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Abstract High temperature reduces the growth and yield
of most of the agriculturally important crops. Elicitors have
been reported to modulate the thermotolerance of crops
under abiotic stresses. Here, we studied the effect of sali-
cylic acid (SA) on thermotolerance level of C306 (ther-
motolerant) and PBW343 (thermosusceptible) wheat
cultivars grown under heat stress. Pilot experiment con-
firmed spraying of 100 mM SA prior to heat stress (38 °C,
2 h) as the most effective treatment. Numerous protein
spots were observed in C306 under SA 4+ HS compared to
PBW343 during post-anthesis stage by 2-DE. Differen-
tially expressed proteins were identified as signaling
molecule, heat-responsive transcription factors (HSFs) and
heat shock proteins (HSPs) using MALDI-TOF-TOF/MS
analysis. Abundance of transcripts of HSFs, HSPs, CDPK,
SOD, RCA, etc. was observed in C306 in response to
SA + HS, as compared to PBW343. C306 showed better
accumulation of transcript of SAGs, osmolyte and total
antioxidant capacity under SA treatment compared to
PBW343. SA was observed to reduce the detrimental effect
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of HS on soluble starch synthase (SSS) activity as well as
synthesis of starch granules in both the cultivars.
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Introduction

Abiotic stresses adversely affect the growth and develop-
ment of plants under the field condition. Plants have
developed intricate mechanism to deal with such situations
for their survival (Wang et al. 2004). Out of all abiotic
stresses, heat stress has been predicted to be most damag-
ing for agriculturally important cereal crops (Bita and
Gerats 2013). High temperature interferes with the pollen
growth, viability and fertilization process causes pseudo-
seed setting problem in wheat (Kumar et al. 2013). Heat
stress causes denaturation of key enzymes involved in
various metabolic pathways, signaling and defense mech-
anism (Farooq et al. 2011). Immediately after exposure to
high temperatures and perception of signals, changes occur
at the molecular level altering the expression of genes and
accumulation of transcripts, thereby leading to the syn-
thesis of stress-associated proteins (SAPs) as a stress tol-
erance strategy (Iba 2002; Clarke et al. 2004). Variations in
the expression of heat stress-associated proteins have been
well documented in different cultivars of wheat (Kumar
et al. 2012). It is the abundance of these SAPs which play
an important role in modulating the defense mechanism of
wheat under heat stress. The major problem in deciphering
the tolerance mechanism in crops like wheat is the partially
sequenced genome and many more missing links which
need to be characterized.
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In this regard, expression of SAPs like heat-responsive
transcription factors (TFs), heat shock proteins (HSPs),
antioxidant enzymes, signaling molecules, etc. is known to
be an important adaptive strategy (Kumar et al. 2013). An
abrupt increase in the expression of signaling molecules,
HSPs (low and high molecular weight), antioxidant
enzymes and accumulation of osmolytes and metabolites
has been reported in response to HS in wheat (Kumar et al.
2013). Exogenous application of phytohormones has been
reported to modulate the expression of SAPs in crops for
enhancing the tolerance levels against stresses.

Salicylic acid (SA) is an endogenous growth regulator of
phenolic nature, which participates in the regulation of
physiological processes in plants. SA is known as signal
molecule involved in the induction of defense mechanism
since long back (Halim et al. 2006). In higher plants, SA is
synthesized from the shikimate-phenylpropanoid pathway
(Lee et al. 1995). There are experimental data indicating
participation of SA in signal regulation of gene expression
in the course of leaf senescence in Arabidopsis (Morris
et al. 2000). SA has been reported to protect the plants from
the heat stress, but the mechanism behind this is not known
(Wang et al. 2014). SA has been reported to play a key role
in plant growth and development and in plant responses to
abiotic stresses. It modulates secondary metabolites path-
way in plant under abiotic stresses (Morris et al. 2000).
Khan et al. (2013) reported that SA interacts with proline
metabolism and ethylene formation to alleviate the adverse
effects of heat stress on photosynthesis in wheat. Similarly,
exogenous application of SA through rooting medium has
been reported to modulate the growth and photosynthetic
rate of wheat under salt stress (Arfan et al. 2007). Wang
et al. (2014) reported increase in the activities of different
antioxidant enzymes in wheat treated with foliar SA.
Similarly, Janda et al. (2014) reported that exogenous SA
alleviates the damaging effect of various abiotic stresses
and modulates the photosynthetic process of the plant. Few
literatures have also established the role of exogenous SA
in enhancing the resistance of wheat to biotic stresses
(Underwood et al. 2014).

