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Abstract

During the past few years, climate change induced by global warming had 
caused the appearance of extreme high temperatures worldwide, which had 
resulted in devastating damage to crop production. High Temperature Stress 
(HTS) is becoming an increasingly significant problem for agricultural production. 
Recent studies have elucidated the complex regulatory networks and versatile 
metabolites involved in HTS tolerance. Here, we provided an overview of 
current knowledge regarding the adverse effect of HTS on plant growth and 
development, the impairment of HTS on photosynthesis and membrane system, 
the role of carbohydrate metabolism, accumulation of osmo-protectants and 
secondary metabolites, the induced production of Reactive Oxygen Species 
(ROSs) and ROS detoxification system, and the synthesis of protective 
proteins like Heat Shock Proteins (HSPs) in HTS tolerance. Furthermore, the 
role of different phytohormones in plant response to HTS were discussed and 
epigenetic modifications are reported to be one of the three major signaling 
pathways associated with HTS response in plants, through the development of 
a ‘stress memory’ that is generated by hypomethylation to improve the plant’s 
survival under recurring HTS conditions. These physiological and molecular 
knowledge underlying plant response to cope with HTS will be helpful for the 
future directions of breeding crop tolerance to HTS using these factors or other 
strategies for agricultural applications.
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overcome the injuries [8]. Plants have evolved various physiological, 
cellular and molecular mechanisms to ensure survival under elevated 
temperatures (Figure 1). The most well-known HTS tolerance 
mechanisms used in long-term phenological and morphological 
evolutionary adaptations and short-term stress avoidance and 
acclimation, are to synthesize osmo-protectants, stress proteins, free-
radical scavengers (antioxidants), ion transporters, factors involved 
in signaling cascades (the production of phytohormones such as 
abscisic acid, and miRNA) [8]. Reactive Oxygen Species (ROSs) 
and ROS detoxification related antioxidants, such as ascorbic acid 
or glutathione and ROS-scavenging enzymes, including Superoxide 
Dismutase (SOD), Ascorbate Peroxidase (APX), Catalase (CAT), 
or Glutathione Peroxidase (GPX); protective molecules like Heat 
Shock Proteins (HSPs) and LEAs, are also involved in plant response 
to HTS. Furthermore, transcriptional control (accompanied by a 
decrease in the synthesis of normal proteins and the accelerated 
transcription and translation of HSPs) are also essential to counteract 
the adverse effects of HTS [5,10]. The negative effect of HTS on 
plant growth and development is achieved in a complex manner 
by disrupting the stability of various proteins, membrane fluidity/
permeability, and cytoskeleton structures in cellular level. Thus, 
various plant physiological processes are negatively affected by HTS, 
such as photosynthesis, primary and secondary metabolism, lipid 
and hormonal signaling [5], and temperature becomes a major factor 
governing the distribution and seasonal behavior of plants.

Introduction
High Temperature (HT) or extended time of High Temperature 

Stress (HTS) induces Heat Stress (HS), which is a critical 
environmental constraint for plant growth and distribution, and a 
major limiting factor for agricultural productivity [1]. The data from 
the fifth report of the Intergovernmental Panel on Climate Change 
predicts an increase of 0.8-4.8 ºC in global mean surface temperature 
within the twenty-first century [2], thus giving serious alarms due to 
its strong effect on plant distribution and survival, and biodiversity [3-
5]. HS is caused by temperatures far exceeding optimal plant growth 
conditions that damages cellular components through mechanisms 
such as membrane fluidization, ROS generation, and protein 
denaturation [5]. Likewise, crop yield will also suffer greatly from 
global warming, resulting in the incapability to sustain a growing 
and more demanding world population [6,7]. The global warming 
will also have significant impacts on the scientific research to adapt 
crop species for high tolerance to HTS, which directly affects the 
yield and quality of crops. Studies show that a 1oC increase of global 
temperature can lead to a 10-20 % decrease in maize production [8].

