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Abstract
Plants acquire enhanced tolerance to intermittent abiotic stress by employing information obtained during prior exposure
to an environmental disturbance, a process known as acclimation or defense priming. The capacity for stress memory is a
critical feature in this process. The number of reports related to plant stress memory (PSM) has recently increased, but few
studies have focused on the mechanisms that maintain PSM. Identifying the components involved in maintaining PSM is
difficult due in part to the lack of clear criteria to recognize these components. In this review, based on what has been
learned from genetic studies on heat acclimation memory, we propose criteria for identifying components of the regulatory
networks that maintain PSM. We provide examples of the regulatory circuits formed by effectors and regulators of PSM.
We also highlight strategies for assessing PSMs, update the progress in understanding the mechanisms of PSM mainte-
nance, and provide perspectives for the further development of this exciting research field.

Introduction
In biology, memory is defined as retained experience; when
put into use, this memory changes the organism’s future be-
havior (Hawkins et al., 1993; Casadesús and D’Ari, 2002). In
this sense, all cellular organisms including plants can
“remember” experiencing various environmental stimuli,
which facilitates acclimation to future changes. Multiple
plant behaviors in response to environmental cues have
long been associated with plant memory (Trewavas, 2003).
A frequently mentioned example is the epigenetic regulation
of vernalization, by which the experience of prolonged low
temperatures in winter is marked or “remembered” and pro-
motes flowering in the spring (Berry and Dean, 2015).

However, such examples are scarce compared to the preva-
lence of human memory, so the existence and importance
of plant memory are often overlooked. Despite being sup-
ported by increasing scientific evidence, plant memory
remains a feature inconceivable to many scientists, including
some plant biologists (Galviz et al., 2020).

An emerging area of research that illustrates the effect of
memory on plant behavior is defense against biotic and abi-
otic stress, which is especially important, since plants are un-
able to move away from adverse conditions. In the past few
decades, tremendous effort has focused on understanding
how plants respond to and cope with various environmental
stresses at the molecular level. Functional genomic studies
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of plant stress responses have revealed diverse mechanisms
underpinning defense behaviors, including acclimation, one
of the best-studied processes. Acclimation modifies plant
physiology and morphology to enhance tolerance or fitness
performance in response to periodic environmental changes
(Taiz et al., 2015). Plants can acclimate to various abiotic
stress conditions, including cold (Thomashow, 1999), heat
(Hong and Vierling, 2000; Queitsch et al., 2000), drought
(Harb et al., 2010), flooding (Bailey-Serres and Voesenek,
2008), salt (Xie et al., 2011), excess light (Dietz, 2015), UV
(Müller-Xing et al., 2014), and mechanical loading (Martin
et al., 2010). Specific and common acclimation mechanisms
counteract each abiotic stress.

Different mechanisms might be invoked in response to
different stress patterns, such as continuous versus intermit-
tent stress episodes, even to the same abiotic stressor. For
example, acclimation to recurring acute heat stress (HS) and
prolonged moderate HS requires different genetic compo-
nents (Yeh et al., 2012). Acclimation to intermittent stress
involves a priming effect induced by pre-exposure to a
milder stress stimulus, resulting in acquired tolerance to
more severe stress challenges. This type of defense priming
is typical of many plants in response to both biotic and abi-
otic stress (Martinez-Medina et al., 2016; Mauch-Mani et al.,
2017).

According to the theory of defense priming, experiencing
an external stimulus puts a plant in a primed state that per-
sists even if the stimulus no longer exists. The primed state
enables the plant to react to subsequent stress events with
a faster and stronger defense response (Conrath et al., 2015).
Memory capacity is defined as the ability to maintain the
primed state induced by various environmental stimuli
(Bruce et al., 2007; Hilker et al., 2016; Martinez-Medina et al.,
2016; Oberkofler et al., 2021). The number of research
articles reporting the existence of plant stress memory
(PSM) is on the rise. In general, PSM, i.e. the primed state,
can be divided into two parts: acquisition and maintenance.

Acquisition of PSM involves stress sensing, signal transduc-
tion, and gene regulation. These processes have been exten-
sively studied in relation to various abiotic stresses.
However, the mechanisms of PSM maintenance, as well as
its physiological and ecological importance, are largely unex-
plored. It is crucial to understand how and to what extent
plants maintain stress memories to adapt to future environ-
mental adversities, which are likely to become more fre-
quent and severe due to climate change (National
Academies of Sciences E and Medicine, 2016).

Duration is of primary concern when it comes to the
memory of a biological system. Increasing evidence shows
that PSMs can have very different durations, which are clas-
sified as somatic or transgenerational based on heritability
(Lämke and Bäurle, 2017). Somatic PSM endures only within
the same generation of a stressed organism. By contrast,
transgenerational memory is manifested when the non-
stressed progeny show the stressed phenotypes of their pro-
genitors without harboring a mutation, providing evidence

of epigenetics. However, caution should be exercised in
assessing PSM transmission to the first stress-free generation,
as the memory effect may be induced in progeny-forming
cells while they are still part of the parent plant that is ex-
posed to stress (Pecinka and Scheid, 2012). Lämke and
Bäurle (2017) proposed that memories maintained for only
one stress-free generation should be referred to as intergen-
erational memories, and memories that are detectable after
two stress-free generations should be referred to as transge-
nerational memories.

Transgenerational PSM is an exciting research topic that
has drawn much discussion and debate, as outlined in sev-
eral outstanding reviews (Chinnusamy and Zhu, 2009;
Pecinka and Scheid, 2012; Weigel and Colot, 2012; Lim and
Brunet, 2013). The maintenance of transgenerational PSM is
primarily associated with epigenetic regulation (Chinnusamy
and Zhu, 2009), whereas maintaining somatic PSM requires
more diverse mechanisms. In this review, we focus on so-
matic abiotic stress memories, which likely contribute to
within-generation plasticity to facilitate adaptation to chang-
ing environments (Auge et al., 2017). We propose guidelines
for assessing PSMs based on defense priming and for recog-
nizing components and regulatory circuits involved in PSM
maintenance. We highlight the duration of PSMs during the
acclimation to intermittent stress and strategies for their as-
sessment. We also describe recent progress in elucidating
the molecular mechanisms underlying the maintenance of
PSMs. Finally, we provide suggestions and future perspec-
tives on this exciting topic.