The present investigation has been designed to assess
the effect of SA applied exogenously on thermotolerance
capacity of wheat (7. aestivum cv C306 and PBW343)
exposed to terminal heat stress during grain-filling stage.

Materials and methods
Pilot experiment
Two popular wheat cultivars—C306 (thermotolerant) and

PBW343 (thermosusceptible)—were selected from the
mini-core subset of wheat developed after screening more
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than 1000 accessions for thermotolerance using Phenomics
facility at Indian Agricultural Research Institute (IARI),
New Delhi, India. The seeds of both the cultivars were
procured from Division of Genetics, IARI. Pre-treated
seeds (Bavistin @ 0.25 %) were sown inside BOD under
regulated conditions (optimum temperature regime of
26/22 °C, humidity of 60 %, photoperiod of 16 h and light
intensity of 350 pmol m~2 s~ "). Thirty Petri plates (in two
groups of 15 each) were used for germination of C306 and
PBW343 cultivars of wheat in triplicates. The 10 days old
seedlings were exposed to Tp—22 °C (control), T;—heat
stress (HS—38 °C, 2 h), T,—SA (50 mM) + HS, T5—SA
(100 mM) + HS and T;,—SA (500 mM) + HS treatments.
Leafs were collected in triplicate after 24 h and were used
for the estimation of fresh weight, total protein, total RNA
and total antioxidant capacity (TAC). The treatment of
100 mM SA + HS showed better performance with
respect to the above-selected parameters.

Sowing and stress treatments

Pre-treated seeds (Bavistin @ 0.25 %) were sown in pots
(10" x 10”) filled with vermiculite and sand-mix in equal
quantity. Twenty-four pots in group of two (12 each) were
sown with equal seeds of C-306 and PBW343 cultivars of
wheat. The pots were kept inside regulated chamber (op-
timum temperature regime of 26/22 °C, humidity of 60 %,
photoperiod of 16 h and light intensity of 350 pmol m~2
s~') at National Phytotron Facility, IARI Proper irrigation
was provided at regular interval. Plants were randomly
divided into four groups (3 pots each) at seedling stage
(10 days old) with 10 seedlings in each pot. Both the cul-
tivars were exposed to T)—heat stress (HS—38 °C for
2 h), T,—SA (100 mM), and 75—SA (100 mM) + HS at
pre-anthesis stage. A plant without treatment was used as
control (22 °C). Foliar spray of SA was provided thrice
inside closed chamber at an interval of 4 h. Heat stress
treatment was imposed as mentioned by Kumar et al.
(2013). Leaf samples were harvested at 24 h (anthesis;
Feekes scale—10.51), 10 (milky ripe; Feekes scale—11.1),
20 (mealy ripe; Feekes scale—11.2) and 30 (kernel hard-
ening; Feekes scale—11.3) days after the treatments (Large
1954). The collected samples (in triplicates) were imme-
diately frozen in liquid nitrogen for subsequent analysis.

Differential protein profiling using two
dimensional electrophoresis (2-DE)

Briefly, frozen sample (0.5 g) was finely ground in liquid
nitrogen and homogenized on ice (2 min) in an extraction
solution (5.0 ml) consisting of equal volumes of PCI (49 %
phenol, 49 % chloroform, 2 % isoamyl alcohol) and NTES
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(10 mM NaCl, 1 mM EDTA, 1 % SDS, 10 mM Tris-HClI,
pH 8.5). Other steps were followed as per the protocol
previously mentioned by Kumar et al. (2014). The protein

concentration was measured by Bradford method (Bradford
1976).

Isoelectric focusing and one dimensional
electrophoresis (1-DE)

Isoelectric focusing (IEF) was performed using the IEF100
electrophoresis system (Hoefer, USA) and 18 cm SERVA
immobilized pH gradient (IPG) blue Strip of 3-10 linear
pH gradients (SERVA, Germany). The protocol for the IEF
and 1D SDS-PAGE was followed as mentioned by Kumar
et al. (2014). The stained gels were scanned using HP
Scanjet G4010 (Hewlett-Packard). The image analysis of
the gels was carried out using Image Master 2D Platinum
(GE healthcare) version 7.0.6.

