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ABSTRACT
In the backdrop of global warming and increase in temperatures, wheat productivity worldwide would be
limited. This study was therefore undertaken to analyze the heat stress response in 12 different cultivars of
Indian wheat. Three developmental stages were used i.e. germination stage, seedling stage and anthesis
stage, to characterize thermotolerant and thermosusceptible cultivars on the basis of different
physiological and molecular parameters. Lethal temperature stress on germinating seeds showed a clear
reduction in percentage germination. At the seedling stage, higher decrease in Fv/Fm, total chlorophyll
content, membrane injury and carbon isotope discrimination was observed in thermosusceptible cultivars.
Results similar to seedling stage were obtained at anthesis stage. PSII efficiency of late-sown cultivars and
timely-sown cultivars also indicated that thermosusceptible cultivars are more prone to terminal heat
stress than thermotolerant cultivars. Heat Susceptibility Index (HSI) was calculated on the basis of
physiological parameters. Based on HSI, thermotolerant and thermosusceptible cultivars were identified.
HSI revealed comparatively low heat susceptibility in K7903, CBW12 and C306 and high heat susceptibility
in PBW343, HD2329 and HD2428. On the basis of HSI, expression analysis of stress induced genes was
performed between 2 tolerant cultivars C306 and K7903 along with 2 susceptible cultivars, HD2329 and
PBW343. Higher expression of stress induced genes was observed in the 2 thermotolerant cultivars C306
and K7903 as compared to the 2 thermosusceptible cultivars HD2329 and PBW343. Thus further reconfirms
that stress inducible genes can be employed for categorizing cultivars into susceptible and tolerant
groups.
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Introduction

Global warming may unequivocally represent major challenges
to plant productivity and geographic distribution.1 This is
mainly due to impaired cellular metabolism, injury and even
cell death. The adaptive mechanisms vary with plant age, geno-
type and environment. Plants have evolved mechanisms to
adjust their environment and respond by bringing about short-
and long-term physiological and biochemical mechanisms like
leaf functioning, transpiration or changed membrane lipid
composition.2 Increase in cellular temperature results in a cas-
cade of signal pathways thereby influencing the transcriptome
of cells and bringing about varying tolerance mechanism.3 This
change in transcriptome invariably brings about an increase in
stress proteins (HSP’s), which in turn brings about necessary
changes in the cell mainly through the chaperonin like
function.4

Wheat, during anthesis and grain filling stages, is often
exposed to terminal heat stress either singly or in combination
with drought stress resulting in decreased yield, low pollen via-
bility, decreased grain size and weight5 along with enhanced
maturity, which is often an escape mechanism adapted by
plants for allocating resources to developing grains.6 With a
diverse gene pool available in India, variable degree of

thermotolerance among different cultivars is observed, which is
partly attributed to differential expression of stress responsive
genes.7 Sensitivity of photosynthesis to thermal stress is
reported in wheat8 and attributed to impairment of electron
transport activity especially damage to OEC of PSII hence
affecting PSII efficiency.9 Very often thermal stress occurs in
combination with drought stress resulting in closure of sto-
mata. The heavy isotope of carbon (d13 C) is discriminated dur-
ing the diffusion of CO2 through the stomata.10

Abiotic stress induced osmotic imbalance results in homeo-
static adjustments in the form of high concentration of inor-
ganic ions or low molecular weight solutes including proline
accumulation. Proline accumulation under stressed conditions
is correlated with functions of an osmolyte, ROS scavenger and
molecular chaperone.11 Another aspect associated with higher
temperature is the malfunctioning of the cellular membranes
by increasing their permeability to ions and electrolytes. Cell
membrane stability (CMS) has been used for screening against
drought tolerance in wheat and wild relatives of wheat.12 How-
ever, the limitation is of screening the parental lines for ther-
motolerance which under natural conditions is tedious and
dependent upon crop season. Commonly, field survival test is
used to evaluate heat tolerance in crop plants. These tests,
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although efficient, are dependent upon additional factors in the
field such as wind, humidity, irradiance, soil moisture content,
temperature and biotic stresses which keep varying. The best
alternative is thus to introduce techniques that are faster, eco-
nomical and efficient in a developmental-independent pathway.

