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Abstract

Key message This review summarizes the process of thermal acquired tolerance in plants andthe knowledge gap
compared to systemic acquired resistance that a plant shows after pathogen inoculation.

Abstract Plants are continuously challenged by several biotic stresses such as pests and pathogens, or abiotic stresses like high
light, UV radiation, drought, salt, and very high or low temperature. Interestingly, for most stresses, prior exposure makes
plants more tolerant during the subsequent exposures, which is often referred to as acclimatization. Research of the last two
decades reveals that the memory of most of the stresses is associated with epigenetic changes. Heat stress causes damage to
membrane proteins, denaturation and inactivation of various enzymes, and accumulation of reactive oxygen species leading
to cell injury and death. Plants are equipped with thermosensors that can recognize certain specific changes and activate
protection machinery. Phytochrome and calcium signaling play critical roles in sensing sudden changes in temperature and
activate cascades of signaling, leading to the production of heat shock proteins (HSPs) that keep protein-unfolding under
control. Heat shock factors (HSFs) are the transcription factors that read the activation of thermosensors and induce the
expression of HSPs. Epigenetic modifications of HSFs are likely to be the key component of thermal acquired tolerance
(TAT). Despite the advances in understanding the process of thermomemory generation, it is not known whether plants are
equipped with systemic activation thermal protection, as happens in the form of systemic acquired resistance (SAR) upon
pathogen infection. This review describes the recent advances in the understanding of thermomemory development in plants
and the knowledge gap in comparison with SAR.

Keywords Heat stress - Histone modifications - Stress priming - Systemic acquired resistance - Thermal acquired
tolerance - Thermosensing
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Introduction

Heat stress (HS) can be defined as the temperature higher
than the ambient temperature, which causes irreversible
loss to plant growth and productivity. The effect of HS on
plant productivity depends on the developmental stage of the
plant. HS adversely affects anther development, and thus the
plants at the reproductive stage are highly sensitive to heat
(Li et al. 2015). HS directly impacts on the biochemical,
physiological machinery and alter the normal gene expres-
sion in the plants (Driedonks et al. 2015). HS mostly dam-
ages the leaves and results in curling, necrosis, and senes-
cence of leaves. HS also changes the membrane fluidity that
results in electrolytic leakage in the plant cell (Savchenko
et al. 2002). Photosynthesis, responsible for almost all bio-
mass production on the earth, is highly susceptible to heat-
mediated damage. Though several chloroplast proteins get
denatured or become nonfunctional at higher temperatures,
the photosystem-II (PS-II) is most vulnerable to get dam-
aged (Tang et al. 2007). HS damages the chloroplast and
mitochondrial electron transport system. It generates reac-
tive oxygen species (ROS) such as superoxides, hydrogen
peroxide (H,0,), and hydroxyl radicals (*OH) that harm
DNA and also cause lipid peroxidation of the cell membrane
(Choudhury et al. 2017).

Plants possess several intricate mechanisms through
which they protect themselves from excessive heat. Heat
shock proteins (HSPs) play the most crucial role in the pro-
cess (Baniwal et al. 2004; Driedonks et al. 2015; Ul Haq
et al. 2019). By functioning as molecular chaperones, HSPs
prevent protein denaturation and aggregation. In addition,
HSPs interact and modulates functions of heat shock fac-
tors (HSFs). HSFs function as transcriptional activators for
several genes, including HSPs. Plants activate ROS produc-
tion upon sensing environmental stresses, including heat.
ROS functions as a signaling molecule for activating local
response as well as for transmitting to distal parts. Accumu-
lation of ROS in plants activates HSFs, which in turn acti-
vate ROS scavenging and detoxifying enzymes like ascor-
bate peroxidase (APX) and superoxide dismutase (SOD)
(Driedonks et al. 2015; Choudhury et al. 2017). A decrease
in ROS level occurs due to the enhanced production of anti-
oxidants, osmolytes, and HSPs. The major stress-respon-
sive osmolytes in plants include proline, glycine betaine,
and trehalose, which play roles in maintaining cellular ionic
homeostasis (Slama et al. 2015).
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Prior exposure to elevated temperature helps plants to
tolerate a higher temperature, which is otherwise lethal. This
thermomemory-mediated enhanced heat tolerance is often
referred to as thermal acquired tolerance (TAT). Develop-
ment of TAT requires the perception of HS, development
of stress memory, and priming-mediated altered expression
of heat-protective machinery. HSPs and HSFs are critical
players for TAT development in plants. These proteins are
conserved in evolution and are indispensable for TAT in all
the organisms.

