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Abiotic stress causes abrupt increase in the expression of stress-associated proteins, which provide tolerance by modulating 
the defense mechanism of plants. Small heat shock proteins (sHSPs) and anti-oxidant enzymes are important for environmental 
stress tolerance of the plants. In this study, two full-length cDNAs encoding small heat shock protein (sHSP) and superoxide 

dismutase (SOD), designated as TasHSP and SODI were identified and characterized from C-306 (thermotolerant) and 
PBW343 (thermosusceptible) cultivars of wheat (Triticum aestivum L.). An alpha crystalline domain was observed in TasHSP 
and manganese/iron binding domain in case of SODI. Quantitative real-time PCR showed very high transcript level of TasHSP 
and SOD in C-306 compared to PBW343 at different stages of growth and against differential heat stress (HS). Under 
differential HS at milky-dough stage, the fold change in transcript of both TasHSP and SOD was observed maximum in C-306, 
compared to PBW343. Protein profiling and isoenzymes analysis showed the expression of several heat-stable proteins and 
prominent isoenzymes of SOD in C-306, compared to PBW343. Scanning electron microscopy (SEM) of starch granules 
showed globular, well-shaped and more numbers of endospermic cells in C-306, compared to defragmented, irregular shaped 

and shrunken granules in case of PBW343 under HS treatment (42°C for 2 h). Diurnal change in soluble starch synthase (SSS) 
activity showed an increase in the activity during afternoon (35°C), compared to morning (29°C) and evening (32°C) in both 
the cultivars. Under heat stress (42°C for 2 h), a drastic decrease in the SSS activity was observed, due to the thermal 
denaturation of the enzyme. Thermotolerance capacity analyzed using cell membrane stability (CMS) showed significantly 
higher CMS in case of C-306, compared to PBW343 at different stages of growth. Findings suggest that abundance of TasHSP 
and SODI during milky-dough stage plays a very important role in starch granule biosynthesis. The mechanism may be further 
exploited to develop tolerant wheat cultivar with high quality seeds. 

Keywords: Small heat-shock protein, Heat stress, Protein profiling, Isoenzymes, Superoxide dismutase, Wheat, Soluble 
starch synthase, Scanning electron microscopy, Triticum aestivum L. 

Living organisms have evolved intricate mechanisms 
to cope with the environmental stresses, such as heat 

stress, drought, salinity, radiation, heavy metal etc. 

Plant growth and yield are strongly affected by heat 
stress, as it damages the functions of cells, tissues  

and whole plants. High temperature represents a 

significant constraint to the cultivation of important 

crops, such as wheat in large areas of the world. 
Several physiological and biochemical mechanisms 

have to be modified by plants to overcome the heat 

stress
1
. For instance, high temperature causes 

modifications of membrane fluidity, permeability, 

stability and expression of stress-associated genes in 

plants which is considered as a measure of stress 
cellular damage

2-4
. 

Plant responses to high temperatures are mediated 

by both their inherent ability to survive (basal 

tolerance) and their ability to acquire tolerance to  
the otherwise lethal temperatures (acclimation).  

These two mechanisms in the cereals are due to  

the activation of different genetic systems
5
. Wheat 

(Triticum Spp.), the staple food crop of 40% of  
global population is highly sensitive to heat stress, 

which leads to pseudo-seed setting problem and 

adversely affects the yield
6
. Evidence suggests that 

genetic variability in stress responses among wheat 

genotypes is mainly due to differential expression of  

stress-responsive genes
7
. Although the mechanisms 
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underlying the thermal tolerance are not yet 

completely understood, the correlations have been 

reported between the acquisition of thermotolerance 
and synthesis and accumulation of heat shock proteins 

(HSPs) and antioxidant enzymes
5,8,9

. 

Proteins encoded by heat stress genes enable cells 

to survive the harmful effects of heat stress by  

two general strategies: one group of HSPs acts  
as molecular chaperones that counteract protein 

denaturation and aggregation and other HSPs, 

including ubiquitin and certain proteases, target  
non-native proteins for degradation

10
. As a result of 

HSPs production, many physiological characteristics 

are improved such as the membrane stability
11

, use  

of water and nutrients and assimilate partitioning
9
. 

One of the characteristics of the plant heat shock 

response is the synthesis of a large number of 

different, but evolutionarily related polypeptides of 
17–30 kDa, the small HSPs (sHSPs). The synthesis  

of these proteins is known to be part of the  

stress-tolerance strategy, resulting in the ability of 

plants to cope with the heat stress
12

. 

Antioxidant enzymes like superoxide dismutase 
(SOD), catalase (CAT), ascorbate peroxidase (APX), 

glutathione reductase (GR) and peroxidase (POX) 

play important role in creating tolerance against heat 
stress in plants by scavenging the reactive oxygen 

species (ROS), which are produced in response to the 

heat shock and are dangerous for the plant system
13

. 
Among all antioxidant enzymes, SOD plays an 

important role against abiotic stresses. SOD is a group 

of metallo-enzymes that are altered under different 

environmental conditions
6,14

. 

Heat stress has been reported to affect the starch 
granule biosynthesis by altering the activities of key 

enzymes involved in biosynthesis pathways and 

ultimately reduces the quality of the grains
15

.  
High temperature impairs grain filling by inhibiting 

the deposition of storage materials such as starch  

and protein
16,17

. Even prolong heat stress during 

milky-dough and seed hardening stages alters the 
granule structure by inhibiting the activity of starch 

synthase and starch branching enzyme
18

. 

