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Plant productivity is being seriously compromised by climate-change-induced
temperature extremities. Agriculture and food safety are threatened due to
global warming, and in many cases the negative impacts have already begun.
Heat stress leads to significant losses in yield due to changes in growth pattern,
plant phonologies, sensitivity to pests, flowering, grain filling, maturity period
shrinkage, and senescence. Tomato is the second most important vegetable
crop. It is very sensitive to heat stress and thus, yield losses in tomato due to
heat stress could affect food and nutritional security. Tomato plants respond to
heat stress with a variety of cellular, physiological, and molecular responses,
beginning with the early heat sensing, followed by signal transduction,
antioxidant defense, osmolyte synthesis and regulated gene expression.
Recent findings suggest that specific plant organs are extremely sensitive to
heat compared to the entire plant, redirecting the research more towards
generative tissues. This is because, during sexual reproduction, developing
pollens are the most sensitive to heat. Often, just a few degrees of temperature
elevation during pollen development can have a negative effect on crop
production. Furthermore, recent research has discovered certain genetic and
epigenetic mechanisms playing key role in thermo-tolerance and have defined
new directions for tomato heat stress response (HSR). Present challenges are to
increase the understanding of molecular mechanisms underlying HS, and to
identify superior genotypes with more tolerance to extreme temperatures.
Several metabolites, genes, heat shock factors (HSFs) and microRNAs work
together to regulate the plant HSR. The present review provides an insight into
molecular mechanisms of heat tolerance and current knowledge of genetic
and epigenetic control of heat-tolerance in tomato for sustainable agriculture
in the future. The information will significantly contribute to improve breeding
programs for development of heat tolerant cultivars.
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Introduction

Crop plants during their entire period of growth, from
germination to maturation are inevitably challenged to a drove
of abiotic stress factors inflicting a serious threat to their
productivity. Being sessile, most plants are often confronted
with one or multiple stress factors at a same time. Abiotic stress
factors comprise extremities of temperature, salinity, pH, and
drought. Tomato crop, in particular, is more vulnerable to heat
stress because of its ability to set fruits only at a specific
temperature range (Janni et al., 2020). Different abiotic stress
factors, either independently or in combination often have a
universal commutual impact over the physiological,
morphological, biochemical and molecular pathways inducing
cellular damages to crops and adversely affecting the growth,
productivity, and ultimately the yield of tomato (Zinn et al,
2010). Among different abiotic stress factors, drought and heat
represents a common example of stress factors which not only
occurs simultaneously but also perniciously impacts the overall
growth and productivity (Jiang and Huang, 2001). Studies
suggests that most of the plants subjected to combination of
drought stress (DS) and heat stress (HS) exhibited significant
detrimental effects compared to their individual occurrence
(Fahad et al, 2017). Amid the upsurging global warming
apprehending a major risk to agricultural productivity, high
temperature has emerged as a major yield limiting stress and
threat to global food security. Temperature fluctuations usually
disturb the natural growth and reproduction of plants and could
mutilate molecular interactions required for normal growth and
development (Zhao et al, 2020). Extreme temperature has
already resulted in a contravening impact over global
agriculture productivity, and adversely affects crop plants in
numerous ways leading to quality and yield related losses to the
farmers (Janni et al., 2020).

Cultivated tomatoes (Solanum lycopersicum L.) are the
members of Solanaceae family, which includes more than 3000
species from both the Old and New Worlds (Knapp, 2002). A
wild relative of cultivated tomato species, the cherry tomato
(Solanum lycopersicum var. cerasiforme), was first discovered in
South America and Mexico (Bai and Lindhout, 2007). It is not
uncommon to find a large diversity of genetic variation among
tomato species, particularily among self-incompatible wild
species such as S. peruvianum and S. chilense. This prompted a
reassessment of tomato phylogeny and integration of the genus
Lycopersicon into the Solanum, which now includes the only
domesticated species, S. lycopersicum and other wild relatives
(Peralta et al., 2006).

According to FAOSTAT, globally 186.821 million tonnes of
tomatoes were produced on 5,051,983 hectares in 2020 (FAO,
2022). This wonder fruit is packed with powerful
phytochemicals that protect the body against many chronic
degenerative diseases. Tomatoes are good source of vitamins
like retinol and ascorbic acid, phenolic compounds, o.- and B-
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carotene, lycopene, as well as glycoalkaloids like tomatine. In
tomatoes, it is observed that the phyto-constituents remain
bioavailable even after routine cooking, making them even
more advantageous for our health. Moreover, World
horticultural production is led by tomato production, which
ranks among the most promising commodities. In spite of this,
tomato yields generally remain low due to high temperature.
Temperatures are frequently high in some regions of the world,
causing tomato crops to suffer a lot. Being a widely cultivated
fruit crop, even a slight increase in temperature may result in
extreme production losses at the global level (Ayenan
et al., 2019).

The susceptibility of tomato to HS is often a stage-specific
phenomenon, and might vary from vegetative to reproductive
stages of the same plant (Nievola et al., 2017). Many cultivated
species may not reproduce successfully if they experience even a
single hot day or cold night during the short period immediately
following fertilization. The observed impact of HS also varies in
different genotypes within species. In most of the crops including
tomato, elevated temperature mainly interrupts with
mechanisms concerned with the germination and viability of
pollen grains (Zinn et al., 2010). To avoid such circumstances,
plants have evolved certain in-built mechanisms to cope with the
damaging effects of high temperature stress such as development
of dehydrated embryos that could remain dormant within seeds
for longer duration and development of dehydrated pollen
grains within pollen tubes (Raja et al, 2019). In light of the
fact that most of our food supply is the result of sexual
reproduction in flowering plants, understanding how different
plants handle stress during their reproductive or gametophytic
phase is critical for managing the future of agricultural
productivity (Zinn et al., 2010). Hence, to maximize
agricultural productivity, it is necessary to identify weak links
during sexual reproductive stages of plants. Heat stress tolerance
may be defined as the competence of plants to survive and
sustain usual growth and yield under high temperature (Janni
et al., 2020). HS causes multi-dimensional and often irreversible
damage to plants leading to unusual growth and development,
reduced economic yield, and altered biochemical, morphological
and physiological processes of plants such as early senescence,
dying and scorching of leaves and stems, leaf abscission,
sunburned aerial parts, growth inhibition, fruit discoloration
and reduced quality etc. (Zhao et al., 2020) Though the
aftermaths are many, HS generally have concomitant effects
on shoot net assimilation rates and total dry weight of plants
thereby leading to reduced plant productivity (Figure 1).

