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Summary

Many environmental conditions fluctuate and organisms need to respond effectively. This is
especially true for temperature cues that can change in minutes to seasons and often follow a
diurnal rhythm. Plants cannot migrate and most cannot regulate their temperature. Therefore, a
broad array of responses have evolved to deal with temperature cues from freezing to heat stress.
A particular response to mildly elevated temperatures is called thermomorphogenesis, a suite of
morphological adaptations that includes thermonasty, formation of thin leaves and elongation
growth of petioles and hypocotyl. Thermomorphogenesis allows for optimal performance in
suboptimal temperature conditions by enhancing the cooling capacity. When temperatures rise
further, heat stress tolerance mechanisms can be induced that enable the plant to survive the
stressful temperature, which typically comprises cellular protection mechanisms and memory
thereof. Induction of thermomorphogenesis, heat stress tolerance and stress memory depend on
gene expression regulation, governed by diverse epigenetic processes. In this Tansley review we
update on the current knowledge of epigenetic regulation of heat stress tolerance and elevated
temperature signalling and response, with a focus on thermomorphogenesis regulation and heat
stressmemory. In particular we highlight the emerging role of H3K4 methylation marksin diverse
temperature signalling pathways.

Balasubramanian, 2019; Praat ez al., 2021). At the organism level,
plant responses to temperature can be roughly separated into

Plants are sensitive to environmental perturbations and adjust to
changing conditions continuously. This occurs especially for
temperature cues that can change rapidly over the day and fluctuate
in diurnal and seasonal rhythms (Chinnusamy ezal, 2007;
Penfield, 2008; Legris ¢t al., 2016a; Quint ezal., 2016; Casal &
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tolerance responses (ensure survival) and acclimation responses,
associated with growth and physiological development, that
facilitate optimal performance under suboptimal conditions. In
general, tolerance responses are observed when plants are exposed
to extreme temperatures such as heat stress (HS) and freezing stress.
Acclimation responses are typically displayed upon exposure to
milder temperature changes, such as chilling and high ambient
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temperatures (Thomashow, 1999; Sung ez al., 2003; Wahid ez al.,
2007; Penfield, 2008; van Zanten et al., 2014a; Hayes et al., 2021;
Praat etal., 2021). Chilling stress for instance typically leads to
reduced and compact growth, stimulating insulation (Hasdai ez al.,
20006). Upon exposure to subzero temperatures, cryoprotective
mechanisms such as accumulation of ice-binding proteins and
plasma membrane thickening is induced to tolerate cellular damage
resulting from ice crystals (Bredow & Walker, 2017). Conversely,
HS can result in irreversible damage through protein denaturation
and accumulation of reactive oxygen species (ROS), that can cause
malfunctioning of organelles and the photosynthesis apparatus
(Kotak ez al., 2007; Wahid ez al., 2007; Liu et al., 2015). Typical
symptoms of HS include growth inhibition, leaf senescence and
abscission, sterility, and impaired seed vigour and germination
(Kotak ez al., 2007). In general, two distinct tolerance mechanisms
are discerned. The first one concerns the intrinsic capacity to
withstand HS and is usually referred to as basal thermotolerance.
Conversely, pre-exposure to mild HS can induce tolerance to a
strong(er) HS event that would otherwise be lethal, in a process
called acquired thermotolerance or HS priming. The latter implies
memory of the previous HS episode (Yeh eral, 2012; Baurle,
2016).

The definition of mildly elevated temperature and HS depends
on the natural habitat of the species under consideration (Yeh ez al.,
2012). For Arabidopsis thaliana, mildly elevated temperature is
loosely defined as a surpass of about 5-7°C (c. 27-29°C) above the
standard growth temperature used in laboratories world-wide (20—
22°C), atemperature above ¢. 30°C is referred to as HS and above c.
36°C as severe HS (Wahid ez al, 2007). Mildly elevated temper-
atures in general trigger acceleration of development, early
flowering, and alter immunity (Hua, 2013; Verhage eral., 2014;
Capovilla eral., 2015; Gangappa ez al., 2017). In diverse species
such as tomato and Arabidopsis, a suite of morphological
adaptations,
induced to withstand suboptimal temperatures (Quint ez a/., 2016;

collectively termed thermomorphogenesis, are

Casal & Balasubramanian, 2019). Typical thermomorphogenic
responses are hypocotyl elongation, upward leaf movement
(thermonasty), petiole elongation, reduced stomatal density and
formation of smaller and thinner leaves (Koini eral, 2009;
Crawford et al.,2012; van Zanten et al., 2014a; Ibanez e al., 2017;
Casal & Qiesta, 2018). The open rosette structure that results from
thermomorphogenesis contributes to the cooling capacity through
transpiration and allows avoidance of solar heat flux (Crawford
etal., 2012; Bridge et al., 2013; Park ez al., 2019).

In recent years, great progress has been made in our under-
standing of the molecular factors involved in thermosensing and
signalling. The bHLH transcription faccor PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) is considered a core
thermomorphogenesis-signalling hub on which diverse tempera-
ture signalling pathways converge (Koini ezal, 2009; Sun et al.,
2012; Quint eral, 2016; Gangappa etal, 2017; Casal &
Balasubramanian, 2019). However, PIF4-independent signalling
pathways are now emerging (Vu ez al., 2021). Among many other
responses, PIF4, and PIF7 alike (Chung e al., 2020; Fiorucci et al.,
2020) directly stimulate auxin biosynthesis by binding and
activating promoters of rate-limiting auxin biosynthesis genes
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(Franklin eral., 2011; Sun etal., 2012) that trigger thermomor-
phogenesis in a brassinosteroid-dependent manner (Martins ez al.,
2017; Ibanez et al., 2018).

Warm temperature is perceived through the photoreceptor
phytochrome B (phyB) by the highly temperature-sensitive ‘dark’
reversion of active Pfr to the inactive Pr conformation. The rapid
nuclear extrusion of phyB-Prupon warmth releases PIF4 inhibition
that subsequently initiates thermomorphogenesis (Jung ezal.,
2016; Legris eral, 2016b; Qiu eral, 2019), a process that is
attenuated at lower temperature conditions. Temperature also
provides direct input to the PIFs, as translation of PIF7 mRNA is
enhanced by warmth through relaxation of the P/F7 mRNA
hairpin structure, resulting in PIF7 protein accumulation (Chung
etal, 2020). In addition, the temperature-dependent phase @
separation of the transcriptional repressor EARLY FLOWERING
3 (ELF3) into inactive condensates at warm temperatures also
contributes to temperature sensing and thermomorphogenesis
(Jung et al., 2020).

Transcription of some heat shock protein (HSP) genes is
regulated by mild warm temperatures and can even serve as a
‘molecular thermometer’ (Kumar & Wigge, 2010). However, these
molecular chaperones and members of the heat shock transcription
factors (HSFs) alike, are mostly associated with HS responses. In @
control temperature conditions HSPs bind to HSFs, maintaining
them in an inactive state. During HS, HSPs are recruited to
damaged proteins, facilitating their repair or removal (Scharf ez al.,
2012; Li ez al., 2017; Ohama ez al., 2017). The consequent release
of HSFs allows for their multimerisation and binding to heat shock
elements (HSE) in the promoters of HSPs and other target genes.
This activation boosts the production of even more HSPs to protect
the cells. Simultaneously, the HSF-HSP balance is restored, which
dampens the response.

While the direct transcriptional regulation of high temperature
responses by means of regulators (e.g. PIFs, ELF3, phyB, HSFsand
many others) is now well understood, increasing evidence supports
a prominent role for epigenetic regulation in plant temperature
signalling and response. The term epigenetics was first introduced
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in modern-day biology by embryologist Conrad Waddington in
o

1942, who defined epigenetics as ‘the branch of biology which

uoww

studies the causal interactions between genes and their products, 3
which bring the phenotype into being’ (Waddington, 1942). For a al

a

briefhistory please refer to Deichmann (2016). Later, a community 8
consensus definition of the term epigenetics was reached ata Cold
Spring Harbor meeting in 2008: ‘An epigenetic trait is a stably
heritable phenotype resulting from changes in a chromosome
without alterations in the DNA sequence’ (Berger ez al., 2009). In
the broader sense, the term epigenetics is often used to describe
‘chromatin modifications’, that is chemical modifications of DNA
or histone proteins placed around DNA that do not change
the base sequence (Deichmann, 2016). As these modifications
may or may not be stable and transmitted through cell division and
subsequent generations, they do not necessarily need to conform to
the narrow definition given above.

Typically, epigenetic mechanisms involve the regulation of gene
transcription via different pathways including, but not limited to,

DNA methylation, small RNAs, ATP-dependent chromatin
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remodelling, histone variants, histone modifications, histone
chaperones and long noncoding RNAs. Some of these epigenetic
modifications and modifying proteins modulate expression of high
temperature-responsive genes and function to prevent heat-related
damage and/or to promote subsequent adaptation (He & Li,
2018). In addition, epigenetic processes are involved in priming
and memory of HS, which promotes tolerance to recurring HS
events within the same or in a subsequent generation (#rans-
generational memory).

In this review we provide a update on the current knowledge of
epigenetic regulation of HS and mildly elevated temperature
signalling and define topics for future research. We will focus
primarily on thermomorphogenesis regulation and HS memory.
We do acknowledge that epigenetic processes are a prominent
component of many other temperature effects, including flowering
time regulation, cold responsiveness (especially during vernalisa-
tion) and pollen development. Here, we do not cover these aspects
as these have been the topic of excellent recent reviews (e.g. Hereme
etal., 2021; Pandey eral., 2021; Luo & He, 2020; Chang ez al.,
2020; Y. Chen etal., 2016).

Il. Epigenetic regulation of thermomorphogenesis

1. Histone variant H2A.Z is evicted at warm temperatures

Chromatin remodelling represents an important level of regulation
in temperature sensing and response mechanisms. In eukaryotes,
the DNA is organised within nucleosomes where it is wrapped
around histone proteins. Canonical histones and histone variants
are highly conserved globular proteins whose N-terminal tails are
exposed on the surface of the nucleosome octamer for chemical
modifications, including methylation and acetylation (Kouzarides,
2007). In addition, ATP-dependent chromatin remodellers can
modify histone-DNA interactions, providing accessibility to
transcriptional regulators (Ho & Crabtree, 2010). Histone
proteins are usually deposited into nucleosomes during the
S-phase of the cell cycle (Liu eral, 2015). Together with the
incorporation of canonical histones, nonallelic histone variants can
also be integrated during the entire cell cycle (Kamakaka & Biggins,
2005). Histone variants can alter nucleosome stability and
structure, thereby affecting chromatin accessibility and transcrip-
tion.

The first solid evidence of histone variants regulating thermore-
sponsiveness was presented by the Wigge laboratory (Kumar &
Wigge, 2010). They identified ACTIN-RELATED PROTEIN 6
(ARPG) as mediator of temperature responses in Arabidopsis
(Fig. 1). Arp6 mutants display elongated hypocotyls already at low
temperatures, indicative of a constitutive warm temperature
phenotype. ARPG6 is a subunit of the Snf2 ATPase remodelling
complex SWR1-C, responsible for the exchange of the permissive
canonical histone variant H2A with repressive H2A.Z. The arp6
mutant showed higher HSP70 expression and de-repression of
many other thermo-responsive genes due to the inability to include
H2A.Z nucleosomes at temperature-regulated loci primarily at the
+1 site. Chromatin immunoprecipitation (ChIP) followed by real-
time PCR revealed depletion of H2A.Z occupancy at the HSP70

New Phytologist (2022) 234: 1144-1160
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locus in the 27p6 mutant, indicating that higher HSP70 expression
is correlated with changes in chromatin structure (Fig. 1). Further
analyses showed that H2A.Z depletion scaled with temperature, as
at 17°C H2A.Z occupancy at the HSP70locus was greater than at
27°C, when HSP70 expression is increased (Kumar & Wigge,
2010).

Later, H2A.Z eviction at elevated temperatures was observed for
a specific cluster of environment-responsive genes, occurring at
different chromatin regions and not exclusively around transcrip-
tion start sites (Cortijo ¢z al., 2017). To investigate whether H2A.Z
depletion was required for transcriptional activation or was instead
a consequence, H2A.Z occupancy was measured at different
timepoints during high temperature exposure. H2A.Z occupation s=
was lost within minutes from activation, suggesting that H2A.Z- @
containing nucleosomes may be required to maintain gene
repression during moderate temperature conditions. Furthermore,
binding of the HSFAla transcription factor to heat-responsive
genes, including HSP70, appeared critical to promote H2A.Z
eviction and hence gene expression (Cortijo eral., 2017) (Fig. 1).
Altogether, this indicates that H2A.Z-containing nucleosomes are
not temperature sensors per se, but that their occupancy depends on
the presence/absence of transcriptional regulators, allowing a
switch-like chromatin re-organisation in response to environmen-
tal cues to induce appropriate, timely and specific (transcrlptlonal)
responses to cope with the changing temperature conditions.