MALDI-TOF-TOF analysis for the identification
of protein spots

The selected spots were manually picked up one by one
using 200 pl tip by matching the selected match/spot ID to
the actual gel. The silver stained spots were processed for
in gel digestion by trypsin and the samples were analyzed
on a MALDI-TOF-TOF mass spectrometer (Ultraflex III,
Bruker Daltonics) following the protocol as mentioned by
Kumar et al. (2014). The Flex analysis 3.3 software (Bru-
ker Daltonics) was used to extract and process the peptide
mass peaks from the spectrum. The post-analysis processed
spectrum was used for searching protein against the non-
redundant NCBI (NCBInr) database using MASCOT 2.2
(Matrix Science) search engine (http://www.matrixscience.
com/).

Transcript profiling of stress-associated genes
(SAGs) by qRT-PCR

Total RNA was extracted from the collected samples using
Trizol method (Invitrogen, UK) and quantified by QuantIT
RNA quantification Qubit (Invitrogen, UK). First-strand
cDNA synthesis was performed using oligo dT primers and
the Superscript II reverse transcriptase (Invitrogen, UK),
according to the manufacturer’s instructions. Primers for
RT-gPCRs were designed using Prime 3 primer designing
software (Premier Biosoft, USA) (Table 1). Quantitative
real-time PCR was performed as per the protocol men-
tioned by Kumar et al. (2014) using two biological and
three technical replicates. The expression levels of wheat
actin gene (accession no. AF282624) were used as internal
standards for the normalization of data. The comparative C,

Table 1 List of primers used for the transcript profiling in C306
(thermotolerant) and PBW343 (thermosusceptible) cultivars of wheat
in response to salicylic acid and heat stress treatment

Primers Sequence (5'-3") Tm (°C)
HSF4-f TTACCTATCCTTCAACCCATGG 60.0
HSF4-r GCTGCAGAGTGCAGATCAG 60.0
HSF7-f TGGCCGGTCATTCATAGAG 60.0
HSF7-r CATTCGGGTTCTGTACATCG 60.0
RCA-f CGCAAGTACGACTTCGACAA 60.0
RCA-r CAGGATGAGAGGGACCTTGA 60.0
DREB-f GCCTGGAAGAACTTGTGGAG 55.8
DREB-r ACTGAATTAGGCCCATCACGT 56.4
CDPK-f TGCCATTCACTTGGTGTGAT 55.3
CDPK-r GGCCTGGCTTGAAGTAGATG 59.4
HSP-17F, AGTGGGTAGCGAGTTTCCTGTGAT 60.0
HSP-17R, CAAACAACCACCAGTACGCACGAA 60.0
SOD-f TCCTTTGACTGGCCCTAATG 60.0
SOD-r CTTCCACCAGCATTTCCAGT 60.0
ACT-Fy GCGGTCGAACAACTGGTATT 60.0
ACT-Rq GGTCCAAACGAAGGATAGCA 60.0

HSF heat shock transcription factor, RCA Rubisco activase, DREB
dehydration responsive element binding protein, CDPK calcium
dependent protein kinase, HSP heat shock protein, SOD superoxide
dismutase, ACT actin

(2724 method was used to calculate relative fold

expression (Pfaffl et al. 2002).

Estimation of osmolyte accumulation and total
antioxidant capacity

Proline content was determined according to method of
Bates (Bates et al. 1973) with modification. The chro-
mophore containing toluene was separated and absorbance
is then read at 520 nm in spectrophotometer against
toluene blank. The FRAP (Ferric reducing antioxidant
power assay) procedure described by Benzie and Strain
(Benzie and Strain 1999) was followed for the total
antioxidant activity assay of collected samples. The values
were expressed as the concentration of antioxidants having
a ferric reducing ability equivalent to that of 1 mmol L™"
FCSO4.

Scanning electron microscopy (SEM) of starch
granule

For SEM, mature seeds (collected at same time based on
Feekes scale) were cut into small pieces of less than 1 mm
and the dissected tissues were transferred to 0.1 M phos-
phate buffer (pH 7.2). The primary and secondary fixations
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of the samples were carried out as per the protocol men-
tioned by Kumar et al. (2013). The dried samples were
mounted on to suitable stubs with appropriate tape or glue.
Sputter was coated with 24 nm palladium for high vacuum
imaging. Images were taken in Carl Zeiss scanning electron
microscopy at 20 kV.

Soluble starch synthase (SSS) activity assay

0.5 g of sample was homogenized with a pestle in a pre-
cooled mortar containing 5 ml frozen extraction medium
[100 mmol L™ HEPES-NaOH (4-2-hydroxyethyl-1-piper-
azine ethane sulfonic acid—sodium hydroxide)], pH 7.5,
2 mmol L' EDTA, 50 mmol L~! 2-mercaptoethanol,
12.5 % (v/v) glycerol). The supernatant obtained after cen-
trifugation (10,000g, 25 min, 4 °C) was directly used for the
activity assay of SSS as per the protocol mentioned by
Kumar et al. (2013). The activity was measured as the
increase in absorbance at 340 nm after the addition of 1.4 TU
hexokinase and 0.35 IU glucose-6-phosphate dehydroge-
nase. The standard curve of sodium pyruvate was used to
calculate the activity of SSS in nmole min~' mg™" protein.

