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    Chapter 5   
 Molecular Physiology of Heat Stress 
Responses in Plants 

             Homa     Hemmati    ,     Dinesh     Gupta    , and     Chhandak     Basu    

    Abstract     Heat stress is one of the major abiotic stresses that plants encounter. Heat 
stress causes billions of dollars in losses of agricultural crops worldwide. Here, we 
summarize the molecular and whole genome responses due to heat stress in plants. 
It has been reported that there are cascades of biochemical reactions that lead to heat 
stress. In most cases, heat stress is coupled with drought stress response. With the 
advancements in genomic tools, we have more information on genes, which are up- 
or down-regulated in plants due to heat stress. The heat-stressed plants may exhibit 
various physiological responses, including stomatal closure, suppressed photosyn-
thesis, stunted growth, etc. Microarray and transcriptome sequencing gave us the 
tools to perform genome-wide expression profi ling in heat-stressed plants. 
Understanding how gene expression in heat-stressed plants works will help us to 
discover novel heat stress-tolerant genes. These genes could be overexpressed in 
crop plants to make transgenic heat-tolerant agricultural crops. Climate change and 
global warming are major concerns for us and production of thermotolerant plants 
could address the issue of global crop loss due to heat and drought stresses.  

  Keywords     Abiotic stress   •   Adaptation   •   Genetic transformations   •   Heat shock pro-
teins   •   Heat stress response   •   Membrane fl uidity   •   Metabolites   •   Osmolytes   •   ROS 
scavenging system   •   Small non-coding RNA   •   Thermotolerance   •   Transcriptome  

5.1         Introduction 

 Plants are sessile organisms, and they are constantly exposed to environmental 
changes. Any change in the nonliving factors that can adversely affect the growth 
and development of the plant is known as abiotic stress. Extreme temperature is one 
of the major detrimental abiotic factors for the plant, causing heat stress (Yeh et al. 
 2012 ; Źróbek-Sokolnik  2012 ). The effects of high temperature can manifest through 
modifi cation of membrane properties, stability of the protein structures, the rate of 
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metabolic reactions, and the liquid viscosity inside plant cell organelles (Źróbek- 
Sokolnik  2012 ). 

 Generally, living organisms can be classifi ed into three groups according to their 
temperature preferences: psychrophilic organisms (psychrophiles), mesophilic 
organisms (mesophiles), and thermophilic organisms (thermophiles) (Fig.  5.1 ). Most 
higher plants are classifi ed as mesophilic organisms preferring temperatures between 
10 and 30 °C (Źróbek-Sokolnik  2012 ). Although optimal plant growth can occur in 
a certain temperature range, mesophilic plants encounter a wide range of tempera-
ture fl uctuations. As temperature deviates from the optimal level, cellular and molec-
ular changes occur within the plant in order to maintain growth and cellular 
homeostasis. Despite the ability to adjust to temperature fl uctuation, prolonged plant 
exposure to temperature above the threshold level may cause irreversible damage to 
plant growth and productivity, which is defi ned as heat stress (Willits and Peet  1998 ). 
According to the scientifi c standards, temperatures higher than the optimal level of 
10–15 °C are denoted as heat stress (Larkindale et al.  2007 ). Heat stress has varying 
effects on plants due to intensity, duration, and the rate of temperature change. The 
duration of the plant exposure to high temperature is the main  determinant of the 
lethal temperature range (Fig.  5.1 ) (Sung et al.  2003 ; Źróbek-Sokolnik  2012 ).  

 Plants need to adapt to any abiotic changes by exhibiting appropriate response; 
this is necessary in order for plants to survive. The ability of plants to grow and 
remain productive under high temperatures is defi ned as heat tolerance (Huang 
and Xu  2008 ). Plants can be classifi ed into three categories according to their tol-
erance levels to high temperature: heat sensitive, relatively heat tolerant, and heat 
tolerant (Fig.  5.1 ) (Hasanuzzaman et al.  2013 ; Źróbek-Sokolnik  2012 ). The form 
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  Fig. 5.1    Classifi cation of the plants, based on their sensitivity to high temperature (partly adapted 
from Źróbek-Sokolnik  2012 )       
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and  magnitude of the heat tolerance depends on the plant, tissue, and cell type 
(Sung et al.  2003 ). 

 An increase in ambient temperature could affect crop productivity. In recent 
decades, human activities have caused an exponential increase in greenhouse gas 
emission especially carbon dioxide. It has been reported by the Intergovernmental 
Panel on Climate Change (IPCC) that the global mean temperature will increase by 
0.3 °C per decade (Wheeler and von Braun  2013 ). This temperature increase may 
also affect distribution pattern of plant species. There are already losses of billions of 
dollars in agricultural crops worldwide due to heat stress. In addition, human demand 
for food is growing along with the world population growth. Any negative environ-
mental effect on crop productivity can directly affect food security (Saidi et al.  2011 ). 

 Numerous studies have been performed that aimed to understanding plant heat 
stress responses (HSRs) and to minimize the detrimental effects of heat stress on 
plant productivity. It is believed that better understanding of the molecular mecha-
nisms activated by heat stress may help in the development of more effi cient crop 
thermotolerance (Yeh et al.  2012 ). Microarray and transcriptome sequencing gave 
scientists the tools to perform genome-wide expression profi ling in heat-stressed 
plants. Understanding the gene expression profi le in heat-stressed plants will help 
researchers discover novel heat stress-tolerant genes. These genes could be overex-
pressed in crop plants to make transgenic heat-tolerant agricultural crops. This chap-
ter elaborates upon the impact of high temperatures on plant growth and development, 
and it emphasizes on physiological and molecular response of plants to heat stress.  

5.2     Plant Responses to Heat Stress 

 Heat stress causes a series of biochemical, morphological, physiological, and molec-
ular changes that adversely affect plant development (Fig.  5.2 ). The growth and 
productivity of the plants rely on numerous different biochemical reactions that are 
powered with temperature-sensitive proteins. At high temperatures, the enzyme 
functions can be disrupted with irreversible denaturation of proteins (Howarth 
 2005 ). If the temperature rises to extreme levels, severe cellular injuries may occur 
followed by immediate cell death within a few minutes; however, at moderately high 
temperatures, only long-term exposure may cause injury or death (Howarth  2005 ; 
Schoffl  et al.  1999 ). The increased fl uidity of membrane lipids, and protein denatur-
ation and aggregation are immediate injuries occurring after exposure to high tem-
perature (Howarth  2005 ). Slower heat injuries include loss of membrane integrity, 
inhibition of protein synthesis, enzyme inactivation in chloroplasts and mitochon-
dria, and protein degradation (Essemine et al.  2010 ; Howarth  2005 ). Heat stress also 
affects cell cycle and cell division through changing the microtubules organization, 
elongation of phragmoplast microtubules, and formation of microtubule asters in 
mitotic cells (Smertenko et al.  1997 ). All these injuries together ultimately cause 
starvation, growth inhibition, decreased ion fl ux, accumulation of toxic compounds 
and reactive oxygen species (ROS) (Howarth  2005 ; Schoffl  et al.  1999 ).  
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5.2.1     Morphological and Phenological Responses 

 Temperature plays an important role in controlling the rate, timing, and pattern of 
plant development. Therefore, growth retardation is the most prominent effect of 
heat stress on plants. In higher plants, cell division and cell elongation rates are 
signifi cantly impaired under heat stress, which, in turn, can affect leaf size and 
weight. Plants’ exposure to severe heat stress reduces the stem growth, causing 
lower plant height (Prasad et al.  2006 ; Źróbek-Sokolnik  2012 ). Exposure to high 
temperatures during sowing time negatively affects the plant height and number of 
tillers (Ahamed et al.  2010 ). 

 The impact of high temperatures on plants may vary depending upon the develop-
mental stages of the plant. During the reproductive stage, even a short exposure to high 
temperatures can cause signifi cant abortion of fl oral buds and opened fl owers; how-
ever, during the vegetative stage, high day temperature can only affect leaf gas 
exchange processes (Young et al.  2004 ). Long-term exposure of developing seeds to 
high temperatures can delay germination and diminish vigor, resulting in lower emer-
gence and seedling establishment. Inhibition of seed germination under heat stress is 
often induced by abscisic acid (ABA) (Essemine et al.  2010 ). In developing shoots, 
high temperatures cause severe declines in the fi rst internode length, shoot dry mass, 
and relative growth rate, leading to premature death of plants or early senescence 

  Fig. 5.2    Effects of heat stress on plant physiology       
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(Patel and Franklin  2009 ). High temperature during growth stage can cause elongated 
stems and leaf hyponasty in some plant species (Patel and Franklin  2009 ). Moreover, 
heat stress may alter the total phenological duration by reducing the plant lifetime 
(Zhang et al.  2006 ). The temperature effects on phenological stages may vary based on 
the species and genotype due to great genetic variations (Hasanuzzaman et al.  2013 ). 