Reports related to thermotolerance in wheat are either on
germinating seeds,13 seedlings14 or mature plants.8 Since a
comprehensive study between germinating seeds, seedling
and mature plant stage is lacking hence our study will pro-
vide an insight of the developmental stage related tolerance
to thermal stress. Based on these parameters heat suscepti-
bility index (HSI) was calculated and expression profiling of
stress induced genes was undertaken. Besides being efficient
these experiments can help breeders in differentiating ther-
motolerant cultivars from thermosusceptible cultivars. In
this study we have tried to draw a correlation between
physiological parameters and expression analysis of stress
induced genes for a better understanding of stress tolerance
mechanism operative in different cultivars of Indian bread
wheat, Triticum aestivum.

Results and discussion

At present, approximately 95 million tons of wheat is produced
by South Asia although the demand will increase to nearly
137 million tons by 2020.15 Hence there is a need to increase
the yield gradually by breeding population in order to break
the stagnant yield barrier observed in the major wheat produc-
ing areas of South Asian nations. This can be achieved with

adoption of cultivars based on increased yield potential. Our
aim was to find out the mechanism of thermotolerance in dif-
ferent wheat cultivars. For this, we have scored different physi-
ological parameters at different stages of development in wheat
plant along with expression profiling between the identified
thermotolerant and susceptible cultivars following thermal
stress. In the following, we summarize our main findings and
discuss the level of the heat induced damage to different
cultivars of wheat.

Heat stress and photosystem II efficiency

Photosystem II efficiency
Since photosynthetic machinery is the most sensitive to heat
stress, therefore to check for heat stress tolerance of wheat, 12
Indian bread wheat cultivars were subjected to heat stress at 3
developmental stages including seedling stage, anthesis and late
sown conditions. Although no significant difference in PSII
efficiency was observed before the heat treatment, high temper-
atures of 37�C and 42�C magnified the discrepancy of Fv/Fm
between different cultivars (Fig. 1a, b). K7903, C306, DBW17,
CBW12 and BOBWHITE showed an increase in PSII efficiency
at heat stress of 37�C. At 42�C, K7903, C306, DBW17, CBW12
and BOBWHITE showed higher PSII efficiency than the
remaining cultivars at both seedling and mature plant stages.
Under late sown conditions (Fig. S1), maximum decrease in
Fv/Fm was observed in PBW343, HD2329 and HD2428, with a
percentage decrease of 2.7, 2.9 and 3.1 percent, respectively.

Figure 1. Effect of moderate and high temperature stress on Fv/Fm among wheat cultivars differing in thermotolerance. (A) Seedling at 10-day-old stage.; (B) Mature
plants at anthesis stage. Significance levels: �P < 0.05; ��P < 0.01.
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Sensitivity of PSII toward heat stress has earlier been
reported8 and attributed to impairment of electron transport
activity.9 These changes in Fv/Fm were shown to be reliable
diagnostic indicator of photoinhibition by earlier workers.16 At
a moderately high temperature of 37�C, an increase in photo-
respiration can act as an electron sink resulting in faster elec-
tron transport than before the heat stress. An increase in
quantum yield of PSII was observed when Arabidopsis leaves
were given heat stress of 40�C for 30 min.17 However, under
severe heat stress of 42�C, rubisco deactivation may occur and
a decrease in PSII will be observed.18 Our result show that high
temperature stress causes an increased PSII inhibition in sus-
ceptible cultivars as compared to the tolerant cultivars. Earlier
studies have shown PSII efficiency to be a useful marker for
identification of stress tolerance between cultivars.19

Heat susceptibility and cell membrane stability

Cell membrane stability
Under control conditions of 22�C, wheat leaves did not
showed any change in membrane stability over the span of
experiment, but temperature stress of 37�C and/or 42�C
affected membrane stability (Figs. 2A and B). After thermal
stress of 37�C and/or 42�C for 2 h, significant increase in
membrane injury index (MII) was observed at seedling
stage and mature plant stage; with HD2428 and HD2329
showing maximum MII followed by CPAN1676 and
RAJ4014 at both seedling and mature plant stages. Cultivars
which were shown to be performing better by Fv/Fm
(K7903, DBW17, CBW12, LOK1, BOBWHITE) showed
lesser membrane injury as compared to the remaining
cultivars.