Estimation of starch content

Oven-dried mature endospermic tissue (100 mg) was
extracted with 70 % hot ethanol, centrifuged at 12,000 rpm
for 15 min and the residue was dried in oven. Residue was
re-suspended in 5.0 ml water and 7.5 ml of 52 % per-
chloric acid, centrifuged and the supernatant was collected
in fresh centrifuge tube. The sample was re-extracted using
5 ml perchloric acid and the supernatant was pooled and
volume was made to 100 ml with water. Suitable aliquot
was used for the glucose estimation using anthrone reagent.
The intensity of the color formed at 620 nm was used for
the glucose estimation using standard curve and the value
observed was multiplied by 0.9 to get the starch yield.

Data

The experiment was conducted in a completely randomized
design (CRD). Data were analyzed using one-way analysis
of variance (one-way ANOVA). The standard errors were
given in histograms.

Results

Pilot experiment for standardizing the concentration
of salicylic acid

Pilot experiment was laid down to standardize the con-
centration of SA to be used for further investigation. We
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observed significant increase in the fresh weight with
increase in the concentration of SA (50 to 100 mM);
maximum was observed in response to 100 mM SA
(Fig. 1a). A decrease in the fresh weight was observed in
response to SA treatment of 500 mM. Under HS treatment
prior to SA application, maximum fresh weight was
observed in response to 100 mM SA (T¢). Similar pattern
of increase in fresh weight in response to SA was observed
in case of PBW343 cultivar of wheat (Fig. 1b). Similarly,
we observed increase in the total soluble protein content in
both the cultivars under HS; maximum was observed in
response to 100 mM SA (73) in both the cultivars (Fig. lc,
d). Under HS, exogenous application of different concen-
tration of SA does not show any significant differences in
the total soluble protein in C306, whereas PBW343 showed
maximum soluble protein in response to 100 mM SA prior
to HS (Fig. 1d). A significant increase in the total RNA
content was observed in response to SA and HS treatment
in both the cultivars; abundance was more in C306 com-
pared to PBW343. Total RNA content was observed
maximum under 100 mM of SA in C306 and 50 mM SA in
PBW343 (Fig. le, f). We observed significant decrease in
the RNA content in both the cultivars with increase in the
SA concentration from 100 to 500 mM. SA and HS showed
significant increase in the total antioxidant capacity in
C306; maximum was observed in response to SA
(100 mM) + HS treatment (Fig. 1g). Similarly, PBW343
cultivar showed marked change in the total antioxidant
capacity under SA and HS treatment (Fig. 1h). Maximum
total antioxidant capacity in PBW343 was observed in
response to SA (100 mM) + HS (38 °C, 2 h). Parameters
(physiological, biochemical and molecular) studied in the
present investigation showed better results in C306 (ther-
motolerant), as compared to PBW343 (thermosusceptible)
under different treatments of SA and HS. To conclude,
100 mM SA + HS were observed to be the treatment of
choice for further investigation.

Differential protein profiling and protein
identification

We observed the expression of numerous heat-responsive
proteins in HS-treated (38 °C, 2 h) gels of C306 and
PBW343 compared to control (22 °C) (Fig. 2b, d). The
HS-responsive proteins were observed more in C306
compared to PBW343 on characterizing the gels using
software (Fig. 2). Gel characterization using Image Master
2D Platinum (IMP7) software (GE Healthcare) showed the
presence of unique proteins in both the control and HS-
treated gels of C306 and PBW343 cultivars of wheat.