A major impact of plant environmental stress is 

change in cellular membrane stability, which results 
in its perturbed function, but not much information is 

available on this aspect. However, the cellular 

membrane dysfunction due to stress is well  
expressed in increased permeability and leakage of 

ions, which can be readily measured by the efflux  

of electrolytes
19

. Hence, estimation of membrane 

dysfunction under stress is used as a screening tool for 

thermotolerance capacity. 
This investigation has been carried out with a 

hypothesis that abundance of sHSP and SOD 

transcripts during milky-dough and seed hardening 

stages in wheat causes bold and well-structured starch 
granule biosynthesis under heat stress (HS). We have 

targeted sHSPs and SOD genes from C-306 

(thermotolerant) and PBW343 (thermosusceptible) 
cultivars of wheat (Triticum aestivum L.) for 

molecular cloning and their expression analysis at 

different stages of growth and under differential  

HS treatment. The correlation of the expression 
pattern of both the genes with that of starch granules 

biosynthesis and soluble starch synthase (SSS) 

activity under differential HS treatment has also been 
studied. 

 

Materials and Methods 
 

Plant material and stress treatments  

Seeds of wheat (Triticum aestivum L.) cultivars C-306 
(thermotolerant) and PBW343 (thermosusceptible)

20,21
 

were procured from the Division of Genetics, Indian 

Agricultural Research Institute (IARI), New Delhi, 
India. Seeds of both the varieties were grown in 24 

pots (in groups of two) inside the phytotron chamber 

under regulated conditions (mean photosynthetically 
active radiation of 1050 µmole m

-2
 s

-1
, average 

temperature of 22°C and 80% RH). The mean day and 

night temperatures were 28 ± 3 and 20 ± 2°C, 

respectively. First group was used for stage-specific 
analysis by collecting leaf samples in triplicates at 

different stages of growth like vegetative, pollination, 

milky-dough and seed hardening stages. Another 
group at vegetative stage (12 days old) was exposed 

to differential heat stress treatment (30° and 35°C for 

2 h and 40°C for 2 and 4 h) and leaf samples were 
collected for expression analysis. The leaves collected 

in triplicates were freezed in liquid nitrogen and 

stored at -72
o
C for further study.  

 

RT-PCR amplification and In silico characterization 

The 100 mg of collected samples were crushed into 

powder form using liquid nitrogen and further Trizol 

reagent was used for total RNA isolation (Invitrogen, 

USA). The isolated RNA was checked for purity  
by running on 1.5% agarose gel with 800 µl of  

10% guanidine thiocynate (GTC). The total RNA 

isolated was used for the cDNA synthesis using 
RevertAid™ H minus first strand cDNA synthesis kit 
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(Fermentas, USA). sHSP and SOD genes-specific 

primers were designed from conserved regions of 

different HSPs and SODs reported from plant and 
non-plant sources using Gene Fischer primers 

designing software and it was custom synthesized 

commercially (Table 1). 

The 5 ng of synthesized cDNA was used as a 
template for amplification of HSP and SOD genes 

using gene-specific primers (50 pmole each). PCR 

was carried out using 10x PCR buffer (5 µl), 30 mM 
dNTP mix (3 µl), Taq pol (0.5 µl) and final volume 

was make up to 50 µl. The PCR cycle followed was 

94°C for 4 min, 93°C for 45 s, 58°C for 30 s, 72°C for 

1 min. 35 cycles were given, followed by final 
extension at 72°C for 10 min. The amplified product 

was run on 0.8% agarose gel in order to check the 

amplification along with ʎHinDIII/EcoRI marker.  
The amplicon was cloned in pGEMTEasy vector 

(Promega, USA) and transformed using DH5α strain 

of E. coli. The positive clones were selected by blue 
white screening and further sequenced using Sangers 

Di-deoxy method. The nucleotide sequence was 

characterized In silico using different bioinformatic 

tools like BLASTN, BLASTX, Expasy tool, all in  
one sequence analyzer etc. 

In order to know the conserved sequence present in 

different sHSP reported from plant and non-plant 
sources, multiple ClustalW alignment was carried  

out using the sHSP sequence of Zea mays  

(Accession no. AY758275), Arabidopsis thaliana 
(Accession no. DQ403190), Nicotiana tabacum 

(Accession no. GU994208), Riccinus communis 

(Accession no. XM002539128) and TasHSP 

(Accession no. HM802264) which were retrieved 

from Gen Bank. Phylogeny analysis of SOD was 

carried out using ClustalW alignment of SODs 
reported from Triticum aestivum (U69536.1), Oryza 

sativa (AB026724.1), Z. mays (AB093580.1) and  

A. thaliana (NM121815) along with SOD (JN257665) 

isolated in present investigation. 

 
Quantitative/semi-quantitative real time-PCR  

Total RNA was extracted using the Trizol method 

and quantification was done using Qubit
TM

 2.0 

fluorometer (Invitrogen, UK). RNA integrity was 
verified in 1.2% agarose gels. First-strand cDNA 

synthesis was performed using oligo dT primers and 

RevertAid™ H minus first-strand cDNA synthesis 
kit (Fermentas, USA). First-strand cDNA was 

diluted to a final concentration of 20 ng µl
-1

. Primers 

for quantitative RT-PCR reactions were designed 
from the deduced sequence corresponding to the 

wheat TasHSP and SODI genes using prime 3 

primers designing software (Premier Biosoft, USA) 

(Table 1). 

