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Abstract It is time to recognize the existence of

plant memory, a phenomenon that allows plants to

store and recall information from previous events and

then change their responses to future stressful condi-

tions. Although many recent publications have

addressed this topic and concluded about plant mem-

ory using either classical or advanced approaches,

several scientists are still armored against this impor-

tant concept inherent to life and found in plants.

Herein, our aims are to clarify the concept of memory

and its use in plants and to overview the mechanisms

underlying plant memory. How do plants store infor-

mation? Where is such information stored? How long

can information be stored? How does memory affect

the organization of a given system with such ability?

These are some questions that deserve attention from

the scientific community rather than inadequate and

incoherent ones challenging the existence of plant

memory. Let us move on to the next page and deal with

plants as living beings.
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1 Introduction

Despite abundant studies addressing several aspects of

memory in plants, many plant scientists are still

repellent to this subject and show a kind of prejudice.

In the last 20 years, a quick search using the input

words ‘‘plant memory’’ returns more than 800 docu-

ments in the Google Scholar database, including

articles in indexed journals, books and book chapters,

of which most texts were published between 2016 and

2019. As examples of such repellency, some papers

from our research groups on plant memory have been

submitted to publication in high quality journals and

overwhelmingly criticized by some of the reviewers,

which claimed that plant memory does not exist and

kindly asked us to withdraw any mention about

memory throughout the manuscript. Frequently, the

reviewers’ argument is that ‘‘plants do not have a

brain’’, which is a logical and correct argument IF we

had indeed claimed such a thing. But we didn’t at all!

Although there is already a consolidated literature

conceptualizing and characterizing memory in plants
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(e.g. Thellier and Lüttge 2013; Baluska et al. 2018;

Michmizos and Hilioti 2019; Demongeot et al. 2019),

we were urged to support the concept and applicability

of memory as an actual biological phenomenon

expressed by plants, instead of a simple and useful

metaphor. Therefore, our aim with this piece of paper

is to put at straight lines the scientific concept of

memory, as well as its underlying mechanisms.

2 Understanding memory

According to the Merriam-Webster Dictionary, the

very broad definitions of memory are (i) ‘‘the power or

process of reproducing or recalling what has been

learned and retained especially through associative

mechanisms’’, (ii) ‘‘the store of things learned and

retained from an organism’s activity or experience as

evidenced by modification of structure or behavior or

by recall and recognition’’ or, simply, (iii) ‘‘capacity

for storing information’’. Thus, memory is NOT

necessarily found in beings with brains; computers,

for instance, are brainless and can be endowed with

powerful memory capacities. Hence, the common-

sense argument that ‘‘plants cannot have memory

because they are brainless’’ do not resist to a simple

check in a good dictionary.

However, the claims that plants do not have

memory could be settled on a scientific definition of

what memory really is. But the question is: what

scientific field could be asked for a final and every-

where definition of memory?Many scientific fields are

commonly based on concepts such as memory, from

medical ones as neuroscience and psychology, to

computational and informational sciences. Each of

them confers memory to very different kinds of

systems, from human brains to memory cards.

Notwithstanding, the common ground is the capacity

for storing information.

Memory capacity is a pivotal feature of all sort of

living organisms in all aspects of their lives. Living

beings need to face a plethora of environmental stimuli

frightening their survival. In order to keep their

stability, a variety of responses to those challenges

are achieved by many different mechanisms from

shifts on gene expression to whole body changes,

allowing organism survival and fitness and, ultimately,

adaptive evolution (Witzany 2018). Achieving such

responses is particularly challenging for plants

because of their sessile nature, preventing plants from

simply escaping from an unfavorable situation. Thus,

plants must stay and deal with all sort of environmen-

tal variation and resource limitations in their sur-

roundings. Another remarkable feature is the modular

structure of plant body. Overall, modules can be

considered as the knots of networks that are connected

via the edges (different modes of short and long-

distance signaling). Modules are biological entities

(individuals, structures, processes or pathways) char-

acterized by more internal than external integration

(Hütt 2019; Wegner 2019). As consequence of their

modular nature, plants are decentralized organisms

and then ‘‘the response of a plant to its environment is

the sum of all modular responses to their local

conditions plus all interaction effects that are due to

integration’’ (de Kroon et al. 2009). Hence, whatever

the mechanisms of memory are, memory in plants

shall be a non-centralized process. This claim does not

imply that all tissues and organs have the same ability

or capacity to memorize stressful conditions. When

considering plant modularity, some challenging ques-

tions also arise: how do plants enlist the several stimuli

coming from different modules and trigger a unified

response for the entire organism? Would the mitotic

division of mother cell or organelles such as chloro-

plasts and mitochondria be responsible for such a

modular organization?