Cell membrane stability is a heritable trait.20 It is sug-
gested that increased membrane stability in better

performing cultivars might correlate with membrane com-
position, as membrane fluidity is directly affected by unsa-
turation level of phospholipids and glycolipids. Previous
results have shown changes in membrane composition
under different abiotic stresses in Arabidopsis.21 A correla-
tion can therefore be drawn between PSII efficiency and
membrane composition.22 Since photosynthetic electron
transport chain comprising PSI and PSII are integral thyla-
koid membrane protein complexes, any change in mem-
brane fluidity is bound to have adverse effect on the
efficiency of membrane associated PSI and PSII complexes
and ultimately Fv/Fm.

Chlorophyll content

Decrease in total chlorophyll content was observed at seedling
and mature plant stages after heat treatment at 37�C and/or
42�C for 2 h. Total chlorophyll content was higher in K7903,
C306, DBW17, CBW12 and BOBWHITE after heat shock at
37�C for 2 h as against the remaining cultivars which showed a
decrease in total chlorophyll content at both seedling and
mature plant stages (Fig. S2A and S2B). Maximum decrease
was observed at 42�C for all cultivars at seedling and anthesis
stages. For particular cultivar, a comparable reduction in chlo-
rophyll was observed at both seedling stage and anthesis stage.

The observable decrease in total chlorophyll is mainly due to
decrease in the LHCII, which is a protective mechanism in
plants undergoing abiotic stress.23 High temperature of 42�C
could accelerate photoinhibition by inducing an imbalance
between light energy absorption and utilization and could end
up in ROS production, which can damage the photosynthetic
apparatus.24

Figure 2. Membrane Injury Index (MII) at: seedling stage (A) and; at mature plant stage (B). Significance levels: ns (non significant) �P < 0.05; ��P < 0.01.
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Temperature induction response (TIR)

All living organism maintain homeostasis in their surrounding
conditions. Cells acclimatize to changing environmental condi-
tions by changing their transcriptome and bringing about nec-
essary changes to cell metabolism. Temperature Induction
Response of seeds acclimatized at 37�C for 1.5 h showed genetic
variability between cultivars. A significant decrease in percent-
age survival and decrease in total length was observed in all cul-
tivars after exposure to lethal temperature stress. Up to 80%
decrease in percentage survival was observed in PBW343
(Fig. 3). CBW12, K7903, BOBWHITE, DBW17 and C306
showed less than 50% reduction in survival. More than 50%
reduction in total length (shoot and root) was observed in ger-
minating seeds exposed to lethal temperature stress in HD2329,
HD2428, RAJ4014 and PBW343 (Fig. 3). The data revealed a
significant difference among different cultivars for percentage
survival after lethal temperature stress. Cultivars that showed
sensitivity to lethal temperatures showed considerably lesser
growth at the end of 10-day recovery period.

Tolerance of cultivar toward lethal stress has been attributed
to be a consequence of changing transcript levels of stress
induced genes.13 The prior treatment of germinating seeds with
moderately high temperature of 37�C for 1.5 h act as an inducer
of the stress responsive pathways. In field grown conditions too,
the plants are exposed to a gradual increase in temperature and
not directly to heat shock thereby suggesting that genetic vari-
ability for thermotolerance between cultivars can be observed
only after exposure to an induction temperature. Earlier reports
7 have also suggested enhanced thermotolerance of plants fol-
lowing exposure to a sub-lethal induction stress. Temperature
Induction Response/Acquired thermotolerance had been uti-
lized for genotyping in different crop species highlighting
genotypic difference in response to heat stress.25,7

Carbon isotope discrimination (CID)