For each stress condition as well as for controls, 

expression measurements were performed using 

duplicate biological replications and three technical 
replications. Quantitative PCR was performed in  

20 µl reactions using gene-specific primers, 1 µl of 

cDNA as template and the SYBRGreenER qPCR 
SuperMix Universal (Invitrogen, UK). Reactions  

were performed on the CFX96 RT-PCR System 

(BioRad, UK). The thermal profile for qPCR was:  
3 min at 95°C, followed by 35 cycles each consisting 

of 95°C for 15 s, 60°C for 30 s, 72°C for 15 s, 

followed by plate read. The primer specificity  

and formation of primer-dimers were monitored  
by dissociation curve analysis and agarose gel 

electrophoresis on a 3% agarose gel. 

The expression levels of wheat tubulin gene were 

used as internal standards for normalization of cDNA 

template quantity using tubulin-specific primers 

(GenBank Accession no. TAU76544) as shown in  
the Table 1. Data analysis was performed using 

software provided by BioRad, UK. The comparative 

Ct (2-∆∆Ct) method was used to calculate the  
changes in gene expression as a relative fold 

difference between an experiment and calibrator 

sample. Semi-quantitative RT-PCR was carried out  

by loading the amplicons on 3% agarose gel and gel 
image was captured using G-Box gel documentation 

system (Syngene, USA). 

Table 1—Primers used for quantitative real-time PCR (qRT-PCR) 

and reverse transcriptase PCR (RT-PCR) amplification of sHSP
and SOD genes 

Primers Sequence (5’-3’) Tm 
value 
(°C) 

HSP-F 5’-CGAGTTTCACGATCTCATCGA-3’ 58 

HSP-R 5’-TGTTGATCAGCTGCACAC-3’ 57.9 

qHSP-F 5’-ATCGACGTGAAGGTCCAGTGATGA-3’ 62.7  

qHSP-F 5’-AGAAAGGATCGGAGAAGAACGGCA-3’ 62.7  

SOD-F 5’-CACACACCAAACCACACTATCCA-3’ 58.4  

SOD-R 5’-TGTCTACTCGGACAAATCATGC-3’ 58.4  

qSOD-F 5’-TCCTTTGACTGGCCCTAATG-3’ 63.8  

qSOD-R 5’-CTTCCACCAGCATTTCCAGT-3’ 64  

Tub-F 5’-TCGATGATCTCCAACTCCACCAGT-3’ 62.7  

Tub-R 5’-TCGTCGAACTCAGCACCAACTTCT-3’ 62.7  

*q, Quantitative real-time PCR primer; F, Forward primer; R, 

Reverse primer; Tub, Tubulin 
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Differential protein profiling  

1 g of collected samples was crushed into powder 

form using liquid nitrogen and 5 ml of extraction 

buffer (Tris-HCl 100 mM, pH 6.8) was added.  

The mixture was passed through 3 layers of muslin 
cloths and centrifuged at 32600 g for 20 min.  

The supernatant obtained was separated and used as  

a protein crude extract for 1D SDS-PAGE
22

. 15 µg  
of proteins (estimated by Bradford method)

23
 was 

loaded on to each well of polyacrylamide gel (12%) 

for SDS-PAGE. Mid-range protein marker was  

used along with the different samples for PAGE.  
The PAGE run was carried out at 50 V for 3 to 4 h. 

The polyacrylamide gel was stained using CBB R250 

for 2 h and de-staining was carried out using glacial 
acetic acid: methanol: water in the ratio of 3:6:51. 
 

Electrophoretic mobility profiling of SOD isoenzyme 

The crude extracts of collected samples were 

prepared in phosphate buffer (pH 7.5) and 20 µg of 

proteins (estimated by Bradford method)
23

 were 
loaded on to each well of polyacrylamide gel (10%) 

for native-PAGE. The protocol of Raychaudhuri  

et al.
24

 was followed for the isoenzymic study of 

SOD. Illumination was discontinued, when maximum 
contrast between achromatic zones and general blue 

color was achieved. The gel was maintained in 

distilled water till photographed. 
 

Scanning electron microscopy (SEM) of starch granules 

For transmission electron microscopy, mature seeds 
were cut into small pieces of less than 1 mm and the 

dissected tissues were transferred to 0.1 M phosphate 

buffer (pH 7.2). Thereafter, dissected samples were 
transferred to a primary fixative (2.5% glutaraldehyde 

and 2% paraformaldehyde in 0.1 M phosphate buffer) 

for three days at 4°C. Secondary fixation of specimens 
was carried out in 1% osmium tetroxide in 0.1 M 

phosphate buffer (pH 7.2). The specimen was 

dehydrated in graded acetone series: 30 min each in 

25%, 50%, 70% and 95%. Further, it was treated with 
100% graded acetone for different durations (30 min, 

30 min and 1 h). The dried samples were mounted  

on to suitable stubs with appropriate tape or glue. 
Sputter was coated with 24 ηm palladium for high 

vacuum imaging. Images were taken in Carl Zeiss 

scanning electron microscopy at 20 kV. 
 

Soluble Starch synthase (SSS) activity assay 

Diurnal change in SSS activity was estimated in 

seeds (immature endosperm) collected at dough stage 
(morning, afternoon and evening) from C-306 and 

PBW343 cultivars. Twenty five endospermic tissues 

at dough stage were weighed and homogenized with a 

pestle in a pre-cooled mortar containing 5 ml frozen 
extraction medium [100 mmol/l HEPES-NaOH  

(4-2-hydroxyethyl-1-piperazine ethane sulfonic  

acid - sodium hydroxide)], pH 7.5, 2 mmol/l EDTA, 

50 mmol/l 2-mercaptoethanol, 12.5% (v/v) glycerol). 
The homogenate was filtered through four layers of 

cheese cloth and then centrifuged at 10,000 g for  

25 min at 4°C. The supernatant was directly used for 

the activity assay of SSS. 