At elevated concentrations, HS causes reactive oxygen
species (ROS) to be produced, which can cause severe
oxidative damage to cells and possibly, death (Frank et al,
2009a). The increased ROS levels have been shown to play a
role in triggering various transcriptional changes (Kotak et al,
2007). In addition to attenuating the effects of oxidative stress
caused by abiotic stresses, ROS may also influence biotic stress-
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FIGURE 1

Heat stress impacts over plant physiological, biochemical, growth and yield. The effects of heat on plant growth can be seen on a
morphological, physiological, metabolic as well as molecular level. However, plants have developed several mitigation strategies to combat the
physio-morphological, biochemical and molecular changes posed due to heat stress. Under heat stress, plants’ immunity is also boosted. Plants
can adopt ‘avoidance’ and ‘tolerance’ mechanisms to mitigate the challenges caused due to high temperature stress.

induced programmed cell death (PCD). In order to tailor the
specific mechanisms to adapt to HS, the ROS could be coupled to
other pathways such as Ca®" signaling, kinase cascades, and
hormone signals (Suzuki and Katano, 2018). As a consequence
of HS, a large number of heat-shock proteins (HSPs) are
produced, many of which are chaperones, and it has
traditionally been suggested that protein denaturation causes
HSP induction by HS (Scharf et al., 2012b). Recently, many HS
sensors have been reported in several plants (Liu and Howell,
2016). Heat stress can also inhibit plant growth by affecting
several molecular signaling pathways. The MAPK, ABF/bZIP,
Ca2+-CBL-CIPK and CBF/DREB signaling pathways are among
the most important signaling pathways involved in plant growth
and acclimation to major abiotic stresses. Besides these, nitric
oxide (NO) signaling can also be regarded as a very important
aspect during stress responses in plants. Pollen-pistil
interactions and pathogen defense have been shown to be
influenced by NO signaling (Serrano et al, 2015). A pollen-
derived NO have been reported to function to decrease the
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accumulation of H202 in papilla cells (Traverso et al., 2013;
Serrano et al., 2015). Similarly, pollen tube elongation has also
been reported to be influenced by the crosstalks between Ca**
and NO signaling (Domingos et al., 2015). Therefore, in order to
fully comprehend how plants respond to heat-stress, we must
gain a deep understanding of how HS affects biochemical
pathways, and decipher molecular pathways involved in heat-
stress signaling.

Experimental studies on plants response to HS began in
nineteenth century; however, analysis of cellular responses by
HS induced alterations in the gene activities of polytene
chromosomes of fruit fly Drosophila was the major
breakthrough in this area (Ritossa, 1962). The study also
exposed the highly conserved components of a general HS
response mechanism which further laid the foundation for
stress response studies throughout the prokaryotic and
eukaryotic systems. However, until today even after over fifty
years, uncovering various interconnected mechanisms leading to
acquisition of thermo-tolerance in plants is a big challenge to the
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living world to achieve sustained growth and crop productivity
under fast global climatic changes. Although the plants respond
to HS in different ways, here we shall focus on molecular aspects
and transcriptional reprogramming for counteracting the
damage caused due to HS in crop plants. Recent advances in
genome-wide analyses have revealed complex regulatory
networks that control global gene expression, protein
synthesis, chromatin modifications and metabolite
composition under HS, which will be explored in the
next section.

Heat stress response in vegetative
vs. reproductive stages

Breeding heat-tolerant crops is in high demand due to the
insufficient adaptations to high temperatures in crop plants. The
reproductive phase in flowering plants is one of the most
vulnerable phases to heat stress; even one single hot day may
bring about fatal effects on reproduction due to late flowering
and inadequate seed set (Zinn et al., 2010). In tomato, heat stress
tolerance is a quantitative trait. The study of sexual reproduction
during stress conditions is quite challenging because the
development of gametes and their fertilization take place
rapidly but in a short time frame (Larkindale and Vierling,
2008). High temperature may lead to reduced fertility and flower
abortion during inflorescence development (Luo, 2011). It has
been found that high temperatures during meiosis and
fertilization are associated with reduced fertility. Heat stress
during flowering leads to a reduction in viable and
germinating pollens in the male reproductive organs by
reducing pollen development (Zinn et al., 2010). Several
studies in tomato have shown that pollen development best
starts at a temperature 21-25°C and enabled tomato plants to
start fruit set (Kakani et al., 2005), but a higher temperature
(above 29°C) caused male sterility due to insufficient pollen
development (Frank et al., 2009b; Raja et al., 2019).

In contrast to male reproductive tissues, female
gametophytes are more tolerant to high temperature stress
(Driedonks et al, 2016). A temperature stress effect can be
seen in the structure and function of corollas, carpels, stamens,
as well as reduction in the number and size of floral organs
(Morrison and Stewart, 2002). Overall, temperature stress may
have a direct impact during the development of male and female
gametes. Various reproductive stages during micro- and mega
gametophyte development such as pollen germination, viability,
growth, maturation, pollen tube growth, fertilization and
embryo development are adversely affected by high
temperature leading to improper fruit and seed development
(Young et al., 2004; Raja et al., 2019).

Studies on tomato plant response to HS during vegetative
and reproductive stages are expanding the horizons by
availability of latest reports on the involvement of stage-
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specific transcriptomic studies and stress-regulated evaluations
of gene expression during micro- and mega gametophyte
development at transcriptional and post-translational levels
(Keller et al.,, 2017). Besides the gene expressions, organ and
stage-specific proteome profiles under HS have also been
analyzed and reviewed in several crops including tomato
(Kosova et al., 2011; Krasensky and Jonak, 2012).
Furthermore, genetic engineering has demonstrated the
significance of certain factors in conferring thermo-tolerance,
and the accumulation of organ-specific proteins and metabolites
during HS in heat-tolerant genotypes (Grover et al., 2013). A
variety of post-translational modifications (PTMs) are also
involved in adapting to HS. However, the correlation between
transcripts, proteome and metabolites levels in heat stressed
plant samples is often poor. This may be the result of alternative
splicing, metabolite stability, compartmentalization and/or
various post-transcriptional and post-translational
modifications occurring inside plant cells (Hirayama and
Shinozaki, 2010).