The carbon isotope composition in plants reflects the photo-
synthetic performance.10 Carbon isotope value was used to
determine stomatal opening and closure. A low Ci reflects
either a high efficiency of carboxylate ion or more commonly, a

low stomatal conductance which results in diffusion limitations
for both CO2 and H2O and a smaller CID. Difference in CID
was observed at both 37�C and 42�C. In terms of heat, it is nec-
essary for the stomata to remain open for heat dissipation. At
37�C an increase in CID was observed in K7903, CBW12,
RAJ4014, CPAN1676, DBW17, HD2428 and PBW343 (Fig. 4).
Whereas, HD2329, LOK1, BOBWHITE and LOK45 showed a
decrease in carbon accumulation at 37�C. All this suggests that
CID was minimally affected after heat shock at 42�C for K7903,
C306, CBW12, DBW17 and RAJ4014. An increase in mean CID
was observed at 42�C in K7903, suggesting toward the open
state of stomata at this high temperature. At 42�C, CPAN1676,
HD2329, HD2428, PBW343, LOK1, LOK45, and BOBWHITE
showed a decrease in CID, with CPAN1676 and HD2329 show-
ing a decrease of more than 5%, indicating the closed state of
stomata. Under closed state of stomata, due to limited CO2, the
enzyme rubisco have lesser choice to discriminate against heavy
carbon and hence decreased carbon delta values.

Decrease in Carbon Isotope Discrimination at 42�C can be
attributed to decrease in root absorption or to complete stoma-
tal closure under water stress. Earlier reports26 have shown that
higher temperature hampered the water status of leaves indicat-
ing that root hydraulic conductivity was affected. It is sug-
gested, that at 42�C, the root hydraulic conductivity is affected,
resulting in stomatal closure and hence affecting delta carbon
ratio. We suggest the differential decrease in delta carbon at
42�C is due to osmotic adjustment by accumulation of osmo-
lytes. To prove that the ability to discriminate carbon at higher
temperatures is due to osmotic adjustment, we have measured
the proline content, at seedling stage after giving thermal stress
and between timely sown and late sown stages.

Role of proline as an osmolyte

We also measured the proline content of all cultivars after giv-
ing similar stress as that of delta carbon at seedling stage and
also between timely-sown and late-sown field grown plants.
Increased proline accumulation was observed after thermal
stress of 37�C and 42�C at seedling stage. Cultivars that showed
a relatively lower CID also showed higher proline content

Figure 3. Temperature induction Response technique at germinating stage. Effect of sub-lethal temperature stress of 37�C (1.5 h) followed by a lethal stress of 51�C (3 h)
on percent survival of germinating seeds (A) and reduction in recovery growth (B). The result was significant at P < 0.01.
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(Fig. 5). K7903 showed maximum proline accumulation fol-
lowed by C306, BOBWHITE, CPAN1676, PBW343 whereas cul-
tivars like HD2428, LOK45 and CBW12 showed very low
proline accumulation after stress of 37�C and 42�C. Under late
sown conditions, cultivars like HD2329 and HD2428 showed
comparatively low proline accumulation as compared to the
remaining cultivars (Fig. S3).

Under thermal stress conditions, plants try to bring down
the temperature through transpiration via stomata. Under
higher temperatures, to maintain the open state of stomata,
plants increase osmolytes including proline accumulation that
usually results in a hypertonic plant internal condition and
increased suction pressure. As a highly significant interaction
(P < 0.01) was observed between proline accumulation and
CID, we suggests an increased accumulation of proline is acting
as an osmolyte in wheat plant for maintaining suction pressure.

Heat susceptibility index

To determine the heat tolerance of different cultivars, Heat Sus-
ceptible Index (HSI) was estimated (Fig. 6). This was based on a
comprehensive analysis of different physiological parameters at
2 developmental stages, i.e., seedling stage and mature plants at
anthesis stage, Fv/Fm, Membrane Injury Index, Temperature
Induction Response technique, Carbon Isotope Discrimination
and total proline content. HSI was calculated based on earlier
calculations.27 Higher Heat Susceptibility Index generally
depicts high susceptibility toward heat stress. In this study we

found K7903, CBW12, C306 and DBW17 showed low HSI as
compared to PBW343, HD2329 and HD2428, which showed
comparatively high HSI in all parameters under consideration,
pointing toward the higher susceptibility of PBW343, HD2329
and HD2428 under heat stress.