The reaction mixture (final volume 56 µl) 

comprised 1.6 mM adenosine diphosphoglucose 

(ADPG), 0.7 mg amylopectin, and 15 mM DTT in  

50 mM HEPES-NaOH (pH 7.5) with the 20 µl of 
crude enzyme used to start the reaction. After 20 min, 

the reaction was stopped by boiling for 1 min. After 

cooling, the mixture was added to 20 µl of a solution 
comprising 50 mM HEPES-NaOH (pH 7.5), 4 mM 

PEP (phosphoenolpyruvate), 200 mM KCl, 10 mM 

MgCl2 and 1.2 IU pyruvate kinase and then further 
incubated for 20 min at 30°C. The resulting solution 

was heated in a boiling water bath for 1 min and the 

homogenate was centrifuged at 10,000 g for 10 min. 

Then 60 µl of the supernatant was mixed with 43 µl 
of a solution of 50 mM HEPES-NaOH (pH 7.5),  

10 mM glucose, 20 mM MgCl2 and 2 mM NADP. 

The enzymatic activity was measured as the  
increase in absorbance at 340 nm after the addition of 

1.4 IU hexokinase and 0.35 IU glucose-6-phosphate 

dehydrogenase
25

. Plants were also exposed to heat 

shock of 42°C for 2 h at dough stage to study  
the effect of heat stress on SSS activity. Samples  

were collected at three different dates during dough 

stage for the analysis.  
 

Evaluation of cell membrane stability (CMS) 

Seeds of C-306 and PBW343 cultivars were 

germinated inside phytotron at 22°C under a constant 
light/dark regime (16 h light and 8 h darkness) and 

watered with tap water. Leaf samples collected at 

different stages of growth were used to measure cell 

membrane stability (CMS) using the method of Fokar 
et al.

18
. 3.5 cm long leaf segments were rinsed in 

distilled water and placed in a closed tube with 1 ml 

of distilled water. Three replicates for each cultivar 
were treated in a water bath at 52°C for 1 h (T1), 

while the controls were kept at 10°C (C1). 9 ml of 

distilled water was then added to each tube and the 
tubes were incubated at 10°C for 24 h. The samples 

were brought to room temperature and conductivity of 
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the solution was measured. The tubes were autoclaved 

at 100°C for 15 min (T2, C2) and the conductivity  

was measured again. CMS (%) was calculated as 
CMS % = [1− (T1/T2)/1− (C1/C2)] × 100.  

 

Results and Discussion 
 

Cloning and sequence analysis of TasHSP  

An amplicon of ~1019 bp was amplified using 
sHSP specific primers from heat shock treated C-306 

cultivar of wheat. The amplicons were cloned in 

pGEMTEasy vector and sequenced using Sangers  
Di-deoxy method. The amplified sHSP had 1019 bp 

and submitted in NCBI GenBank (Accession no. 

HM802264). BLASTN homology search at 

nucleotide level showed 98% homology with that  
of HSP26.6 (also called as HSP19) reported from 

Triticum aestivum L. (Accession no. AF097656). 

Protein homology search of amplified gene 
(Accession no. ADN97108) showed maximum 

homology with HSP26.6 (Accession no. AAC96314.1) 

reported from T. aestivum by Campbell et al.
26

.  

The homology search confirmed that the amplified 
gene was one of the sHSPs with molecular mass  

of about 26 kDa and named as TasHSP. It had  

open-reading-frame of 242aa with start codon at  

74 nucleotides, whereas stop codon was present at 

802 nucleotide positions with 5’UTR region of 23 aa 

and 3’UTR region of 69 aa (Fig. 1a). The CHLOROP 
3.0 revealed it to have a chloroplastic transit peptide 

of 70 nucleotides and was plastidial localized.  

An alpha crystalline domain (ACD) was observed in 

the amino acid sequence, which is considered as  
a signature domain of all the sHSPs. TasHSP shared  

a common primary structure in their C-termini  

and showed high homology to K-crystallins as 
characterized by conserved domain architecture 

retrieval tool (CDART). 

The diversity of sHSPs is specific to plants,  

since other eukaryotes have far fewer sHSPs.  
The ClustalW2 alignment revealed two prominent 

conserved domains, followed by many sparsely 

distributed conserved domains inside the sequences 

(Fig. 2a). The observed domains were GxGxA, 
GxxG, AxnG, AxnA and CT. The prominent 

domains GxGxA and GxxG were predicted to  

play very important role in providing the sHSP,  
the specific character of tolerating the high 

temperature. The sparsely distributed domains like 

AxnG, AxnA and CT were predicted to be the site, 

where  other  proteins  and  enzymes bound on to the 

 
 

Fig. 1—Open-reading-frame (ORF) sequence of genes isolated from wheat [(a): ORF of sHSP (Accession no. HM802264); and (b) ORF 
of SOD gene (SODI; Accession no. JN257665). ORF Finder of NCBI was used for the analysis] 
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Fig. 2—Multiple ClustalW alignment of TasHSP and TaSODI with other sHSPs and SODs [(a): Alignment of TasHSP (HM802264) 
along with sHSP reported from T. aestivum (AF097659.1), O. sativa (JF710844.1), Z. mays (AY758275.1) and A. thaliana 
(NM_118652), Regions like DP(X)S, R(X)DMPGL, LVI(R/K)GE and AE(L/M)KNGVL were observed highly conserved in sHSPs as 
shown with asterisk marks inside shade boxes; (b): Alignment of TaSODI (JN257665) along with different SODs reported from  