Assessment of memory during abiotic stress
responses
The concept of defense priming facilitates the identification
of PSMs, as illustrated by the simplified diagram in
Figure 1A. In this example, plants of identical genetic
makeup and growth history are divided into primed and
nonprimed groups. The primed group receives an external
stimulus (Stimulus I or priming), followed by the removal of
the stimulus during a recovery period or memory phase
(Hilker et al., 2016). A second stimulus (Stimulus II or trig-
gering) is then applied to trigger a physiological or molecular
output. The priming and triggering stimuli can be identical
or different in nature and severity. The nonprimed group
receives only triggering (Stimulus II) and produces output
without priming. Suppose the outputs of primed and non-
primed plants are quantitatively or qualitatively different. In
this case, the priming treatment is thought to modify the
output of the triggering stimulus. The retainment of the
primed state over time is memory, which resembles the defi-
nition of the relationship between learning and memory in
animals (Hawkins et al., 1993). If the outputs of primed and
nonprimed plants are not significantly different, two explan-
ations are possible. First, perhaps the memory formed by
priming was lost, leading to the loss of the primed state.
Second, perhaps the priming treatment did not modify the
output of the triggering stimulus, i.e. the output induced by
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Stimulus II is not primable by Stimulus I. Thus, the ability to
be primed is a primary consideration for the assessment of
PSM.

Table 1 lists studies that provide evidence for PSM during
acclimation to various abiotic stresses. These studies used
various recovery times between priming and triggering treat-
ments and showed PSMs of different durations. Physiological
outputs are mainly associated with acquired stress tolerance,
in which primed plants are more tolerant to triggering stress
than nonprimed plants (Figure 1B). Molecular outputs are
studied in relation to transcriptional memory (TM), in
which priming significantly modifies the expression of genes
in response to triggering (Figure 1C). In the following sec-
tions, we highlight two primary strategies for assessing PSMs
using genetic and transcriptomic approaches.

Genetic approaches for assessing PSMs for
acclimation to abiotic stress
Genetic studies have greatly improved our understanding of
plant abiotic stress responses, from stress signal sensing and
transduction to gene regulation at the transcriptional to
post-translational levels. Recent progress highlights the
power of genetic approaches for identifying components in-
volved in maintaining PSM for heat acclimation. Here, we
categorize the memory components identified using genetic
approaches into effectors and their regulators. During accli-
mation to intermittent stress, effectors are physical substan-
ces induced by priming that directly modify the output of
triggering (Figure 2A). Hence, effectors are considered to be
the physical underpinnings of cellular memory, and the sta-
tus of the effectors proportionally affects the output level.
Thus, the maintenance of effectors equals the maintenance
of memory. Depending on the primed output, effectors
could be any biochemical molecules and their modified
derivatives, such as methylated DNA and post-translationally
modified proteins. For example, multiple effectors contribute
to physiological outputs such as acquired thermotolerance
(AT), most notably heat shock proteins (HSPs), which are
highly induced by thermopriming (Yeh et al., 2012). We pro-
pose that these effectors persist for different amounts of
time once produced, some for a short duration (usually less
than a few hours) and others for a long duration (a few
days). Priming–triggering tests with short and long recovery
periods are instrumental in demarcating the time range cov-
ered by the effectors’ actions (Figure 2A). Mutations that fail
to produce the effectors for different durations will compro-
mise the primed output, depending on the timing of trigger-
ing. In a mutant of a short-lived effector, the primed output
is only compromised if triggering is applied after a short re-
covery (Figure 2B).

By contrast, a null mutation of a long-lived effector would
affect the primed output triggered after both a short and
long recovery (Figure 2B). Although the causal relationship
between stress response genes (some encoding effectors)
and acquired tolerance (primed output) has been exten-
sively demonstrated, the duration at which effectors persist
has rarely been studied. Identifying the regulators that con-
trol the durations of effectors will be critical for unraveling
the mechanisms of memory maintenance during plant stress
acclimation. Such regulators are not required for the induc-
tion of effectors but rather affect their duration. In the ab-
sence of a positive regulator, the decay of the effector would
occur more rapidly, resulting in a compromised output trig-
gered after a long but not short recovery (Figure 2C).
Negative regulators should have the opposite effects.

The guidelines proposed above are primarily based on the
findings obtained from genetic studies of PSM for heat accli-
mation. The simple phenotyping of Arabidopsis (Arabidopsis
thaliana) seedlings grown on standard medium and the ease
of HS treatment make this plant a robust system for genetic
analysis of PSM. Experiments with the priming–triggering
setup have long been performed in physiological studies of
heat acclimation that confers AT and genetic studies on the
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Figure 1 Acclimation to intermittent abiotic stress, a defense priming
behavior of plants. A, A simplified diagram of the relationship be-
tween priming, triggering, memory, and output in the acclimation to
recurring stress. Plants of the same genotype are subjected to two
stress regimes that are run in parallel (timelines shown from left to
right): nonprimed (top) and primed by Stimulus I (below). A recovery
period or memory phase is introduced for the primed plants before
triggering with Stimulus II. The nonprimed plants receive triggering at
the same time as the primed plants. Physiological and molecular out-
puts are analyzed at an appropriate time point after or during trigger-
ing treatment. Memory encoded by priming is manifested by a
modified output of primed versus nonprimed plants. The yellow
blocks in the timelines represent the duration of stimulus application.
B, Physiological outputs of primed ( + ) and nonprimed (–) plants sub-
jected to the stress treatments shown in (A). The physiological out-
puts of primed plants are often referred to as acquired tolerance to
abiotic stress. C, Molecular outputs of primed and nonprimed plants
during triggering treatment (represented by the yellow bar). The
primed output is stronger and occurs more rapidly than the non-
primed output.
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functions of HS-induced proteins, such as HSP101, a protein
disaggregase pivotal for AT (Hong and Vierling, 2000;
Queitsch et al., 2000). However, these priming–triggering
experiments are only associated with a short recovery
period.

