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Due to anthropogenic as well as by natural factors the climate of earth is predicted to 
be warm by an average of 2-4 °C, at the end of the 21st Century. Emission of green 
house gases (GHG) from agricultural system is one of the major contributing factor 
in global warming. Heat stress is one of the major abiotic stresses threatening plant 
growth worldwide. Agricultural crops suffer in presenting their optimum yield potential 
due to heat stress. Heat stress causes enormous alterations in various processes within 
the plant system; most of them are well understood from various physiological, bio-
chemical and molecular studies.  Heat stress not only affects the morphological and 
phenological parameters but also the physiological and biochemical parameters like 
plant water relationship, photosynthesis, assimilate partitioning, hormonal changes, 
cell membrane stability, production of secondary plant metabolites, antioxidative me-
tabolism, synthesis of heat shock proteins, cell signalling etc. In the advent of climate 
change and subsequent global warming there is an urgent need for understanding the 
physiological and biochemical basis of heat stress tolerance in crop plants. There has 
been a lot of effort worldwide in this regard to develop high temperature tolerant geno-
types through transgenic intervention and genetic engineering. This paper reviews the 
literature supporting evidence for the morphological, phenological, physiological and 
biochemical effects of heat stress on several plants and different molecular approaches 
to develop transgenics tolerant to high temperature stress. A plethora of these kinds of 
plant responses are finally regulated by the genes. Hence, more biotechnological and 
molecular studies including genomics, proteomics, metaboliomics and the cryptomics 
are necessary to elucidate the processes further. 
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1.  Introduction

Heat is often defined as the rise in temperature beyond 
a threshold level for a period of time sufficient to cause 
irreversible damage to plant growth and development. Heat 
stress due to high ambient temperatures is a serious threat to 
crop production worldwide (Hall, 2001). Plants generally die 
when exposed to temperature of 50 0C or above, but some of 
them tolerate high temperature above the 50 0C. By the end of 
the 21st Century, the earth’s climate is predicted to warm by 
an average of 2-4 °C, due to both anthropogenic and natural 
factors (Eitzinger et al., 2010). IRRI, Manila, Philippines 
(Peng et al., 2004) reports have shown that the annual mean 
maximum and minimum temperatures have increased by 
0·35 and 1·13°C, respectively, for the period 1979-2003. 
This increase in temperature has exposed most of the world’s 
crops to heat stress during some stages of their life cycle. In 
general, the high temperature results loss of water so that the 

plants experience drought stress. The photosynthesis stops 
above 70-72oC and the protein molecules denature. The plant 
which resist high temperature stress exhibit high protoplasmic 
viscosity, maintain higher  protoplasmic hydration and possess 
enzymes which are more stable to high temperature. Heat 
stress is known to decrease the rate of photosynthesis, increase 
the rate of respiration, causes closure of stomata, stops CO2 
capture, increases photo-respiration and decreases the stomatal 
conductance causing a major slow-down in transpiration 
(cooling process loss and internal temperature increase). High 
temperature stress also results in leakage of cell membrane 
(signals changes in protein synthesis), continued physical 
loss of water, starvation of plant caused by rapid use of food 
reserves, inefficient food use, and inability to utilize the food 
reserves when and where needed, loss of membrane integrity, 
breakdown of cellular proteins, release and accumulation of 
cellular toxins produced by membrane damage and oxidative 
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Table 1: Effect of high temperature on morpho-anatomical and phonological changes in various crops
Source Traits affected References

Morpho-anatomical and phonological changes
Morphol-
ogical 
changes

In different crops scorching of leaves, sunburns on leaves, branches and 
stems, leaf senescence and abscission, shoot and root growth 
inhibition, fruit discoloration and damage, and reduced yield

Guilioni et al. (1997) 
Ismail and Hall (1999), 
Vollenweider and 
Gunthardt-Goerg (2005)

Maize reduction in dry matter production and yield Giaveno and Ferrero (2003)
Maize developing 
seeds

delayed germination or loss of vigor, ultimately leading to 
reduced emergence and seedling establishment due to long 
term effects of heat stress

Weaich et al. (1996)

Maize, pearl millet 
and sugarcane

declines in shoot dry mass, relative growth rate and net 
assimilation rate 

Ashraf and Hafeez 
(2004), Wahid (2007)

In different crops reduction in the first internode length resulting in premature 
death of plants

Hall (1992)

Sugarcane smaller internodes, increased tillering, early senescence, and 
reduced total biomass

Ebrahim et al. (1998)

Spring wheat reduced the duration of grain filling with reduction in kernel 
growth, losses in kernel density and weight upto 7%

Guilioni et al. (2003)

Wheat Grain weight, decline in the number of grains per ear at maturity Ferris et al. (1998)
Tomato adversely affected both male and female organs, pollen 

germination and pollen tube growth, ovule viability, 
stigmatic and style positions, number of pollen grains 
retained by the stigma, fertilization and post-fertilization 
processes, growth of the endosperm, pre-embryo and 
fertilized embryo

Foolad (2005), Peet and 
Willits (1998)

Tomato Excreted style, poor fruit set and low level of carbohydrates Kinet and Peet (1997)
common bean
(Phaseolus vulgaris)

heat applied prior to anthesis resulted in pollen and anther 
development abnormalities

Porch and Jahn (2001)

Linum usitatissimum affect the reproductive capacity, reduced fruit weight and 
produce sterile seeds

Cross et al. (2003)

Arabidopsis thaliana Decreased leaf biomass may lead to a reduced surface area Kipp (2006)
Rice Exposure to 41°C for 4 h at flowering caused irreversible 

damage and plants became completely sterile 
IRRI (1976)

Rice Floret sterility and decreased yield Nakagawa et al. (2003)
Anatom-
ical 
changes

In different plants Reduced cell size, closure of stomata and curtailed water 
loss, increased stomatal and trichomatous densities, and 
greater xylem vessels of both root and shoot

Anon et al. (2004)

Grapes (Vitis 
vinifera)

Damaged the mesophyll cells and increased permeability of 
plasma membrane

Zhang et al. (2005)

Zygophyllum 
qatarense

produced polymorphic leaves, reduce transpirational water 
loss by showing bimodal stomatal behavior

Sayed (1996)

Maize reduced photosynthesis by changing the structural 
organization of thylakoids

Karim et al. (1997)

Grape chloroplasts in the mesophyll cells became round in shape, 
the stroma lamellae became swollen, and the contents of 
vacuoles formed clumps, whilst the cristae were disrupted 
and mitochondria became empty 

Zhang et al. (2005)

Mondal et al., 2014
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Pheno-
logical 
changes

Field pea, Brassica 
napus

During vegetative stage, high day temperature can damage 
leaf gas exchange properties. During reproduction, a short 
period of heat stress can cause significant increases in floral 
buds and opened flowers abortion

Guilioni et al. (1997),
Young et al. (2004)

Tomato Impairment of pollen and anther development contributing 
to decreased fruit set 

Peet et al. (1998), Sato et 
al. (2006)

Cereal crops damage fertilization and seed production, resulting in 
reduced yield

Porter (2005)

Wheat Modification of flour and bread quality and other physico-
chemical properties, including protein content

Perrotta et al. (1998), 
Wardlaw et al. (2002)

Table 2: Effect of high temperature on physiological responses in various crops
Source Traits affected References

Changes in 
water status

Lotus creticus reduction in leaf water potential Anon et al. (2004)

Sugarcane leaf water potential and its components were changed, 
affects the root hydrolic conductivity

Wahid and Close 
(2007)

Tomato perturbed the leaf water relations and root hydraulic 
conductivity

Morales et al. (2003)

Snap bean (Phaseolus 
vulgaris L.)

decrease in water potential and leading to perturbation of 
many physiological processes

Tsukaguchi et al. (2003)

Compa-tible 
solutes

Maize, sugarcane high level of glycinebetaine (GB) accumulation Quan et al. (2004), 
Wahid and Close 
(2007)

Rice (Oryza sativa), 
mustard (Brassica 
spp.), Arabidopsis 
(Arabidopsis 
thaliana) and tobacco 
(Nicotiana tabacum)

do not produce GB Sakamoto and Murata 
(2002), Quan et al. 
(2004)

Sugarcane Proline or GB synthesis may buffer cellular redox 
potential, accumulation of soluble sugars

Wahid and Close 
(2007)

Tomato Fruit set is failed due to the disruption of sugar metabolism 
and proline transport during the development of male 
reproductive organ