When higher plants are exposed to more than 5ºC above their 
optimal growing conditions, they will show a characteristic set 
of cellular and metabolic responses required for them to survive 
under the HT conditions [9]. These induced metabolic and cellular 
adjustments during an acclimation period enable plants to endure 
detrimental HTS by reducing the caused damage and help organisms 
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The Adverse Effects of HTS on Plant Growth 
and Development

Being sessile, plants are highly sensitive to small variances 
in environment temperature and will adjust their growth and 
development accordingly. Generally, the observed effects of HTS on 
plant growth depending on species and genotype, with remarkable 
inter- and intra-specific variations. The temperature and duration of 
HTS also varies with plant tissues and development stages, although 
HTS affecting to a certain extent all vegetative and reproductive stages 
[5,11]. The earliest thermomorphogenic effects seen in Arabidopsis 
seedlings in response to HT are elongation of the hypocotyl and the 
petiole of rosette leaves and cotyledons. As these elongations and 
hyponastic growth may operate in concert to sufficiently separate leaves 
from both the soil and each other to assure optimal transpiration and 
leaf cooling under well-watered conditions, by moving the sensitive 
meristematic and photosynthetically active tissues away from heat-
absorbing soil [12]. Other HTS-induced physiological injuries, such 

as scorching of leaves and stems, leaf abscission and senescence, 
shoot and root growth inhibition or fruit premature abscission, and 
consequently the resulted reduction in plant productivity, have also 
been observed [8,11,12]. HTS induces changes in respiration and 
photosynthesis and thus leads to a shortened life cycle and reduced 
crop plant productivity, as sexual reproduction and flowering, in 
particular pollen viability and seed-setting, have been recognized as 
extremely sensitive to elevated temperature [1,5]. Studies show that 
HTS during seed development stage may result in quality reductions 
in starch, protein, and total oil yield in several crop species [13], 
and also result in reduced germination and loss of vigor, leading to 
reduced emergence and seedling establishment as continuing HTS 
can halt further development of the embryo [14,15]. Moreover, HTS 
cause many temperate cereal crops with a decline in both grain weight 
and grain number directly proportional with increasing temperatures 
during flowering and grain filling [16]. It is reported that HT during 
wheat reproductive development reduces water-use efficiency, and 
hastens the decline in photosynthesis and leaf area, decreases shoot 

Figure 1: Schematic illustration depicting High Temperature Stress (HTS) induced activation of ROSs, phytohormone and other signals and tolerance response 
related physiological pathways in plants. HTS affects membrane fluidity, ion homeostasis, phytohormone homeostasis; decreases chlorophyll content, reduces 
maximum photochemical efficiency of Photosystem II (PSII) and inactivate Rubisco; and finally induces ROSs production. These disturbed signaling pathways 
reduce photosynthesis, primary and secondary metabolism and induce synthesis of ROS-scavenging enzymes, including Superoxide Dismutase (SOD), 
Ascorbate Peroxidase (APX), or Glutathione Peroxidase (GPX), et al; osmo-protectants (sugars, proline, glycine betaine ), free-radical scavengers (antioxidants), 
ion transporters and secondary metabolites such as phenolics including flavonoids, anthocyanins, carotenoids, acetylcholine that play important roles in plant 
responses to HTS; HTS also modulates the stress responsive TFs such as DREB and HSF and causes an accumulation of HSPs, LEA and other stress responsive 
genes, all these ultimately contribute to long-term adaptions of plants to HTS. Signaling factors like SiRNA and miRNA are known to involve in plant’s HTS response 
by directing sequence-specific demethylation of stress responsive genes and activation of DNA demethylases, these histone modifiers and chromatin remodelers 
can generate an epigenetic memory to improve the plant’s survival under recurring HTS conditions, through the transient activation of repetitive elements or 
silenced clusters in the centromeric regions. hv, Light.
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and grain mass as well as weight and sugar content of kernels, thus 
alters nutritional quality of flour [1,17].