A critical breakthrough was made by introducing a long
recovery period between priming and triggering treatments
in functional studies of HSA32, a heat-stress-associated 32-
kD protein (Charng et al., 2006). AT triggered after a short
and long recovery are referred to as short-term and long-
term AT (SAT and LAT), respectively (Yeh et al., 2012). An
Arabidopsis loss-of-function mutant of HSA32 shows a de-
fect in LAT, not SAT, suggesting that the primed state does
not persist for as long a time in the mutant as the wild
type. Thus, the phenotype of hsa32 represents a certain
“forgetfulness” of the priming experience. Genetic screens

for an hsa32-like phenotype from Arabidopsis ethane methyl
sulfonate (EMS) mutant pools resulted in the isolation of de-
fective in long-term acquired thermotolerance1-1 (dlt1-1), a
missense mutant allele of HSP101 (Wu et al., 2013). The for-
getful phenotype of dlt1-1, which is specifically defective in
LAT, was unexpected, as the null mutation of HSP101 dra-
matically compromised both SAT and LAT. This finding led
to the identification of a positive feedback loop between
HSA32 and HSP101 (Wu et al., 2013; Lin et al., 2014). In this
example, HSP101 fits the criteria of a long-lived effector, and
HSA32 fits the criteria of a regulator, as illustrated in
Figure 2, B and C.

Phenotyping assays of SAT and LAT were performed in re-
verse genetic experiments to identify other components in-
volved in maintaining heat acclimation memory, including
HSFA2 (Charng et al., 2007), ROTAMASE FKBP 1 (ROF1;

Table 1 Studies related to PSM duration for acclimation to intermittent abiotic stress

Stress
species

Duration
of primed
statea

Output Associated molecular
components

References

Heat
Arabidopsis thaliana 3 d AT HSA32, HSFA2, ROF1 (FKBP62),

HSP101, miR156s, HSP21, FtsH6,
BRU1, HLP1, JMJs

Charng et al. (2006, 2007); Meiri and
Breiman (2009); Wu et al. (2013);
Stief et al. (2014); Sedaghatmehr
et al. (2016); Brzezinka et al. (2016);
Sharma et al. (2019); Yamaguchi
et al. (2021)

3 d HSA32:Hsa32-LUCIFERASE
reporter activity and AT

FGT1, FGT2, and FGT3 (HSFA3) Brzezinka et al. (2019); Urrea
Castellanos et al. (2020); Friedrich
et al. (2021)

6 d TM HSFA2 Liu et al. (2018)
5 min Calcium concentration Lenzoni and Knight (2019)

Oryza sativa 2 d AT HSA32 and HSP101 Lin et al. (2014)
Cold/freezing

Arabidopsis thaliana
8–24 h

3–7 d

TM of CBFs

AT

tAPX, AOS, and OPR3 Zarka et al. (2003)
Zuther et al. (2019); Leuendorf et al.

(2020); Bittner et al. (2021)

Brachypodium distachyon 9 d TM Mayer and Charron (2021)
Cucumis sativus 2 d AT RBOH Di et al. (2022)

Dehydration/drought
Arabidopsis thaliana 5 d TM MYC2, SnRK2.2, SnRK2.3, SnRK2.6,

DDE2/AOS, and COI1
Ding et al. (2012, 2014); Liu et al.

(2014); Virlouvet et al. (2014);
Virlouvet and Fromm (2015); Liu
et al. (2016)

Alopecurus pratensis 3 weeks AT POX and SOD Luki�c et al. (2020)
Boea hygrometrica 13 weeks AT and TM DNA methylation Sun et al. (2021)

Salt
Arabidopsis thaliana 10 d AT and TM HKT1 Sani et al. (2013)

5 d Proline accumulation and TM Feng et al. (2016)
3 d AT and TM bZIP17 and HRD3A Tian et al. (2019)

Lolium perenne 46 h AT Hu et al. (2016)
Populus alba 3 P. glandulosa 3 d AT and TM Liu et al. (2019a)
Oryza sativa 45 d AT and TM do Amaral et al. (2020a, 2020b)

Light/UV
Arabidopsis thaliana 1 d TM Crisp et al. (2017)

1 d Acquired UV-C tolerance PsbS Gorecka et al. (2020)
3 d Acquired UV-B tolerance UVR8 Xiong et al. (2021)

Mechanical loading
Mimosa pudica 28 d Leaf-folding habituation Gagliano et al. (2014)
Populus tremula 3 P. alba 1 d TM Pomiès et al. (2017)

aThe duration of the primed state was determined by measuring the length of the recovery period between priming and triggering, as indicated in Figure 1.
AT, acquired tolerance; TM, transcriptional memory.
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Meiri and Breiman, 2009), the microRNA miR156 (Stief
et al., 2014), HSP21 (also known as HSP25.3-P, Sedaghatmehr
et al., 2016), BRUSHY1 (BRU1; Brzezinka et al., 2019), and
HIKESHI-LIKE PROTEIN 1 (HLP1; Sharma et al., 2019).
Furthermore, the forgetter mutants (fgt1, fgt2, and fgt3) were
isolated by screening an EMS mutant pool generated from a
transgenic HSA32:Hsa32-LUCIFERASE (LUC) line based on
the phenotype of faster disappearance of LUC-derived

bioluminescence after HS priming (Brzezinka et al., 2016;
Urrea Castellanos et al., 2020; Friedrich et al., 2021). FGT1,
FGT2, and FGT3 encode proteins with very different func-
tions. The diverse functions of the components identified by
forward and reverse genetic approaches indicate that PSM
maintenance is complex. Genetic studies also identified neg-
ative regulators of PSM for heat acclimation. FtsH6, an HS-
induced plastidial protease, was shown to negatively regulate
HSP21, revealing a control module of PSM (Sedaghatmehr
et al., 2016). We discuss these components in the context of
protein and transcriptional networks below.