Sato et al. (2006)

In different plants Increase GABA  accumulation through metabolic 
or mechanical disruptions, thus leading to cytosolic 
acidification

Kinnersley and Turano 
(2000)

Photosy-
nthetic 
machinary

Pima cotton Adversely affected photochemical reactions in thylakoids 
lamellae and carbon metabolism in the stroma of 
chloroplast

Wise et al. (2004)

tropical fruit crops Chlorophyll fluorescence, the ratio of variable fluorescence to 
maximum fluorescence (Fv/Fm), and the base fluorescence (F0)

Yamada et al. (1996)

In different plants chlorophyll fluorescence and root growth potential, gas 
exchange, electrolyte leakage, visible leaf damage, and 
leaf water potential

Larcher (1994)

Tomato and 
sugarcane

Decresed chlorophyll a:b ratio and a increased chlorophyll 
: carotenoids ratio

Camejo et al. (2005), 
Wahid and Ghazanfar 
(2006)

to continue
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Maize degradation of chlorophyll a and b Karim et al. (1997 & 
1999)

Tomato PSII activity is greatly reduced Bukhov et al. (1999), 
Camejo et al. (2005)

Soybean dissociation of oxygen evolving complex (OEC) De Ronde et al. (2004)
Spinach dissociation of manganese (Mn)-stabilizing 33-kDa protein 

at PSII reaction center complex
Yamane et al. (1998)

Barley abruptly damaged the PSII units, loss of their capacity of 
oxygen evolution leading to a restricted electron transport

Toth et al. (2005)

Pima cotton leaf photosynthesis was limited by photosynthetic 
electron transport and ribulose-1,5-bisphosphate (RuBP) 
regeneration capacity, but not rubisco activity

Wise et al. (2004)

Arabidopsis thaliana, 
wheat leaves

reduces the amount of photosynthetic pigments, soluble 
proteins, rubisco binding proteins (RBP) and large- (LS) 
and small subunits (SS) of rubisco in darkness

Todorov et al. (2003), 
Kepova et al. (2005)

Mulbery, soybean 
leaves

starch or sucrose synthesis is reduced by reducing 
activities of sucrose phosphate synthase, ADP glucose 
pyrophosphorylase and invertase 

Chaitanya et al. 
(2001), Vu et al. 
(2001)

In any plant species In vegetative stage, high day temperature can cause 
damage leaf photosynthesis, reducing CO2 assimilation 
rates

Hall (1992)

Maize, tomato increase CO2 transfer conductance between intercellular 
spaces and carboxylation sites, stomatal conductance (gs) 
and net photosynthesis (Pn) are inhibited

Crafts-Brander and 
Salvucci (2002), 
Morales et al. (2003)

Soybean dissociation of the oxygen evolving complex (OEC), 
resulting in an imbalance during the electron flow from 
OEC toward the acceptor side of photosystem II

Ronde et al. (2004)

Assimilate 
partitioning

Wheat reduced grain filling by examining source (flag leaf blade), 
sink (ear), and transport pathway (peduncle)

Wardlaw (1974)

Wheat effects on translocation,  source and sink activities Yang et al. (2002)
Cell 
membrane 
thermo 
stability

Soybean; potato 
and tomato; wheat; 
cotton; sorghum, 
cowpea and barley 
respectively

alters the tertiary and quaternary structures of membrane 
proteins leads to enhance the permeability of membranes, 
as evident from increased loss of electrolytes and 
decreased cell membrane thermo stability (CMT)

Martineau et al. 
(1979), Chen et al. 
(1982), Blum et al. 
(2001), Ashraf et 
al. (1994), Marcum 
(1998), Ismail and 
Hall (1999), Wahid 
and Shabbir (2005)

Maize mature leaves injuries to plasmalemma Karim et al. (1997 & 
1999)

Arabidopsis thaliana total lipid content in membranes decreased to about one-
half and the ratio of unsaturated to saturated fatty acids 
decreased to one-third of the levels at normal temperatures

Somerville and 
Browse (1991)

Sorghum, soybean, 
wheat

Cell membrane thermo stability (CMT) and yield Sullivan and Ross 
(1979), Martineau et al. 
(1979), Shanahan et al. 
(1990)

Hormonal 
changes

Cereals Hormonal homeostasis, stability, content, biosynthesis and 
compartmentalization

Maestri et al. (2002)

Mondal et al., 2014
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Bentgrass (Agrostis 
palustris)

ABA accumulation upon recovery Larkindale and Huang 
(2005)

Plants ABA-responsive promoters revealed several potential cis- 
and trans-acting regulatory elements 

Swamy and Smith 
(1999)

Arabidopsis thaliana ABA mediated up- or down-regulation of numerous genes Xiong et al. (2002)
Rice Induction of several HSPs (e.g., HSP70) by ABA Pareek et al. (1998)
Sunflower embryo Heat shock transcription factor 3 acts synergistically with 

chimeric genes with a small HSP promoter induced by ABA
Rojas et al. (1999)

Rosemary
(Rosmarinus 
officinalis)

Increase in endogenous concentration of 1-amino-
cyclopropane-1-carboxylic acid (ACC) (a precursor of 
ethylene biosynthesis)

Munne-Bosch et al. 
(2002

Soybean, wheat Ethylene production in hypocotyls increased in soybean, 
ACC accumulated in both species at 40 ◦C

Tan et al. (1988)

Creeping bentgrass Ethylene production reduced Larkindale and Huang 
(2005)

kiwifruit Inhibits ripening by inhibiting ethylene production Antunes and 
Sfakiotakis (2000)

Pepper (Piper 
nigrum)

Increase in the level of ACC Huberman et al. 
(1997)

Imbibed sunflower 
seed

Loss of seed’s ability to convert ACC to ethylene at 45oC Corbineau et al. 
(1989)

Pepper reproductive 
organ

Induced abscission of reproductive organs relates to an 
increased ACC level

Huberman et al. 
(1997)

Apple Sun-exposed apple fruits accumulate 90% more ethylene Klein et al. (2001)
Young grape plant SA stabilizes the trimers of heat shock transcription 

factors, Ca2+ homeostasis and antioxidant systems
Wang and Li (2006b)

Cucumber (Cucumus 
sativus)

Sulphosalicylic acid (SSA) remove H2O2 and increase heat 
tolerance

Shi et al. (2006)

Holm oak, grape Methyl salicylate (MeSA) involved thermotolerance to 
holm oak (Quercus ilex) by enhanced xanthophylls de-
epoxidation and content of ascorbate, antioxidants and 
α-tocopherol in leaves

Llusia et al. (2005),
Wang and Li (2006a)

Tomato and oilseed 
rape (Brassica napus)

Brassinosteroids increased thermotolerance Dhaubhadel et al. 
(1999)

Dwarf wheat High temperature- induced decrease in cytokinin content 
responsible for reduced kernel filling and dry weight

Banowetz et al. (1999)

Secondary 
metabolites

Watermelon, Citrulus 
vulgaris

biosynthesis of phenolics (increased activity of PAL) and 
suppresses their oxidation

Rivero et al. (2001)

In many plants the xanthophylls including violaxanthin, antheraxanthin 
and zeaxanthin partition between the light-harvesting 
complexes and the lipid phase of the thylakoid membranes. 
The resulting interaction of the xanthophyll molecules 
and the membrane lipids brings about a decreased fluidity 
(thermostability) of membrane and a lowered susceptibility 
to lipid peroxidation under high temperatures

Havaux (1998)

Tomato, watermelon accumulation of soluble phenolics under heat stress was 
accompanied with increased phenyl ammonia lyase (PAL) 
and decreased peroxidase and polyphenol lyase activities

Rivero et al. (2001)

Aster flower Accumulation of anthocyanins Sachray et al. (2002)
to continue
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Red apple, 
chrysanthemums and 
aster

Decreases synthesis of anthocyanins in reproductive parts Tomana and Yamada 
(1988), Shibata et al. 
(1988), Sachray et al. 
(2002)

Rose, sugarcane Accumulation of anthocyanins in vegetative parts Wahid and Ghazanfar 
(2006)

In different plants Anthocyanins serve to decrease leaf osmotic potential Chalker-Scott (2002)
In different plants Isoprenoids emission from leaves protect photosynthesis 

apparati
Loreto et al. (1998)

Phragmites australis 
leaves

Endogenous production of isoprene protects the biological 
membranes from damaging effects by directly reacting 
with oxygen singlets (1O2)