A plant that experiences a pathogen attack once becomes
resistant to subsequent infections by developing systemic
acquired resistance (SAR). In contrast to TAT, which is con-
served in evolution across all eukaryotic organisms, SAR is
a plant-specific response. Despite that difference, the basic
mechanism of development of TAT and SAR is compara-
ble. Besides highlighting the process of TAT development
in plants, this review discusses the knowledge gap compared
to SAR development.

Thermosensing by plants

Each component of a cell senses a detrimental temperature.
Plants have different thermosensors capable of detecting the
heat stimulus (Vu et al. 2019). Plant cellular components like
plasma membrane, nucleic acid, proteins mainly receive the
heat stimulus and response to HS through reversible changes
like protein denaturation, nucleic acid fragmentation, and
membrane fluidity, which may function as heat sensors (Vu
et al. 2019; Sharma et al. 2020). Red light photoreceptor
phytochrome B (PhyB) also act as a thermosensor in addi-
tion to the established role in light signaling. The inactive
Pr form of phytochrome absorbs red light and converts into
the active Pfr form, which reverts back to Pr by absorbing
far-red light. The reversion of Pfr to Pr form enhances by
high temperature (Rockwell et al. 2006; Vu et al. 2019). The
components of PhyB signaling, such as PHY TOCHROME
INTERACTING FACTOR 4 (PIF4), also take part in ther-
mosensing (Kumar et al. 2012). The CYCLIC NUCLEO-
TIDE GATED CALCIUM CHANNELb (CNGCb) of
Physcomitrella patens or its orthologue CNGC2 found in
Arabidopsis is another possible thermosensor for plants
(Finka et al. 2012). CNGCb and CNGC2 are components
of plasma membrane-localized cyclic nucleotide-gated
Ca™™ channel (Fig. 1). This calcium channel acts as pri-
mary thermosensors in plants, and their disruptions show
hyper-thermosensitive phenotypes (Finka et al. 2012). Mild
HS activates heat sensors, which in turn induces possible
downstream pathways to activate several transcriptional
regulators for altered expression of the stress-related pro-
tein to confer tolerance. These downstream signaling also
activates RESPIRATORY BURST OXIDASE HOMOLOG
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Fig.1 Thermotolerance in plants. HSFs and HSPs play central roles
in thermotolerance. HS (HS) results protein denaturation and activa-
tions of HSPs and HSFs. HS also changes the membrane composi-
tion and its function. The membrane-localized RBOHD generates
apoplastic ROS upon environental stress, which indirectly activates
HSFs. RBOHD is regulated by the CDPK, which is activated by the
calcium released from the PM and ER via CNGC- and IP3-gated cal-
cium channels that allow an influx of calcium into the cytoplasm. HS
induces alternative splicing responsible for production of splice-var-

D (RBOHD), which expresses in all tissues and acts as a
central driving force for ROS signaling in plants (Zhou et al.
2014a). RBOHD is a calcium-dependent NADPH oxidase
that generates superoxide in the apoplastic space upon sev-
eral stresses, including heat and pathogen (Fig. 1).

Thermomemory and transgenerational
protection

Preexposure to heat changes plants at molecular and bio-
chemical levels that can lead to acquired thermotolerance.
A recent study shows that heat priming of wheat at the stem
elongation stage significantly inhibits the damage to grain
yield, resulting from HS during grain filling (Fan et al.
2018). Enhanced thermotolerance in plants is directly asso-
ciated with an increased photosynthetic capacity. Genetic
and epigenetic regulation, especially of HSPs and HSFs,
are associated with stress memory development and stress