In line with H2A.Z, other variants like H2A.\W¥, which controls
heterochromatin organisation and coordinates DNA methylation
levels together with the histone linker H1, are promising subjects of
future studies on plant temperature responses (Yelagandula ez al,
2014; Bourguet ez al., 2021).

2. Role of histone (de)methylation in responses to elevated
temperatures

Histone epigenetic modifications occur at specific histone tails
residues that extrude from the nucleosomes, primarily on lysine (K
and arginine (R). The position and timing of placement or removal
of these covalent modifications are essential for appropriate
responsiveness to environmental cues and cause either an increase
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or decrease in transcription (Perrella & Kaiserli, 2016).
FLOWERING CONTROL LOCUS A (FCA) is an RNA @
binding protein that is involved in chromatin silencing by §
promoting histone demethylation of FLOWERING LOCUS C3§
(Tian eral., 2019). Interestingly, fea mutants display hyperelon-
gated hypocotyls when exposed to 28°C (Lee eral., 2014). FCA
directly interacts with PIF4 and, at 28°C, PIF4 recruits FCA to the
chromatin of growth-promoting target genes, including YUCCAS
(YUCS) (Lee et al., 2014). YUCS encodes a rate-limiting enzyme in
auxin biosynthesis that is critical for thermomorphogenesis
(Franklin eral, 2011; Sun eral, 2012) (Fig. 2a). FCA binding
triggers histone H3K4me2 demethylation (an activating mark). In
addition, FCA modulates PIF4 dissociation from the YUCS8 locus
and attenuates YUCS expression (Lee et al., 2014). Thereby, high
temperatures-induced hypocotyl elongation seizes (Fig. 2a).

uadI]

Correspondingly, binding of Jumonji C (JmjC) demethylases
JMJ 14 and JMJ15 to target genes was enhanced at 27°C, suggesting

© 2022 The Authors
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Control temperature

Fig. 1 HDA9-dependent H2A.Z eviction at
high ambient temperatures. (Left) At control
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High temperature
PR

SFA1a

temperatures, the SWR1 multiprotein
complex (SWR1-C) containing ACTIN-
RELATED PROTEIN 6 (ARP6) is responsible for
the incorporation of the histone variant H2A.Z
(pink) that suppresses thermo-responsive

genes. (Right) At high temperatures, HEAT ]

STRESS TRANSCRIPTION FACTOR A1a y
(HSFA1a) is involved in H2A.Z eviction. In
addition, the POWERDRESS-HISTONE
DEACETYLASE 9 (PWR-HDA9) complex
deacetylates H3K9K14Ac at the YUCCAS
(YUCS8) and HEAT SHOCK PROTEIN 70
(HSP70) loci, thereby proposedly impeding
ARP6-dependent H2A.Z incorporation. As a
result, these loci contain relatively high levels
of permissive H2A (blue) and relatively low
levels of suppressive H2A.Z. This chromatin
state facilitates the binding of promoter
regions by PHYTOCHROME INTERACTING
FACTOR 4 (PIF4) and possibly PIF7, resulting
in transcriptional activation of genes required
for thermomorphogenesis responses (e.g.
YUCS to stimulate auxin biosynthesis) such as
hypocotyl elongation and thermonasty. How
HDAQ9 is recruited by transcription factors (TF)
to its target genes in response to elevated
temperatures remains to be investigated.
Black dashed and solid arrows, respectively,
indicate positioning/removal of the indicated
molecular factor or stimulation of the indicated
process.

SWR1-C

active recruitment of these H3K4me3 (considered an activating
mark) demethylases at high temperatures (Cui eral, 2021)
(Fig. 2b). However, in apparent contradiction to fez mutants, in
a jmjl4 mutant combined with a mutation in its cofactor-
producing enzyme cytosolic isocitrate-dehydrogenases (cICDH),
expression of several auxin-related genes, such as YUCS, was
suppressed and, accordingly, thermomorphogenesis capacity was
reduced as well. This suggest that opposite to a suppressive role for
FCA, JMJ14 and the redundant JMJ15 and JM]J18 act as positive
regulators of high temperature-mediated changes in gene expres-
sion and thermomorphogenesis (Cui ez al., 2021) (Fig. 2b).
Another histone methylation mark that correlates with an
increase in temperature (from 15°C to 25°C) is H3K36me3. In
particular, H3K36me3 enrichment was associated with Differen-
tially Spliced (DiS) events upon temperature changes (Pajoro ez al.,
2017). DiS regions involve transcripts previously reported to
undergo temperature-induced Alternative Splicing (AS), such as
FLOWERING LOCUS M, MADS AFFECTING FLOWERING 2,

© 2022 The Authors
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as well as clock components such as PSEUDO-RESPONSE §
REGULATOR 3 (PRR3) and PRR7. Transcriptome analyses of
mutants of the histone H3K36 methyltransterases SET DOMAIN- 2.
CONTAINING GROUP 8(SDG8) and SDG26 revealed that most ;
DiS events were diminished in these mutants, suggesting that
H3K36me3 is indeed required for such events. In addition,
measurement of transcription rates in Arabidopsis seedlings
subjected to various temperatures revealed that H2A.Z gene body
occupancy and H3K27me3 levels were associated with a more
thermostable transcription rate (Sidaway-Lee ez al., 2014).

3. Histone deacetylases affect responsiveness to elevated
temperatures

Histone acetylation and deacetylation are characterised by the
addition and removal of acetyl groups to lysine residues on H3 and
H4 histone tails. This is catalysed by histone acetyltransferases
(HATs) and histone deacetylases (HDAC:s), respectively, which

New Phytologist (2022) 234: 1144-1160
www.newphytologist.com
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Fig. 2 Histone modification regulation
associated to thermomorphogenesis. (a) High
temperature triggers the expression of
transcription factor PIF4. Accumulated PIF4
protein activates transcription of genes
required for thermomorphogenesis responses,
such as YUCS, to stimulate

ultimately modulate chromatin accessibility for transcription
factors, other regulatory proteins and the transcription machinery.
This ‘opening’ and ‘closure’ of specific chromatin regions by HATs
and HDAC:s can affect gene expression in response to environ-
mental stimuli (Asensi-Fabado ez a/, 2017).

Early work from the Luschnig laboratory showed that the
reactivation of a B-GLUCURONIDASE transgene after HS was
correlated with an increase in H3K9K14ac. This reactivation was
more pronounced in the HISTONE DEACETYLASE 6 (hdab)
mutant (Lang-Mladek ez al., 2010). More recently, a connection
between histone deacetylation and H2A.Z has been revealed
(Fig. 1). In a forward genetics screen for mutants displaying
impaired thermomorphogenesis a mutation in POWERDRESS
(PWR), a SANT domain protein known to interact with HDA9Y,
was identified (Tasset ez al., 2018). Pwrand hda9 mutants display
similar temperature-dependent phenotypic traits, such as impaired
hypocotyl elongation in response to warmth and a compact rosette
morphology. However, some responses were retained in hda9

New Phytologist (2022) 234: 1144-1160
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thermomorphogenesis. PIF4 also directly
interacts with FLOWERING CONTROL

> LOCUS A (FCA) that is recruited to the
chromatin where it allows H3K4me2
demethylation of the YUC8 promoter region
and triggers PIF4 dissociation from the DNA,
thereby reducing YUCS8 expression to
attenuate thermomorphogenesis. (b) In a
different scenario, high temperature triggers
the recruitment of the histone demethylases
Jumoniji JMJ) 14 and 15 that mediate the
removal of H3K4me3 marks that could affect
the expression of a negative regulator. In
addition, YUCS transcript level is increased,
causing hypocotyl elongation. Black dashed
and solid arrows indicate, respectively,
positioning/removal of the indicated
molecular factor or stimulation of the indicated
process.

compared with pwr. For instance, hda9 mutant seedlings displayed
a wild-type-like HSP70 induction at high temperature, while in
pwr this temperature marker gene was not induced (Tasset ezal.,
2018; van der Woude ez al., 2019; de Rooij ez al., 2020). Similarly,
unlike PWR, HDAY is seemingly not involved in P/F4 transcrip-
tional induction in response to elevated temperatures. Strikingly,
HDAY functions independently of phyB thermosignalling and
light quality signalling (van der Woude ez a/., 2019), setting it apart
from the shade avoidance syndrome, a suite responses similar to
those induced by warmth (Ballaré & Pierik, 2017). Transcriptome
analyses demonstrated that induction of auxin-related genes,
including YUCS, was hindered in /da9 and pwr mutants at warm
temperatures. Subsequent ChIP-PCR analysis revealed that the
YUC8locus was indeed hyperacetylated in these mutants at 27°C,
thereby hinting that histone deacetylation is necessary for YUCS
induction. Interestingly, /da9 mutants displayed high levels of
H2A.Z occupancy at the YUC8locus and a reduced ability for PIF4
binding at warm temperatures. Altogether, this suggests that

© 2022 The Authors
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HDA9-dependent histone deacetylation is required for net H2A.Z
eviction from YUCS's nucleosomes at warm temperatures, which
subsequently allowed PIF4 binding to the YUCS8 promoter,
followed by YUCS transcriptional activation, auxin accumulation
and thermomorphogenesis (Fig. 1). Whether PIF7 binding to
chromatin is also modulated by HDA9-dependent histone
deacetylation and H2A.Z eviction remains to be studied (Fig. 1).

Inanother study, /dal5, hda9and hdal 9mutants were shown to
have partly opposite temperature responses, as hdal5 mutant
seedlings displayed longer hypocotyls than the wild-type at 27°C,
while hda9 and hdal9hypocotyls were shorter (Shen ez al., 2019).
HDA15, HDA9 and HDA19, therefore, have distinct functions in
temperature signalling. Gene expression analysis of hda15seedlings
revealed upregulation of temperature-dependent genes including
YUC8, HSP20, INDOLE-3-ACETIC ACID INDUCIBLE 3
(IAA3), IAA19 and IAA29. Furthermore, HDA15 was found to
interact with LONG HYPOCOTYL IN FAR-RED (HEFR1) to
downregulate gene expression. Because HFR1 interacts with PIF4
and antagonises its activity (Hornitschek ezal, 2009), HDA15
proposedly controls thermomorphogenesis by repressing PIF4
activity (Shen ez al., 2019). Moreover, HDA15 interacts with PIF1
and PIF3 to repress phyB-dependent seed germination, chloro-
phyll biosynthesis and photosynthetic genes in etiolated seedlings
(Liu ez al., 2013; Xu ez al., 2017). Together, this hints that HDA15
— and possibly other HDAC’s alike — have a role in governing
transcriptional networks that translate environmental cues in
appropriate functional responses, in which HDA9 apparently has a
more specific role in temperature signalling, because hda9 mutants
are not disturbed in responsiveness to light quality cues (van der
Woude et al., 2019).

Interestingly, hda9 and hdal9 mutants, despite exhibiting
similar high temperature phenotypes, displayed little overlap in
differentially expressed genes. This suggests that these related
HDAC proteins might function in different pathways leading to
thermomorphogenesis. ChIP-PCRs indicated that both HDA15
and HDA19 directly bind to promoters of stress responsive genes,
while no direct DNA binding was detected for HDA9 (Shen ez al.,
2019). Whether HDA15 and HDAI19 also regulate H2A.Z
occupancy of their target genes remains to be determined.

4. The role of the INO80 complex in responses to elevated
temperatures

A recent report demonstrated that the Snf2 ATP-dependent
chromatin remodelling complex INO80-EIN6 ENHANCER
(EEN) is required for thermomorphogenesis by mediating H2A.Z
eviction (Xue eral, 2021) (Fig. 3a). INO80 and EEN directly
associate with PIF4 to activate transcription of auxin-related genes,
including YUCS, under elevated temperatures. In addition,
constitutive induction of PIF4 target genes by PIF4 overexpression
was suppressed in the 72080 mutant background. Moreover, PIF4 is
required for INO80 complex (INO80-C) recruitment to PIF4
target loci, to facilitate local H2A.Z eviction at warm temperatures
and H2A.Z eviction was compromised in both pif4 and 772080
mutants. Yeast-two-hybrid screening and subsequent confirma-

tions indicated that INOS80-C interacts with the H3K4me3
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deposition complex COMPASS-like core component WDR5a and
the SPT4-1 and SPT4-2 transcription elongation factors. These
modulate RNA Pol II elongation to facilitate efficient transcription
and H3K4me3 deposition, an epigenetic mark mainly associated
with active transcription. Indeed, H3K4me3 levels were elevated at
PIF4 targets at warm temperatures and this was lost in the pif4
mutant. This suggests that INO80-C is required for warm
temperature-induced H3K4me3 deposition and transcription
elongation at PIF4 target genes (Fig. 3a). Moreover, mutants in
diverse transcription elongation factors exhibited impaired ther-
momorphogenesis phenotypes and had elevated H2A.Z levels,
similar to 77080 and pif4 mutants. This demonstrates that efficient
Pol I elongation facilitates thermomorphogenesis and is seemingly
required for H2A.Z removal at PIF4 targets, and therefore that
H2A.Z eviction and active transcription are associated together
(Xue ez al., 2021). Given the requirement of HDA9 and PWRI for
PIF4-mediated induction of auxin biosynthesis under warm
temperatures (Tasset ezal., 2018; van der Woude ezal., 2019),
and because hda9 mutants display enhanced H3K4me2/3 levels
under salt stress (Zheng ez al., 2020), it seems possible that HDA9
and PWRI also associate with INO80-C.