Genetic regulation of tomato HSR

Researchers have long studied the physiological mechanisms
behind HSR and thermo-tolerance (Prasad et al., 2017).
However, the genetic mechanisms underlying plant HSR and
identification of genes, QTLs and transcription factors (TFs)
associated with heat stress tolerance in plants have advanced
considerably in the recent years. Production of plants possessing
HS-responsive genes via next-generation breeding strategies,
and validating those plants on cutting-edge phenotyping
platforms allows us to fully understand the role of HSR genes
and develop more heat-tolerant cultivars (Janni et al.,, 2020).
Generally, the genetic mechanisms regulating a plant’s response
to high temperature stress are accompanied via physio-
morphological acclimatization, acquisition of basal and
acquired thermo-tolerance, modulation of plants immune
response due to high temperature, and coordination of its
biological circadian clock.

In tomatoes, remarkable harms can be caused by higher
temperatures such as pre- and post-harvest, including burning of
twigs and leaves, sunburn, stems, branches, abscission of leaves,
preventing shoots and roots from developing, discoloration of
fruit, and diminished production. Physio-morphological plant
adaptations during high temperature stress mainly includes
hypocotyl and petiole elongation, leaf hyponasty, and early
flowering by promoting the accumulation of phytohormones
such as auxins, gibberellin and brassinosteroids (Gray et al.,
1998; Balasubramanian et al., 2006; Koini et al., 2009; Stavang
et al,, 2009). There are about 21 heat stress transcription factors
(Hsfs) involved in tomato thermo-tolerance. There are two heat
stress transcription factors in tomato, HsfA2 and HsfB1, but
HsfAl is the main controller of the heat shock response, as it
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regulates heat stress transcription at the transcriptional level
(Scharf et al., 1998; Mishra et al., 2002). Specific interaction of
HsfAl and HsfA2 is reported to have synergistic activation of
HSR in tomato (Chan-Schaminet et al., 2009).

As the ambient temperature rises, a tomato PIF4 gene
playing a key role in acclimation to elevated environmental
temperatures is transiently expressed and binds to the promoters
of auxin biosynthesis genes in a temperature-dependent manner
(Sun et al, 2012). Other than PIF4, MADS-box genes Short
Vegetative Phase (SVP) and Flowering Locus M (FLM)/Mads
Affecting Flowering (MAF) 1-5 also determine flowering time in
response to temperature fluctuations (Balasubramanian et al.,
2006; Lee et al., 2007).

Like any other organism, plants possess an inbuilt intrinsic
mechanism of tolerance to HS known as basal thermo-tolerance,
which is based on their inherent ability to cope with high
temperature exposures and allow them to survive and
acclimatize with the damaging effects of HS. Apart from this,
they also possess ability to acquire certain characteristics later in
their life cycle, which allows their sustained growth and
economic development even in lethal episodes of HS
conditions, and is referred as acquired thermo-tolerance.
While certain transcriptional regulators and transcription
factors (e.g. bHLH, DREB, WRKY and MAPK), heat
acclimation proteins, and ROS detoxifying enzymes (such as
catalases and peroxidases) are required only for basal thermo-
tolerance (Vanderauwera et al., 2011), certain heat shock factors
(HSFs) and molecular chaperones have been found
compounded during acquired thermo-tolerance (Liu
et al,, 2011).

To confront the alarming effects of changing climate
particularly global warming, land plants have been shown to
constitutively express basal thermo-tolerance; while they also
conditionally express an acquired thermo-tolerance for a short-
period to confront more frequent and intense waves. While basal
thermo-tolerance is an inherent property, acquired thermo-
tolerance can also be artificially induced by exposing plants to
a short duration of HS (for preparing it to accumulate and
express high levels of transcripts; a stage called priming),
followed by a recovery period.

In tomato plants, the circadian clock is a biological clock to
integrate environmental cues such as light-dark photoperiod and
temperature cycles with their own biological rhythms in a 24-
hour period. According to studies, plant circadian clock consists
of three interconnected transcriptional feedback loops namely a
morning loop, an evening loop and a core oscillator loop (Hsu
and Harmer, 2014). Circadian Clock-Associatedl (CCA1), Late
Elongated Hypocotyl (LHY), and Timing of Cab Expressionl/
Pseudo-Response Regulatorl (TOC1/PRR1) are the three key
regulators which control this complex network by inducing or
repressing the activity of each other (Hsu and Harmer, 2014; Liu
et al,, 2015). Studies suggest that high temperature enhances
CCAL1 affinity for the oscillator genes, which is counteracted by
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casein kinase 2 and Flowering Basic Helix-Loop-Helix 1, thereby
maintaining circadian rhythms (Portoles and Mas, 2010; Nagel
et al, 2014). However, it remains elusive exactly how plants
integrate circadian clocks with immunity under
high temperatures.

High temperature has been shown to seriously affect plant
immunity and has been well studied in the recent years (Hua,
2013). Temperature changes are often associated with other
abiotic factors such as day light, night temperature and
humidity. A most common effect of temperature is the
inhibition of effector triggered immunity (ETI) by disrupting
R-gene mediated resistance. ETI recognizes pathogen effectors
by host proteins encoded by resistance (R) genes primarily
consisting of nucleotide binding site-leucine rich repeats
(NBS-LRR) class proteins (Martin et al., 2003). The first R-
gene associated with high temperature mediated inhibition of
resistance has been identified as SNC1 which in turn is
negatively regulated by BONZAI1 (Yang and Hua, 2004; Zhu
etal., 2010). Besides this, other negative regulators such as Bak1-
Interacting Receptor-Like Kinase 1(BIRI), Bonl-Associated
Protein 1 (BAP1), Constitutive Expresser of PR Genes 1
(CPR1), Suppressor of Rps4-RLD (SRFR1) and MAP Kinase
Phosphatase 1 (MKP1) (Yang and Hua, 2004; Gou and Hua,
2012) have also been identified. In addition, abscisic acid (ABA),
salicylic acid (SA) and nitric oxide (NO) have also been shown to
be involved in temperature mediated resistance inhibition. It will
be fascinating to further elucidate the role of ABA, NO, and SA
mediated defense responses under high temperatures.

