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ABSTRACT
Wheat, the major cereal crop fulfilling the calories demands of ever increasing population of the world is predicted to be
adversely effected by alterations in the worldwide climate. The abiotic stresses mainly heat and drought are hugely
impacting plant growth and crop production adversely. Understanding the physiological, biochemical and ecological
interventions related to these stresses are indispensable for better management. The developmental stage of the plant is
critical in determining the thermo-tolerance and vulnerability of various species and cultivars upon exposure to high
temperature. Heat stress during reproductive and grain filling phase is termed as terminal heat stress (>32°C). Terminal
heat stress retards wheat growth by affecting various physiological and biochemical processes at the reproductive stages
upon late sowing due to prevalent rice-wheat cropping system. The universal adaptation response to the terminal heat
stress involves induction of the expression of heat Shock proteins (HSPs) genes in the plant. HSPs are thought to play
significant role in preventing or diminishing the adverse effects of high temperature at molecular as well as cellular
levels. Bread wheat varieties develops thermotolerance for the enhancement of the grain quality and yield by adopting
diverse types of responses to temperature stress as well as a heat shock. A comprehensive account of impact of terminal
heat stress on morphological, physiological and biochemistry of the bread wheat has also been presented here.

KEYWORDS: Bread wheat; Terminal Heat stress; Thermo-tolerance; cell membrane stability /CMS test; Heat shock
proteins (HSPs)

INTRODUCTION
BREAD WHEAT
Wheat (Triticum aestivum L.), an important cereal crop of the major part of the world’s population, forming
an essential staple food for about two billion people. Wheat yields nearly 55% of the carbohydrates and 20%
of the food calories globally throughout the world [1]. In 2016, production of wheat in the world was 749
million tones grown on more land area than any other commercial food (220.4 million hectares, 2014) (FAO,
2014). It is the second most produced cereal after maize (1.03 billion tonnes) and before rice (499 million
tonnes) (www. fao. org). Since 1960, the production of wheat and other grains has tripled throughout the
world and is expected to rise further through 21st Century [2]. Globally, it is the leading source of vegetal
protein in human food with protein content of about 13%, which is relatively high compared to other major
cereals. Bread wheat is an allopolyploid crop having originated from two ancient diploid progenitors of A
(Triticum urartu; 2n = 2x = 14), B (Aegilops speltoides; 2n = 14) and D (Aegilops tauschii; 2n=2x=14)
genomes [3]. For the development of whole genome sequence information of bread wheat, the International
Wheat Genome Sequencing Consortium (IWGSC) was established in 2005 by a group of wheat growers, plant
scientists, public and private breeders which aims to accelerate improvement of wheat by delivering to
breeders and scientists a high quality reference genome sequence of bread wheat.
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ABIOTIC STRESSES AND CROP PRODUCTIVITY
Abiotic stress may be defined as the adverse impact of non-living factors such as intense sunlight, high winds,
extreme temperatures, drought, flood and saline stress on the living systems in a specific environment. Abiotic
stresses like drought, heat, cold or salinity are the major factors that prevent crops from reaching to their full
yield potential [4] and thus reduces crop productivity for major crop plants worldwide. These abiotic stresses
are interrelated and are mainly due to changes in the expression of a group of genes leading to responses that
affect growth rates and productivity.