HTS Impairs Photosynthesis and Disrupts 
Membrane System

In plants, tissue senescence is one of the typical HTS symptoms, 
with the feature of membrane damage (including damage of the 
thylakoid membrane and chlorophyll loss), increased fluidity of 
membrane lipids, lipid peroxidation, and protein degradation in 
various metabolic processes [7]. Membranes are the most sensitive 
targets of HTS, as the membrane system is critical for sensing 
environmental change, signal transduction and substance metabolism, 
and the thylakoid membranes are the site for light reactions in 
photosynthesis. Photosynthetic activity is one of the most heat-
sensitive cellular functions, and HTS disrupts thylakoid membranes 
and decreases photosynthesis. The observed decreased photosynthetic 
rate under HTS is caused by an interplay between thylakoid 
membrane damage and thylakoid membrane lipid composition or 
oxidative damage of cell organelle [18,19]. At cellular level, HTS 
may affect membrane integrity, fluidity and electron transport 
rate, damage chloroplasts and mitochondria, decrease Chlorophyll 
content, reduce maximum photochemical efficiency of Photosystem 
II (PSII) and inactivate Rubisco [8,11,12]. HTS induced disorganized 
thylakoids with reduced thickness of grana stacking, decreased size 
of starch granule and increased numbers of plastoglobules and 
empty mitochondria were observed in grape leaves [20]. Chlorophyll 
a:b ratio is suggested to be related to thermotolerance as increased 
chlorophyll a:b ratio is observed in the tolerant genotypes under 
HTS [21]. Triacylglycerol levels were increased, polar lipid fatty 
acyl unsaturation was decreased, while triacylglycerol unsaturation 
was unchanged under HTS, indicating increases in activities of 
oxidizing, glycosylating and acylating enzymes under HTS. Thus, the 
composition of membrane lipid species (polar lipids, triacylglycerol, 
oxidized lipids and acylated galactolipids), ultrastructure of cell 
organelles and the related oxidants and antioxidant enzyme activity 
are the basis of the mechanisms underlying tolerance or susceptibility 
to HTS. Membrane lipid composition is important for temperature 
tolerance or susceptibility, as membrane lipid saturation can maintain 
membrane stability, function and chlorophyll content, and the 
ability to sustain leaf gas exchange under HTS that are essential for 
a sustained photosynthetic and respiratory performance and directly 
correlated with HTS tolerance [22]. Studies reveal that tolerant wheat 
genotypes are characterized with maintenance of photosynthesis, 
chlorophyll content, and stomatal conductance under HTS, resulting 
in maintained yield with higher seed set, grain weight, and extended 
Grain Filling Duration (GFD) even at elevated temperatures [21]. The 
decreased seed-set, grain number, grain filling duration, grain filling 
rate and individual grain weight were observed in wheat under HTS 
during the reproductive stage [23].

An Appropriate Carbohydrate Content is 
Beneficial for HTS Tolerance

One of the most important features of HTS during grain filling is 
inhibition of starch and sucrose synthesis, as HT modifies the activities 
of carbon metabolism enzymes, starch and sucrose synthesis, by 
down-regulating specific genes in carbohydrate metabolism [24]. So 
high carbohydrate availability (glucose and sucrose) during HTS acts 

as an important physiological trait associated with HTS tolerance. As 
the principal end product of photosynthesis, sucrose and its cleavage 
products regulate plant development and response to external stresses 
through carbon allocation and sugar signaling [25]. Studies show that 
high cell wall and vacuolar invertases activities and increased sucrose 
importation contribute to heat tolerance by increasing sink strength 
and sugar signaling activities [5]. HTS down-regulates sucrose 
synthase and several cell wall and vacuolar invertases in the developing 
pollen grains, leading to disrupted sucrose and starch turnover and 
reduced levels of soluble carbohydrates. Therefore, maintaining an 
appropriate carbohydrate content under HTS is an important factor 
in determining pollen quality [26]. In addition, sugars also act as 
antioxidants and signaling molecule at low concentrations, and 
becomes a ROS scavenger in high concentrations in plants [27,28].