Molecular switches for plant heat
stress response

Heat stress delimits economic yield of a healthy plant by
affecting variety of physiological and biochemical activities such
as cell growth and division, cell differentiation, respiration,
photosynthesis, water transport, transpiration and nutrient
uptake (Lippmann et al., 2019). Prolonged exposure of HS
leads to production of extremely high amount of reactive
oxygen species or ROS, which creates metabolic imbalances,
actuates protein denaturation and deformation leading to
perturbed membrane stability and loss of cellular integrity
ultimately resulting in cellular stress (Hasanuzzaman et al,
2013; Hayes et al., 2021). Plants, therefore, need to confront
these challenges to ensure their usual growth and development.

Being a multi-factorial trait, it would not be ideal to develop
HS tolerance in crop plants using a single gene. Intensive studies
on different crops have unveiled the involvement of a complex
web of molecular switches, which are based on Transcription
Factors, DNA-RNA, DNA-protein, RNA-protein and even
protein-protein interactions that are responsive towards
micro-molecules, endogenous metabolites, and external stimuli
like stress (Haider et al, 2022). A deep understanding of
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mechanism and action and regulation of these molecular
switches would assist plant breeders in not only identification
of heat resistance genes, but also the connectedness of these
molecular switches in regulating other cellular functioning and
biochemical pathways, together regulating plant HS response in
crop plants (Andrasi et al., 2020).

Based on available literature and discoveries in the past,
molecular switches for HS are usually explained by the studies on
molecular chaperonins and heat shock factors (Qu et al, 2013).
However, present is a changed scenario. A cognitive approach to the
genetic control of plant response to high temperature stress has
been accumulated beyond the involution of chaperons, phyto-
hormones, secondary metabolites and other network pathways
associated with synthesis of bio-active ingredients within plant.
This approach relies on the participation of chromatin remodeling
complexes, histone-sensors, covalent histone modifications, and
heat stress transcription factor families within the nucleus, which
shall be discussed in detail.

Heat stress transcription factors/
heat shock factors

Critical environmental conditions trigger plant responses
through developmental, physiological, and biochemical
mechanisms, which are in turn regulated by several
transcription factors (TFs) (Mishra et al., 2002; Balyan et al,
2020). In response to HS, heat-shock genes are rapidly
expressed, leading to accumulation of heat-shock proteins
(HSPs), which are expressed and regulated by plant heat stress
transcription factors or HSFs (Lin et al., 2011). The HSFs are
crucial to plants’ response to abiotic stresses including HS by
regulating the expression of many stress-responsive genes
(Scharf et al., 2012a). Plant HSFs are now understood to play a
role in individual or multiple abiotic stresses, especially in HS. In
addition to stress responses, cell differentiation, proliferation and
development are also responsible for regulating the expression of
HSF in plants. First discovered in tomato (Czarnecka-Verner
et al., 1995), the plant HSF families originate from complex
superfamilies and are found in a diverse range of species such as
Arabidopsis, rice, wheat, soybean, pepper with wheat and
soybean having the maximum number of HSF genes (Baniwal
et al,, 2004; Scharf et al., 2012a; Xue et al., 2014; Fragkostefanakis
et al,, 2015; Guo et al,, 2015). Besides, the plant HSFs family
comprises of multiple HSF genes in their genome compared to
eukaryotes. For example, Caenorhabditis elegans, Drosophila
melanogaster and yeast genome possesses only a single HSF
gene; however, Arabidopsis and rice genome composed of 20-25
HSFs genes (Guo et al,, 2008). A number of HSFs have been
identified and characterized in tomato in response to high
temperatures (Scharf et al., 1990; Doring et al.,, 2000;
Heerklotz et al., 2001; Yang et al., 2016).
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It is observed that most plant HSFs are typically regulated by
HS in the form of differential (up- or down) regulation of HSF
genes. The expression of plant genes involved in the HSF
pathway can also be influenced by other abiotic stresses such
as cold, salinity, drought, and phyto-hormones such as salicylic
acid, jasmonic acid, absscisic acid and ethylene. For example,
HSFA2 and A6 transcripts became the predominant HSFs in
wheat during HS, suggesting a regulatory role for these HSFs
during HS (Xue et al,, 2014). In tomato, HSFA1 and HSFA2
translocation from cytosol to nucleus is crucial to plant
synergistic actions during HS and oxidative stress responses
(Chan-Schaminet et al., 2009; Andrasi et al., 2020). A large
number of heat-responsive factors are negatively regulated by
HSFBs, a Class B HSF which act as transcriptional repressors in
tomato and Arabidopsis (Hahn et al., 2011; Arce et al,, 2018;
Zhuang et al., 2018; Haider et al., 2022).

The HSFs strategy can be efficiently used to create transgenic
plants that are more tolerant to environmental stresses including
HS (Andrasi et al., 2020). However, there are many important
points to consider. There is need for better understanding of
HSF genes in plants, especially in important crop species such as
tomato so as to minimize the negative effects in transgenic
plants. Furthermore, due to functional divergence between
HSF orthologs in different plant species, it is necessary to
adapt and optimize the research focusing on HSFs function in
both laboratory and field conditions and also beyond the model
crops, to have a grasp over the regulatory mechanisms of HS-
responsive HSF genes (Arce et al., 2018; Andrasi et al., 2020).
Further, marker-assisted selection can accelerate traditional crop
breeding for stress tolerance traits. However, the selection of
HSF genes as candidate genes and development of proper
functional markers must be carefully considered due to HSFs
being implicated in various developmental and stress response
aspects (Haider et al., 2022).