HEAT STRESS IN CROPS
Heat stress affects morphology, anatomical and phenology of crop plants. In tropical climates, excess of
radiation and high temperatures are often the most limiting factors affecting plant growth and final crop yield.
High temperatures can cause considerable pre- and post-harvest damages, including scorching of leaves and
twigs, sunburns on leaves, branches and stems, leaf senescence and abscission, shoot and root growth
inhibition, fruit discoloration and damage, and reduced yield [5]. Similarly, in temperate regions, heat stress
has been reported as one of the most important causes of reduction in yield and dry matter production in many
crops, including maize [6]. For example, long-term effects of heat stress on developing seeds may include
delayed germination or loss of vigor, ultimately leading to reduced emergence and seedling establishment.
Under diurnally varying temperatures, coleoptile growth in maize reduced at 40ºC and ceased at 45ºC [7].
High temperatures caused significant declines in shoot dry mass, relative growth rate and net assimilation rate
in maize, though leaf expansion was minimally affected [8]. Major impact of high temperatures on shoot
growth is a severe reduction in the first internode length resulting in premature death of plants [9]. Heat stress
is a common constraint during anthesis and grain filling stages in many cereal crops of temperate regions. For
example, heat stress lengthened the duration of grain filling with reduction in kernel growth leading to losses
in kernel density and weight by up to 7% in spring wheat [10]. The effect of increasing temperature during
reproductive phase is more harmful than that of the vegetative phase [11]. Similar reductions occurred in
starch, protein and oil contents of the maize kernel [12] and grain quality in other cereals under heat stress
[13]. In wheat, both grain weight and grain number appeared to be sensitive to heat stress, as the number of
grains per ear at maturity declined with increasing temperature [14]. Reproductive phases most sensitive to
high temperature are gametogenesis (8–9 days before anthesis) and fertilization (1–3 days after anthesis) in
various plants [15]. Both male and female gametophytes are sensitive to high temperature and response varies
with genotype; however, ovules are generally less heat sensitive than pollens [16]. Photosynthesis is the most
sensitive physiological process to elevated temperature [17] and any reduction in photosynthesis affects
growth and grain yield of wheat [18]. Heat stress reduces photosynthesis through disruptions in the structure
and function of chloroplasts, and reductions in chlorophyll content [19]. The inactivation of chloroplast
enzymes, mainly induced by oxidative stress, may also reduce the rate of leaf photosynthesis. Oxidative stress
may induce lipid peroxidation leading to protein degradation, membrane rupture and enzyme inactivation
[20]. Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is a key enzyme that regulates
carboxylation during photosynthesis [21]. The inhibition of photosynthesis due to high temperature is often
attributed to increases in the rate of photorespiration. This is because the solubility of CO2 and O2, and the
kinetics of Rubisco are affected under high temperatures [21]. However, reductions in net photosynthetic rate
due to high temperature are also attributed to non-photorespiratory processes. Through effects on photosystem
II (PSII) and photosystem I (PSI) mediated electron transfer and Calvin cycle activity, exposure to heat stress
(40°C) damages the photosynthetic apparatus. However, under moderate heat stress (<40°C), no inhibition of
PSII has been observed, even though there was a substantial reduction in carbon assimilation [22]. PSII
appears to be influenced by temperatures above 45°C but is not severely affected by moderately high
temperatures (<40°C) [23]. Prasad et al. [24] reported that the most important reasons for PSII sensitivity to
high temperature are heat-induced increase in thylakoid membrane fluidity and electron-transport dependent
integrity of PSII. The inhibition of PSII electron transport under heat stress is often indicated by a sharp
increase in the basal level of chlorophyll fluorescence that corresponds to photosynthetic inhibition [25]. Heat-
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stress induced damage and disruption of the integrity of thylakoid membranes also causes the
photophosphorylation to cease [26]. Heat stress may also separate the light harvesting complex-II (LHCII)
from the PSII core complex physically [27]. Heat stress has been studied in many crops including wheat [28],
Barley [29], rice [30] and common bean (Phaseolus vulgaris) [31]. Different crops responds differently to
heat stress during various stages of development like transitory or continuous higher temperature in wheat
after seedling affects the morphology, physiology and anatomy of wheat plants. Under heat stress reduction in
wheat yield is caused by accelerated phasic development [32], reduction in photosynthesis accelerated
senescence, increase in respiration has also been observed [33]; inhibition of accumulation of starch in
developing kernels [34] has also been observed. Higher temperatures after anthesis can dramatically decrease
the rate of grain filling [35] thus affecting grain size while higher temperatures before anthesis can lead to
decrease in grain yield due to less number of grains.

HEAT STRESS IN WHEAT
Wheat, traditionally grown as a cool season crop has expanded into warmer regions where production had
been restricted to higher altitudes or cooler latitudes with the increased availability of more widely adapted
semi-dwarf germplasm [36]. Continuous heat stress for wheat has been defined as when the mean average
temperature of the coolest month is greater than 17.5°C [37] but worldwide there are many areas where the
coolest month temperature is not as such and are exposed to terminal heat stress [38]. Since there is rise in
temperature during grain filling period, terminal heat stress has significant effects on all traits such as grain
yield and yield components of spring bread wheat cultivars [39]. Heat stress is major constraint of bread
wheat (Triticum aestivum L) growth and development, decreasing yields by 3 to 5% per 1°C rise above 15°C
in plants under controlled conditions. Even greater yield differences have been demonstrated between
favorable and unfavorable temperature conditions in the field. Gibson and Paulsen [40] studied that grain
yield of the hard red winter wheat cultivar Karl 92 was reduced by 78%, kernel number by 63% and kernel
weight by 29% at 35/20°C compared with 20/20°C from 10 d after anthesis until ripeness from controlled
high temperature applied during maturation of intact plants under simulated field populations.