Osmo-Protectants Accumulation is an 
Important Adaptive Mechanism for Plants 
Under HTS

Accumulation of osmo-protectants, such as the primary 
metabolites including proline, glycine betaine, and soluble sugars like 
glucose and sucrose, is an important adaptive mechanism for plants 
under HTS [29], as these osmolyte produced under HTS participate 
directly in the osmotic adjustment, by increasing protein stability, 
stabilizing the structure of the membrane bilayer [30,31], regulating 
osmotic activities and protecting cellular structures from increased 
temperatures by maintaining the cell water balance, membrane 
stability and buffering the cellular redox potential [32]. Besides, 
other osmolytes, such as sugar alcohols (polyols), or tertiary and 
quaternary ammonium compounds are also reported to accumulate 
in many plant species under HTS [33]. Transgenic studies have 
confirmed that enhanced proline production in transformed plants 
correlates well with a more negative leaf osmotic potential and 
higher production of protective xanthophyllic pigments under HTS 
[34]. As the chloroplast stroma and the thylakoid membrane system 
are considered the primary sites of heat injury [14], photosynthesis 
and the enzymes of the Calvin–Benson cycle, especially ribulose 
1,5-bisphosphate carboxylase (Rubisco) and Rubisco activase, are 
very sensitive to increased temperature and are severely inhibited 
even at low levels by HTS. Glycine betaine, produced in chloroplasts, 
can act as compatible solute and maintain the activity of Rubisco by 
preventing its thermal inactivation [35]. It is reported that high levels 
of glycine betaine accumulate in maize and sugarcane under HT, 
while no glycine betaine is naturally produced in rice, Arabidopsis, 
and tobacco under stress conditions [36,37].

Secondary Metabolites also Play Important 
Roles in Plant Responses to HTS

In addition to the above-mentioned primary metabolites 
(soluble sugars like glucose and sucrose and proline, glycine 
betaine) and other osmo-protectants that play important roles in 
plant response to HTS, secondary metabolites such as phenolics 
including flavonoids, anthocyanins, carotenoids, acetylcholine and 
plant steroids are also play important roles in plant responses to 
HTS [38]. Enhanced synthesis of secondary metabolites under HTS 
can protect plants against oxidative damage. The accumulation of 
phenolics by activating their biosynthesis as well as inhibiting their 
oxidation in plant, could be an acclimation mechanism for plant 
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against thermal stress. Accumulation of soluble phenolics, increased 
Phenylalanine Ammonialyase (PAL) activity, and decreased 
peroxidase and polyphenol oxidase activity are found in tomato 
under thermal stress [39]. In addition, anthocyanin plays a role in 
UV screening, and anthocyanin accumulation under HTS serves to 
decrease leaf osmotic potential, accompanying an increased uptake 
and reduced transpiration loss of water [40]. Carotenoids are also 
known to protect various plant species from several stresses, for 
example, xanthophylls and some other terpenoids, such as isoprene 
or tocopherol, can stabilize and photo-protect the lipid phase of the 
thylakoid membranes, thus enable the leaves to respond quickly to 
changing environmental conditions, like HTS [41]. The acetylcholine 
(Ach)-mediated system is reported to have an important role 
in signal transduction under various stress in plants. ACh, ACh 
receptor (AChR), and AChE are the three components of this system. 
Transgenic studies indicate that AChE plays a positive role in maize 
heat tolerance and native tropical zone plants also show high AChE 
activity under HTS [42].

HTS Induces Production of ROS and Free-
Radical Scavengers (Antioxidants)

Similar to other abiotic stresses, HTS increases production of 
ROSs, including superoxide radical (O2

−) and hydrogen peroxide 
(H2O2), and increases lipid peroxidation, causes membrane damage, 
and invokes oxidative stress responses [43,44]. Extended time of 
HTS also induced cell organelle and membrane damage, reduced 
antioxidant enzyme activity, and imbalance between ROS and 
antioxidant defense system. As a symptom of cellular damage, the 
production of injurious ROSs is also associated with the detrimental 
effects of heat on chlorophyll and the photosynthetic apparatus, where 
membrane lipids and pigments peroxidation compromise membrane 
permeability and function, thus hindering metabolic activities and 
affecting plant growth and yield [45]. ROS/redox signaling networks in 
the chloroplast and mitochondria are important for plant adaptation 
to abiotic stresses, and associate with the complex interplay between 
organelles homeostasis and different cellular components under stress 
conditions, by regulating those essential processes like transcription, 
translation, energy metabolism, and protein phosphorylation [46]. 
Likewise, ROSs directly cause cellular damage on multiple levels, 
and results in reduced power and energy production by impairing 
mitochondrial and chloroplast electron transport chains associated 
with carbon metabolism. Besides, ROS acts as molecular signals to 
control gene expression and influence essential processes such as 
growth and development, Programmed Cell Death (PCD), abiotic 
stress responses, and pathogen defense [47].