So, the presence of memory in computers, brains or

plants is not in question. In fact, the relevant questions

are: how do plants store information? Where is

information stored, if anywhere? How long can

information be stored? Utterly, what are the mecha-

nisms of memory and in what extension memory

affects the organization of a given system with such

ability?

3 Memory in plants: here’s how

Most often, plants in the wild respond to simultaneous

and/or subsequent stimuli (biotic and/or abiotic)

through modifications in their metabolism, changing

growth and/or morphogenesis. It is well known that

previous responses can affect the subsequent ones,

which is referred as priming when talking about plant-

biotic interactions, or acclimation when plant perfor-

mance is improved under recurrent or crossed non-

lethal abiotic stimuli, such as drought, high or low
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temperature, and excessive or low light (Crisp et al.

2016; Demongeot et al. 2019). Over the last decades,

the use of the term ‘‘priming’’ has been extended and is

currently used to describe the enhanced resistance to

both biotic and abiotic stresses (Conrath et al. 2006).

Subsequent responses clearly must be based on some

sort of stored information from past events, i.e. a

memory-based process. For instance, plant memory

has already been explored in agriculture. Rustification

(sometimes called as hardening) is a common practice

under nursery conditions that improves the perfor-

mance of both crops and forest trees under field

conditions (Fernández et al. 2013; Bompadre et al.

2018). Actually, recurrent responses and cross-toler-

ance are indeed ‘‘learning’’ processes (Thellier and

Lüttge 2013; Souza et al. 2018; Michmizos and Hilioti

2019). Although there is a common claim of positive

relationship between memory and performance, there

is no reason to assign that memory will always

improve plant metabolism or growth under constrain-

ing conditions. Instead, it is important to remark that,

insofar memory is a basic capacity to store and

eventually recall information, memory can also enable

disruptive effects on plant organization.

Plants can follow at least three different pathways

from the stimulus perception to the ultimate response:

(1) a straightforward one, taking place almost imme-

diately with non-dependency on previous stimulus;

and two memory-dependent pathways, which are (2)

learning and (3) storing/recalling. Those three path-

ways may be totally independent on each other or

share some connections (Trewavas 2003; Demongeot

et al. 2019). When learning, a recurrent stimulus

changes the response intensity either negatively (low-

ering the response) that is known as ‘‘familiarization’’

or learning by habituation (Gagliano et al. 2014), or

positively (reinforcing the response) that is called

‘‘sensitization’’ (Conrath et al. 2006).

Among the molecular mechanisms underpinning

plant memory processes, sustained alterations in levels

of many signaling metabolites and transcription fac-

tors were those first described and most elucidated to

date. Such changes can explain how plant metabolism

is altered and maintained even after the end of the

stress period, and how plants deal with recurrent

exposure to stresses (Bruce et al. 2007; Crisp et al.

2016). Conrath et al. (2006) suggested that the first

stress event could trigger accumulation or post-

translational modification of one or more signaling

proteins that, after being synthetized or modified,

remain inactive. This would allow an enhanced

response when perceiving the second signaling event,

due to a hyperactivation of the signaling protein. One

of the most important reversible post-translational

modifications that causes inactive proteins to become

active and vice-versa is protein phosphorylation and

dephosphorylation. Such processes modulate mem-

bers of a diverse class of mitogen-activated protein

kinases (MAPK), with role in plant responses to biotic

and abiotic stimuli (Gális et al. 2009).

Transcriptome studies have allowed the identifica-

tion of a wide range of changes in gene expression,

levels of proteins and other metabolites described as

important in memory responses. Transcriptional

responses resulting of a first exposure to a stimulus

can last and induce either sustained changes in gene

expression (activation or repression) or a modified

response as hyperinduction after a secondary stimulus.

In Arabidopsis, heat stress memory is regulated by

transcription factors that hit a target promoter, which

in turn initiate a rapid and sustained response (Lämke

and Bäurle 2017). In many cases, such accumulation

of transcription factors allows fast responses in gene

expression (Conrath et al. 2006). Importantly, tran-

scripts can be altered in different ways, depending on

stimuli nature. As an example, recurrent dehydration

in A. thaliana can either activate or repress the

transcription of genes, as well as change the expres-

sion of genes previously modified by the first exposure

to drought (Ding et al. 2013).

Phytohormones have also been identified as impor-

tant molecules in plant memory responses. Various

studies show that previous exposure to stresses affects

the synthesis/degradation of gibberellin (GA), abscisic

acid (ABA) and salicylic acid (SA) in plants. Under

drought, GA levels decreased and remained low in

double-stressed plants as compared with those

exposed just once to drought. Oppositely, ABA levels

were higher in double than in single-stressed plants

and were correlated to high H2O2 levels, a potential

signaling molecule (Fleta-Soriano et al. 2015; Marcos

et al. 2018). In A. thaliana, stomatal closure due to

dehydration is ABA-dependent and both mesophyll

and guard cells display transcriptional memory.