Six differentially expressed protein spots were randomly
selected from both the cultivars and were subjected to
MALDI-TOF-TOF/MS for their identification. The mass
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Fig. 1 Pilot experiment C306
showing the effect of exogenous

salicylic acid (SA) and heat 40 d
stress (HS) on physiological,
biochemical and molecular
parameters of C-306
(thermotolerant) and PBW343
(thermosusceptible) cultivars of
wheat (10 days old seedling); a,
b fresh weight per seedling, c,
d total protein content g~ fresh
weight tissue, e, f total RNA ol
content, and g, h total
antioxidant capacity (FRAP);
seedlings were exposed to To—
22 °C, T;—HS of 38 °C, 2 h,
T,—SA (50 mM), T-—SA
(100 mM), T4—SA (500 mM),
Ts—SA (50 mM) + HS

(38 °C, 2 h), T—SA

(100 mM) + HS (38 °C, 2 h),
T,—SA (500 mM) + HS

(38 °C, 2 h); ANOVA
significance levels: *, P < 0.05;
#% P < 0.001; *** vertical
bars indicate s.e. (n = 3)
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spectrum of the selected protein spots has been presented in
Online Resource 1 (ESM_1). Based on the Mascot search
analysis (Matrix Science), the protein spots were identified
as small HSP (HSP17), oxygen evolving enhancer protein,
ATP synthase small subunit, rubisco activase (RCA), cal-
cium dependent protein kinase (CDPK), and superoxide
dismutase (SOD). The selected protein spots have already
been functionally characterized in different plant species,
for example, sHSP plays dual role of catalytic chaperone as
well as protects the nascent proteins from denaturation

under stress conditions (Kumar et al. 2014). Oxygen
evolving enhancer protein regulates the photosystem II
stabilization and in turn modulates the photosynthetic
activity (Murakami et al. 2002). ATP synthase provides the
energy to the cell through the synthesis of ATP. RCA acts
as chaperone converting the inactive form of Rubisco into
active form and augments the carbon assimilatory process.
CDPK is involved in signaling process and SOD is an
important antioxidant defense system of the cells under
different stress conditions. We also predicted some of the
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Fig. 2 Differential protein
profiling of C306
(thermotolerant) and PBW343
(thermosusceptible) cultivars of
wheat using 2-dimensional
polyacrylamide gel
electrophoresis (2-DE), a C306-
control, b C306-treated
(SAIOOmM + HS), ¢ PBW343-
control, d PBW343-treated
(SApomm + HS); C—22 °C,
HS—38 °C, 2 h; IPG strip
(Serva, Germany) pH 3.0-10
was used for the isoelectric
focusing; 12 % gel was used for
the second dimension (SDS-
PAGE)

other SAPs like TFs, signaling molecule and pathways-
related enzymes based on the homology search.

Transcript profiling of heat-responsive TFs
under SA and HS

Transcript profiling of heat shock transcription factor 4
(HSF4), heat shock transcription factor 7 (HSF7) and
dehydration responsive element binding (DREB) was car-
ried out in C306 and PBW343 cultivars exposed to SA and
HS treatments (Fig. 3). The HSF4 expression was observed
maximum in response to SA + HS, though the abundance
of transcript was more in C306 (thermotolerant) compared
to PBW343 (thermosusceptible) with the increase in
number of days after treatment (Fig. 3a, b). Similar pattern
of expression of HSF7 and DREB was observed in response
to SA + HS. The transcript of HSF7 showed decrease in
the accumulation pattern measured on 10th, 20th and 30th
days after treatment (Fig. 3c, d). DREB showed down-
regulation in PBW343 and up-regulation in C306 in
response to SA treatment with number of days after treat-
ment (Fig. 3e, f). Relative expression of HSF7 was high
compared to HSF4 and DREB in both the cultivars under
SA + HS treatments.

Expression profiling of stress-associated genes
(SAGs) under SA and HS

Expression studies of SAGs (CDPK, RCA-A, HSP17 and

SOD) were carried out in C306 and PBW343 cultivars of
wheat using qRT-PCR (Fig. 4). The expression of CDPK

@ Springer
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was very high on 1st day after SA + HS treatment in C306
compared to PBW343 (Fig. 4a, b). Similar was the case
with respect to other treatments like HS and SA on 1st day.
Expression analysis on 10th, 20th and 30th days after
treatments showed non-significant changes in the expres-
sion in both the cultivars. SOD showed high expression in
C306 compared to PBW343 in response to SA + HS and
further decrease in the expression was observed with
number of days after treatments (Fig. 4c, d). HSPI7
(sHSP) showed maximum transcript accumulation com-
pared to other SAGs identified in the present investigation
(Fig. 4e, f); relative expression was 30 (C306) and 25
(PBW343) fold in response to SA + HS on 1st days after
treatment. In case of RCA-A, maximum expression was
observed in response to SA + HS treatment in both the
cultivars on 1st day (Fig. 4g, h). Increases in the expression
of RCA-A were observed with number of days after treat-
ment in C306 compared to down-regulation in case of
PBW343.