 Other morphological injuries derived from heat stress include scorching of leaves 
and twigs, sunburn of stem, branches and leaves, growth inhibition of shoot and 
root, leaf senescence and abscission, fruit discoloration and damage, along with a 
reduction in yield and dry matter production (Guilioni et al.  1997 ; Ismail and Hall 
 1999 ; Vollenweider and Günthardt-Goerg  2005 ). At the tissue and cellular level, 
water loss, stomata closure, cell size reduction, and increased number of xylem ves-
sels in root and shoot are observed. The subcellular level damages include modifi ca-
tions in the thylakoid structure and swelling or loss of grana stacking (Karim et al. 
 1997 ; Wahid et al.  2007 ). 

 In tropical and temperate regions, heat stress is one of the most important causes 
of yield loss. Reproductive processes are signifi cantly sensitive to high tempera-
tures in most plants. Heat stress may adversely affect meiosis in both male and 
female reproductive organs, pollen germination, pollen tube growth, ovule survival, 
fertilization and post-fertilization processes, and growth of the endosperm and 
embryo (Foolad  2005 ). High temperatures also affect fruit quality, causing reduc-
tion in the levels of growth regulators and carbohydrates concentrations, leading to 
poor fruit set (Foolad  2005 ).  

5.2.2     Physiological Responses 

5.2.2.1     Water Relations 

 The most important variable affected by heat stress is plant water status. Plants are 
able to maintain the tissue water status in stable levels in humid environment regard-
less of temperature (Tsukaguchi et al.  2003 ). Heat-induced elevation in transpira-
tion and water transportation are necessary tools for plant survival under high 
temperatures. It has been shown that in  Pinus ponderosa  seedlings, water transport 
through stems helps to cool plant by heat transferring mechanisms (Kolb and 
Robberecht  1996 ). Rapid water fl ow through seedling stems reduced the stem tem-
perature by 30 °C during peak sunlight hours (Kolb and Robberecht  1996 ). However, 
heat stress is often linked with reduced water availability. Water defi cit is signifi -
cantly higher under the combined heat and drought stress rather than each single 
condition (Rampino et al.  2012 ). 

 Water loss most likely to occur more during daytime than nighttime under high 
temperatures. During the daytime, intensive leaf transpiration leads to water loss 
and reduction in water potential (Tsukaguchi et al.  2003 ). Since water is essential 
for any metabolic reaction, water defi ciency causes disturbance of many physiologi-
cal processes in plants. Signifi cant water loss due to high temperatures can nega-
tively affect both growth and biomass production (Simões-Araújo et al.  2003 ).  
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5.2.2.2     Osmotic Adjustment 

 Different plant species may accumulate certain organic compounds, which are gen-
erally known as compatible osmolytes (Sakamoto and Murata  2002 ). Some 
 examples of the compatible osmolytes are sugars, sugar alcohols (polyols), proline, 
tertiary and quaternary ammonium compounds, and tertiary sulfonium compounds 
(Sairam and Tyagi  2004 ). It is thought that the accumulation of such compounds 
may be associated with enhanced stress tolerance in plants. For example, glycinebe-
taine (GB), an amphoteric quaternary amine, acts as a compatible solute in some 
plant species under heat stress. It has been suggested that GB synthesis may protect 
cellular redox potential under heat stress (Li et al.  2011 ). Maize plants (Quan et al. 
 2004 ) and sugar cane (Wahid and Close  2007 ) are able to accumulate high levels of 
GB due to water defi ciency or high temperature while rice or mustard naturally 
don’t produce GB. Nowadays, genetic engineering approaches have provided 
researchers with a tool to introduce GB-biosynthetic pathway into GB-defi cit strains. 
Heat tolerance in plants can be improved through use of these tools, through enhanc-
ing the production of such compatible osmolyte (Li et al.  2011 ; Quan et al.  2004 ).  

5.2.2.3     Cellular Membranes 

 Cellular membranes play an important role in both photosynthesis and transpiration 
processes. High temperatures increase the membrane fl uidity through either dena-
turation of proteins or through intensifying unsaturated fatty acids (Savchenko et al. 
 2002 ). Heat stress alters the tertiary and quaternary structures of the proteins within 
the membranes, enhancing their membrane permeability. Increased electrolyte leak-
age through membranes indicates a reduction in cell membrane thermostability 
(CMT) (Wahid et al.  2007 ). Different factors can affect solute leakage, including 
type of organ, degree of hardening, developmental stage, plant age, growing season, 
and plant species (Karim et al.  1997 ,  1999 ). It has been shown that adverse effects 
of heat stress are more severe on the mature leaves than the developing ones due to 
an enhanced number of unsaturated fatty acids (Karim et al.  1997 ,  1999 ). It has been 
suggested that alteration in membrane fl uidity triggered by low or high temperatures 
infl uences temperature perception and gene expression (Saidi et al.  2009 ,  2010 ).  

5.2.2.4     Photosynthesis 

 One of the most heat-sensitive physiological processes in green plants is photosyn-
thesis (Crafts-Brandner and Salvucci  2002 ). Although there is a positive correlation 
between temperature changes and photosynthesis in the normal growing range of 
plants (15–45 °C), high temperatures disrupt the functionality of photosynthetic 
enzymes (Larkindale et al.  2008 ). The impact of high temperature on photosynthetic 
functionality is more enhanced in the C3 plants than in C4 plants. Any injuries on the 
photosynthetic apparatus that are infl icted by heat stress directly restrict plant growth. 
High temperatures affect photosynthetic capacity through disruption of enzyme 
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activity in the electron transport chain, carbon metabolism, and  oxygen- evolving 
complex (OEC) of PSII (Salvucci and Crafts-Brandner  2004 ). The photochemical 
reactions in thylakoid lamellae and carbon metabolism in the stroma of chloroplast 
are the most sensitive sites to injury under high temperatures (Wise et al.  2004 ). An 
increase in temperature can induce phase change in lipids incorporated in the thyla-
koid structure, which can eventually lead to lipid separation (Krumova et al.  2008 ). 

 Photosystem II (PSII), which is located in the thylakoid lamellae, is particularly 
sensitive to high temperatures; this causes its activity to be signifi cantly decreased or 
even partially stopped. This is mainly due to the properties of the PSII location on the 
thylakoid membranes (Camejo et al.  2005 ). The damage to PSII is usually irreversible 
and it can cause a disassociation of the OEC (Sharkey and Zhang  2010 ). OEC is a 
water-oxidizing enzyme, and its dysfunctionality under heat stress causes an imbal-
ance between an electron donor from OEC toward an electron acceptor of PSII. On the 
other hand, PSI stromal enzymes are thermostable in which PSI can drive cyclic elec-
tron pathway and associate with the thylakoid proton gradient (De Ronde et al.  2004 ). 

 The effect of heat stress on photosynthesis is also exhibited through a decline in 
soluble proteins, RuBisCO binding proteins (RBP), large subunits (LS), and small 
subunits (SS) of RuBisCO in darkness, and enhancement of them in light 
(Demirevska-Kepova et al.  2005 ). As temperature increases, photosynthesis declines 
due to increases in photorespiration that are faster than the subsequent increases in 
photosynthesis. The low affi nity of RuBisCO, and its dual nature as an oxygenase 
and a carboxylase, is the main reason that limits the enhancement of net photosyn-
thesis at higher temperatures. RuBisCO deactivation is the primary constraint for 
photosynthesis since it occurs at temperatures well below those that damage PSII 
(Salvucci and Crafts-Brandner  2004 ; Sharkey and Zhang  2010 ). 

 Another consequence of heat stress is degradation of chlorophyll  a  and  b , which 
tends to be more signifi cant in the mature leaves compared to the developing one 
(Karim et al.  1999 ). Such effects on chlorophyll may be associated with the produc-
tion of active oxygen species (Camejo et al.  2005 ). Altered structural organization 
of thylakoids, grana swelling, and loss of grana stacking are among major altera-
tions that occur in chloroplasts under heat stress (Djanaguiraman et al.  2010 ; 
Marchand et al.  2005 ). High temperatures also decrease the amount of photosyn-
thetic pigments as a result of the lipid peroxidation of both chloroplast and thyla-
koid membranes (Djanaguiraman et al.  2010 ; Marchand et al.  2005 ). 

 Furthermore, high temperatures can greatly impact starch and sucrose synthesis 
by reducing the activity of sucrose phosphate synthase, ADP glucose pyrophospho-
rylase, and invertase (Chaitanya et al.  2001 ; Vu et al.  2001 ). 