Altered ABA production in guard cells maintains

stomata partially closed during rehydration period

(recovery), decreasing transpiration under recurrent

drought (Virlouvet and Fromm 2015). Plant hormones
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in volatile forms, such as methyl salicylate (MeSA)

and methyl jasmonate (MeJA), can activate plant

immunity when applied repeatedly. Song and Ryu

(2018) demonstrated that MeSA-MeSA treatment

induces enhanced systemic acquired resistance

(known as SAR) by upregulating the expression of

SA-dependent defense genes. One would argue that

changes in hormone levels are the end product of a

transcriptional regulation and there is evidence that

several epigenetic factors can modulate biosynthesis,

transport and signal transduction of several plant

hormones. On the other hand, some phytohormones

may cause epigenetic modifications (Yamamuro et al.

2016). According to Turgut-Kara et al. (2020), some

plant hormones have significant effects on chromatin

packaging, which is conciliated by DNA methylation

and histone modifications.

In general, epigenetic changes and hormone action

are correlated to each other and one is not just a result

of the other. Hormones and epigenetic memory

mechanisms can operate altogether engendering

responses to many external stimuli. For instance, high

SA levels, which mediate SAR, induce certain mod-

ifications in the chromatin structure, such as H3 and

H4 acetylation, and H3K4 methylation. Such modifi-

cations could prime pathogen-responsive genes and

allow more effective responses to a subsequent attack

(Iwasaki and Paszkowski 2014).

Epigenetic mechanisms are known as events that

may provide mechanistic basis for the memory

formation (Bruce et al. 2007) and changes in the

epigenome play a fundamental role in memory

responses to recurrent stimuli. Epigenetic modifica-

tion may vary due to the nature of the stimulus and

include changes in chromatin state, which may

account for changes in the histone tail, control of

gene expression through DNA methylation and

demethylation, or inactivation of RNA polymerase II

small RNAs and other non-coding RNAs (Crisp et al.

2016; Turgut-Kara et al. 2020). Biotic and abiotic

stimuli lead to chromatin modifications that play a

crucial role in initiation and maintenance of stress

memories at various responsive loci in plants (Frie-

drich et al. 2018; He and Li 2018).

Responses to multiple exposure to drought include

not only changes in gene expression patterns and

transcripts accumulation, but also epigenetic modifi-

cations. Ding et al. (2012) pointed out that gene

expression and transcripts accumulation in

Arabidopsis may be the result of a progressive

increase in H3K4 trimethylation and in RNA poly-

merase II phosphorylation. Such changes persist even

after stress relief, representing a drought stress mem-

ory. In Arabidopsis, H3K4 trimethylation is also

involved in heat stress memory, being associated with

hyperinduction of gene expression upon a recurring

heat shock and leading to acquired thermotolerance

(Lämke et al. 2016). In relation to low temperatures,

stress memory can stimulate springtime flowering,

indicating that vernalization is regulated by epigenetic

mechanisms (Song et al. 2013; Yang et al. 2017).

DNAmethylation—directed by sRNAs—can act in

a sequence-specific manner to regulate gene expres-

sion at both transcriptional and post-transcriptional

levels (Iwasaki and Paszkowski 2014). In Arabidopsis,

DNA methylation regulates the responses to environ-

mental factors. Tricker et al. (2012) found that the

stomatal index is reduced under low relative air

humidity, an environmental element that triggers

RNA-directed de novo DNA methylation and sup-

pression of genes controlling stomatal development.

Such phenotypic responses and DNA methylation can

be even inherited (Tricker et al. 2013). Espinas et al.

(2016) emphasized the role of DNA methylation and

demethylation under biotic stress, with hypomethyla-

tion of regions flanking both ends of defense-related

genes enhancing their expression during the interac-

tion with the pathogen.

More recently, it has been discovered that epige-

netic memory may include transcript splicing. The

exposure of Arabidopsis plants to a non-lethal heat

stress results in de-repression of splicing after a second

heat stress, while plants that did not experience such

heat stress showed significant repression of splicing.

Ling et al. (2018) pointed out that splicing memory

affects ‘‘the ability of plants to survive subsequent and

otherwise lethal heat stress’’. This finding further

increases the diversity of epigenomic processes that

support plant memory, including the way how RNA is

processed before coding proteins. Although the poten-

tial impact of DNA methylation and chromatin

organization on memory have been addressed, many

open questions remain around the specificity of DNA

and chromatin marks, their persistence and stability

during mitosis, and thus the maintenance of memory

(Hilker and Schmülling 2019).