Velikova et al. (2005)

Table 3: Effects of high temperature on molecular responses, stress proteins, acquired thermotolerance and temperature 
sensing and signalling

Source Traits affected References
Oxidative 
stress and 
antioxidants

Creeping bent 
grass

generation and reactions of activated oxygen species (AOS) 
including singlet oxygen (1O2), superoxide radical (O2

−), 
hydrogen peroxide (H2O2) and hydroxyl radical (OH−) are 
symptoms of cellular injury

Liu and Huang (2000)

Turfgrass AOS cause the autocatalytic peroxidation of membrane lipids 
and pigments thus leading to the loss of membrane semi-
permeability

Xu et al. (2006)

Tomato expression and activation of APX is related to the appearance 
of physiological injuries

Mazorra et al. (2002)

Turfgrass heat-acclimated lower production of ROS as a result of 
enhanced synthesis of ascorbate and glutathione

Xu et al. (2006)

Stress proteins
Heat shock 
proteins

Maize, wheat and 
rye

Five mitochondrial LMW-HSPs (28, 23, 22, 20 and 19 kDa) 
were expressed in maize, only one (20 kDa) was expressed in 
wheat and rye

Korotaeva et al. 
(2001)

Tomato HSPs aggregate into a granular structure in the cytoplasm,  
protecting the protein biosynthesis machinery

Miroshnichenko et al. 
(2005)

Potato, maize, 
tomato, soybean 
and barley

HSP68, localized in mitochondria and  increased expression 
under heat stress

Neumann et al. (1993)

Maize HSP101 more abundantly in developing tassel, ear, silks, 
endosperm and embryo and less abundantly in vegetative and 
floral meristematic regions, mature pollen, roots and leaves

Young et al. (2001)

Maize Increase the level of 45-kDa HSP Ristic and Cass 
(1992)

Maize elongating segments of primary roots exhibited a strong ability 
to synthesize nucleus-localized HSPs

Nieto-Sotelo et al. 
(2002)

Maize synthesis of a typical set of HSPs was induced in male tissues 
of maize flowers undergoing pollen formation, the mature 
pollen showed no synthesis of HSPs and thus were sensitive 
to heat stress and responsible for the failure of fertilization at 
high temperatures

Dupuis and Dumas 
(1990)

Mondal et al., 2014
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Germinating 
maize pollen

induction of 64 and 72 kDa peptides of HSPs Frova et al. (1989)

Grape Accumulation of HSP70 influence protein translation and 
translocation, proteolysis, protein folding or chaperoning, 
suppressing aggregation, and reactivating denatured proteins

Zhang et al. (2005)

Tomato LMW HSP21 protect PSII from oxidative damage Neta-Sharir et al. 
(2005)

Higher plants HSP70 participates in ATP-dependent protein unfolding 
or assembly/disassembly reactions and it prevents protein 
denaturation

Iba (2002)

Maize Accumulation of HSP22 Lund et al. (1998)
Chenopodium 
album

LMW-HSPs in chloroplast membranes protects the PSII from 
adverse effects of heat stress and act in photosynthetic electron 
transport

Barua et al. (2003)

Other heat 
induced 
proteins

Prosopis chilensis 
and
soybean

ubiquitin and conjugated-ubiquitin synthesis during the first 
30 min of exposure

Ortiz and Cardemil 
(2001)

Higher plants Mn-peroxidase, plays a vital role in minimizing oxidative 
damages

Iba (2002)

Chenopodium 
murale

Cu/Zn-SOD from stromal fraction was more heat tolerant 
than Cu/Zn-SOD from thylakoid, and this was responsible for 
chloroplastic stability

Khanna-Chopra and 
Sabarinath (2004)

Tobacco a number of osmotin like proteins (called Pir proteins), were 
overexpressed under heat stress

Yun et al. (1997)

In many plants Late embryogenesis abundant (LEA)proteins can prevent 
aggregation and protect the citrate synthase from desiccating 
conditions

Goyal et al. (2005)

Hexaploid wheat, 
Geranium leaves

enhanced expressions of 25 LEA proteins during grain filling 
stage; dehydrin proteins (25–60 kDa)

Arora et al. (1998)

Sugarcane three low-molecular-weight dehydrin proteins are expressed Wahid and Close 
(2007)

Acquired 
thermot-
olerance

Arabidopsis 
mutants

heat shock proteins (HSP32 and HSP101), ABA, ROS and SA 
pathways are involved in the development and maintenance of 
acquired thermotolerance

Larkindale and Huang
(2005), Charng et al. 
(2006)

In higher plants The heat shock response (HSR), defined as a transient 
reprogramming of gene expression, is a conserved biological 
reaction of cells and organisms to elevated temperatures

Sch¨offl et al. (1999)

Temperature 
sensing and 
signaling 

In higher plants Signaling of the stress via the redox system. Chemical signals 
such as ROS, Ca2+ and plant hormones activate genomic re-
programing via signal cascades

Joyce et al. (2003), 
Suzuki and Mittler 
(2006)

to continue
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Changing membrane fluidity plays a central role in sensing 
and influencing gene expression; sensors are located in 
microdomains of membranes, which are capable of detecting 
physical phase transition, eventually leading to conformational 
changes and/or phosphorylation /dephosphorylation cycles 
due
to changes in temperature

Plieth (1999)

Rigidification of thylakoid membranes appears to invoke 
altered expression profiles of heat shock genes

Horvath et al. (1998)

Creeping 
bentgrass

Cytosolic Ca2+ sharply rises by transducing high temperature-
induced signals to MAPK

Larkindale and 
Knight (2002)

MAPK cascades are important parts of signal transduction 
pathways in plants

Kaur and Gupta 
(2005)

Heat-shock activated MAPK (HAMK) has been changeed in 
membrane fluidity coupled with cytoskeletal remodelling; Ca2+ 
influx and the action of Ca-dependent protein kinases (CDPK) 
have been correlated with the expression of HSPs

Sangwan and Dhindsa 
(2002)

Maize heat stress induces uptake of Ca2+ and induction of some 
calmodulin (CaM) related genes

Gong et al. (1997)

In higher plants Increasing cytosolic Ca2+ content under heat stress may 
alleviate heat injury, such as increased activity of antioxidants, 
turgor maintenance in the guard cells enable plant cells to 
better survive

Gong et al. (1997), 
Webb et al. (1996)

Pepper Excessive Ca2+ released into the cytosol and sustained high 
cytosolic Ca2+ concentration might be cytotoxic

Wang and Li (1999)

Agrostis 
stolonifera

signaling molecules like SA, ABA, CaCl2, H2O2, and ACC 
may induce tolerance of plants to heat stress by reducing 
oxidative damage

Larkindale and Huang 
(2004)

Holm oak Methyl-SA has a major signaling role in the gene activation 
under heat stress

Llusia et al. (2005)

Table 4: High temperature tolerant transgenics
Gene Protein Source Cellular 

function
Trans 
host

Promoter Comments Reference

Using 
HSFs and 
Hsps
Athsf1 HSF A. tha-

liana
TF A. tha-

liana
CaM-V35S Transformants exhibited. 

thermotolerance and also  
constitutive expression of
the hsp genes at normal 
temperature.

Lee et al. 
(1995)

Athsf3 HSF A. tha-
liana

TF A. tha-
liana

CaM-V35S Arabidopsis plants showed 
an increase in basal  
thermotolerance, indicating the 
importance of HSFs and HSF-
regulated genes as determinants 
of thermoprotective processes.

Prandl et 
al. (1998)

Mondal et al., 2014
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AtHsfA2 HSF A. tha-
liana

TF A. tha-
liana

CaM-V35S The mutants displayed 
reduced basal and acquired 
thermotolerance as well as 
oxidative stress tolerance 
while the over expression lines 
displayed increased tolerance.