iants (HsfA2-III) of HsfA2, which is important for thermomemory.
Enhanced expression of several HSFs, HSPs and genes for higher
levels of osmolytes provide thermotolerant to plants. HS enhances
autophgosome formation and expression of autophagy-related genes
which protects plants at high temperature. Nucleus-coded small HSP
like sHSP21 pay critical role in protecting PS-II and other machin-
eries involved in photosynthesis and significantly contribute towards
HS tolerance

priming (Fig. 2) (Brzezinka et al. 2016). Plants can retain
thermotolerance for several days or even can transfer to the
next generation. Progeny of heat-primed wheat plants per-
forms better than non-primed plants under HS conditions
(Wang et al. 2016b). Reports suggest that HS causes her-
itable phenotypic and epigenetic changes in Arabidopsis,
wheat, rapeseed, and other plants (Suter and Widmer 2013;
Migicovsky et al. 2014; Wang et al. 2016b; Byeon et al.
2019; Liu et al. 2020). The genetic and epigenetic changes
associated with thermopriming are discussed in the follow-
ing sections.

Alternative splicing for thermomemory

Alternative splicing is an important mechanism that
increases transcriptome complexity and proteome diver-
sity. Recently it has been reported that thermopriming
triggers the splicing memory in Arabidopsis plants (Ling
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Fig.2 Epigenetic regulation of thermotolerance and thermomem-
ory development HS upregulates the expression of HSFA2. HSFA2
activtaes the H3K27me3 demethylase REF6. REF6 in turn activates
HSFA2 and form a positive feedback loop. This loop activates the
expression of E3 ligase SGIP1 and indirectly activates HTT5 expres-
sion and thermotolerance. The REF6-HSFA2 loop form to activate
HTTS5 by reducing tasiRNA. HSFA2 also regulated the expression

et al. 2018). Splicing is a post-transcriptional process in
eukaryotic organisms in which pre-mRNA is processed
into mature mRNA by removing introns. Upon heat-stress,
non-primed plants show a high-level of intron retention,
which is significantly lower in a heat-primed plant, sug-
gesting the splicing of pre-mRNA as a possible mechanism
of heat memory in plants (Ling et al. 2018). HSFA2 pre-
mRNA undergoes alternative splicing to form a splice vari-
ant HSFA2-IIT (Fig. 1), which encodes a truncated isoform
of HSFA2 (S-HsfA2). This truncated isoform binds to the
heat shock element (HSE) of HSFA?2 itself and other HSP
genes to induce their expression (Fig. 1; Liu et al. 2013).
Thus, alternative splicing of stress-specific genes is involved
in fine-tuning expression of regulatory genes and generation
of thermomemory.

The plasma membrane, glycerolipids,
and glucose in thermomemory development

HS affects plasma membrane composition and fluidity of the
lipid bilayer. Plants have generated several complex mecha-
nisms through which they can stabilize their membrane in
response to HS. A sudden increase in temperature activates
two membrane proteins, PHOSPHATIDYLINOSITOL
PHOSPHATE KINASE (PIPK) and PHOSPHOLIPASE
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of HSP21, which is responsible for thermomemory development
and thermotolerance. HS activates histone acetyl transferase GCNS5
that cause H3K9/H314Ac acetylation at the promoter of HSFA3 and
UV6 and promotes thermotolerance. HS activates histone deacetylase
H2DC, which physically interacts with several member of SWI3/SNF
chromatin remodelling complex and negatively regulates thermotoler-
ance

D (PLD) (Mishkind et al. 2009). PIPK and PLD generate
phosphatidylinositol 4,5-bisphosphate (PIP2) and phos-
phatidic acid (PA), respectively, from membrane lipids
(Mishkind et al. 2009). PIP2 acts as a precursor of inosi-
tol 1,4,5-triphosphate (IP3), which further activates IP3-
gated calcium channels and increases the calcium level in
the cytoplasm (Fig. 1). The spike of calcium is required for
stress-induced ROS production and the activation of heat
shock responsive genes (Fig. 1; Liu et al. 2006). Under HS,
plants release polyunsaturated fatty acids like alpha-linolenic
acid (18:3) from chloroplast membrane glycerolipids, such
as monogalactosyldiacylglycerol (MGDG), with the help
of a lipase enzyme HIKESHI-LIKE PROTEIN1 (HLP1)
(Higashi et al. 2018). Glucose also plays an indispensable
role in the generation of thermomemory by regulating HLP1
in Arabidopsis (Sharma et al. 2019).