Expression analysis of stress inducible genes

Based on HSI, thermotolerant and thermosusceptible wheat
cultivars were identified (Fig. 6). Expression analysis was car-
ried out between 2 thermotolerant cultivars C306 and K7903
and 2 thermosusceptible cultivars, HD2329 and PBW343. Ten-
day-old seedlings were subjected to thermal stress of 37�C and/
or 42�C for 2 h. Expression analysis was carried out via north-
ern blotting (Fig. 7) and qRT-PCR (Fig. 8). The genes taken in
this study were earlier reported to be differentially expressed in
response to high temperature in our lab.28 The selection of
these genes were done from different categories including
HSP’s, stress related genes, transcription factors, photosynthe-
sis and ROS scavengers. Further, since wheat shows susceptibil-
ity toward terminal heat stress, especially fertilization, hence
expression analysis was carried out via semi-quantitative RT-
PCR between spike, anther and ovary in field grown plants
under control conditions and after giving thermal stress at
37�C and/or 42�C for 2 h for spike and 37�C/2 h for anther
and ovary (Fig. 9).

A comparative expression analysis of heat stress induced
genes showed higher expression of stress induced genes in at

Figure 4. d-Carbon isotope discrimination (CID) of wheat genotypes after thermal stress at 34�C (1 h) followed by 37�C (2 h) and/or 42�C (2 h).

Figure 5. Differential accumulation of proline under thermal stress at seedling stage. Significance levels: �P < 0.05; ��P < 0.01.
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least one of the tolerant cultivar as compared to the 2 thermo-
susceptible cultivars taken in this study.

Photosynthesis and ROS scavenging
Rubisco activase B (RcaB) showed high expression at 37�C in
all cultivars but its transcript level showed relative reduction at
42�C in tolerant cultivar C306 as compared to other cultivars.
A decrease in Rubisco activase in tolerant cultivar C306 at 42�C
is advantageous in coping with high temperature. Deactivation
of Rubisco and its activator will prevent photorespiration.29

Further a decrease rate of dark reaction of photosynthesis will
result in the formation of strong proton motive force and this
could contribute to tolerance toward heat stress. Under high
temperature, higher ROS production due to decreased effi-
ciency of PSII can be scavenged by APX (Ascorbate Peroxidase)
as part of the ascorbate glutathione or Asada-Halliwell-Foyer
pathway.30

Heat shock proteins
Since Heat Shock Proteins (HSPs) are molecular chaperones,
their higher expression in tolerant cultivars can be correlated

with tolerance of these cultivars toward thermal stress. HSP
expression in response to heat stress seems to be a universal
response with respect to temperature stress, and is observed in
all organisms ranging from bacteria to humans.31 In our study,
we have observed low expression of members of HSP gene fam-
ily in PBW343. The low expression of HSPsmight be acting as a
significant player in imparting thermosusceptibility to
PBW343. Studies show that acquisition of thermotolerance is
directly related to the synthesis and accumulation of HSPs.31

An observable increase in HSP26 transcript was seen at 42�C in
tolerant cultivars K7903 as compared to other cultivars. Over-
expression lines of TaHSP26 in Arabidopsis have earlier been
shown to be imparting thermotolerance.32

Lipid transfer proteins
Similar to HSP’s, higher expression of Lipid Transfer Protein 2
(LTP2) was observed in floral tissue at 37�C and/or 42�C in
thermotolerant cultivars C306. nsLTP gene family has earlier
being associated with abiotic stress tolerance.33 Role of LTP
OsC6 in post meiotic anther development have earlier been
reported.34

Figure 6. Heat map based on the Heat Susceptibility index of different biochemical and physiological parameters in different wheat cultivars.
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Transcription factors
A comparatively high level of bZIP and Zinc Finger transcripts
were also observed in both the thermotolerant cultivars as com-
pared to the thermosusceptible cultivars. In plants, bZIP tran-
scription factors form a diverse group of transcription factors
which are involved in imparting stress tolerance.35 Wheat Zinc
Finger proteins have also been identified in-silico and are found
to be responsive to both salt and drought stress.36