Proline accumulation and total antioxidant capacity
in wheat under SA and HS

Increase in the proline accumulation under HS was
observed more in C306, as compared to PBW343 (Fig. 5a).
Under SA treatment, the percentage increase in proline was
high in C306. The maximum proline accumulation was
observed in response to SA + HS in both the cultivars;
C306 showed maximum accumulation compared to
PBW343. Under individual treatment of HS and SA, the
TAC observed in C306 was high compared to PBW343
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Fig. 3 Transcript profiling of ()
heat-responsive transcription
factor (TFs) in C306
(thermotolerant) and PBW343
(thermosusceptible) cultivars of
wheat in response to salicylic
acid and heat stress treatment;
HSF4, HSF7 and DREB genes
were used for the expression
profiling; relative expression
was estimated on Ist, 10th, 20th
and 30th days after treatment
during anthesis stage; To—

22 °C, T;—HS of 38 °C, 2 h,
T,—SA (100 mM), T5,—SA
(100 mM) + HS (38 °C, 2 h); 2.5+
B-actin gene (Accession No.
AF282624) was used as
endogenous control for
normalizing the data, CFX96
platform (Bio Rad) was used for
the gqRT-PCR; all data are
presented as mean £ SE of
three replicates; different letters
above each bar indicate a 0-
significant difference between

treatments (P < 0.05, one-way

ANOVA) (e)
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(Fig. 5b). Maximum TAC was observed in C306 in
response to SA 4+ HS compared to PBW343, which is in
conformity with our earlier results. SA + HS induce the
accumulation of proline as well as TAC, more in thermo-
tolerant cultivar compared to thermosusceptible.

Variations in the soluble starch synthase (SSS)
activity and starch content under SA and HS

We observed decrease in the soluble starch synthase
activities in C306 and PBW343 cultivars in response to HS
(38 °C, 2 h). Under HS, C306 showed ~45 % decrease in
the SSS activity compared to control (22 °C) (Fig. 5c). We
observed ~ 12.3 % increase in the activity of SSS in C306
treated with 100 mM SA compared to the control (22 °C).
Similarly, C306 treated with SA 4+ HS showed ~23 %
decrease in the activity of SSS compared to control; per-
cent decrease in the activity was less compared to HS
treatment (Fig. 5¢). In case of PBW343, we observed
~51 % decrease in the activity of SSS under HS compared
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to control. Similarly, ~7.6 % increase (under 100 mM SA
treatment) and ~22 % decrease (under SA + HS) in the
SSS activity were observed in PBW343 compared to
control. The variations in the SSS activity in response to
SA and HS treatments in both the cultivars were observed
highly significant. The SA treatment prior to HS was
observed to mitigate the effect of HS on SSS activity; the
specific activity was observed high in C306 compared to
PBW343 under different treatments (Fig. 5c).

The photosynthates are accumulated inside the
endospermic tissue in the form of complex starch which is
synthesized by the SSS along with other enzymes of starch
biosynthesis pathway. We observed significant variations
in the starch content of C306 and PBW343 under SA and
HS treatment. Under HS, we observed ~26 % (C306) and
~35 % (PBW343) decrease in the starch content com-
pared to control (Fig. 5d). Similarly, plants treated with
100 mM SA showed ~7 % (C306) and ~1.8 %
(PBW343) increase in the starch content compared to
control. When plants were treated with 100 mM SA prior

@ Springer



143 Page 8 of 12

Acta Physiol Plant (2015) 37:143

Fig. 4 Transcript profiling of
stress-associated genes (SAGs)
in C306 (thermotolerant) and 124 (a)
PBW343 (thermosusceptible)
cultivars of wheat in response to
salicylic acid and heat stress
treatment; CDPK, SOD, HSP17
and RCA-A genes were used for
the expression profiling; relative
fold expression was estimated
on l1st, 10th, 20th and 30th days
after treatment during anthesis
stage; To—22 °C, T\—HS of
38 °C, 2 h, T,—SA (100 mM),
T5—SA (100 mM) + HS 91 (¢)
(38 °C, 2 h); B-actin gene
(Accession No. AF282624) was
used as endogenous control for
normalizing the data; CDPK
calcium dependent protein
kinase, HSP heat shock protein,
RCA rubisco activase, SOD
superoxide dismutase; CFX96
platform (Bio Rad) was used for
the qRT-PCR; all data are
presented as mean £ SE of i 1 10 20
three replicates; different letters
above each bar indicate a
significant difference between
treatments (P < 0.05, one-way
ANOVA)
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to HS, we observed ~4.9 % (C306) and ~15.8 %
(PBW343) decrease in the starch content compared to
control; percent decrease was less compared to HS treat-
ment in both the cultivars (Fig. 5d).