Chloroplasts for thermomemory

Chloroplast being the powerhouse of green tissues, plants
have evolved elaborate mechanisms to protect them from
heat damage. Transcription of plastidic genome alters upon
HS (Danilova et al. 2018). A group of smaller heat shock
proteins (sHSP) protect photosynthetic machinery from
denaturation (Fig. 1). sHSP21 plays an essential role in the
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development of thermomemory. HSP21 binds with the thyla-
koid membrane, and this binding increases upon HS (Bern-
fur et al. 2017). The duration of memory depends on the
level of sHSP21 produced after heat priming (Sedaghatmehr
et al. 2016). sHSP21 is a nuclear-encoded protein (monomer
size 21 kDa), and localized in the plastid in Arabidopsis
(Hérndahl et al. 1999). Under unfavorable conditions, sHSPs
rapidly bind to selective unfolded protein independent of
ATP and facilitate the refolding of the protein. It contains
conserved methionine residues in the N-terminal region that
recognizes and attaches to the hydrophobic regions of the
unfolded protein (Sundby et al. 2005). It is reported that, in
the tomato, these HSP21 mostly involve in the protection of
photosystem II (PSII) under high-temperature stress (Neta-
Sharir et al. 2005). Transgenic Arabidopsis plants overex-
pressing HSP21 show high tolerance to HS. The expression
of HSP21 is regulated by HSFA2, the transcriptional regula-
tor of thermomemory, while 4sfA2 mutants show defective
in thermomemory development (Charng et al. 2007).

Autophagy in thermopriming

Autophagy plays a crucial role in nutrient cycling and tol-
erance to various biotic and abiotic stress. HS in tomato
and Arabidopsis leads to enhanced accumulation of
autophagosomes (Fig. 1) with concomitant induced expres-
sion of AUTOPHAGY-RELATED GENE (ATG)S), ATG7,
and autophagy cargo receptor NEIGHBOUR OF BREAST
CANCER 1 (NBR1) (Zhou et al. 2013, 2014b). Arabidopsis
atg5, atg7, and nbrl mutants show reduced heat tolerance
compared to wild type. Transgenic apple (Malus domestica)
plants overexpressing MdATG18a gene show enhanced
autophagic activity, photosynthetic component protection,
ROS scavenging, expression of HSPs, and thermotolerance
(Huo et al. 2020). The MDATG18a overexpressing lines
show the accumulation of autophagosomes in the leaves of
apple upon exposure to HS (Huo et al. 2020). Arabidopsis
ATGS-INTERACTING PROTEIN 3 (ATI3) is essential for
thermopriming (Zhou et al. 2018). ATI3 interacts with the
protein UBIQUITIN-ASSOCIATED PROTEIN 2 (UBAC2),
which is required for ER-associated degradation as well as
heat tolerance (Zhou et al. 2018), suggesting the critical role
of autophagy in thermopriming (Fig. 1).

Role of phytohormones in thermotolerance

In addition to growth and development, phytohormones
also regulate all types of stress responses. Functions of all
plant hormones are implicated in thermotolerance (Sharma