Li et al., 
(2005)

OsHSFA2e HSF O. sa-
tiva

TF A.tha-
liana

Maize Ubi 
1

Arabidopsis plant showed 
enhanced thermotolerance

Yokotani 
et al. 
(2007)

HsfA1 HSF S. lycop-
ersi-con

TF S. lycop-
ersicon

CaMV35S HsfA1 over-expression in plants 
provided distinct advantage 
to growth and fruit ripening 
processes under high temperature 
stress conditions; in case of 
HsfA1 cosupression, plants and 
fruits were sensitive to elevated 
temperatures

Mishra et 
al. (2002)

HSF3 HSF A. tha-
liana

TF A.tha-
liana

CaMV35S HSF3 over-expressing plants 
showed a lower threshold 
temperature for the expression of 
HSPs than wild type plants along 
with the presence of a novel 
heat stress induced thermostable 
isoform of ascorbate peroxidase 
which was absent in the wild type

Panchuk 
et al. 
(2002)

TLHS1 TLHS1 N. tab-
acum

Chap-erone N. tab-
acum

CaMV35S Over-expressing plants 
showed significant increase in 
thermotolerance as was evident 
by the rate of cotyledon opening 
after heat stress treatments. 
Antisence plants showed severe 
defect in withstanding stress

Park and 
Hong 
(2002)

Hsf17.7 HSP17.7 Dau-cus 
carota

Chap-erone Daucus 
carota

CaMV35S Transformants expressed hsp17.7 
gene in the absence of heat 
shock and showed increased 
thermotolerance.

Malik et 
al. (1999)

sHSP Mt-sHSP S.lycop-
ersicon

Chap-erone N.tab-
acum

CaMV35S Plants which over-express 
the MT-sHSP gene exhibited 
thermotolerance, while the 
antisense plants in which 
the expression of the gene 
was suppressed exhibited 
susceptibility.

Sanmiya 
et al. 
(2004)

hsp21 HSP21 S.lyco-
pers-
icon

Chap-erone S.lycop-
ersicon

CaMV35S Protects PSII from temperature-
dependent oxidative stress; also 
plays role in accumulation of 
carotenoids during fruit ripening

Neta-
Sharir et 
al. (2005)

to continue
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hsp101 HSP-100 A. tha-
liana

Chap-erone A. 
thaliana

CaMV35S Transformants constitutively 
expressing hsp101 tolerated 
sudden shifts to extreme 
temperature better than the 
controls

Quietsch 
et al. 
(2000)

hsp101 HSP-100 A. thal-
iana

Chap-erone O. sativa Maize Ubi 
1

Transformants expressing hsp 101 
showed enhanced tolerance to 
high temperature

Katiysr-
Agarwal 
et al. 
(2003)

Using 
proteins 
involved 
in ROS 
scavenging 
system
Cu/Zn 
SOD

Cu/Zn 
supe-
roxide 
dism-
utase

Mani-
hot 
escu-
lenta

ROS scave-
nging en-zyme

Sola-num 
tuber-
osum

SWPA2 
(oxidative 
stress 
inducible)

Transgenic plants showed 
enhanced tolerance to 250 µM 
methyl viologen, and visible 
damage in these transgenic 
plants was one-forth that of non-
transgenic plants that were almost 
destroyed

Tang et 
al. (2006)

APX Asco-
rbate 
perox-
idase

Pisum 
sativum

- - - - -

HvAPX1 Asco-
rbate 
perox-
idase

Hor-
deum 
vulgare

H2O2 detox-
ification

A. tha-
liana

CaMV35S Ascorbate peroxidase is involved 
in detoxification of photo-produced 
H2O2. Transgenic plants were 
significantly more tolerant to heat 
stress 

Shi et al. 
(2001)

Using 
protein 
involved in 
osmolytes 
synthesis
badh Betaine 

alde-
hyde 
dehy-
drog-
enase

Spin-
acia 
oler-
acea

Glycine-
betaine 
synthesis

N. 
tabacum

CaMV35S Transgenic plant accumulated 
glycinebetaine mainly in 
chloroplasts, which resulted 
in enhanced tolerance to high 
temperature stress during growth 
of young seedlings

Yang et 
al. (2005)

cod A Choline 
oxi-dase

A.glob-
iformis

Glycine-
betaine 
synthesis

A. tha-
liana

CaMV35S Transformants showed tolerance 
to high temperature during 
imbibition and germination of the 
seeds

Alia et al. 
(1998)
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fad 7 ω-3-fatty 
acid 
desa-
turase

A. tha-
liana

Causes 
reduction of 
trienoic fatty 
acids and hexa-
decatri-enoic 
acid

N. tab-
acum

CaMV35S Transformants showing silencing 
of the gene were better able to 
acclimate to higher temperature

- et al. 
(2000)

fad 7 ω-3-fatty 
acid 
desat-
urase

A. tha-
liana

Causes 
reduction of 
trienoic fatty 
acids and hexa-
decatr-ienoic 
acid

O. sativa Maize Ubi 
1

Transformants showing 
silencing of the gene showed 
better chlorophyll content and 
photochemical efficiency

Sohn 
and Bach 
(2007)

fad 8 Desa-
turase

Bras-
sica 
napus

- acting on 
paired donors,  
with incorp-
oration or 
reduction of 
molecular 
oxygen

N. 
tabacum

CaMV35S Over-expression of FAD8 
imposes much greater heat 
sensitivity than does FAD3 over-
expression

Zhang et 
al. (2005)

Others
mbf1c Mult-

iprotein 
bridging 
factor 1c

A.tha-
liana

Transc-ription 
regulation

A.thal-
iana

CaMV35S Enhances the tolerance of 
transgenic plants to bacterial 
infection, heat and osmotic 
stress. The enhanced tolerance of 
transgenic plants to osmotic and 
heat stress was maintained even 
when these two stresses were 
combined

Suzuki et 
al. (2005)

fld Flavo-
doxin

Anab-
aena

Electron 
carrier

N. 
tabacum

CaMV35S Tobacco plants expressing Fld in 
chloroplasts displayed increased 
tolerance to multiple sources of 
stress, including redox-cycling 
herbicides, extreme temperatures, 
high irradiation, water deficit and 
UV radiation

Tognetti 
et al. 
(2006)

SBPase Sedoh-
eptulose-
1,7-
bispho-
sphatase 
gene

O. 
sativa

Calvin cycle O. sativa Maize 
Ubi1

Transgenic plants were more 
tolerant to high temperature stress 
during seed development

Feng et 
al. (2007)

rolB Β-gluc-
osidase

Agroba-
cterium 
rhizo-
genes

Root form-
ation

S. lycop-
ersicon

TPRP-
F1(early 
fruit 
specific 
promoter)

Transgenic line expressing rolB 
specifically during early stages 
of fruit development performed 
significantly better than the 
parental line at both high and low 
temperatures 

Shabtai et 
al. (2007)
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reactions and inhibition growth. However, these effects of heat 
stress to plant system, studied by various workers to know more 
about the facts actually happening by integrating the knowledge 
of physiology, biotechnology and molecular biology; those are 
summarized in the present review in tabular form within the 
following framing

2.  Conclusion

In the advent of global warming caused by increase in 
atmospheric CO2, heat stress poses a serious threat to life on 
earth nevertheless to say the crop growth and productivity. 
Though many heat shock proteins are identified during the 
course of investigation still a lot of scope is there to know 
more about it by studying those plants, which grow in high 
temperature zone. Different biotechnological and molecular 
interventions towards development high temperature tolerant 
genotypes can be possible by understanding of the diverse 
functions of Hsf, which along with other transcription factor, 
form a set of regulatory network, essential for plants survival 
and development in a particular thermal zone.

3.  References

Anon, S., Fernandez, J.A., Franco, J.A., Torrecillas, A., 
Alarcon, J.J., Sanchez-Blanco, M.J., 2004. Effects of 
water stress and night temperature preconditioning 
on water relations and morphological and anatomical 
changes of Lotus creticus plants. Scientia Horticulturae 
101, 333-342.

Alia, Hayashi, H., Sakamoto, A., Murata, N., 1998. Enhancement 
of the tolerance of Arabidopsis to high temperatures by 
genetic engineering of the synthesis of glycinebetaine. 
The Plant Journal 16, 155-161.

Antunes, M.D.C., Sfakiotakis, E.M., 2000. Effect of high 
temperature stress on ethylene biosynthesis, respiration 
and ripening of ‘Hayward’ kiwifruit. Postharvest Bio-
Technology 20, 251-259.

Arora, R., Pitchay, D.S., Bearce, B.C., 1998.Water stress induced 
heat tolerance in geranium leaf tissues a possible link through 
stress proteins. Plant Physiology 103, 24-34.

Ashraf, M., Hafeez, M., 2004. Thermotolerance of pearl millet 
and maize at early growth stages: growth and nutrient 
relations. Biologia Plantarum 48, 81-86.