Inan independent study, Willige ez /. (2021) demonstrated that
PIF7 binding to promoters is required for local H2A.Z removal & |
within minutes after exposure to a low ratio of red to far-red light 8 Z
(Willige eral., 2021) (Fig. 3b). PIF7 was proposed to mediate E.:"
H2A.Z removal through its interaction with the EEN subunit of &
INO80-C. Therefore, similar to warm temperature conditions %
(Xue eral., 2021), PIFs are seemingly needed for H2A.Z removal g

o
. . . . <
and simultaneous activation of their target genes under shade @

(Willige ez al., 2021). Given the involvement of HDAC activity in é
H2A.Z incorporation/eviction dynamics (van der Woude eral., &
2019) on the one hand, and the demonstrated HDA15 interaction 5
with PIF1 and PIF3 (Liu ez al, 2013; Xu et al., 2017) and the light 5
signalling components HFR1 (Hornitschek ezal., 2009), on the
other hand, itwould be interesting to test for possible contributions
by HDA15 to H2A.Z dynamics in both shade and high
temperature conditions. This possibility is further supported by
the observation that HDAI5 interacts with NUCLEAR
FACTOR-Y, subunit C (NF-YC) proteins (Tang ez al., 2017) that

induce H2A.Z deposition in a light-dependent manner to inhibit
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5. Integrating the role of histone modifications and
modifying enzymes

Combined with the observation that PIF7 mRNA functions as a
thermosensor (Chung ez al., 2020), it is tempting to propose the
existence of a short temperature signalling cascade. When temper-
atures rise, PIF7 expression is induced and translation of PIF7
mRNA is enhanced through mRNA hairpin relaxation (Chung
etal., 2020). PIFs then bind to the G-box element of their target
genes and mediate H2A.Z depletion in concert with the INO80—
EEN complex, possibly in association with PWR and HDA9. This
net H2A.Z removal then possibly relieves target gene repression,
followed by transcriptional activation and induction of thermo-
morphogenesis. Despite being a tempting hypothesis, some
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apparent conflicting findings emerge that may point to divergence
of high temperature and light signalling at the level of H2A.Z
occupancy regulation. First, PIF7 binding to G-boxes triggers
H3KO9 hyperacetylation of regulatory regions under low red to far-
red light exposure (Willige ez 4/, 2021) (Fig. 3b). No involvement
of PIF4 was however observed in global (genome-wide) hyper-
acetylation under warmth (van der Woude ez al., 2019). Second,
whereas HDAY is required for warm temperature signalling, it is
not clearly involved in light signalling (van der Woude ez 4/, 2019).
Furthermore, whereas HDA9-mediated histone deacetylation
(H3K9K14Ac) associates with H2A.Z eviction from YUCS8
nucleosomes at warm temperature conditions, the opposite was
found during low red to far-red light signalling, in which enhanced
H3K9 acetylation of PIF7 target genes correlates with H2A.Z
removal and target gene induction (Willige ez a/., 2021). Whether
PWR also regulates nucleosome exchange in response to light
quality signals remains to be determined. However, as also

indicated above, PWR has a more pleiotropic role than HDA9

New Phytologist (2022) 234: 1144-1160
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Promoter

G-box ATHB2

Fig. 3 The role of the INO80-C complex in
elongation responses. (a) At high
temperatures PIF4 and PIF7 transcription is
induced. The INO80 complex (INO80-C) can
directly associate with PIF4 protein to induce
the downstream expression of auxin-related
genes (e.g. YUCS). INO8O-C also interacts
with members of the H3K4me3 deposition
complex COMPASS-WDR5a, which triggers
H3K4me3 methylation and with RNA
POLYMERASE Il (POLII) elongation factors
SPT4-1 and SPT4-2, which in turn are
responsible for H2A.Z removal and initiation of
transcription. Whether PIF7 plays a role in this
elevated temperature signalling mechanism,
remains to be elucidated. However, (b) upon
exposure to a low red/far-red light ratio, PIF7
interacts with the INO80-C remodelling
complex and binds to the G-box elements of
target genes. This interaction mediates H2A.Z
eviction and induces expression of ATHB2. In
addition, PIF7 binding to the G-box allows an
increase of histone acetylation marks. Black
dashed and solid arrows indicate, respectively,
positioning/removal of the indicated
molecular factor or stimulation of the indicated
process.

(de Rooij eral., 2020). Moreover, PWR affects thermo-inhibition
of seed germination by mediating H3K9 deacetylation and H2A.Z
deposition at the SOMNUS (SOM) locus, a negative regulator of
phyB-dependent seeds germination (Yang ez a/.,2019). HDA9 also
has a role in establishing seed dormancy, seed longevity and
germination (van Zanten etal., 2014b). It would therefore be
interesting to study whether HDA9 confers the temperature
dependency of these processes.

At the protein level HDA9 accumulates shortly after germina-
tion in response to warmth (Fig. 1), mainly in the root and root—
hypocotyl junction, while becoming less abundant during seedling
establishment. This suggests that HDA9 should be considered an
early regulator of seedling responsiveness to temperature and that
this function is ‘replaced’ by phyB-mediated thermosignalling
when the cotyledons develop and become photoautotrophic
(Stavang etal., 2009; Bellstaedt eral, 2019). PIF7-mediated
histone modifications might occur temporarily after HDA9’s task
has been fulfilled. Furthermore, the functional characterisation of

© 2022 The Authors
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HDAD as transcriptional activator (by facilitating H2A.Z eviction)
during thermomorphogenesis induction revealed a very unusual
role for a HDAC, as these enzymes are typically considered
transcriptional co-repressors (Fig. 1). In support of this, HDA9
preferentially associates with transcriptionally active regions and its
binding to chromatin is required for gene expression initiation
(Kang eral., 2015; Kim et al., 2016; X. Chen ez al., 2016; Mayer
etal., 2019; van der Woude ez al., 2019).

6. Involvement of chromatin remodelling factors in
thermomorphogenesis

SEUSS (SEU) is a homologue of LGN-binding domain (LBD)
proteins in mammals in which they recruit transcription factors
to form higher-order complexes (Agulnick eral, 1996).
Together with LEUNIG (LEU), SEU forms a complex to
transcriptionally repress a subsets of plant genes (Fig. 4).
Through T-DNA insertion line screening, a specific mutant
for SEU, named enhanced photomorphogenic2 (epp2) was iden-
tified that displayed short hypocotyls in response to red, far-red
and blue light, as well as at elevated temperatures (Huai ezal.,
2018). Genetic analysis of pif4 seu double mutants indicated that
PIF4 acts via SEU to respond to temperature stimuli (Fig. 4).
Furthermore, SEU and PIF4 proteins interact and activate
expression of growth-promoting genes, including /44719 and
YUCS, by binding to their promoters. In addition, H3K4me3
levels at both loci were greatly reduced in sex mutants.
Therefore, SEU-PIF4 activates auxin biosynthesis and integrates
environmental cues to influence plant growth (Fig. 4). SEU can
also interact with phyB and SUMO E3 ligase SAP AND MIZ1
DOMAIN-CONTAINING LIGASEl (SIZ1) (Zhang etal.,
2020). Posttranslational modifications, particularly SUMOyla-
tion, knowingly regulate environmental responses (Sadanandom
etal, 2015) and SUMOylation of SEU, via interaction with
SIZ1, is essential for its function. Site-directed mutagenesis of
putative SEU SUMOylation sites greatly affected histone
methylation levels at the [AAI9 locus and henceforth gene
expression. Interestingly, the SEU-PIF4 interaction is partially
affected by SUMO modifications, therefore affecting PIF4
degradation in the light (Zhang eral., 2020).

The CHD-chromatin remodelling factor PICKLE (PKL)
modulates the interaction between DNA and the histone octamer,
allowing the transcriptional complex to position correctly (Kwon
& Wagner, 2007). Mutations in PKL affect H3K27me3. More-
over, PKL interacts with transcription factors such as HY5, PIF3,
and DELLAs to regulate the expression of growth-promoting genes
(Jing ez al., 2013; Zhang et al., 2014). PKL expression is induced in
response to elevated temperatures, while pk/ mutant seedlings
display much shorter hypocotyls than the wild-type at 28°C (Zha
etal., 2017) (Fig. 4). Interestingly, in vitro assays revealed that
circadian clock components such as CIRCADIAN CLOCK
ASSOCIATED1 (CCALl) can associate with the PKL promoter
and induce its expression. Furthermore, ccz/ mutant and overex-
pression lines displayed a thermomorphogenesis phenotype,
placing the clock at the verge of ambient temperature responses

(Zha et al., 2017).
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Fig. 4 The role of SEUSS, LEUNIG and PICKLE in promoting
thermomorphogenesis. High temperature induces the expression of PIF4
and PICKLE (PKL) genes. Accumulated PIF4 protein can then interact with
the SEUSS (SEU)-LEUNIG (LEU) complex and activates the expression of
growth-promoting genes such as YUC8 and INDOLE-3-ACETIC ACID
INDUCIBLE 19 (IAA19) by promoting H3K4me3 methylation. The induction
of these transcripts is correlated with the PKL-dependent removal of the
repressive mark H3K27me3, leading to enhanced hypocotyl elongation.
Black dashed and solid arrows indicate, respectively, positioning of the
indicated molecular factor or stimulation of the indicated process. Blunted-
end dashed line indicates inhibition of the indicated process.

In addition to PKL, also members of the SWI/SNF complex are
crucial components of temperature-mediated transcriptional reg-
ulation. In particular, SWI/SNF factor BAF60 negatively regulates
hypocotyl elongation under lightand temperature conditions (Jégu
etal., 2017). BAF60 represses gene expression by binding G-box
motifs of growth-promoting genes. In darkness BAF60 competes
with PIF4 over the same regulatory regions (Jégu ez al., 2017).

Altogether this shows that different chromatin remodelling
factors convene to modulate active and repressive histone marks on
key temperature-responsive genes. How the dynamics of these
modifications take place remains an open question.

New Phytologist (2022) 234: 1144-1160
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7. Roles of DNA methylation and RNAs in elevated
temperature signalling

Exposure of plants to high temperature, either in the short term or to
prolonged heat, can lead to the reactivation of silenced transgenes,
endogenous DNA repeats and heterochromatic genomic regions.
Intriguingly these changes in gene activation do not require alteration
of the DNA methylation status (Lang-Mladek ez al.,, 2010; Pecinka
etal, 2010; Tittel-Elmer eral, 2010).
transcriptional gene silencing (PTGS) of the chimeric receptor-like
kinase NOVEL RESISTANCE GENE 1 (NRGI) causes a dwarfed
phenotype that can be alleviated by exposing the plants to 30°C
(Zhong et al.,2013). This radical change in morphology was due to a
release of PT'GS, associated with changes in DNA methylation of the
BRASSINOSTEROID-INSENSITIVE I (BRII) locus (Zhong et al.,
2013). However, correlation between DNA methylation and PTGS,
at least for this locus, was not clear nor consistent. Further evidence
supporting a putative role for DNA methylation in responsiveness to
HS came from a study in which different epigenetic mutants were
tested for tolerance to HS. In particular, plants deficient in NRPD2,
the second-largest subunit of RNA polymerases IV and V and part of
the RNA-dependent DNA methylation pathway, were hypersensi-
tive to HS (42°C) (Popova et al., 2013). The effect of mildly elevated
temperature on the above-mentioned mutants remains to studied.
Elevated temperatures can also affect a small subset of short
interfering RNAs (siRNAs) (21-24 nt) and long noncoding RNAs
(IncRNAs) (Gyula eral, 2018; Severing eral., 2018). In this
context, pioneering work was done in the Paszkowski laboratory,

Conversely, post-

where an siRNA pathway responsible for the response to HS was
discovered. They showed that a copia-like retransposon (named
ONSEN after the Japanese ‘hot spring’) became transcriptionally
active in response to heat and was able to pass on heat-
responsiveness to neighbouring genes (Ito eral, 2011). The
responsiveness, however, was not transmitted to the progeny of
plants treated with HS, highlighting the importance of resetting
mechanisms in the next generation.

