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A B S T R A C T

Salicylic acid (SA) and nitric oxide (NO) are considered as putative plant growth regulators that are involved in
the regulation of an array of plant’s growth and developmental functions under environmental fluctuations when
applied at lower concentrations. The possible involvement of NO in SA induced attenuation of high temperature
(HT) induced oxidative stress in plants is however, still vague and need to be explored. Therefore, the present
study aimed to investigates the biochemical and physiological changes induced by foliar spray of SA and NO
combinations to ameliorate HT induced oxidative stress in Lablab purpureus L. Foliar application of combined SA
and NO significantly improved relative water content (27.8 %), photosynthetic pigment content (67.2 %),
membrane stability (45 %), proline content (1.0 %), expression of enzymatic antioxidants (7.1–18 %) along with
pod yield (1.0 %). Heat Shock Factors (HSFs) play crucial roles in plants abiotic stress tolerance, however there
structural and functional classifications in L. purpureus L. is still unknown. So, In-silico approach was also used for
functional characterization and homology modelling of HSFs in L. purpureus. The experimental findings depicted
that combine effect of SA and NO enhances tolerance in HT stressed L. purpureus L. plants by regulating phy-
siological functions, antioxidants, expression and regulation of stress-responsive genes via transcriptional reg-
ulation of heat shock factor.

1. Introduction

In nature, plants are continuously exposed to an extreme range of
temperatures during the main cropping season as well as during in-
dividual days (De Boeck et al., 2015) that determine their growth, de-
velopment, and productivity. The current report on climate change has
speculated an increase in the global mean temperature up to 3−6 °C by
2100 (IPCC, 2014). Therefore, among several abiotic stresses, high
temperature has become the centre of attention because of its detri-
mental effects on plant growth. The plants sense high temperature (HT)
as stress when the temperature increases beyond the optimum
threshold for an extended period that limits their growth and metabo-
lism (Bita and Gerats, 2013). At the physiological level, HT stress has
severe repercussion on the plant’s metabolic processes that reduces
nutrient assimilation and translocation (Zandalinas et al., 2016). At the
cellular level, HT induced oxidative stress results in the generation of
reactive oxygen species (ROSs) which at basal level participate in sig-
nalling processes and at higher level causes cell death by provoking

membrane peroxidation, protein oxidation and enzyme inhibition
(Mittler, 2020).

Salicylic acid (SA) is a phenolic compound that has been long been
known for improving plant abiotic stress tolerance (Miura and Tada,
2014). Exogenous application of SA either by seed soaking, foliar ap-
plication or irrigation has been shown to improve the resilience of crop
plants to environmental fluctuations by modulating physiological pro-
cesses, production of osmolytes and induction of defence-related genes
(Nazar et al., 2015; Zhang et al., 2015). Further, nitrogen monoxide or
nitric oxide (NO) is an uncharged, redox signalling gaseous molecule
that also play important role in the regulation of plant growth and
physiology under stress conditions (Gill et al., 2013). NO is known to
mitigate heat-induced oxidative stress by acting as second messenger in
several physiological, cellular and molecular processes (Ticha et al.,
2017).

Plant heat shock factors (HSFs) play a major role in protecting
plants from abiotic stresses by modulating the expression of several
signalling genes (Kreps et al., 2002; Wang et al., 2014). HSFs are
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activated after binding to heat shock elements (HSEs; 5′-AGAAnnTTCT-
3′) (Vihervaara., 2013). Plant HSF proteins have highly conserved N-
terminal DNA binding domain (DBD) characterized by the presence of
pivotal helix-turn-helix motif that binds to HSE and initiates tran-
scription of stress-inducible genes (Scharf et al., 2012; Guo et al., 2016).
C-terminal domains of plant HSFs are distinguished by the presence of
both activation domain containing AHA motifs formed by large acidic,
aromatic and hydrophobic amino acid residues and repressor domain
(RD) characterized by the presence of tetrapeptide LFGV (Ikeda and
Ohme-Takagi, 2009; Fragkostefanakis et al., 2015).

In our previous work (Rai et al., 2018b), we studied individual ef-
fect of different concentrations of SA and SNP on HT stressed Lablab
purpureus L. This study is a step forward form our previous work, where
we investigated whether interaction between SA and SNP can improve
growth, reproduction, physiology of HT stressed Lablab purpureus L. We
then examine whether their interactive effect can cause induction of
genes involved in secondary metabolic pathway or whether their in-
dividual applications are more effective. Extensive literature survey has
revealed that till date no information is available regarding the ex-
pression of the heat shock transcription factors (HSFs) in L. purpureus as
it is still considered as “Orphan Crop” for its genome revolution (Rai
et al., 2018d). Therefore, in-silico approaches were also adopted to
provide a comprehensive analysis of evolutionary aspects and putative
functions of HSF in response to HT stress and their functional diver-
gence and evolution in other legume crops.

2. Materials and methods

2.1. In-vitro studies

2.1.1. Plant growth and treatments
Hyacinth bean (Lablab purpureus L. cv. VRBSEM-15) seeds of uni-

form size were selected, sterilized with sodium hypochlorite solution
(NaOCl, 2 %) and washed rigorously by distilled water. The seeds were
then subjected to HT stress by sowing them in the field at the research
farm of Indian Institute of Vegetable Research, Varanasi (U.P) in the
month of April-June 2017. The soil of the field was sandy loam soil
containing farmyard manure in 3:1 ratio with plot dimension of 2 m ×
5 m. The mean environmental conditions during the entire experi-
mental work were: maximum/minimum temperatures 36.6±5.1 °C/
30.3±6.6 °C, 12 h of light/ dark photoperiod, and mean relative hu-
midity (RH) of 75.6± 5.5. The plants were irrigated twice a week
during the entire course of investigation (Supporting Information Table
S4). Exogenous individual supplementation (foliar spray) of salicylic
acid (SA 0.5 and 1.0 mM), sodium nitroprusside SNP (0.5 mM) and
their combination viz., SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0
+ 0.5 mM) was done after the plants have attained their vegetative
state (21 days after sowing). Both the compounds used for exogenous
applications were of technical grade (HiMedia Laboratories, India).
Each treatment (five treatments along with non-treated control) had
three plots as triplicates and each plot had 20 plants. Since the entire
experiment was conducted in high-temperature environment (April to
June) in open field condition, the inclusion of control plants grown in
normal condition was not possible. So, we have used non-treated high
temperature stressed plants as control. All the plants of VRBSEM-15
were of determinate (Bush type) growth habit and were not trimmed
during the entire experimental period. The foliar spray of SA, SNP and
their combinations were arranged in four applications i.e. first treat-
ment was done on 21st day of germination (DOG), and second third and
fourth on 28th, 35th and 42nd DOG by compression sprayer in the
evening (capacity 2.5 L, nozzle diameter of 34 mm and mixed with
tween-20) till the respective doses of each phytohormone were
achieved. Finally, the experiment was terminated by allowing plants to
grow in the same condition for seven more days without any applica-
tion and the samples (fully expanded leaf, third from bottom) were
collected on the 50th day and stored at −80 °C for various analysis.

2.1.2. Measurement of physiological parameters and yield
Photosynthetic photon flux density (PPFD) in treated and non-

treated plants were measured in terms of μm s−1 m-2 by Licor-Li189
(USA) from the fully expanded leaf (third from top). Infrared thermo-
meter (Spectrum Technologies Inc. China) was used to measure leaf
canopy temperature a distance of 30 cm from the surface of the leaf.
Chlorophyll content (CCI) index was measured by the Chlorophyll
Content Meter (CCM 200, Apogee Instruments Inc. USA) from the fully
expanded leaf (third from top) and mean of three readings was used for
each treatment. Fluorescence variable and fluorescence maximum (Fv/
Fm) was also measured on 30-min dark-adapted fully expanded leaves
by Hansatech Handypea (USA) meter. Leaf water content in leaf discs of
uniform size was estimated by measuring fresh weight (FW), dry weight
(DW) and turgid weight (TW) as per the method given by Turner and
Kramer (1980). Electrolytic leakage (Deshmukh et al., 1991) was esti-
mated by measuring the conductivities (C) of leaf discs (C1 at 40 °C and
C2 at 100 °C) by the conductivity meter (Century Instruments, Chan-
digarh, India). The number of pods and yield per plant were measured
form randomly chosen 10 plants from each treatment.

2.1.3. Measurement of chlorophyll and carotenoid content
The photosynthetic pigment contents were measured by extracting

leaf samples (300 mg) in 80 % acetone as described by Porra et al.
(1989). The absorbance of the supernatant was recorded at 480, 510,
645 and 663 nm by a UV–vis spectrophotometer (Perkin Elmer, Elico
Ltd. China). The amount of photosynthetic pigments was measured as
per the equation given by Arnon (1949) and expressed as mg g−1FW.