Ashraf, M., Saeed, M.M., Qureshi, M.J., 1994. Tolerance to 
high temperature in cotton (Gossypium hirsutum L.) at 
initial growth stages. Environmental and Experimental 
Botany 34, 275-283.

Banowetz, G.M., Ammar, K., Chen, D.D., 1999. Temperature 
effects on cytokinin accumulation and kernel mass in 
dwarf wheat. Annals of Botany 83, 303-307.

Barua, D., Downs, C.A., Heckathorn, S.A., 2003. Variation 
in chloroplast small heat-shock protein function is a 

major determinant of variation in thermotolerance of 
photosynthetic electron transport among ecotypes of 
Chenopodium album. Functional Plant Biology 30, 
1071-1079.

Blum, A., Klueva, N., Nguyen, H.T., 2001. Wheat cellular 
thermotolerance is related to yield under heat stress. 
Euphytica 117, 117-123.

Bukhov, N.G., Wiese, C., Neimanis, S., Heber, U., 1999. Heat 
sensitivity of chloroplasts and leaves: leakage of protons 
from thylakoids and reversible activation of cyclic 
electron transport. Photosynthetic Research 59, 81-93.

Camejo, D., Rodrıguez, P., Morales, M.A., Dell’amico, J.M., 
Torrecillas, A., Alarcon, J.J., 2005. High temperature 
effects on photosynthetic activity of two tomato cultivars 
with different heat susceptibility. Journal of Plant 
Physiology 162, 281-289.

Chaitanya, K.V., Sundar, D., Reddy, A.R., 2001. Mulberry 
leaf metabolism under high temperature stress. Biologia 
Plantarum 44, 379-384.

Chalker-Scott, L., 2002. Do anthocyanins function as 
osmoregulators in leaf tissues? Advance Botanical 
Research 37, 103-106.

Charng, Y., Liu, H., Liu, N., Hsu, F., Ko, S., 2006. Arabidopsis 
Hsa32, a novel heat shock protein, is essential for 
acquired thermotolerance during long term recovery after 
acclimation. Plant Physiology 140, 1297-1305.

Chen, T.H.H., Shen, Z.Y., Lee, P.H., 1982. Adaptability of 
crop plants to high temperature stress. Crop Science 22, 
719-725.

Crafts-Brander, C., Salvucci, M.E., 2002. Sensitivity to 
photosynthesis in the C4 plant, maize to heat stress. Plant 
Cell 12, 54-68.

Cross R.H., McKay S.A.B., McHughen A.G., Bonham-Smith 
P.C., 2003. Heat-stress effects on reproduction and 
seed set in Linum usitatissium L. (flax). - Plant Cell 
Environment 26, 1013-1020.

De Ronde, J.A.D., Cress, W.A., Kruger, G.H.J., Strasser, 
R.J., Staden, J.V., 2004. Photosynthetic response of 
transgenic soybean plants containing an Arabidopsis 
P5CR gene, during heat and drought stress. Journal of 
Plant Physiology 61, 1211-1244.

Dhaubhadel, S., Chaudhary, S., Dobinson, K.F., Krishna, 
P., 1999. Treatment with 24-epibrassinolide, a 
brassinosteroid, increases the basic thermotolerance of 
Brassica napus and tomato seedlings. Plant Molecular 
Biology 40, 333-342.

Dupuis, I., Dumas, C., 1990. Influence of temperature stress 
on in vitro fertilization and heat shock protein synthesis 
in maize (Zea mays L.) reproductive tissues. Plant 
Physiology 94, 665-670.

Ebrahim, M.K., Zingsheim, O., El-Shourbagy, M.N., Moore, 

Mondal et al., 2014

455



© 2014 PP House

P.H., Komor, E., 1998. Growth and sugar storage in 
sugarcane grown at temperature below and above 
optimum. Journal of Plant Physiology 153, 593-602.

Eitzinger, J., Orlandini, S., Stefanski, R.,  Naylor, R.E.L., 
2010. Climate change and agriculture: introductory 
editorial. Journal of Agricultural Science Cambridge 
148, 499-500.

Feng, L., Wang, K., Li, Y., Tan, Y., Kong, J., Li, H., Zhu, Y., 
2007. Overexpression of SBPase enhances photosynthesis 
against high temperature stress in transgenic rice plants. 
Plant Cell Report 48(6), 540-550.

Ferris, R., Ellis, R.H., Wheeeler, T.R., Hadley, P., 1998. Effect 
of high temperature stress at anthesis on grain yield 
and biomass of field grown crops of wheat. Plant Cell 
Environment 34, 67-78.

Frova, C., Taramino, G., Binelli, G., 1989. Heat-shock proteins 
during pollen development in maize. Developmental 
Genetics 10, 324-332.

Giaveno, C., Ferrero, J., 2003. Introduction of tropical maize 
genotypes to increase silage production in the central 
area of Santa Fe, Argentina. Crop Breeding and Applied 
Biotechnology 3, 89-94.

Gong, M., Chen, S.N., Song,Y.Q., Li, Z.G., 1997. Effect 
of calcium and calmodulin on intrinsic heat tolerance 
in relation to antioxidant systems in maize seedlings. 
Australian Journal of Plant Physiology 24, 371-379.

Goyal, K., Walton, L.J., Tunnacliffe, A., 2005. LEA proteins 
prevent protein aggregation due to water stress. Journal 
of Biochemistry 388, 151-157.

Guilioni, L., Wery, J., Lecoeur, J., 2003. High temperature 
and water deficit may reduce seed number in field pea 
purely by decreasing plant growth rate. Functional Plant 
Biology 30, 1151-1164.

Guilioni, L., Wery, J., Tardieu, F., 1997. Heat stress-induced 
abortion of buds and flowers in pea: is sensitivity linked 
to organ age or to relations between reproductive organs? 
Annals of Botany 80, 159-168.

Hall, A.E., 1992. Breeding for heat tolerance. Plant Breeding 
Reviews 10, 129-168.

Hall A.E., 2001. Crop Responses to Environment. CRC Press 
LLC, Boca Raton, Florida

Havaux, M., 1998. Carotenoids as membrane stabilizers in 
chloroplasts. Trends in Plant Science 3, 147-151.

Horvath, G., Arellano, J.B., Droppa, M., Baron, M., 1998. 
Alterations in Photosystem II electron transport as 
revealed by thermoluminescence of Cu-poisoned 
chloroplasts. Photosynthetic Research 57, 175-181.

Huberman, M., Riov, J., Aloni, B., Goren, R., 1997. Role of 
ethylene biosynthesis and auxin content and transport 
in high temperature-induced abscission of pepper 
reproductive organs. Journal of Plant Growth Regulator 

16, 129-135.
Iba, K., 2002. Acclimative response to temperature stress 

in higher plants: approaches of gene engineering for 
temperature tolerance. Annual Reveiw of Plant  Biology 
53, 225-245.

IRRI (1976). Annual Report. Manila, The Philippines: IRRI.
Ismail, A.M., Hall, A.E., 1999. Reproductive-stage heat 

tolerance, leaf membrane thermostability and plant 
morphology in cowpea. Crop Science 39, 1762-1768.

Joyce, S.M., Cassells, A.C., Mohan, J.S., 2003. Stress and 
aberrant phenotypes in vitro culture. Plant Cell Tissue 
Organ Culture 74, 103-121.

Karim, M.A., Fracheboud, Y., Stamp, P., 1997. Heat 
tolerance of maize with reference of some physiological 
characteristics. Annals of Bangladesh Agriculture 7, 
27-33.

Karim, M.A., Fracheboud, Y., Stamp, P., 1999. Photosynthetic 
activity of developing leavea mays is less affected by heat 
stress than that of developed leaves. Plant Physiology 
105, 685-693.

Katiyar-Agarwal, S., Agarwal, M., Grover, A., 2003. Heat 
tolerant basmati rice engineered by overexpression of 
hsp101 gene. Plant Molecular Biology 51, 677-686.

Kaur, N., Gupta, A.K., 2005. Signal transduction pathways 
under abiotic stresses in plants. Current Science 88, 
1771-1780.

Kepova, K.D., Holzer, R., Stoilova, L.S., Feller, U., 2005. Heat 
stress effects on ribulose-1,5-bisphosphate carboxylase/
oxygenase, Rubisco bindind protein and Rubisco activase 
in wheat leaves. Biologia Plantarum 49, 521-525.

Khanna-Chopra, R., Sabarinath, S., 2004. Heat-stable 
chloroplastic Cu/Zn superoxide dismutase in 
Chenopodium murale. Biochemical and Biophysical 
Research Communication 320, 1187-1192.