Thus far, components involved in maintaining PSMs dur-
ing acclimation to abiotic stresses other than HS have yet to
be identified or confirmed genetically. The criteria for assess-
ing PSM for heat acclimation are likely applicable to other
types of abiotic stress with rapid, irregular fluctuations and
preferably a long duration of the primed state, such as freez-
ing (Leuendorf et al., 2020) and UV-B stress (Xiong et al.,
2021). The criteria may have limitations for other types of
abiotic stress, which usually involve a slow process in the
natural environment, such as drought or salinity stress.
Intermittent salt stress may be rare, but the priming effect
of mild salinity has been demonstrated in different plant
species (Table 1). bZIP17, a salt-inducible membrane-bound
transcription factor, was recently shown to be required for
acclimation to recurring salt stress in Arabidopsis (Tian
et al., 2019). The role of bZIP17 in salt acclimation memory
remains to be determined. Nevertheless, studies on salt-
induced memory may benefit from the criteria proposed in
Figure 2.

Acclimation to intermittent water deficit has been
reported in several studies. These studies employed a
“training” procedure in which plants were subjected to daily
dehydration and rehydration cycles (air-drying for 1–2 h fol-
lowed by the replenishment of water; Table 1). In
Arabidopsis, enhanced induction of the drought response
genes RD29B and RAB18 was observed in plants subjected
to repeated dehydration treatments (Ding et al., 2012), indi-
cating a memory response to dehydration stress. Using the
expression of RD29B and RAB18 as outputs, the primed
state induced by four cycles of dehydration–rehydration was
shown to be maintained for up to 5 d (Ding et al., 2012).
Thus, genetic dissection of the maintenance of dehydration
memory should be feasible by adopting the priming–trigger-
ing criteria proposed in Figure 2.

Identification of TM during abiotic stress responses
Analyzing the output of triggering at the molecular level is a
simple way to demonstrate the priming effect and the exis-
tence of memory. This type of analysis often involves com-
paring the abundance of stress-induced molecules such as
RNAs, proteins, and secondary metabolites in primed and
nonprimed plants. For example, the enhanced nicotine accu-
mulation in wild tobacco (Nicotiana sylvestris) roots primed
by methyl jasmonate is considered to be a consequence of
immunological memory (Baldwin and Schmelz, 1996). The
modification of the expression of RD29B and RAB18 by the
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Figure 2 Assessment of plant abiotic stress memory using genetic
approaches, and proposed criteria for short- and long-duration effec-
tors. A, An experimental setup for priming and triggering to pheno-
type mutants of memory-related components. The features on the
timeline are the same as in Figure 1A, except that triggering treatment
is applied at either timepoint 1 or 2 by introducing a short (usually
less than a few hours) or long (a few days) recovery period (RP), re-
spectively, between priming and triggering. Priming induces the pro-
duction of effectors that persist for different amounts of time
(different durations). Effector 1 has a short duration, and Effector 2
has a long duration (represented by brown and green bars, respec-
tively). B, Outputs of wild type (WT) and mutants unable to produce
Effector 1 (e1) or Effector 2 (e2) after priming and triggering with a
short or long RP. The output triggered after a short RP is compro-
mised in both e1 and e2 but is compromised after a long RP only in
e2. The output in the WT is lower after a long RP vs. a short one, cor-
roborating the decay of effectors over time. C, Long-duration effectors
(such as Effector 2) decay more rapidly in a maintenance mutant (M)
than in WT during the RP (left panel). The mutant shows compro-
mised output after a long RP but not a short RP (right panel), suggest-
ing that the primed state does not persist for as long a time in the
mutant as in the WT.
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dehydration training/priming process mentioned above also
serves as a good example. Another example is the desensiti-
zation of the cold-shock response of low temperature-
responsive CBF genes (also known as DREB1 genes) in
Arabidopsis by priming at low temperatures (Zarka et al.,
2003). Since the analysis of gene transcripts is a routine mo-
lecular technique in most plant science laboratories, tran-
script abundance has become a prominent molecular
output reported in many recent studies on PSM.

One reason for the modification of gene expression by
priming is TM, a phenomenon of cellular memory first de-
scribed in yeast (Saccharomyces cerevisiae) in response to
priming by a specific carbon source during growth (Acar
et al., 2005). Figure 1C shows a typical effect of TM on prim-
able genes: a faster and stronger reinduction by triggering.
The behaviors of RD29B and RAB18 in response to repetitive
dehydration stress in Arabidopsis were shown to be regu-
lated by TM that involves chromatin modifications and
stalled RNA polymerase II at the promoters of these genes
(Ding et al., 2012).

However, transcriptomic analysis of the dehydration re-
sponse in Arabidopsis revealed four distinct expression pat-
terns of primable genes (Ding et al., 2013). Priming
strengthens the induction of genes that are upregulated
by dehydration, such as RD29B and RAB18 (categorized
as + / + ), and the suppression of downregulated genes
(categorized as –/–). On the other hand, priming can
dampen positive and negative stress responses induced
by the triggering of primable genes categorized as + /–
and –/ + , respectively (Ding et al., 2013). These four types of
memory responses to dehydration at the gene expression
level were also detected in maize (Zea mays), switchgrass
(Panicum virgatum), coffee (Coffea canephora), rice (Oryza
sativa), and soybean (Glycine max) by transcriptomic analy-
ses (Ding et al., 2014; Alves de Freitas Guedes et al., 2018;
Virlouvet et al., 2018; Zhang et al., 2018; Li et al., 2019; Kim
et al., 2020).

