-3.76
-2.89

-0.17
-1.87
-1.68
—5.58

11.5
8.2

85.2

3.

3.3

88.5

4.

3.9

3.9

93.2

A good quality protein have ReSProx values ranging between 0-1.5, Errat score more than 90, minimum Z and Qmean scores with occupying more than 98% of the residues in most favoured region, less than 2% residues

in additionally allowed region and 0% residues in outlier region in RAMPAGE analysis.
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signalling pathways thus revealing their mode of function and regula-
tion across different AP2/ERF members.

3.13. Gene ontology (GO) enrichment analysis

The SIDREBI protein sequences were further analysed by CATH and
Gene3D server to predict their role in biological processes, molecular
function and its subcellular localization. The ReviGO analysis char-
acterized all the significant GO terms through simple clustering algo-
rithm and made visualized them in scatter plot diagram that represent
their functional values in the form of unique colours. In the present
study, five significant GO terms under biological process were positive
regulation of transcription (GO: 0045893), ethylene activated signal-
ling pathway (GO: 0009873), response to cold (GO: 0009409), response
to water deprivation (GO: 0009414) and response to salt stress (GO:
0009651) (Fig. 11A). Whereas, the significant GO terms under mole-
cular function were transcription factor activity (GO: 0003700), se-
quence specific DNA binding (GO: 0043565), protein binding (GO:
0005515), transcriptional repressor activity (GO: 0001078) and iden-
tical protein binding (GO: 0042802) (Fig. 11B). In addition, the Cel-
102GO results predicted the most significant subcellular localization of
SIDREB1 protein to the chloroplast (32.9%; score value 1.64) mostly
involved in the biological function such as ethylene mediated signalling
pathway, transcription initiation and defence response. Whereas,
28.9% of the SIDREBI1 protein belongs to nucleus (score value 1.44)
performing sequence specific DNA binding transcription factor activity
and 17.6% of the SIDREB1 protein were localised in cytoplasm (score
value 0.881). The cellular component revealed that the predicted pro-
tein probablyis an integral component of nucleus (Fig. 12).

4. Discussion

Plants contrive salinity tolerance through adaptation or acclimation
process by improvising at physiological, biochemical and molecular
levels to prevent the disruption of ions/osmotic homeostasis, thus im-
peding water loss and expediting photosynthetic process (Shabala and
Munns, 2017). The sensitivity of plants to salt stress depends upon the
intensity of the stress and associated factors, plant species and their
developmental stages (Anjum et al., 2011). Our results demonstrated
differential response of four tomato hybrids along with salt-tolerant/
salt-susceptible parents and evaluated the degree of their tolerance.
RWC was observed higher for VRTH-1754 and VRTH-1755 hybrids
compared to other hybrids/parents thereby asserting their competency
in retaining water under salt stress. Increased leaf relative water po-
tential in these hybrids may be due to the increased accumulation of
osmolytes proline which is widely known to permit osmotic adjustment
by regulating the synthesis of other antioxidants perse., catalase and
upregulation of Late embryogenesis abundant (LEA) proteins thus
regulating ion sequestration more efficiently as compared to other hy-
brids (Tounekti et al., 2011). Salt stress is widely known to reduce RWC
in various plants including wheat, henna and grapevine (DaCosta and
huang, 2007; Fernandez-Garcia et al., 2014; Ikbal et al., 2014). All the
hybrids expressing symptoms of salt stress delineated significant re-
duction in both chlorophyll and carotenoid contents with respect to
control. This decrease in the photosynthetic efficiency in NaCl treated
tomato hybrids may be due to the fact that salt stress may have pro-
voked stomatal closure in these hybrids as an efficient adaptive tran-
spiration control to limit water loss (Hessini et al., 2009). On the other
hand, higher level of photosynthetic pigments in VRTH-1754 and
VRTH-1755 hybrids might be due to increased leaf turgor by the virtue
of increased ion sequestration thus decreasing energy dissipation and
allowing ceaseless supply of CO, to RUBISCO hence causing up-reg-
ulation of photosynthesis(Munns and Gilliham, 2015; Tang et al.,
2015).

