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Abstract

Highly repetitive adverse environmental conditions are encountered by plants multiple times during their lifecycle. These
repetitive encounters with stresses provide plants an opportunity to remember and recall the experiences of past stress-
associated responses, resulting in better adaptation towards those stresses. In general, this phenomenon is known as plant
stress memory. According to our current understanding, epigenetic mechanisms play a major role in plants stress memory
through DNA methylation, histone, and chromatin remodeling, and modulating non-coding RNAs. In addition, transcrip-
tional, hormonal, and metabolic-based regulations of stress memory establishment also exist for various biotic and abiotic
stresses. Plant memory can also be generated by priming the plants using various stressors that improve plants’ tolerance
towards unfavorable conditions. Additionally, the application of priming agents has been demonstrated to successfully
establish stress memory. However, the interconnection of all aspects of the underlying mechanisms of plant stress memory
is not yet fully understood, which limits their proper utilization to improve the stress adaptations in plants. This review sum-
marizes the recent understanding of plant stress memory and its potential applications in improving plant tolerance towards
biotic and abiotic stresses.
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Introduction

Plants are sessile organisms and rooted in their habitats
which render them vulnerable to a diverse range of adverse
environmental conditions, encompassing biotic and abiotic
stresses. Abiotic stresses, such as drought, extreme tem-
perature, salinity, waterlogging, heavy metals, and nutrient
deficiency, pose persistent and recurrent challenges to plants
(Radha and Sunita 2022). Concurrently, biotic stresses like
pathogens and insect pests emerge as prominent threats to
plants, mostly acting combinedly (Teshome et al. 2020).
These stresses affect plant/crop productivity significantly.
Additionally, climate change has further complicated the
situation as plants encounter these stresses and a combi-
nation of multiple stresses more frequently (Pandey et al.
2017). The majority of the modeling studies exploring the
impact of climate change on food production predict that the
effect of climate change on crop yields will be negative from
2030, and half of the projections predict that there will be a
more than 10% crop loss beyond 2050 (https://ccafs.cgiar.
org/bigfacts/#theme=climate-impacts-production; https://
www.climatechange-foodsecurity.org/2014_ipcc_ar5). Addi-
tionally, a moderate increase (2 °C) of temperature at the
local scale is expected to lead to a decrease in the worldwide
production of wheat, rice, and maize (Driedonks et al. 2016).
Crop-level adaptations increased the simulated yields by an
average of 7-15%, with adaptations more effective for wheat
and rice than maize (Challinor et al. 2024). Collectively, this
information suggests that crop adaptation will be an impor-
tant tool to combat food security.

The adaptation process in plants encompass the altera-
tions at morphological, physiological, and molecular levels
(Breusegeum and Remacle 2023). Plants recognize the stress
stimuli, transduce the signal, and activate the defense mecha-
nisms resulting in tolerance to the stresses. Additionally, the
repetitive nature of abiotic and biotic stresses enables plants
to remember and recall the previous exposures, resulting in
eliciting a quick defense response against that stress (Charng
et al. 2023). The phenomenon that enables plants to remem-
ber past experiences and recall the responsive mechanisms
is known as plant stress memory (PSM) (Kambona et al.
2023; Trewavas 2003). The establishment of PSM prepares
the plants for future stressful events and improves tolerance
with a minimum and/or no reduction in growth (Liu et al.
2021a). The quicker and more precise responses towards
the secondary stress and/or stress at the later phase has
been observed in other organisms and have been reported in
plants (Trewavas 2003; Berry and Dean 2015), animals, and
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microorganisms (Wolf et al. 2008). However, stress memory
in plants has been overlooked compared to other organisms.
In recent times, PSM has become a fascinating phenom-
enon after the discovery of vernalization-mediated flowering
(Berry and Dean 2015). The concept of immunogenic mem-
ory in plants was first postulated and described by Chester
in 1933 (Chester 1933). Later this idea was combined with
immunogenic reactions during the end of the 1990s and the
beginning of 2000 (Reimer-Michalski and Conrath 2016).

Currently, the most popular method to develop stress-
resilient plants is the direct genetic intervention of transcrip-
tional regulators or translation products. However, in recent
years, the adaptation phenomenon led by PSM has drawn the
attention of researchers, resulting in an increasing number
of studies (Fig. 1). Studies on PSM have revealed epigenetic
mechanisms, encompassing DNA methylation, histone mod-
ifications, chromatin remodeling, non-coding RNAs (includ-
ing small interfering RNAs and Micro RNA-miRNA), and
RNA-mediated gene silencing as the most important factors
in establishing stress memory and adaptation (Limke and
Baurle 2017; He and Li 2018; Gao et al. 2022). During the
primary stress condition, these mechanisms govern the acti-
vation of stress-responsive genes and remain quiescent dur-
ing the favorable conditions leaving behind a memory sig-
nature. These regulatory mechanisms are reactivated quickly
upon exposure to subsequent stress and impart tolerance to
the plants (Kambona et al. 2023). In addition to epigenetic
mechanisms, several other factors, including transcription
factors (TFs), metabolites, enzymes, and phytohormones
are integral parts of PSM establishment, storing, and reac-
tivation (Mladenov et al. 2021; Zhang et al. 2022). Several
studies have reported that epigenetic and other regulatory
mechanisms collaborate to regulate the PSM (Crisp et al.
2016).
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Fig. 1 Number of publications found in the Web of Science database
in a query of “Plant stress Memory” for the period of 2000-2023.
The number of publications related to PSM increased more than
twice in recent years in comparison to previous years


https://ccafs.cgiar.org/bigfacts/#theme=climate-impacts-production
https://ccafs.cgiar.org/bigfacts/#theme=climate-impacts-production
https://www.climatechange-foodsecurity.org/2014_ipcc_ar5
https://www.climatechange-foodsecurity.org/2014_ipcc_ar5