 Photosynthetic responses of the thylakoid to heat stress signifi cantly correlates 
with CO 2  concentration (Sharkey and Zhang  2010 ). In addition, plant ability to 
sustain leaf gas exchange and CO 2  assimilation rates under heat stress is directly 
associated with heat tolerance. High temperatures can signifi cantly reduce the leaf 
CO 2  assimilation rates during the vegetative stage (Hall  1992 ). Stomata closure 
under heat stress is the main reason of decline in the intercellular CO 2   concentration, 
which can lead to impaired photosynthesis (Hasanuzzaman et al.  2013 ). Limitation 
of RuBisCO availability is another factor involved in the low CO 2  assimilation rate 
(Sharkey and Zhang  2010 ).  
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5.2.2.5     Plant Hormones 

 Following heat stress, the level of selected phytohormones, such as ethylene, ABA, 
and salicylic acid (SA), is rapidly increased, while others, such as cytokine, auxin, 
and gibberellin, will be decreased (Larkindale and Huang  2005 ). The alterations in 
the level of these phytohormones accelerate plant aging (Larkindale and Huang 
 2005 ). Different abiotic stresses, including heat and drought stresses, result in 
increased levels of ABA (Larkindale and Huang  2005 ). ABA is involved in the bio-
chemical pathways that are necessary for survival under heat-induced desiccation 
stress, and it is also responsible for stomatal closure under osmotic stress. 
Furthermore, it mediates the adaptation of plants to desiccation through modifi ca-
tion of the expression status of numerous genes. It is also related to ROS generation 
in guard cells through Rboh regulation (Miller et al.  2008 ). It may also play a role 
in induction of several heat shock proteins (HSPs) to confer thermotolerance to 
plants (Miller et al.  2008 ; Wahid et al.  2007 ). Ethylene is a gaseous hormone, which 
is involved in regulation of plant growth and development by controlling seed ger-
mination, fl owering, fruiting, and stress tolerance (Munné-Bosch et al.  2002 ). The 
effect of heat stress on ethylene production may vary in different plant species 
(Arshad and Frankenberger  2002 ). For example, in wheat leaves, the ethylene pro-
duction is inhibited when temperature reaches to 40 °C, but in soybean plants, the 
ethylene production in hypocotyls is increased by increasing temperature up to 
40 °C (Tan et al.  1988 ; Wahid et al.  2007 ). SA is also involved in HSRs since it func-
tions in plant growth and development. SA prevents oxidative damage to mem-
branes through detoxifi cation of superoxide radicals. SA correlates in signaling 
pathways in response to hypersensitive response (HR) and systemic acquired resis-
tance (SAR). SA can induce long-term thermotolerance in plants through associa-
tion with the expression of HSP genes,  Ca2

   homeostasis, antioxidant mechanisms, 
improved fertility, and increased yield (Larkindale and Knight  2002 ; Wang and Li 
 2006 ). Among other hormones, gibberellins and cytokinins have been suggested to 
be involved in heat tolerance, where their effects are opposite to those of ABA. Under 
high temperature, the concentrations of these hormones begin to decrease, which 
correlates with the decline in root and shoot growth and dry matter production (Liu 
and Huang  2005 ). Also, it has been reported that the amount of endogenous auxin 
is reduced under heat stress, particularly in developing anthers (Teale et al.  2006 ).   

5.2.3     Molecular Responses 

5.2.3.1     Oxidative Responses 

 Heat stress can alter the function of many enzymes involved in different metabolic 
pathways. These alterations in enzymatic activity may lead to the accumulation of 
harmful ROS including singlet oxygen, superoxide radical  O2   , hydrogen perox-
ide (H 2 O 2 ), and hydroxyl radical ( OH

  ) (Liu and Huang  2000 ). High temperatures 
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induce generation of ROS, leading to oxidative stress, which ultimately can cause 
cellular injury. ROS disrupts membrane semi-permeability function by enhancing 
autocatalytic peroxidation of membrane lipids and pigments (Xu et al.  2006 ). The 
ROS generation can occur in peroxisomes, mitochondria, and chloroplasts, particu-
larly in reaction centers of PSI and PSII (Apel and Hirt  2004 ; Sharma et al.  2012 ). 
Heat stress can dramatically increase the level of ROS, which may disturb cell 
homeostasis (Mittler et al.  2004 ). Disruption of the homeostasis balance may occur 
either through enhancement of ROS production or decline in antioxidant activity in 
the cell (Bowler et al.  1992 ). 

 Oxygen radicals are constantly produced in chloroplast and mitochondria. 
Singlet oxygen, which is formed during photoinhibition, and PSII electron transfer 
reactions, can directly oxidize DNA, proteins, and polyunsaturated fatty acids 
(Karuppanapandian et al.  2011 ). Superoxide radicals are formed in many photo- 
oxidation reactions in chloroplasts, electron transport chain reactions in mitochon-
dria, and other reactions in the plasma membrane (Halliwell  2006 ). The function 
of superoxide dismutase (SOD) is to scavenge the superoxide to hydrogen perox-
ide, which is removed by ascorbate peroxidase (APX) or catalase (CAT) (free radi-
cal scavenging enzymes). In the presence of  Fe2

   and  Fe3
  , the reaction of 

superoxide with hydrogen peroxide can form hydroxyl radicals (Haber–Weiss 
reaction). The toxicity of  OH

   is signifi cantly higher than  O2
   and H 2 O 2 , because 

it can damage DNA, proteins, lipids, and other essential macromolecules. Plants 
are able to protect their metabolism and growth from the harmful impacts of ROS 
through detoxifi cation systems (Sairam and Tyagi  2004 ). For example, induction 
of SOD or APX expression and activation is associated with the appearance of 
physiological injuries in plants under heat stress (Mazorra et al.  2002 ). However, 
in most plant species, extreme conditions induce higher production of ROS, which 
overwhelms the scavenging activity of the antioxidant system, leading to severe 
cellular injury (Fadzillah et al.  1996 ). It has been shown that under heat stress, 
plants accumulate higher amounts of non-enzymatic antioxidant and up-regulate 
the expression of antioxidant enzymes (Almeselmani et al.  2009 ). However in 
many plant species, these increased activities are not suffi cient for development of 
stress tolerance (Almeselmani et al.  2009 ). Under stress conditions, protection 
against oxidative stress is an important factor in the determination of plant stress 
tolerance (Xu et al.  2006 ).  

5.2.3.2     Stress-Related Proteins 

 Plants’ response to heat stress is composed of several integrated circuits including 
multiple pathways, specifi c cellular organelles, special cofactors, and signaling 
molecules coordinating an appropriate feedback. The high temperature signal is 
fi rst perceived with the specifi c heat receptors on the membrane of the plant cells. 
The stimulus information is then transduced downstream leading to the activation of 
various heat stress-responsive genes. The products of these genes eventually result 
in the heat tolerance response or plant adaptation to survive during the harsh 
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 conditions (Iba  2002 ). The HSPs are known as the most important products of these 
genes for heat stress adaptation. It is believed that the HSPs are universal heat-pro-
tective agents against heat stress that maintain homeostasis in organisms. This is 
mainly based on the fact that the primary protein structure for HSPs is well con-
served among prokaryotes and eukaryotes including higher plants. The heat shock 
response occurs after exposure of the plant tissue or cells to sudden high tempera-
ture stress, resulting in transient expression of the HSPs. The molecular masses of 
HSPs can vary but often ranges from about 10 to 200 kDa. Despite their different 
sizes and weights, they all have the ability of binding to structurally unstable pro-
teins, having the chaperon-like function, and being involved in signal transduction 
during heat stress (Al-Whaibi  2011 ; Schoffl  et al.  1998 ). The heat shock domain is 
the main characteristic of all HSPs, which is recognized by the presence of a con-
served carboxylic terminal (Helm et al.  1993 ). HSPs are expressed in different loca-
tions, including the cytoplasm, ribosomes, endoplasmic reticulum, chloroplasts, 
mitochondria, and membranes (Vierling  1991 ). Certain HSPs can also be expressed 
in the absence of environmental stress during some stages of plant development, 
such as the development of pollen grains, embryogenesis, germination, and fruit 
ripening (Sun et al.  2002 ). 

 In plants, HSPs can be classifi ed into fi ve classes according to their molecular 
weight, amino acid sequence homologies, and functions: HSP100, HSP90, HSP70, 
HSP60, and the small heat shock proteins (sHSPs) (with molecular weight between 
15 and 30 kDa) (Gupta et al.  2010 ; Kotak et al.  2007 ; Schoffl  et al.  1998 ). HSPs 
production in plants can vary greatly according to the expression level and their 
type. Higher plants often contain about 20 types of sHSPs, whereas some species 
can express about 40 types of these proteins. These sHSPs show unusual abun-
dance and diversity, in which it is suggested that these proteins can proffer adaptive 
tolerance to plants under heat stress (Korotaeva et al.  2001 ). In a study, wheat, rye, 
and maize seedling were subjected to 42 °C; the results show expression of fi ve 
sHSPs in maize mitochondria while only one of them was expressed in rye and 
wheat (Korotaeva et al.  2001 ). These results suggest that higher expression of 
sHSPs is the reason for higher heat tolerance in maize than in wheat and rye 
(Korotaeva et al.  2001 ). In plants, six nuclear gene families encode all sHSPs, 
where each gene family is related to proteins present in distinct cellular compart-
ments (Waters et al.  1996 ). 

 Under heat stress, HSPs aggregate and assemble into heat shock granules 
(HSGs), usually in the cytoplasm. It seems that HSGs function in protecting the 
protein synthesis machinery, which is critical for survival of plant cells under con-
tinuous heat stress. The aggregation state of HSPs can be essential for their role in 
prevention of protein denaturation caused by high temperatures (Miroshnichenko 
et al.  2005 ). The ability of plants for HSPs production, the intensity and duration of 
synthesis, is signifi cantly different depending upon species and tissue types. Fast 
accumulation of HSPs under the stress is another key factor for developing heat 
tolerance in plants (Nieto-Sotelo et al.  2002 ). 