Epigenetic regulation of plant HSR:
Understanding chromatin dynamics

Plants utilize a highly conserved epigenetic mechanisms to
amend a better growth and development in order to confront
variety of biotic and abiotic stresses (Saraswat et al., 2017; Benoit
et al.,, 2019). This inbuilt-mechanism is associated with
chromatin modifying strategy alterations of levels in gene
expressions, and modulates plants inner plasticity to adapt
themselves in adverse situations irrespective of the outer
physiological changes (Gratani, 2014). Chromatin
modifications is a prerequisite to an accurate transcription
initiation and has been recognized as a significant mechanism
facilitating plant normal growth under stress-challenged
conditions. Chromatin is a highly condensed and tightly coiled
structure composed of DNA and histone proteins. As a result of
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the tight coiling of chromatin, RNA polymerase and other
transcription factors cannot access genes for transcription
process. This compact structure must be opened for
transcription to take place. This process is known as
‘chromatin remodeling’ and it allows transcription from an
inactive state to an active one (Bannister and Kouzarides,
2011). Numerous biochemical changes in chromatin structure
positively or negatively regulate gene activity, including
DNA methylation.

Genetic evidence suggests that transgenerational adaptations
to diverse stresses can be inherited across generations (Saraswat
et al., 2017). However, only a limited number of studies have
been conducted to validate this transmission of stress-induced
changes in chromatin structure in plants. Plants are capable of
modifying transcriptions in response to stress conditions by
changing their chromatin structure, composition, and location,
allowing them to maintain developmental and physiological
changes over a long period of time (Pandey et al, 2016).
Plants have also the ability to remember previous stresses and
thus they can respond more efficiently whenever they are
exposed to the stress again (Karkute et al, 2019). This
phenomenon known as priming, is also associated with
chromatin modification and often maintained independent of
transcription process (Biurle and Trindade, 2020). As a result of
advances in high-throughput next-generation sequencing
(NGS), well-assembled genome sequences, and antibodies to a
plethora of DNA and histone modifications, studies of
chromatin remodeling under variety of stresses have been
greatly benefited (Kashyap et al., 2020; Zhao et al., 2020).

All eukaryotes contain chromatin packed into nucleosomes,
which consists mainly of the histone family of proteins.
Nucleosomes are repetitive units composed of 147 base pairs
of DNA coiled around an octamer of H2A, H2B, H3, and H4
histones. Histone tails can be methylated at different amino acids
and by different methods, including acetylation, methylation,
ubiquitination, phosphorylation, ADP ribosylation,
glycosylation, carbonylation, biotinylation and sumoylation.
These modifications can either activate or repress
transcription, respectively, by altering the chromatin’s
configuration, thus controlling the accessibility of chromatin to
transcriptional regulators (Eberharter and Becker, 2002; Li et al.,
2007). Chromatin organization is accomplished mainly through
enzymatic mechanisms in different ways: (i) utilizes chromatin
remodelers that breaks the DNA-histone interaction via ATP
hydrolysis, (ii) through DNA methylation, and (iii) covalent
modifications of histone residues (Cedar and Bergman, 2009). In
tomato, the interaction between HSFB1 and Histone acetyl
transferase-1 (HAC1) regulates epigenetic expression in
response to prolonged HS by recruiting histone
acetyltransferase 1 (HACL) (Bharti et al., 2004). Another study
reports the upregulation of SlyWRKY75 gene in tomato plants in
response to abiotic stresses such as heat and drought. This
mechanism is also under the epigenetic control (Lopez-
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Galiano et al, 2018). In tomato, more than 80 WRKY
transcription factors are reported to express in different
developmental processes and under HS (Lopez-Galiano
et al., 2018).

Chromatin remodeling complex

First identified in Arabidopsis, the SWItch/sucrose non-
fermentable (SWI/SNF) complex is an important ATP-
dependent chromatin remodeling complex critical for heat
sensing, and requires ARP6 as an essential component for
plant HSR (Liu et al., 2015). Overexpression of CHR12 (SNF2/
Brahma-type chromatin-remodeling gene) inhibited the growth
of primary stems and flower buds under heat and drought stress
in Arabidopsis. On the other hand, Arabidopsis mutants lacking
CHR12 exhibited reduced growth arrest compared to the wild-
type plants (Mlynarova et al., 2007). These findings suggest that
CHRI12 mediates growth arrest under heat and drought
conditions. In addition, upon temperature normalization, the
H3-H4 chaperone CAF-1 (Chromatin Assembly Factor-1) is
required for reloading nucleosomes onto chromosomes,
suggesting its critical role in heat sensing and thermo-
tolerance. Furthermore, HS not only induces HEAT-
INTOLERANT 4 (HIT4) mediated decondensation of the
chromocenter (Iwasaki and Paszkowski, 2014), but also leads
to the rearrangement of complete 3-Dimensional genome
structure in Arabidopsis indicating the importance of
chromatin remodeling complexes in delineating the epigenetic
prospect of plant HSR (Sun et al., 2020). However, there is little
evidence of other ATP-dependent chromatin remodeling
complexes roles in plant HSR.

DNA methylation

DNA methylation occurs when DNA methyl transferases
(DNMTs) incorporate a methyl group into the C-5 position of
the cytosine ring of DNA. This process is epigenetic and
completely heritable. Plant DNA is methylated in three
sequence contexts: CG, CHG, and CHH (where H is A, T, or
C) (Zhang et al, 2018). DNA methylation serves to guard the
genome against selfish DNA elements, as well as to provide
stability to the plant genome. DNA methylation is reported to be
the first response to HS and plays a critical role in regulation of
genes implicated in plant responses to high temperature (Li
et al, 2016). DNA methylation facilitates the silencing of
endogenous transposons and retrotransposons and thus
facilitate genome stability (Chan et al, 2005). It has been
shown that DNA methylation of promoter regions typically
inhibits transcription initiation, but methylation within the
gene body quantitatively slows transcription elongation in
Arabidopsis (Zilberman et al.,, 2007). It is observed that DNA
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methylation changes under heat appear to vary from species to
species without showing a consistent pattern. Only certain loci
may experience methylation changes due to high temperature,
and not all. High temperature increases methylation levels in
some regions of the GUS but decreases them in others. In plants,
DNA methylation is catalyzed by Domains Rearranged Methyl
Transferase2 (DRM2), which in turn is regulated via RNA-
directed DNA methylation (RADM) pathway. It is therefore
concluded that it is the RADM pathway which is crucial for basal
thermo-tolerance in plants (Popova et al, 2013). The role of
DNA methylation in plant HSR is not clear, and it needs to be
investigated whether DNA methylation regulates the plant
circadian clock or basal immune response under heat stress.