Physiology and Molecular Biology of Plants (February 2024) 30(2):349-367

351

Depending on the mechanisms involved, the duration of
the PSM can either be short-term (limited to one generation
only) or long-term (transmissible to the next generation)
(Kambona et al. 2023). Plants having the ability to store
stress experiences for a short period and the ability to react
towards the subsequent stresses are known as somatic stress
memory (SSM) which can last for a few days to a few weeks
(Biurle and Trindade 2020). This type of stress memory, is
stored at the somatic level, does not pass to the next genera-
tion, and fails to respond quickly at the later stages or next
generation. Plants having the ability to store and transfer the
stress memory at a later phase and/or to the next generation
are known as long-term stress memory including transgener-
ational and intergenerational stress memory (ISM and TSM
respectively) (Luki€ et al. 2023). The underlying regulatory
mechanism controlling the duration and transfer of stress
memory from one stage to another stage, or the next genera-
tion is yet to be understood. However, the activation of stress
memory through priming of plants using initial mild stresses
and priming agents has revealed the potential roles of both
short-term and long-term stress memory for a diverse range
of stresses which has provided a better tolerance at the later
stage (Zhou et al. 2020; Liu et al. 2021a).

Extensive research has revealed that treating the seed-
lings and/or seeds with mild primary stresses and priming
agents improve the plant tolerance against biotic and abi-
otic stresses including drought (Jacques et al. 2021), salinity,
high temperature (Nishad and Nandi 2021), low temperature
(Sharma et al. 2019), waterlogging (Lukic¢ et al. 2023), heavy
metal (Cong et al. 2019), pathogens, insects, and pests (Bhar
et al. 2022). These studies hint towards the potential pros-
pect of PSM for the improvement of stress-tolerant varieties.
However, the detailed mechanisms involved in establishing,
storing, reactivating, and transferring PSM are not fully
understood which is a prerequisite for utilizing this concept
in large-scale applications, as an example, in plant breeding
programs. Being PSM a new branch of plant science, there
are a few reviews presenting it from all possible perspectives
including underlying mechanisms, regulatory factors, and
application of PSM in enhancing the crop adaptation towards
climate change. In this review, we delineate the underlying
regulatory mechanisms involved in PSM establishment and
activation at the later stages. Furthermore, we synthesize the
recent findings pertaining to priming strategies as potential
means of initiating PSM and enhancing the plants’ ability to
withstand recurrent biotic and abiotic stresses.

Regulations of plant stress memory

PSM is the outcome of crosstalk among multiple physi-
ological, metabolic, hormonal, molecular, and epigenetics
processes that are involved in stress memory establishment,

reactivation, and transfer to the later phase in the same life
cycle, and/or to the next generations (Fig. 2). Plants perceive
the stresses, learn from the stress stimuli, store, and recall
the previous responses in later phase to the recurrent stresses
and collectively establish the PSM (Demongeot et al. 2019).
Thus, stress perception, transduction of signal through dif-
ferent pathways, and activation of defense pathway are the
beginning step in establishing the PSM. The other aspects
of PSM are the maintenance and reactivation during the
recurrent stress which involves epigenetics, transcriptomics,
metabolites, and hormonal regulations in complex manners.

Perception and signal transduction of stresses

A diverse range of regulatory networks are involved in the
perception and transduction of stress stimuli from the envi-
ronment to the plant cell to induce a proper response. Plants’
responses toward the stress stimuli are constituted through
the organized and programmed events including stress sig-
nal perception through primary and secondary receptors and
messengers, signal transduction, activation of transcriptional
factors (TFs) and gene regulatory network, and protein syn-
thesis for specific functions (Fig. 3).

Cellular events including phosphorylation, dephospho-
rylation, and transcriptional modulations act as a first line
of defense that involve the enzymes (Gupta et al. 2013).
For instance, type 2C protein phosphatase (PP2C), and
FORGETTER?2 (FGT2) have been identified as important
enzymes that regulate the membrane lipid dynamics during
stress conditions. Another example is calcium (Ca”") signal-
ing which is involved in the perception and transduction of
stress stimuli and signaling cascade (Bhar et al. 2022). Reac-
tive oxygen species (ROS) is overproduced by various biotic
and abiotic stresses which act in transducing the stress signal
(Mittler 2022). ROS is generated due to the stress-mediated
imbalance in metabolic pathway and acts as signaling mol-
ecule by affecting the influx of Ca®* and phosphorylation
of downstream target by stress-responsive kinase (Mittler
2022). However, ROS brings cellular damage and causes
a detrimental impact on plants which is minimized by sev-
eral antioxidative enzymes. During the priming or primary
stresses, these enzymes are involved in mitigating the nega-
tive impact of ROS overproduction and subsequently show
rapid regeneration in the recurrent stress exposure (Sun et al.
2022).

Integration of Ca®*, plant growth regulators or phyto-
hormone, ROS, and kinase shape the perception and trans-
duction of signal. Intriguingly, calcium-dependent protein
kinase (CDPK) signaling regulates both biotic and abiotic
stress response, which is associated in hormone signaling
pathways, especially the abscisic acid (ABA) (Li et al. 2008;
Shi et al. 2018). Priming or the induced primary stress pro-
duces calcium memory through the regulation of the stress
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Fig.2 Schematic diagram
showing the regulatory
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related gene expression. Calcium-dependent protein kinase
(CDPK) is involved in Ca>* signaling and subsequent physi-
ological processes including biosynthesis and homeostasis
of phytohormones that regulate the plant responses towards
stresses (Xu and Huang 2017). Most importantly, calcium
-dependent protein kinase 5 (CPKS5) has been demonstrated
for signal propagation and manifestation of immune memory
in systemic acquired resistance through NHP- and SARD1-
dependent pathway (Guerra et al. 2020). However, the
mechanistic explanation of CDPK in establishing the PSM
is still obscure.