 Accumulation of HSPs is regulated by heat shock transcription factors (HSFs), 
which bind specifi cally to  cis -acting sequences known as heat shock elements 
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(HSEs) (Akerfelt et al.  2010 ). HSFs are main components in heat stress signaling 
that are sensitive to changes in temperature. Like many other transcription factors, 
they have a modular structure composed of a highly conserved N-terminal DNA 
binding domain and an adjacent oligomerization domain (OD). The DNA binding 
domain is characterized by an HLH motif and the oligomerization domain with a 
hydrophobic heptad repeat pattern (Baniwal et al.  2004 ). These structural domains 
are important in heat stress-dependent activation that switch inactive HSF mono-
mers to the active trimeric form, which specifi cally bind to HSE in the promoter of 
HSF-responsive genes (Scharf et al.  2012 ). 

 Plants and vertebrates contain multiple families of HSF genes while inverte-
brates including yeast and  Drosophila  have a single HSF (Akerfelt et al.  2010 ). 
For example, heat shock treatment induces about 21 HSFs in  Arabidopsis thaliana  
(Swindell et al.  2007 ) and at least 15 HSFs in tomato (von Koskull-Döring et al. 
 2007 ). Based on the peculiarities of the oligomerization domains, plant HSFs are 
classifi ed into three conserved evolutionary classes: A, B, and C (Scharf et al. 
 2012 ). Among these three groups, class A has shown to form a regulatory network 
during response to heat stress, while class B or C has not shown any evident 
activities of transcription activators of their own (Czarnecka-Verner et al.  2004 ; 
Kotak et al.  2004 ). 

 Although low- and high-molecular-weight HSPs are the most important stress 
proteins toward heat stress tolerance, there are a number of other proteins that are 
involved in the HSR. Among those ubiquitin, cytosolic Cu/Zn-SOD, Mn-POD, Pir 
proteins, and dehydrins are well known. These proteins play roles in minimizing 
dehydration and oxidative damages, chloroplast stability, and prevention of protein 
degradation (Iba  2002 ; Khanna-Chopra and Sabarinath  2004 ; Schoffl  et al.  1999 ; 
Yun et al.  1997 ). They act as chaperones to fold and unfold cellular proteins in order 
to inhibit adverse effects of high temperatures on the functional sites. The expres-
sion of these proteins can be specifi ed to organelles and tissues (Wahid et al.  2007 ). 
A main function of these proteins is protection of cellular and subcellular structures 
against dehydration and oxidative damages (Schoffl  et al.  1999 ).  

5.2.3.3     Heat Stress Signaling 

 There are multiple signaling pathways involved in the HSR, in which some of them 
control expression and synthesis of HSPs, whereas others regulate the production or 
activation of different effector constituents (Fig.  5.3 ). Due to the complexity of mul-
tigenic traits, the molecular pathways involved in the HSR in plants are not fully 
understood. Generally, several signal transduction cascades are triggered by high 
temperature perception, which all together contribute in the activation of several 
transcription factors, including HSFs, that bind to the HSE and induce expression of 
HSPs, regulatory proteins, and proteins involved in metabolism and redox homeo-
stasis (Hu et al.  2009 ).  

 A primary signaling for induction of the HSR is the role of calcium-mediated 
signaling. Increases in temperature are sensed at the plasma membrane (PM) by a 
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specifi c calcium channel that serves as one of the primary heat sensors in plants. 
Activation of this membrane protein, which triggers the infl ux of calcium into the 
cytoplasm, may be due to heat-induced increase in fl uidity of the PM (Saidi et al. 
 2011 ). Under heat stress, changes in membrane fl uidity trigger the activation of 
phospholipase D (PLD) and phosphatidylinositol-4-phosphate 5-kinase (PIPK), 
which results in the accumulation of different lipid signaling molecules, including 
phosphatidylinositol-4,5-biphosphate (PIP 2 ), myo-inositol-1,4,5-trisphosphate 
(IP 3 ), and phosphatidic acid (PA). A G protein associating with PM perceives the 
heat signal, and leads to accumulation of PIP 2  and PA. PIP 2  and PA act as key 
mediators in the lipid signaling pathway, cytoskeletal organization, and mem-
brane dynamics (Mishkind et al.  2009 ; Zheng et al.  2012 ). IP 3 , a product of PIP 2  
hydrolysis, is rapidly converted to IP 6 , which is responsible for the opening of 
calcium channels and stimulates the  Ca2

   infl ux into the cell (Mishkind et al. 
 2009 ; Zheng et al.  2012 ). 

  Fig. 5.3    Overview of signaling pathways and factors involved in heat shock response. High 
temperatures affect PM and change membrane stability, which in turn causes activation of both 
lipid signaling and calcium channel located in PM. These activations result in an infl ux of cal-
cium into the cytosol. Calcium can bind to calmodulin and activate multiple kinases and tran-
scriptional factors, such as CBK, HSFs, and WRKY. Calcium can also lead to phosphorylation of 
CDPK, which activates the MAPKs signaling pathway. Another protein activated by calcium is 
ROS-generating NADPH oxidase (Respiratory burst oxidase homolog D-RBOHD) located in the 
PM ( middle right ). RBOHD-derived ROS triggers the ROS/redox signaling system, which in turn 
activates MBF1c and HSFs. The most-characterized part of the network contains heat stress 
transcription factors (HSFs) that regulate genes encoding heat stress proteins (HSPs), which act 
as molecular chaperones and repair damaged proteins ( left ) (Mittler et al.  2012 ; Qu et al.  2013 ; 
Sung et al.  2003 )       
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 The heat-induced infl ux of  Ca2
   can trigger multiple signaling pathways in 

plants (Larkindale and Knight  2002 ; Saidi et al.  2009 ). Under high temperatures, 
the cytosolic  Ca2

   is sharply increased, which ultimately leads to protein phos-
phorylation and activation of various heat stress transcriptional factors (Saidi et al. 
 2011 ). One of the targets that cytosolic  Ca2

   can bind to is calcium-dependent 
protein kinase (CDPK), which can in turn, activate mitogen-activated protein kinase 
(MAPK), or the ROS-producing enzyme NADPH oxidase (RBOH). MAPK signal-
ing pathways are highly conserved module involved in many responses to external 
signals, such as different abiotic stresses (Ichimura et al.  2000 ). CDPK can also lead 
to the activation of multiprotein-bridging factor 1c (MBF1c), a transcriptional regu-
lator of the dehydration-responsive element-binding (DREB) transcription activator 
and several HSFs (Suzuki et al.  2011 ). High temperatures induce the production of 
DREB2A and DREB2B, which function during both heat and drought stresses. It 
has been shown that overexpression of DREB2A in Arabidopsis enhances thermo-
tolerance (Qin et al.  2011 ). Calmodulin (CaM) is another calcium sensor protein 
that mediates  Ca2

   signal transduction. In Arabidopsis, AtCaM3 increases thermo-
tolerance by activation of several transcription factors such as WRKY39 and HSFs. 
AtCaM3 also activates calmodulin-binding protein kinase (CBK), which phosphor-
ylates HSFA1a (Liu et al.  2008 ; Zhang et al.  2009 ). 

 It has been shown that obstruction of  Ca2
   signaling by calcium channel block-

ers intensifi es heat-induced oxidative damage in Arabidopsis (Larkindale and 
Knight  2002 ; Saidi et al.  2009 ). Heat stress is often accompanied by different 
degrees of oxidative stress, representing the presence of a cross-talk between heat 
and oxidative stress pathways. A short exposure to high temperatures can induce a 
signifi cant increase in H 2 O 2  levels due to NADPH oxidase activity. The histidine 
kinases sense the ROS signal and transduce it to HSFA4a, which in turn, activates 
downstream transcription factors by correlating with a MAPK signaling pathway. 
The transcription factors involved in the oxidative pathway are Zat, WRKY, MBF1c, 
and RBOH. Zat is necessary for the expression of APX and WRKY (Baniwal et al. 
 2007 ). MBF1c regulates the expression of SA and trehalose, which are important 
factors in the plant defense response (Suzuki et al.  2008 ). RBOH enhances the pro-
duction of ROS signaling through the oxidation of NADPH (Miller et al.  2008 ). 
MAPK signaling pathways activate redox-sensitive transcription factors, which 
bind to the oxidative-sensitive  cis  elements in the gene promoter. These  transcription 
factors enhance expression of antioxidants, including APX and catalase (CAT) that 
act as ROS scavengers under heat stress (Gill and Tuteja  2010 ). 