Recently, high-throughput sequencing of sSRNAs from different
Arabidopsis tissues allowed for the identification of ¢ 50
temperature-dependent microRNAs (miRNAs). Another 48 were
discovered using degradome libraries (Gyula ez al, 2018). Inter-
estingly, the miRNA family miR169 was found to target NF-Y
transcription factors that bind to the promoters of the flowering
regulator FLOWERING LOCUS T (F1) as well as YUCCA2
(YUC2) that is involved in petiole elongation under warm
temperature conditions (Gyula ezal, 2018). Further analysis
revealed the presence of siRNAs and DNA methylation upstream
of the YUC2 promoter, which was diminished in response to
elevated temperature. This suggests that different epigenetic
mechanisms converge at YUC2.

LncRNAs are noncoding RNA molecules longer than 200 bp
(Statello ez al., 2021). Of the different IncRNAs currently identified
by genomewide studies, only a handful have been characterised
(Csorba  etal, 2014). Recendy, FLOWERING LONG
INTERGENIC NON CODING RNA (FLINC) expression has been
reported to decrease responsiveness to high temperatures (Severing
etal., 2018). Mutant flincseedlings showed a more pronounced early

New Phytologist (2022) 234: 1144-1160
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flowering phenotype when cultivated at 25°C, pointing to a role for
FLINC in flowering time control in response to high temperatures.
However, its putative function in this pathway and whether it
contributes to thermomorphogenesis is yet to be confirmed.

lll. Epigenetic regulation of HS memory

Plants respond to HS with acute acclimation to high temperatures,
referred to as acquired thermotolerance, or HS priming (Yeh ez al.,
2012; Baurle, 2016; Ohama ez al., 2017). HS also has prominent
effects on nuclear organisation. As indicated above, long-term HS
can result in the alleviation of transcriptional gene silencing (T'GS)
(Lang-Mladek ez al., 2010; Pecinka et al., 2010; Tittel-Elmer ez al.,

2010). This loss of TGS was accompanied by a severe heat-induced
decompaction of chromocentres (Pecinka ez al., 2010). Chromo-
centres are subnuclear structures that contain condensed hete-

rochromatin, consisting of the (peri)centromeric part of the
chromosomes rich in repeats and transposable elements (Fransz &
de Jong, 2011). Although the biological role of chromocentre
decondensation and its connection with TGS in HS responses is
not entirely clear, it appears to be critical for basal heat tolerance in
Arabidopsis, as mutants that are disturbed in HEAT-
INTOLERANT 4 (hit4-1) do not exhibit heat-induced chromo- ¢

centre decondensation and display impaired basal (but not
acquired) thermotolerance. Moreover, HIT4 associates with
chromocentres in the nucleus and is required for heat reactivation
of various silenced loci (Wang ez al., 2013).

For HS-induced changes in chromatin organisation and non-
coding RNAs, it is often unknown whether they persist after they
return to normal growth temperatures. Therefore, it remains
unclear whether they conform with the narrow definition of
epigenetics given in the Introduction. The involvement of
chromatin organisation factors during heat signalling and the
effects of extremely high temperatures on epigenetic modifications
have been reviewed extensively, and not covered here (Liu eral.,
2015; Ohama ez al., 2017; Zhao ez al., 2020).

1. Two types of transcriptional memory after HS

In addition to acquisition of thermotolerance per se, a genetically
separable mechanism maintains the duration of acquired thermo-
tolerance after a HS event seizes. This is referred to as maintenance
of acquired thermotolerance or HS memory (Charng ez al., 2006, 3
2007; Yeh et al., 2012; Stief ez al., 2014). Events of extremely high
temperatures in the natural environment are often temporally
clustered, and HS memory is therefore considered an adaptive
mechanism allowing plants to respond more rapidly to recurrent
HS events. Emerging research from the last few years indicated that
HS memory is partly based on epigenetic mechanisms. In
Arabidopsis, at the whole plant level, HS memory lasts for up to
5 d and results in increased survival after a HS that is lethal to a naive
(nonprimed) plant (Charng ez al., 2006; Stief ez al., 2014; Friedrich
etal.,2021). At the level of gene expression, this is reflected by two
types of transcriptional memory (Fig. 5a) (Oberkofler ez al., 2021).
Type I describes sustained induction of a set of HS-induced genes
that exceeds the duration of HS by several days (Stief ez al., 2014).
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Type II describes enhanced re-induction of a subset of HS-induced
genes upon a recurrent HS event after a stress-free period, during
which the expression of HS-induced genes returned to baseline
levels (Lamke ez al., 2016). This type II enhanced re-induction was
caused by faster transcriptional reactivation (Fig. 5a), suggesting
that the locus remained in a state of elevated transcriptional
competence without being transcriptionally active (Liu ezal,
2018). In Arabidopsis, the sets of genes that showed type I and type
II memory are partially overlapping. Examples of type I genes
include HEAT SHOCK-ASSOCIATED32 (HSA32) and
ACORBATE PEROXIDASE2 (APX2), examples of type II genes
include HSP22.0as well as APX2. The quantification of un-spliced
transcripts confirmed that both types of transcriptional memory are
likely to operate at the level of transcription. This is in line with
recent findings that, globally, transcript stability is in the range of
minutes to hours (Hetzel ezal., 2016; Crisp etal., 2017; Chan-
tarachot ez al., 2020; Szabo ez al., 2020) and further supports the
notion that HS memory effects occur at the level of transcription,
rather than stabilisation of existing RNAs molecules. As detailed
below, the mechanisms that mediate both types of transcriptional
memory are partially but not fully overlapping.

2. The role of HSFA2 in HS memory

The transcription factor HSFA2 is a key regulator of HS memory
and is required for both types of transcriptional memory (Charng
etal.,2007; Lamke ez al., 2016; Liu ez al., 2018) (Fig. 5a,b). HSFA2
expression is strongly induced by HS through HSFAL1 isoforms
(Liu & Charng, 2013). In Asfa2 mutants HS priming is largely
normal, however, these mutants are specifically defective in the
sustained induction of a set of genes that are initially activated by
HSFAIls (type I). Accordingly, hsfa2 mutants are unable to
maintain acquired thermotolerance and are highly susceptible to a
strong HS after a recovery of 2 d following a priming HS event
(Charng ez al., 2007). At the molecular level, the separation of HS
priming and HS memory is explained by the regulation of these
processes by different HSF family members (HSFA1s vs HSFA2/
HSFA3). This allowed chromatin features that are induced by the
acute HS response and by HS memory to be investigated separately.
Such comparative analyses pinpointed histone modifications that
are linked to HS memory, but do not depend on the initial
transcriptional activation (Lamke ez al., 2016). Most importantly,
type I memory genes displayed histone H3K4 hypermethylation
that lasted for at least 3 d after seizing of HS (Limke ez 4/, 2016; Liu
etal.,2018). By contrast, HS-induced genes that did not show type
I memory/sustained induction (such as HSP70, HSP101), did not
display H3K4 hypermethylation. In Asfz2 mutants, the H3K4
hypermethylation of HS memory genes is lost, despite the initial
transcriptional activation being intact (which is mediated by
HSFA1s). Both H3K4 dimethylation (H3K4me2) and trimethy-
lation (H3K4me3) were induced with slightly different dynamics.
H3K4me?2 increased after H3K4me3, while H3K4me3 started to
decline earlier than H3K4me2, after ¢. 2d (Limke ezal., 2016).
The later peak accumulation may indicate that H3K4me2 plays a
role in transcriptional memory (Fig. 5b). Whether both marks are
equally active in the induction and maintenance of memory, or
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whether there is a functional difference, remains to be investigated.
Histone acetylation is more tightly connected with transcription
than H3K4 methylation. H3K9Ac levels increase after HS
priming, and similarly in HS-induced genes and HS memory
genes (Lamke ez al., 2016).

As described above, HSFA2 is required for H3K4 hypermethy-
lation at HS memory genes. Simultaneously, HSFA2 binds to its
target loci in a hit-and-run mode (Limke ezal, 2016), meaning
that the strongest binding was observed shortly after HS and
decreased rapidly thereafter. The induction of a histone modifi-
cation that is maintained in the absence of the transcription factor
provides a tentative mechanism for the sustained gene induction
memory. Indeed, in various organisms, increased H3K4 methy-
lation has been proposed to actas a marker of recent transcriptional
activation that may mediate enhanced transcriptional reactivation
(Ng ez al.,2003; D’Urso ez al.,2016). A recent example comes from
yeast, in which transcriptional memory of the Inositol-3-phosphate
synthase (INOI) gene was correlated with enhanced H3K4
methylation and stalled RNA polymerase II (D’Urso et al., 2016).

Interestingly, a positive feedback loop between HSFA2 and the
H3K27me3 Jumonji histone demethylase RELATIVE OF EARLY
FLOWERING 6 (REF6) mediated a transgenerational memory of
HS that drove early flowering, while dampening pathogen ®
responses (Lu eral., 2011; Liu eral., 2019). A recent publication > &,
also reported a further connection between HS memory and 3 2
H3K27 methylation (Yamaguchi ez a/., 2021). The authors showed g
that the removal of H3K27me3 aftera priming HS event of the HS- §
induced HSP22 and HSP17.6C genes prepared these genes for'Q

]
. . . <
faster reactivation after a recurrent HS. H3K27me3 was actively @

=
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removed at these loci in a HS-dependent manner by a set of JM] 2
histone demethylases. It remains to be investigated how JM]
proteins are recruited to these two specific loci.

3. Role of other HSF proteins in HS memory

While the role of HSFA2 in promoting HS memory has long been
known, it remained unclear whether any of the additional 20 HSF
family members were also involved in HS memory (Scharf ez 2/, 2012;
Ohama eral, 2017). HSFAL isoforms contribute to type II g
transcriptional memory, but on their own they are not sufficient to 3
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promote enhanced transcriptional re-induction upon recurrent HS g
(Liu et al., 2018) (Fig. 5b). Very recently, it was shown that HSFA1a, E
HSFA1b and HSFA1d interacted with HSFA2, providing a tentative &
mechanism for their involvement in HS memory (Friedrich etal,
2021). HSF transcription factors act as trimers or even hexamers
(Chan-Schaminet eral, 2009; Li etal, 2017), but the invivo
composition remained unclear. A forward genetic screen for expres-
sion modifiers of the type I memory gene HSA32 has identified a
second HSF; FORGETTER 3 (FGT3), in addition to HSFA2, that
was specifically required for the sustained induction of gene expression
after a priming HS (Friedrich eral., 2021). These forgetter 3 (fgt3)
mutants are deficient in the sustained induction of several type II
memory genes, resembling /sfz2 mutants. FG73 is allelic to HSFA3
and was found to interact with HSFA2 and HSFALIs (Fig. 5b). Like
HSFA2, but different from HSFA1 isoforms, HSFA3 is specifically

required for sustained induction, but not initial transcriptional

New Phytologist (2022) 234: 1144-1160
www.newphytologist.com



1154 Review

New
Tansley review PhytOlOngt
(a)
— Type |
> Type Il
~‘§ —— Non-stressed
Z
©
©
C
o
a
o
(2]
C
o
[
HS HS 1l Ll
(type Il only)
() Nonstressed Heat stress Primed
HSFA1 @ HSFA1
—_—— Cytosol —_— Cytosol —_—— Cytosol
/,—- \\y //—- \\\y //—- -~ \y
7 7 Ve
e N B e - N
/ Promoter | HSFA2 \ / W@ \ / Promoter | HSFA2 E[\
Promoter | HSFA3 \ Promoter | HSFA3 \ / Promoter | HSFA3 \

K4Me3 K4Me3

|
D — /
Promoter | HSA32

Nucleus

—— e e

7~

\\ =

K4Me3

Nucleus

— e e

' KaMe3 KaMe3 KaMe3
Q DO Q

]
/

Nucleus

—_—

Fig. 5 Epigenetic and transcriptional memory of heat stress (HS) events. (a) Following HS, plants can display two different types of transcriptional HS memories.
Compared to the nonstressed situation (blue line), Type 1 (red line) can be described as a sustained transcriptional induction due to a stress event that exceeds
the stress by several days. Type Il (yellow line) indicates an enhanced induction of HS genes caused by a recurrent HS that occurs after a stress-free time period.
(b) Graphical representation of HS memory mechanisms. (Left) Under nonstressed conditions, HSFA1 is retained in the cytosol by HSP chaperone proteins. In
the nucleus the memory gene HSA32 is not active, neither are HSFA2 and HSFA3. In addition, the chromatin remodelling complex that includes FGT1, BRM,
CHR11and CHR17isin ‘standby’ mode. (Centre) In the presence of HS, HSFA1 is released from HSP proteins and migrates to the nucleus where, together with
DREB2A, it activates the expression of HSFA2 and HSFA3. Subsequent HSFA2 and HSFA3 binding to HSA32 triggers H3K4me3 methylation, while the FGT1,
BRM, CHR11 and CHR17 chromatin remodelling complex reduces nucleosome occupancy, thereby inducing HSA32 expression. (Right) Several days after the
HS events, the HSA32 locusis primed. The chromatin of the locusis still enriched in H3K4me3 methylation, and the chromatin remodellers still ensure areduction
in nucleosome occupancy. Therefore, the HSA32 maintains a sustained expression. Black arrows and blunted-end head arrows, respectively, indicate

stimulation and inhibition of the indicated process.

activation after HS. This suggests that only complexes that contain
both HSFA2 and HSFA3 are fully memory active/competent and are
able to facilitate sustained H3K4 hypermethylation. This also
indicated that certain unidentified structural properties of the HSFA2
and HSFA3 proteins contribute to placing H3K4 hypermethylation
on HS memory genes loci and that these features are absent in HSFA1
proteins. As HSFA3 is activated by DEHYDRATION-
RESPONSIVE ELEMENT-BINDING PROTEIN 2A (DREB2A)
(Fig. 5b), which in turn is activated also by HSFA1s (Sakuma ez al,
2006; Schramm ez al., 2008; Yoshida ez L., 2008), the combinatorial
action of both transcription factors may ensure that HS memory is
activated only in certain environments.