Histone covalent modifications

As described earlier, the histone proteins can be modified
post-translationally through methylation, acetylation,
ubiquitylation, phosphorylation and sumoylation. These
modifications can change the amino acids exposed in the N-
terminus tails of histones, changing the DNA histone
interactions and blocking the protein binding sites (Kumar
et al,, 2021). Among several modifications, histone acetylation
and methylation play an important role in the plant HSR, and
are mediated via epigenetic regulators such as
methyltransferases, acetyltransferases, demethylases and
deacetylases (Kumar et al, 2021). Chromatin remodeling
ATPases, along with methylated residues plays crucial roles in
altering the position and composition of nucleosomes, thereby
contributing to the basal thermo-tolerance in plants (Ohama
et al, 2017). It is observed that gene silencing during plant
exposure to heat occurs through DNA methylation via DNA
methyl transferases and chromomethylases. H3K4 methylation
(methylation of lysine 4 of histone 3) is commonly seen in
facultative heterochromatins and exhibits a positive mark of
transcription, but H3K9 methylation is a repressive mark of
transcription, which is more common in constitutive
heterochromatin. Similarly, histone acetyltransferases (HATS)
acetylates histones and add a net negative charge to protein
surfaces, reducing DNA interaction. Acetylation of histones
facilitates transcription by loosening condensed chromatin
(Kumar et al., 2021). On the other hand, removal of an acetyl
moiety from histones by histone deacetylases (HDACs)
facilitates chromatin condensation, indicating the significant
roles of histone modifications in heat stress (Fiif¢l et al., 2018;
Kumar et al, 2021; Dar et al., 2022). Stress-induced histone
modification has been observed in tomato for various kinds of
stresses (Aiese Cigliano et al., 2013; Gonzalez et al., 2013; Yu
et al., 2018; Crespo-Salvador et al.,, 2020; Li et al., 2020; Wang
et al,, 2021).
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Histone sensors within nucleus

Several studies have shown the participation of histone
sensors within nucleus as an epigenetic control for response to
high temperature stress in plants. Histones are key components
to maintain the genomic stability as well as functional integrity
by altering the nucleosome configuration and their binding to
different variants during the cell cycle. A study of Arabidopsis
genome reveals the occurrence of around 13 H2A and 15 H3
histone proteins. The role of H3 histone proteins in heat sensing
is not characterized. However, H2A genes have been well-
characterized for their putative functions in regulating variety
of plant stresses such as heat, drought and salinity. The well-
known example is ARP6, a heat sensitive mutant gene known to
mediate thermo-sensory responses in Arabidopsis thaliana by
encoding SWI/SNF gene switch of the SWR1 complex. This
complex is necessary for replacing the core histone protein H2A
with an alternative protein dimer containing H2A.Z variants
into the nucleosomes (Erkina et al., 2008; Clapier and Cairns,
2009; Erkina et al., 2010; Kumar and Wigge, 2010). The study
clearly shows that mutants devoid of a functional ARP6 gene
have reduced deposition of H2A.Z to the nucleosomes and
affects transcriptional regulation of heat sensing machinery
within the nucleus. Thus, ARP6 is an essential element for
incorporation of H2A.Z variants in to the chromatin and
mediating thermo-sensory responses in Arabidopsis.

Small RNA-mediated HS responses

The small RNAs are non-protein-coding RNAs with an 18-
30 nt length, that have emerged as important guide molecules in
the control of gene expression. Small RNAs have been
demonstrated to be involved in plant HS responses and play a
vital role in temperature adjustments. In plants, the small RNA
occur mainly in the form of small-interfering RNAs (siRNAs)
and microRNAs (miRNAs), which differ in the proteins involved
in their biogenesis and the mechanisms for their regulation
(Ghildiyal and Zamore, 2009). In recent years, a growing body of
research has shown that siRNA and miRNA play key roles in
post-transcriptional control of plant growth by guiding specific
mRNAs to degradation or by repressing translation. A number
of studies have shown that miRNAs and endogenous siRNAs
also play significant roles in plant temperature stress responses.
The role of these RNAs in HS response has been confirmed in
various model plants and crops. Not only this, the small RNAs
are also involved in phytohormone signaling, the ROS-
scavenging pathways, regulating the expression of plant HSFs/
HSPs, as well as development of long-term HS memory in
plants. In order to gain a deep understanding of small RNAs
in thermal stress responses, it is necessary to explore how small
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RNAs regulate gene expression and how their regulatory
mechanisms work.