Salt stress often leads to generation of reactive oxygen species which
severely effect cellular membranes provoking lipid peroxidation
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causing oxidative damages (Shabala and Munns, 2017). In the present
study, both electrolytic leakage and lipid peroxidation was markedly
increase in all NaCl treated hybrids probably due to the increased
malondialdehyde and hydrogen peroxide contents. However, hybrids
viz., VRTH-1754 and VRTH-1755 showed minimum disruption of
membrane integrity and hydrogen peroxide content. Higher membrane

integrity in these hybrids might be due to the increased accumulation of
heat shock proteins (HSPs) controlling protein denaturation in cell wall-
plasma membrane connections as well as enhanced expression of
elongation factor proteins that induces the protein synthesis upon salt
exposure(Xu et al., 2008; Gomez-Bellot et al., 2013). Plants in response
to salt stress and other climate extremes, accumulates osmo-protectant
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Fig. 9. A) Comparative analysis of docked complex with experimentally resolved X-RAY diffraction structures of functional domain of 1GCC and 5WX9 with DRE
motif (B) Structure of docked complex (SIDREB1 with DRE motif) as visualized Discovery Studio 3.0 (C) Three-dimensional surface view for SIDREB1-DRE inter-
action highlighting the docked complex in terms of hydrogen bonds donor and acceptor groups in docked complex.
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Fig. 10. Functional interactive network of
SIDREB1 with other protein family members as
found on STRING server where the coloured
nodes describe query proteins from first shell
interactors and white nodes are form second
shell interactors. The large node size represents
characterized proteins and smaller nodes for
uncharacterized proteins.
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Fig. 11. Gene ontology analysis using ReviGO web server. The functional and significant GO terms involved in (A) biological processes and (B) molecular function
(C) cellular components are shown on scattered plot diagram using hypergeometric test distribution of SIDREB1.

molecules such as proline for improving water absorption thereby ad-
justing ion/osmotic homeostasis (Ashraf and Foolad, 2007; Anjum
et al., 2011). In the present study, the NaCl treated plants exhibited
significantly higher level of proline as compared to non-stressed control
plants especially in VRTH-1754 and VRTH-1755 hybrids. In the present
study, enhanced expression of Zinc finger protein might be responsible
for greater accumulation of free proline to combat against the stress.
The enhanced expression of ZFP has been significantly reported to
regulate the expression of pyrooline — 5 — carboxylatesynthetase (P5CS)
which is a natural transporter of proline that improve plant growth and
survival by increasing stress tolerance in many plants (Anjum et al.,
2011; Nazar et al., 2011). Under stress conditions, accumulating higher
level of antioxidant enzymes may contribute to salt tolerance by in-
creasing reducing capacity against oxidative damage in plants exposed
to varying abiotic stresses (Liu et al., 2011). Analogous results were
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observed in the present study where the activity of catalase enzyme
increased significantly in all the hybrids recording highest in VRTH-
1754 and VRTH-1755 compared to respective counterparts under stress
and non-stress condition. Upregulation of various stress responsive
genes in the present study might have caused increased accumulation of
catalase activity with enhanced ROSs scavenging capacity leading to
improved salt tolerance (Bian and Jiang, 2009; Bita and Gerats, 2013).

Suppression of plants yield and related traits under salt stress con-
dition is a general phenomenon (Ashraf and Harris, 2004), whereas the
suppressive effect of salt stress varies differentially depending upon
plant organs and idiotypes. In this study, fruit length and yield/plant
were affected more compared to fruit width, locule number and total
soluble solids where the effect was observed less for VRTH-1754 and
VRTH-1755 hybrids (Table 2). Photosynthesis is the process that anchor
plant growth and productivity and in the present result highest
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photosynthetic pigment was observed more in these two hybrids thus
efficiently orchestrating complex molecular network of stress re-
sponsive genes that are involved in the regulation of stomatal response,
enabling plants to adapt, survive and reproduce at desired rate
(Martinez et al., 2018).The results of the present study also concluded
that fruit width in tomato appears to less affected by salt compared to
fruit length and so, fruit length/width ratio may be an important in-
dicator for salt tolerance in tomatoes (Munns and Tester, 2008).

Under salt stress, the expression levels of stress responsive genes
involved in oxidative defence response (DREB1, DREB2, DREB3), pro-
tein homeostasis (HSP, ZFP), and membrane protection (LEA, EF, ATP)
were significantly up-regulated in all the salt stressed tomato hybrids
compared to control plants (Fig. 1). However, no significant differences
in the expression of these stress related genes were observed between
salt-tolerant and susceptible parents under normal conditions, despite
of their contrasting nature. The possible explanation behind the en-
hanced tolerance of tomato hybrids may be due cumulative effect of all
stress responsive gens viz., DREB, HSP, ZFP and EF efficiently prevented
the accumulation of Na* and facilitating K* uptake that may con-
tributed to less oxidative damage in the hybrids compared to their
parents. In the present study, salt stress induce generation of membrane
damage, stomatal closure and ROSs generation may have in turn up-
regulated the expression of several other stress responsive genes that
have rendered better ion/osmotic homeostasis and enzyme activities
thereby minimizing salt-induced oxidative damage (Diaz-Vivancos
et al., 2013). However, additional work is required to understand the
molecular mechanism of DREB1 in salt tolerance in tomato plants in the
future.