 Moreover, production of H 2 O 2  stimulates the expression of heat shock response 
genes through activation of HSFs. Ultimately, HSPs’ production can achieve heat 
stress tolerance by acting as chaperons to protect protein synthesis (Kotak et al. 
 2007 ). Studies on H 2 O 2  pretreatment, NADPH oxidase (Larkindale et al.  2005 ), 
and mitochondrial respiratory mutants have confi rmed the relationship between 
ROS generation and induction of HSP synthesis; however, ROS roles in regulat-
ing HSPs expression under heat stress is poorly understood (Kotak et al.  2007 ; 
Kuzmin et al.  2004 ).  
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5.2.3.4     The Molecular and Genomic Responses to Heat Stress 

 Genetic studies on heat-tolerant crop plants have shown that tolerance to heat stress 
is a multigenic feature. Different sets of genes are involved in control of different 
heat tolerance components in various tissues at diverse developmental stages 
(Howarth  2005 ). Due to this complexity, many biochemical reactions involved in 
the molecular pathways toward heat tolerance are not yet understood completely. 
However, newly developed techniques in biotechnology have bestowed a better 
understanding of molecular and genetic basis of heat tolerance. Microarray technol-
ogy, one of recent techniques, provides the possibility of simultaneous analysis of 
numerous genes. This approach has been widely used for identifi cation of genes 
encoding Hsps and Hsfs in some model plants. For example, in  Arabidopsis , 18,7, 
8, 27, and 21 genes have been discovered for Hsp70, Hsp90, Hsp100, sHsp, and 
Hsf, respectively (Guo et al.  2008 ; Hu et al.  2009 ). 

 Whole-genome microarray studies on heat-stressed plants have revealed fast 
and global effect of heat stress on the transcriptome. In  Arabidopsis , approxi-
mately 11 % of the screened genes show differential expression after 1 h of expo-
sure to high temperatures (Busch et al.  2005 ). The hallmark of HSR is up-regulation 
of well-characterized HSPs such as Hsp70, Hsp101, and sHSPs as well as HSF 
(Larkindale and Vierling  2008 ). Additional genes have also been identifi ed, and 
their expression is elevated under heat stress and are linked with stress-protective 
responses; these include cell respiration and oxidative stress response (Table  5.1 ). 
For example, elevated expression of genes encoding mitochondrial proteins, such 
as cytochrome c oxidase and subunits of NADH dehydrogenase, is associated 
with enhanced respiratory activity and was detected in heat-stressed plants along 
with elevated expression of APX, a defense enzyme regulated by HSFs, correlates 
with cell protection against reactive oxygen intermediate (Rizhsky et al.  2004 ). In 
other genes, their expression increases dramatically with high temperatures, and 
include galactinol synthase, peptidyl prolyl isomerases, enzymes in the raffi nose 
oligosaccharide pathway and energy metabolism particularly in glycolysis, and 
members of DREB family of transcription factors. In addition, cluster analysis of 
gene expression has shown up-regulation of many genes with HSE (GAAnnTTC) 
(Larkindale and Vierling  2008 ). The HSEs located in the promoter of heat shock 
genes play a key role in the expression of a group of heat-inducible genes through 
interaction with HSFs (Hua  2009 ). Other common promoter motifs associated 
with up- regulated genes are site II motif, DRE, and ABRE (ABA response ele-
ment, ACGTG). The oxidative stress-related genes, endoglucan transferase and 
xyloglucan endotransglycolsylases are among up-regulated genes containing 
ABRE sequence.

   During heat stress, expression of many genes is also down-regulated. The disease 
resistance genes, expansions, cytochrome P450s, auxin-induced genes, and genes 
involved in cell detoxifi cation (mainly glutathione  S -transferases) are some of the 
genes whose expressions are greatly reduced under high temperature (Larkindale 
and Vierling  2008 ). The cluster analysis shows the presence of W-box and TATATA 
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   Table 5.1    Representative genes that are up-regulated under heat stress (partly adapted from Lim 
et al.  2006 ; Rizhsky et al.  2004 )   

 Gene symbol 
 GenBank 
Accession No.     Gene description 

 HSP18.2  At5g59720  Heat shock protein 18 
 HSP23.6-MITO  At4g25200  Mitochondrion-small heat shock protein 
 HSP17.4  At3g46230  Heat shock protein 17.4 
 HSP21  At4g27670  Heat shock protein 21 
 HSP17.6  At1g53540  Heat shock protein 17.6 
 HSP17.6II  At5g12020  Heat shock protein 17.6-II 
 HSP17.6A  At5g12030  Heat shock protein 17.6A 
 HSP70  At3g12580  Heat shock protein 70 
 HSP101  At1g74310  Heat shock protein 101 
 ATHSP22.0  At4g10250  Heat shock protein 22.0 
 HSP20  AT2G29500  HSP20 family protein 
 Hsp89.1  At3g07770  Heat shock protein 89.1 
 HSP90.1  At5g52640  Heat shock protein 90.1 
 HSP15.7  At5g37670  Cytosolic class I small heat shock protein 
 DREB2B  At3g11020  Dehydration-responsive element-binding protein 2B 
 MBF1C  At3g24500  Multiprotein-bridging factor 1c 
 NF-X1  AT1G10170  Nuclear transcription factor, X-box binding 1 
 bZIP28  AT3G10800  Putative bZIP transcription factor 
 BIP2  AT5G42020  Luminal-binding protein 2 
 RBL14  At3g17611  Rhomboid family protein 
 BAG6  At2g46240  BAG domain-containing protein 
 ROF2  At5g48570  Peptidylprolyl isomerase 
 MATR  AtMg00520  Maturase 
 APX2  At3g09640  Putative ascorbate peroxidase 
 NAD5C  AtMg00513  NADH dehydrogenase subunit 5 
 NAD6  AtMg00270  NADH dehydrogenase subunit 6 
 NAD4L  AtMg00650  NADH dehydrogenase subunit 4L 
 GolS1  At2g47180  Galactinol synthase 
 HAI1  At5g59220  ABA-induced protein phosphatase 2C 
 GSTF8  At2g47730  Glutathione S-transferase phi 8 
 MXC9.7  AT5G12110  Elongation factor 1B alpha-subunit 
 TIC20-IV  At4g03320  Putative chloroplast import component 
 F14G24.14  At1g52870  Peroxisomal membrane protein-related 
 T3P18.7  At1g62510  Similar to 14-kDa Pro-rich protein 
 COX1  AtMg01360  Cytochrome c oxidase subunit 1 
 COX2  AtMg00160  Cytochrome c oxidase subunit 2 
 F28P22.15  AT1G72660  Developmentally regulated G-protein 2 
 HSP70T-2  At2g32120  70-kDa Heat shock protein 
 CDC48D  At3g53230  Cell division control protein 48-D 
 T13C7.15  AT2G20560  Putative heat shock protein 

(continued)
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motifs in the promoter of down-regulated genes indicating their similar patterns of 
regulation (Molina and Grotewold  2005 ; Raffaele et al.  2006 ). 

 Expression data suggest that HSFs play important roles in regulating HSR, 
although the function of each one of these components is not yet fully understood 
(Guo et al.  2008 ). Previous studies have shown that the expression of certain HSF 
genes in plants is induced by environmental stresses, while others display constitu-
tive expression. Among all 21 HSF genes in  Arabidopsis , only six of them show 
signifi cant increases in expression level under heat stress. Furthermore, it has 
been demonstrated that HSFs control the expression of HSPs, genes involved in 

Table 5.1 (continued)

 Gene symbol 
 GenBank 
Accession No.     Gene description 

 T9A21.130  AT4G18280  Gly-rich cell wall protein 
 CCMFN2  AtMg00960  Cytochrome c biogenesis 
 F22G5.31  AT1G07350  Transformer serine/arginine-rich ribonucleoprotein 
 QCR7-2  AT5G25450  Ubiquinol-cytochrome-c reductase 
 AHP4  At3g16360  Putative two-component phosphorelay mediator 
 SMP1  At1g65660  Step II splicing factor SLU7 
 HSFC1  At3g24520  Heat shock transcription factor HSF1 
 CYP94B3  At3g48520  Cytochrome P450-like protein 
 T1K7.5  At1g26580  Putative MYB family transcription factor 
 MAPKKK19  At5g67080  Mitogen-activated protein kinase kinase kinase 19 
 ATSRP30  At1g09140  Serine-arginine rich RNA binding protein 
 RANBP1  At5g58590  Ran binding protein 1 homolog 
 rpl16  ArthCp060  Ribosomal protein L16 
 CPN60B2  AT3G13470  Chaperonin 60 beta 
 GI  At1g22770  Putative gigantea protein 
 AT4G22590  At4g22590  Trehalose-6-phosphate phosphatase 
 RAS1  At1g09950  Response to ABA and salt 1 
 T11I18.11  At3g04000  Short-chain type dehydrogenase/reductase 
 ATP9  AtMg01080  ATP synthase subunit 9 
 T19K4.140  At4g36010  Pathogenesis-related thaumatin family protein 
 AT3G59350  At3g59350  PTI1-like tyrosine-protein kinase 3 
 P5CR  At5g14800  Pyrroline-5-carboxylate reductase 
 TIL  At5g58070  Outer membrane lipoprotein 
 BIP1  At5g28540  Luminal binding protein 
 CRT1a  At1g56340  Calreticulin (crt1) 
 CCMFC  AtMg00180  Cytochrome c biogenesis 
 COR47  AT1G20440  Dehydrin (COR47) 
 LGT8  At1g70090  Putative galacturonosyltransferase-like 9 
 T3K9.7  AT2G41160  Ubiquitin-associated protein 
 SAY1  AT4G11740  Ara4-interacting protein, putative 
 PRO5  At5g56600  Profi lin 5 
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protective environmental stress response as well as other HSFs (Busch et al.  2005 ; 
Rizhsky et al.  2004 ). Genome-wide transcriptome analysis of different HSF knock-
out mutants has been used to elaborate the details of HSF functions. Such studies on 
 Arabidopsis  suggest that HSFA1a and HSFA1b play key roles in the initial phase of 
HSR (Busch et al.  2005 ) while HSFA2 functions in the later recovery phase and 
under prolonged heat stress condition (Schramm et al.  2006 ). In tomato, HSFA1a 
gene is constitutively expressed and induces expression of HAFA2 and HSFB1 
under heat stress (Mishra et al.  2002 ). Although in tomato HSFA1a acts as a nuclear 
retention factor and a coactivator of HSFA2 by forming HSFA1a–HAFA2 hetero-
ligomeric complexes, in  Arabidopsis  the heat stress-induced expression of HSFA2 
is not infl uenced by either HAFA1a or HSFA1b (Bharti et al.  2004 ; Busch et al. 
 2005 ). Moreover, it has been shown that under high light intensity, HSFA2 regulates 
the expression of ascorbate peroxidase 2 (APX2), which encodes an important 
enzyme in oxidative stress response (Sakuma et al.  2006 ). These fi ndings indicate 
that HSFA2 plays different roles under diverse abiotic stresses. It has been shown 
that the expression of  Arabidopsis  HSFA3 under heat stress is directly regulated by 
DREB2A, a transcription factor that interacts with  cis -acting dehydration- responsive 
element (DRE) in drought and salt stress responses (Sakuma et al.  2006 ). In addi-
tion, the presence of DRE in the promoter of a cluster of heat-inducible genes has 
been demonstrated (Larkindale and Vierling  2008 ). 