MicroRNAs

Plant miRNAs are 20-24 nt small RNAs that are derived
from miRNA genes. Pol II transcribes miRNA genes into pri-
miRNAs which are processed into stem-loop precursors called
pre-miRNA, and then excised as either miRNA or miRNA
duplex by endonuclease activity of the DCL1 protein complex.
The miRNA matures and migrates to the cytoplasm, where they
mediate transcriptional and post-transcriptional gene silencing
(PTGS) through translational interference or splicing, and target
chromatin for cytosine methylation (Rogers and Chen, 2013).
Several miRNAs have been implicated in different aspects of
plant growth and development, including temperature stress
responses suggesting that these aspects may be linked via certain
common mechanisms (Barrera-Figueroa et al, 2012). In
addition, miRNA expression levels differ between different
tissues and/or developmental stages under temperature stress
but, only a few could be validated till date. There also have been a
number of common heat-responsive miRNAs in different
species such as miR156, 160, 167, 168, 169, 171, 395, 398, 408,
and 827 families, but vary in their expression profiles as
discovered by deep sequencing of small RNA and real-time
PCR. For example, gene expression profiles of miR156 have been
implicated to be induced by heat exposure in some species such
as Arabidopsis and Brassica rapa (Yu et al., 2012; Stief et al,,
2014), but repressed by similar conditions in case of rice (Sailaja
et al, 2014). The Arabidopsis miR156 isoforms are highly
induced by heat stress and target SQUAMOSA-PROMOTER
BINDING-LIKE (SPL) transcription factor genes named SPL2
and SPL11, which are extremely critical for developmental
transitions (Stief et al., 2014). A recent study demonstrated
that miR156-SPL13 mediated HS response in alfalfa
(Matthews et al., 2019). Another study showed that
overexpression of soybean cytoplasmic male sterility (CMS)-
based miR156b in Arabidopsis resulted in male sterility under
HS (Ding et al,, 2021). Unlike miR156, miR172 acts as a positive
regulator of developmental transition by targeting members of
the APETALA2 (AP2) family, because miR156 is highly
expressed only in the juvenile phase, but miR172 is required
for acquisition of adult stage (Ma et al., 2020). The miR172
overexpressing transgenic plants exhibited temperature
insensitive early flowering (Lee et al, 2010). There is also
evidence that miR172 functions in the thermo-sensory
pathway to control ambient temperature-induced flowering
under non-stress temperature conditions (Kouhi et al., 2020).
These findings suggest that miRNA profiles are unique in closely
related genotypes with different sensitivity to temperature and
may be able to compound the heat sensitive regulators with
other biotic and abiotic stresses as well.
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Several studies on tomato miRNAs expressed in response to
high temperature stress have been reported (Cardoso et al., 2018).
Recently, 84 novel miRNAs were identified to be expressed during
stigma exertion under high temperature stress in tomato (Pan et al,,
2017). Several other unique miRNAs and their targets have been
identified to respond to combined drought and heat stress in
tomato (Shi et al., 2019; Zhou et al., 2020).

Small-interfering RNAs

Heat stress is most threatening to the reproductive phase in the
life cycle of flowering plants. Sometimes, even a single hot day can
break a plant’s reproductive ability (Zinn et al., 2010). To protect the
plants from damages caused due to HS, the plants siRNAs are
produced from dsRNAs by DCL-activity, which directs TGS or
target mRNA cleavage at homologous DNA loci using a silencing
effector complex. Under high temperature stress, plant productivity
is controlled by the target mRNA by regulating gene expression by
the target mRNA, eliminating ROS generated due to temperature
stress, and by controlling the phytohormone signaling pathway
ultimately leading to HS tolerance in plants. Several endogenous
siRNA classes have been discovered in Arabidopsis, including the
endogenous derived siRNAs, trans-acting siRNAs, repeat-
associated siRNAs, natural antisense transcript-derived siRNAs
and double-strand-break-induced RNAs (Bologna and Voinnet,
2014). Similar to miRNAs, the endogenous siRNAs are also
influenced by heat stress. However, the siRNAs identified for
plant HS response are relatively fewer compared to the miRNAs.
Previous studies have found that heat-induced retrotransposon
called ONSEN accumulated in mutants with impaired siRNA
biogenesis, indicating the possibility of siRNAs roles in HS
responses (Ito et al, 2011). In Arabidopsis, a particular class of
phasiRNAs and tasiRNAs was found to decrease significantly under
heat stress, suggesting that they regulate HS responses (Li et al,
2014). Recently, it was shown that tasiRNA degradation due to HS
has been implicated in transgenerational thermo-memory of early
flowering and attenuated immunity by targeting HTT5, providing
new insight into the impact of HS on reproductive fitness of the
progeny (Liu et al., 2019). Recently, maize tassels and roots exposed
to high temperatures exhibited a significant reduction in
transposable element-derived siRNAs, while the nearby genes
showed a tendency to become downregulated. However, the
underlying mechanism still remains unpredictable (He et al., 2019).

CRISPR technology for engineering
thermo-tolerant crop plants

New plant breeding technologies have recently emerged as
alternatives to genetically modified or GM crops as a means of
speeding up the introduction of improved traits. In contrast to
GM crops, precise genome-processing methodologies include
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clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated proteins (Cas), transcription
activator-like effector nucleases (TALENS), meganucleases and
zinc-finger nucleases (ZFNs) based protocols (Pickar-Oliver and
Gersbach, 2019). These technologies use site-specific nucleases
which can be utilized in all-round aspects of plant breeding
including gene knock-out, knock-in, gene pyramiding and in-
vitro and targeted mutagenesis. Compared to conventional plant
breeding approaches, which may take up to ten years to develop
a variety, this technology is quick, precise and offer significant
economic benefits (Chen et al., 2019).

The CRISPR/Cas technology has been widely adopted in
plant developmental biology to identify genes and understand
the molecular mechanisms of variety of traits. However, in the
last few years, CRISPR technology has been substantially applied
in agriculture for the development of abiotic stress-tolerant
crops by targeting genes associated with plant sensitivity (S
genes and cis-regulatory sequences) and tolerance (or T
genes). In plants, the type II CRISPR/Cas9 and type V
CRISPR/Cas12a from Streptococcus pyogenes and Francisellano
vicida, respectively have been widely repurposed as genome
editing systems (Xie and Yang, 2013; Bernabe-Orts et al,
2019). In both systems, an RNA-dependent DNA
endonuclease (Cas9 or Casl2a) operates in conjunction with
an RNA molecule configuring specificity for target DNA. There
have been reports of CRISPR/Cas9 and Cas12a mediated abiotic
stress tolerance in several species such as Arabidopsis, wheat,
rice, barley, millets and tomato. It is also reported that plants
respond to a variety of environmental stresses by activating their
mitogen-activated protein kinases or MAPKs (Matsuoka et al.,
2018). Recently, this concept was deployed for CRISPR/Cas9
mediated editing of SIMAPK3 gene in tomato for enhanced HS
tolerance in cultivated tomato compared to wild type plants. The
mutants not only exhibited HS tolerance but also showed
decreased ROS content, less wilting, reduced membrane
damage, increased antioxidant enzyme activities and elevated
expressions of HSP genes and HSFs (Yu et al,, 2019). A multiplex
genome editing via CRISPR/Cas9 has been utilized to interrupt a
hybrid proline-rich protein 1 (SIHyPRP1I), a negative regulator of
salt stress response in tomato. A later analysis revealed that
precise elimination of SIHyPRPI functional domains resulted in
high salinity tolerance in tomato (Tran et al,, 2021).