Several studies in the past recent years have also well documented
similar pattern of expression of Dehydration responsive element
binding (DREB) proteins across diverse range of abiotic stresses in
different plant species as we have observed in the present study thus
pinpointing its persistent and generic role in plant’s abiotic stress tol-
erance (Yamaguchi-Shinozaki and Shinozaki, 2006). However, little
information regarding factors and mechanisms controlling its expres-
sion under stress condition is present. Therefore, the present study also
aims to decipher phylogenetic footprint, potential binding motifs, cis-

regulatory binding sites involved in the regulation of the expression of
DREB TFs along with identification of probable functional protein
network modulating the expression of DREB1 TF at mRNA level in to-
mato.

In this study, the bootstrap phylogenetic investigation made for
AP2/ERF domains of SIDREB1 protein members were classified into 4
groups i.e. A1-A4. The analysis revealed close evolutionary relationship
among the different members of tomato family displaying mono-
phyletic origin of SIDREB1 with its wild homologue S. pimpenellifolium
and close relationship between S. pennelli. The phylogenetic analysis
clearly indicates that grouping and sub-grouping for DREB1 protein
with in different members of tomato family had occurred in the early
stages of evolution of terrestrial plants (Nakano et al., 2006; Mizoi
et al., 2012). This notion was further supported by the results of the
multiple sequence alignment done for the DREB1 proteins which re-
veals the occurrence of similar KYRG domains in all the members of
tomato family viz., S. lycopersicum, S. Pimpenellifolium, S. Pennelli, S.
tuberosum, C. annum and N. tabcum. The strong conservation around the
KYRG domain in closely related and divergent species indicate that
least disturbances had occurred during the course of evolution which
might be involved in the regulation of DREB1 TF under climate ex-
tremes (Vatansever et al., 2017). Furthermore, construction of circos
plot based on the AP2/ERF domain amino acid sequences of the DREB1
protein derived from all the six members of solanaceous family un-
ambiguously demonstrated that SIDREB1 probably have evolved from
the common ancestors (Pan et al., 2012).

Transcription factors are generally characterized into specific clades
by the presence of functionally conserved motifs present within and
outside of the DNA binding domain (Nijhawan et al., 2008). Analysis of
conserved motifs reflects the presence of conserved amino acid se-
quences capable of performing diverse biological functions, protein-
protein interaction and DNA-protein interaction (Nakano et al., 2006).
In the present study, we identified a set of binding motifs both in N-
terminal and C-terminal domains controlling the expression of DREB1
TF by performing motif search based on multiple sequence alignment
and phylogenetic foot printing analysis of orthologous sequences. We
found that members of DREB1 tomato family contains two functional
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regions, first, KYRG motif rich in basic and hydrophobic amino acids at
N-terminal end which is specifically involve in the DNA binding activity
(Akhtar et al., 2013).The second region contain conserved LAYD motif
at C-terminal end which has been proposed to play a significant role in
protein-protein interaction by forming amphipathic alpha helix struc-
ture and is also believed to regulate the DNA binding activity by
changing the orientation of KYRG element (Dong et al., 2012; Wu et al.,
2015). Several in-silico studies on stress responsive genes and TFs have
revealed important function of combinatorial interaction between
conserved motifs in the regulation of gene expression under stress
conditions (Wu et al., 2015) thus corroborating the result of the present
study. Recently, in silico characterization of DREB gene family has been
reported in many plant species including Brassica rapa (Song et al.,
2013), Phyllostachys edulis (Wu et al., 2015) and recently in Musa acu-
minata (Kuang et al., 2017).