2.1.4. Estimation of lipid peroxidation and proline level
Lipid peroxidation was measured (Heath and Packer, 1968) by ex-

tracting 200 mg of leaf samples in 5 ml of tri-chloroacetic acid (10 %
TCA) and 2-thiobarbituric acid (0.25 % of TBA) mixture. The absor-
bance was recorded at 532 and 600 nm and membrane damage were
calculated using extinction coefficient of 155 mM−1 cm−1 and ex-
pressed as μmol g−1 FW. Estimation of proline was done as per the
standard protocol devised by Bates et al. (1973). Leaf samples were
extracted in the mixture of sulfosalicylic acid, glacial acetic acid, and
ninhydrin. The mixture was centrifuged at 8000 rpm. The resulting
supernatant was then mixed with toluene (4 ml) and incubated at 100
°C for 1 h. The absorbance of chromophore was recorded at 520 nm and
expressed as μg g−1 FW.

2.1.5. Measurement of free oxygen radicals
Hydrogen peroxide content (H2O2) was measured by extracting

sample in sodium phosphate buffer (Jana and Choudhuri, 1981). The
absorbance of yellow colour supernatant containing 0.1 % titanium
sulphate was recorded at 410 nm. The generation of H2O2 was mea-
sured using an extinction coefficient of 0.28 μM−1 cm−1 and expressed
as μmol g-1 FW. Superoxide (O2)% anion radicals’ generation was esti-
mated as described by Misra and Fridovich (1972). Leaf samples were
homogenized in potassium phosphate buffer containing sucrose, MgCl2,
and diethyl di-thiocarbamate. The mixture was centrifuged at 12,000
rpm for 20 min and absorbance of the supernatant was measured at 540
nm. The extent of superoxide anion generation was calculated (using an
extinction coefficient of 4 mM−1 cm−1) and expressed as ΔA540 min−1

mg−1protein.

2.1.6. Measurement of enzymatic and non-enzymatic antioxidants
The activity of catalase (CAT; EC: 1.11.1.6) was estimated as per the

protocol devised by McKersie et al. (1990). Leaf samples (200 mg) were
extracted in Tris NaOH buffer (50 mM, pH 8.0). The absorbance of the
assay mixture containing enzyme extract, substrate and buffer were
measured at 240 nm (for 5 min). The specific activity was calculated
using an extinction coefficient of 0.036 mM−1 cm-1 and expressed as
μmol of H2O2 oxidized min−1 mg−1 protein.

The assay for ascorbate peroxidase (APX; EC: 1.11.1.11) activity
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was done by following the protocol described by Nakano and Asada
(1981). About 200 mg of leaf tissue was homogenized in potassium
phosphate buffer (50 mM, pH 7.8). The absorbance of ascorbate oxi-
dation in the reaction mixture was noted at 290 nm. Specific activity
was calculated by using an extinction coefficient of 2.8 mM−1 cm−1

and expressed as μmol ascorbate oxidized min-1 mg-1 protein.
Glutathione reductase (GR; EC: 1.6.4.2) activity was estimated by

extracting leaf tissue (200 mg) Tris−HCl buffer (100 mM, pH 7.8). The
absorbance of the reaction mixture was recorded at 340 nm (Rodriguez
Sanchez et al., 2010). Specific activity of the enzyme was calculated by
using extinction coefficient 6.2 mM−1 cm−1 and expressed as μmol
NADPH oxidized min−1 mg−1 protein.

The activity of superoxide dismutase (SOD; EC: 1.15.1.1) was de-
termined by the method described earlier (Shah et al., 2001). Approx.
200 mg of leaf samples were extracted in the potassium-phosphate
buffer (pH 7.5). The absorbance of supernatant containing enzyme
extract, EDTA and epinephrine was noted at 470 nm and expressed as
unit min−1 mg−1 protein.

Monodehydroascorbate reductase (MDHAR; EC: 1.6.5.4) activity
was measured by extracting the leaf samples (200 mg) HEPES−HCL
(100 mM) as described by Rodriguez-Sanchez et al. (2010). The ab-
sorbance of the reaction mixture was recorded at 340 nm. Specific ac-
tivity was calculated using an extinction coefficient of 6.2 mM−1 cm−1

and expressed as μmol ascorbate oxidized min−1 mg−1 protein.
Dehydroascorbate reductase (DHAR; EC: 1.8.5.1) activity was as-

sayed as per the published method (Nakano and Asada, 1981) by ex-
tracting the leaf samples (200 mg) in sodium phosphate buffer (25 mM,
pH 7.0). The absorbance of the supernatant was noted at 265 nm.
Specific activity was calculated using an extinction coefficient of 14
mM−1 cm−1 and expressed as μmol NADPH oxidized min−1 mg−1

protein.
Ascorbate (AsA) assay was measured by extracting leaf samples in

the mixture of meta-phosphoric acid and EDTA (Law et al., 1983). The
reaction mixture containing supernatant, sodium phosphate buffer (150
mM), dithiothreitol (DTT), N-ethylmaleimide (0.5 % w/v), 2,2′-bipyr-
idyl (4 % w/v), ortho-phosphoric acid (44 % v/v) and FeCl3 (3 % w/v)
was incubated for 30 min in dark. The absorbance was recorded at 525
nm and the content was calculated by using calibration plot of standard
AsA.

Glutathione (GSH) content was estimated by extracting leaf sample
in 100 mM potassium phosphate buffer as described previously (Owens
and Belcher, 1965). The absorbance of supernatant containing NADPH
(0.25 mM) and glutathione reductase (0.5 units) was measured at 412
nm and standard calibration plot of GSH (1−10 μg) was used to cal-
culate the final concentration.

2.1.7. Measurement of pollen viability and in-vitro pollen germination
Viability of pollen grains was measured by acetocarmine calori-

metric staining method (Wang et al., 2004a). Pollen viability was as-
sessed under fluorescence microscope (Leica DMi8), pollen grains with
dark red colour were considered as viable whereas colourless pollens
were classified as non-viable. For estimation of in-vitro pollen germi-
nation and tube growth, pollens collected from five different flowers
were cultured in pollen culture medium comprising of 10 % sucrose,
100 μg g−1 H3BO3, 250 μg g−1 Ca (NO3)2• 4H2O, 200 μg g−1

MgSO4•7H2O and 100 μg g−1 KNO3 for 4 h at 25 °C (Brewbaker and
Kwack, 1963). Pollen was considered as germinated when pollen tube
length surpassed the width of the pollen grain. The percentage of viable
and non-viable pollen, as well as germination, was measured by ob-
serving 100 pollen grains.

2.1.8. Histochemical detection of H2O2 and O2
•e

Diaminobenzidine (DAB) and nitro-blue tetrazolium chloride (NBT)
staining method were used to detect the possible generation of H2O2

and O2
•e in the leaves. The leave samples were first incubated in DAB (1

mg/ml, pH 3.8) and NBT (0.1 mg/ml) solutions for 24 h at 25 °C (Jabs

et al., 1996; Thordal‐Christensen et al., 1997). After the appearance of
blue (NBT staining) and brown spots (DAB staining), samples were de-
stained using 70 % ethanol to remove chlorophyll and picture was
captured using digital camera. The relative intensity of DAB and NBT
was measured by using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

2.1.9. HT-induced anatomical changes
Cross-sections of stem treated with SA, SNP and their combinations

were prepared from freshly harvested parts with razor blades and
stained with 0.25 % safranin (prepared in 50 % ethanol), mounted on a
glass slide with dibutyl phthalate xylene (DPX). The samples were then
subjected to gradual dehydration with 20–100 % ethanol for 5 min and
observed under Dewinter image microscope (Dewinter Technologies,
Italy). The images obtained were subjected to further analysis using
ImageJ software.

2.1.10. Protein estimation
The estimation of soluble protein in each sample was done as per

the method described previously (Lowry et al., 1951) using BSA as a
standard.

2.1.11. RNA isolation and cDNA preparation and Real-time Quantitative
PCR analysis

TRIZOL reagent (Invitrogen) was used to isolate total RNA following
the manufacturer’s recommendations. The purity of isolated RNA was
assessed by recording its absorbance ratio at 230/260/280 nm and the
quality was assessed on agarose gel electrophoresis (1.0 %). The cDNA
strands (1.0 μg of total RNA) were synthesised by using iscript™ cDNA
synthesis kit (Bio-Rad Laboratories, USA) following manufacturer's in-
structions. Further, real-time Quantitative PCR reactions (qRT PCR)
were executed by SsoFast™ EvaGreen® Supermix detection chemistry
(Bio-Rad) in iQ5 thermocycler (BioRad Laboratories, USA). The ac-
cessed sequence from GenBank was used to design stress-responsive
primers (Supporting information, Table S1) using Primer 3 software
(version 0.4.0, http://www.bioinfo.ut.ee). The qRT amplification pro-
grams (in three biological and technical replicates) were: initial dena-
turation at 95 °C for 10 min, 45 cycles of denaturation at 95 °C for 15 s,
annealing at 60 °C for the 30 s and final extension at 72 °C for 30 s. The
relative amplification profiles of all the stress-responsive genes were
evaluated by normalizing to the Ct data of the ACTIN gene (5′-GTGTC
TGGATTGGAGGATCAATC-3′,5′-GGCCACGCTCATCATATTCA-3′) as an
internal control using 2−ΔΔCT method (Livak and Schmittgen, 2001).
The resulting data was then analysed by using Bio-conductor R (http://
www.bio conductor.org) to generate heat-map whereas the specificity
of the amplified products was assessed by performing melt curve ana-
lysis and recording the fluorescence at 520 nm.