Stress associated genes
Higher expression of stress induced genes was observed in
flower, anther and ovary of thermotolerant cultivars as com-
pared to thermosusceptible cultivars, except HSP70 and Cam3,
which showed higher expression in thermosusceptible cultivar
HD2329 as compared to the 2 tolerant cultivars C306 and
K7903. Higher expression of Myo-inositol phosphate (MIPS)
gene transcripts were observed in all cultivars. Myo-inositol is
reported in signaling, cell wall biosynthesis and stress

signaling.37 Role of Stress Inducible Protein (Sti) in stressful
conditions has earlier been reported.38 Majority of the TPR
containing proteins like Sti1 or its mammalian homolog
(HSP70-HSP90 Organizing Protein (HOP) act as co-chaper-
ones.39 Higher expression of Sti in all the cultivars at 42�C espe-
cially the 2 tolerant cultivars suggest its role in imparting
thermal stress tolerance in wheat.

Materials and methods

Seeds of wheat (Triticum aestivum) K7903, CBW12, C306,
DBW17, BOBWHITE, RAJ4014, CPAN1676, LOK1, LOK45,
PBW343, HD2329 and HD2428 were obtained from Directorate
of Wheat Research (Karnal, Haryana, India).

Experimental conditions
For 10-day-old seedlings, the seeds were germinated in trays
(40 cm £ 20 cm) with cotton bed. Mature plant studies

Figure 7. Northern analysis of heat stress induced genes in different wheat cultivars. Seedlings were given heat stress at 37�C/2 h and 42�C/2h. (HSP-Heat Shock
Protein, TF-Transcription Factor).
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between timely sown (on 15th November) and late sown (on
25th December) were carried out for 2 consecutive years i.e
2011 and 2012. Plants were grown in the departmental garden
and experimental studies were done 90 d after sowing. Potted
plants for all cultivars were also grown in green house at 22�C
by mixing loam soil with farm yard manure (FYM) in 3:1 ratio.
Heat stress at 37�C and 42�C were given to all plants in growth
chamber (Conviron, Canada).

Temperature induction response (TIR)
For Temperature Induction Response (TIR), 20 seeds of uni-
form size were imbibed for 16 h in petri plates with approxi-
mately 15 ml distilled water. Seeds showing germination were
subjected to lethal temperature stress of 51�C for 3 h with prior
induction at sublethal temperature of 37�C for 1.5 h. Immedi-
ately after the treatment, seedlings were allowed to recover at
22 § 1�C. On the 10th day, from the date of imbibition of seeds,
the percentage survival of seeds were scored along with the total
decrease in plant length.40

Chlorophyll estimation
Total chlorophyll were estimated by taking 100 mg leaf tissue in
20 ml of DMSO at 65�C for 4 h in dark for 2 growth stages
namely, anthesis stage and 10-day-old seedlings. Absorbance
was recorded at 645 nm and 663 nm in a UV-Vis spectropho-
tometer (Hitachi U-2810, Tokyo, Japan) and chlorophyll con-
tent were calculated.41

Proline estimation
Frozen samples at¡80�C were grounded in liquid nitrogen and
free proline content was measured by colorimetric assay
accordingly.42

Membrane injury index (MII)
Membrane injury index was measured with the central portion
of the primary leaf of 10-day-old seedling or leaf disc of mature
plant leaf. 50 mg leaf tissue were taken per tube for both seed-
ling and mature plant stage after giving thermal stress of 37�C
and/or 42�C for 2 h. The leaves were washed with distilled

Figure 8. Expression analysis of stress associated genes via qRT-PCR. in selected wheat cultivars.
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water twice before dipping in 10 mL double distilled water at
25�C/100 rpm for 1 h. Electrical conductivity (EC) was mea-
sured with an EC-meter (Eutech, Singapore). Test tubes were
autoclaved for 10 min at 0.10 MPa pressure to release all the
electrolytes. Final EC was measured after bringing down the
temperature to 25�C. Percentage Membrane Injury Index
(MII%), an indicator of cell membrane thermostability (CMT)
was than calculated accordingly.43

PSII efficiency
For measuring Fm, leaves were dark adapted for 30 min fol-
lowed by exposure to 0.8 s saturating pulse at 8000 mmol m¡2

s¡1 after 30 min of dark adaptation. Fv/Fm between timely
sown (15th November) and late sown (25th December) field
grown plants for 2 consecutive years, namely 2011 and 2012
were measured with Junior PAM-250 (Walz, Germany) after
30 min dark adaptation.