Transcriptomics has also facilitated the identification of
primable genes in response to other abiotic stresses, includ-
ing salt (Hu et al., 2016; Liu et al., 2019a; do Amaral et al.,
2020a), heat (Liu et al., 2018), cold (Zuther et al., 2019;
Mayer and Charron, 2021), excess light (Crisp et al., 2017),
and mechanical stress (Pomiès et al., 2017). Much informa-
tion is now available for assessing PSM maintenance using
the transcript abundances of primable genes as molecular
outputs. The duration of PSM can be evaluated by testing
the duration of TM. The durations of TM of genes induced
by dehydration, salt, heat, and cold stress examined to date
span several days (Hu et al., 2016; Liu et al., 2018; Mayer and
Charron, 2021). For example, the TM of ASCORBATE
PEROXIDASE 2 (APX2) induced by HS treatment at 37�C for
1 h could be maintained for up to 7 d (Liu et al., 2018). This
information may be valuable for analyzing the maintenance
of stress memory via a genetic approach using reporter
genes fused to the promoters of primable genes such as
RD29B and APX2 (Virlouvet et al., 2014; Liu et al., 2018).

Molecular mechanisms maintaining PSM for
acclimation to abiotic stress
Plants respond to abiotic stress factors by activating molecu-
lar networks operating at different levels for processes such
as signaling transduction, gene expression, protein homeo-
stasis, and metabolic adjustment (Krasensky and Jonak,
2012). These networks are integrated to ensure the process-
ing and retaining of environmental information perceived by
plants during acclimation to intermittent stress. In Figure 2,
we illustrate the temporal relationship between effectors
and outputs in a priming–triggering scenario: the duration
of PSM correlates with the duration of priming-induced
effectors. Based on the current knowledge, we propose a
schematic network that depicts the connections of the com-
ponents, the effector, and their positive and negative regula-
tors in modulating the duration of PSM (Figure 3A). Here,
we focus on transcriptional and post-translational regulation,
which are relatively well-understood.

In response to priming, a master transcription factor
(mTF) activates downstream genes encoding the effector
and its regulators, including the priming-inducible transcrip-
tion factor (iTF), maintainer, and erasers (Figure 3A). Like
mTF, iTF also regulates the expression of the effector and
the other regulators at the transcriptional level. The positive
regulator that maintains the stability of the effector at the
protein level is regarded as a maintainer. By contrast, the
negative regulators that remove the effector protein are
erasers, which can be further classified as priming-inducible
or constitutive. In the following section, we use published
experimental data on heat acclimation to illustrate this
scheme.

Regulatory networks and circuits for maintaining
heat acclimation memory
Figure 3, B and C show the networks associated with two
putative effectors, HSP101 and HSP21, which are well-known
molecular chaperones that confer plant thermotolerance
(Härndahl et al., 1999; Hong and Vierling, 2000; Katiyar-
Agarwal et al., 2003). HSP101 fulfills the criteria of a long-
duration effector genetically (Figure 2). HSA32 serves as a
maintainer of HSP101 by preventing its decay at the protein
level during the recovery period, while HSP101 positively
regulates the accumulation of HSA32 protein (Wu et al.,
2013; Lin et al., 2014). In this example, HSP101 acts as a pos-
itive regulator of its maintainer, thus forming a positive feed-
back loop between the two players (Figure 3B). Positive
feedback loops are common regulatory modules that func-
tion in cellular memory of environmental cues (Jiang and
Hao, 2021). During the recovery period, HSP101 is gradually
degraded along with other HSPs via an autophagy pathway
activated by thermopriming (Sedaghatmehr et al., 2019).
Hence, autophagy acts as an eraser of the effector HSP101.
HSA32 was also shown to be positively regulated by the HS-
iTFs HSFA2 and HSFA3 during the recovery period (Charng
et al., 2007; Friedrich et al., 2021). On the other hand,
SQUAMOSA-PROMOTER BINDING-LIKE (SPL) transcription
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factors, which are the targets of HS-inducible miR156s, act
as negative regulators of HSA32 (Stief et al., 2014). The tran-
scription factors responsible for the heat-induction of most
microRNAs, including miR156s, have not been identified.
Notably, the heat-induction of miR824 was recently shown
to be HSFA1-dependent in Arabidopsis (Szaker et al., 2019).

The position of HSP21 as an effector in the network was
predicted based on its chaperone function (Figure 3C).
However, this is not supported by the genetic evidence pro-
vided by Sedaghatmehr et al. (2016). HSP21 reaches a high
level immediately after priming and persists for a few days.
However, the HSP21 knockdown mutant showed a defect in
LAT but not SAT, which is not in agreement with the crite-
ria of a long-duration effector indicated in Figure 2. Perhaps
HSP21 is not immediately suppressed in the knockdown line
after priming. Alternatively, perhaps HSP21 is subjected to
an oxidative modification that inhibits its chaperone activity
within a short recovery period window and is recovered af-
ter a long recovery period (Gustavsson et al., 2002).
Nevertheless, the identification of the plastidial protease
FtsH6 as a negative regulator of the duration of HSP21 pro-
vides another example of a regulatory module for PSM
(Sedaghatmehr et al., 2016). FtsH6 is also an HS-inducible
protease, thus functioning in negative feedback control of
PSM for heat acclimation. Such feedback control found in
Arabidopsis ecotype Columbia-0 is missing in ecotype N13
(Sedaghatmehr et al., 2016), suggesting that HSP21-mediated
PSM is an adaptive measure. In addition, HSP21 is positively
regulated by HSFA2 and HSFA3 during the recovery period
(Lämke et al., 2016; Friedrich et al., 2021). ROF1 (a peptidyl-
prolyl cis/trans isomerase) and HLP1, which are both respon-
sive to HS, positively regulate the persistence of HSP21 tran-
script after priming (Meiri and Breiman, 2009; Sharma et al.,
2019).