2.2. In-silico studies

2.2.1. Database search and comparative phylogeny
Hyacinth bean (Lablab purpureus L.) is considered as an “Orphan

crop” in context to its genome revolution. Due to unavailability of
genome sequencing data for this crop, we have retrieved the coding
sequences for heat shock transcription factor (HSF) from drought in-
ducible ESTs data specific to L. purpureus for sequence alignment and
phylogenetic studies. Since the EST sequence retrieved encoded the
partial HSF protein, we have searched the protein sequence of HSF from
other model legume crop (Glycine max) having close ancestry to L.
purpureus to provide a comprehensive analysis of evolutionary lineages
observed in the legume evolution. The plant transcription factor data-
base (PlantTFDB) http://planttfdb.cbi.pku.edu.cn/ (Jin et al., 2014)
was used for retrieving the complete list of all the putative HSF TFs
available and sequence of the first hit (Glyma.01G015900.1.p) was
used for further studies.
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2.2.2. Sequence alignment and phylogenetic analysis
The full-length protein was further annotated and checked using

BLASTx tool. The coding sequences of the protein was obtained using
tBLASTn programme, and were searched against the Expressed se-
quence tag (ESTs) database for L. purpureus (taxid: 35,936). The first
significant hit obtained was subjected to BLASTp annotation for finding
the sequential homologs and orthologs to L. purpureus. The sequences
were further aligned using the Clustal W program and edited using
BioEdit tool. Multiple sequence alignment for all the retrieved homo-
logs and orthologues were performed using CLC Bio work-bench. The
phylogenetic tree was constructed by MEGA 6.0 suite http://www.
megasoftware.net/ (Tamura et al., 2013) using Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) and maximum parsimony
(MP) method with 1000 replication bootstrap values. The sequential
similarities and differences found in HSF02 proteins between different
homologous and orthologous were visualized using Circos visualization
tool http://circos.ca/ (Krzywinski et al., 2009) at maximum 75 % cut-
off filter values. Further, the functional domain within the protein se-
quences was identified using ExPASy-Prosite scan http://prosite.
expasy.org/scanprosite/ (De Castro et al., 2006).

2.2.3. Gene prediction and promoter analysis
The protein sequence of HSF02 (Glycine max) were analysed using

tBLASTn programme and searched across the whole genome contig
database (wgs). The position of CDS encoding for HSF02 was searched
in the nucleotide sequences of the genomic DNA. The sequences present
in reverse orientation/negative frame were converted to the positive
frame using the reverse complement (link) tool. The position of CDS
including the transcriptional start sites (TSS), and polyadenylation
signal (polyA) tail was retrieved using Fgenesh server http://www.
softberry.com (Salamov and Solovyev., 2000) Further, the structural
organization of HSF02 gene was explored using the nucleotide se-
quences given for CDS and complete gene (including promoter) using
Gene display server (GSDS 2.0) http://gsds.cbi.pku.edu.cn/ (Hu et al.,
2014).

2.2.4. Structural modelling and model validation
The available protein sequence for the HSF02 was searched across

the Protein Data Bank (rcsb.org/pdb/) for finding the closely related
structural homologue for the queried sequence using BLASTp program
for homology modelling (Berman et al., 2000). Identification of puta-
tive templates in HSF02 protein sequences was done using NCBI
BLASTp program. The three most closely related templates exhibiting
significant similarity with our queried sequence and whose sequenced
are resolved by X-ray diffraction were used for structural modelling of
the functional domain using SWISS-MODEL server http://swissmodel.
expasy.org/ (Biasini et al., 2014). Three models were generated by
swiss modeller based on the available crystal structures of human Hsf1
with HSE DNA (PDB ID: 5D5U), the crystal structure of heat shock
factor1-DBD complex (PDB ID: 5HDN) and crystal structure of heat
shock factor 1-DBD (PDB ID: 5HDG). The models were further refined
by two-step atomic-level energy minimization based on Cα traces using
ModRefiner http://zhanglab.ccmb.med.umich.edu/ModRefiner/ (Xu
and Zhang, 2011). The modelled protein was further validated based on
their qualitative and quantitative score values. The model having the
least energy values were further selected as the final model for further
studies. The qualitative assessments were done using ProSA https://
prosa.services.came.sbg.ac.at/ (Wiederstein and Sippl, 2007), Qmean
https://swissmodel.expasy.org/qmean/ (Benkert et al., 2009), RE-
SPROX (Resolution by Proxy), ERRAT http://services.mbi.ucla.edu/
ERRAT/stats/ (Colovos and Yeates, 1993) and the quantitative assess-
ment was carried out using VADAR (Volume, Area, Dihedral Angle
Reporter) http://vadar.wishartlab.com/ analysis (Willard et al., 2003).
Ramachandran plot was used for the validation of the stability of the
predicted HSF02 model by measuring the backbone dihedral phi (φ)
and psi (Ψ) angles using PROCHECK module of PDBSum server http://

www.ebi.ac.uk/pdbsum/ (Laskowski et al., 2005) and further con-
firmed by RAMPAGE server http://mordred.bioc.cam.ac.ik/∼rapper/
rampage.php (Lovell et al., 2003). The protein models generated for the
functional domain were further submitted to an online repository
PMDB (Castrignano et al., 2006) to obtain the accession identities.

2.2.5. DNA-protein interaction
The DNA protein interaction was done using Hex docking server

(Macindoe et al., 2010) and following parameters were used for
docking calculations i.e. Shape + Electro + DARS, FFT Mode-3D fast
lite and grid range of 0.6 with Receptor: Ligand: Twist: Distance range
of 180: 180: 360: 40. Discovery Studio 3.0 was used to visualize the
interaction between docked complexes. The DNA-protein complex
having the least binding energy values were further selected for ana-
lysing the key residues involved in binding with DNA.

2.2.6. Protein-protein interaction, structural and functional annotation
The STRING (Search Tool for the Retrieval of Interacting Genes/

Proteins) database version 10.0 http://string-db.org/ was used to pre-
dict protein interaction partners for HSF02 (Szklarczyk et al., 2015).
The interaction results were obtained at the high confidence values
using several parameters such as co-expression, co-occurrence, neigh-
bour, gene fusion, text-mining and experiments at confidence score of
0.40 with interaction from both shells of interactors. Structural classi-
fication of HSF02 protein was done by using CATH server http://www.
cathdb.info/ (Sillitoe et al., 2015) and functional classification of the
identified CATH super-families was done by using FunFHMMer http://
www.cathdb.info/search/by-funfhmmer (Das et al., 2016). The func-
tional annotation of HSF02 protein was further analysed for its gene
ontology study by using hypergeometric distribution test analysis of
REVIGO web-server http://revigo.irb.hr/ (Supek et al., 2011) and the
identified GO values were further subjected to CELLO2GO web-server
http://cello.life.nctu.edu.tw/cello2go/ (Yu et al., 2014) to find out its
probable subcellular localization.

2.3. Statistical analysis

All the experiments were performed in three biological replications
and subjected to analysis of variance (ANOVA). The mean differences
were compared by performing Duncan’s multiple range test (DMRT)
using SPSS software (SPSS Inc., Version 20.0) and values at P ≤ 0.05
were considered significant.

3. Results

3.1. Plant physiology and yield

The application of exogenous SA (1.0 mM), SA + SNP (0.5 + 0.5
mM) and SA + SNP (1.0 + 0.5 mM) alleviated the effect of HT stress
more prominently compared to other treatments by enhancing photo-
synthetic efficiency (41.0–49.0 %) and chlorophyll colour index
(29.0–38.7 %) compared to non-treated HT stressed control plants
(Table 1). Further, yield and related attributes decreased significantly
under HT stress. However, significant increase in the number pods
(110.1–205.5 %) and yield/plant (103–205.5 %) was noticed upon fo-
liar application of SA (1.0 mM), SA + SNP (0.5 + 0.5 mM) and SA +
SNP (1.0 + 0.5 mM) compared to non-treated HT stressed control.

3.2. Plant water status and photosynthetic pigments content

Relative water content, chlorophyll, and carotenoid contents de-
creased significantly in HT stressed VRBSEM-15 plants (Table 2).
However, the application of SA, SNP and their combinations assuaged
the adverse effect of HT on these attributes. Exogenous application of
SA (1.0 mM), SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5
mM) mitigated the injurious effect of HT and significantly improved
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relative water content (17.3–27.8 %), chlorophyll (67.2–103.9 %) and
carotenoid (27.5–38.0 %) content more influentially than SA (0.5 mM),
SNP (0.5 mM) compared to non-treated HS control (Table 2).

3.3. Membrane damage, ROS generation, and proline

The level of lipid peroxidation, electrolytic leakage, hydrogen per-
oxide, and superoxide anion radical increased by 44.8 %, 45.0 %, 72.0
% and 89 % in non-treated control VRBSEM-15. Exogenously applied
SA (1.0 mM), SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5
mM) significantly reduced lipid peroxidation (45.9–55.0 %), electro-
lytic leakage (37.0–45.0 %) and ROS level (42.2–89.0 %) more com-
petently than SA (0.5), SNP (0.5) under HT stress (Table 3). Further-
more, the level of osmolyte proline was also significantly affected upon
the application of SA, SNP and their combination under HT stress.
Higher level of proline (50.0–121.6 %) was observed in SA (1.0 mM),
SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5 mM) treated
VRBSEM-15 plants compared to non-treated HT stress control (Table 3).