ROS detoxification is important for cellular survival as oxidative 
damage to membranes could disrupt membrane stability under 
various stresses, in order to protect themselves from the damaging 
effects of ROS, plants have to synthesis various antioxidant 
components, which can be found in almost all cellular compartments 
[48]. Antioxidants such as ascorbic acid or glutathione and ROS-
scavenging enzymes such as SOD, APX, CAT, or GPX are essential 
for ROS detoxification under stress. Elevated temperatures decrease 
the activities of antioxidant enzymes like SOD, CAT and Peroxidase 
(POX), while higher levels of various antioxidants can be found in 
tolerant plants [44,49]. The expression of APX gene family member 

is responsive to HTS and regulated by Heat Shock Factor (HSF), 
therefore links the HTS response with oxidative stress and stress 
tolerance [50].

The Protection Role of Stress Proteins in 
HTS Tolerance

At cellular levels, HTS not only directly disrupts ion and osmotic 
homeostasis, affects photosynthesis, alters enzymatic and non-
enzymatic defense systems, but also disturbs the pool of molecular 
chaperones involved in maintaining protein homeostasis and 
stabilizing DNA. Chaperons are a specific class of proteins that 
are capable of assisting other proteins in proper post-translational 
folding and in maintaining them in a functional state [51]. ROS 
production induces to the transduction of the heat signal and 
synthesis of protective molecules, like HSPs. HSPs are the most well-
known chaperons that regulate cellular signaling, protein folding, 
translocation, and degradation under normal growth conditions, 
while they prevent protein misfolding and aggregation and also 
protect cellular membranes under HTS, as HTS usually causes the 
newly synthesized proteins to be misfolded and the existing proteins 
to be denatured, and HSPs can provide protein thermostability. As 
important molecular chaperones, the HSPs play an important role in 
thermotolerance by binding the denatured proteins caused by HTS, 
and promoting protein disaggregation and maintenance of protein 
homeostasis. HSPs production is increased when plants experience 
either abrupt or gradual increases in temperature [52,53]. For instance, 
HSPs accumulation is reported to associate with heat tolerance in rice, 
a higher accumulation of HSPs is revealed in the most tolerant rice 
genotype, compared to the heat sensitive rice genotype, suggesting 
higher HSPs accumulation might confer greater heat tolerance in 
rice [54]. HSP101 is reported to involve in heat tolerance responses 
of reproductive tissues through stabilizing Rubisco isoforms and 
improving photosynthesis and protect reproductive development. 
Heat Shock Factors (HSFs) are activators for the transcription of 
HSPs, their regulation may be achieved by a single “master switch” 
HSF or by working cooperatively with several other HSFs, depending 
on the plant species, resulting in the considerable variation in 
expression pattern of HSP gene in different species and even among 
genotypes within one species [55]. HSFA3 is an important HTS-
responsive Transcription Factor (TF), whose expression is positively 
regulated by Dehydration-Responsive Element Binding Protein2A 
(DREB2A). HSFA3 interacts with Nuclear Factor Y (NF-YA2, NF-
YB3) before its binding to DNA polymerase II and to regulate the 
HTS-induced overexpression of HSPs, thereby maintaining/restoring 
protein homeostasis under HTS [56].