T. aestivum (U69536.1), O. sativa (AB026724.1), Zea mays (AB093580.1) and A. thaliana (NM121815), Regions like VA, 
G(X)H(G/V)(F/N)H, PH, (V/L)H and (G/W)(G/E)HX(L/Y) were observed highly conserved as shown with asterisk marks inside shade 
boxes; (c): Phylogeny tree analysis of TasHSP (accession no HM802264) and TaSODI (Accession no. JN257665) isolated in present 

investigation, (i): Tree was generated using ClustalW alignment of different sHSPs reported from T. aestivum (AF097659.1, HM802264), 
O. sativa (JF710844.1), Z. mays (AY758275.1) and A. thaliana (NM_118652), and (ii) phylogeny tree of SOD was generated using 
ClustalW alignment of SOD sequences reported from T. aestivum (U69536.1), O.sativa (AB026724.1), Z. mays (AB093580.1) and  
A. thaliana (NM121815)] 
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sHSP and in turn HSP protects these proteins from 
denaturation during high temperature or heat stress 

condition. The information generated from ClustalW 

alignment was used to draw the phylogeny tree of 

the isolated TasHSP as shown in Fig. 2c(i). TasHSP 
showed same phylogenetic origin as that of sHSPs 

reported from R. communis and Z. mays
27

. 

Although sHSP genes have also been isolated 
from wheat

28 
and yeast

29
, the present study defined 

TasHSP structurally as well as functionally as a 

member of the sHSPs. The TasHSP was synthesized 
in nucleus and transported to the chloroplast as 

predicted by ConLoc and ChloroP servers, 

confirming that this sHSP might be playing a role  

in protection of chloroplast photosystem. Most  
of sHSPs have been found to localized in the 

chloroplast stroma from various plants, including 

bean
30

, tobacco
31

, barley
32

, maize
33

 and soybean
34

. 
Four novel genes encoding Cp-sHSPs have been 

isolated with their promoters from Chenopodium
35

.  

It has been shown In vitro that HSP26 is activated  

as chaperones at elevated temperature by 
dissociation of a complex of 24 subunits into 

dicers
28

. It is also reported that acclimation  

of mitochondrial electron transport is accounted  
for by the protective function of MT-sHSP under 

heat stress
36

. 
 

Cloning and sequence analysis of TaSODI  

An amplicon of ~700 bp was amplified from C-306 

cultivar. The sequencing of eluted product cloned  

in pGEMTEasy vector showed that the gene having a 

total nucleotide of 733 bp. The sequence was 
submitted in NCBI Gen Bank (Accession no. 

KC158224). A similar sequence was amplified using 

the same set of SOD specific forward and reverse 
primers from HDR77 cultivar of wheat (Accession 

no. JN257665). ClustalW alignment showed 100% 

homology between the sequences isolated from  

C-306 and HDR77 cultivars of wheat. BLASTn 
search showed 98% homology with that of SOD 

reported from T. aestivum. It had an ORF of  

231aa with start codon at 22 bp and stop codon at  
717 bp position (Fig. 1b). 

A manganese/iron C-terminal domain was 

observed in the sequence, which is a mixed alpha/ 
beta fold involved in catalyzing the conversion of 

superoxide radicals to hydrogen peroxide and 

molecular oxygen (CD-search, NCBI). Earlier  

two cytosolic copper zinc superoxide dismutase 
(cytCuZnSOD) have been identified from Nelumbo 

nuceifera
37

. ClustalW2 alignment revealed domains 
like VA, G(X) H (G/V) (F/N) H, PH, (V/L) H and 

(G/W) (G/E) HX (L/Y) in the sequence which  

were observed to be highly conserved (Fig. 2b). 

Manganese/iron domain present in SODI was 
represented by the conserved sequence (G/W) (G/E) 

HX (L/Y). Even other conserved regions might be 

playing important role in enhancing the catalytic 
activity of SODs. Phylogeny tree drawn using  

the sequence of SODs reported from T. aestivum 

(U69536.1), O. sativa (AB026724.1), Z. mays 
(AB093580.1), A. thaliana (NM121815) showed  

four different distinct families of SODs as shown  

in Fig. 2c(ii). The SOD isolated in present 

investigation belonged to different family, compared 
to other SODs. 
 

Quantitative real-time expression profiling of TasHSP and 

TaSODI 

Quantitative real-time expression profiling of 
TasHSP showed 18, 36 and 38 fold increase in the 

expression in C-306 compared to 15, 19 and 29 fold 

increase in PBW343 during pollination, milky-dough 
and seed hardening stages (Fig. 3A). The abundance 

of transcript was observed during seed hardening 

stage in both the cultivars, but C-306 had 1.3 times 
more transcript than PBW343.  