Whole genome shotgun analysis for gene prediction usually involve
genome-wide pattern analysis using programs like TBLASTN and
BLAST-P (Wu et al., 2015). In the present study, the results of TBLASTN
analysis revealing same functional domains in the query sequences are
further subjected Fgenesh gene prediction analysis to infer coding se-
quences along with transcriptional start site (TSS) and poly A tail which
was further confirmed by the BLAST results of uniprotKB database.
Verification of desired functional domains of the query sequences after
gene prediction analysis by various online protein family databases
such as Pfam, SMART and HMMER has been widely reported (Finn
et al., 2010; Letunic et al., 2012; Rustici et al., 2012). Fgenesh analysis
strongly suggest the presence of several exon in the upstream region of
DREB1 TF which may trigger the transcription activation of DREB1
under stress condition particularly with in 1 kb of gene promoter region
(Sharoni et al., 2011). The functional relevance of which was further
confirm by enhanced expression of DREB TFs in tomato plants under
salt stress condition. In another study analysis of gene related to natural
resistance-associated macrophage proteins in tomato revealed all whole
genome shotgun sequences across the tomato genome and also pre-
dicted possible coding sequences, TSS and poly A sites (Meena et al.,
2018) which corroborates the results of the present study.

The qualitative and quantitative analysis of protein 3D structures
have become an imperative tool for detection of protein families,
homolog/ortholog relations and functional classification (Madej et al.,
2013). The predicted SIDREB1 models in the present study were su-
perior in terms of Ramachandran plot, PROCHECK, VADAR, ProSA,
ResProx and QMEAN analysis with respect to the crystal structures of
respective templates. Several attempts have been made to characterize
DREB proteins in Arabidopsis, rice, grapevine, popular, bamboo and
mulberry (Rehman and Mahmood, 2015; Wu et al., 2015). However,
few studies have reported and functionally characterize DREB proteins
in tomato, so characterizing DREB1 protein both at structural and
functional levels could reveal significant insight regarding their po-
tential sites and catalytic residues required for providing abiotic stress
tolerance in plants includingsalt stress. The DREB subfamily members
in plants have been clustered into six groups A1-A6, of which Al and A2
are the largest groups (Sakuma et al., 2002) and have been highly
conserved throughout the evolution of terrestrial plants. Several studies
have been performed for the prediction of structural and functional
properties of proteins through computational approaches. For instance,
Wu et al. (2015) and Liu et al. (2015) characterized the structural and
functional attributes of bamboo and mulberry DREB genes and estab-
lished their phylogenetic origin, diverseness and ancestral relation-
ships. The functional attributes were evaluated through gene expression
analysis followed by in silico analysis of functional domain and con-
served motif signatures. Superimposition of the modelled protein
structures with the available crystal structures of the respective tem-
plates help in the prediction of domain structures, structural constraint
and topological details (Illergard et al., 2009). In the present study, the
superimposition results of predicted model showed high similarity with
1GCC, 2GCC and 3GCC templates as compared 5WX9 which was
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confirmed by observed local and global RMSD values for each template
indicated strong structural similarity despite of no sequence similarity
between the predicted model and the templates thereby confirming the
notion that proteins drifted apart during the course of evolution al-
soexhibit strong structural constraints (Panchenko and Madej, 2005).

The DREB TFs have been shown to bind or interact preferentially by
DRE elements (with core motif TACCGACAT) which are located in the
promoter region of downstream genes that regulates dynamic signalling
network via kinase and phosphorylation activities (Hichri et al., 2016).
The functional domains and motifs located outside of the AP2/ERF
domain strengthen the binding affinity of DREBs under varying climatic
conditions (Hichri et al., 2016). The analysis of three-dimensional
structure of AP2/ERF domain have revealed the importance conserved
amino acid residues involved in DNA-protein interaction where pre-
sence of Val'* are Glu'® significantly increased DNA-binding activity
(Sakuma et al., 2002; Akhtar et al., 2013). However, some of the studies
on wheat, rice, barley and rye have reported non-conservation of Glu*®
residue (Agarwal et al., 2006) and reported inferiority of Glu'® over
Val** for recognition and DNA binding activity in SIDREB1 proteins.
Apart from Val'# are Glu'® other amino acids that are critical for DNA
binding activity are Arg®, Arg®, Arg®® and Trp®’ (Lata and Prasad, 2011)
and in our results we have also found that along with Arg'®, Glu'® other
amino acid residues viz.,Pro®°, Lys®!, Arg®?, Leu®®, Trp%’, Leu®®, Asp*®,
Ala*, Arg*®, Ala*’, Met*®, Tyr*®, Gly®°, Pro®!, Cys®2, and Arg>*indicates
their significant role in binding to DRE element which may be involved
in triggering defence response to environmental stress (Rao et al., 2015;
Hichri et al., 2016). Recently, Rao et al. (2015) performed computa-
tional analysis and phylogenetically characterized DREB1 gene in wild
tomato (S. pimpinellifolium) in response to salt stress and concluded that
the expression of DREB1 gene is associated with enhanced salinity
tolerance in wild as well as in cultivated tomato. However, future
genome wide association studies will reveal neo-functionalization of
different DREB genes implicated in salt tolerance in tomato.