 There are numerous genes and key regulators involved in heat stress tolerance, 
which remain to be discovered. Several biotechnological techniques, including tran-
scriptome analysis, proffer the capability for discovering novel genes involved in 
the stress responses. Through these studies, additional heat-inducible transcription 
factors have been found that are related to thermotolerance. One of them is NF-X1 
(nuclear transcription factor x-box binding 1) gene that promotes tolerance to salt 
and heat stress and shows a similar induction pattern to genes with DREs in their 
promoter (Larkindale and Vierling  2008 ). Heat tolerance may also be accelerated 
with induction of bZIP28 gene (a putative membrane-tethered transcription factor), 
since  Arabidopsis  plants harboring mutations in this gene exhibit a heat-sensitive 
phenotype (Gao et al.  2008 ). The transcriptional coactivator MBF1c, which accu-
mulates rapidly after heat stress, is involved in several stress responses. MBF1c 
promotes thermotolerance by regulating several signaling pathways including 
 salicylic acid (SA), ethylene, and trehalose during heat stress (Suzuki et al.  2008 ). 

 Among environmental stresses, high temperatures and water defi cits are two 
main factors causing severe yield loss. Furthermore, simultaneous occurrence of 
different stresses is common in the fi eld, such as high temperatures and drought 
periods particularly in semi-arid and arid areas. In order to develop multiple stress- 
tolerant crops through genetic manipulation, it is necessary to understand the 
molecular mechanism underlying the response of crop plants to the combination of 
abiotic stresses. Studies on tobacco, Arabidopsis, and wheat suggest that the response 
to the combination of stresses is very different from each individual stress (Rampino 
et al.  2012 ; Rizhsky et al.  2002 ,  2004 ). For example, a comparison of the effects 
between heat, drought, and combined stress on wheat plants showed a higher num-
ber of up-regulated genes in combined stressed plants with respect to each individual. 

5 Molecular Physiology of Heat Stress Responses in Plants



126

These results indicate that combined stress induces a separate set of genes, which 
are not activated by each individual stress (Rampino et al.  2012 ; Rizhsky et al. 
 2004 ). It has been suggested that combined stress induces the activation of a specifi c 
genetic program that is mediated by key regulators (Rizhsky et al.  2002 ). 

 In the last decade, results obtained from different microarray experiments have 
been gathered in several genome-wide microarray datasets. These resources can be 
utilized in analyzing the response of Hsf and Hsp expression under different abiotic 
stresses. Many studies have focused on such responses to unlock the relation 
between different genes activated by diverse abiotic stresses (Hu et al.  2009 ; 
Rampino et al.  2012 ; Rizhsky et al.  2004 ). The results have shown that, while there 
are extensive overlapping response of Hsp and Hsf under different stresses, 
some genes show specifi c response to distinct stresses. For example, in a study on 
rice, the number of genes expressed under heat, cold, salt and drought stresses were 
1,054, 276, 1,200, and 2,742 while the number of overlapped genes between heat 
and each one of cold, salt and drought were 33, 127, and 240 (Hu et al.  2009 ). 
Although the expression pattern is different under all these stresses, the overlapping 
response of Hsfs and Hsps implies their importance in cross-talk of stress signal 
transduction networks. Due to the fact that there is an urgent need for developing 
multiple stress- resistant crops to combat adverse effects of global warming, it is 
important to detect co-regulators of these overlapped genes (Hu et al.  2009 ). These 
results indicate that activation of similar HSFs during different environmental 
stresses leads to induction of similar responses. Although this fact has formed the 
fundamentals of many trials for developing multiple stress-resistant plants, these 
attempts have not yet reached to produce fruitful results due to the complexity of 
signal transduction in different environmental stresses.    

5.3     Plant Adaptation to Heat Stress 

 The adaptation to heat stress or “heat tolerance” is commonly defi ned as plant abil-
ity to grow and produce economic yields under high temperatures. During evolu-
tion, plants have adapted to harsh environmental conditions by developing different 
stress-tolerance mechanisms. These mechanisms can be divided into long-term 
changes, such as phenological and morphological adaptations, or short-term accli-
mation, such as transpiration cooling, changing membrane lipid compositions, or 
leaf orientation (Adams et al.  2001 ). For example, plants growing in hot climate 
avoid heat stress by changing the orientation of leaf blades away from light, com-
pleting the entire reproductive cycle during cooler months, or developing small 
hairs (tomentose), small leaves, and heat-resistant buds (Fitter and Hay  2001 ). In 
well-hydrated plants, intensive transpiration keeps leaf temperature below ambient 
level and prevent heat stress. Such phenological and morphological adaptations are 
commonly linked with biochemical adaptations, such as net photosynthesis (Fitter 
and Hay  2001 ). Heat tolerance can also be induced in plants by prior treatment with 
high temperatures. This heat acclimation also lead to activation of the heat 
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responsive molecular mechanisms, particularly the accumulation of HSPs (Hua 
 2009 ; Kotak et al.  2007 ). 

 Since plants are sessile organisms, their behavioral responses to abiotic stresses 
are strongly dependent on cellular and physiological mechanisms of adaptation. 
The adaptation mechanisms may differ based on different environmental stresses, 
developmental stages, or tissue types (Queitsch et al.  2000 ). Changes in temperature 
stimulate downstream signal transduction pathways to activate stress tolerance 
mechanisms to restore homeostasis and repair damaged proteins and membranes 
(Bohnert et al.  2006b ; Vinocur and Altman  2005 ). Some major adaptive mecha-
nisms activated under heat stress include HSPs, free-radical scavengers, osmopro-
tectants, and ion transporters (Wang et al.  2004 ). Heat stress manifests its initial 
effects on plasma membrane by inducing more fl uidity of lipid bilayer. This stimu-
lates the induction of calcium infl ux and cytoskeletal rearrangement, leading to up- 
regulation of mitogen MAPKs and CDPK. These proteins activate other mediators 
in the pathway, resulting in activation of tolerance responses, including production 
of antioxidant to cope with ROS produced in the organelles (such as mitochondria 
and chloroplast), or osmotic adjustment by production of compatible osmolytes for 
cell water balance (Bohnert et al.  2006b ; Saidi et al.  2011 ; Sung et al.  2003 ). The 
antioxidant defense mechanisms play an essential role in the heat stress adaptation, 
and its strength associates with acquisition of thermotolerance (Hasanuzzaman 
et al.  2013 ). Also, higher ascorbic acid content or activities of CAT and SOD cor-
relate with the capacity to acquire thermotolerance (Ara et al.  2013 ; Sairam and 
Tyagi  2004 ). 

 Heat tolerance also associates with higher degree of membrane lipid saturation, 
which increases the lipid phase transition (melting) temperatures, and inhibits mem-
brane’s liquidity due to heat stress (Kotak et al.  2007 ). Under heat stress, some plant 
species may accumulate different types of osmolytes, including proline, sugars, 
sugar alcohols (polyols), tertiary sulfonium compounds, and tertiary and quaternary 
ammonium compounds, which may enhance heat tolerance (Singh and Grover 
 2008 ). For example, proline may buffer the cellular redox potential under environ-
mental stresses including heat stress (Wahid and Close  2007 ). 