3.4. Activities of enzymatic and non-enzymatic antioxidants

The specific activity of CAT exhibited significant increase (60–140
%) in SA (0.5 mM), SA (1.0 mM) and SA + SNP (1.0 + 0.5 mM) treated
VRBSEM-15 plants compared to non-treated HT stress control (Fig. 1a).
Ascorbate peroxidase activity showed approximately 80–140 % in-
crease in SA (1.0 mM), SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0
+ 0.5 mM) treatments compared to their corresponding counterparts
(Fig. 1b). Glutathione reductase activity was stimulated upon applica-
tion of SA (1.0 mM) and SA + SNP (1.0 + 0.5 mM) (Fig. 1c). The GR
activity also significantly increased in SA (0.5 mM), SNP (0.5 mM) and
SA + SNP (0.5 + 0.5 mM) but the magnitude was comparatively low
(Fig. 1c). Superoxide dismutase activity decreased significantly under
HT stress. However, application of SA (1.0 mM) SA + SNP (0.5 + 0.5
mM) and SA + SNP (1.0 + 0.5 mM) increased the SOD activity by
200–253 % more competently than SA (0.5 mM), SNP (0.5 mM) and
non-treated plants (Fig. 1d).

A sharp decrease in the DHAR activity was detected under HT stress.
Compared to treated plants, DHAR activity decreased by 30.4–195.1 %

in non-treated control plants (Fig. 2a). However, applications of SA (1.0
mM) SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5 mM) am-
plified the DHAR activity by 117.3–195.1 % compared to non-treated
control plants (Fig. 2a). SA, SNP and their combination increases
MDHAR activity by 400–600 % in HT stressed VRBSEM-15 plants,
where maximum increased was observed in plants treated with SA (1.0
mM) SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5 mM) re-
spectively (Fig. 2b). Foliar application of SA (0.5 mM) and SA + SNP
(0.5 + 0.5 mM) significantly improved the AsA content by 100–150 %
compared to the control plants (Fig. 2c). The AsA content also increases
in other treatments but the increased was of lower magnitude compared
to SA (0.5 mM) and SA + SNP (0.5 + 0.5 mM) treatments. Levels of
glutathione in exogenous applied SA, SNP and their combination in-
creased by 50–80 % compared to non-treated control (Fig. 2d). The
levels remain approximately the same in all the treatments, however,
the maximum increase in glutathione level was observed for SA (1.0
mM) and SA + SNP (1.0 + 0.5 mM) treatments.

3.5. Pollen viability and in-vitro pollen germination

Pollen viability decreased up to 64.2 % in non-treated control plants
and from 7.1 to 34.4% in SA and SNP treated plants (Fig. 3a). However,
foliar application of SA, SNP and their combination mitigated the ad-
verse effect of HT stress and improve the viability of the pollen grains
by 61.3–92.5 %. Maximum viability was observed SA (0.5 and 1.0 mM)
SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5 mM) treated
plants (Figs. 3a and S2a). HT stress also adversely affected pollen ger-
mination rate and pollen tube growth in differentially treated and non-
treated VRBSEM-15 plants (Fig. 3a and b). However, the application of
SA and SNP significantly improved the pollen germination rate. Highest
germination percentage was observed in SA (0.5 and 1.0 mM) and SA+
SNP (1.0 + 0.5 mM) treated plants (Fig. 3a). Results of Pollen tube
growth was grouped into three categories viz., no tube, half tube and
full tube growth (Figs. 3b and S2b). The maximum percentage of full
pollen tube growth was recorded for SA (0.5 and 1.0 mM) and SA +
SNP (1.0 + 0.5 mM) treatments compared to non-treated plants under
HT stress.

Table 1
Effects of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on photosynthetic photon flux density (PPFD), chlorophyll
colour index (CCI), Fv/Fm, number of pods per plant (NPP) and yield per plant (YPP) in Lablab purpureus L. (cv VRBSEM-15) plants under high temperature stress.

Treatments PPFD
(μm s−1 m-2)

Canopy temperature (°C) CCI
(%)

Fv/Fm NPP YPP (g/plant)

NT 1122.13 + 1.47ab 33.4 + 0.61a 31.5 + 0.78c 0.53 + 0.14c 36.0 + 1.77d 180 + 0.15d

SA (0.5 mM) 1207.43 + 2.82a 31.7 + 0.38a 34.6 + 1.04a 0.64 + 0.06ab 57.3 + 1.71c 286 + 0.11b

SA (1.0 mM) 1013.90 + 4.34b 32.8 + 0.73a 43.3 + 0.71bc 0.75 + 0.09a 73.3 + 1.11c 366 + 0.16c

SNP (0.5 mM) 1159.90 + 5.14ab 30.9 + 0.49a 38.0 + 1.29abc 0.64 + 0.10bc 65.6 + 1.06c 328 + 0.18b

SA + SNP (0.5 + 0.5 mM) 1066.53 + 3.71ab 30.8 + 0.55a 40.0 + 0.37ab 0.74 + 0.06a 86.0 + 1.11a 430 + 0.24a

SA + SNP (1.0 + 0.5 mM) 1078.33 + 4.55ab 31.9 + 0.32a 43.5 + 0.93a 0.79 + 0.09bc 110.6 + 1.54b 550 + 0.16bc

Mean (+ SE) was calculated from three replicates for each treatment. Values with different letters are significantly different at P ≤ 0.05 applying the LSD test, NT:
non-treated HT stressed control.

Table 2
Effects of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on chlorophyll a (Chl a), chlorophyll b (Chl b), total
chlorophyll (T Chl) carotenoid (Car) and relative water content (RWC) in Lablab purpureus L. (cv VRBSEM-15) plants under high temperature stress.

Treatments Chl a (mg g−1FW) Chl b (mg g−1FW) T Chl (mg g−1FW) Car (mg g−1FW) RWC (%)

NT 1.87 + 0.09e 0.89 + 0.04d 2.78 + 0.15d 1.38 + 0.12b 46.0 + 0.12c

SA (0.5 mM) 2.28 + 0.12c 1.76 + 0.13c 4.14 + 0.14c 1.55 + 0.12a 50.7 + 0.12b

SA (1.0 mM) 2.52 + 0.10b 2.23 + 0.12b 4.85 + 0.14b 1.76 + 0.16a 56.3 + 0.16a

SNP (0.5 mM) 2.01 + 0.15d 0.91 + 0.05d 2.94 + 0.19d 1.39 + 0.13b 47.5 + 0.13bc

SA + SNP (0.5 + 0.5 mM) 2.90 + 0.13a 2.73 + 0.13a 5.67 + 0.16a 1.78 + 0.17a 54.0 + 0.17ab

SA + SNP (1.0 + 0.5 mM) 2.55 + 0.14b 2.16 + 0.11b 4.65 + 0.17b 1.85 + 0.12a 58.8 + 0.12abc

Mean (+ SE) was calculated from three replicates for each treatment. Values with different letters are significantly different at P ≤ 0.05 applying the LSD test, NT:
non-treated HT stressed control.
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3.6. Histochemical detection of H2O2 and O2
•e

The sites for biological accumulation of H2O2 and O2
•e was analysed

by staining them with DAB and NBT (Fig. 4a and b). The H2O2 accu-
mulation sites were characterized with intense dark brown coloration
whereas sites for O2

•e were characterized by dark blue spots. Higher
accumulation of both H2O2 and O2

•e was observed at the leaf margin
and tip as these regions showed intense colouration under microscopic
view. However, foliar application of SA, SNP and their combinations
significantly ameliorated the toxic effect of HT stress and decreases the
rate of H2O2 and O2

•e generation by 50 % and 66.6 % compared to non-
treated control (Supporting information, Fig. S3a and b).

3.7. Anatomical changes in stem

HT stress significantly increased the cortex diameter by 40 % and
decreased the diameter of xylem (12.2 %) and phloem cells (16.6 %) in
non-treated control plants (Supporting information, Fig. S4). Likewise,
the number and diameter of vessels were also decreased in non-treated
plants under HT stress (Fig. 4c). However, foliar applications of SA,

SNP, and their combinations significantly improved the number and
diameter of xylem, phloem, vessels and limits the diameter of cortex by
11.3, 15.3, 44.4 % respectively as compared to non-treated controls.

3.8. Expression analysis of stress-responsive genes

Effect of SA, SNP and their combinations on the expression of stress-
responsive genes such as ATP synthase CF1 alpha subunit (ATP syn-
thase), chlorophyll a/b binding protein (Chl a/b), lipid transfer protein
(LTP), Heat shock factor (HSF), zinc finger protein (ZFP), thioredoxin h
(TRX), late embryogenesis abundant protein (LEA), dicarboxylate
transporter (DCT) and elongation factor 1 alpha (EF1α) under HT stress
in VRBSEM-15 plants has been shown in Fig. 5. Treating plants with SA
(0.5 and 1.0 mM), SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5
mM) induced the expression of HSF by 7.0–18.0 % and thioredoxin h by
7.1–15.0 % (Fig. 5). Further, results also showed the upregulation of
LEA, EF1α, Chl a/b, and ATP synthase genes in all the treatments com-
pared to non-treated control where the upregulation of these genes was
also more pronounced in SA (0.5 and 1.0 mM), SA + SNP (0.5 + 0.5
mM) and SA + SNP (1.0 + 0.5 mM) treated plants. We also noted that

Table 3
Effects of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on hydrogen peroxide (H2O2), superoxide anion (O2

•−), proline
(PRO), lipid peroxidation (LPO) and electrolytic leakage (EL) in Lablab purpureus L. (cv VRBSEM-15) plants under high temperature stress.