Scanning electron microscopy of starch granule

The thermotolerant (C306) cultivar showed bold, globular,
structured and intact granules under control condition

@ Springer

Number of Days after Treatments

Number of Days after Treatment

PBW343
12- (b) CDPK
g
'% 104
g 8
[
= 6 c e e e ETO
g | . n
h d uT2
o 4 I
& L t; 1; uT3
=
D
&

Number of Days after Treatments

97 (d) RCA-A

Relative Fold Expression

1 10 20 30
Number of Days after Treatment

HSP17
=
2
w»
g
2
|
uTo0 = uTo
T1 S T1
T2 5 = T2
BT3 E =T3
=
D
=
Number of Days after Treatment
SOD
= 357 (h)
‘a3
»
2
S
>e
5 uTO
= T1
l':; uT2
& uT3
e
=
L
g .
30 1 10 20 30

Number of Days after Treatment

compared to defragmented and small granules with pleated
structure in response to HS (Fig. 6a, b). Endospermic tissue
of C306 exposed to SA prior to HS showed intact and
globular granules with large size; the effect of HS was
observed minimal (Fig. 6¢). Similarly, PBW343 (thermo-
susceptible) cultivar showed intact granule under control
condition, whereas HS causes numerous cracks on the
granule structure with granules stacked upon each other
(Fig. 6d, e). PBW343 sample treated with SA prior to HS
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Fig. 5 Estimation of biochemical parameters associated with ther-
motolerance in C306 (tolerant) and PBW343 (susceptible) cultivars of
wheat in response to salicylic acid and heat stress treatment; a proline
accumulation (pmole/g fresh weight), b total antioxidant capacity
(pmole Fe/100 pl), ¢ soluble starch synthase activity assay (nmole/
min/mg protein), d starch content (% dry weight basis); estimation

showed less damaging effect of HS compared to heat
shock-treated sample; the extent of damage in response to
HS was more pronounced in PBW343 (Fig. 6e, f). The
tolerance initiated by the SA against the HS was quite
visible in the thermotolerant cultivar compared to
thermosusceptible.

Discussion

Heat stress has severe effect on the photosynthetic system
and activities of various metabolic pathways associated
enzymes. Exogenous application of elicitors has been
reported to enhance the tolerance mechanism of wheat
under different abiotic stresses (Kumar et al. 2012, Clarke
et al. 2004). Many researchers have reported the potential
role of SA against biotic and abiotic stresses in different
crops; though controversial reports contradicting the posi-
tive effect of SA are also there. Few reports says that SA
has negative effect on the germination and seedling growth
of wheat (Yang et al. 2002), whereas other observed the
positive effect of SA on physiological and biochemical
parameters (Singh et al. 2010). Our experiment showed
improvement in the physiological and biochemical
parameters in response to 100 mM SA + HS (Fig. 1). The
concentration of SA has been observed to be crucial in the
regulation of stress responses (Horvath et al. 2002). Acetyl
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was carried out during grain-filling stage, samples were collected
based on Feekes scale; C—22 °C, HS—38 °C, 2 h, SA—100 mM;
different letters above each bar indicate a significant difference
between treatments (one-way ANOVA significance levels: *,
P < 0.05;**%, P < 0.001;***); vertical bars indicate s.e. (n = 3)

salicylic acid significantly attenuated the deleterious
impacts of heat stress to different tissues of plants as
observed by Khan et al. (2014). Treatment with 0.5 mM
salicylic acid (SA) significantly alleviated growth inhibi-
tion induced by drought in wheat seedlings (Kang et al.
2013).

Numerous SA-responsive proteins were observed on
2-DE gel; C306 showed more number of differentially
expressed proteins compared to PBW343 (Fig. 2). Wu
et al. (2013) using proteomic tool identified 56 differential
expressed protein spots in response to SA and ABA in
maize and reported that they were mainly involved in
photosynthesis and defense response which is in confor-
mity with our observation. Similarly, Wang et al. (2014)
reported that foliar supplementation of SA in wheat ele-
vates the activities of antioxidant enzymes and modulates
the tolerance level under heat and high light stress; findings
are in concurrent with our observation. Abundance of
SAGs transcript was observed on st day after treatment
which subsequently decreases further except in case of
DREB, HSP17 and RCA, where transcripts were observed
till kernel hardening stage (Figs. 3, 4). The presence of
sHSP and RCA during post-anthesis and grain-filling pro-
tects the photosynthetic system as well as enzymes of
starch biosynthesis pathway for balancing the source to
sink ratios under terminal HS. SA was shown to play a role
in the induction of thermotolerance in Arabidopsis
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Fig. 6 Scanning electron microscopy (SEM) of starch granule in
C306 (thermotolerant) and PBW343 (thermosusceptible) cultivars of
wheat under salicylic acid and heat stress treatments; starch granule
synthesized in C306 under a control, b heat stress (HS), ¢ SA + HS;
starch granule synthesized in PBW343 under d control, e heat stress