The functional protein interactive network identified, characterized
and predicted the proteins that were crucial for deciphering functional
regulatory roles of DREB1 interactingproteinsboth at cellular and sys-
temic levels and these predicted interactomes may act as probable
sources to decipher protein-protein interaction of other species at
genomic level (Yue et al., 2016). In our results, we have shown all the
possible interacting partners that were making an interaction with the
SIDREB1 protein through string server. SIDREB1 (Solyc06g050520.1.1)
was found to be in interaction with only one protein viz.,diphthine
ammonia ligase enzyme, an uncharacterized protein with possible role
as eukaryotic elongation associated factor. From second shell inter-
actors SIDREB1 displayed maximum interaction with score values of
0.913 and 0.878 with an uncharacterized protein (Solyc08g062910.2.1
andSolyc12g062900.1.1) having translation elongation factor activity
and GTPase activity and lastly with ubiquitin binding like protein
which are involved in metal ion binding. These protein-protein inter-
action studies unravelled all the possible interacting partners between
SIDREB1 and other proteins from high to medium to low confidence
levels showing direct/indirect partners involved in boosting plant in-
nate immunity and related signalling pathways (Miller et al., 2016).

Gene ontology (GO) terms are descriptors of all the possible gene
and related products that characterized them on the basis of three
ontologies viz., cellular, biological and molecular functions (Barnawal
et al., 2016). In the present study, most significant GO terms under
biological process were positive regulation of transcription (GO:
0045893), whereas, the most significant GO terms under molecular
function were transcription factor activity (GO: 0003700). Cello2GO
results showed localization of SIDREB1 protein to the chloroplast
(32.9%) mostly involved in ethylene mediated signalling pathway,
transcription initiation and defence response. Whereas, 28.9% of the
SIDREB1 protein belongs to nucleus (score value 1.44) performing se-
quence specific DNA binding transcription factor activity and 17.6% of
the SIDREBI1 protein were localised in cytoplasm. In the past few years,
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several studies have been conducted to decipher protein-protein inter-
action in response to several biotic and abiotic stress conditions. For
instance, functional gene ontology analysis performed for tomato
WRKY proteins also identified similar GO terms involved in biological
process and molecular function (Aamir et al., 2017) involved in defence
response, transcription activation and DNA binding. In another instance
similar study was also conducted to decipher functional interactive
partners associated with tomato NRAMP3 protein and defence response
(Meena et al., 2018) which are in accordance with the results of the
present study.

5. Conclusion

The present study concluded that exposure of hybrids to salt stress
(400 mM) significantly affected membrane stability, photosynthetic
activity, antioxidant defence system resulting in decreased average
yield per plant. Hybrids viz., VRTH-1754 and VRTH-1755 were able to
ameliorate salinity induced oxidative damage by efficiently modulating
their physiological, biochemical and molecular defence response and
contriving salt induced oxidative stress. Furthermore, the expression
data generated for several stress related genes along with DREBs re-
vealed that the overexpression of DREB1 and DEEB2 genes can improve
the salt tolerance in tomato plants. In addition, structural and func-
tional characterization of SIDREB1 TFs through in silico approaches
revealed that the SIDREBI structure was highly conserved among the
systems thereby confirming the notion that the structure is more con-
served than the sequence which clearly demonstrate them to play
identical roles across different taxa. Furthermore, computational ana-
lysis of SIDREB1proteins have provided necessary information about
their phylogenetic origin, conserved motifs, functional interactive
partners which will be helpful in tailoring plants with improved agro-
nomical traits which will have the potential to endure under different
abiotic stress conditions. Additionally, in the present work we have
confirm that the key residues that make interaction more feasible and
favourable with the DRE element is the KYRG region of AP2/ERF do-
main that efficiently regulate gene expression of stress responsive genes
especially in tomato. Till date there is insufficient knowledge about the
possible role of DREB TFs in abiotic stress tolerance in tomato and in-
formation generated in this study will surely expand our understanding
of the complex regulatory networks associated with DREB1 proteins
during stress response at vegetative stage and will open new possibi-
lities in agriculture and allied sectors to achieve better yield under
adverse environmental condition.
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