Late Embryogenesis Abundant (LEA) proteins, ubiquitin, and 
dehydrins have been also reported to associate with protection from 
heat and drought stress. For example, LEA proteins can prevent 
aggregation of the citrate synthase (involved in ATP production) from 
desiccating conditions like heat and drought stress [57]. Similarly, 
ubiquitin and conjugated-ubiquitin synthesis at the beginning of HTS 
is also associated with heat tolerance in mesquite and soybean [58].

Different Roles of Phytohormones in HTS
Several studies revealed that the key defense-related 

phytohormones like ABA, Salicylic Acid (SA), and Ethylene (ET) 
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increase their levels under HTS, while the levels of the growth-related 
phytohormones like Cytokinin (CK), auxin, and Gibberellic Acids 
(GAs) decrease, these fluctuations ultimately cause plant senescence 
under HTS [59,60]. The increased ABA and ET levels and reduced 
levels and transport of AUXs are known to cause the premature 
abscission of reproductive organs, which is an important effect of 
HTS [61]. It is generally accepted that the ability to synthesize ABA 
under HTS is critical for the higher heat tolerance of plant cells [62] 
and ABA induction is an important component of thermotolerance 
and it can be used in survival under heat and desiccation stress in the 
field [63]. ABA plays a role in the thermotolerance response as ABA-
deficient and -insensitive mutants are sensitive to HTS, and ABA has 
been noted to induce thermotolerance in maize [64]. SA synthesis 
and SA signaling also involve in heat response, as Arabidopsis 
SA signaling defective mutant was revealed to increase basal heat 
tolerance with SA pretreatment, whereas the transgenic plants 
without SA accumulation show up to 40% reduction in tolerance 
to heat [65]. SA has also been reported to induce heat tolerance 
in tomato by upregulating the synthesis of total phenolics and the 
activities of EDS5 (enhanced disease susceptibility 5) and PAL genes.

An altered AUX biosynthesis in developing anthers is suggested 
to associate with pollen sterility, as auxin signaling was reported 
to be repressed by HTS in an anther-specific manner in barley and 
Arabidopsis, thus leading to abortion of pollen development, and 
auxin promotes fertility under HTS, as applying exogenous auxin 
could entirely restore pollen development under HTS [66]. In 
addition to auxin, both Brassinosteroids (BR) and Gibberellins (GA) 
contribute to high-temperature-induced hypocotyl elongation, auxin 
interacts synergistically with BRs, and a highly active BR pathway may 
enable seedlings to be sensitive to the temperature-induced increase 
in auxin levels [67]. In tomato and Arabidopsis, brassinosteroids 
also confer tolerance to HTS by inducing the biosynthesis of major 
HSPs [68,69], and epibrassinolide treatment results in higher HSPs 
synthesis and rapid resumption of protein synthesis during and 
following the application of HTS in Arabidopsis and rapeseed [70]. 
Similarly, CKs are known to have the potential to reduce oxidative 
stress in plants. In order to increase thermotolerance and keep yield 
stability, it is important for the crop systems to maintain high levels of 
CKs in the kernels during HTS, as CK content variation could reduce 
kernel filling in cereals [71]. Foliar application of seaweed extract-
based CK could increase leaf CK content and delay senescence of 
Agrostis sp. under heat and drought stress [72].

Both Gibberellin (GA) biosynthesis and signal are required but not 
sufficient for the thermomorphogenesis, the major GA biosynthesis 
genes AtGA20ox1 and AtGA3ox1 were up-regulated, whereas 
the prominent catabolism gene AtGA2ox1 was down-regulated 
in Arabidopsis seedlings subjected to elevated temperatures [67]. 
Phytochrome Interacting Factors (PIFs), which is a class of bHLH 
transcription factor, have been reported to involve in HTS signaling 
mechanisms. PIFs play a regulatory role in photomorphogenesis, 
skotomorphogenesis, and regulation of hormone levels, like 
AUX, GA and ABA [8,73]. PIF4 has emerged as a critical player in 
regulating phytohormone levels and their activity. GA pathway is 
more active under HTS, putatively due to the release of DELLA-
dependent PIF4 sequestering induced by the increased GA levels, 
as GA presence results in degradation of growth-repressive DELLA 

proteins, thus releases DELLA-mediated repression of BZR1 and 
ARF6 to allow BAP-module function and subsequent induction of 
hypocotyl elongation [74].