(Larkindale and Knight 2002). Addition of SA was
observed to ameliorate the oxidative stress in barley and
mustard-stressed plants (Fayez and Bazaid 2014; Nazar
et al. 2015). Similarly, CDPK has been shown to be
involved in abiotic stress responses and induced by SA
(Leclercq et al. 2005) as observed in the present investi-
gation (Fig. 3). Findings suggest that SA plays a regulatory
role in calcium-mediated signal transduction pathways.
Heat stress causes deactivation of Rubisco enzyme which
in turn reduces the rate of photosynthesis (Salvucci and
Crafts-Brandner 2004); RCA acts as catalytic chaperones
and converts inactive form of Rubisco into active form
under stress condition. Here, RCA expression under HS
was observed maximum in SA-treated leaves than in the
controls, indicating that SA may alleviate Rubisco inacti-
vation under HS and augment the carbon assimilatory
process of the plant. The finding is in conformity with the
observation of Nazar et al. (2015), who reported
improvement in the photosynthesis and growth parameters
of mustard treated with SA under drought stress. Appli-
cation of SA has been reported to modulate the photo-
synthetic performance and acclimation of plants to
different stresses (Janda et al. 2014).

The exogenous application of SA (0.1 mM) has been
reported to induce the synthesis of HSP70 and HSP17.6,
which has protein refolding activity and increases the
thermotolerance of pea (Pan et al. 2006). We also observed
very high relative expression of HSPI7 in the present
investigation under SA and HS treatment which conforms
to the findings of others (Fig.4). We observed high
osmolyte accumulation and TAC in response to SA + HS;
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(HS), f SA + HS; C—22°C, HS—38 °C, 2h, SA—100 mM;
samples for SEM were collected based on Feekes scale and dissection
of endosperm was carried out using microtome; scanning electron
microscopy was performed on Carl Zeiss instrument

the extent of increase was more in thermotolerant as
compared to thermosusceptible (Fig. 5a, b). TAC of ther-
motolerant cultivar under HS has been reported to be very
high compared to thermosusceptible and is used as a good
indicator of thermotolerance capacity of any crop (Kumar
et al. 2013). Exogenous application of SA or acetylsali-
cylate has been shown to enhance the thermotolerance in
tobacco and Arabidopsis (Dat et al. 1998; Clarke et al.
2004). SA was observed to reduce the detrimental effect of
HS on SSS activity as well as granule synthesis (Fig. 5c, f).
Our earlier observation showed synthesis of defragmented
starch granule and low SSS activity in wheat under HS
(Kumar et al. 2013). C306, being thermotolerant cultivar,
showed high relative expression of TFs and HSPs, accu-
mulation of proline and high TAC compared to PBW343
(thermosusceptible) in response to 100 mM SA 4+ HS
treatment. SA has direct effect on the signaling molecules
which in turn modulate the expression of stress-associated
genes like TFs, HSPs, antioxidant enzymes, etc. and ulti-
mately enhances the accumulation of osmolytes and overall
thermotolerance capacity under HS.

Phytohormones have been identified as low-cost tech-
nology for mitigating the effect of abiotic stresses. Here,
100 mM SA prior to HS was observed most effective in
mitigating the damaging effect of HS on various bio-
chemical and molecular parameters associated with starch
granule synthesis in wheat. Differential protein profiling
showed appearance of many unique proteins in response to
SA + HS predicted to be involved in the defense mecha-
nism of the plant under HS; unique proteins were observed
more in C306 compared to PBW343. Transcript profiling
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showed abundance of SAGs (CDPK, HSP17, RCA, etc.) in
response to SA + HS treatment; expression was observed
significantly high in thermotolerant compared to suscepti-
ble cultivars. Endospermic tissue of C306 exposed to SA
prior to HS showed intact and globular granules with large
size; the effect of HS was observed minimal on SSS
activity and granule synthesis in thermotolerant compared
to thermosusceptible cultivars. To conclude, 100 mM SA
treatment has heat stress amelioration ability and can be
used as substitute technology for the development of cli-
mate smart wheat crop.
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