Treatments H2O2 (μm g−1FW) O2
•− (ΔA540 min-1 mg-1 protein) PRO (μg g−1FW) LPO (mm g−1FW) EL (%)

NT 40.5 + 0.48a 1.00 + 0.07a 39.8 + 0.57e 2.70 + 0.14a 35.1 + 0.14a

SA (0.5 mM) 25.4 + 0.37f 0.45 + 0.03e 52.7 + 0.54a 1.67 + 0.15d 24.5 + 0.15b

SA (1.0 mM) 11.3 + 0.38c 0.15 + 0.05c 60.0 + 0.59c 1.46 + 0.13d 19.3 + 0.13a

SNP (0.5 mM) 23.4 + 0.44b 0.23 + 0.04d 53.9 + 0.89d 2.06 + 0.12b 29.2 + 0.12ab

SA + SNP (0.5 + 0.5 mM) 15.7 + 0.45e 0.11 + 0.05f 71.1 + 0.44b 1.27 + 0.14d 22.1 + 0.14ab

SA + SNP (1.0 + 0.5 mM) 18.0 + 0.39d 0.19 + 0.06b 88.2 + 0.83d 1.18 + 0.12c 20.8 + 0.12ab

Mean (+ SE) was calculated from three replicates for each treatment. Values with different letters are significantly different at P ≤ 0.05 applying the LSD test, NT:
non-treated HT stressed control.

Fig. 1. Aftereffect of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on (a) catalase (CAT), (b) ascorbate peroxidase
(APX), (c) glutathione reductase (GR) and (d) superoxide dismutase (SOD) activities in Lablab purpureus L (cv VRBSEM-15) under high temperature stress. Mean
(± SE) was calculated from three replicates for each treatment. Bars with distinct letters are significantly different at P ≤ 0.05 applying the DMRT test. NT: non-
treated HT stressed control, SA 1 (0.5 mM), SA 2 (1.0 mM), SNP (0.5 mM), SA + SNP 1 (0.5 + 0.5 mM) and SA + SNP 2 (1.0 + 0.5 mM).
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the exogenous application of SNP (0.5 mM) alone had relatively lower
effect on the expression of all the stress-responsive genes except for TRX
and LTP compared to control. Overall, exogenous application of SA,
SNP and their combinations triggered a statistically significant increase
in the expression of DCT, ZFP and LTP genes, where the effect of SA (0.5
and 1.0 mM), SA + SNP (0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5
mM) were superior which enhanced the expression of these genes by
6.5–14.2 % (Fig. 5).

3.9. Data retrieval and phylogenetic analysis

The tBLASTn results revealed putative EST mRNA sequences (NCBI
ID: JZ151191.1; query cover 35 % and 84 % identity; E-value 1e-97)
that encoded the partial HSF02 protein. The sequence (Lablab purpureus
L.) was further analysed by using BLAST-p programme to find the

relevant sequential homologs and orthologues for phylogenetic ana-
lysis. The phylogenetic tree constructed based on distance-based
UPGMA method showed monophyletic origin of L. purpureus with G.
soja (wild soybean) and G. max (Fig. 6A). However, the tree constructed
based on the maximum parsimony method (Fig. 6B) revealed that L.
purpureus might more closely evolve from wild soybean, (G. soja)
(Siebold & Zucc.). The multiple sequence alignment revealed that the
functional motif and domain region were found to have minimum di-
vergence across all the evolutionary lineages and had strong con-
servation of functional residues (Fig. 6C). The maximum conservation
of core amino acid residues around N-terminal DNA binding domain of
HSF02 indicates the least hindrance might have occurred during phy-
logenetic evolution. In contrast, the circos analysis revealed conserved
genomic positions that encode for the HSF02 protein in L. purpureus, G.
max (NP.001340351.1) and G. soja (KHN04860.1). The circos analysis

Fig. 2. Aftereffect of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on (a) dehydroascorbate peroxidase (DHAR), (b)
mono-dehydroascorbate reductase (MDHAR), (c) ascorbate (AsA) and (d) glutathione (GSH) activities in Lablab purpureus L (cv VRBSEM-15) under high temperature
stress. Mean (± SE) was calculated from three replicates for each treatment. Bars with distinct letters are significantly different at P ≤ 0.05 applying the DMRT test.
NT: non-treated HT stressed control, SA 1 (0.5 mM), SA 2 (1.0 mM), SNP (0.5 mM), SA + SNP 1 (0.5 + 0.5 mM) and SA + SNP 2 (1.0 + 0.5 mM).

Fig. 3. Aftereffect of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on (a) pollen germination and viability and (b)
pollen tube growth in Lablab purpureus L (cv VRBSEM-15) under high temperature stress. Mean (± SE) was calculated from three replicates for each treatment. Bars
with distinct letters are significantly different at P ≤ 0.05 applying the DMRT test. NT: non-treated HT stressed control, SA 1 (0.5 mM), SA 2 (1.0 mM), SNP (0.5
mM), SA + SNP 1 (0.5 + 0.5 mM) and SA + SNP 2 (1.0 + 0.5 mM).

K.K. Rai, et al. Journal of Biotechnology 309 (2020) 113–130

119



at lower cut-off filter values depicts the respective relationship of L.
purpureus with other homolog and orthologous members (Fig. 7). The
BLASTp analysis of input and queried sequence against uniprotKB da-
tabase showed homology with HSF08 (A0A1S3VRV5, identity 91.4 %)
of Vigna radiata, HSF08 (A0A0B2P6B7, 83.5 %) of Glycine soja and
HSF08 (A0A151R9Y3, 80.9 %) of Cajanus cajan (Supporting informa-
tion, Fig. S5). Further, phylogenetic tree constructed on BLASTP an-
notation of uniprotKB also confirmed evolutionary relationship among
homologs and orthologs for the predicted protein (Supporting

information, Fig. S6).

3.10. Gene prediction and promoter analysis

The tBLASTn results retrieved four significant hits representing the
whole genome shot-gun sequences QKRT01000001.1 (query cover 100
%; percent identity 84 %; E-value0.0), PELE01000446.1 (query cover
100 %; percent identity 84 %; E-value 0.0), BBNX02000072.1 (query
cover 100 %; percent identity 84 %; E-value 0.0),

Fig. 4. Aftereffect of different levels of salicylic acid (SA) and sodium nitroprusside (SNP) and their combinations on (a) In-situ accumulation of H2O2 by DAB
staining (b) (O2)% anion radicals by NBT staining and (c) changes in cross-sections of stem anatomy in Lablab purpureus L (cv VRBSEM-15) under high temperature
stress. NT: non-treated HT stressed control, SA 1 (0.5 mM), SA 2 (1.0 mM), SNP (0.5 mM), SA + SNP 1 (0.5 + 0.5 mM) and SA + SNP 2 (1.0 + 0.5 mM).

Fig. 5. Heat Map and clustering analysis of stress responsive
genes in Lablab purpureus L. The rows represent genes while
the treatments are shown as columns. The row dendrogram
represents the gene clusters with similar pattern. The expres-
sion levels are mapped on the colour scale provided at the left
top of the figure along with the categories scale on the right.
Colour corresponds to the expression level of transcripts with
low, intermediate and high expression as represented by
green, red and dark red colours respectively. (For interpreta-
tion of the references to colour in the figure, the reader is
referred to the web version of this article).
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ACUP03000021.1(query cover 100 %; percent identity 84 %; E-value
0.0). The first significant hit was used for finding the CDS region that
encodes the HSF02 transcription factor (Supporting information, Fig.
S7). The Fgenesh tool revealed the position of TSS, CDS and, PolyA tail
region (Supporting information, Fig. S8). The Gene Display server GSDS
2.0 was used for showing the position of TSS, CDS and regions up-
stream/downstream to TSS. The promoter scan analysis through plant
care revealed the position of HSE (-383 bp and sequence 5′AAAAAAT
TTC 3′) was lying upstream to the TSS and CDS region that encodes for
HSF02. The other promoters lying upstream to the TSS were TCA ele-
ment (-985 and having sequence GAGAAGAATA) involved in salicylic
acid (SA) response, Skn-1 motif (-768; GTCAT), a cis-acting regulatory
element required for endosperm expression, TGACG motif (-260;
TGACG), cis-acting regulatory element involved in the MeJA response.