As milky-dough stage is considered to be critical 

stage for wheat growth and development and is  

highly sensitive to terminal heat stress, this stage  
was also characterized for the expression of TasHSP 

and TaSODI. Quantitative RT-PCR using samples 

collected at milky-dough stage showed 1.8 times 
more transcript abundance in C-306 than that of 

PBW343. This was in accordance with the results in 

tomato, where the expression peak is reached earlier 

in heat-sensitive varieties than in the heat-resistant 
ones

38
. Thus, differences in peak expression time 

might be because of the different expression patterns 

of heat-resistant and heat-sensitive varieties. 
The transcript level of TasHSP was also analyzed 

in response to differential heat shock treatment  

(Fig. 3B). A normalized fold expression of 38, 60, 71, 
68 in case of C-306 and 31, 39, 44, 48 in case of 

PBW343 was observed against 30° and 35°C for 2 h 

and 40°C for 2 and 4 h, respectively. The expression 

of sHSPs is stage and development specific
39

. The 
abundance of transcript was observed in response to 

40°C for 2 h (C-306) and 40°C for 4 h (PBW343). 

Although decrease in the transcript level was 
observed   in  case  of   C-306   against  40°C  for  4 h, 
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Fig. 3—Quantitative real-time expression profiling of TasHSP (A-B) and TaSODI (C-D) in thermotolerant (C-306) and 
thermosusceptible (PBW343) wheat cultivars [(A): TasHSP expression profiling at different stages of growth; (B): TasHSP transcript 
profiling against differential HS; (C): TaSODI expression profiling at different stages of growth; (D): TaSODI transcript profiling against 
differential HS; Semi-quantitative real-time expression profiling of TasHSP (E) and TaSODI (F) in C-306 and PBW343. C-306 at 
vegetative (C1), pollination (C2), milky dough (C3) and seed hardening (C4); PBW343 at vegetative (P1), pollination (P2), milky dough 
(P3) and seed hardening (P4); C-306 at 22°C (T0), 30°, 35° and 40°C for 2 h (T1,T2,T3) and 40°C for 4 h; PBW343 at 22°C (S0), 30°, 
35° and 40°C for 2 h (S1,S2,S3) and 40°C for 4 h (S4); β-Tubulin gene expression was used as a endogenous control to normalized the 

expression and 2% agarose gel was used for run] 
 

whereas continuous increase in the transcript level 
was observed in case of PBW343. A 1.5 times 

increase in the transcript level was observed in case  

of C-306 compared to PBW343 against differential 
HS treatment. Earlier, similar observation has been 

reported in pepper, where the expression of  

CaHSP24 is found to be markedly higher in the  

heat-resistant cultivar than in heat-sensitive cultivar
40

. 
Semi-quantitative RT-PCR showed the marked 

variations in the transcript of TasHSP in C-306 and 

PBW343 cultivars under differential treatments on the 

gel, compared to that of transcript of β-tubulin gene, 
which was used as endogenous control (Fig. 3E). 

Quantitative transcript profiling of SODI showed 

1.3, 1.8 and 1.9 fold increase (C-306) and 1.1, 1.3  
and 1.5-fold increase (PBW343) at pollination,  

milky-dough and seed hardening stages respectively 

(Fig. 3C). A 1.2 times more transcript was observed 

in case of C-306, compared to PBW343 at different 
stages of growth. Earlier, the expression of MnSODs 

has been observed to be highest in the leaf stalks and 

young leaves and lowest in the roots of N. nucifera
37

. 
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An 1.5 , 1.8 , 1.9 and 2.1 fold increase (C-306) and 

1.2 , 1.5 , 1.8 and 1.9 fold increase (PBW343) of 

SODI transcript was observed against differential HS 
treatment of 30° and 35°C for 2 h and 40°C for 2 and 

4 h (Fig. 3D). Although much difference in the fold 

expression of SODI was not observed in tolerant and 

susceptible cultivars, but in view of the importance of 
SOD, even a slight change in expression has large 

impact. Semi-quantitative RT-PCR of SODI showed 

variations in the bands visible on the gel in both  
C-306 and PBW343, compared to that of β-tubulin 

gene (Fig. 3F). 
 

Differential protein profiling  

Protein profiling using one-dimensional sodium 

dodecyl sulphate polyacrylamide gel electrophoresis 
(1D SDS-PAGE) showed an increase in the 

expression of new heat stress responsive proteins was 

observed in the range of 15 to 90 kDa in C-306, 

whereas there was decrease in the expression of 
existing heat stress responsive protein in case of 

PBW343. These heat stress responsive proteins were 

predicted to be sHSP, HSP70, HSP90 or anti-oxidant 
enzymes etc. The expression of differentially 

expressed proteins was more at pollination, milky-

dough and seed hardening stages in case of  
C-306 (Fig. 4b) and vegetative and pollination stages 

in case of PBW343 (Fig. 4a). A decrease in protein 

expression was observed in PBW343 cultivar. 

A differential HS treatment showed the  
expression of three new heat stress responsive 

proteins (~25, 40 and 70 kDa) along with increase in 

the expression of existing proteins (in the range of  

20 to 90 kDa) in case of C-306 (Fig. 4d), whereas two 

heat stress responsive proteins (~35 and ~60 kDa) 
were observed in case of PBW343 (Fig. 4c). The 

maximum increase in the expression of proteins  

was observed in response to HS at 35°C for 2 h 

(PBW343) and 40°C for 2 h (C-306). Earlier, 
proteome analysis of barley has also shown the 

similar pattern of expression of heat stable proteins
41

. 

We found that the abundance of stress responsive 
proteins modulated the tolerance mechanism of  

wheat under abiotic stresses at different stages  

of growth and development in particular at critical 

stage. 
 

Electrophoretic mobility profiling of SOD  

Isoenzymic profile of SOD in seedling revealed the 

expression of three prominent SODs in case of C-306, 

while two SOD isoenzymes were observed in case  

of PBW343, when HS treatment of 30
o
C for 2 h  

was given. Densito analysis showed high expression 

of SOD in case of C-306, compared to PBW343. 