4. Nucleosome occupancy during HS memory

Similar to their role in thermomorphogenesis (see previous section),
positioning and overall occupancy of nucleosomes has emerged as a
determinant of gene expression regulation during HS (Teves ez al,
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2014; Lai & Pugh, 2017). In addition to H3K4 hypermethylation,
nucleosome positioning regulates type I transcriptional memory after
HS. From the mutagenesis screen mentioned above, FORGETTERI
(FGTI) was identified and found to be required for sustained
induction of HS memory genes (Brzezinka eral., 2016) (Fig. 5b).
FGTTI encodes a protein with two helicase domains and a PHD
domain that ensures binding to histone H3. FGT1 interacts directly
with chromatin remodelling proteins of the SWI/SNF and ISWI
families. Like FGT1, the SWI/SNF chromatin remodeller
BRAHMA (BRM) and the ISWI remodellers CHR11 and CHR17
(Bezhani ez al, 2007) are required for physiological HS memory
(Brzezinka et al, 2016). Moreover, FGT1 mediates reduced nucle-
osome occupancy at HS memory loci throughout the memory phase.
This suggests that low nucleosome occupancy promotes sustained
induction of HS memory genes, likely by removing obstacles to
transcribing RNA polymerase II in the body of FGT1 target genes.

An additional link between priming, H3K4 hypermethylation

and nucleosome positioning was provided by the finding that
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Fig. 6 H3K4me is a signalling hub in temperature signalling networks. Graphical representation of the central role of H3K4 methylation marks in diverse
temperature signalling pathways discussed in this Tansley review. H3K4me2 demethylation through FCA mediates PIF4 dissociation and reduces hypocotyl
elongation (Fig. 2a). High temperature recruits JMJ14 and JMJ15 that remove H3K4me3 from negative regulators, facilitating thermomorphogenesis (Fig. 2b).
Similarly, PIF4 can mediate H3K4me3 methylation and therefore promoting the expression of auxin-related genes, either by associating with the INO80-EEN
chromatin remodelling complex and/or by interacting with SEU (Figs 3a, 4). HDA9 plays a role in H3K4me2/3 demethylation under salt stress, however
whether this mechanism is conserved under elevated temperatures, remains to be assessed. During Type 1 HS memory the ‘Memory gene' locus is enriched in

H3K4me3 methylation even several days after the heat stress (HS) event has occurred (Fig. 5b). Black dashed and solid arrows indicate, respectively,
positioning/removal of the indicated molecular factor or stimulation of the indicated process.

mutants in the chromatin assembly factor 1 (CAF-1) histone
chaperone are constitutively primed against pathogen responses
(Mozgova et al., 2015). This priming was associated with elevated
H3K4 methylation levels and low nucleosome occupancy. CAF-1
is required for depositing H3H4 tetramers onto newly replicated
DNA (Kaya et al., 2001; Hoek & Stillman, 2003). This may hint
towards a mechanism for inheritance of priming-related histone
modifications over cell divisions.

Interestingly, ANTI-SILENCING FUNCTION 1 (ASF1)

histone chaperone was implicated in transcriptional activation
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after HS of a subset of HS-responsive genes, including HSFA2and
several of its target genes (Weng ez al., 2014). Recruitment of ASF1
to target gene chromatin correlated with low nucleosome occu-
pancy, high RNA polymerase II occupancy and histone acetylation
(Weng et al., 2014). Another hint for the open question of how HS-
induced histone modifications are inherited across replication,
came from the finding that the BRUSHY1 (BRU1)/TONSOKU/
MGOUNS3 protein was required for HS memory at the physio-
logical and gene expression levels (Guyomarc’h ez al., 2004; Takeda
et al., 2004; Suzuki et al., 2005; Brzezinka et al., 2019). Previously,
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BRUI was found to be involved in the faithful inheritance of
chromatin states over DNA replication and cell division. Origi-
nally, BRUI was identified as a factor required for copying
repressive chromatin states during transcriptional silencing
(Takeda et al., 2004; Suzuki et al., 2005). The brul mutant has
similar developmental phenotypes as mutants in CAF-1 compo-
nents. However, caf~ I mutants were not required for HS memory at
the physiological level (Brzezinka ez al., 2019). BRU1 orthologues
from mammals bind to single-stranded DNA and newly incorpo-
rated nucleosomes after replication, allowing postulation of the
exciting hypothesis that BRU1 is directly involved in copying
epigenetic marks onto newly replicated DNA (Saredi ez al., 2016;
Huang ez al., 2018).

The role of chromatin organisation in marking loci for sustained
induction and altered re-induction after recurrent HS has been
shown in several studies (Brzezinka ez 2/, 2016; Lamke ez al., 2016;
Friedrich ez al., 2021; Olas ez al., 2021). Other work suggested that
a component of HS memory may be mediated by mechanisms
independent of chromatin and transcription, such as protein
stability (Sedaghatmehr eral, 2016) and membrane dynamics
(Urrea Castellanos eral., 2022). It remains to be investigated
whether and how diverse cellular mechanisms are integrated to
produce a coherent outcome.

IV. Conclusions and outlook

If high temperatures persist, plants need to make a ‘decision’ on
how to balance costs (e.g. energy and resource investments) with
benefits (e.g. growth, life-cycle completion and stress memory) to
respond swiftly to the current stress and its possible recurrence. For
instance, an elongated (thermomorphogenic) phenotype to
enhance evaporative cooling may be beneficial when temperatures
remain high, but not necessarily during the cooler period that may
follow. This may relate to fitness costs that come with tissue
weakening, such as increased risk of pathogen infection and
potential lodging of elongated stem. In Arabidopsis, HS memory
has benefits at the physiological level that last for ¢. 5 d (Friedrich
etal., 2021). Type 1I transcriptional memory lasts for ¢. 6 d (Liu
etal., 2018) and therefore is an example of somatic stress memory
(Laimke & Baurle, 2017) (Fig. 5a). The limited duration agrees
with the idea that it provides an adaptation against recurrent HS,
rather than a long-term memory that extends throughout the life
cycle or even into the next generation. The mechanisms that limit
the duration of HS memory remain to be investigated but may very
well involve epigenetic mechanisms.

In nature, plants are exposed to assaults from several stresses with
different levels of severity. It therefore may be beneficial to limit the
duration of memory against individual stressors to compromise
negative effects on, for example, growth and to be able to allocate
energy and resources to face future — or simultaneous occurring —
stresses during their life cycle. Even if priming provides a smaller
fitness cost than constitutive acclimation, it may ultimately be more
advantageous to re-acclimate after a certain stress-free period.
Whether there is a truly transgenerational HS memory with
physiological benefits that is active over at least one intermittent
stress-free generation, and what epigenetic mechanisms are
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involved, remains to be investigated. Also, whether transgenera-
tional inheritance of thermomorphogenesis traits exists is, to the
best of our knowledge, not known. In any case, both transgener-
ational HS memory and possible thermomorphogenesis memory
would most likely follow a different mechanism than the somatic
HS memory mechanisms summarised in this review. The general
feasibility of transgenerational effects thatare induced by HS can be
seen from the transgenerational activation of retrotransposition of
the ONSEN copia-like transposable element (Ito etal, 2011).
Here, lack of DNA polymerase IV generates a sensitised back-
ground in which sustained activation of ONSENretrotransposition
can be triggered by HS. The long terminal repeats of ONSEN and
related elements contain binding sites for HSFA2 and HSFALs,
therefore enabling a mechanism in which new insertions of
ONSEN confer HS responsiveness to nearby genes (Ito ez al., 2011;
Cavrak et al., 2014; Baduel ezal, 2021).

While DNA methylation changes in response to HS events are
relatively well understood, we are still beginning to discover the
putative function of DNA methylation during mildly elevated
temperature events. We therefore recommend detailed high-
throughput bisulfite or MSAP sequencing approaches, preferably
on the organ- and single cell-specific level, at which plants undergo
thermomorphogenesis. From a more generalising perspective,
detailing the genome-wide landscape of different epigenetic marks
in response to mildly elevated temperatures would contribute to a
better understanding of thermomorphogenesis regulation and
fitness benefits and costs. Of particular interest would be a
systematic assessment of the H3K4 epigenome landscape. As
detailed above, this residue appears important for many temper-
ature signalling pathways (Fig. 6). First, PIF4 dissociation from the
YUCS locus is mediated by H3K4me2 demethylation through
FCA, to supress hypocotyl elongation (Lee ez al., 2014) and JM]J 14
and JMJ 15 demethylases are recruited to remove H3K4me3 under
warm temperature conditions to trigger gene expression and
thermomorphogenesis (Cui eral, 2021) (Fig.2a,b). Second,
H3K4me3 levels increased at PIF4 target genes under elevated
temperatures, which depended on INO80-C interaction with the
H3K4me3 deposition complex COMPASS-like component
WDR5a (Xue ez al., 2021) (Fig. 3a). Third, hda9 mutants display
enhanced H3K4me2/3 levels under salt stress (Zheng ez al., 2020).
Given the intricate role HDA9 plays in thermomorphogenesis
regulation via auxin biosynthesis (Tasset efal, 2018; van der
Woude eral., 2019; de Rooij eral., 2020) (Fig. 1) a(n) (indirect)
role for HDA9 in regulating H3K4me2/3 levels under elevated
temperature conditions seems plausible. Fourth, PIF4 acts via SEU;
H3K4me3 levels at the ZAA19 and YUCS8 loci were reduced in the
sen mutant (Huai eral., 2018) (Fig. 4), thereby supporting that
regulation of H3K4me3 levels is important for auxin biosynthesis.
During HS, type I memory genes exhibit high histone H3K4 levels
that persist for at least 3 d after HS diminishment (Limke ez al.,
2016) (Fig.5b), suggesting a recent event of transcriptional
activation (Ng ez al., 2004; D’Urso ez al., 2016). Moreover, H3K4
hypermethylation contributes to the priming of gene expression in
HS and to pathogen defence responses (Jaskiewicz eral., 2011;
Mozgova etal., 2015; Friedrich eral., 2021). Strikingly, H3K4

methylation has a role in cold signalling and vernalisation as well
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(reviewed in Luo & He, 2020; Pandey ez al., 2021). Therefore,
H3K4 is seemingly at the nexus of temperature signalling networks
across the temperature spectrum from freezing to HS (Fig. 6).
Studying H3K4 methylation on a genome-wide level, under a
range of temperature conditions, is thereforean important next step
to improving the understanding of temperature signalling mech-
anisms and functional responses in an integrated manner.

Acknowledgements

We would like to thank New Phytologist for the invitation to write
this Tansley review. Figures were created with BioRender.com. IB
acknowledges funding from the European Research Council (ERC
CoG 725295).

Author contributions

The authors conceived and wrote the manuscript together. IB and
MvZ contributed equally to this work.

ORCID

Isabel Baurle
Giorgio Perrella
Martijn van Zanten

https://orcid.org/0000-0001-5633-8068
https://orcid.org/0000-0001-8972-1733
hteps://orcid.org/0000-0002-2810-7374

References

Agulnick AD, Taira M, Breen JJ, Tanaka T, Dawid IB, Westphal H. 1996.
Interactions of the LIM-domain-binding factor Ldbl with LIM homeodomain
proteins. Nature 384: 270-272.