The two networks involving HSP101 and HSP21 operate
with both unique and shared components. Both HSP101
and HSP21 and some of their regulators are induced by
priming under the control of the master regulators of HS re-
sponse, i.e. HSFA1a, HSFA1b, and HSFA1d, in Arabidopsis
(Figure 3, B and C; Liu et al., 2011; Yoshida et al., 2011).
Since many protein effectors contribute to AT (Yeh et al.,
2012), the persistence/duration of other effectors down-
stream of HSFA1 is likely also modulated by networks simi-
lar to that for HSP101 and HSP21. Biochemical circuits
formed by genes or proteins have been proposed to perform
computational tasks, including the amplification, integration,
and storage of information (Bray, 1995; McAdams and
Shapiro, 1995). Notably, the regulatory networks involving
HSP101 and HSP21 contain distinct regulatory circuits, such
as the feed-forward loop (FFL), which is implicated in retain-
ing memories of external stimuli in bacteria (Alon, 2007;
Jiang and Hao, 2021). The FFL is a common computational
framework in biological and technological networks for in-
formation processing for gene regulation and in neurons
and electronic circuits (Milo et al., 2002). Although gene reg-
ulation circuits such as FFL function in plant growth and
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development (Zhong and Ye, 2012; Verweij et al., 2016; Li
et al., 2022), their function in modulating PSM has not been
explored. In the following section, we highlight the regula-
tory circuits that might be responsible for modulating the
duration of heat acclimation memory.

Three regulatory circuits, each composed of three compo-
nents, can be identified in the networks shown in Figure 3,
B and C. These circuits include a double-positive feedback
loop (DPFL, with two down-stream components under a
positive regulator positively regulate each other), an incoher-
ent FFL (in which the indirect path has the opposite effect
of the direct path), and a coherent FFL (in which the indi-
rect path has the same effect as the direct path; Figure 3,
D–F) according to the definition of network motifs that ini-
tially referred to recurring patterns found in transcriptional
regulatory networks (Alon, 2007). However, the regulatory
circuits illustrated here are not limited to transcriptional reg-
ulation. In the case of heat acclimation, HSFA1 can form
these three regulatory circuits in combination with the effec-
tors (HSP101 and HSP21) and regulators (HSA32, HSFA2,
and FtsH6).

First, HSFA1 can form a DPFL with HSP101 and HSA32 to
retain the primed state or AT during the memory phase
(Figure 3D). Of note, this circuit combines two regulatory
layers that control the transcript and protein levels of the
components (Figure 3D). A DPFL with solely transcriptional
connections between its components tends to implement
developmental memory and is not commonly found in net-
works for stress responses (Alon, 2007). Thus, the hybrid cir-
cuit depicted in Figure 3D likely represents a DPFL variant
for prolonging the duration of the priming-induced effector.
In this example, the reciprocally positive regulation between
HSP101 and HSA32 is critical, as a missense mutation in
HSP101 disrupted its action on HSA32, but not its effector
function, and led to the faster decay of HSP101 during the
memory phase (Wu et al., 2013). HSA32, which does not re-
semble any known protein chaperone and is ubiquitously
present in land plants, shares a distant homology with an ar-
chaeal enzyme, phosphosulfolactate synthase (Liu et al.,
2006). Its mode of action remains to be elucidated.

The second regulatory circuit is the incoherent FFL consti-
tuted by HSFA1, HSP21, and FtsH6. This circuit combines
two regulatory layers at the transcriptional and post-
transcriptional levels (Figure 3E). HSFA1 serves as the tran-
scriptional activator of both HSP21 and FtsH6, and FtsH6
suppresses the accumulation of HSP21, presumably via its
protease activity (Sedaghatmehr et al., 2016). This circuit
shortens the duration of the effector HSP21 during the
memory phase. FtsH6 transcription is induced immediately
after thermopriming, but the accumulation of FtsH6 protein
is substantially delayed (Sedaghatmehr et al., 2016). This
phenomenon points to post-transcriptional regulation of
the eraser. The delay prevents the quick decay of HSP21
from occurring within a short recovery period after priming.
How FtsH6 is regulated post-transcriptionally is unclear.

The coherent FFL between HSFA1, HSFA2, and HSP21
occurs at the transcriptional level (Figure 3F). Either HSFA1
or HSFA2 can regulate HSP21 in response to thermopriming
(Liu and Charng, 2013; Sedaghatmehr et al., 2016), and the
expression of HSFA2 is HSFA1-dependent (Liu et al., 2011).
In addition to HSP21, HSFA1 and HSFA2 also form a coher-
ent FFL with HSA32 (Figure 3B). This type of coherent FFL
has been shown to prolong expression of genes encoding
components of the flagellum in Escherichia coli after signal
removal (Kalir et al., 2005). Similar to the function of the
FFL in E. coli flagella, the HSFA1-HSFA2-HSP21/HSA32 FFLs
prolong the expression of HSP21 and HSA32 in Arabidopsis
during the memory phase after priming. Deleting HSFA2
abolished the prolonged expression of HSP21 and HSA32
but not their induction by thermopriming (Charng et al.,
2007; Lämke et al., 2016).

It can be seen that the maintenance of PSM involves the
integration of multiple regulatory circuits. For example,
HSA32 is regulated by at least two different circuits, a DPFL
and a coherent FFL, and HSP21 by incoherent and coherent
FFLs. Why a component of PSM maintenance is controlled
by multiple regulatory circuits is unclear. One possibility is
that the wiring of a memory component to different circuits
provides better flexibility for fine-tuning PSM in response to
different stress intensities. Additionally, a memory compo-
nent may be involved in different circuits to generate differ-
ent outputs. For example, in Arabidopsis, priming-induced
HSFA2 was shown to regulate the expression of genes exhib-
iting different types of TM, as discussed below.

Maintenance of TM
Sustained transcriptional activity and modification of the ex-
pression of stress response genes induced by priming are
both critical for abiotic stress acclimation. Two types of TM
have been proposed to distinguish the different effects of
priming on gene expression behavior (Lämke et al., 2016;
Oberkofler et al., 2021). Type I TM enables the persistent ex-
pression of TM genes during the recovery period and is usu-
ally manifested by physiological outputs (Figure 4A, top
panel). Type II TM modifies the expression of TM genes dur-
ing the triggering session, resulting in stronger and faster ex-
pression (Figure 4A, bottom panel), which serves as a
molecular output in studies of PSM duration in response to
intermittent abiotic stress (Table 1). The priming and trig-
gering treatments for Type II TM are usually identical in na-
ture and severity to avoid the secondary effect caused by
triggering under a condition much harsher than priming. As
more components of PSM are identified, and their relation-
ships become more complicated, it is becoming important
to develop a systemic classification of TM.