3.11. Structural modelling, evaluation and validation

Due to unavailability of experimentally derived (X-ray resolved
crystal structure or NMR based solution structure) full length HSF
complexed with HSE binding element in plants. The protein sequence
HSF02 was searched using PDB advanced search BLAST/PSI BLAST
tool. The PDB results retrieved the putative templates with> 90 se-
quence identity. The significant templates retrieved were 5D5U (Crystal
structure of human HSF1 with Satellite III repeat DNA), 5HDN (crystal
structure of heat shock factor1-DBD complex), and 5HDG (crystal
structure of heat shock factor1-DBD). The first template crystal struc-
ture of human HSF1 with HSE DNA having significant hit values with
identities: 53/101 (52 %) and positives 70/101 (69 %) was used for

retrieval of sequential information for protein homology modelling. The
Swiss Modeller server was used for the generation of protein models.
Swiss modeller generated three protein models of which the model
having better qualitative and quantitative score values were selected for
DNA protein interaction studies. The final model generated was further
refined to eliminate the loop regions using ModRefiner tool (Fig. 8A and
Table 4). The final refined model was submitted to Protein Modelling
Database (PMDB), an online repository database which assigned the
model with a with accession identity (PM0081630). The DNA sequence
(5′AATAAATTTC 3′) specific to heat shock element (HSE) were re-
trieved through Plant care promoter database (Fig. 8B) was modelled
using DNA sequence to structure tool available at http:/www.scfbio-
iitd.res.in/software/drugdesign/bdna.jsp (Arnott et al. 1976).

The Ramachandran plot analysis of initial (before refinement) and
final (after refinement) models through RAMPAGE server revealed
percent residue in the favoured and allowed regions were 98 % and 2.0
% in initial model while in the final model the percent residue in the
favoured and allowed regions were 98.9 % and 1.1 % (Table 4). The
results of Volume, Area, Dihedral Angle Reporter (VADAR) analysis
further confirmed the topological confirmation of both initial and final
models which further confirmed the helix type structures of both initial
the models as predicted by the CATH server. The VADAR results for
initial model have observed values of 39 (43 %) helix, 20 (22 %) beta,
31 (34 %) coil and 20 (22 %) turns with mean H bond energy (-1.4 SD
= 1.1) against the expected values of -2.0 (SD = 0.8). In contrast, for
the final (refined) model we observed lowest deflation for the above
parameters i.e. observed values of 32 (35 %) helix, 19 (21 %) beta, 39
(40 %) coil and 36 (40 %) turns with mean H bond energy (-1.3 SD =

Fig. 6. Phylogenetic tree showing (A) evolutionary relationship and emergence (B) functional homology (C) sequence alignment of the conserved functional domain
of heat shock factor protein (HSF02) among different members of legume families. The trees were generated by using 1000 boot replication values based on
maximum likelihood methods.
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0.9) against the expected values of -2.0 (SD = 0.8).
The modelled proteins were further validated and verified qualita-

tively by using PROCHECK analysis (Fig. 9A) and it was observed that
both these models contained 91.4 % residues in the most favoured re-
gions (A, B, L) with 8.6 % additionally allowed residues (a, b, l, p).

However, good quality proteins models are generally considered to
have more than 90 % residues in the most favoured region. Ad-
ditionally, ProSA server was used to analyse errors in both the predicted
models by evaluating z-scores (Fig. 9B). The results of ProSA confirmed
that the stereo-chemical properties of predicted models are reliable

Fig. 7. Comparative analysis of similarities and differences in heat shock factor protein (HSF02) among different members of legume family. The Circos software was
used to generate circular map based on similarity percentage matrices using Clustal W algorithm.

Fig. 8. Predicted structures of (A) functional domain of HSF02 visualized by swiss modeller (B) structure of the heat shock element (AATAAATTTC).
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(Fig. 9B). Further, Qmean and RESPROX evaluate the reliability of
models in terms of geometrical and atomic resolutions. The predicted
models were also subjected to verify 3D server to analyse their 3D
profile and revealed that in our predicted structures, 98–100 % of the
residues have averaged 3D-1D score ≥ 0.02 values as compared to
templates proteins that had an average of 5D5U (61.1 %), 5HDG (62.1
%) and 5HDN (69.8 %) residues covering 3D-1D score ≥ 0.02. All the
above qualitative and quantitative parameters confirmed the stability,
reliability and quality of our modelled structures.

3.12. DNA protein interaction

The DNA-protein interaction was performed using the modelled
protein with DNA (HSE) using Hex Docking server. The DNA protein
interaction study revealed ten docked conformational structures. The
docked complex having minimum interaction energy (most stable) was
selected further for visualization through Discovery studio 3.0 visua-
lizing tool. In our results, we found that the interaction energy for the
most stable complex was E total = -1140.56 KJ/M. All the probable
amino acid residues involved in the interaction with HSE motif in
HSF02 as well as in the templates proteins have been highlighted in
Fig. 10A. Docking studies revealed that the key residues Phe21, Leu22,
Ser23, Lys24, Lys65, His66, Asn67, Ser71, Arg74, Gln75, Thr78, Tyr79,
Leu103, Arg104, Ile105, Thr106, and Arg107 were involved in the inter-
action of HSF02 with HSE motif (AATAAATTTC) sequence (Fig. 10B).

3.13. Protein-protein interaction network

The STRING server was used to find possible protein-protein inter-
action partners. The results revealed that the model protein was found
to be in interaction with (heat shock protein 90 kDa beta,
GLYMA09G16690.1 (0.812), (heat shock protein 90 kDa beta,
GLYMA17G37820.1) (0.812) and HSF90-1 (0.768) (Fig. 11A) with
maximum interactions score values at highest confidence level from
both shell of interactors. The lablab homologues for GmHSF02 was also
found in interaction (Fig. 11B) with heat shock protein 90 kDa beta
(GLYMA09G16690.1, score value 0.812), heat shock protein 90 kDa
beta (GLYMA14G40320.1, score value 0.812) and lastly by heat shock
protein 83-like (GLYMA16G29750.1, score value 0.768). These data
suggested that conserved protein have similar functions across the
distant evolutionary lineages. One important conclusion that could be
deduced from such interaction analysis was both G. max and L. pur-
pureus utilizes the same interaction partner sharing similar functional
mechanism and signalling cascades to mitigate the different environ-
mental stresses and therefore, predicted their integrative and regulative
function to encounter various challenges for a better adaptation of
plants to stress conditions. The interaction partners with their interac-
tion score and identities have been tabulated in Supporting informa-
tion, Tables S2 and S3.

3.14. Gene ontology analysis

The functional annotation of model proteins was further in-
vestigated based on gene ontology (GO) enrichment analysis, structured
around three ontologies including biological process, molecular func-
tion and cellular location. Further, the subcellular localization and
functional annotation were confirmed using CELLO2GO web server.
The results of ReviGO analysis were depicted in terms of scatter plot
diagram in which significant GO terms were indicated by unique col-
ours based upon their biological processes and molecular functions
(Fig. 12). The ReviGO analysis revealed all the significant gene ontol-
ogies relevant to the HSF02 protein. The first five significant GO terms
associated with the submitted protein were involved in biological
processes in response to osmotic stress (GO:0,006,970), heat acclima-
tion (GO:0,010,286), regulation of cellular response to heat
(GO:0,009,408), protein phosphorylation (GO:0,006,468) and defenceTa
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Fig. 9. Qualitative analysis of predicted model using PROCHECK and ProSA analysis. (A) The stereo chemical spatial arrangement of amino acid residues in predicted
model (before and after refinement) were compared with experimentally resolved structures (5D5U, 5HDG and 5HDN) through PROCHECK server. Most favoured
regions are coloured red while additionally, generously and disallowed regions are indicated with yellow, light yellow and white fields respectively (B) Qualitative
estimation by ProSA server, that measures structural errors in each amino acid residues. (For interpretation of the references to colour in the figure, the reader is
referred to the web version of this article).

Fig. 10. (A) Comparative analysis of docked complex with experimentally resolved X-RAY diffraction structures of functional domain of 5D5U, 5HDG and 5HDN with
HSE motif. The residues PAFKHNRQMY made interaction with HSE motif compared to our predicted complex where FLSKKHNRQTY with initial flanking sequence
were involved in interaction with HSE motif (B) Structure of docked complex (HSF02 with HSE motif) as visualized Discovery Studio 3.0 (C) Three-dimensional
surface view for HSF02-DNA interaction highlighting the docked complex in terms of interpolated charge in docked complex.
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Fig. 11. Functional interactive network of (A) GmHSF02 and (B) lablab homolog of GmHSF02 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.

Fig. 12. The subcellular localization and functional gene annotation using CELLO2GO web server. The significant terms are represented in terms of their percentage
contribution.
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response (GO:0,006,952). Additionally, the significant terms involved
in molecular functions were DNA binding (GO:0,003,677), HSP90
protein binding (GO:0,051,879), heat shock protein binding
(GO:0,031,072), SUMO binding (GO:0,032,183) and chromatin DNA
binding (GO:0,003,682). The CELLO2GO results confirmed that the
77.4 % of HSF02 protein was located in the nucleus (with maximum
score value of 3.94) involved in transcription factor DNA binding ac-
tivity (48.7 %), biosynthetic process (30 %), cellular nitrogen meta-
bolism process (30 %) and in stress management response (29.4 %)
(Fig. 13).