HEAT STRESS AND HORMONAL REGULATION
Heat tolerance is not controlled by a single ‘thermotolerant’ gene in cereals. Different components of
tolerance determined by different sets of genes are critical for heat tolerance at different stages of the life cycle
and in various tissues. Hormones are known to govern all aspects of plant metabolism [41]. When plants are
heat stressed during vegetative growth phase, among other biological processes, it alters hormone
homeostasis. In fields, where heat and drought stresses occur frequently and simultaneously, abscisic acid
(ABA) induction can be an important component of thermotolerance. The effect of gibberellins on high
temperature tolerance is the reverse of that of ABA. An inherently heat-resistant dwarf mutant of barley
(Hordeum vulgare) impaired in the synthesis of gibberellins was rendered heat-sensitive by gibberellic acid
application whereas application of the triazole paclobutrazol, a gibberellin antagonist, conferred heat tolerance
to the plant [42]. Brassinosteroids were shown to confer thermotolerance to tomato (Lycopersicon esculentum)
and Brassica napus [43].

HEAT STRESS AND CELLULAR PROCESSES AFFECTING GRAIN DEVELOPMENT
Heat tolerance in plants can be assessed by three commonly used assays related to the plasmalemma (cell
membrane stability or CMS test), the photosynthetic membranes (chlorophyll fluorescence assay) and the
mitochondrial membranes (cell viability assay based on 2, 3, 5- triphenyl-tetrazolium chloride (TTC)
reduction) [44]. Leaf and canopy temperature influence leaf relative water contents (LRWC), leaf water
potential, stomatal conductance and rate of transpiration [45]. In dry environments, higher temperatures lead
to higher vapour pressure deficits, which drive higher transpiration. Evaporation from the leaf surface
enhances leaf and canopy cooling, so overheating may be ameliorated by higher rates of transpiration.
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Grain development is impacted by heat stress as assimilate translocation and grain-filling rate and duration are
influenced directly by changes in ambient temperature. The extent of heat-driven damage is dependent on the
level of heat stress. Both grain number and weight are sensitive to elevated temperature [46]. The extent of
influence of temperature on each of these components of grain yield depends on the developmental phase at
which the elevated temperature occurs. For instance, between spike initiation and anthesis, temperatures
above 20°C may substantially reduce grain number per spike [47]. An inverse relationship between duration
of heat stress and grain number per spike has been observed in this duration [48]. The reason for this
sensitivity is because spikelets begin to form in the spike from ridges of tissue between ridges of
undifferentiated leaf primordia, called the double ridge stage. Each spikelet meristem then initiates producing
florets. The reduction in the duration of emergence to double ridge and double ridge to anthesis reduces
spikelet number per spike and grain number per spikelet [49]. Although high temperature (>30°C) during
floret development may cause complete sterility [47], variation among wheat genotypes has also been
observed [40]. Heat stress around floral initiation has severe effects on grain number. For instance, grain
number per spike decreased by 4% for every 1°C (from 15-22°C) increase in the 30 d preceding anthesis [37].
Elevated temperatures reduce the duration between anthesis and physiological maturity which is associated
with a reduction in grain weight [32]. Starch accounts for 70% of wheat grain dry weight and reduced starch
deposition is the main reason of reductions in grain weight [50]. The process of starch biosynthesis is sensitive
to heat stress as the enzymes involved in starch biosynthesis, in developing kernels of wheat, are sensitive to
high temperature [51]. As temperatures rise above 18-22°C, the period of starch biosynthesis and its
deposition in grain is reduced [52].

Heat stress accelerates the rate of grain filling whereas grain filling duration is shortened [53]. For instance,
5ºC increases in temperature above 20ºC accelerated the  rate of grain filling and reduced the period of grain
filling by 12 days in wheat [54]. Under these conditions, the supply of photoassimilates may be limited [55].
For every 1°C above the optimal growing temperature of 15-20°C, the duration of grain-filling is reduced by
2.8 d [56]. Heat stress during grain-filling stage also affects the grain protein contents through reductions in
starch deposition, which influences protein concentration by allowing more nitrogen per unit of starch [57,
58]. With increasing temperature, the daily flow of nitrogen into grain increases, carbon flow decreases per
degree-day [59].

High temperature in plants leads to oxidative damage caused by the heat-induced imbalance of photosynthesis
and respiration. High temperature may retard the activities of antioxidant enzymes, as observed in maize. The
integrity and the functionality of biological membranes are sensitive to high temperature, as heat stress alters
the tertiary and quaternary structures of membrane proteins. which enhance the permeability of membranes, as
evident from increased loss of electrolytes by the cell. Decreased cell membrane thermostability (CMT),
indicated by the increased solute leakage has long been used as an indirect measure of heat-stress tolerance in
diverse plant species, including wheat [60] and barley [61]. Electrolyte leakage is influenced by plant/tissue
age, sampling organ, developmental stage, growing season, degree of hardening and plant species.