Type I TM was first demonstrated for LAT mediated by
HSFA2. HSFA2 was shown to be required for maintaining
the duration of AT and the sustained expression of a group
of HS response genes, hereafter called TM-I genes (Charng
et al., 2007; Lämke et al., 2016). Interestingly, HSFA2 is also
required for Type II TM of a subset of HS response genes,
hereafter called TM-II genes (Liu et al., 2018). Some TM-I
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genes, such as HSA32 and HSP21, do not show expression
behavior like TM-II genes, suggesting that these types of TM
regulation are specific despite involving the same iTF
(HSFA2). It is unclear how HSFA2 distinguishes TM-I from
TM-II genes. Since HSFA2 is under the control of HSFA1,
both transcription factors play critical roles in Type I and
Type II TM in response to thermopriming, but they may
have different preferences for TM-I and TM-II genes. HSA32
and HSP21 (TM-I genes) could be activated by either HSFA1
or HSFA2, while the heat-induced expression of APX2 and
MIPS2 (TM-II genes) is preferentially activated by HSFA2
(Liu and Charng, 2013). Thus, unlike TM-I genes, TM-II genes
may not form a typical coherent FFL with HSFA1 and
HSFA2 (Figure 3F). The Arabidopsis fgt3 mutant, which was
isolated based on its compromised Type I TM, was recently
shown to harbor a mutation in HSFA3 (Friedrich et al.,
2021). Intriguingly, HSFA3 is not required for Type II TM
even though HSFA3 and HSFA2 can form a heteromeric
complex and redundantly maintain Type I TM (Friedrich
et al., 2021). These findings reveal a complex relationship

between HS-induced transcription factors and different
types of TM in heat acclimation.

Epigenetic regulation has been the primary focus of stud-
ies on the TM of abiotic stress. Based on current knowledge,
we propose a generalized diagram of the regulatory network
to explain the mechanisms for the formation and mainte-
nance of TM (Figure 4B). Specific transcription factors are
induced by priming to mark the promoters of both TM-I
and TM-II genes. The most prevalent marker associated
with the primed state of TM genes identified to date is the
tri-methylation of histone H3 lysine 4 (H3K4me3; reviewed
by Oberkofler et al., 2021, and the references therein).
Hyper-methylation of H3K4 is thought to be critical for
both Type I and Type II TM. However, there is no conclusive
evidence for a causal relationship. Moreover, it appears that
this modification is not the only requirement for Type II TM
because H3K4me3 is enriched at the promoters of TM-I
genes (such as HSP21, HSP22, and HSP18.2) after thermo-
priming, but these TM-I genes do not show Type II TM
(Lämke et al., 2016; Liu et al., 2018).

An attempt was recently made to transiently remove
H3K4me3 in Arabidopsis by inducible CRISPR-based epige-
nomics editing using HS-inducible transgenes encoding
APX2-targeting small guide RNA and the JMJ18 (H3K4
demethylase) active domain and inactive Cas9 fusion pro-
tein (dCAS9-JMJ; Oberkofler and Bäurle, 2022).
Unfortunately, the results were not conclusive, as dCAS9
fused to both an active and inactivated JMJ18 domain com-
promised Type II TM of APX2 (a typical TM-II gene) in a
similar manner. Perhaps the HS-inducible inactivated fusion
protein bound to the APX2 promoter hindered the tri-
methylation of H3K4 induced by priming. Alternatively, the
inactive JMJ domain may recruit a complex that contains
endogenous active demethylases (Oberkofler and Bäurle,
2022). A chemically inducible promoter might be favored to
drive the editing process during the recovery period.
Nevertheless, these findings will be valuable for other studies
aimed at epigenomic editing.

A role for H3K4 tri-methylation enzymes in TM has not
yet been demonstrated. The H3K4 methyltransferase ATX1
has been shown to be required for an optimal dehydration
response but not for the formation of Type II TM (Ding
et al., 2012). ATX1 and its homolog SDG25 were shown to
be required for acclimation to continuous HS, with func-
tional redundancy (Song et al., 2021). Disrupting both genes
led to the loss of H3K4me3 at several loci (primarily trans-
posable elements) after prolonged HS. It would be interest-
ing to learn whether ATX1 and SDG25 are involved in
forming Type I and Type II TM.

Besides H3K4, the methylation status of H3K27 has also
been implicated in modulating HS memory in Arabidopsis.
REF6/JMJ12, a gene from the JUMONJI (JMJ) family encoding
H3K27me3 demethylase, forms a positive feedback loop
with HSFA2 under prolonged moderate HS, conferring trans-
generational memory to the nonstressed progeny (Liu et al.,
2019b). A quadruple mutant (jmjq) of REF6/JMJ12, ELF6/
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JMJ11, JMJ30, and JMJ32 was recently shown to be defective
in LAT, and Type I TM of HSP22 and HSP17.6C is compro-
mised in jmjq, like it is in hsfa2 (Yamaguchi et al., 2021).
Hence, JMJ proteins appear to act as positive regulators for
the sustained expression of TM-I genes. However, SAT, an-
other criterion for assessing heat acclimation memory, was
not tested for jmjq. Interestingly, a high H3K27me3 level in
jmjq during the recovery period is associated with low
H3K4me3 levels at TM-I genes, including HSP21 (Yamaguchi
et al., 2021). It remains to be clarified whether the effect on
Type I TM in jmjq is indirect and is due to the reduced
H3K4 trimethylation at TM-I loci. It would also be interest-
ing to determine whether JMJ proteins are recruited to form
Type II TM.