4. Discussion

Salicylic acid and nitric oxide are involved in the regulation of
various plant growth and developmental processes including germina-
tion and immune responses under various abiotic stresses such as high
temperature, salt, drought and metal toxicity (Hasanuzzaman et al.,
2017; Rai et al., 2018c). In the present study, morpho-metrical attri-
butes such as photosynthetic photon flux density, chlorophyll colour
index, Fv/Fm, the number of pods per plant and yield per plant were
gradually reduced in non-treated control plants upon exposure to HT
stress (Table 1). However, foliar application SA + SNP (0.5 + 0.5 mM)
and SA + SNP (1.0 + 0.5 mM) more effectively alleviated the negative
effect of HT stress and improved the growth, photosynthesis and yield
of L. purpureus L. plants compared to individual applications of SA and
SNP (Supporting information, Fig. S1). Studies have reported that both
SA and NO show synergistic or antagonistic relation in the regulation of
plant processes, where NO can stimulate the endogenous level of SA
that may have triggered the signalling networks involved in regulation
of plant physiological process such as photosynthesis, production of
osmolytes which may have improved the growth and yield of L. pur-
pureus L plants (Manjunatha et al., 2010). Our results are in consistent
with the findings of Nazar et al. (2015) and Hasanuzzaman et al. (2013)
indicating lower concentrations of SA and SNP improves morpho-phy-
siological attributes of plants while higher concentrations had a nega-
tive impact on their growth and productivity.

The decrease in chlorophyll and carotenoid content in HT stressed L.

purpureus L plants in the present study might be due to the possible
oxidation of chlorophyll and other pigments due to the generation of
osmotic stress induced by decreased relative water content and CO2

availability resulting in the excess ROS formation in chloroplast and
closing of stomata (Rai et al., 2017). The HT stress induced chlorophyll
degradation and water loss was significantly reversed more efficiently
in the L. purpureus L plants treated with SA + SNP (0.5 + 0.5 mM) and
SA + SNP (1.0 + 0.5 mM) compared to their corresponding counter-
parts (Table 2). The improvement in the photosynthesis and enhance-
ment in the plant relative water content in SA + SNP treated plants
may be due the positive interaction of NO with the SA signalling
pathways that may have facilitated increased chlorophyll synthesis and
water content for improving plant HT stress tolerance (Tada et al.,
2008). Several studies have delineated the stimulatory effect of SA and
SNP in conferring abiotic stress tolerance in plants by regulating pho-
tosynthesis, reducing membrane damage and maintaining adequate leaf
water potential (Zhang et al., 2011; Khan et al., 2012; Hasanuzzaman
et al., 2012) which are in accordance with the result of the present
study.

Hydrogen peroxide and superoxide anion production were mark-
edly increased in HT stressed L. purpureus L plants (Table 3; Figs. 4a,b
and S3). In the present study, application of SA (1.0 mM), SA + SNP
(0.5 + 0.5 mM) and SA + SNP (1.0 + 0.5 mM) significantly and ef-
ficiently contrived HT induced oxidative burst in Lablab purpureus L
plants compared SA and SNP alone (Table 3). The SA and SNP induce
reduction in ROSs level may be due to the SA induced NO production by
stimulating nitrate reductase activity, that limits HT-induced oxidative
damage thereby acting as a potent scavenger of ROSs under abiotic
stresses. The collaborative function of NO and SA in scavenging of ROS
and their modulation in signalling process have been reported in Ara-
bidopsis, where SA-induce NO production efficiently control the ROSs
generation in guard cells by activating antioxidant defence system
(Khokon et al., 2011). Lipid peroxidation and electrolytic leakage are
one of the most common indicators of oxidative stress, that occurs when
the ROSs level exceed beyond the capacity of antioxidant defence
system (Wang et al., 2010). In the present study, the effect of HT in-
duced membrane damage (Table 3) in L. purpureus L plants was

Fig. 13. Gene ontology analysis using ReviGO web server. The functional and significant GO terms involved in (A) biological processes and (B) molecular function
are shown on scattered plot diagram using hypergeometric test distribution.
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markedly reduced by the foliar application of SA + SNP (0.5 + 0.5
mM) and SA + SNP (1.0 + 0.5 mM). The decrease in the membrane
damage could be due to increased accumulation of proline in SA + SNP
treated L. purpureus L plants subjected to HT stress (Table 3) which may
in turn have strengthened membrane integrity, stabilize enzymes/pro-
teins and promoted the scavenging of free radicals (Rai et al., 2015,
2016).). Foliar application of SA and SNP at low concentrations has
been documented to stabilizes membrane integrity by regulating the
osmotic balance, electrolytic leakage and scavenging of reactive oxygen
species (Wang and Li, 2006; Ashraf and Foolad, 2007; Khan et al., 2012;
Hasanuzzaman et al., 2012).

The enzymes of Halliwell-Asada pathway viz., DHAR, MDHAR, APX,
GR along with CAT and SOD together with vital components AsA and
glutathione are actively and readily involved in the detoxification of
ROSs (Rai et al., 2018a). In the present study, the activities of all the
enzymes increased upon the application of SA and SNP in HT stressed L.
purpureus L plants (Figs. 1 and 2). The ameliorative effect of combined
SA and SNP treatment and induction of antioxidative defence system in
L. purpureus L plants could have resulted in reduce accumulation of
ROSs by modulating Ca2+ signalling as second messenger, which in
turn may have led to the induction of antioxidant defence machinery
and consequent changes in different biochemical and physiological
parameters thereby strengthening plants performance under HT stress
(Fan and Liu, 2012). Our results are in the accordance with the results
of previous studies of Janda et al. (1999); Hasanuzzaman et al. (2013);
Khan et al. (2014) and Nazar et al. (2015) where they have corrobo-
rated that exogenous application of SA (0.5 and 1.0 mM) and SNP at
lower concentrations modulated the levels of antioxidant enzymes such
as APX, GPOX and SOD which in turn improved photosynthesis and
growth and survival of Z. Mays, V. radiata under HT stress and B. juncea
to salinity stress.

The development of viable pollen grains, successful pollen germi-
nation and efficient pollen tube growth for lucrative pollen-pistil in-
teraction are pre-requisites for ovule fertilization and seed development
(Jimenez-Quesada et al., 2017). To the best of our knowledge, not much
of the report is available on the effect of SA and SNP on pollen ger-
mination and viability under HT stress. In the present study, foliar
application of SA + SNP combination mitigated the adverse effect of
HT stress and improves the viability, germination and tube growth of
the pollen grains by 61.3–92.5 % (Fig. 3 and Supporting information,
Fig. S2). A direct relationship between viable pollen grains and ger-
mination percentage has occurred in L. purpureus L plants which may be
due to the synergic effect of SA and NO on cGMP degradation, a sec-
ondary messenger that has been known to regulate pollen viability,
germination and tube growth (Jimenez-Quesada et al., 2017). Similar
findings have also been reported by Hussain et al. (2009) where they
have indicated the exogenous application of salicylic acid and glycine
betaine at lower concentration significantly improved pollen germina-
tion in drought exposed sunflower plants.

HT stress significantly increased the cortex diameter and decreased
the diameter of xylem/phloem cells in non-treated control plants
(Fig. 4c and Supporting information, Fig. S4). Foliar applications of SA,
SNP and their combinations significantly improved the number and
diameter of xylem, phloem, vessels and limits the diameter of the cortex
in L. purpureus L. plants under HT stress. The results obtained in the
present study showed fine modulation of NO-induced SA synthesis
might have fine-tuned the physiological development of cellular com-
ponents i.e. cortex, xylem and phloem by lowering disruption of cyto-
solic Ca2+ gradient and concomitantly maintaining appropriate pH at
cytological level (Wang et al., 2015). Very few reports are present on
the effect of SA and SNP regarding their role in strengthening xylem
and phloem vessels diameters under HT stress conditions. However,
Hasan et al. (2018) demonstrated that exogenously applied SA sig-
nificantly improved vascular bundle thickness in Viccia faba plants ex-
posed to salinity stress results of which are in accordance with the
observations of present study.

Expression of key stress-related genes in L. purpureus L. plants were
analysed by RT-PCR under HT stress. The results showed that the ex-
pression levels of genes were generally high in the plants treated with
SA + SNP compared to SA and SNP alone (Fig. 5). In the current study,
the maximum expression of ZFP gene was observed for SA (0.5 and 1.0
mM) and combined SA + SNP treatments. Zinc finger proteins (ZFPs)
belongs to the largest family of transcriptional regulators that are in-
volved in the regulation of key cellular processes and also has been
known to enhance the ROSs scavenging antioxidant enzymes under
stress conditions which result in the increased tolerance of plants
(Wang et al., 2015). Enhanced chlorophyll and carotenoid content were
observed in the plants treated with SA + SNP and SA (1.0 mM) which
may be due to differential effect of SA, SNP and their combination on
the expression of Chl a/b genes (Fig. 5) in Lablab purpureus L. plants
exposed to HT stress.