et al. 2020). HS leads to increased transcription of auxin
biosynthetic YUCCA genes (Blakeslee et al. 2019). High
temperature results in hypocotyl elongation in an auxin-
dependent manner (Gray et al. 1998). HSP90 and the co-
chaperon SUPPRESSOR OF G-TWO ALLELE OF SKP1
(SGT1) interact with auxin receptor protein TRANS-
PORT INHIBITOR RESPONSE]1 (TIR1), and the module
integrates growth and development under HS condition
(Fig. 2; Wang et al. 2016a). Jasmonic acid (JA) signaling is
also like to have a direct impact on thermotolerance. COR-
ONATINE INSENSITIVE 1 (COI1) and JASMONATE-
ZIM DOMAIN (JAZ) are co-receptors of JA-Ile, the bioac-
tive form of JA. HS also results in elevated accumulation
of 12-oxo-phytodienoic acid (OPDA) and dinor-OPDA
(dn-OPDA) in plants (Monte et al. 2020). Exogenous
application OPDA and dn-OPDA protects Arabidopsis and
Marchantia polymorpha from HS in a COIl-independent
manner (Monte et al. 2020). Application of these oxylipin
precursors of JA or heat treatment enhance the accumula-
tion of HSP101 HSP26.5, DREB2A, and HSF2A (Muench
et al. 2016). Among the plant hormones, ABA plays the
most significant roles in abiotic stress responses, largely
through regulating stomatal opening. Exogenous ABA
application leads to the accumulation of ROS and sev-
eral smaller HSPs like sHSP17.2, sHSP17.4, and sHSP26
(Hu et al. 2010). Inhibition of cytokinin degradation using
inhibitor of cytokinin oxidase/dehydrogenase modestly
improves HS tolerance and improve recovery after HS in
heat-acclimatized plants (Prerostova et al. 2020).

Role of epigenetics in HS response

Epigenetic regulation holds the key to the stress memory
generation in plants (Fig. 2). The process of the epigenetic
regulation of gene expression is highly conserved among
the eukaryotic organisms. Alteration of histone proteins
modulates chromatin composition and thereby influ-
ences gene expression (Ueda and Seki 2020). Epigenetic
modifications of stress memory genes are associated with
an altered expression between first exposure and subse-
quent exposures (Biurle and Trindade 2020). Two types
of enzymes are mainly involved in histone modifications,
writers and erasers. Writers such as HATs (histone acetyl-
transferase), HMTs (histone methyltransferase), kinases,
and ubiquitinase are responsible for the addition of methyl
or acetyl group to the tail or core domain of histones. Eras-
ers are HDACs (histone deacetylase), HDMs (histone dem-
ethylase), phosphatase, and deubiquitinase, which undo
the modifications done by writers (Lohmann et al. 2004;
Xu et al. 2017; Ueda and Seki 2020).
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Histone acetyltransferases (HATs)
in thermotolerance

Arabidopsis genome encodes several HAT genes that play
a role in HS response. HATs transfer the acetyl group to
amino acids (mostly lysine residues) in histone that weak-
ens the interaction between DNA and histone protein and
results in the transcriptional activation of genes. One of the
HAT family genes is GENERAL CONTROL NONDERE-
PRESSIBLES (GCNS5). Studies on GCNS5 described their
functional role in both salinity and HS. GCNS5 induces
the cell wall-related genes ZmEXPANSIN B2 and ZmXY-
LOGLUCAN ENDOTRANSGLUCOSYLASE/ HYDRO-
LASEI by H3K9 acetylation (Li et al. 2014). The gcn5
mutants show sensitivity to salinity stress due to defects
in the integrity of the cell wall. Interestingly, GCNS also
plays an essential role in providing thermotolerance (Hu
et al. 2015). GCNS enhances H3K9/K14Ac acetylation in
the promoter region of the HSFA3 and ULTRAVIOLET
HYPERSENSITIVITY6 (UVH6) genes, which is associ-
ated with their enhanced expression and thermotolerance
in Arabidopsis (Hu et al. 2015).

Histone deacetylase (HDACs)
in thermotolerance

Histone deacetylases are the group of enzymes involved
in removing the acetyl group from N-acetyl lysine amino
acid residues in histone proteins. They allow the wrapping
of DNA on histone more tightly and negatively regulates
the transcription of genes. The action plays by HDACs
is directly opposite to the effect of HATs. HDACs are
divided into four classes. Class I, II, and IV HDACSs are
Zinc-dependent, require Zn** as a cofactor, while type
III is NAD* dependent (Imai et al. 2000). These classes
of HDACs are both positive and negative regulators of
the drought, salinity, and HS-responsive genes (Fig. 2)
(Ueda and Seki 2020). HDACs are part of the multipro-
tein chromatin remodeling complex. They interact with
chromatin remodeler protein and negatively regulate the
expression of genes. One example of HDAC that nega-
tively regulates the thermotolerance is HD2C of Arabidop-
sis (Buszewicz et al. 2016). Heat-induced expression level
of HSFA3, HSFC, HSP101 and APX genes are significantly
higher in Ad2c mutant. The HD2C deacetylase interacts
with SW13B, a protein of BRAHMA (BRM)-containing
SWI/SNF (SWITCH/SUC NONFERMENTING) chroma-
tin remodeling complex (Fig. 2) (Buszewicz et al. 2016).
BRM, HD2C, and SWI13B, all control thermotolerance
in plants (Brzezinka et al. 2016; Buszewicz et al. 2016).
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Interestingly, HS induces HD2C transcript level upon heat
treatment, (Buszewicz et al. 2016) suggesting the involve-
ment of this gene in fine-tuning the stress reponse output.