Kinet, J.M., Peet, M.M., 1997. Tomato. In: Wien, H.C. (Ed.), 
The Physiology of Vegetable Crops. CAB International, 
Wallingford, UK, 207-258.

Kinnersley, A.M., Turano, F.J., 2000. Gamma aminobutyric 
acid (GABA) and plant responses to stress. Critical 
Reveiw of Plant Science 19, 479-509.

kipp E., 2006. Heat stress effects on growth and development in 
three ecotypes of varying latitude of Arabidopsis. Applied 
Ecology and Environmental Research 6(4), 1-14

Klein, J.D., Dong, L., Zhou, H.W., Lurie, S., 2001. Ripeness 
of shaded and sun-exposed apples (Malus domestica L.). 
Acta Horticulturae 553, 95-98.

Korotaeva, N.E., Antipina, A.I., Grabelynch, O.I., Varakina, 
N.N., Borovskii, G.B.,Voinikov,V.K., 2001. Mitochondrial 
low-molecular-weight heat shock proteins and tolerance 
of crop plant’s mitochondria to hyperthermia. Fiziol 
Biokhim Kul’turn Rasten 29, 271-276.

456

International Journal of Bio-resource and Stress Management 2014, 5(3):444-460



© 2014 PP House

Larcher, W., 1994. Photosynthesis as a tool for indicating 
temperature stress events. In: Schulze, E.D., Caldwell, 
M.M. (Eds.), Ecophysiology of photosynthesis. Ecological 
studies 100. Springer-Verlag, Berlin, 261-277.

Larkindale, J., Huang, B., 2005. Effects of abscisic acid, 
salicylic acid, ethylene and hydrogen peroxide in 
thermotolerance and recovery for creeping bentgrass. 
Plant Growth Regulator 47, 17-28.

Larkindale, J., Knight, M.R., 2002. Protection against heat 
stress-induced oxidative damage in Arabidopsis involves 
calcium, abscisic acid, ethylene and salicylic acid. Plant 
Physiology 128, 682-695.

Lee, J.H., Hubel, A., and Schoffl, F., 1995. Derepression of 
the activity of genetically engineered heat shock factor 
causes constitutive synthesis of heat shock proteins and 
increased thermotolerance in transgenic Arabidopsis. The 
Plant Journal 8(4), 603-612.

Li, C., Chen, Q., Gao, X., Chen, N., Xu, S., Chen, J. and 
Wang, X., 2005. AtHsfA2 modulates expression of 
stress responsive genes and enhances tolerance to heat 
and oxidative stress in Arabidopsis. Science China  Life 
Science 48, 540-550.

Liu, X., Huang, B., 2000. Heat stress injury in relation to 
membrane lipid peroxidation in creeping bent grass. Crop 
Science 40, 503-510.

Llusia, J., Penuelas, J., Munne-Bosch, S., 2005. Sustained 
accumulation of methyl salicylate alters antioxidant 
protection and reduces tolerance of holm oak to heat 
stress. Plant Physiology 124, 353-361.

Loreto, F., Forster, A., Durr,M., Csiky, O., Seufert, G., 1998. 
On the monoterpene emission under heat stress and on 
the increased thermotolerance of leaves of Quercus ilex 
L. fumigated with selected monoterpenes. Plant Cell 
Environment 21, 101-107.

Lund, A.A., Blum, P.H., Bhattramakki, D., Elthon, T.E., 1998. 
Heat-stress response of maize mitochondria. International 
Journal of Plant Science 159, 39-45.

Maestri, E., Klueva, N., Perrotta, C., Gulli, M., Nguyen, H.T., 
Marmiroli, N., 2002. Molecular genetics of heat tolerance 
and heat shock proteins in cereals. Plant Molecular 
Biology 48, 667-681.

Malik, M.K., J. P. Slovin, Hwang, C.H., Zimmerman, J.L., 
1999. Modified expression of a carrot small heat shock 
protein gene, hsp17. 7, results in increased or decreased 
thermotolerance. The Plant Journal 20, 89-99.

Marcum, K.B., 1998. Cell membrane thermostability and 
whole plant heat tolerance of Kentucky bluegrass. Crop 
Science 38, 1214-1218.

Martineau, J.R., Specht, J.E., Williams, J.H., Sullivan, 
C.Y., 1979. Temperature tolerance in soybean. I. 
Evaluation of technique for assessing cellular membrane 

thermostability. Crop Science 19, 75-78.
Mazorra, L.M., Nunez, M., Echerarria, E., Coll, F., Sanchez-

Blanco, M.J., 2002.Influence of brassinosteriods  and 
antioxidant enzymes activity in tomato under different 
temperatures. Plant Biology 45, 593-596.

Miroshnichenko, S., Tripp, J., Nieden, U., Neumann, D., 
Conrad, U., Manteuffel, R., 2005. Immunomodulation 
of function of small heat shock proteins prevents their 
assembly into heat stress granules and results in cell 
death at sublethal temperatures. The Plant Journal 41, 
269-281.

Mishra, S.K., Tripp, J., Winkelhaus, S., Tschiersch, B., Theres, 
K., Nover, L., Scharf, K.D. (2002). In the complex family 
of heat stress transcription factors, HsfA1 has a unique 
role as master regulator of thermotolerance in tomato. 
Developmental Genetics 16, 1555-1567.

Morales, D., Rodrıguez, P., Dell’amico, J., Nicolas, E., 
Torrecillas, A., Sanchez- Blanco, M.J., 2003. High-
temperature preconditioning and thermal shock 
imposition affects water relations, gas exchange and 
root hydraulic conductivity in tomato. Biology Plant 
47, 203-208.

Munne-Bosch, S., Lopez-Carbonell, M., Alegre, L.A., Van 
Onckelen, H.A., 2002. Effect of drought and high solar 
radiation on 1-aminocyclopropane-1- carboxylic acid 
and abscisic acid in Rosmarinus officinalis plants. Plant 
Physiology 114, 380-386.

Murakami,Y., Tsuyama, M., Kobayashi, Y., Kodama, H., Iba, 
K., 2000. Trienoic fatty acids and plant tolerance of high 
temperature. Science 287, 476-479.

Nakagawa, H., Horie, T., Matsui, T., 2003. Effects of climate 
change on rice production and adaptive technologies. 
Rice Science: Innovations and Impact for Livelihood. 
In: Mew, T.W. Brar, D.S., Peng, S., Dawe, D., Hardy, B. 
(Eds.), Proceedings of the International Rice Research 
Conference, Beijing, China, 16-19 September 2002,  
635-658. Manila, The Philippines: IRRI.

Neta-Sharir, I., Isaacson, T., Lurie, S., Weiss, D., 2005. Dual role 
for tomato heat shock protein 21: protecting photosystem 
II from oxidative stress and promoting color changes 
during fruit maturation. Plant Cell 17, 1829-1838.

Neumann, D.M., Emmermann, M., Thierfelder, J.M., Zur 
Nieden, U., Clericus, M., Braun, H.P., Nover, L., Schmitz, 
U.K., 1993. HSP68-a DNAK-like heat-stress protein of 
plant mitochondria. Planta 190, 32-43.

Nieto-Sotelo, J., Martınez, L.M., Ponce, G., Cassab, G.I., 
Alagon, A., Meeley, R.B., Ribaut, J.-M., Yang, R., 2002. 
Maize HSP101 plays important roles in both induced and 
basal thermotolerance and primary root growth. Plant 
Cell 14, 1621-1633.

Ortiz, C., Cardemil, L., 2001. Heat-shock responses in two 

Mondal et al., 2014

457



© 2014 PP House

leguminous plants: a comparative study. Journal of 
Experimental Botany. 52, 1711-1719.

Panchuk, I.I., Volkov, R.A., Schoffl, F., 2002. Heat stressand 
heat shock transcription factor-dependent expression and 
activity of ascorbate peroxidase in Arabidopsis. Plant 
Physiology 129, 838-853.

Pareek, A., Singla, S.L., Grover, A., 1998. Proteins alterations 
associated with salinity, desiccation, high and low 
temperature stresses and abscisic acid application in 
seedlings of Pusa 169, a high-yielding rice (Oryza sativa 
L.) cultivar. Current Science 75, 1023-1035.

Park, S.M., Hong, C.B., 2002. Class I small heat shock protein 
gives thermotolerance in tobacco. Journal of Plant 
Physiology 159, 25-30.