Carbon isotope discrimination (CID)
For determination of carbon isotope discrimination, primary
leaf of 10-day-old seedlings of different cultivars with treatment
of 34�C/1 h followed by 37�C and/or 42�C for 2 h were
detached, oven dried at 80�C till constant weight was achieved
and crushed to fine powder in a mortar and pestle. The pow-
dered samples were employed for d-carbon discrimination at
the Isotope Ratio Mass Spectrometer (IRMS) at the National
Facility for Stable Isotope studies in biological science at the
Department of Crop Physiology, UAS, GKVK, Bangalore,
India.

RNA isolation
Total RNA was isolated from different tissues by Trizol Reagent
(Sigma, USA) as per the manufacturer’s protocol and were
treated by on column DNase treatment to remove genomic
DNA using RNA cleanup kit (Qiagen, Germany).

Northern blotting
RNA isolated from control and treated samples were resolved
in 1.2% agarose gel containing formaldehyde. The gel was fur-
ther washed in R.O water for 20 min and transferred to hybond
N membrane (Amersham Pharmacia Biotech, UK). After PCR
amplification and gel purification, probes were labeled with a32

P dATP using megaprime DNA labeling system (Amersham
Pharmacia Biotech, UK) and purified through Probquant G-25
column (Amersham Pharmacia Biotech, UK). Hybridization
was further performed overnight at 60�C and differential band
intensity was visually observed.

Semi-quantitative RT-PCR
A two-step RT-PCR was used to study the differential expres-
sion of heat stress induced genes among the thermotolerant
and thermosusceptible wheat cultivars. Total 2 mg of RNA
from each sample was used to synthesize the first strand using
the Superscript III first strand cDNA synthesis kit (Invitrogen)
in a 20 ml reaction volume. After reaction completion, RNase
H treatment was given, subsequently 80 ml MQ was added to
each tube. One ml each of this diluted cDNA template was used
for subsequent PCR reactions. Wheat gene specific primers
used were similar to those used earlier (See also Table 1).28

Figure 9. Semi-Quantitative RT-PCR analysis of heat stress induced genes in different cultivars of wheat (spike, anther and ovary). HSP-Heat Shock Protein, TF-Transcrip-
tion Factor.
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Real-time expression analysis
1.5 mg of the total RNA was used as template for cDNA synthe-
sis employing the High Capacity cDNA Archive kit (Applied
Biosystems, USA) and mixed with 200 nM of forward and
reverse primers and SYBR Green PCR Master Mix (Agilent).
The primer pairs were designed by using Primer Express 2.0
software (PE Applied Biosystems) and checked for specificity
by the BLAST program with wheat sequences available in the
NCBI database (Table 2). The gene specificity was verified by
melting curve analysis. Normalization was done by using

internal control, actin. Three independent RNA isolations (bio-
logical replicates) were used for cDNA synthesis.

Heat susceptible index (HSI)
Heat Susceptible Index was calculated accordingly27 using the
following equation HSI D (1 – Xh/X)/(1 – Yh/Y), where Xh
and X are the mean of physiological trait for each cultivar
under heat stressed and control conditions, respectively.
Whereas, Yh and Y are the physiological mean of all genotypes
under heat stress and control conditions. The values for HSI
was used for generation of a heat map.

Statistical analysis
The data collected was the mean of values from at least 3 repli-
cations. The significant differences among the treatment aver-
ages were analyzed using one way ANNOVA at P < 0.05
(Supplimentary Table 1)

Conclusions

In summary, the bioassay’s along with the gene expression pro-
filing described in this paper can be useful in identification of
thermotolerant and susceptible cultivars. The cultivars C306
and K7903 were identified as heat tolerant based on their
expression profiling along with other physiological parameters.
Further work is required for a fool proof phenotyping and in
adapting the core method for screening breeding populations.
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