Demethylation in thermotolerance

Demethylation of histones results in both activation and
suppression of expression, depending on the specific posi-
tions of amino acids. Whereas methylation at H3K4 acti-
vates gene expression, methylation at H3K9 or H3K27 sup-
presses it (Ueda and Seki 2020). HS induces the expression
of HSFA2, which directly activates the H3K27Me3 demethy-
lase enzyme coding gene RELATIVE OF EARLY FLOWER-
ING 6 (REF6) (Liu et al. 2019). This REF6 is also directly
involved in the derepressing of HSFA2. Thus, HSFA2 and
H3K27Me3 demethylase create a positive feedback loop,
which maintains the epigenetic heat shock memory for a
longer time by stabilizing HSFA2 in “on-state.” This loop
also activates an E3 ubiquitin ligase SUPPRESSOR OF
GENE SILENCING 3 (SGS3)-INTERACTING PROTEIN
1 (SGIP1), which eventually upregulates the expression of
HEAT-INDUCED TAS1 TARGET 5 (HTTS) and positively
regulates thermotolerance (Fig. 2) (Liu et al. 2019). Epige-
netic changes are heritable and thus may contribute to long-
term and transgenerational thermomemory.

The knowledge gap

An encounter with pathogen results in systemic acquired
resistance in plants (SAR), which provides protection
against a broad range of pathogens during subsequent infec-
tions. A local pathogen infection results in the production
of mobile signals that travel through the vasculature and
provide systemic immunity (Dempsey and Klessig 2012).
Plants can retain infection memory from days to months.
Repeated exposures to pathogens can result in inheritable
protection (Luna et al. 2012; Slaughter et al. 2012). Thus,
the physiological responses towards heat and pathogens are
comparable for plants. When TAT is compared with SAR,
one finds significant differences in the process of initiation,
with substantial similarity in the mechanism of infection
memory development and retention. The fundamental dif-
ference in the process of perception of these two stresses
lies in the virtue of the signal’s composition. In contrast to
the perception of HS as described above, pathogens are per-
ceived by classical receptor-like kinases (Tang et al. 2017).
However, the process of infection-memory development is
quite similar, which relies on the epigenetic modifications
of the key transcription factors (Luna et al. 2012; Singh
et al. 2013; Banday and Nandi 2015). Despite this simi-
larity, it is not known whether HS generates any vascular
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mobile signal for activating systemic tolerance of HS. The
systemic spread of infection immunity makes sense as the
pathogens are likely to invade certain parts of a plant and not
the whole plant simultaneously. However, one may assume
the HS is expected to affect the entire plant equally with a
changing environment and thus may not evolve a mecha-
nism of systemic alertness. But how about the plants that
grow beneath the canopy? Ray of sunlight falling directly
in a part of the plant for an hour in the morning could be
a possible trigger of thermotolerance development for the
entire plant to protect from the afternoon heat in a tropical
forest. Thus, positive selection pressure for the evolution of
systemic thermo-tolerance is not unimaginable. However,
a systematic study addressing to unravel such a signaling
mechanism is lacking. Experiments may be performed by
applying heat to a few leaves and testing the systemic immu-
nity a few hours later. Experiments show that SAR mobile
signals can be collected from a pathogen inoculated leaf as
petiole exudates. Pathogen-free petiole exudates further can
induce SAR in a naive plant (Chaturvedi et al. 2008; Singh
et al. 2013). However, it is not known whether there are any
such vascular mobile signals for TAT.
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