In a study of Type II TM of dehydration stress, Ding et al.
(2012) showed that high levels of phosphorylated RNA poly-
merase II at serine 5 (Ser5P Pol II) are associated with
RD29B and RAB18 (TM-II genes) during the recovery period.
This phenomenon was not found in the non-TM genes
RD29A and COR15A. Ser5P Pol II is associated with stalled
transcriptional activity, which can be reactivated by the
transition from Ser5P to Ser2P (phosphorylation at serine 2)
during exposure to stress (Nechaev and Adelman, 2011).
This characteristic makes Ser5P Pol II a good candidate as
an effector of the output for Type II TM (Figure 4B). It
remains to be seen whether Ser5P Pol II levels increase at
TM-II genes in response to priming with other abiotic stress
factors.

In addition to histone modifications, nucleosome occu-
pancy is also associated with maintaining heat acclimation
memory. Forward genetics facilitated the identification of
FGT1 as a positive regulator of Type I TM (Brzezinka et al.,
2016). FGT1 was shown to form a complex with the chro-
matin remodelers BRAHMA (BRM) and CHR11/17 to main-
tain low nucleosome occupancy at TM-I genes during the
recovery period (Brzezinka et al., 2016). Thus, components
that positively and negatively regulate nucleosome occu-
pancy may form regulatory circuits that maintain PSM un-
der various abiotic stress treatments. Comprehensive reviews
on epigenetic regulation of TM include (Kinoshita and Seki,
2014; Avramova, 2015; D’Urso and Brickner, 2017;
Oberkofler et al., 2021).

Perspectives and open questions
Acclimation is essential for plants to cope with recurring
stress conditions in the natural environment. Memory plays
a role as a defense priming behavior underpinning acclima-
tion to intermittent abiotic stress, as evidenced by a recent
flurry of reports. However, the maintenance mechanisms of
PSMs are unclear due to the difficulty in identifying the un-
derlying components and the lack of clarity surrounding the
definition of memory components. This review examined
the regulatory networks of heat acclimation memory com-
ponents identified by phenotype-based genetic screening.
We proposed criteria for identifying the effectors responsible
for triggered outputs and the regulators that modulate the

durations of the effectors (Figure 2), which serve as proxies
of PSM. We defined the relationships between the effectors
and their upstream transcription factors, maintainers, and
erasers to assess and interpret the results of PSM studies
(Figure 3A). We also described regulatory circuits that are
known to be involved in information processing and retain-
ment (Figure 3, D–F).

So far, relatively few distinct regulatory circuits have been
found to maintain the primed state of plants. However, we
believe that well-characterized regulatory circuits observed
in plant abiotic stress responses are overlooked with regard
to their possible roles in PSM due to an unaccounted for
connection with the duration of the primed state (Vogel
et al., 2005; Seo et al., 2012). The criteria regarding the dura-
tion of effectors discussed in this review may assist in uncov-
ering new regulatory circuits for memory maintenance. For
example, effectors under tight negative control for a short
duration could be recognized (Figure 2). Regulatory circuits
that control the stability of stress-induced molecules, such
as RNAs and proteins, may provide a primed defense against
a second attack within a short recovery period and allow for
quick recovery from stress (Crisp et al., 2016). Identification
of memory components that enforce the short persistence
(short duration) of effectors might be facilitated by genetic
screening for mutants that lose acquired stress tolerance
within a short but not long recovery time (Figure 2B).
Although this phenotype has rarely been reported, an
Arabidopsis null mutant of a mitochondrial metal protease
was shown to be defective in SAT but not LAT (Charng
et al., 2007). The underlying mechanism, however, awaits
elucidation.

Increasing studies aimed at identifying TM (mostly Type II
TM) of abiotic stress have been performed using a transcrip-
tomic approach. The maintenance of Type I TM could be
achieved by a coherent FFL formed by memory components
(Figure 3F) and the modulation of chromatin (Figure 4B).
Efforts are needed to uncover the mechanisms that main-
tain Type II TM. In addition to transcriptome profiling, pro-
teome profiling may add a new dimension through which
to identify memory components in primable events at the
protein level that function in abiotic stress responses
(Schulze et al., 2021). Other new omics approaches, such as
epitranscriptomics, are also expected to achieve the same
goal. N6-methyladenosine (m6A) methylation of RNA func-
tions in memory formation in animals (Leonetti et al., 2020).
m6A methylation was recently shown to be involved in salt-
stress tolerance in Arabidopsis (Hu et al., 2021). It would
therefore be interesting to investigate whether m6A methyl-
ation plays a role in PSM.

Protein conformation is capable of storing biological infor-
mation. For example, the conformations of self-replicating
proteins such as prions are considered to be molecular
memories that transmit genetic information (Shorter and
Lindquist, 2005). The prion-like protein CPEB is associated
with the formation of long-term memory in animals (Si
et al., 2003). EARLY FLOWERING 3 (ELF3), a scaffold protein
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with a prion domain, functions as a thermosensor (Jung
et al., 2020) that forms and stores warm temperature mem-
ory in Arabidopsis (Murcia et al., 2022). Intrinsically disor-
dered proteins, including prion-like proteins, can adopt new
conformations with significant biological functions (Wright
and Dyson, 2015). Intrinsically disordered sequences might
play a similar role in forming or maintaining PSM during ac-
climation to abiotic stress.

Multiple environmental factors likely affect the formation
and duration of PSM. Indeed, PSM is unlikely to be as simple
in the natural environment as in a laboratory setting. For ex-
ample, light was shown to affect TM in response to salt
stress (Feng et al., 2016). Sugar level is also a critical factor in
heat acclimation (Sharma et al., 2019). Root endophytes can
induce thermotolerance by tapping into HSFA2-mediated
HS memory (Shekhawat et al., 2021). A better understanding
of the fundamental mechanisms at play in PSM will be in-
strumental for addressing the more complex situations.
Perspectives from evolution and ecology on the components
for PSM maintenance are also crucial, as the cost of memory
maintenance may affect fitness in organisms (Hoedjes et al.,
2011; Hilker et al., 2016). It remains to be seen whether reg-
ulatory circuits are involved in ecological stress memory to
help plants adapt to repeated exposure to extreme condi-
tions (Walter et al., 2013; Ahrens et al., 2021).
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