These isoenzymes might be responsible for 
countering the harmful effects of ROS produced 

because of heat stress. SOD isoenzymes profiling at 

different stages of growth showed three prominent 
isoenzymes in case of PBW343 at vegetative stage 

and a decrease in the expression of these isoenzymes 

at pollination, milky-dough and seed hardening 

stages. C-306 showed the expression of three 
prominent isoenzymes at all the stages of growth  

with highest activity at vegetative and milky-dough 

 
 

Fig. 4—Protein profiling of C-306 and PBW343 at different stages of growth and in response to differential heat shock [Protein profile of 
PBW343 (a) and C-306 (b) at vegetative, pollination, milky dough and seed hardening stages; Protein profile of PBW343 (c) and C-306 
(d) against differential heat shock treatment. C-306 at vegetative (C1), pollination (C2), milky dough (C3) and seed hardening (C4); 
PBW343 at vegetative (P1), pollination (P2), milky dough (P3) and seed hardening (P4); C-306 at 22°C (T0), 30°, 35° and 40°C for 2 h 
(T1,T2,T3); PBW343 at 22°C (S0), 30°, 35° and 40°C for 2 h (S1,S2,S3). Pre-stained marker (M) was used for SDS-PAGE. Arrows 

showing the change in expression of existing/new proteins. 15 µg of proteins were loaded on to each well of polyacrylamide gel (12%) 
for SDS-PAGE] 
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stages. In proteomic studies, the levels of different 

SOD isoforms have been found to be up-regulated 

under drought
42-44

, ozone
45

, high light
46 

and Arsenic
47

 
stresses and plant hormone treatment

48
. 

 

SEM of starch structure synthesized under heat stress 

Scanning electron microscopy (SEM) of starch 
granules was carried out in seeds (at dough stage) of 

C-306 and PBW343 grown under normal and heat 

stress conditions (42°C; Figs 5 & 6). A robust, bold 
and well-structured starch granule was observed in  

C-306 and PBW343 cultivars grown under ambient 

temperature (22°C; Figs 5a & 6a), whereas flat,  

un-structured and pleated granules were observed in 
both the cultivars grown under heat stress condition 

(Fig. 5c & 6c). The damage due to exposure of HS 

was more pronounced in case of PBW343 compared 
to C-306. The number of endospermic cells was very 

high in case of granules synthesized under normal 

temperature, compared to that of heat stress 
conditions. The aleuronic layer of seeds in case  

of C-306 was well-structured with compact 

compartments under normal temperature (Fig. 5b), 

whereas de-fractured and disintegrated compartments 
were observed under HS (42°C; Fig. 5d). 

In PBW343, aleuronic layer showed empty 

compartments with very less number of endospermic 
cells under heat stress, compared to structured 

compartments with profuse endospermic cells under 

normal temperature (Fig. 6b & d). The problem was 

predicted to be turmoil in the source to sink relation 

due to heat shock. The poor sucrose synthesis  

and transportation, decrease in the activities of  

key enzymes like ADP-glucose pyrophosphorylase 
(AGPase), SSS and starch branching enzyme (SBE) 

due to thermal denaturation might be responsible  

for the low starch granules synthesis under HS 

conditions. 
 
Change in SSS activity under elevated temperature 

Diurnal change in SSS activity was studied in both 

the cultivars at dough stage (Fig. 7A). The samples 

collected at morning (outside temperature 29°C), 
afternoon (35°C) and evening (31°C) showed SSS 

activity of 1023, 1062 and 828 U mg
-1 

in C-306 and 

547, 611 and 597 U mg
-1

 in PBW343. Although the 

temperature outside in afternoon was high (35°C) 
compared to morning and evening, we observed an 

increase in the activity of SSS in both the cultivars. 

The specific activity was very high in thermotolerant 
(C-306), compared to thermosusceptible (PBW343) 

cultivars. Earlier, different thermo-stable isoforms of 

SSS have been characterized from maize (Z. mays)
18

. 
The plants were further exposed to HS of 42°C for 

2 h and the samples were collected from control 

(29°C) and treated (42°C) for SSS activity assay. The 

SSS activity in control and HS treated samples was 
1150 and 775 U mg

-1 
(C-306) and 585 and 491 U mg

-1 

(PBW343), respectively (Fig. 7B). We observed a 

decrease in the specific activity of SSS in response to 
HS in both cultivars. This suggested that SSS was 

 
 

Fig. 5—SEM of starch granules and aleuronic membrane of  
C-306 (thermotolerant) cultivar at seed hardening stage  
[(a): Starch granule synthesized under ambient temperature 
(22°C); (b): SEM of aleuronic layer of seed under ambient 
temperature (22°C); (c): Starch granule synthesized under heat 
stress (42°C for 2 h); and (d): Aleuronic layer of seed under heat 

stress (42°C for 2 h), marked change in the structure is shown 
with arrows] 

 
 
Fig. 6—SEM of starch granules and aleuronic membrane of 
PBW343 (thermosusceptible) cultivar at seed hardening stage 
[(a): Starch granule synthesized under ambient temperature 
(22°C); (b): SEM of aleuronic layer of seed under ambient 
temperature (22°C); (c): Starch granule synthesized under heat 
stress (42°C for 2 h); and (d): Aleuronic layer of seed under heat 

stress (42°C for 2 h), marked change in the structure is shown 
with arrows] 
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quite thermostable and could sustain temperature up 

to ~35°C and beyond 42°C HS, a decrease in the 

activity occurred due to thermal denaturation of the 

enzyme. In the earlier study, decrease in SSS activity 
due to heat stress has also shown marked effect on 

grain filling and quality in wheat
17

.  