Peet M.M., Sato S., Gardner R.G., 1998. Comparing heat stress 
effects on male-fertile and male sterile tomatoes. Plant 
Cell Environment 21, 225-231.

Peet, M.M., Willits, D.H., 1998. The effect of night temperature 
on greenhouse grown tomato yields in warm climate. 
Agriculture and Forest Meteorology 92, 191-202.

Peng, S., Huang, J., Sheehy, J. E., Laza, R. C., Visperas, R. M., 
Zhong, X., Centeno, G. S., Khush, G.S., Cassman, K.G. 
2004. Rice yields decline with higher night temperature 
from global warming. In: Proceedings of the National 
Academy of Sciences, USA 101, 9971-9975.

Perrotta, C., Treglia, A.S., Mita, G., Giangrande, E., Rampino, 
P., Ronga, G., Spano, G., Marmiroli, N., 1998. Analysis 
of mRNAs from ripening wheat seeds: the effect of high 
temperature. Journal of Cereal Science 27, 127-132.

Plieth, C., 1999. Temperature sensing by plants: calcium-
permeable channels as primary sensors-a model. Journal 
of Membrane Biology 172, 121-127.

Porter, J.R., 2005. Rising temperatures are likely to reduce 
crop yields. Nature 436, 174.

Prandl, R., Hinderhofer, K., Eggers-Schumacher, G., Schoffl, 
F., 1998. HSF3, a new heat shock factor from Arabidopsis 
thaliana, derepresses the heat shock response and confers 
thermotolerance when overexpressed in transgenic plants. 
Molecular Genomics and Genetics 258, 269-278.

Quan, R., Shang, M., Zhang, H., Zhao, Y., Zhang, J., 2004. 
Engineering of enhanced glycine betaine synthesis 
improves drought tolerance in maize. Plant Biotechnology 
Journal 2, 477-486.

Queitsch, C., Hong, S.W., Vierling, E. Lindquist, S., 2000. 
Hsp101 plays a crucial role in thermotolerance in 
Arabidopsis. Plant Cell 12, 479-492.

Ristic, Z., Cass, D.D., 1992. Chloroplast structure after water 
and high temperature stress in two lines of maize that 
differ in endogenous levels of abscisic acid. International 
Journal of Plant Science 153, 186-196.

Rivero, R.M., Ruiz, J.M., Garcia, P.C., Lopez-Lefebre, L.R., 

Sanchez, E., Romero, L., 2001. Resistance to cold and heat 
stress: accumulation of phenolic compounds in tomato and 
watermelon plants. Plant Science 160, 315-321.

Rojas, A., Almoguera, C., Jordano, J., 1999. Transcriptional 
activation of a heat shock gene promoters in sunflower 
embryos: synergism between ABI3 and heat shock 
factors. The Plant Journal 20, 601-610.

Ronde J.A.D.D., Cress W.A., Kruger G.H.J., Strasser R.J., 
Staden J.V., 2004. Photosynthetic response of transgenic 
soybean plants containing an Arabidopsis P5CR 
gene, during heat and drought stress. Journal of Plant 
Physiology 61, 1211-1244.

Sachray, L., Weiss, D., Reuveni, M., Nissim-Levi, A., Shamir, 
M.O., 2002. Increased anthocyanin accumulation in 
aster flowers at elevated temperatures due to magnesium 
treatment. Plant Physiology 114, 559-565.

Sakamoto, A., Murata, N., 2002. The role of glycine betaine in 
the protection of plants from stress: clues from transgenic 
plants. Plant Cell Environment 25, 163-171.

Sangwan, V., Dhindsa, R.S., 2002. In vivo and in vitro 
activation of temperatureresponsive plant map kinases. 
FEBS Lett 531, 561-564.

Sanmiya, K., Suzuki, K., Egawa, Y., Shono, M. 2004. 
Mitochondrial small heat-shock protein enhances 
thermotolerance in tobacco plants. FEBS Lett 557, 
265- 268.

Sato S., Peet M.M., Thomas J.F., 2000. Physiological factors 
limit fruit set of tomato (Lycopersicon esculentum Mill.) 
under chronic, mild heat stress. Plant Cell Environment 
23, 719-726.

Sato, S., Kamiyama, M., Iwata, T., Makita, N., Furukawa, 
H., Ikeda, H., 2006. Moderate increase of mean daily 
temperature adversely affects fruit set of Lycopersicon 
esculentum by disrupting specific physiological processes 
in male reproductive development. Annals of  Botany 
97, 731-738.

Sayed, O.H., 1996. Adaptational responses of Zygophyllum 
qatarense Hadidi to stress conditions in a desert 
environment. Journal of Arid Environment 32, 445-
452.

Sch¨offl, F., Prandl, R., Reindl, A., 1999. Molecular responses 
to heat stress. In: Shinozaki, K., Yamaguchi-Shinozaki, 
K. (Eds.), Molecular Responses to Cold, Drought, Heat 
and Salt Stress in Higher Plants. R.G. Landes Co., Austin, 
Texas, 81-98.

Shabtai, S., Salts, Y., Kaluzky, G. and Barg, R., 2007. 
Improved yielding and reduced puffiness under extreme 
temperatures induced by fruit-specific expression of rolB 
in processing tomatoes. Theoretical and Applied Genetics 
114, 1203-1209.

Shanahan, J.F., Edwards, I.B., Quick, J.S., Fenwick, J.R., 1990. 

458

International Journal of Bio-resource and Stress Management 2014, 5(3):444-460



© 2014 PP House

Membrane thermostability and heat tolerance of spring 
wheat. Crop Science 30, 247-251.

Shi, Q., Bao, Z., Zhu, Z.,Ying, Q., Qian, Q., 2006. Effects of 
different treatments of salicylic acid on heat tolerance, 
chlorophyll fluorescence, and antioxidant enzyme 
activity in seedlings of Cucumis sativa L. Plant Growth 
Regulator 48, 127-135.

Shi, W.M., Muramoto, Y., Ueda, A., Takabe, T., 2001. Cloning 
of peroxisomal ascorbate peroxidase gene from barley 
and enhanced thermotolerance by overexpressing in 
Arabidopsis thaliana. Gene 273, 23-27.

Shibata, M., Amano, M., Kawata, J., Uda, M., 1988. Breeding 
process and characteristics of ‘Summer Queen’, a spray-
type chrysanthemum. Bull National Research Institute 
of Vegetable and Ornamental Plants Tea Ser A 2, 245-
255.

Sohn, S.O., Bach, K., 2007. Transgenic rice tolerant to high 
temperature with elevated contents of dienoic fatty acids. 
Biologia Plantarum 51 (2), 340-342.

Somerville, C., Browse, J., 1991. Plant lipids, metabolism and 
membranes. Science 252, 80-87.

Sullivan, C.Y., Ross, W.M., 1979. Selecting for drought and 
heat resistance in grain sorghum. In: Mussell, H., Staple, 
R. (Eds.), Stress Physiology in Crop Plants. Wiley, New 
York, pp. 263-281.

Suzuki, N., Mittler, R., 2006. Reactive oxygen species and 
temperature stresses: a delicate balance between signaling 
and destruction. Plant Physiology 126, 45-51.

Suzuki, N., Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., 
Mittler, R., 2005. Enhanced tolerance to environmental 
stress in transgenic plants expressing the transcriptional 
coactivator multiprotein bridging factor 1c. Plant 
Physiology 139, 1313-1322.

Swamy, P.M., Smith, B.N., 1999. Role of abscisic acid in plant 
stress tolerance. Current Science 76, 1220-1227.

Tan, C., Yu, Z.W., Yang, H.D., Yu, S.W., 1988. Effect of high 
temperature on ethylene production in two plant tissues. 
Acta Phytophysiologica Sinica 14, 373-379.

Tang, L., Kwon, S.Y., Kim, S.H., Kim, J.S., Choi, J.S., Cho, 
K.Y., Sung, C.K., Kwak, S.S., Lee, H.S., 2006. Enhanced 
tolerance of transgenic potato plants expressing both 
superoxide dismutase and ascorbate peroxidase in 
chloroplasts against oxidative stress and high temperature. 
Plant Cell Reports 25, 1380-1386.

Todorov, D.T., Karanov, E.N., Smith, A.R., Hall, M.A., 2003. 
Chlorophyllase activity and chlorophyll content in wild type 
and eti 5 mutant of Arabidopsis thaliana subjected to low and 
high temperatures. Biologia Plantarum 46, 633-636.