Mitogen-activated protein kinase (MAPK) cascades
regulate the ROS generation and immune responses of
plants towards adverse conditions (Rasmussen et al. 2012).
MAPK is notably involved in multiple stress responses
such as hormone signaling pathways including auxin,
jasmonic acid (JA), brassinosteroid (BR), ethylene (ET),
salicylic acid (SA), and abscisic acid (ABA) (Jagodzik and
Tajdel-Zielinska 2018). MAPK regulates hormonal bio-
synthesis and stability under different stress conditions. As
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Enhanced stress tolerance

an example, mitogen-activated protein kinase 3 (MPK3)
and MPKG6 control the stability and activity of 1-Aminocy-
clopropane- 1-carboxylic acid synthase (ACS) which deter-
mines the ethylene biosynthesis and their regulation at the
protein level under pathogen attack (Li et al. 2012). ABA
is involved in multiple stress responses including stoma-
tal and photosynthetic regulations. Overexpressing of Cal-
cium/calmodulin dependent protein kinase 1 (CaAMKI) in
pepper plants exhibited drought tolerant phenotype medi-
ated by ABA-regulated physiological responses such as
lower water loss due to decreased stomatal aperture, and
molecular responses such as higher stress responsive gene
expression (Jeong et al. 2020). Arabidopsis MPK4 is a
regulator of pathogen defense responses, and it is required
for repression of SA- and JA-dependent gene expression.
Transgenic mpk4 plants failed to display JA defense marker
gene with more sensitivity to pathogen which is an evident
of that MPK4 regulates the hormonal biosynthesis under
biotic stress (Brodersen et al. 2006). MPK4 also interacts
with WRKY TFs and regulate pathogenesis-related (PR)
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Fig. 3 Regulatory network involved in stress signal perception, trans-
duction, and activation of defense systems. Stress stimulus is per-
ceived through the receptors in cell wall which are received by both

gene expression (Andreasson et al. 2005). Additionally,
MPK3 and MPKG6 are associated with higher expression of
Prl and PAL1 defense gene and is involved in the activa-
tion of SAR in Arabidopsis (Beckers et al. 2009). In addi-
tion to CDPK and MAPK, there are other kinases involved
in transduction and activation of TFs including the target
of rapamycin (TOR) and sucrose non-fermenting-1-related
protein kinase-1 (SnRK1) (Chen et al. 2022; Wurzinger
et al. 2018; Tateda et al. 2014; Jaskiewicz et al. 2011).
The kinase cascades activate several TFs including myelo-
blastosis viral oncogene homolog (MYB), WRKY, basic
leucine zipper (bZIP), C-repeat binding factors (CBF), and
NAC consists of no apical meristem (NAM), Arabidopsis
thaliana transcription activator factor1/2 (ATAF1/2), and
cup-shaped cotyledon 2 (CUC2) (Baillo et al. 2019). These
TFs regulate stress responsive gene expression, result-
ing in biosynthesis of proteins, acts as osmoprotectant,
molecular chaperons, heat shock proteins, antioxidants,
and enzymes which shape plant resistance and tolerance

primary and secondary messengers. Signaling cascades transduce the
signal and activate the transcriptional events resulting in gene expres-
sion which shape the plant responses

towards the biotic and abiotic stresses (Baillo et al. 2019).
These responses are quicker during the recurrent stresses
in plants and form the PSM.

Establishment of plant stress memory

A diverse regulatory mechanism has been reported in
establishing the PSM. Recent studies have shown that
PSM is mainly regulated by epigenetic mechanisms
which involve DNA methylation, chromatin and histone
modifications, and non-coding RNA (Ramakrishnan
et al. 2022). Epigenetic mechanisms refer to the heritable
changes in chromatin levels, do not bring any changes in
DNA sequence and play crucial roles in plant responses
and adaptations to stresses (Kotkar and Giri 2020). Addi-
tionally, epigenetics is involved in the establishment and
transfer of stress memory to the next generation (Mozgova
et al. 2019; Kotkar and Giri 2020).
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DNA methylation

The involvement of DNA methylation in epigenetic changes
has been studied intensively under environmental stimuli
which is relatively stable and heritable. Both N6-methylade-
nine (6-mA) and 5-methylcytosine (5-mC) DNA methylation
have been reported which involves the addition of methyl
group to different positions (Liu and He 2020).

DNA methylation occurs due to abiotic and biotic stress
response that could be repaired during the recovery phase
or remains dormant during the favorable conditions. Upon
exposure to similar stress at the later phase, the process is
activated quickly and precisely (Sun et al. 2022; Liu and He
2020). As an example, primed rice with short term drought
stress exhibited quicker responses during the recovery and
recurrent stress involving the DNA methylation as the regu-
lator of PSM (Ou et al. 2012). Salinity stress mediated DNA
methylation remained stable during the recovery stage and
activated in later stage, possibly passed to the daughter cell
through mitosis (Wang et al. 2015). DNA methylation has
roles in transferring the responses mitotically in the same
generation and meiotically to the next generation, building
both SSM, ISM, and TSM through the gene expression,
genomic imprinting, and transposable element activity (Sun
et al. 2022; Wang et al. 2016). As an example, Ou et al.
(2012) reported that CHG demethylation observed in rice
leaf tissue treated with heavy metals, can be transferred to
the next generation indicating the meiotic-based inherit-
ance. Heavy metal-induced alterations in the 5-mC state of
Tos17 retrotransposons transfer to the next generation of
rice, indicating their role in the establishment and transfer
of stress memory (Cong et al. 2019). Though the involve-
ment of DNA methylation in establishing the PSM cannot
be neglected, they show differential behavior in terms of
persistence which requires further study. Additionally, the
integration of 5-mC and 6-mA methylation with other epi-
genetic alterations needs to be targeted.

Histone modifications

Histone modification is involved in integrating the PSM
into the offspring. Histone is a DNA packaging protein
that influences the structure and accessibility of chromatin
and thereby manipulates the biological functions (Nguyen
et al. 2022). Changes in histone tails through methylation,
acetylation, phosphorylation, ubiquitination, sumolytation,
glycosylation, and ADP-ribosylation constitute the epigenet-
ics code that regulate the stress-responsive transcriptional
activities and gene expression (Kang et al. 2022).
Structural changes in chromatin are recognized as the
backbone of the epigenetic regulations in plants for several
developmental processes, stress responses, and the remem-
bering of past experiences. Several epigenetic modifications
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in histones such as H3K4me3, H3K4me2, H3K9ac, H4K5ac,
and H4K12ac regulate the PSM through the modifications
at the promoter regions of TFs (Halder et al. 2022). For
example, pathogen-mediated modification of histone at the
promoter site of WRKY genes promotes the defense prim-
ing and results in tolerance during later phase, suggesting
the histone-based memory establishment (Fabrizio et al.
2019). H3K4me3 has roles in epigenetic modification to
the DNA packaging protein Histone H3 and is involved in
the tri-methylation at the 4th lysine residue of the histone
H3 protein, and subsequently modifies the gene expression.
Genes responsive to water deficit such as RD20 and RD29A
with clear enrichment of H3K4me3 in their coding regions
were found to be maintained during the recovery phase (Kim
et al. 2017).

One of the most reported phenomena of the roles of
chromatin regulations in epigenetics is vernalization in cold
stress where plants memorize the previous prolonged low
temperatures and flower only when the available condition is
available (Baurle and Trindade 2020; Friedrich et al. 2018).
Floral repressor FLOWERING LOCUS C (FLC) is repressed
due to the continuous cold stress and activates when the
temperature rises during spring. Histone marks H3K4me3
and H3K36me3 are involved in activation of FLC positively
whereas H3K27me3 acts oppositely (Mozgova and Hennig
2015). Under prolonged cold exposure, H3K27me3 switches
off FLC expression which is maintained during the cold tem-
perature and this state is remained stable and epigenetically
regulated (Friedrich et al. 2018; Jing et al. 2018; Sheldon
et al. 2008). However, LEAFY COTYLEDONI1 (LEC1),
an embryonic pioneer TFs reset this phenomenon in early
embryogenesis, and FLC turns into activate chromatin state
(Tao et al. 2017). This classic phenomenon is reviewed in
detail by He and Li (2018). However, the independent mech-
anism of histone and chromatin modifications in regulating
stress memory is yet to be understood. Besides, the integra-
tion of histone modifications with other stress response cel-
lular mechanisms needs to be studied.

Non-coding RNAs (ncRNAs)

ncRNAs are kind of RNA including siRNAs, and miRNAs
which do not encode a protein. However, they are involved
in regulating the plant responses and building up the stress
memory for both the biotic and abiotic stresses (Yang et al.
2023; Liu et al. 2021c; Liu and He 2020). In addition to
the DNA methylation and chromatin remodeling, RNA-
mediated gene silencing either by siRNA or miRNA, play
critical roles in epigenetic basis of PSM as observed in many
species including soybean (Liu et al. 2021a; Chen et al.
2022). The progeny of UV-C-stressed plants showed an
increase in transposon expression which is dependent on the
DCL2-4 proteins. However, the DCL proteins are involved
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in long-term stress memory through the modulation of
siRNA biosynthesis. Plants with compromised epigenetics
machinery due to the RNA-directed DNA methylation affect
the priming efficiency and transgenerational stress memory
(Crisp et al. 2016). siRNA-mediated DNA methylation and
transcriptional gene silencing are also observed in Arabi-
dopsis (Zheng et al. 2013). These findings demonstrate the
involvement of siRNA- and miRNA-mediated gene silencing
in shaping the epigenetics regulated PSM.

Long-term memory, particularly TSM are mainly regu-
lated through the heritable changes in SRNAs metabolism,
methylation, and chromatin remodeling. Bilichak et al.
(2015) reported that SRNA is involved in the heat shock-
induced intergenerational stress memory in the somatic and
reproductive tissues of stressed parents and their progeny
of Brassica rapa through the miR168-AGO1 messenger
module. SRNA-mediated gene silencing controls the meth-
ylation and histone modifications which activates the sys-
temic acquired resistance towards the pathogen attack at
later phases (Rebolledo-Prudencio et al. 2022). Parental
line of durum wheat primed with drought stress exhibit an
improved tolerance in progeny through the miRNA-medi-
ated gene expression which regulates the photosynthesis,
hormonal signaling, and ROS scavenging (Liu et al. 2021a,
¢). Involvement of miRNAs in regulating the ISM for heat
stress has been also reported through regulating the hor-
monal, ROS detoxification, and photosynthetic process (Liu
et al. 2021b). The regulation of antioxidative enzymes such
as SOD and CAT suggested these as candidates for develop-
ing epigenetic markers especially for heat stress memory.
miR156 isoforms are highly inducive by heat stress (HS)
and promote sustained expression of HS-responsive genes.
miR 156 plays critical roles in heat stress memory by down-
regulating SQUAMOSA-PROMOTER BINDING-LIKE
(SPL) transcription factor and thereby increases expression
of heat shock memory-related gene such as has32, HSFA2,
HSP17.6A, and HSP22 (Stief et al. 2014). A genome-wide
analysis (GWAS) revealed up-regulation of the transposon-
associated 21 nucleotide siRNAs and associated transcrip-
tional changes of the transposon and/or the proximal gene in
response to salicylic acid hormone treatment (Dowen et al.
2012). siRNA together with heat shock factors regulate
thermotolerance by controlling HTT genes with additional
functions in flowering that provides evidence of transgen-
erational heat stress memory controlled by sSRNAs (Liu et al.
2019).

The intricate relationships among the RNAI, histone
modifications, and DNA methylation play crucial roles
in transcriptional gene silencing and shape the epigenet-
ics basis of PSM. The RNAi-guided methylation has been
observed in fission yeast through the recruitment of RNAi
transcriptional silencing and histone modifications (Heard
and Martienssen 2014; Castel and Martienssen 2013). In

plants, RNA-mediated DNA methylation and DNA-demeth-
ylation pathways mediate the ISM in response to osmotic
stress (Wibowo et al 2016). This result suggests that RNAi in
collaboration with DNA methylation orchestrates the herit-
able transcriptional gene silencing.

Involvement of other molecular factors

Besides epigenetics regulations, several other factors such
as transcriptional factors, metabolites, and plant hormones
participate in building up the priming state of plants and
activate the defense quicky and precisely.

Transcriptional factors

Transcriptional factors (TFs) are usually involved in plants’
acclimatization to adverse environmental conditions. Sev-
eral TFs including bHLH, MYB, WRKY, and HSF are com-
monly associated with stress response mechanisms. DNA
methyltransferase and chromatin remodeling bring changes
in TFs expression and thus regulate the plant stress memory
machinery.

DNA methylation can affect the gene expression required
for TFs under stress conditions (Xu et al. 2015). Speechless
(SPCH) and FAMA are two bHLH TFs that are required for
the differentiation of stomatal guard cells. Recurrent water
deficit stress in terms of high vapor pressure deficit resulted
in DNA methylation at the loci of these two genes regulat-
ing the stomatal development and remained stable consecu-
tive two generations (Davies and Bergmann 2014). Higher
tolerance with quicker responses to water stress in the next
generation suggested the role of DNA methylation-mediated
TFs regulations involving the establishment and transferring
the PSM. In another study, transgenic lines overexpressing
MYB74 upregulate the stress marker genes which contain
the conserved MYB recognition sites. Xu et al. (2015)
reported that DNA methylation and siRNA regulate the
MYB74 promoter region which are master TFs for ABA
signaling implying that MYB TFs might be involved in
PSM. Priming plants with priming agents such as SA, and
primary stresses such as cold and pathogen resulted in higher
expression of different TFs including WRKY 19, CBF3, and
COR410 TFs in rice, Arabidopsis, and wheat (Cui et al.
2021; Wang and Li 2020; Luna et al. 2012a). Jaskiewicz
et al. (2011) reported that plants primed with pathogens can
establish the SAR with the higher primed level of WRKY
TFs in systemic leaves, associated with higher augmenta-
tion of H3K4me3 and H3k4me?2 on the promoter regions
of TFs. Higher accumulation of H3K9ac on the promoter
regions of PRI and WRKY TF leads to establish the TSM as
they remained in the state in the stress-free generation (Luna
et al. 2012a). These results have shown that WRKY TFs
are involved in plant responses and establishment of PSM
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irrespective of biotic and abiotic stresses where epigenetic
mechanisms such as histone acetylation and DNA methyla-
tion are involved. CBFs-TFs play an important role in cold
stress through the upregulation of cold-responsive effector
genes. Zhu et al. (2008) reported that histone methylation
and deacetylation interact with CBFs-TFs to upregulate the
genes PICKLE (PKL). PKL is involved in chromatin remod-
eling and promotes the H3K27me3 enrichment required for
the TFs silencing in RADM which serves as cold-induced
freeze-tolerance (Park et al. 2018). These studies suggest
that CBF-TFs-directed chromatin remodeling is essential for
cold stress-resistant mechanisms.

Light signaling transcription factor HYS has been found
essential to maintain salt induced H3K4me3 in P5CS/
during the recovery stage (Feng and Li 2016). The ther-
momemory of plants is mainly regulated by heat shock pro-
teins (HSP) and heat stress transcription factors (HSFs) (Lin
et al. 2014). Priming plants with heat stress led to H3K4me3
accumulation at the loci of HSP which is retained during
the recovery stage and elevated during the recurrent heat
stress (Ldmke and Brzezinka 2016). HSFs also cooperate
with other regulators such as histone methyltransferase and
acetylase and maintain heat stress memory. JUMNIJI (JMJ)
regulates the H3K27me3 demethylation at the HSP loci
and provides heat stress memory (Yamaguchi et al. 2021).
Additionally, prolonged HS resulted in increased level of
HSPs which are maintained by a peptidyl prolyl cis/trans
isomerase ROF1, ROF1 and HSP90.1. In the presence of the
transcription factor HsfA, ROF1 and HSP90.1 move to the
nucleus which is essential for thermotolerance (Meiri and
Breiman 2009). HSFs function in the interaction of ther-
momemory with the glucose signaling pathway which pro-
motes the H3K4me3 at thermomemory-related loci (Sharma
et al. 2019). Concurrently HSFA1s positively regulates
HLPI transcription which regulates the heat stress respon-
sive gene expression, suggesting the cooperation of HSFs
and methylation for maintenance of heat stress memory.

Hormonal regulations

Plant growth regulators or phytohormones are endogenous
low molecular compounds that regulate seed germina-
tion, growth, development, and stress adaptation (Liu et al.
2021c). Hormonal signaling is intrinsically associated with
plant stress and the stress-mediated memory. As a priming
agent, phytohormones equip plants with stress responses and
tolerance for both biotic and abiotic stresses and prepare
plants for future stresses (Liu et al. 2021¢). Hormones can
directly establish the PSM probably through chromatin regu-
lations and gene expression. For instance, ABA treatment
triggered histone deacetylation which resulted in the upregu-
lation of gene expression accompanied with hypersensitive
responses leading to freezing tolerance (Zhu et al. 2008).

@ Springer

ABA-mediated HOS15 expression regulates ABA homeo-
stasis through chromatin remodeling and provides tolerance
to drought and heat stress in both Arabidopsis and tall fes-
cue (Zhang et al. 2019). A SWI/SNF chromatin remodeling
protein, BRAHMA (BRM), along with a putative helicase
(FGT1) is specifically required for heat stress memory where
BRM is regulated by ABA-dependent phosphorylation (Han
et al. 2020). Thus, it implies that ABA treatment can be the
nexus to establish drought and heat stress memories. It is
also reported that priming plants with SA resulted in ele-
vated occupancy of H3K4me3 around the transcription start
site which is associated with defense-related gene expres-
sion. (Mozgova and Hennig 2015). Furthermore, polycomb
repressive protein LHP1 mediated H3K27me3 controls the
expression of stress-responsive genes, and responses to the
stress hormones SA and ABA as well as pathogen suscepti-
bility (Ramirez-Prado et al. 2019).

Conversely, environmental stresses can also regulate
the hormonal biosynthesis and homeostasis by bringing
epigenetic changes which is essential to withstand stress
conditions (Mladenov et al. 2021). ABA and JA lev-
els were found to be associated with strong memory in
drought-stress primed rice seedlings in a cyclic changing
pattern with increased expression of the genes regulat-
ing photosynthesis, metabolic, and hormonal biosynthe-
sis (Li et al. 2019). Insect herbivores and/or mechanical
damage has exhibited JA-mediated TSM in Arabidopsis.
Tomato plants showed higher resistance to earworms in
the progeny through the MeJA-mediated histone modifica-
tions occurred in the parental line (Rasmann et al. 2012).
Plants having dysfunction in JA perception and siRNA
biogenesis failed to activate this inherited resistance in
Arabidopsis which confirmed the JA involvement in TSM.
Similar results have been reported for rice primed with
MeJA and wounding (Kim et al. 2017). Acetic acid prim-
ing could induce increased survivability under subsequent
drought stress in rice through the induction of JA signal-
ing (Ogawa et al. 2021). SA is involved in plant response
to biotic stress including roles in chromatin remodeling
during the recovery stage period (Dowen et al. 2012). An
increased expression of SA-dependent PRI gene has been
reported in Arabidopsis mutants impeded with DNA meth-
ylation with the display constitutive priming of SA (Luna
and Ton 2012). Moreover, Choi et al. (2012) reported that
histone deacetylase mutant Adal9 had higher expression
of SA biosynthesis genes with higher SA content which
concluded that HDA19 controls the deacetylation and
repression of SA-related genes. Biosynthesis of another
stress-responsive hormone ethylene was found to be asso-
ciated with the water logging tolerance during the second
stress event in bread wheat (Hartman et al. 2019). Other
than major stress hormones, cytokinin (CK), and auxin
signaling are also reported to embroil chromatin changes
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in response to environmental cues. Therefore, it is sug-
gestive that hormonal signaling, and their interconnection
play a pivotal role in environmental cue-responsive epi-
genetic changes.

Metabolic regulations

Unfavorable environmental conditions can bring a major
alteration in primary metabolites such as amino acid and
sugar, and metabolic precursors such as acetyl-CoA and
S-Adenosyl methionine (SAM) which are associated with
plant responses and adaptation (Mladenov et al. 2021).
Several sugar and sugar derivatives comprise the sugar
signaling and are involved in plant growth and stress
responses. For example, primary carbohydrate metabo-
lisms are regulated by FRUCTOSE-BISPHATE ALDO-
LASE 6 (FBA6) gene which participates in heat stress
memory at the shoot apical meristem where HSFA2A
directly control the expression of FBA6 in Arabidopsis
(Olas et al. 2021). Sucrose regulates genes expression of
HSI2 and HSL1 which are involved in seed maturation
and flowering together with the H3K27me3 mediated
FLC control (Zeng et al. 2020; Kouznetsova and Tchek-
anov 2019; Chhun et al. 2016). In addition to regulating
the developmental process, sugar signaling is involved in
shaping the plant responses to biotic and abiotic stresses,
for instance thermotolerance in Arabidopsis. Higher glu-
cose led to the higher expression of HSFA1S and HSP70
which enhance the plant tolerance to heat stress (Kose
et al. 2012). Sharma et al. (2019) suggested that histone
marks are involved in this process. The involvement of
glucose in mediating histone acetylation process through
these genes have been also reported in Zhou et al. (2013).
However, there is a tight engagement of epigenetic modi-
fications with sensing and transmitting sugar signals.
Therefore, it would be interesting to find out whether
sugar-induced epigenetic modifications can create ISM
and TSM.

Regulations of ROS through ROS scavenging, and main-
tenance of cell turgor pressure are important features to
enhance adaptation in plants. Proline accumulation enables
plants to regulate the ROS, maintain cell turgor pressure,
and can also act as a signaling molecule (Uzal 2022). Pro-
line acts as an osmoprotectant under stress conditions which
mitigates stresses including heat and cold stress (Mattioli
and Palombi 2020). Arabidopsis primed with salinity stress
showed upregulation of proline biosynthesis genes with an
increase of H3K4me3 resulting in histone methylation which
was retained during the recovery stage. Recurrent salinity
stress showed stronger induction of proline accumulation
which supports the role of proline in the establishment of
stress memory through chromatin remodeling (Szabados and

Savouré 2010). These findings suggest that changes in meta-
bolic features influence the epigenetic mechanisms which
are the key players in the establishment of stress memory.

Application of PSM concept for stress
tolerance

Plants are exposed to a range of abiotic and biotic stress con-
ditions frequently and intensively which are predicted to be
increased in the future. Hence, new strategies for enhance-
ment of plant tolerance to multiple stresses need to be devel-
oped. Considering the potential roles of stress memory in
providing better tolerance at later phase, priming the plants
by using priming agents, biotic, and abiotic stresses have
been explored (Table 1). Plants’ experience of primary stress
elicits the positive impact on secondary biotic, and abiotic
stress through the synergistic signaling pathways. Priming
the plants provides a new means to stimulate adaptable stress
responses, safeguard crop production and engineer climate
resilient crops for the future (Liu et al. 2021a). This sec-
tion summarizes the recent progress of exploitation of stress
memory concept through the application of priming agents
for better tolerance to biotic and abiotic stresses.

Priming agents for PSM and tolerance to biotic
stress

Biotic stress such as pathogenic microbes and insect pests
cause severe damage to growth resulting in a significant loss
of crop production. Among all other strategies in disease and
insect management, the enhancement of plant resistance by
priming agents has been exploited. Pretreating the plants
with biological, physical, and chemical agents activates
and enhances the defense systems resulting in the primed
state that exhibits resistance toward the pathogens and pests
(Table 1).

Several studies have reported that priming agents lead
to the development of the primed state and respond quickly
upon exposure to pathogens and insects (Yang et al. 2023).
Among the chemical priming agents, SA, MeJA, BABA,
chitosan, INA, and nanomaterial formulated from membrane
lipids of Trichoderma brevicompactum have been mostly
used. Treating the seeds or seedlings with priming agents
provided better tolerance towards a diverse range of patho-
genic microbes including powdery mildew, Fusarium wilt,
Ralstonia, Alternaria, Pseudomonas, bacterial wilt, and
spot, Cercospora, and Fusarium root rot in different plant
species (Kelbessa et al. 2023; Chakraborti et al. 2022; Kap-
pel et al. 2022; Yang et al. 2023; Martinez-Aguilar et al.
2021; Yadav et al. 2021; Westman et al. 2019). Besides,
priming the plants with chemical and biological priming

@ Springer
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Table 1 (continued)

18

Estrada et al. (2013)

References

Plant species
Cucumber

Endophytes altered the leaf chemistry and

Mechanisms

Secondary stress
Leaf cutting insect

Primary stress/priming agents

Colletotrichum tropicale

Springer

decreased the damage caused by the leaf

cutting insect

Kappel et al. (2022)

Beet

Secondary metabolites formation and store in

No secondary stress is required

Foliar spray of Trichoderma atroviride

cells

Abdelrahm-an et al. (2016)

Onion

Formation of protective compounds in cells

No secondary stress is required

Foliar spray of Trichoderma logibrachiatum

during vegetative growth stage

Wehner et al. (2021)

Barley

Priming induced the systemic resistance

Aphid

Ensifer meliloti

towards aphids

agents improves plant’s ability to protect them from major
insect pests (Luna et al. 2012a, b; Rasmann et al. 2012).

Priming-mediated activation of defense mechanisms
includes biosynthesis of metabolites, phytohormones, anti-
oxidant production, accumulation of proteins, and upregula-
tion of stress-responsive gene expression (Catoni et al. 2022;
Slaughter et al. 2012). These led to the construction of a
primed state in treated plants and response quicker upon
exposure to pathogens and insects which establish the stress
memory for both short-term and long-term (Kappel et al.
2022; Luna et al. 2012b) . Besides, priming agents medi-
ated epigenetic changes such as DNA methylation have also
been reported to enhance the plant resistance towards the
pathogens and insects. For instance, Catoni et al. (2022)
treated tomato plants with f-aminobutyric acid (BABA)
which resulted in increased resistance to the fungal patho-
gen, Botrytis cinerea. The establishment of primed state
through BABA treatment led to CHH hypomethylation and
subsequently enhanced the tolerance to pathogens. This
study concluded that the application of BABA can establish
stress memory through the epigenetic changes that enhance
the plant resistance to pathogens at later phage. In addition
to short-term stress memory, chemical, and biological prim-
ing agents have also been reported to establish long-term
transgenerational stress memory (Luna et al. 2012a; Slaugh-
ter et al. 2012). BABA-treated Arabidopsis plants exhib-
ited enhanced resistance to biotic stress through the faster
and higher accumulation of stress-responsive genes at both
parental and offspring lines (Slaughter et al. 2012). BABA
treatment enhanced epigenetic marks 3K4me?2/3 on defense
gene promotors and enhanced the gene expression to estab-
lish the primed state, demonstrating that priming agents can
also establish the stress memory through epigenetic changes
resulting in a better resistance to biotic stress.

Priming agents for PSM and tolerance to abiotic
stress

Climate change results in heat waves, drought, flooding,
salinity, and heavy metal contaminations and has been one
of the potential threats to crop production. Establishing the
stress memory through either mild abiotic stresses and/or
priming agents has been exploited for enhancing the abiotic
stress tolerance in different crops (Table 1). For instance,
treating seedlings with mild heat stress resulted in ther-
motolerance at later stages in different plants including
Arabidopsis, tomato, and barley (Liu et al. 2021a; Singh
et al. 2021; Wang and Li 2020; Brzezinka et al. 2018). Mild
drought as a primary stress resulted in activation of regu-
latory networks, the establishment of stress memory, and
improved tolerance to recurrent drought stress at a later
phage as reviewed by Kambona et al. (2023). Besides, prim-
ing the seedlings with mild salinity and lower concentration
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of heavy metals can enhance the plant tolerance to higher
salinity and higher concentration of heavy metals respec-
tively at the later stage (Cong et al. 2019; Yan et al. 2015;
Janda et al. 2016). Long-term stress memory induced by
treating the parental lines leads to enhanced abiotic stress
tolerance in the next generations (Yadav et al. 2022). For
instance, treating the parental lines with drought stress estab-
lished the stress memory linked to photosynthetic and redox-
related mechanisms which enhanced the offspring’s drought
tolerance with increased biomass and reproductive output
(Lukic€ et al. 2023).

Use of mild abiotic stress such as salinity, heat shock,
heavy metals, nutrient deficiency, and waterlogging have
been also exploited for enhancing the plant tolerance towards
the moderate to high level of respective abiotic stresses in
different plants as summarized in Table 1. Primed Faba
bean plants with mild salinity stress exhibited higher level
of tolerance due to the higher antioxidative activities and
lower accumulation of ROS (Nasrallah and Atia 2022). On
the other hand, non-primed plants were affected by higher
level of salinity stress due to higher accumulation of ROS.
Another study carried out by Yung et al. (2021) reported
the positive impact of mild salt treatment in soybean. The
primed plant exhibited modifications at the transcriptional
levels due to the alteration in histone and provided tolerance
to moderate salt treatment. Priming the seeds or seedling
with short time waterlogging impacts on the plant perfor-
mance under the long-time waterlogging condition at later
stage. As an example, wheat seedlings primed with water-
logging exhibited better tolerance towards the waterlogging
stress during the anthesis period with better yield perfor-
mance compared to the non-primed plants (Wang et al.
2016).

In addition to transferring the stress memory from one
stage to another stage, long term stress memory (TSM) has
been reported in wheat variety for waterlogging tolerance as
well. Seedlings generated from primed plants exhibited bet-
ter adaptation to the waterlogging condition with improved
root system architecture, antioxidative defense and better
photosynthetic efficiency (Feng and Wang 2022). Priming
the seeds with nutrient has been exploited for improving
the plant tolerance towards the nutrient deficient soils. For
an instance, Nciizah et al. (2020) reported that priming the
maize seeds with lower concentration of zinc, boron, and
molybdenum for longer duration enhanced the plant capac-
ity to grow under the nutrient depleted soil. Priming the
maize seeds with zinc improved plant performance in zinc
depleted soil (TamindZi¢ et al. 2021). These results suggest
that both the higher and lower concentration of micronu-
trient can potentially improve the plants’ capacity to grow
under nutrient depleted soils.

Besides the abiotic stresses as a primary stress
for inducing the primed state and establishing stress

memory, chemical priming agents have also been success-
fully exploited (Table 1). Several studies suggested the use
of chemical priming agents such as H,0,, selenium, SA,
and proline initiate and activate the defense systems against
waterlogging, drought, and heavy metal stress (Raza et al.
2024; Wang and Hu 2022; Zaid et al. 2022; Karalija et al.
2021). As an example, priming the rice plants with SA
enhances the antioxidative enzymes and established short-
term SSM which are revealed by their higher tolerance in
later phase in rice and wheat (Wang and Li 2020). Treating
the seedlings results in higher antioxidative and enzymatic
activities, improved photosynthetic and sugar metabolism,
stress-responsive gene expression, and accumulation of
osmolytes and molecular chaperon prepares the plants for
the secondary stresses (Byeon et al. 2019). Besides, primary
stress-induced epigenetic changes store and transfer to the
later phase which build up the long-term stress memory.
These imply that priming the seedlings with mild abiotic
stresses and/or primary agents can be a potential strategy
for improving the plants’ tolerance to abiotic stresses and
mitigating the negative impact of climate change.

Priming agents for PSM and cross-tolerance

Exposure to one kind of stress may lead to the develop-
ment of tolerance to another type of stress due to the shared
and common stress response and signaling pathway (Foyer
et al. 2016). The primary stress acts as a priming agent, and
activates the defense systems which acclimate, and prepare
plants for secondary biotic and/or abiotic stresses (Foyer
et al. 2016). As an example, short-term high temperature
stress improved the salinity stress tolerance through the
increased antioxidative activities, and the treated plants
exhibited lower damage during the later phage (Hossain
et al. 2016). Rossatto et al. (2023) reported the improve-
ment of drought stress tolerance by priming the plants with
low doses of salinity stress at an earlier stage. Additionally,
priming the plants with microbes can enhance their resist-
ance to other types of biotic stresses (Tiwari et al. 2022). As
an example, priming the tomato plants with Micromonos-
pora strains and Fusarium oxysporum improved the plant
tolerance to several pathogenic fungi and wilt disease,
respectively by activating the jasmonate signaling pathway
(Martinez-Hadalgo et al. 2015). Priming the plants with
symbiotic microbes improved the plant tolerance to insects
in cucumber and barley (Wehner et al. 2021). It is also
reported that abiotic stress-induced priming can improve
the plant tolerance to pathogens and insects by regulating
the hormonal signaling, and antioxidative activities (Tiwari
et al. 2022). As an example, plants primed with heavy metal
showed plant tolerance to herbivores and aphid attacks (Guo
and Sun 2020). These results suggested that primary stress
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and/or priming agents can be used as a potential manage-
ment tool to improve the plant for future climatic conditions.

Conclusion

Plant stress memory is a captivating phenomenon in the field
of plant science that has generated significant attention from
researchers. This review offers a comprehensive presentation
of plant stress memory, PSM, and its underlying regulatory
mechanisms at the molecular, physiological, and epigenetic
levels. The exploration of epigenetic modifications, hor-
monal signaling, metabolic changes, and stress-responsive
genes has yielded valuable insights into plant responses and
adaptations, not only to primary stresses but also to second-
ary and recurrent stresses in subsequent generations.

PSM possesses the potential to enhance stress tolerance,
which has been harnessed through priming techniques.
Priming plants with mild primary stress and priming agents
whether biological or chemical, establishes PSM and facili-
tates better adaptation in later stages. This approach holds
promise as a strategy for developing climate-resilient crops.
As we continue to unravel the intricacies of plant stress
memory, this field of research will remain a fertile ground
for exploration and innovation, with promising implications
for sustainable crop production and environmental resilience
on a broader scale.

In recent years, PSM has garnered attention among
biologists for unraveling the underlying mechanisms and its
potential applications in addressing climate change. How-
ever, there are still unanswered questions that need to be
addressed to expand our understanding of PSM and its inte-
gration into practical applications. Some areas that could be
considered for constructing new research include:

1. Unraveling the specific signaling pathways and mol-
ecules involved in memory establishment.

2. Investigating plants’ strategies for retaining the estab-
lished memory and identifying factors determining the
duration of memory within the same generation and/or
across generations.

3. Studying mechanisms in memory establishment for
multiple stresses simultaneously and exploring cross-
talk among signaling pathways to understand how plants
prioritize one stress over another.

4. Examining PSM at the community and population levels
in cropping ecosystems.

5. Conducting feasibility studies to translate the PSM con-
cept into developing new varieties through plant breed-
ing which are capable of coping with climate change.

Addressing these questions may lead to a better under-
standing of PSM as a whole and expand its applications in

@ Springer

plant varietal development, contributing to efforts to combat
climate change.
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