 
Screening for cell membrane stability (CMS)  

C-306 and PBW343 genotypes were characterized 

for both basal and acquired thermotolerance at 

different stages of growth (vegetative, reproductive, 

milky-dough and seed hardening stages) by 
evaluation of CMS, which is considered as a standard 

method to evaluate thermotolerance
4,19,49

. C-306 

showed the highest CMS index (72%) compared to 
PBW343 (48%). A decrease in CMS was observed  

in both the cultivars at different stages of growth,  

but the percentage decrease was higher in case of 
PBW343 (Fig. 8). Milky-dough stage was more prone 

to terminal heat stress, causing maximum damage  

to the crop. CMS index at milky-dough stage was 

66% in case of thermotolerant (C-306) and 40% in 
thermo-susceptible (PBW343) cultivars, justifying the 

tolerance nature of C-306. 

Heat stress accelerates the kinetic energy and 

movement of molecules across membranes, thereby 

loosening chemical bonds within molecules of 
biological membranes. This makes the lipid bilayer  

of biological membranes more fluid by either 

denaturation of proteins or an increase in unsaturated 
fatty   acids

50
.  The  increased   solute  leakage,  as  an 

 
 

Fig. 8—Cell membrane stability (CMS) index of C-306 and 
PBW343 at different stages of growth and development; C-306 at 
vegetative (C1), pollination (C2), milky dough (C3) and seed 
hardening (C4); PBW343 at vegetative (P1), pollination (P2), 
milky dough (P3) and seed hardening (P4); [Fokar’s19 method was 
used for the estimation] 

 

indication of decreased cell membrane thermo-

stability (CMT) has long been used as an indirect 
measure of heat-stress tolerance in diverse plant 

species, including cowpea
1
, wheat

49
, soybean

51
,  

potato and tomato
52

, cotton
53

, sorghum
54

, barley
55

 and 
Arabidopsis

56
. 

Based on the results in present study, a modified 

mechanism of heat stress tolerance in plants, 

especially with reference to starch biosynthesis 
pathway has been proposed, which is partly adopted 

from Sung et al.
57

 (Fig. 9). Heat stress leads to change 

in the membrane fluidity, as well as composition of 
lipids. It  also  causes  oxidative  burst  inside the cells 

 
 

Fig. 7—Change in soluble starch synthase (SSS) activity in C-306 and PBW343 [(A): Diurnal change in SSS activity; Samples collected 
from C-306 at morning (C1), afternoon (C2) and evening (C3); Samples collected from PBW343 at morning (P1), afternoon (P2) and 
evening (P3); (B): Change in SSS activity in response to heat stress; C-306 grown under 22°C (C0) and expose to 42°C for 2 h (C1); 
PBW343 grown under 22°C (P0) and expose to 42°C for 2 h (P1)] 
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Fig. 9—Proposed heat-stress tolerance mechanisms in plants [ROS, reactive oxygen species; Figure partly adopted from Sung et al.57] 
 

 

and ROS generation, especially in organelles like 
mitochondria and chloroplast. Similarly, protein 

denaturation is one of the common symptoms of heat 

stress. Hydrogen peroxide generated is accumulated 

in cytoplasm and acts as signaling molecules or 
sensors for various transcription factors responsible 

for the synthesis of various stress proteins. It enhances 

the expression of different antioxidant enzymes like 
SOD, CAT etc. for scavenging free oxygen radicals as 

well as different HSPs like sHSPs, HSP70, HSP90 

etc. in order to protect the nascent protein from 

denaturation. It is the abundance of sHSPs (out of all 
HSPs) and SOD under HS that makes them key 

component of defense mechanism against heat stress 

in wheat. sHSPs and SOD protect the SSS and other 
enzymes involved in starch biosynthesis pathways 

from denaturation. It will be interesting to investigate 

whether sHSPs have any interaction with SODs and 
their expression under abiotic stresses and how they 

protect the key enzymes, especially SSS involved  

in starch biosynthesis pathway. 
 

Conclusion 

In this study, we cloned sHSP (TasHSP) and SOD 

(TaSODI) genes from C-306 and PBW343 cultivars 
of wheat. Expression profiling showed abundance  

of transcripts of both the genes at milky-dough  

and seed-hardening stages. TasHSP was found to  

be chloroplastic in origin and plays important role in 

protecting photosystem against the heat stress. 
Interestingly, very high expression of TasHSP was 

observed in thermotolerant cultivar (C-306) at all the 

stages of growth. Protein profiling showed expression 

of many new heat stable proteins. Isoenzymes analysis 
of SOD revealed several prominent isoenzymes in  

C-306, compared to PBW343 under differential  

heat shock. SEM of starch granules showed deflated, 
shrunken and defragmented granules in PBW343, 

while in C-306 bold, compact and globular granules 

were observed against heat stress. Diurnal change  

in SSS activity showed maximum specific activity 
during afternoon (35°C) in both the cultivars. A drastic 

decrease in SSS activity was observed in both  

the cultivars under heat stress (42°C for 2 h), due  
to the thermal denaturation of the enzyme. Thus, it is 

possible to manipulate the thermotolerance capacity  

of wheat by targeting sHSPs and antioxidant enzymes 
like SODs using the different tools of genetic 

engineering, which may help in maintaining the starch 

quality of seeds under terminal heat stress. 
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