Epigenetic Modifications in Response to 
HTS

Epigenetic modifications (such as DNA and histone methylation) 
play critical role in the transcriptional and post-transcriptional 
regulation of gene expression and plant growth and development in 
response to dynamic environments [75]. Epigenetic modifications 
have been reported to involve in response to abiotic stresses in 
crop species, as plants have to activate or suppress a subset of 
heat-regulated genes for sustaining and adaptation to HTS [53]. 
The methylation, acetylation, phosphorylation, ribosylation, 
and ubiquitination of histone are the most frequently occurred 
posttranslational modification that influence the gene expression. 
The well-known major epigenetic marker of open chromatin 
organization and gene activation are H3K4me2 and H3K9ac [76]. 
Recently, small RNA-mediated epigenetic modification of histone 
proteins [56] has been reported to be one of the three major signaling 
pathways associated with HTS response in plants, in addition to 
Ca2+-dependent signaling that leads to the activation of Dehydration-
Responsive Element-Binding Proteins (DREBs) and HSPs, and the 
HTS-induced transcriptional regulation of HSP families and their 
activator, HSF [77]. Small interfering RNAs (siRNA) and micro 
RNAs (miRNAs) are known to involve in plant’s HTS response by 
directing sequence-specific demethylation of stress responsive genes 
and activation of DNA demethylases, these histone modifiers and 
chromatin remodelers can reprogram the plant’s phenology to retain 
stress memory [78]. HTS could induce the transient activation of 
repetitive elements or silenced gene clusters close to the centromeric 
regions, the transient loss of epigenetic gene silencing [79,80], thus 
overcome gene silencing mechanisms associated with transcriptional 
repression by hetero-chromatinization of repetitive DNA regions in 
plants [81].

Therefore, epigenetic modifications are suggested to involve 
in the development of a ‘stress memory’ to regulate plant’s innate 
immunity under HS. HSFA2 involves in modulating histone/
chromatin modification by recruiting histone methyltransferase to 
HS loci, resulting in hypomethylation of histone H3 lysine 4 (H3K4) 
and Histone H2 variant (H2A.Z). H2A.Z nucleosomes wrap DNA 
more tightly, which represses the ability of RNA polymerase (Pol) II to 
transcribe genes in response to temperature. The hypomethylation of 
H2A.Z removes the repression effect and initiation the transcription 
of temperature-responsive genes. Variations in histone modifications 
and a dramatic reduction in the number of nucleosomes associated 
with DNA, and reduction of nucleosome density throughout the 
genome could be observed in plant under HTS [82]. Thus, an 
epigenetic memory could be generated by hypomethylation to 
improve the plant’s survival under recurring HTS conditions, through 
the transient activation of repetitive elements or silenced clusters in 
the centromeric regions [83]. These epigenetic marks could actively 
reprogram the plants’ physiology to the basal level, once the stress is 
relieved.

Thermomorphogenesis induced by auxin is useful to facilitate 
cooling under unfavorable HT for many plants. The chromatin-
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modifying enzyme Histone Deacetylase 9 (HDA9) is stabilized in 
response to HT and mediates histone deacetylation at the YUCCA8 
locus, YUCCA8 is a rate-limiting enzyme for auxin biosynthesis. 
HDA9 induces net eviction of the H2A.Z histone variant from 
nucleosomes associated with YUCCA8, allowing binding and 
transcriptional activation by PIF4 and auxin accumulation [84]. In 
maize seedlings, HTS is observed to induce increased electrolyte 
leakage and hydrolytic activity of the plasma membrane and 
ROS, decondensed ribosomal DNA (rDNA) chromatin and the 
accompanied genome-wide increase of histone H3K4me2 and 
H3K9ac level and increase of HSF and rRNA gene expression [85]. 
Moreover, HT could result in transcriptional repression of genes 
associated with cell growth, such as histones and DNA polymerases 
and deregulation of DNA methylation and transposon activation 
[86].
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