The CRISPR-based strategy is not only limited to genome
editing, but nowadays, it is also being utilized in emerging
concepts like epigenome editing where the epigenetic
modifiers are fluxed along with the Cas9 system to target
DNA methylation via RNA-directed DNA methylation
(RADM) pathway. (Papikian et al., 2019). The dCas9-SunTag-
VP64 system targeting SUPERMAN and FWA promoters for
DRM2 methylation and N6-methyleadenosine (m6A)
modification are the most frequently used types of regulatory
mechanisms for epigenome editing in eukaryotes (Papikian
et al, 2019; Yue et al,, 2019). The CRISPR-based m6A editing
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system comprising m6A enzymes (writers or erasers) fused to
the Casl3 protein has been recently demonstrated in
Arabidopsis, tobacco, rice and tomato plants (Zheng et al,
2020; Zhou et al,, 2022a). Thus, the present sketch reveals that
this technology is proving to be a great asset to agriculture in
transforming the development of crops to be more tolerant of
biotic/abiotic stresses and climate change.

Integrated 'OMICS’ approaches for
developing thermo-tolerance in
crop plants

To combat the challenge of climate change, it is imperative
to focus more on the pre-breeding activities for introduction of
novel alleles and new genetic variants into the breeding
population that contribute to drought/heat tolerance. With
advanced approaches such as QTL mapping, genome wide
association studies, SNPs, GBS, NGS, WGS and WGRS
approaches, it is possible to elucidate plethora of meaningful
marker-trait associations, important gene variants and
haplotypes across the genome conferring stress tolerance
(Kilian et al., 2021). This can also lead to an in-depth
understanding of the genetic makeup of plants, signaling
cascades and their ability to adapt under multiple stress
conditions. The identified genomic regions could be further
investigated for stress tolerance in crop plants using the
integrated ‘omics’ approaches, wherein, candidate genes are
studied in detail via genomics, transcriptomics, proteomics,
metabolomics and recently emerging artificial emergence (AI)
based field phenotyping technology called phenomics (Bhardwaj
et al., 2021; Zhou et al., 2022b). While the genomics approach
can be used to discover the putative gene(s) conferring stress
tolerance in plants, understanding the function of multiple genes
and their complex networks controlling stress tolerance at the
phenotypic level would greatly benefit from transcriptomic,
proteomic and metabolomic approaches (Chaudhary et al,
2019). Emerging phenomics approaches with Al and machine
learning shall facilitate precise phenotyping and improve the
understanding of stress response in varying environmental
conditions (Basavaraj and Rane, 2020). Moreover, new speed
breeding techniques can also facilitate all round crop
improvement. Parallel to these, transgenic and genome editing
technology also supply us with the possibility of designing heat
resistant crops by adding and/or deleting target DNA sequence
within the genomic regions (Raza et al., 2021). The integration of
these ‘omics’ approaches with conventional breeding strategies
have resulted in enhanced crop performance under different
stressed conditions including heat in several crops (Figure 2).
The omics revolution generates massive amounts of data, and
sufficient advances have been achieved in computational tools
for accurate analysis. In case of tomato, much progress has been
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achieved in genomics and transcriptomics to address various
abiotic stresses, but major branches like metabolomics,
proteomics, and phenomics are still lagging. Therefore, there is
a need to focus on different omics tools and integrated
approaches to have a deeper coverage of the entire genetic,
functional and structural components and to successfully
manage the conditions like heat stress (Raza et al., 2021;
Taheri et al., 2022).

Outlook

Being sessile, plants cannot avoid the myriad of
environmental stresses to which they are exposed throughout
their life span. Also, the growth and development of a plant is
greatly dependent on the temperature of their environment.
Therefore, a thorough understanding of mechanisms how plants
respond to environmental stresses like drought, salinity and heat
is essential for improving their stress tolerance and productivity.
In the world, tomato (Solanum lycopersicum) ranks second in
terms of cultivation. As a result of HS, tomato yield is reduced,
both vegetatively and reproductively. Therefore, there is an

10.3389/fpls.2022.1040532

increasing demand for tomatoes in regions with high
temperatures. A comparative transcriptomics approach in
cultivated and contrasting cultivars has not yet been exploited
to understand the effects of HS on tomato plants. In order to gain
a deeper understanding of HSR in tomato, the advanced
techniques has to be applied. It is observed that the plants are
able to adapt themselves to heat stress conditions by regulating
gene expression, protein synthesis and metabolism. Expression
of heat induced genes are primarily regulated by HSFs and HSPs
which are key factors in acquisition of heat stress tolerance in
tomato by binding to cis-acting elements in the promoter region
of heat-induced genes. Besides the involvement of signaling
cascades, ions, metabolites, ROS, HSFs and HSPs, many
evidences of epigenetic and transgenerational memory
inheritance have been reported when stressed plants are in the
middle stage of sporophyte development. This suggests that the
plants epigenetic landscape along DNA replication, repair,
transcription, translation, gene splicing and PTGS mechanisms
during heat exposure are needed to be decoded in detail. These
days, the CRISPR/Cas-based tools are being developed in many
crops for targeting genetic and epigenetic modifications. The
versatility of this tool can be explored in the study of multiple
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FIGURE 2

An integrated ‘Omics” approach to improve tomato heat stress tolerance. By using bi-parental mating, GWAS mapping and Genotyping by
Sequencing of large crop germplasm, genomic approaches can be implemented to shed light on the possible genes governing heat tolerance.
The transcriptomic, proteomic, and metabolomics approaches, can be exploited to understand the functions of various genes and QTLs
controlling heat tolerance. Additionally, tomato breeding could be improved through emerging speed breeding approaches.
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stresses including heat stress in plants and could lead to
identification of specific regulators controlling specific targets
during heat exposure. There are enormous applications for
genome and epigenome editing using CRISPR/Cas tools in
fundamental research, and these techniques are now being
tapped more and more for developing heat-tolerant
‘smart crops’. Meanwhile, the current obstacles in basic and
applied plant research can be overcome by carrying out
multidisciplinary ‘omics’tools in an integrated manner to have
more access to the genetic makeup in detail. By successful
implementation of these technologies, the anticipated
challenges presented by climate change could be alleviated to
many folds and nutritional requirements for humanity could
be met.
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