Asensi-Fabado M-A, Amtmann A, Perrella G. 2017. Plant responses to abiotic
stress: the chromatin context of transcriptional regulation. Biochimica et
Biophysica Acta (BBA) — Gene Regulatory Mechanisms 1860: 106-122.

Baduel P, Leduque B, Ignace A, Gy I, Gil ], Loudet O, Colot V, Quadrana L. 2021.
Genetic and environmental modulation of transposition shapes the evolutionary
potential of Arabidopsis thaliana. Genome Biology 22: 138.

Ballaré CL, Pierik R. 2017. The shade-avoidance syndrome: multiple signals and
ecological consequences. Plant, Cell & Environment 40: 2530-2543.

Baurle I. 2016. Plant heat adaptation: priming in response to heat stress.
F1000Research 5: 694.

Bellstaedt ], Trenner ], Lippmann R, Poeschl Y, Zhang X, Friml ], Quint M,
Delker C. 2019. A mobile auxin signal connects temperature sensing in
cotyledons with growth responses in hypocotyls. Plant Physiology 180: 757-766.

Berger SL, Kouzarides T, Shiekhattar R, Shilatifard A. 2009. An operational
definition of epigenetics. Genes ¢ Development 23: 781-783.

Bezhani S, Winter C, Hershma S, Wagner JD, Kennedy JF, Kwon CS, Pfluger J, Su
Y, Wagner D. 2007. Unique, shared, redundant roles for the Arabidopsis SW1/
SNF chromatin remodeling ATPases BRAHMA and SPLAYED. Plant Cell19:
403-416.

Bourguet P, Picard CL, Yelagandula R, Pélissier T, Lorkovic Z], Feng S, Pouch-
Pélissier M-N, Schmiicker A, Jacobsen SE, Berger F ez al. 2021. The histone
variant H2A.W and linker histone H1 co-regulate heterochromatin accessibility
and DNA methylation. Nazure Communications 12: 2683.

Bredow M, Walker VK. 2017. Ice-binding proteins in plants. Frontiers in Plant
Science 8: 2153.

Bridge L], Franklin KA, Homer ME. 2013. Impact of plant shoot architecture on
leaf cooling: a coupled heat and mass transfer model. Journal of the Royal Society
Interface 10. doi: 10.1098/rsif.2013.0326.

Brzezinka K, Altmann S, Czesnick H, Nicolas P, Gérka M, Benke E, Kabelitz T,
Jahne F, Graf A, Kappel C ez al. 2016. Arabidopsis FORGETTERI mediates

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Tansley review

stress-induced chromatin memory through nucleosome remodeling. eLife 5:
¢17061.

Brzezinka K, Altmann S, Baurle I. 2019. BRUSHY1/TONSOKU/MGOUN3 is
required for heat stress memory. Plant, Cell & Environment 42: 765-775.

Capovilla G, Schmid M, Posé D. 2015. Control of flowering by ambient
temperature. Journal of Experimental Botany 66: 59—69.

Casal JJ, Balasubramanian S. 2019. Thermomorphogenesis. Annual Review of Plant
Biology 70: 321-346.

Casal JJ, Quiesta JI. 2018. Light and temperature cues: multitasking receptors and
transcriptional integrators. New Phytologist 217: 1029-1034.

Cavrak VV, Lettner N, Jamge S, Kosarewicz A, Bayer LM, Mittelsten SO. 2014.
How a retrotransposon exploits the plant’s heat stress response for its activation.
PLoS Genetics 10: ¢1004115.

Chang Y-N, Zhu C, Jiang J, Zhang H, Zhu J-K, Duan C-G. 2020. Epigenetic
regulation in plant abiotic stress responses. Journal of Integrative Plant Biology 62:
563-580.

Chan-Schaminet KY, Baniwal SK, Bublak D, Nover L, Scharf KD. 2009. Specific
interaction between tomato HsfA1 and HsfA2 creates hetero-oligomeric
superactivator complexes for synergistic activation of heat stress gene expression.
Journal of Biological Chemistry 284: 20848-20857.

Chantarachot T, Sorenson RS, Hummel M, Ke H, Kettenburg AT, Chen D,
Aiyetiwa K, Dehesh K, Eulgem T, Sieburth LE ez a/. 2020. DHH1/DDXG6-like
RNA helicases maintain ephemeral half-lives of stress-response mRNAs. Nature
Plants 6: 675-685.

Charng YY, Liu HC, Liu NY, Chi WT, Wang CN, Chang SH, Wang TT. 2007. A
heat-inducible transcription factor, HsfA2, is required for extension of acquired
thermotolerance in Arabidopsis. Plant Physiology 143: 251-262.

Charng YY, Liu HC, Liu NY, Hsu FC, Ko SS. 2006. Arabidopsis Hsa32, a novel
heat shock protein, is essential for acquired thermotolerance during long recovery
after acclimation. Plant Physiology 140: 1297-1305.

Chen X, Lu L, Mayer KS, Scalf M, Qian S, Lomax A, Smith LM, Zhong X. 2016.
POWERDRESS interacts with HISTONE DEACETYLASE 9 to promote aging
in Arabidopsis. eLife5: e17214.

ChenY, Miiller F, Rieu I, Winter P. 2016. Epigenetic events in plant male germ cell
heat stress responses. Plant Reproduction 29: 21-29.

Chinnusamy V, Zhu J, Zhu J-K. 2007. Cold stress regulation of gene expression in
plants. Trends in Plant Science 12: 444-451.

Chung BYW, Balcerowicz M, Di Antonio M, Jaeger KE, Geng F, Franaszek K,
Marriott P, Brierley I, Firth AE, Wigge PA. 2020. An RNA thermoswitch
regulates daytime growth in Arabidopsis. Nature Plants 6: 522-532.

Cortijo S, Charoensawan V, Brestovitsky A, Buning R, Ravarani C, Rhodes D, van
Noort ], Jaeger KE, Wigge PA. 2017. Transcriptional regulation of the ambient
temperature response by H2A.Z nucleosomes and HSF1 transcription factors in
Arabidopsis. Molecular Plant 10: 1258-1273.

Crawford AJ, McLachlan DH, Hetherington AM, Franklin KA. 2012. High
temperature exposure increases plant cooling capacity. Current Biology22: R396—
R397.

Crisp PA, Ganguly DR, Smith AB, Murray KD, Estavillo GM, Searle I, Ford E,
Bogdanovi¢ O, Lister R, Borevitz JO ez al. 2017. Rapid recovery gene
downregulation during excess-light stress and recovery in Arabidopsis. Plant Cell
29: 1836-1863.

Csorba T, Questa JI, Sun Q, Dean C. 2014. Antisense COOLAIR mediates the
coordinated switching of chromatin states at FLC during vernalization.
Proceedings of the National Academy of Sciences, USA111: 16160-16165.

Cui X, Zheng Y, Lu Y, Issakidis-Bourguet E, Zhou D-X. 2021. Metabolic control
of histone demethylase activity involved in plant response to high temperature.
Plant Physiology 185: 1813-1828.

D’Urso A, Takahashi YH, Xiong B, Marone J, Coukos R, Randise-Hinchliff C,
Wang JP, Shilatifard A, Brickner JH. 2016. Set]l/COMPASS and mediator are
repurposed to promote epigenetic transcriptional memory. eLife 5: ¢16691.

De Rooij PGH, Perrella G, Kaiserli E, van Zanten M. 2020. The diverse and
unanticipated roles of histone deacetylase 9 in coordinating plant development
and environmental acclimation. Journal of Experimental Botany71: 6211-6225.

Deichmann U. 2016. Epigenetics: the origins and evolution of a fashionable topic.
Developmental Biology 416: 249-254.

Fiorucci A-S, Galvao VC, Ince YC, Boccaccini A, Goyal A, Allenbach Petrolati L,
Trevisan M, Fankhauser C. 2020. PHYTOCHROME INTERACTING

New Phytologist (2022) 234: 1144-1160
www.newphytologist.com

Review 1

'L€18697L

-

95UddIT sUowWWo)) aAneal) ajgedijdde ayy Aq pauianob ale sapile YO ‘@sn Jo sa|nJ 1oy Aieiqiy auljuQ A

uo (suonipuod-pue-swual/wodA3|ImAieiqijauljuo//:sdiay) suoipuo) pue swid) Yy} 3ds [£20z/0L/EL] uo Aieiqrq aunuo A3 “v'I'N'3 Ag "026/1°Ydu/LLLL 0L/10p/wodAspmAselqiauljuorydu//:sdiy wouy papeojumoq ‘¢

7




1158 Review

Tansley review

FACTOR 7 is important for early responses to elevated temperature in
Arabidopsis seedlings. New Phytologist 226: 50-58.

Franklin KA, Lee SH, Patel D, Kumar SV, Spartz AK, Gu C, Ye S, Yu P, Breen G,
Cohen JD etal. 2011. PHYTOCHROME-INTERACTING FACTOR 4
(PIF4) regulates auxin biosynthesis at high temperature. Proceedings of the
National Academy of Sciences, USA 108: 20231-20235.

Fransz P, De Jong H. 2011. From nucleosome to chromosome: a dynamic
organization of genetic information. 7he Plant Journal 66: 4-17.

Friedrich T, Oberkofler V, Trindade I, Altmann S, Brzezinka K, Lamke J, Gorka
M, Kappel C, Sokolowska E, Skirycz A et al. 2021. Heteromeric HSFA2/HSFA3
complexes drive transcriptional memory after heat stress in Arabidopsis. Nature
Communications 12: 3426.

Gangappa SN, Berriri S, Kumar SV. 2017. PIF4 coordinates thermosensory growth
and immunity in Arabidopsis. Current Biology 27: 243-249.

Guyomarc S, Vernoux T, Traas J, Zhou DX, Delarue M. 2004. MGOUN3, an
Arabidopsis gene with TetratricoPeptide-repeat-related motifs, regulates
meristem cellular organization. Journal of Experimental Botany 55: 673-684.

Gyula P, Baksa I, Toth T, Mohorianu I, Dalmay T, Szittya G. 2018. Ambient
temperature regulates the expression of a small set of sSRNAs influencing plant
development through NF-YA2and YUC2. Plant, Cell & Environment41: 2404~
2417.

Hasdai M, Weiss B, Levi A, Samach A, Porat R. 2006. Differential responses of
Arabidopsis ecotypes to cold, chilling and freezing temperatures. Annals of Applied
Biology 148: 113-120.

Hayes S, Schachtschabel J, Mishkind M, Munnik T, Arisz SA. 2021. Hot topic:
thermosensing in plants. Plant, Cell & Environment 44: 2018-2033.

HeY, Li Z. 2018. Epigenetic environmental memories in plants: establishment,
maintenance, reprogramming. 7rends in Genetics 34: 856-866.

Hereme R, Galleguillos C, Morales-Navarro S, Molina-Montenegro MA. 2021.
What if the cold days return? Epigenetic mechanisms in plants to cold tolerance.
Planta 254: 46.

Hetzel ], Duttke SH, Benner C, Chory J. 2016. Nascent RNA sequencing reveals
distinct features in plant transcription. Proceedings of the National Academy of
Sciences, USA113: 12316-12321.

Ho L, Crabtree GR. 2010. Chromatin remodelling during development. Nature
463: 474-484.

Hoek M, Stillman B. 2004. Chromatin assembly factor 1 is essential and couples
chromatin assembly to DNA replication in vivo. Proceedings of the National
Academy of Sciences, USA100: 12183-12188.

Hornitschek P, Lorrain S, Zoete V, Michielin O, Fankhauser C. 2009. Inhibition
of the shade avoidance response by formation of non-DNA binding bHLH
heterodimers. EMBO Journal 28: 3893-3902.

Hua J. 2013. Modulation of plant immunity by light, circadian rhythm,
temperature. Current Opinion in Plant Biology 16: 406-413.

Huai ], Zhang X, Li J, Ma T, Zha P, Jing Y, Lin R. 2018. SEUSS and PIF4
coordinately regulate light and temperature signaling pathways to control plant
growth. Molecular Plant 11: 928-942.

Huang TH, Fowler F, Chen CC, Shen Z], Sleckman B, Tyler JK. 2018. The
histone chaperones ASF1 and CAF-1 promote MMS22L-TONSL-mediated
Rad51 loading onto ssDNA during homologous recombination in human cells.
Molecular Cell 69: 879-892.

Ibanez C, Delker C, Martinez C, Biirstenbinder K, Janitza P, Lippmann R, Ludwig
W, Sun H, James GV, Klecker M ez al. 2018. Brassinosteroids dominate
hormonal regulation of plant thermomorphogenesis via BZR1. Current Biology
28:303-310.

Ibanez C, Poeschl Y, Peterson T, Bellstadt ], Denk K, Gogol-Déring A, Quint M,
Delker C. 2017. Ambient temperature and genotype differendally affect
developmental and phenotypic plasticity in Arabidopsis thaliana. BMC Plant
Biology 17: 114.