HEAT STRESS AND GENES
High temperatures reduce the duration of the developmental phases leading to fewer and smaller organs and
affect processes related to carbon assimilation. High temperatures during grain filling, shortens and
compresses the stages of grain filling; reduces the duration of dry matter accumulation and reduces kernel
weight [62]. Heat tolerance related gene transcripts were identified based on their putative functions and
validated by cDNA microarray and northern/RT-PCR analysis thus aiding to unfold the complexities of heat
stress response in wheat that ultimately leads to the production of stress proteins and many heat shock factors
that affects the quantity as well as the quality of wheat.

A family of heat shock or heat stressed induced proteins (HSPs) are involved in managing heat stress. Heat
shock proteins are involved in synthesis, transport and folding of proteins and are often termed to as molecular
chaperones. The induction of heat shock proteins upon exposure of plants to elevated temperature plants has
been well documented [63, 64, 65]. HSPs works as molecular chaperones in maintaining homeostasis of
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protein folding and are linked to the acquisition of thermotolerance [66]. Expression of various HSPs and
transcription factors (TFs) responsive to heat stress was up-regulated by the heat treatments in wheat, and the
highest fold change was 11.8.

The roles of phytohormones, including abscisic acid (ABA), brassinosteroids (BRs) and ethylene, in heat
tolerance have been well documented [64, 43, 67]. A recent study reported a link between ethylene production
and heat susceptibility in wheat in which they  identified several HR genes in ethylene biosynthesis/signaling,
including one for ACC synthase, seven for ACC oxidases, 12 for MAPKs and two for CTR1-like kinases. Heat
stress downregulated six probe sets encoding ACC oxidases, and one probe set for ACC synthase, suggesting a
negative response to ethylene level during heat stress [68]. The candidate genes encoding MAPKs and a CTR1
kinase involved in the ethylene signal pathway were also supressed by 1-h or 24-h heat treatment. An
endochitinase-like protein gene was shown to be essential for heat, salt and drought tolerance [69]. The genes
involved in GA biosynthesis, including GA3 and 2OG-Fe oxygenase, were responsive to heat stress. RGA, the
negative regulator of GA signaling, is a member of DELLA protein was down-regulated by heat stress, while a
putative GA regulated protein GAST1 precursor was strongly (log2 > 5.1) induced in all eight heat treatments,
suggesting a role in heat response in wheat [70]. Calcium, a universal signaling molecule is transiently
increased as Ca2+ level during heat stress that is well documented in plants [71]. Candidate genes encoding the
components of calcium or calmodulin mediated signal pathway, including annexin, CBPs, CDPKs, voltage-
gated calcium channel activity, Ca2+ binding protein EF hand, CBL and CIPK (CBL-interacting protein
kinase), were also heat regulated, suggesting a role of Ca2+ mediated signal in wheat heat stress response [72].
Indeed, some of these genes, such as annexin1 [73] and CDPK are induced by heat stress.

Parallel microarray analysis revealed that the promoters of a number of genes induced by heat shock
contained sugar responsive elements suggesting that sugar signaling is important in the establishment and
maintenance of acquired thermotolerance [74]. In wheat, the genes in sugar mediated signaling were regulated
by heat stress. Several genes involved in the biogenesis of siRNA and miRNA, including Dicer homolog,
AGO1, piwi and dsRNA-binding proteins were also regulated by heat stress. Several microRNA (miRNA)
target genes, such as SPL2 (miR156) [75] and ARF16 (miR160) [76] were down-regulated, suggesting a role
of miRNAs in heat response pathway in plants. Lipid metabolism is also heat regulated as reported a wheat
FAD3 was down-regulated in CS1sh and TAM1sh, indicating a role of pre-acclimation in heat stress probably
through an increase in the fluidity of cell membrane under high temperature.

GENE EXPRESSION DURING HEAT STRESS
Genome-wide transcriptome changes in response to heat stress as well as combined stresses in several plant
species has been used to investigated by microarray analysis, such as barley [77]. Gene expression changes in
wheat seedlings exposed to heat stress were analyzed using Affymetrix Barley1 Genechip and analysis of
ESTs (expressed sequenced tags) was used to screen for the heat stress responsive genes in wheat. RT-qPCR
has also been used in drought response in leaves and roots of a wheat cultivar adapted to rainfed cropping in
the Cerrado biome [78].

CONCLUSIONS
In order to improve the yield plateau under these kinds of abiotic stresses, identification of the allelic sources
for heat tolerance and their introgression into desired elite lines through conventional breeding, modern
biotechnological and molecular tools are an important area for future research. Identification of the genetic
elements strongly associated with resistance/tolerance to abiotic stresses is a novel approach in plant breeding
for tolerance and further utilization thereof to develop resistant/tolerant genotypes along with appreciable
yield performance. Hence, this review briefly explains about the various aspects of heat stress in bread wheat
to explore the updated information for heat tolerance in wheat to be used for crop improvement under
breeding for mankind.
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