Overexpression of LEA, ATP synthase and elongation factor genes
were also observed in the plants treated with SA + SNP and SA (1.0
mM) indicating that these genes could be regulated in Lablab purpureus
L. plants under HT stress (Fig. 5). The over-expression of LEA genes,
ATP synthase genes and elongation factor genes has been shown to en-
hance drought tolerance in rice and poplar plants by mediating some
physiological and biochemical process, as we observed in the present
study (Xiao et al., 2007; Gao et al., 2013). The expression of LTPs and
dicarboxylate genes was differentially regulated in HT stressed Lablab
purpureus L. plants treated with SA, SNP and their combinations sug-
gesting their role in mitigating HT induced oxidative stress (Federico
et al., 2005; Wang et al., 2009). Concentration-dependent application of
SA and SNP have been shown to stimulated the expression of several
genes involve in stress defence response thereby mitigating the adverse
effect of abiotic stress induced oxidative damages in several plant
species (Csiszar et al., 2014). For instance, foliar application of SA and
SNP have been reported to ameliorate the adverse effect of salt and
drought stress in Triticum aestivum and Z. mays by over-expressing
certain stress responsive genes as well as level of stress defence pathway
enzymes (Saruhan et al., 2012; Hasanuzzaman et al., 2013; Kang et al.,
2013; Li et al., 2013).

The expression of HSF gene was shown to be upregulated upon the
application of SA, SNP and more prominently in SA + SNP combina-
tions (Fig. 5). The increase in the expression of HSF might be due to SA
induced activation of protein kinase that functions in the refolding/
transport of antioxidant proteins to the mitochondria (Wang et al.,
2004b; Cruz de Carvalho, 2008). Thioredoxin h (Trx h) are involved in
the regulation of crucial biological processes such as germination,
seedling growth and are also involved in the cellular protection against
abiotic stresses (Cazalis et al., 2006). In the present study, differential
and higher expression of Trx h gene were observed in SA + SNP treated
HT stressed L. purpureus L. plants proving that SA and SNP combination
can induce HT stress mediated molecular response. Furthermore,
overexpression Trx h gene may be the reason behind the improve pollen
viability, germination and tube growth of Lablab purpureus L. plants
under HT stress (Lee et al., 2005).

To deduce the evolution of HSF family transcription factor among
different members of the legume family, we constructed a phylogenetic
tree based on UPGMA and maximum parsimony methods. UPGMA
based phylogenetic investigation revealed monophyletic origin of EST-
based lablab HSF02 homolog with Glycine max HSF02, Glycine soja
HSF02 and close relationship with Cajanus cajan HSF02, whereas
Phaseolus vulgaris HSF02, Vigna radiata HSF02 and Vigna angularis
HSF02 showed paraphyletic relationship with lablab HSF02 (Fig. 6A).
In contrast, phylogenetic analysis based on maximum parsimony re-
vealed the monophyletic origin of EST-based lablab HSF02 homolog
with GsHSF02 and closer relationship between lablab HSF02 and
GmHSF02 (Fig. 6B). Yao et al. (2013) also observed a similar level of
sequence homology between L. purpureus L and G. max for MYB tran-
scription factor. In their study, they created Suppression subtraction
hybridization (SSH) libraries against drought stress and generated 1287
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unigenes (derived from sequence alignment and cluster assembly of
ESTs). The result of BLASTx against NCBI non-redundant database re-
vealed 61.5 % homology with G. max and 1.44 % close similarity with
P. vulgaris respectively. The result of MSA revealed strong conservation
and least disturbances of amino acid residues around the DNA binding
domains (Fig. 6C). The interaction of these evolutionarily conserved
amino acid regions with specific ligands has shown to trigger defence
response under changing environments (Vihervaara et al., 2013; Jaeger
et al., 2016).

Comparative genomic analysis reveals 61.5 % sequence homology
between Lablab purpureus L. and G. max and G. soja. Interestingly,
functional annotation and cataloguing of ESTs database have also
confirmed the similarity between L. purpureus and G. max (Yao et al.,
2013), which has also been observed in our results through phyloge-
netic (Fig. 6A and 6B and Circos analysis (Fig. 7). The results of this
comparative genomic analysis can be used to retrieve information from
G. max genome for further understanding of the functional divergence
and evolution of HSFs proteins in several other non-sequenced crops per
se., L. purpureus L. Furthermore, this functional homology could also be
employed to understand other interactive functions of HSFs as they are
also reported to regulate the signalling pathway of other stress-re-
sponsive transcription factors/genes such as DREB, WRKY and MYB
under several abiotic stress conditions (Ma et al., 2015).

Predicted L. purpureus HSF02 protein models were found congenial
as ascertained by their qualitative and quantitative assessments and
were very much alike with template proteins (Fig. 8A). Analysis of
protein 3D structures stipulate significant insight into its molecular
function and facilitate the identification of putative active site residues
(Madej et al., 2014). Furthermore, structural and functional char-
acterization of proteins can also reveal important information about the
conformation, stability and specific binding of HSF proteins with HSEs
which is required for its cellular and biological functions under stress
condition (Wang et al., 2017). The RAMPAGE statistics for the pre-
dicted HSF02 model showed that the % of residues in the core region
and allowed regions were 98.9 % and 1.1 %, and the red shading on the
plot correspond to the core region delineating significant combinations
of φ and ψ values (Fig. 9A). The appearance of more than 90 % residues
of protein in core regions is the indication of its good stereochemical
quality (Vatansever et al., 2016.). The result of PROCHECK analysis
reveals 0.0 % protein residues in disallowed regions suggesting the
reliability of predicted L. purpureus HSF02. Recently, analysis of ste-
reochemical qualities of modelled LeNRAMP proteins and WRKY pro-
teins through in-silico approach have also been elucidated in tomato
plants (Aamir et al., 2017; Meena et al., 2018), which corroborates the
results of the present study.

Heat shock elements are palindromic repetitive motifs (5′-
AGAAnnTTCT-3′) which is known to interact with heat shock tran-
scription factors, located upstream of TATA box of the promoter region
which is essential for growth and survival of plants under abiotic stress
conditions (Neudegger et al., 2016). In the present study, the docked
complex of HSF02 and HSE motif has E total = -1140.56 KJ/M. Several
researchers have reported that complexes having low binding energies
(most negative value) indicates efficient interaction between protein
and ligand and also contribute to the stability of the docked complexes
(Ritchie, 2003; Antony et al., 2012). Additionally, the docking study
revealed that the key residues Phe21, Leu22, Ser23, Lys24, Lys65, His66,
Asn67, Ser71, Arg74, Gln75, Thr78, Tyr79, Leu103, Arg104, Ile105, Thr106,
and Arg107 were involved in the interaction of HSF02 with HSE motif (
AATAAATTTC) sequence (Fig. 10B). Furthermore, the results indicated
that HSF02 binds with cis-regulatory DNA sequence through conserved
FLSKKHNRQTY residues of helix-turn-helix motifs where Phe, Leu, Ser,
lys, Ala, Cys and Thr are crucial for maintaining the stability of DNA-
protein complexes (Kotak et al., 2007; Akerfelt et al., 2010). Role of
signalling molecule such as nitric oxide (NO) in the activation of heat
shock transcription factor has been visualized by Xu et al. (Xu et al.,
1997), where they have reported NO mediated induction of HSP70

protein.
The protein-protein interaction results predicted for GmHSF02 and

GmHSF02 homologues for L. purpureus manifested similar types of
functional interactive network, which was also confirmed by the study
of Yao et al. (2013) that L. purpureus L. shares maximum sequence
homology with G. max. The identification and characterization of
conserved proteins through interactive networks can be employed for
the identification of probable genes involved in biological processes and
possible interaction that might exist with other orthologous or para-
logues members with in the same family (Sun and Kim, 2011). Gene
ontology study of predicted L. purpureus HSF02 using ReviGO clustering
analysis reveals response to osmotic stress, heat acclimation and de-
fence response among most upregulated biological processes whereas
SUMO binding, HSP90 protein binding and chromatin DNA binding
among the most expressed molecular functions (Jiang and Deyholos,
2009). The members of HSP family have been reported to function as
molecular chaperones involved in maintaining protein homeostasis and
SUMO DNA binding has been shown to engage in enzymatic and non-
enzymatic antioxidants (Hietakangas et al., 2003). Overall, the gene
ontology analysis of the modelled HSF02 protein of G. max homolog of
L. purpureus L. in the present research revealed significant insight on its
biological and functional properties which could provide valuable in-
formation regarding its regulatory mechanisms under abiotic stress
conditions.

5. Conclusion

The results obtained in the present study elucidate that both sal-
icylic acid and nitric oxide execute important functions in the mod-
ulation of physiological and biochemical defence response in lablab
plants exposed to HT stress. The results concluded that foliar applica-
tion of combined SA and NO were effective in ameliorating HT induced
oxidative stress in lablab plants by regulating pollen viability and ger-
mination (up to 80 %). It also enhanced the accumulation of proline by
1.0 % and also significantly contrived the generation of ROS by sti-
mulating the activities of antioxidant enzymes (60–150 %) and by
modulating the expression of stress-responsive genes (7–18 %). Lablab
purpureus L. pod yield was also significantly increased by 50–110 %.
The results of in-silico analysis reconciled with our experimental hy-
pothesis and gave valuable insight into structural and functional
properties of heat shock transcription factors (HSFs) and confirmed that
this strategy could provide a better understanding of specific functions
of plant HSFs in transcriptional reprogramming of stress-responsive
genes. However, further in-depth research about the transcription fac-
tors is required to define their functional mechanism responsible for the
fine-tuning of gene expression regulation under stress conditions.
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