Ito H, Gaubert H, Bucher E, Mirouze M, Vaillant I, Paszkowski J. 2011. An siRNA
pathway prevents transgenerational retrotransposition in plants subjected to
stress. Nature 472: 115-119.

Jaskiewicz M, Conrath U, Peterhansel C. 2011. Chromatin modification acts as a
memory for systemic acquired resistance in the plant stress response. EMBO
Reports 12: 50-55.

Jégu T, Veluchamy A, Ramirez-Prado JS, Rizzi-Paillet C, Perez M, Lhomme A,
Latrasse D, Coleno E, Vicaire S, Legras S ez al. 2017. The Arabidopsis SWI/SNF

New Phytologist (2022) 234: 1144-1160
www.newphytologist.com

New
Phytologist

protein BAF60 mediates seedling growth control by modulating DNA
accessibility. Genome Biology 18: 114.

Jing Y, Zhang D, Wang X, Tang W, Wang W, Huai J, Xu G, Chen D, LiY, LinR.
2013. Arabidopsis chromatin remodeling factor PICKLE interacts with
transcription factor HY' to regulate hypocotyl cell elongation. Plant Cell25: 242~
256.

Jung J-H, Barbosa AD, Hutin S, Kumita JR, Gao M, Derwort D, Silva CS, Lai X,
Pierre E, Geng F ez al. 2020. A prion-like domain in ELF3 functions as a
thermosensor in Arabidopsis. Nature 585: 256-260.

Jung JH, Domijan M, Klose C, Biswas S, Ezer D, Gao M, Khattak AK, Box MS,
Charoensawan V, Cortijo S ez al. 2016. Phytochromes function as thermosensors
in Arabidopsis. Science354: 886-889.

Kamakaka RT, Biggins S. 2005. Histone variants: deviants? Genes & Development
19: 295-316.

Kang M-], Jin H-S, Noh Y-S, Noh B. 2015. Repression of flowering under a
noninductive photoperiod by the HDA9-AGL19-FT module in Arabidopsis. New
Phytologist 206: 281-294.

Kaya H, Shibahara KI, Taoka KI, Iwabuchi M, Stillman B, Araki T. 2001.
FASCIATA genes for chromatin assembly factor-1 in Arabidopsis maintain the
cellular organization of apical meristems. Cel/104: 131-142.

Kim Y], WangR, Gao L, Li D, Xu C, Mang H, Jeon J, Chen X, Zhong X, Kwak JM
et al. 2016. POWERDRESS and HDA9 interact and promote histone H3
deacetylation at specific genomic sites in Arabidopsis. Proceedings of the National
Academy of Sciences, USA 113: 14858-14863.

Koini MA, Alvey L, Allen T, Tilley CA, Harberd NP, Whitelam GC, Franklin KA.
2009. High temperature-mediated adaptations in plant architecture require the
bHLH transcription factor PIF4. Current Biology 19: 408-413.

Kotak S, Larkindale ], Lee U, Von Koskull-Déring P, Vierling E, Scharf K-D.
2007. Complexity of the heat stress response in plants. Current Opinion in Plant
Biology 10: 310-316.

Kouzarides T. 2007. Chromatin modifications and their function. Ce//128: 693~
705.

Kumar SV, Wigge PA. 2010. H2A.Z-Containing nucleosomes mediate the
thermosensory response in Arabidopsis. Cell 140: 136-147.

Kwon CS, Wagner D. 2007. Unwinding chromatin for developmentand growth: a
few genes at a time. Trends in Genetics 23: 403-412.

Lai WKM, Pugh BF. 2017. Understanding nucleosome dynamics and their links to
gene expression and DNA replication. Nature Reviews Molecular Cell Biology 18:
548-562.

Lamke J, Baurle I. 2017. Epigenctic and chromatin-based mechanisms in environ-
mental stress adaptation and stress memory in plants. Genome Biology 18: 124.
Liamke J, Brzezinka K, Altmann S, Baurle I. 2016. A hit-and-run heat shock factor
governs sustained histone methylation and transcriptional stress memory. EMBO

Journal 35: 162-175.

Lang-Mladek C, Popova O, Kiok K, Berlinger M, Rakic B, Aufsatz W, Jonak C,
Hauser M-T, Luschnig C. 2010. Transgenerational inheritance and resetting of
stress-induced loss of epigenetic gene silencing in Arabidopsis. Molecular Plant3:
594-602.

Lee H-], JungJ-H, Cortés Llorca L, Kim S-G, Lee S, Baldwin IT, Park C-M. 2014.
FCA mediates thermal adaptation of stem growth by attenuating auxin action in
Arabidopsis. Nature Communications 5: 5473.

Legris M, Klose C, Burgie ES, Rojas CCR, Neme M, Hiltbrunner A, Wigge PA,
Schifer E, Vierstra RD, Casal JJ. 2016b. Phytochrome B integrates light and
temperature signals in Arabidopsis. Science 354: 897-900.

Legris M, Nieto C, Sellaro R, Prat S, Casal JJ. 2016a. Perception and signalling of
light and temperature cues in plants. The Plant Journal 90: 683-697.

Li J, Labbadia J, Morimoto RI. 2017. Rethinking HSF1 in stress, development,
organismal health. Trends in Cell Biology 27: 895-905.

Liu HC, Charng YY. 2013. Common and distinct functions of Arabidopsis class A1
and A2 heat shock factors in diverse abiotic stress responses and development.
Plant Physiology 163: 276-290.

Liu H, Lamke J, Lin S, Hung M-J, Liu K-M, Charng Y, Baurle I. 2018. Distinct
heat shock factors and chromatin modifications mediate the organ-autonomous
transcriptional memory of heat stress. The Plant Journal 95: 401-413.

Liu J, Feng L, Gu X, Deng X, Qiu QI, Li Q, Zhang Y, Wang M, Deng Y, Wang E
et al. 2019. An H3K27me3 demethylase-HSFA2 regulatory loop orchestrates
transgenerational thermomemory in Arabidopsis. Cell Research 29: 379-390.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

IM

95UddIT sUoWWo)) aAneal) ajgedijdde ayy Aq pautanob ale sapie YO ‘@sn Jo sa|nt 1oy Aieiqi] auljuQ £As)

N3 Ag "026.1'ydu/1LLL 0L/10p/wod ks imAeiqiauljuo-ydu//:sdizy woiy papeojumoq ‘v ‘2202 ‘LE18697L

uo (suonipuod-pue-swidl/wodAajmAieigipuljuo//:sdiy) suonipuor pue swid) ay3 39S ‘[£202/0L/€L] uo Aieiqry sunuo Aspipm “v'3



New
Phytologist

Liu J, Feng L, Li J, He Z. 2015. Genetic and epigenetic control of plant heat
responses. Frontiers in Plant Science 6: 267.

LiuX, Chen C-Y, Wang K-C, Luo M, Tai R, Yuan L, Zhao M, Yang S, Tian G, Cui
Y et al. 2013. PHYTOCHROME INTERACTING FACTORS3 associates with
the histone deacetylase HDA1S5 in repression of chlorophyll biosynthesis and
photosynthesis in etiolated Arabidopsis scedlings. Plant Cell25: 1258-1273.

LuF, CuiX, Zhang S, Jenuwein T, Cao X. 2011. ArabidopsisREF6 is a histone H3
lysine 27 demethylase. Nature Genetics43: 715-719.

Luo X, He Y. 2020. Experiencing winter for spring flowering: a molecular
epigenetic perspective on vernalization. Journal of Integrative Plant Biology 62:
104-117.

Martins S, Montiel-Jorda A, Cayrel A, Huguet S, Roux CP-L, Ljung K, Vert G.
2017. Brassinosteroid signaling-dependent root responses to prolonged elevated
ambient temperature. Nature Communications 8: 309.

Mayer KS, Chen X, Sanders D, Chen ], Jiang J, Nguyen P, Scalf M, Smith LM,
Zhong X. 2019. HDA9-PWR-HOSI5 is a core histone deacetylase complex
regulating transcription and development. Plant Physiology 180: 342-355.

Mozgova I, Wildhaber T, Liu Q, Abou-Mansour E, L’Haridon F, Metraux JP,
Gruissem W, Hofius D, Hennig L. 2015. Chromatin assembly factor CAF-1
represses priming of plant defence response genes. Nature Plants 1: 15127.

Ng HH, Robert F, Young RA, Struhl K. 2004. Targeted recruitment of Setl
histone methylase by elongating Pol II provides a localized mark and memory
of recent transcriptional activity. Molecular Cell 11: 709-719.

Oberkofler V, Pratx L, Baurle I. 2021. Epigenetic regulation of abiotic stress
memory: maintaining the good things while they last. Current Opinion in Plant
Biology 61: 102007.

Ohama N, Sato H, Shinozaki K, Yamaguchi-Shinozaki K. 2017. Transcriptional
regulatory network of plant heat stress response. Trends in Plant Science22: 53-65.

Olas JJ, Apelt F, Annunziata MG, John S, Richard SI, Gupta S, Kragler F,
Balazadeh S, Mueller-Roeber B. 2021. Primary carbohydrate metabolism genes
participate in heat-stress memory at the shoot apical meristem of Arabidopsis
thaliana. Molecular Plant 14: 15081524,

Pajoro A, Severing E, Angenent GC, Immink RGH. 2017. Histone H3 lysine 36
methylation affects temperature-induced alternative splicing and flowering in
plants. Genome Biology 18: 102.

Pandey SP, Benstein RM, Wang Y, Schmid M. 2021. Epigenctic regulation of
temperature responses: past successes and future challenges. Journal of
Experimental Botany 72: 7482-7497.

Park Y-J, Lee H-], Gil K-E, Kim JY, Lee J-H, Lee H, Cho H-T, Vu LD, De Smet I,
Park C-M. 2019. Developmental programming of thermonastic leaf movement.
Plant Physiology 180: 1185-1197.

Pecinka A, Dinh HQ, Baubec T, Rosa M, Lettner N, Mittelsten SO. 2010.
Epigenetic regulation of repetitive elements is attenuated by prolonged heat stress
in Arabidopsis. Plant Cell 22: 3118-3129.

Penfield S. 2008. Temperature perception and signal transduction in plants. New
Phytologist 179: 615-628.

Perrella G, Kaiserli E. 2016. Light behind the curtain: photoregulation of
nuclear architecture and chromatin dynamics in plants. New Phytologist 212:
908-919.

Popova OV, Dinh HQ, Aufsatz W, Jonak C. 2013. The RADM pathway is required
for basal heat tolerance in Arabidopsis. Molecular Plant 6: 396-410.

Praat M, De Smet I, van Zanten M. 2021. Protein kinase and phosphatase control of
plant temperature responses. Journal of Experimental Botany 72: 7459-7473.
QiuY, LiM, Kim RJ-A, Moore CM, Chen M. 2019. Daytime temperature is sensed
by phytochrome B in Arabidopsis through a transcriptional activator HEMERA.

Nature Communications 10: 140.

Quint M, Delker C, Franklin KA, Wigge PA, Halliday KJ, van Zanten M. 2016.
Molecular and genetic control of plant thermomorphogenesis. Nazure Plants 2:
15190.

Sadanandom A, Addm E, Orosa B, Viczidn A, Klose C, Zhang C, Josse E-M,
Kozma-Bognar L, Nagy F. 2015. SUMOylation of phytochrome-B negatively
regulates light-induced signaling in Arabidopsis thaliana. Proceedings of the
National Academy of Sciences, USA112: 11108-11113.

SakumaY, Maruyama K, Qin F, Osakabe Y, Shinozaki K, Yamaguchi-Shinozaki K.
2006. Dual function of an Arabidopsis transcription factor DREB2A in water-
stress-responsive and heat-stress-responsive gene expression. Proceedings of the
National Academy of Sciences, USA 103: 18822-18827.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Tansley review

Saredi G, Huang H, Hammond CM, Alabert C, Bekker-Jensen S, Forne I,
Reveron-Gémez N, Foster BM, Mlejnkova L, Bartke T ez al. 2016. H4K20me0
marks post-replicative chromatin and recruits the TONSL-MMS22L DNA
repair complex. Nature 534: 714-718.

Scharf KD, Berberich T, Ebersberger I, Nover L. 2012. The plant heat stress
transcription factor (Hsf) family: structure, function and evolution. Biochimica et
Biophysica Acta 1819: 104-119.

Schramm F, Larkindale J, Kiehlmann E, Ganguli A, Englich G, Vierling E, von
Koskull-Doring P. 2008. A cascade of transcription factor DREB2A and heat
stress transcription factor HsfA3 regulates the heat stress response of Arabidopsis.
The Plant Journal 53: 264-274.