 Another mechanism of thermotolerance is induction of HSPs and other heat- 
induced proteins, such as dehydrins, LEA, Pir proteins, and ubiquitin. These 
 proteins are involved in protein degradation pathway, oxidative stress, and protec-
tion against adverse effects of dehydration (Arora et al.  1998 ; Goyal et al.  2005 ; 
Schoffl  et al.  1999 ; Yun et al.  1997 ). HSPs act as molecular chaperones, which 
facilitate removing of misfolded proteins and refolding of denatured proteins. As 
main components in the network of chaperon machinery, they also interact with 
other stress- response mechanisms, such as production of antioxidant and osmo-
lytes. They also play a role in stress signal transduction, gene activation, and regula-
tion of cellular redox state. HSPs confer heat tolerance to plant by improving 
physiological mechanisms, such as membrane stability, effi ciency of assimilate 
partitioning, photosynthesis, and water and nutrient utilization (Al-Whaibi  2011 ; 
Kotak et al.  2007 ). 
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 Alteration of gene expression is an important factor in acquisition of 
 thermotolerance. Heat stress rapidly alters the pattern of gene expression by induc-
tion of HSPs expression, and inhibition of non-heat-induced genes through destabi-
lization of their mRNA. Induction of HSPs expression is regulated at the 
transcriptional level by HSFs, which specifi cally bind to the HSE existing in the 
promoter of HSP genes (Scharf et al.  2012 ). Although the mechanisms leading to 
preferential up- regulation of the stress-responsive genes, such as HSPs are still 
unclear, it has been suggested that HSFs are central component in heat stress signal-
ing (Scharf et al.  2012 ).  

5.4     Biotechnological Approaches in Developing 
Thermotolerant Plants 

 Due to gradual increase in atmospheric greenhouse gases, global warming is 
expected to have signifi cant impact on ecological system in the coming years. A 
report on region and emission scenarios (B1, A1B, and A2) has speculated that the 
extreme annual daily maximum temperature will likely increase by about 1–3 °C by 
mid-twenty-fi rst century and by about 2–5 °C by the late twenty-fi rst century (IPCC 
 2012 ). This rising temperature will have adverse effect on plant growth and vegeta-
tion. The growing population and subsequent increase in food demand also creates 
pressing needs to develop crop varieties with higher yields. 

 Unlike animals, plants are static and are very susceptible to different environ-
mental stresses like drought, temperature, salinity, etc. However, some plants grow-
ing in adverse environment had evolved several strategies to cope with it. For 
example, expression of HSPs and osmolytes, changes in lipid membrane permeabil-
ity, and production of super radicals detoxifying enzymes (Hasanuzzaman et al. 
 2013 ; Wahid et al.  2007 ). Understanding the molecular mechanism of thermal toler-
ance in plants will help to identify key genes, proteins, and different metabolites to 
develop heat stress-tolerant crop plants (Hasanuzzaman et al.  2013 ). 

 HSR is a complex phenomenon and current advances in X-omics (genomics, 
transcriptomics, epigenomics, proteomics, and metabolomics) studies have shown 
the involvement of different genes, proteins, and metabolites in thermotolerance as 
reviewed in Bokszczanin et al. ( 2013 ). Interestingly, small non-coding RNA has 
also been found to regulate plant stress response (Ruiz-Ferrer and Voinnet  2009 ; 
Sunkar et al.  2007 ). The difference in quantity of small RNAs in  A. thaliana  in 
response to various abiotic stresses was also reported (Sunkar and Zhu  2004 ). 

 The negative impact of high temperature on agriculture has been already observed 
(Hatfi eld et al.  2011 ; Lobell et al.  2011 ) and further loss may be more to global 
warming trends. The knowledge of conventional breeding and biotechnological 
strategies like marker-assisted selection (MAS) and genetic transformation is cru-
cial to generate thermotolerant plant today than before. Realizing the potential of 
heat-tolerant plants to sustain the food demand, great efforts are being made to 
develop heat resistance plants. 
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5.4.1     Genetic Transformations 

 Several genetic and biochemical studies have revealed proteins encoded by certain 
genes or biomolecules governing thermotolerance properties of plants in certain 
developmental stage or plant parts. With the advent of new genetic transformations 
techniques, production of transgenic plants with enhanced thermotolerance was 
made possible. Heat stress affects almost all system of plants including its mor-
phology, anatomy, physiology, growth, and reproduction as reviewed before 
(Bokszczanin et al.  2013 ; Wahid et al.  2007 ). In a similar way to any other organ-
ism, plants do also have the ability to adapt to environmental heat stress (Larkindale 
et al.  2005 ). Plants have known to use different strategies to cope with this stress 
by producing different chaperones, osmolytes, and secondary metabolites as 
reviewed (Bokszczanin et al.  2013 ; Wahid et al.  2007 ). Knowledge of genes or 
metabolites involved in abiotic stress response or tolerance is very crucial to 
develop a stress tolerance plant. Systematic study of such correlations has been 
made possible through advancement in different techniques including all kind of 
omics and high-throughput next generation sequencing. A general overview of 
genetic analysis of HSR and its application to develop a thermotolerant crop plant 
is represented in Fig.  5.4 .  

 In addition to genetic transformation, some other strategies to develop thermo-
tolerant plants are also known. One of them is pretreatment of seeds and plants for 
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  Fig. 5.4    General process for heat-tolerant gene identifi cation and to generate thermotolerant crop 
plant       
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heat tolerance. Pretreatment of seeds and plants is a simple and fast approach to 
induce heat tolerance in plants. Despite the fact that genetic approaches tend to 
increase heat tolerance in plants, it may also suffer from low product yield. 
 Pre- exposure to heat stress or addition of osmolytes can be used to increase 
 thermotolerance in already high-yielding plant cultivars (Wahid et al.  2007 ). While 
genetic engineering and cross-breeding approaches may take years to produce high 
yielding heat-tolerant cultivars, preconditioning of plants could address immediate 
need to increase thermotolerance. For example, pre-sowing heat treatment of black 
spruce seedlings resulted in increased thermotolerance (Colclough et al.  1990 ). 
Similarly, barley seeds pre-treated with glycinebetaine, a low-molecular-weight 
osmolyte, demonstrated reduced membrane damage and higher photosynthetic rate 
alleviating effect of heat stress compared to control seeds (Wahid and Shabbir 
 2005 ). Under abiotic stress, Ca 2+  acts as antioxidant in plants. Thus exogenous 
application of CaCl 2  prior to heat treatment has shown to increase activity of super-
radical scavenging enzyme including catalase, SOD, guaiacol peroxidase, that help 
to induce heat tolerance in plants (Kolupaev et al.  2005 ). Exogenous application of 
some of the hormones and hormone precursors was also found to induce heat stress 
 tolerance. So far, use of ABA, salicylic acid (SA), and ethylene precursor 
1-aminocyclopropane- 1-carboxylic acid (ACC) was reported to improve the ther-
motolerance of  A. thaliana  by providing protection against oxidative damage caused 
from heat stress (Larkindale and Knight  2002 ). 

 Conventional breeding and MAS are other commonly used techniques for 
developing thermotolerant plants. These techniques have their own advantages, 
however, they are limited only to similar or related plant species. Heat tolerance in 
plants is a multigenic trait involving synergistic effect of multiple gene and its 
products (Wahid et al.  2007 ). This multigenetic nature of the process is one of the 
main challenges to generate a thermotolerant plant by genetic engineering. 
Furthermore, a plant may be more susceptible to a particular developmental stage 
and a specifi c tissue may be more prone to damage due to heat stress. So, a tissue 
or developmental stage- specifi c thermotolerance strategy could play crucial role 
for plant thermotolerance (Bohnert et al.  2006a ; Howarth  2005 ). Understanding 
genetic backgrounds conferring plant heat tolerance would be keys to develop 
heat-tolerant crop cultivars with horticulture or agronomic importance. MAS is a 
traditional breeding technique. This  technique is considered as another valuable 
way to develop plant with enhanced thermotolerance (Foolad  2005 ). Some of the 
quantitative trait loci (QTL) associated with heat tolerance has been identifi ed in 
different plant species (Maestri et al.  2002 ). Four QTLs related to thermotolerance 
were characterized in  Arabidopsis  by creating heat-sensitive mutant library (Hong 
and Vierling  2000 ). 

 Genetic transformation has its own advantages over simplicity of above meth-
ods. Genetic engineering is specifi c and wide open in terms of genetic resources to 
prokaryotic to eukaryotic organisms. Some of the successful genetic transformation 
to improve thermotolerance in plant is represented in Table  5.2 . Some of the most 
used strategies in developing a thermotolerant plant are described below.   
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5.4.2     Genetic Transformation Using Genes for HSPs 
and Heat Shock Factors 

 Initiation of HSPs production is one of the fi rst lines of response to heat stress in 
most organisms ranging from prokaryotes to eukaryotes. Both sudden or a grad-
ual raise in temperature enhanced the production of HSPs in plants (Nakamoto 

   Table 5.2    Examples of production of transgenic plants for thermotolerance   

 Genes  Sources 
 Transformed 
plant  Role  References 

 Athsf1   A. thaliana    A. thaliana   Heat shock factor  Lee et al. ( 1995 ) 
 AtHsfA2   A. thaliana    A. thaliana   Heat shock factor  Li et al. ( 2005 ) 
 OsHSFA2e   O. sativa    A. thaliana   Heat shock factor  Yokotani et al. ( 2008 ) 
 HsfA1   S. lycopersicon    S. lycopersicon   Heat shock factor  Mishra et al. ( 2002 ) 
 mtHsp70   O. sativa    O. sativa   Heat shock protein  Qi et al. ( 2011 ) 
 TLHS1   N. tabacum    N. tabacum   Chaperone  Park and Hong ( 2002 ) 
 sHSP   S. lycopersicon    N. tabacum   Chaperone  Sanmiya et al. ( 2004 ) 
 hsp101   A. thaliana    O. sativa   Chaperone  Katiyar-Agarwal et al. 

( 2003 ) 
 AtP5CR   A. thaliana    G. max   Proline synthesis  De Ronde et al. ( 2004 ) 
 HvaPX1   Hordeum 

vulgare  
  A. thaliana   ROS-scavenging 

enzyme 
 Shi et al. ( 2001 ) 

 Cu/Zn SOD   Manihot 
esculenta  

  S. tuberosum   ROS-scavenging 
enzyme 

 Tang et al. ( 2006 ) 

 APX   Pisum sativum  
 GASA4   Zea mays    A. thaliana   ROS scavenging  Ko et al. ( 2007 ) 
 OsAKR1   O. sativa    N. tabacum   Oxidative stress  Turóczy et al. ( 2011 ) 
 AtGRXS17   A. thaliana    S. lycopersicon   Oxidative stress  Wu et al. ( 2012 ) 
 badh   Spinacia 

oleracea  
  N. tabacum   Osmolyte 

production 
 Yang et al. ( 2005 ) 

 pan D   E. coli    N. tabacum   Osmolyte 
production 

 Fouad and 
Rathinasabapathi 
( 2006 ) 

 fad 7   A. thaliana    N. tabacum   Lipid metabolism  Murakami et al. 
( 2000 ) 

 fad 7   A. thaliana    O. sativa   Lipid metabolism  Sohn and Back ( 2007 ) 
 BnTR1   B. napus    O. sativa   Membrane protein  Liu et al. ( 2014 ) 
 OsAREB1   O. sativa    A. thaliana   Transcriptional 

factor 
 Jin et al. ( 2010 ) 

 GmGBP1   Glycine max    N. tabacum   Transcriptional 
factor 

 Zhao et al. ( 2013 ) 

 ZFP177   O. sativa    N. tabacum   Stress-associated 
protein 

 Huang et al. ( 2008 ) 

 OsMYB55   O. sativa   Transcriptional 
factor 

 El-Kereamy et al. 
( 2012 ) 

 Dnak I   A. halophytica    N. tabacum   Salt tolerance  Ono et al. ( 2001 ) 
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and Hiyama  1999 ; Schoffl  et al.  1999 ). HSP’s production and accumulation 
in plants and its thermotolerance are clearly evident from numerous research 
works as reviewed in Bokszczanin et al. ( 2013 ), Singh and Grover ( 2008 ), and 
Wahid et al. ( 2007 ). Similarly, transcription factors regulating the expression of 
different HSPs (heat shock factors, HSFs) are also directly involved in thermo-
tolerance. To date, different genetic engineering work to increase the produc-
tion of different HSFs and HSPs to improve thermotolerance in plant has been 
reported as reviewed in Bokszczanin et al. ( 2013 ), Singh and Grover ( 2008 ), and 
Wahid et al. ( 2007 ). 

 Genetic transformation of  A. thaliana  with different HSFs such as Athsf1, 
Athsf3, and AtHsfA2 under CaMV35S promoter was reported to improve thermo-
tolerance (Lee et al.  1995 ; Li et al.  2005 ; Prändl et al.  1998 ). Similarly enhanced 
thermotolerance was reported in  A. thaliana  expressing transcription factor gene 
OsHSFA2e from  O. sativa  (Yokotani et al.  2008 ). Constitutive expression of hsp101 
gene in  A. thaliana  was shown to respond better to sudden changes in high tempera-
ture than controls (Queitsch et al.  2000 ). Also, when  Arabidopsis  hsp101 gene was 
expressed in  Oryza sativa  under maize Ubi 1 promoter, improved thermotolerance 
was observed (Katiyar-Agarwal et al.  2003 ).  

5.4.3     Genetic Transformation Using Genes Involved 
in ROS Scavenging System 

 ROS produced in response to heat stress mainly causes oxidative damage to cellular 
components. So, different ROS scavenging enzyme systems have been used to 
reduce ROS and to produce thermotolerant plant. For instance, transgenic potato 
( Solanum tuberosum ) plants expressing APX and Cu/Zn superoxide dismutase 
under oxidative inducible promoter (SWPA2) showed increased heat tolerance 
(Tang et al.  2006 ). Similarly, expression of HvAPX1 gene encoding APX under 
constitutive CaMV35S promoter also resulted in signifi cant heat tolerance in 
 A. thaliana  compared to control plants (Shi et al.  2001 ).  

5.4.4     Genetic Transformation Using Genes Involved 
in Synthesis of Different Osmolytes 

 Plants accumulate compatible solutes, low-molecular-weight organic compounds, 
which includes amino acids, quaternary amines, sugars, and polyols under stress 
conditions, especially to osmotic stresses (Gepstein et al.  2005 ). These osmolytes 
have been also known to involve and improve thermotolerance in different ways in 
plants. Therefore, overproduction of such a molecule is another strategy to develop 
plants with improved thermotolerance. For instance, expression of a bacterial 
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 choline oxidase (CodA) gene in  A. thaliana , which increase internal pool (biosyn-
thesis) of glycinebetaine, a quaternary ammonium compound, was reported to have 
more thermotolerance than wild type plant (Alia et al.  1998 ). Betaine aldehyde 
dehydrogenase (BADH) is an enzyme involved in glycinebetaine biosynthesis. 
Tobacco plant with higher level of glycinebetaine after overexpression of BADH 
gene from spinach showed better thermotolerance during young seedlings growth 
(Yang et al.  2005 ). 

 But, the role of such molecules as protecting agent might represent just for one 
species-specifi c adaption and might not be similar for all (Bokszczanin et al.  2013 ). 
For instance, accumulation of proline in response to heat stress has been identifi ed 
as a protective mechanism in some plant types but not all as reviewed by Bokszczanin 
et al. ( 2013 ). In soybean, heat stress and drought tolerance were improved using 
overexpression of  A. thaliana  pyrroline-5-carboxylate reductase (AtP5CR) gene. 
However, overexpression of the Δ(1)-pyrroline-5-carboxylate synthetase 1 
(AtP5CS1) gene which improves the biosynthesis of proline was found to reduce 
the thermotolerance in case of  A. thaliana  (Lv et al.  2011 ).  

5.4.5     Genetic Transformation Using Genes Involved 
in Membrane Fluidity 

 A major effect of heat stress in plants is change in membrane fl uidity. Protein 
denaturation as well as elevated level of unsaturated fatty acids in lipid bilayer of 
biological system cause increase in membrane fl uidity (Savchenko et al.  2002 ). 
Elevated level of enzyme fatty acid desaturases was found to involve in increasing 
membrane fl uidity by catalyzing unsaturation of membrane lipid as reported 
before (Murata  1983 ) in response to low temperature. Similarly, membrane rigid-
ity was reported to increase with increase in saturation of membrane lipids as 
observed in response to high temperature (Thomas et al.  1986 ). The information 
presented above shows the possibility of developing a thermotolerant plant by 
altering the lipid membrane saturation. Lowering of unsaturation by lowering the 
amount of trienoic fatty acids than dienoic fatty acids in chloroplast membrane of 
a transgenic tobacco resulted in better photosynthesis and growth under heat 
stress (Murakami et al.  2000 ). In the above study, they achieved the lower unsatu-
ration of chloroplast by silencing gene for chloroplast omega-3 fatty acid 
desaturase. 

 Plants growth as well as its yield is directly correlated with rate of photosynthe-
sis, which in turn is severely affected by heat stress. One of the causes of photosyn-
thesis inhibition in plant is thermal instability of Rubisco Activase, a chaperone 
protein required for proper functioning of Rubisco. Silencing of Rubisco Activase 
gene in tobacco plants has shown to increase plants’ sensitivity to heat stress than in 
control plants (Sharkey et al.  2001 ). Thus, efforts can be made to develop heat- 
tolerant plant by improving the expression of Rubisco Activase.   
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5.5     Conclusion 

 Crop losses from heat stress have serious economic impacts. It has been estimated 
that heat stress may cause multi-billion dollar crop damage worldwide. Loss in 
agricultural productivity will have other negative consequences in farming sector 
including rise of food prices, and higher cost of livestock production. These effects 
are more pronounced in the developing countries. However, heat stress is inevitable 
and plants have already developed various molecular physiological strategies to 
combat heat stress. There are numerous genes and transcription factors that work in 
synchronized way to produce protective proteins. With the advent of climate change 
and global warming, research on heat stress will become more relevant. 
Understanding modes of heat tolerance in plants will help us to develop better ther-
motolerant food crops. Availability of next generation sequencing technologies will 
help us understand the genomic make up of heat-tolerant plants. High-throughput 
computing tools will help us to identify economically important thermotolerant 
genes. The next step would be genetic modifi cation of plants with thermotolerant 
genes. Transgenic approach to produce thermotolerant plant may not be the answer 
to combat crop loss due to heat stress; however, it is surely one of the options for 
agricultural scientists. 
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