Tognetti, V.B., Palatnik, J.F., Fillat, M.F., Melzer, M., 
Hajirezaei, M.R., Valle, E.M., Carrillo, N., 2006. 
Functional replacement of ferredoxin by a cyanobacterial 

flavodoxin in tobacco confers broad-range stress 
tolerance. Plant Cell 18, 2035-2050.

Tomana, T.,Yamada, H., 1988. Relationship between 
temperature and fruit quality of apple cultivars grown at 
different locations. Journal of the Japanese Society for 
Horticultural Science 56, 391-397.

Toth, S.Z., Schansker, G., Kissimon, J., Kovacs, L., Garab, G., 
Strasser, R.J., 2005. Biophysical studies of photosystem 
II-related recovery processes after a heat pulse in 
barley seedlings (Hordeum vulgare L.). Journal of Plant 
Physiology 162, 181-194.

Tsukaguchi, T., Kawamitsu, Y., Takeda, H., Suzuki, K., 
Egawa, Y., 2003.Water status of flower buds and leaves 
as affected by high temperature in heat tolerant and heat-
sensitive cultivars of snap bean (Phaseolus vulgaris L.). 
Plant Production Science 6, 4-27.

Velikova, V., Edreva, A., Loreto, F., 2005. Endogenous isoprene 
protects Phragmites australis leaves against singlet 
oxygen. Plant Cell Environment 28, 318-327.

Vollenweider, P., Gunthardt-Goerg, M.S., 2005. Diagnosis 
of abiotic and biotic stress factors using the visible 
symptoms in foliage. Environmental Pollution 137, 
455-465.

Vu, J.C.V., Gesch, R.W., Pennanen, A.H., Allen, L.H.J., 
Boote, K.J., Bowes, G., 2001. Soybean photosynthesis, 
Rubisco and carbohydrate enzymes function at supra-
optimal temperatures in elevated CO2. Journal of Plant 
Physiology 158, 295-307.

Wahid, A., 2007. Physiological implications of metabolites 
biosynthesis in net assimilation and heat stress tolerance 
of sugarcane sprouts. Journal of Plant Research 120, 
219-228.

Wahid, A., Close, T.J., 2007. Expression of dehydrins under 
heat stress and their relationship with water relations of 
sugarcane leaves. Biologia Plantarum 51, 104-109.

Wahid, A., Ghazanfar, A., 2006. Possible involvement of some 
secondary metabolites in salt tolerance of sugarcane. 
Journal of Plant Physiology 163, 723-730.

Wahid, A., Shabbir, A., 2005. Induction of heat stress tolerance 
in barley seedlings by pre-sowing seed treatment with 
glycinebetaine. Plant Growth Regulator 46, 133-141.

Wang, H.D., Kazemi-Esfarjani, P., Benzer, P., 2004. 
Multiplestress analysis for isolation of Drosophila 
longevity genes. Proceedings of National Academy of 
Sciences USA 101, 12610-12615.

Wang, L.J., Li, S.H., 2006a. Thermotolerance and related 
antioxidant enzyme activities induced by heat acclimation 
and salicylic acid in grape (Vitis vinifera L.) leaves. Plant 
Growth Regulator 48, 137-144.

Wang, L.-J., Li, S.-L., 2006b. Salicylic acid-induced heat 
or cold tolerance in relation to Ca2+ homeostasis and 

Mondal et al., 2014

459



© 2014 PP House

antioxidant systems in young grape plants. Plant Science 
170, 685-694.

Wardlaw, I.F., 1974. Temperature control of translocation. In: 
Bielske, R.L., Ferguson, A.R., Cresswell, M.M. (Eds.), 
Mechanism of Regulation of Plant Growth Bull Royal 
Society, New Zealand, Wellington, pp. 533-538.

Wardlaw, I.F., Blumenthal, C., Larroque, O., Wrigley, C.W., 
2002. Contrasting effects of chronic heat stress and 
heat shock on kernel weight and flour quality in wheat. 
Functional Plant Biology 29, 25-34.

Weaich, K., Briston, K.L., Cass, A., 1996. Modeling 
preemergent maize shoot growth. II. High temperature 
stress conditions. Agricultural Journal 88, 398-403.

Webb, A.A.R., Mcainsh, M.R., Taylor, J.E., Hetherington, 
A.M., 1996. Calcium ions as intercellular second 
messengers in higher plants. Advance in Botanical 
Research 22, 45-96.

Wise, R.R., Olson, A.J., Schrader, S.M., Sharkey, T.D., 
2004. Electron transport is the functional limitation of 
photosynthesis in field-grown Pima cotton plants at high 
temperature. Plant, Cell & Environment 27, 717-724.

Xiong, L., Lee, H., Ishitani, M., Zhu, J.-K., 2002. Regulation 
of osmotic stress responsive gene expression by LOS6/
ABA1 locus in Arabidopsis. Journal of Biological 
Chemistry 277, 8588-8596.

Xu, S., Li, J., Zhang, X., Wei, H., Cui, L., 2006. Effects of heat 
acclimation pretreatment on changes of membrane lipid 
peroxidation, antioxidant metabolites, and ultrastructure 
of chloroplasts in two cool-season turfgrass species under 
heat stress. Environmental and Experimental Botany 56, 
274-285.

Yamada, M., Hidaka, T., Fukamachi, H., 1996. Heat tolerance in 
leaves of tropical fruit crops as measured by chlorophyll 
fluorescence. Scientific Horticulturae 67, 39-48.

Yamane, Y., Kashino, Y., Koike, H., Satoh, K., 1998. 
Effects of high temperatures on the photosynthetic 
systems in spinach: oxygen-evolving activities, 
fluorescence characteristics and the denaturation process. 
Photosynthetic Research 57, 51-59.

Yang, J., Sears, R.G., Gill, B.S., Paulsen, G.M., 2002. 

Genotypic differences in utilization of assimilate sources 
during maturation of wheat under chronic heat and heat 
shock stresses. Euphytica 125, 179-188.

Yang, X., Liang, Z., Lu, C., 2005. Genetic engineering of the 
biosynthesis of glycinebetaine enhances photosynthesis 
against high temperature stress in transgenic tobacco 
plants. Plant Physiology 138 2299- 2309.

Yokotani, N., Ichikawa, T., Kondou, Y., Matsui, M., Hirochika, 
H., Iwabuchi, M., Oda, K., 2008. Expression of rice heat 
stress transcription factor OshsfA2e enhances tolerance to 
environmental stresses in transgenic Arabidopsis. Planta 
227(5), 957-967.

Young, L.W.,Wilen, R.W., Bonham-Smith, P.C., 2004. High 
temperature stress of Brassica napus during flowering 
reduces micro- and megagametophyte fertility, induces 
fruit abortion, and disrupts seed production. Journal of 
Experimental Botany 55, 485-495.

Young, T.E., Ling, J., Geisler-Lee, C.J., Tanguay, R.L., 
Caldwell, C., Gallie, D.R., 2001. Developmental and 
thermal regulation of maize heat shock protein, HSP101. 
Plant Physiology 127, 777-791.

Yun, D.-J., Zhao, Y., Pardo, J.M., Narasimhan, M.L., Damsz, 
B., Lee, H., Abad, L.R., D’urzo, M.P., Hasegawa, 
P.M., Bressan, R.A., 1997. Stress proteins on the yeast 
cell surface determine resistance to osmotin, a plant 
antifungal protein. Proceedings of National Academy of 
Sciences USA 94, 7082- 7087.

Zhang, J.H., Huang,W.D., Liu, Y.-P., Pan, Q.H., 2005. Effects of 
temperature acclimation pretreatment on the ultrastructure 
of mesophyll cells in young grape plants (Vitis vinifera L. 
cv. Jingxiu) under cross-temperature stresses. Journal of 
Integrated Plant Biology 47, 959-970.

Zhang, M., Barg, R., Yin, M., Gueta-Dahan, Y., Leikin- 
Frenkel, A., Salts, Y., Shabtai, S., Ben-Hayyim, G., 2005. 
Modulated fatty acid desaturation via overexpression of 
two distinct omega-3 desaturases differentially alters 
tolerance to various abiotic stresses in transgenic tobacco 
cells and plants. The Plant Journal 44, 361-371.

International Journal of Bio-resource and Stress Management 2014, 5(3):444-460

460