Sedaghatmehr M, Mueller-Roeber B, Balazadeh S. 2016. The plastid
metalloprotease FtsH6 and small heat shock protein HSP21 jointly regulate
thermomemory in Arabidopsis. Nature Communications7: 12439.

Severing E, Faino L, Jamge S, Busscher M, Kuijer-Zhang Y, Bellinazzo F,
Busscher-Lange J, Ferndndez V, Angenent GC, Immink RGH ez al. 2018.
Arabidopsis thaliana ambient temperature responsive IncRNAs. BMC Plant
Biology 18: 145.

Shen Y, Lei T, Cui X, Liu X, Zhou S, Zheng Y, Guérard F, Issakidis-Bourguet
E, Zhou D-X. 2019. Arabidopsis histone deacetylase HDAI5 directly
represses plant response to elevated ambient temperature. The Plant Journal
100: 991-1006.

Sidaway-Lee K, Costa MJ, Rand DA, Finkenstadt B, Penfield S. 2014. Direct
measurement of transcription rates reveals multiple mechanisms for configuration
of the Arabidopsis ambient temperature response. Genome Biology 15: R45.

Statello L, Guo C-J, Chen L-L, Huarte M. 2021. Gene regulation by long non-
coding RNAs and its biological functions. Nature Reviews Molecular Cell Biology
22:96-118.

Stavang JA, Gallego-Bartolomé J, Gomez MD, Yoshida S, Asami T, Olsen JE,
Garcia-Martinez JL, Alabadi D, Blazquez MA. 2009. Hormonal regulation
of temperature-induced growth in Arabidopsis. The Plant Journal 60: 589—
601.

Stief A, Altmann S, Hoffmann K, Pant BD, Scheible W-R, Baurle I. 2014.
Arabidopsis miR156 regulates tolerance to recurring environmental stress through
SPL transcription factors. Plant Cell 26: 1792-1807.

SunJ, QiL, LiY, Chu J, Li C. 2012. PIF4-Mediated activation of YUCCAS8
expression integrates temperature into the auxin pathway in regulating
Arabidopsis hypocotyl growth. PLoS Genetics 8: ¢1002594.

Sung D-Y, Kaplan F, Lee K-J, Guy CL. 2003. Acquired tolerance to temperature
extremes. Trends in Plant Science 8: 179-187.

Suzuki T, Nakajima S, Morikami A, Nakamura K. 2005. An Arabidopsis protein
with a novel calcium-binding repeat sequence interacts with TONSOKU/
MGOUN3/BRUSHY]1 involved in meristem maintenance. Plant Cell Physiology
46: 1452-1461.

Szabo EX, Reichert P, Lehniger M-K, Ohmer M, de Francisco AM, Gowik U,
Schmitz-Linneweber C, Laubinger S. 2020. Metabolic labeling of RNAs
uncovers hidden features and dynamics of the Arabidopsis transcriptome. Plant
Cell 32: 871-887.

Takeda S, Tadele Z, Hofmann I, Probst AV, Angelis KJ, Kaya H, Araki T,
Mengiste T, Mittelsten Scheid O, Shibahara K ez al. 2004. BRU1, a novel link
between responses to DNA damage and epigenetic gene silencing in Arabidopsis.
Genes ¢&& Development 18: 782-793.

TangY, LiuX, LiuX, Li Y, Wu K, Hou X. 2017. Arabidopsis NF-YCs mediate the
light-controlled hypocotyl elongation via modulating histone acetylation.
Molecular Plant 10: 260-273.

Tasset C, Singh Yadav A, Sureshkumar S, Singh R, van der Woude L, Nekrasov M,
Tremethick D, van Zanten M, Balasubramanian S. 2018. POWERDRESS-
mediated histone deacetylation is essential for thermomorphogenesis in
Arabidopsis thaliana. PLoS Genetics 14: ¢1007280.

Teves SS, Weber CM, Henikoff S. 2014. Transcribing through the nucleosome.
Trends in Biochemical Sciences 39: 577—586.

Thomashow MF. 1999. Plant Cold Acclimation: freezing tolerance genes and
regulatory mechanisms. Annual Reviews of Plant Physiology and Plant Molecular
Biology 50: 571-599.

Tian Y, Zheng H, Zhang F, Wang S, Ji X, Xu C, He Y, Ding Y. 2019. PRC2
recruitment and H3K27me3 deposition at FLC require FCA binding of
COOLAIR. Science Advances 5: 7246.

New Phytologist (2022) 234: 1144-1160
www.newphytologist.com

Review 1

'L€18697L

-

9sn Jo sa|nJ 104 Ateaqr] auljuQ AS|IpM

uo (suonIpuod-pue-swdl/wodA3|ImAieiqijauljuo//:sdiay) suoipuo) pue swid) Yy} 3ds [£20z/0L/EL] uo Aieiqrq aunuo A3 “v'I'N'3 Ag "026/1°Yydu/LLLL 0L/10p/wodAapmAselqiauljuorydu//:sdiy wouy papeojumoq ‘¢

95UddIT sUowwWo)) aAneal) ajgedijdde ayy Aq pauianob ale sspiIe YO

9




1160 Review

Tansley review

Tittel-Elmer M, Bucher E, Broger L, Mathieu O, Paszkowski J, Vaillant I. 2010.
Stress-induced activation of heterochromatic transcription. PLoS Genetics 6:
¢1001175.

Urrea Castellanos R, Friedrich T, Petrovic N, Altmann S, Brzezinka K,
Gorka M, Graf A, Baurle I. 2022. FORGETTER?2 protein phosphatase and
phospholipase D modulate heat stress memory in Arabidopsis. 7he Plant
Journal 104: 7-17.

Van der Woude LC, Perrella G, Snoek BL, van Hoogdalem M, Novik O, van Verk
MC, van Kooten HN, Zorn LE, Tonckens R, Dongus JA ez 2. 2019. HISTONE
DEACETYLASE 9 stimulates auxin-dependent thermomorphogenesis in
Arabidopsis thaliana by mediating H2A.Z depletion. Proceedings of the National
Academy of Sciences, USA 116: 25343-253354.

Van Zanten M, Bours R, Pons TL, Proveniers MCG. 2014a. Plant acclimation and
adaptation to warm environments. In: Franklin KA, Wigge PA, eds. Temperature
and plant development. Hoboken, NJ, USA: John Wiley & Sons, 49-78.

Van Zanten M, Zoll C, Wang Z, Philipp C, Carles A, Li Y, Kornet NG, Liu Y,
Soppe WJJ. 2014b. HISTONE DEACETYLASE 9 represses scedling traits in
Arabidopsis thaliana dry seeds. The Plant Journal 80: 475-488.

Verhage L, Angenent GC, Immink RGH. 2014. Research on floral timing by
ambient temperature comes into blossom. Trends in Plant Science 19: 583-591.

VulD, XuX, Zhu T, Pan L, van Zanten M, de Jong D, Wang Y, Vanremoortele T,
Locke AM, van de Cotte B ez al. 2021. The membrane-localized protein kinase
MAP4K4/TOT?3 regulates thermomorphogenesis. Nature Communications 12:
2842.

‘Waddington CH. 1942. The epigenotype. Endeavor 1: 18-20.

‘Wahid A, Gelani S, Ashraf M, Foolad MR. 2007. Heat tolerance in plants: an
overview. Environmental and Experimental Botany 61: 199-223.

Wang L-C, Wu J-R, Chang W-L, Yeh C-H, Ke Y-T, Lu C-A, Wu S-J. 2013.
Arabidopsis HIT4 encodes a novel chromocentre-localised protein involved in the
heat reactivation of transcriptionally silent loci and is essential for heat tolerance in
plants. Journal of Experimental Botany 64: 1689-1701.

Weng M, Yang Y, Feng H, Pan Z, Shen W-H, Zhu Y, Dong A. 2014. Histone
chaperone ASF1 is involved in gene transcription activation in response to heat
stress in Arabidopsis thaliana. Plant, Cell & Environment37: 2128-2138.

Willige BC, Zander M, Yoo CY, Phan A, Garza RM, Trigg SA, He Y, Nery JR,
ChenH, ChenM ez 4l.2021. PHYTOCHROME-INTERACTING FACTORs
trigger environmentally responsive chromatin dynamics in plants. Nature Genetics
53:955-961.

Xu X, Kathare PK, Pham VN, Bu Q, Nguyen A, Huq E. 2017. Reciprocal
proteasome-mediated degradation of PIFs and HFR1 underlies
photomorphogenic development in Arabidopsis. Development 144: 1831-1840.

Xue M, Zhang H, Zhao F, Zhao T, Li H, Jiang D. 2021. The INO80
chromatin remodeling complex promotes thermomorphogenesis by

New Phytologist (2022) 234: 1144-1160
www.newphytologist.com

New
Phytologist

connecting H2A.Z eviction and active transcription in Arabidopsis. Molecular
Plant 14: 1799-1813.

Yamaguchi N, Matsubara S, Yoshimizu K, Seki M, Hamada K, Kamitani M,
Kurita Y, Nomura Y, Nagashima K, Inagaki S ezl 2021. H3K27me3
demethylases alter HSP22and HSP17.6Cexpression in response to recurring heat
in Arabidopsis. Nature Communications 12: 3480.

Yang W, Chen Z, Huang Y, Chang G, Li P, Wei J, Yuan X, Huang J, HuX. 2019.
Powerdress as the novel regulator enhances Arabidopsis seeds germination
tolerance to high temperature stress by histone modification of SOM locus. Plant
Science 284: 91-98.

Yeh C-H, Kaplinsky NJ, Hu C, Charng Y. 2012. Some like it hot, some like it warm:
phenotyping to explore thermotolerance diversity. Plant Science 195: 10-23.

Yelagandula R, Stroud H, Holec S, Zhou K, Feng S, Zhong X, Muthurajan U, Nie
X, Kawashima T, Groth M ez al. 2014. The histone variant H2A.W defines
heterochromatin and promotes chromatin condensation in Arabidopsis. Ce//158:
98-109.

Yoshida T, SakumaY, Todaka D, Maruyama K, Qin F, Mizoi ], Kidokoro S, Fujita
Y, Shinozaki K, Yamaguchi-Shinozaki K. 2008. Functional analysis of an
Arabidopsis heat-shock transcription factor HsfA3 in the transcriptional cascade
downstream of the DREB2A stress-regulatory system. Biochemical and Biophysical
Research Communications 368: 515-521.

ZhaP, Jing Y, Xu G, Lin R. 2017. PICKLE chromatin-remodeling factor controls
thermosensory hypocotyl growth of Arabidopsis. Plant, Cell & Environment 40:
2426-2436.

Zhang C, Qian Q, Huang X, Zhang W, Liu X, Hou X. 2021. NF-YCs modulate
histone variant H2A.Z deposition to regulate photomorphogenic growth in
Arabidopsis. Journal of Integrative Plant Biology 63: 1120-1132.

Zhang D, JingY, Jiang Z, Lin R. 2014. The chromatin-remodeling factor PICKLE 4 :
integrates brassinosteroid and gibberellin signaling during skotomorphogenic
growth in Arabidopsis. Plant Cell 26: 2472-2485.

Zhang X, Huai J, Liu S, Jin JB, Lin R. 2020. SIZ1-Mediated SUMO modification
of SEUSS regulates photomorphogenesis in Arabidopsis. Plant Communications1:
100080.

Zhao ], Lu Z, Wang L, Jin B. 2020. Plant responses to heat stress: physiology,
transcription, noncoding RNAs, epigenetics. Internation Journal of Molecular
Sciences22: 117.

ZhengY, Ge], Bao C, Chang W, LiuJ, Shao J, Liu X, SuL, Pan L, Zhou D-X. 2020.
Histone deacetylase HDA9 and WRKY53 transcription factor are mutual

9sn Jo sa|nJ 1o} Areaqr] auljuQ AS|Ip

uo (suonpuod-pue-suual/wodAsimAlelqgipuljuo//:sdiny) suoinipuo) pue swid) ay) 995 *[£202/01/€L] uo Ateiqr suuo Asjim “v'3'N'3 Ag "026.1°ydu/LLLL0L/1op/wodAapmAeiqijaurjuo-ydu//:sdiny wouy papeojumod ‘v ‘2202 ‘LEL86IYL

antagonists in regulation of plant stress response. Molecular Plant 13: 598-611.
Zhong S-H, LiuJ-Z, JinH, Lin L, Li Q, Chen Y, Yuan Y-X, Wang Z-Y, Huang H,
Qi Y-] eral 2013. Warm temperatures induce transgenerational epigenetic
release of RNA silencing by inhibiting siRNA biogenesis in Arabidopsis.
Proceedings af the National Amdemy of Sciences, USA110: 9171-9176.

95UddIT sUoWWo)) dAneal) ajgedijdde ayy Aq pautanob ale sspiIe YO

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation



