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Reconsidering plant memory:

Intersections between stress recovery, RNA
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turnover, and epigenetics

Peter A. Crisp, Diep Ganguly, Steven R. Eichten, Justin O. Borevitz, Barry J. Pogson*

Plants grow in dynamic environments where they can be exposed to a multitude of stressful factors, all of which
affect their development, yield, and, ultimately, reproductive success. Plants are adept at rapidly acclimating to
stressful conditions and are able to further fortify their defenses by retaining memories of stress to enable stronger
or more rapid responses should an environmental perturbation recur. Indeed, one mechanism that is often evoked
regarding environmental memories is epigenetics. Yet, there are relatively few examples of such memories; neither
is there a clear understanding of their duration, considering the plethora of stresses in nature. We propose that this
field would benefit from investigations into the processes and mechanisms enabling recovery from stress. An
understanding of stress recovery could provide fresh insights into when, how, and why environmental memories
are created and regulated. Stress memories may be maladaptive, hindering recovery and affecting development
and potential yield. In some circumstances, it may be advantageous for plants to learn to forget. Accordingly, the
recovery process entails a balancing act between resetting and memory formation. During recovery, RNA metabolism,
posttranscriptional gene silencing, and RNA-directed DNA methylation have the potential to play key roles in resetting
the epigenome and transcriptome and in altering memory. Exploration of this emerging area of research is becoming
ever more tractable with advances in genomics, phenomics, and high-throughput sequencing methodology that will
enable unprecedented profiling of high-resolution stress recovery time series experiments and sampling of large

natural populations.

INTRODUCTION

Abiotic stresses, such as temperature, moisture, nutrient limitation,
and physical perturbations, require plants to continuously respond
to the pressures of nature. Quite remarkably, plants are often able
to acclimate their physiological response to challenges, allowing them
to cope with these events. Abiotic stress extremes can persist for weeks
or months or be part of a variable climate, promoting adaptation
through resilience over subsequent generations. Yet, most abiotic stress
is transient. By the same token, many transitory stresses are also recur-
ring and indeed may progressively increase in severity. For instance,
over the course of a day as the sun tracks through the sky, understory
leaves may repeatedly be exposed to light flecks and/or to increasing
dehydration. In fact, most environments are dynamic in this way, com-
posed of many fluctuating variables; some may be cyclic and predictable
because of diurnal and seasonal variation, whereas other variation may
be random and unpredictable.

Prior mild exposure may prime a plant against future stress or pro-
mote an acclimated state that may persist until a subsequent exposure.
In this way, it is widely accepted that plants have the capacity for what
can be described as memory. Despite this capacity for priming or epi-
genetic memory, in many instances such memories are not formed,
yet the reasons for this are poorly understood. Similarly, there is a sig-
nificant gap in our knowledge regarding the length of memory and the
mechanisms for memory dissipation, or “forgetfulness.”

In this review, we seek to emphasize that stress memory or stress
priming is likely to be the exception rather than the rule. Dynamic
environments characterized by predictable recurring stress could pro-
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mote plant memory. Despite this, resetting and forgetfulness are likely
the overriding strategies used by plants to maximize growth under
favorable conditions as soon as they return (Fig. 1). Underpinning this
process, RNA metabolism is a key regulatory point, either facilitating
recovery to the original state or permitting memory formation in the ac-
climated state as RNA metabolism can swiftly clear the stress-responsive
transcriptome or selectively stabilize transcripts. The RNA decay and
quality control machinery are also gatekeepers for the gene silencing
pathways and may antagonize this process during stress and recovery.
In this review, we examine the growing body of literature describing stress
priming and epigenetic mechanisms; we then focus on the potential roles
for RNA metabolism as a key and novel avenue of regulation in this
complex balancing act.

PRIMING AND MEMORY IN PLANTS

One possible response of plants from exposure to stress is that they
become more resistant to future exposure through the acquisition of
memory, a response referred to as hardening, priming, conditioning,
or acclimation. Multiple examples of memory in higher plants have
been shown across multiple species and have been discussed in detail
in past reviews (1-4). Table 1 highlights the potential for stress mem-
ory in response to stimuli including drought, salinity, abscisic acid (ABA),
methyl jasmonate, excess light, oxidative stress, B-aminobutyric acid
(BABA), and cold (2, 5-28).

There is also evidence that priming can persist between generations,
a process referred to as adaptive transgenerational plasticity (4). Like-
wise, a selection of transgenerational memory events are summarized
in Table 2, demonstrating transgenerational effects in relation to short-
wavelength radiation (ultraviolet C), flagellin (an elicitor of plant defense),

10of 14



REVIEW

Dehydration/
light stress

', a\'{
Al \p

Repeated stress
(or dynamic growth
conditions)

227
Reset Memory
(forgetful) (hardened/primed)

Fig. 1. Balancing act during recovery from a stress event. Abiotic stress, such as dehydration, heat stress, and light stress, imposed by the sun during a
hot, dry spell activates plant defenses that are essential for survival. However, stress is transient and is followed by a period of recovery during which the
plant must strike a balance between investing resources in continued priming versus resetting. We speculate that the predominant response is resetting
(forgetfulness). Most transcripts, proteins, metabolites, and physiological responses return to a prestress state. This recovery is likely to be an important
evolutionary strategy. Nevertheless, the degree of memory will likely be critical as well, particularly in dynamic environments characterized by a repetitive
stress. Thus, plants must balance the potential protection from future stress by forming stress memories with the potential growth and yield advantages of

resetting if favorable conditions persist.

herbivory damage and treatment with jasmonic acid, BABA priming,
day length, temperature, heat, and drought (4, 29-38). These results
highlight the potential for memories to be passed down to offspring
via transgenerational inheritance to increase offspring success.

MEMORY MECHANISMS

Plant memory is often characterized by heightened molecular re-
sponses upon exposure to a subsequent stress, which can be composed
of an enhanced response (for instance, hyperinduction of transcrip-
tion; Fig. 2A, blue line), a more efficient response, or a more rapid
response. Several molecular mechanisms underpinning plant memory
have been elucidated to date. One mechanism of memory formation
may be sustained alterations in levels of key signaling metabolites or
transcription factors (Fig. 2A, red line), which provides an explanation
for how plant metabolism is altered and maintained by exposure to
various stresses (I, 2, 39-42). Another possible avenue could be altera-
tions to chromatin states, such as histone tail modifications, DNA
methylation, or paused RNA polymerase II (Pol II), which could play
a further role in the coordinated changes in the patterns of gene ex-
pression that underpin memory responses (43-48). Accordingly, the
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underlying mechanisms of these phenomena are the subject of much
research.

Memories can entail the persistence of signaling proteins or transcrip-
tion factors after the initial stress; for example, sustained expression of
microRNAs (miRNAs) to regulate SQUAMOSA PROMOTER BIND-
ING PROTEIN-LIKE (SPL) transcription factors is critical for heat shock
memory (49). The activation of signaling components and secondary
messengers is required for BABA-induced priming of salicylate-
dependent defense, because mutations in a cyclin-dependent kinase,
the polyphosphoinositide phosphatase SUPPRESSOR OF ACTIN 1B
(SAC1b) and the ABA biosynthetic enzyme ABA DEFICIENT 1 (ABA1I),
impair priming (50). Phosphorylation of MITOGEN-ACTIVATED
PROTEIN KINASES (MPKs) (2) and accumulation of MPK3 and MPK6
and their messenger RNAs (mRNAs) after treatment with salicylic acid
(SA) or the analog benzo(12,3)thiadiazole-7-carbothioic acid S-methyl
ester have been associated with the priming of defense-related genes
(51). Heat shock factors (Hsfs), including HsfBI, are also associated with
systemic acquired resistance (52).

Another well-documented mechanism is seed provisioning, whereby
environmental challenges, mostly to the maternal plant, influence the
resources that are packaged into seeds, critical for germination and
initial seedling growth (4). In particular, the quantity and composition
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Table 1. Examples of stress priming in plants.

Species Treatment Outcome Reference
Nicotiana sylvestris Methyl jasmonate Rapid nicotine accumulation (5)
Arabidopsis thaliana ABA Sensitize light-triggered stomatal opening (11)
Dehydration Improved water retention (9, 10)
Excess light Increased oxidative stress/excess light tolerance (12, 18)
Osmotic/oxidative stress Altered Ca®* signals under osmotic stress (17,19
BABA Increased systemic acquired resistance; abiotic stress resistance (75, 28)
SA Improved heat tolerance ?)
Cold Vernalization response 21
Zea mays Dehydration Improved water retention (24, 25)
SA/BABA Improved cold tolerance (16)
Triticum aestivum Drought Increased grain fill under drought (26)
Salt Improved resistance to salt stress (13)
SA Increased salinity tolerance (20)
Conyza bonariensis Paraquat Increased oxidative stress recovery 27)
Solanum lycopersicum Salt Improved resistance to salt stress (6)
Cucumis sativus SA/BABA Improved cold tolerance (16)
Oryza sativa SA/BABA Improved cold tolerance (16)
Sinapis alba SA Improved heat tolerance (8)
Table 2. Examples of transgenerational stress priming in plants.
Species Priming treatment Physiological response Reference
Polygonum Drought Increased root growth and biomass, and improved (170)
persicaria drought tolerance (cumulative effect) in progeny
Low light Offspring produced more shoot tissue relative to root tissue (37)
Arabidopsis BABA Descendants exhibit biotic stress resistance (36)
thaliana
Mild heat (30.8°C) Progeny (F3) displayed improved heat tolerance (38
Herbivory damage Progeny of treated parents displayed improved resistance (33)
(Pieris rapae); methyl to herbivory (reduced growth of P. rapae). This was
jasmonate shown to persist after a generation without herbivory
Short-wavelength radiation Increased genomic flexibility in the form of (32)
(ultraviolet C); flagellin increased homologous recombination
Mimulus Herbivory damage Increased trichome density in progeny (39
guttatus (simulated)
Picea abies Day length and temperature during Determines progeny developmental program (30, 31, 35)
seed production
Raphanus Herbivory damage Enhanced herbivory resistance in (29)
raphanistrum (P. rapae); jasmonic acid progeny of treated parents
Solanum Herbivory damage Progeny of treated plants demonstrated (33
lycopersicum (Helicoverpa zea); improved resistance to herbivory
methyl jasmonate
Crisp et al. Sci. Adv. 2016;2:e1501340 19 February 2016 3 of 14
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Fig. 2. Stress memory and the molecular pathways to recovery. (A) A theoretical example of memory formation, where up to thousands of stress-
inducible transcripts (blue lines) respond to the initial stress, concurrently with accumulation of signaling molecules and the release of repressive chro-
matin (red lines). Upon reexposure to a second stress, persistent signaling molecules and a retained accessible conformation of chromatin (solid lines)
allow an enhanced stress response. The recovery period is a critical window where plant memory can be consolidated or resetting (dashed lines) can
occur. (B) For instance, stress-induced changes in chromatin can be transient (possibly tied to regional accessibility for gene activation) or may persist,
acting as a form of stress memory (90). (C) Similarly, signaling molecules may facilitate memory. In addition, signaling molecules can act during the
recovery process; for instance, ABA may delay resumption of growth to enable embolism repair (773, 120). (D) KEA3 (potassium antiporter) activity accel-
erates recovery by relaxing non-photochemical quenching (NPQ) activity after dissipation of excess light stress (127). (E) Epigenetic silencing of FLC relies
on the spreading of H3K27me3 specifically during transition to warm (recovery), consolidating repression and memory (66, 123, 124). (F) RNA decay
reduces levels of stress-induced transcripts, resulting in resetting; impairment of decay may result in stress memory (167).
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of starch reserves, mRNAs, proteins, hormones, and other primary and
secondary metabolites packaged into seeds are influenced by the en-
vironment (53-56). For instance, the ABA content of seeds can be in-
creased by up to 44% by shading parental Amaranthus palmeri plants
(57). These are examples of legacy maternal effects, a memory of the
environment of the previous generation.

EPIGENETIC MEMORIES

Epigenetics describes heritable patterns of phenotypic variation that
are not solely attributable to differences in DNA sequence (46). In
plants, histone modifications and DNA methylation are known to
be inherited through cell divisions (mitosis). In animals, epigenetic re-
programming and resetting occur during gamete formation and sexual
reproduction, including the remodeling of histones and their modifica-
tions and demethylation of methylated DNA (58). Yet, many plants
may circumvent such a process by proliferating partially or even ex-
clusively by vegetative propagation, and plants are not known to undergo
genome-wide demethylation in germ cells, as occurs in animals (58).
Further, if such resetting does occur in plants it seems to be incom-
plete (48). Indeed, unlike animals, in Arabidopsis, DNA methylation
can be inherited through meiotic cell divisions (59). Therefore, it is
highly conceivable that mitotic and meiotic transmission of stress-
induced epigenetic modifications could occur within higher plants.

Definitions of epigenetics

The term “epigenetics” describes heritable patterns of phenotypic
variation—that is, stable transmission of information through mitosis
or meiosis—that are not solely attributable to differences in DNA
sequence (46). “Epigenetics” is often used more broadly to describe
changes in chromatin state, chromatin modification, and DNA meth-
ylation without regard for heritability. Indeed, these expanded defini-
tions of epigenetics have been proposed to reflect popular usage of
the term, to include long-term alterations in the transcriptional
potential of a cell that are not necessarily heritable (60). However,
others note that such definitions risk blurring important distinctions
between the “proactive” and “responsive” roles of chromatin in transcrip-
tion (43, 61). Delineating cause and effect in these situations remains
challenging, and in the absence of established causality, labeling changes
in chromatin structure as epigenetics is arguably misleading (62).

A diverse range of environmental stresses have been shown to alter
chromatin and associated epigenetic marks (46). Of these, vernalization
remains the best understood environmentally responsive epigenetic
process, whereby FLOWERING LOCUS C (FLC) is transcriptionally
repressed by cold exposure and repression is then epigenetically con-
solidated during subsequent development in warmer temperatures, fa-
cilitating a memory of the cold (63). Significantly, investigations of the
FLC loci have demonstrated that memory is mitotically stable (64);
memory is quantitative, with the degree of repression of FLC reflecting
the length of the cold exposure (65); yet, the epigenetic state of FLC is
cell-specific and likely digital, that is, ON/OFF (66, 67), and the chro-
matin state is inherited in cis, as opposed to trans or the inheritance of
other diffusible factors (68).
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DNA methylation changes can be induced by drought, flooding,
nutrient limitation, temperature shock, pathogen infection, high salinity,
heavy metal exposure, ultraviolet radiation, and herbivory (4, 69).
Patterns of histone modification are likewise perturbed by environ-
mental exposure and associate with altered expression at select loci
(9, 19, 70-75). In fact, chromatin dynamics at drought-inducible genes
during the transition from activation to inactivation have been shown
to change within hours (72), similar to transcriptional responses.

Chromatin and small interfering RNA (siRNA) abundance also
change in response to environmental conditions (76, 77). Several exam-
ples of environmentally responsive siRNAs have been reported (78, 79),
although it should be noted that the vast majority of siRNAs in plants
do not respond to the environmental perturbations profiled to date.
Significantly, stress such as elevated temperature can transcriptionally
activate chromosomal loci normally silenced by repressive chromatin
(80-84). The transcriptional state of genes may also affect, and be af-
fected by, nearby transposons that respond to changes in environ-
mental conditions (80, 85-89). Indeed, recent evidence in rice (Oryza
sativa) and Arabidopsis highlights that phosphate stress can trigger
chromatin variation almost entirely targeting transposable elements
near genes (90).

Naturally occurring epialleles such as the peloric variant of toad-
flax, Linaria vulgaris (91), and the colorless nonripening (CNR) locus
from tomato (92) along with genome-wide studies (93, 94), natural
variation (95, 96), and analysis of epigenetic recombinant inbred lines
(97-99) demonstrate the stable inheritance of a range of DNA meth-
ylation variants that also affect fitness-related traits and confer differ-
ences in stress responses (100). Delineating pure epialleles from those
linked to underlying genetic variation remains perhaps the biggest
challenge in the field (46, 101). In fact, pure environment-induced ep-
igenetic changes may only make minor contributions to durable genome-
wide heritable chromatin structural variation, because this heritable
chromatin variation largely reflects underlying genetic sequence vari-
ation (102). Numerous studies have also demonstrated that plants
with compromised epigenetic machinery, mainly in the RNA-directed
DNA methylation (RADM) pathway, have reduced or eliminated
capacity for priming or transgenerational transmission (33, 69, 103).
Despite these links and correlations between epigenetic factors and ac-
climation, an ongoing challenge in the field is demonstrating causality
(44, 46-48, 76, 102, 104). Recently, Secco et al. (90) provided one of
the clearest examinations of chromatin-phenotype causality, in which
phosphate stress in rice first leads to gene expression variation, which
is then followed by changes in surrounding chromatin patterns.

Aside from issues of causality and pure epialleles, it is clear that the
environment can and does induce epigenetic changes, which can be
tightly correlated with transcriptional response. Nevertheless, exam-
ples of this phenomenon are rare and arguably represent the exception
rather than the rule. As investigations continue to dissect epigenetic
inheritance, it will be essential to also consider the trade-offs associated
with the formation and duration of plant memories.

THE COST OF MEMORIES AND CHECKPOINTS

Plant memory, in particular epigenetic memory, is often hypothesized
to complement genetic selection by providing a means to adapt, rapidly
enabling local acclimation and even adaptation (46, 101). The poten-
tial instability and reversibility of memories could allow for adaptation
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to environmental variability and change, and opens the possibility of
temporary adaptation or exploration of cryptic genomic information
(4, 46). For instance, transgenerational plasticity contributes to bio-
logical invasions by invasive species (105). Yet, transgenerational mem-
ory could evolve specifically in cases where the parental environment
more reliably predicts the offspring environment. Most often, it is the
maternal environment that affects transgenerational plasticity, partic-
ularly for selfing species with a short seed dispersal range or for
outcrossing species where pollen dispersal is wider than seed dispersal
(106, 107). Nonetheless, many plants proliferate partially or even ex-
clusively by vegetative propagation, in which case mitotic memories
would be of greater significance. Yet, stress is often transitory, and in
the same way that stress acclimation is balanced against stress avoid-
ance, memories are counterbalanced by recovery and resetting.

There are numerous examples of maladaptive and adaptive mem-
ories with requisite trade-offs (108). Repeated stresses may result in
increased sensitivity to deleterious effects (109), attenuation of photo-
synthesis, or perturbed growth and development (108). For instance,
grape vines (Vitis vinifera) can become sensitized to ozone over succes-
sive years (109). Among closely related Polygonum species, drought-
stressed Polygonum persicaria parents produce more well-provisioned
seedlings, whereas Polygonum hydropiper parents transmit maladaptive
traits leading to smaller seedlings with slower-extending root systems
(110). There is also likely to be ascertainment bias in favor of adaptive
traits in many studies; thus, the full extent to which plants form mal-
adaptive memories is not known. Further, it remains an open question
whether and when evolution would favor memory over forgetfulness.
Analyses of natural populations are now just beginning to investigate
such questions by looking for evidence of local nongenetic adaptations
and so far they have served to reinforce the fact that genetic variation
is a much more common influence on adaptation compared to epige-
netics (95, 96, 102).

When memories turn out to be maladaptive, it is attractive to then
consider possible mechanisms for resetting. One possibility proposed
is a mechanism analogous to cell cycle checkpoints that could detect
and remedy chromatin states in a manner analogous to DNA damage
checkpoint mechanisms (76, 111). Iwasaki and Paszkowski (104) per-
formed a screen to identify factors involved in the erasure of epigenet-
ic stress memory. This revealed that Decrease in DNA Methylation
1 (DDM1) and Morpheus’ Molecule 1 (MOMI) are key to preventing
transgenerational memory. In this case, environmental challenges
such as elevated temperature can transcriptionally activate chromo-
somal loci normally silenced with repressive chromatin. This activa-
tion is only transient owing to the resilencing activity of DDMI1 and
MOM]1, which reset the prior epigenetic state (80, 81, 83, 84).

STRESS RECOVERY

A critical window determining the degree of resetting versus the con-
solidation of memory occurs during the period of stress recovery, which
we define to be the period of time following a stress (for example,
rehydration following drought) until a new homeostasis is attained
(Fig. 2). The poststress homeostasis may closely resemble the prestress
state in cases where a stress is brief and resetting predominates. In
other cases, a new distinct homeostasis may be reached due to priming
and memory formation. In cases where a stress is prolonged, for in-
stance, a drought, the poststress homeostasis may, in part, differ from

Crisp et al. Sci. Adv. 2016;2:e1501340 19 February 2016

the prestress state because of progression to a new developmental
stage or permanently altered environment.

In contrast to the body of literature concerning acclimation and
memory, there is a relative scarcity of reports on stress recovery. Sev-
eral investigations have analyzed rehydration responses during drought
stress recovery. In an early study, Oono et al. (112) used complementary
DNA (cDNA) microarrays containing ~7000 Arabidopsis full-length
cDNAs and identified 152 rehydration-inducible genes. Grapevine leaf
petioles have been identified as a site of particular importance during
rehydration following drought stress. Perrone et al. (113) analyzed trans-
criptomic responses during rehydration in petioles and found enrich-
ment for genes involved in secondary metabolism, including genes
linked to flavonoid biosynthesis; genes involved in sugar metabolism
and transport; and several aquaporin genes. Zhang et al. (114) exam-
ined the global reprogramming of transcription and metabolism in
Medicago truncatula during a progressive 14-day drought, including
a sampling point 24 hours after rewatering. The authors observed that
remarkably, most of the aboveground organs recovered fully within
24 hours of rewatering and most drought-responsive genes (~90%)
reacted oppositely to the addition of water. In tobacco, recovery from
drought stress was found to proceed by two pathways, restoration of
photosynthesis and metabolism, or death, depending on the progress
of senescence (115). Resetting was also observed in response to
phosphate deprivation in Arabidopsis. Despite 21 days of starvation, re-
supplying phosphate for just 1 day reversed expression of 40% of in-
duced genes, further increasing to 80% after 3 days and corresponding
with a reestablished internal root phosphate concentration (90). Interest-
ingly though, 80 genes remained differentially regulated even after 31 days
of resupply. In addition, several studies have documented the reversion of
chromatin states during recovery (Fig. 2B), including dehydration stress
recovery (9, 72), phosphate starvation recovery (90), and recovery from
oxygen depletion during submergence of rice seedlings (116).

Photosynthetic recovery is an essential step for the restoration of
energy production and the resumption of growth. Rehydration in to-
bacco and olive revealed a relatively slow recovery of photosynthetic
variables, particularly stomatal conductance (g;) (117, 118). The mecha-
nism for this is not yet clear, although possibilities include both hy-
draulic limitations (119) and a residual ABA signal hindering stomatal
opening (120). On the one hand, ABA may play a key role in facilitating
embolism repair by controlling transpiration; however, such processes
might also be manipulated to accelerate recovery and yield (Fig. 2C).
In another example, Armbruster et al. (121) found that accelerating
the deactivation of excess light defenses is critical for high photo-
synthetic efficiency under fluctuating light (Fig. 2D). In simulations,
Zhu et al. (122) projected that slow down-regulation of these heat
dissipation mechanisms can reduce photosynthetic efficiency in crop
canopies by as much as 10%.

Mechanisms for memory formation may also operate specifically
during stress recovery. In fact, in the case of FLC, although repressive
chromatin marks are laid down at nucleation regions during the pe-
riod of cold, it is not until returning to warm conditions (recovery) that
the Polycomb Repressive Complex 2 (PHD-PRC2) is detected across
the whole FLC locus and H3K27me3 increases substantially across
the whole gene to facilitate effective epigenetic silencing (Fig. 2E)
(66, 123, 124). Thus, the period of recovery is critical to vernalization
and formation of memory of the cold even in the case of FLC.

Several key questions remain to be elucidated regarding the recov-
ery period following stress. For instance, is recovery triggered by the
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alleviation of the stress stimulus, or the sensing of a return of favorable
conditions? In this regard, “stress recovery” could alternatively be
considered as a mere continuing response to new conditions. Whether
this is the case requires further research. New investigations should
also consider whether recovery is predominantly an active or passive
process; for instance, in the case of the stress-responsive transcrip-
tome, are transcripts switched off because of the dissipation of
transcription factors and other activators or are they actively de-
stabilized and targeted for decay during recovery? Through an exam-
ination of the processes of RNA decay, we may begin to address these
questions.

ROLES FOR RNA DECAY IN STRESS RECOVERY

A pervasive theme in plant interactions with the environment is that
dynamic remodeling of the transcriptome drives acclimation strate-
gies; yet, gene expression studies often focus on transcription and
overlook the critical contribution of RNA decay. RNA metabolism
is presumably essential for clearing cells of stress-responsive tran-
scripts (Fig. 3). Yet, RNA decay may also antagonize or circumvent
the mechanisms that initiate epigenetic memories, for instance, by ei-
ther generating or removing template RNA molecules that could be
used by the posttranscriptional gene silencing (PTGS) or RADM path-
ways (125-128).

Increasing evidence also points to the specificity of particular RNA
decay pathways (129-132). The implication of this specificity is that
targeted decay of some transcripts and selected stabilization of others
may underpin memory and resetting (Fig. 3). It is likely that the sta-
bilities of specific mRNAs in plants are dynamic, for instance, by pro-
duction of stabilization factors (133) or targeted decay (131); however,
this is a relatively unexplored area. An as yet entirely unexplored pos-

sibility is the prospect that transcriptional memory might be under-
pinned by changes in mRNA stability rather than transcription.

RNA DECAY MECHANISMS AND REGULATION OF MRNA
ABUNDANCE IN RESPONSE TO STRESS

In plants, mRNAs are stabilized by the 5" cap, a 7-methyl guanine
residue linked to the mRNA via a 5’-5’ triphosphate bond, and the
3" poly(A) tail. RNA decay can proceed by removal of one or both
of these structural stabilizers, or by endonuclease cleavage, which pre-
dominantly occurs in the cytoplasm and proceeds by either 5'-3" or
3'-5" exoribonuclease decay (125, 129, 134-136).

Steady-state transcript abundance is a product of the rates of tran-
scription and decay; thus, RNA decay is clearly an essential compo-
nent of gene regulation. RNA stability plays a major role in changing
expression states; a role that is not necessarily obvious. As explained
by Ross (137), consider two hypothetical transcripts—transcription factor
1 (TF1) and housekeeper 2 (HK2)—that are transcribed at the same rate
as shown in Fig. 4. If TFI is 10-fold less stable than HK2, then the
TF1/HK2 ratio will be 1:10. If the transcription rate of both genes in-
creases by 10-fold, ultimately the abundance of both transcripts will
increase 10-fold, maintaining the 1:10 abundance ratio. However,
TF1 will reach half its new steady state 10 times faster than the longer-
lived HK2. This relationship holds for any system with zero-order
input and first-order output as is the case for mRNA transcription
and decay (137-139). Hence, there is logic for stress-responsive tran-
scripts to also be highly unstable, enabling rapid responsiveness. No
matter how sensitive and swift a transcriptional switch might be,
mRNA transcripts that have prolonged half-lives will be unaffected
by a change in transcriptional state as long as the transcripts remain
stable (140). Thus, mRNA stability is a key component of transcript
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Fig. 3. Roles of RNA metabolism during stress recovery leading to memory or resetting. Stress is characterized by increased expression of many
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pathways, (B) miRNA decay pathways, and (we speculate) (C) siRNA pathways as well. (D) Alternatively, transcriptome memory may be created by

inhibiting RNA decay or through stabilizing specific transcripts.
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Fig. 4. Relationship between mRNA stability and mRNA responsive-
ness [adapted from Ross (737)]. Following a change in transcription rate,
an unstable transcript (TF2) can attain half its new steady state 10 times
faster than the stable transcript (HK7). The dashed red line indicates the
time point in which transcription increases 10-fold.

responsiveness and could be manipulated to modify recovery, priming,
or memory.

IMPRINTED MRNA RECOVERY DYNAMICS

Studies in yeast have discovered a fascinating coupling of transcription
and decay that entails a “counteraction” between the two processes
and underpins the enhanced responsiveness of some transcripts to
stress (141). Several investigations found that many transcripts that
are induced by stress are simultaneously destabilized in Saccharomyces
cerevisiae (142, 143), Saccharomyces pombe (144), and mammals (138).
Although cells expend valuable resources to increase the abundance of
a transcript, in an outwardly fruitless waste of energy, these transcripts
are also rendered more unstable: beneficially, this phenomenon en-
ables fast, transient changes (145). An underlying mechanism is mRNA
“imprinting” through the association of the RNA Pol II subunits, Rpb4
and Rpb7, which chaperone mRNAs into the cytoplasm and remain
associated with the mRNA throughout its life cycle. These RNA-binding
proteins promote degradation due to a higher affinity to the decay
machinery. Stress triggers increased Rpb4/Rpb7 imprinting (146, 147),
facilitating fast but transient changes in mRNA abundance (145). It is
attractive to consider that other RNA binding proteins could imprint
recovery or memory dynamics on mRNA molecules.

THE SPECIFICITY OF RNA DECAY

Although RNA decay may reset the transcriptome through nonspecific
general RNA turnover of transcripts, a range of studies in plants point
to specific and dynamic regulation of RNA stabilities and decay. Ac-
cordingly, the decay of specific transcripts may regulate and balance
memory. Global investigations into RNA stability have reported a sig-
nificant range of mRNA half-lives of 0.2 to >24 hours (mean, 5.9 hours;
median, 3.8 hours) for transcripts in Arabidopsis (148). These analyses
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have also identified innate factors and motifs that affect mRNA stability,
including conserved sequence elements in the 5" and 3’ untranslated
regions (UTRs) and the presence of introns and miRNA binding sites
(148, 149). However, it is also clear that stability is dynamic and can
change in response to developmental and environmental stimuli. The
stability of mRNAs is known to change during the cell cycle (150-152),
and multiple studies have demonstrated on a genome-wide scale that
stress alters mRNA stability in yeast (142, 143, 153-156), although sim-
ilar genome-wide investigations in plants are lacking. Xu and Chua
(157) also found that dehydration stress activates Arabidopsis MPK6
to phosphorylate the decapping enzyme DECAPPING 1. Impairing
this process led to stress hypersensitivity and the misregulation of
dehydration-responsive transcripts. It has also been demonstrated that
the RNA binding protein Tudor-SN stabilizes levels of stress-responsive
mRNAs encoding secreted proteins in Arabidopsis and is thus required
for stress tolerance (133). Cytoplasmic foci called stress granules and pro-
cessing bodies also form during stress (158-160). These bodies sort,
store, and likely decay mRNAs during stress and continue to be a focus
of intense investigation.

EXORIBONUCLEASE 4 AND MRNA STRESS MEMORY

In Arabidopsis, several recent reports demonstrated specificity on the
part of the general cytoplasmic RNA decay enzyme EXORIBO-
NUCLEASE 4 (XRN4), uncovering roles in stress tolerance and recovery.
Heat stress triggers the specific decay of many thousands of transcripts,
a response that is critical for acclimation and tolerance of elevated tem-
peratures (131). Here, LA RELATED PROTEIN 1A (LARP1) and XRN4
associate during heat stress (15 min at 38°C) to facilitate a massive
heat-induced mRNA decay process targeting more than 4500 mRNAs.
LARPI is involved in associating XRN4 to polysomes, and xrn4 mutants
are highly susceptible to prolonged moderate heat stress. In a recent in-
vestigation (161), it was reported that xrn4 mutants are more tolerant to
transitory heat shock (44°C, 3 to 5 hours), in contrast to the earlier re-
ported susceptibility to moderate prolonged temperature increases
(35°C, 7 days). Increased thermotolerance was dependent in part on
HEAT SHOCK TRANSCRIPTION FACTOR A2 (HSFA2) because xrn4
hsfa2 mutants are susceptible to heat stress. Significantly, following a
mild heat stress, HSFA2 transcript levels return to prestress levels more
slowly in xrn4 mutants. Thus, xrn4 mutants potentially retain a mem-
ory of stress for a longer period and XRN4 likely plays an important
role during recovery to reset the transcriptome. Rymarquis et al. (132)
also demonstrated substrate specificity for XRN4, related to conserved
sequence motifs in target mRNAs.

THE FUNCTION OF SMALL RNAS AND PTGS DURING
STRESS AND RECOVERY

Beyond the general RNA decay pathways, siRNAs and miRNAs pro-
vide the RNA decay machinery with exquisite specificity and have
well-established roles during stress responses (77, 162), although their
roles in recovery are largely unexplored. In one example, Stief et al.
(49) uncovered a function for miRNAs in acquired thermotolerance.
Using a typical heat stress time course, an initial moderate heat stress
is followed by a more extreme stress designed to test acquired thermo-
tolerance. Mutants impaired in small RNA (sRNA) biogenesis, specifically
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agol, exhibited impaired thermotolerance. Furthermore, the induction of
miRNA156, specifically during the recovery period, was found to be cru-
cial for conveying this acclimation/priming through targeting the SPL
family of transcription factors that are responsible for developmental
transitions. An interesting follow-on from this study would be to see
the effect of constitutive expression of miR156 on development once
the stress has dissipated. Indeed, the authors did show enhanced thermo-
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tolerance when miR156 was constitutively overexpressed, as well as heat-
inducible overexpression (49). Production of noncoding RNAs during
stress and recovery could also provide substrates for siRNA production
and mRNA regulation. For instance, naturally occurring antisense RNAs
(natsiRNAs) that result from simultaneous expression of overlapping
transcripts on opposite strands have the potential to affect mRNA expres-
sion during stress, generally in an inverse relationship through silencing
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of one of the transcripts. Numerous candidates (79, 163, 164) and sev-
eral specific examples have been reported (165-168), although argu-
ably a truly convincing reproducible example is lacking in the literature.
Nevertheless, the possibility that natsiRNAs may be produced during
stress recovery to facilitate transcriptional recovery and resetting is
unexplored.

OUTLOOK: RNA DECAY ANTAGONIZES PRODUCTION OF
SRNA THAT CAN DIRECT PTGS AND RDDM

The RNA decay machinery and the gene silencing machinery at times
compete for the same RNA molecules (Fig. 5), establishing an antag-
onism between decay and silencing (125, 169). In the case of foreign
genes, high expression of single-stranded sense transgenes from very
active promoters results in susceptibility to S-PTGS and can cause co-
suppression of endogenous genes (170, 171). This phenomenon is sig-
nificantly exacerbated if cytoplasmic RNA decay is impaired (126, 128)
and can lead to the production of sSRNAs from endogenous transcripts
(127). Mutations in an RNA splicing factor or several proteins acting in
mRNA 3 end formation can also lead to enhanced RNA silencing of a
transgene (172). Two new studies further demonstrated that if the in-
tegrity of the decapping (173) or cytoplasmic RNA decay machinery
(174) is impaired, endogenous transcripts can become susceptible to
SRNA production and potentially silencing. All of these examples of
gene silencing have been attributed to the availability of aberrant
RNA molecules produced during transcription or decay, which serve
as substrates for RNA-dependent RNA polymerases (RDRs), triggering
double-stranded RNA (dsRNA) production and siRNA biogenesis. In-
deed, some have proposed that such mechanisms may function to
protect the genome against excessively expressed genes (175).

In addition to PTGS, siRNAs can also direct transcriptional gene
silencing (TGS), notably through the RADM pathway (176). In the
canonical RADM pathway, specialized plant-specific RNA Pol IV
and Pol V transcribe “trigger” and “scaffold” RNAs, respectively, that
facilitate sequence-specific DNA methylation via siRNAs (176). How-
ever, variations to the canonical RADM pathway have also emerged. In
rice, miRNA precursors transcribed by Pol II can be alternatively pro-
cessed by DICER-LIKE 3 (DCL3) and, once bound to ARGONAUTE 4
(AGO4), can guide DNA methylation (177). Similarly, dsRNAs produced
by the trans-acting siRNA (tasiRNA) pathway can also be processed
by DCL1 to produce 21-nucleotide tasiRNAs that can act in Pol V-
mediated RADM following loading in AGO4 or AGO6 (178). RDR6
can also initiate a de novo DNA methylation from Pol II transcripts, a
mechanism demonstrated to initiate canonical RADM of young trans-
posons (179). A transition from silencing by a PTGS mechanism to
that by a TGS mechanism (which is a switch from posttranscriptional
silencing to transcriptional silencing via DNA methylation) can also
occur if high levels of dsRNA are produced by Pol I and RDR6 such
that DCL2 and DCL4 become saturated and activate DCL3, which
triggers RADM (180).

Taking into account these findings, it is fascinating to consider how
the RNA decay machinery might compete or collaborate with the ep-
igenetic machinery to potentiate or circumvent either transcriptional re-
covery via PTGS or memory formation via RADM (Fig. 5). For
instance, stress is well known to induce very rapid production of tran-
scripts (181), which conceivably could lead to an increase in aberrant
mRNA that, in turn, would be potential substrates for RDRs. Indeed,
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the RNA decay inhibitor 3’-phosphoadenosine-5'-phosphate is also
known to be produced during drought and light stress (182), poten-
tially impairing RNA decay. In this scenario, mnRNA molecules could
be more readily susceptible to PTGS. During stress, this could in turn
lead to RADM and potentially heritable changes in gene expression
(Fig. 5).

SUMMARY

In this review, we have highlighted recent advances in plant priming,
memory, and epigenetics. These findings serve to demonstrate the
capacity to confer acclimation and adaptive benefits within the life
of a plant or future generations. Closer examination reveals that mem-
ory, in particular epigenetic memory, is likely a relatively rare event.
The predominant strategy is resetting and recovery. Accordingly, a key
regulatory step governing whether memories are formed or forgotten
is the period of stress recovery. Within this period, plants balance
resources allocated to sustained acclimation against the benefits of re-
setting and reallocation into growth and/or reproduction (Fig. 6). A
key player in this process is RNA turnover, which may compete with
the epigenetic machinery to circumvent memory formation. Future
research into plant stress tolerance will be greatly aided by comple-
mentary analysis of stress recovery. In particular, the role of RNA
metabolism in stress recovery has tremendous potential as a regula-
tory mechanism. A challenge is to consider epigenetic memory not
only as a novelty in inheritance but also specifically in the context
of the best adaptive strategies for the plant: Forgetfulness and resetting
may be the more successful evolutionary strategies under unpredictable
environmental conditions.
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