A mechanism for supporting memory in plants,

very similar to the neuronal process already described
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for animals, is the plant synapse proposed by Baluska

et al. (2005). Plant synapsis is the overall result of

actin-driven endocytosis, endosomal sorting, and

vesicle recycling, which together allow polar transport

of auxin. Baluska et al. (2008) suggested that auxin-

enriched vesicle recycling at plant synapse could also

be involved in gravi- and electric-memory phenom-

ena. Besides, animal and human learning via synaptic

plasticity is based on the endocytic recycling of

glutamate and GABA receptor (Baluska and Mancuso

2018).

The molecular mechanisms underlying memory are

not yet fully understood and it is very likely that many

pathways and interactions are involved. But, even

more importantly, there is an urgent need to integrate

the mechanisms described for a clear understanding of

the memory process as a whole. Fleta-Soriano and

Munné-Bosch (2016) suggested that the integration of

‘omics’ approaches, which includes epigenomics,

transcriptomics and metabolomics, in addition to

structural changes at various levels of organization,

may contribute to the understanding of plant memory.

In fact, the description of the mechanisms and

molecular elements involved in memory has been

the subject of many studies. However, few studies

have offered a model that allows the understanding of

how molecular architecture operates to guarantee the

storage and subsequent recall of information (Inoue

2008; Thellier and Lüttge 2013; Demongeot et al.

2019). Further studies are needed to reveal whether

such models based on ‘omics’ approaches described so

far can indeed be applied to the study of memory in

plants. For instance, Georgii et al. (2019) mapped the

transcriptomic networks in Poplar plants during and

after water stress and revealed that a complex interplay

of network components contributes to the coordination

of post-recovery responses to stress. In addition, it

cannot be ruled out that when evaluating more

complex ‘omic’ networks, interactions are even more

significant and important for the creation and main-

tenance of stress memory.

To account for complex networks, a new and

general framework for molecular information storage

in cells was proposed by De la Fuente (2015), which is

composed by two functionally and molecularly inter-

related systems: a dynamic, flexible and adaptive

system (metabolic memory); and an essentially con-

servative system (genetic memory). The molecular

information of both systems seems to coordinate the

physiological development of the whole cell. Accord-

ingly, metabolic memory can be modeled as Hopfield

networks that are networks where each unit (node)

takes only on two different values for their states, in

which the shift between both is determined when a

certain threshold is exceeded. According to this

model, the metabolic dynamics follows a self-orga-

nized pattern toward a local minimum (attractor),

enabling storage of functional catalytic patterns. Thus,

the metabolic dynamics governed by Hopfield-type

attractors and structural changes based on the enzy-

matic covalent modifications of specific molecules

would determine cellular memory and learning (De la

Fuente 2015). As suggested by Demongeot et al.

(2019), Hopfield-like boolean metabolic networks

could store memory through the reinforcement of

specific metabolic pathways, which could be activated

more promptly when plants are subjected to recurrent

stimuli. In that model, it is claimed a central role for

calcium wave signaling, modulating the pathways to

be reinforced (Demongeot et al. 2019).

So, memory is confirmed as a decentralized process

that takes place within each cell. However, plant

responses may occur not only at the level of a single

cell but also at organism level (entire multicellular

organism). Then, individual cells are able to store

information and at the same time the whole plant can

have permanent memories, for example, from cold

exposure known as vernalization (Gális et al. 2009).

Given that the memory mechanisms in plants are

proposed at the cellular level, one still intriguing

question raises: in a plant as a whole, are memories

integrated? Likely, the long-distance processes of

signaling, such as calcium and ROS waves, other

small molecules as peptides as well as electrical signs,

could drive such systemic memory (Sukhov et al.

2019; Takahashi and Shinozaki 2019). But, if so, how?

4 How long some information can be stored?

Duration of the memory may vary widely. In some

cases, it may contribute to environmental acclimation,

being considered plastic and reversible. In general,

memory based on increased level of metabolites and

transcription factors probably mediates more transient

or short-term effects and its duration can last from

days to weeks (Bruce et al. 2007; Lämke and Bäurle

2017; Avramova 2018). In adittion, memory may last

123

Theor. Exp. Plant Physiol. (2020) 32:195–202 199



for months, which usually requires mitotic stability of

the information and involves chromatin-based pro-

cesses (Hilker and Schmülling 2019). In other cases,

memory can contribute to adaptation, being stable and

even extended to the offspring—known as inter or

transgenerational stress memory (Crisp et al. 2016). It

is assumed that transgenerational memory—one

transmitted to two or more generations—is based on

epigenetic mechanisms, whereas this may be or not the

case for intergenerational memory—understood as

one transmitted only to the first generation. Intergen-

erational memory may be the product of cues intro-

duced into the seed or embryo by the mother plant or

by environmental conditions during seed development

(Lämke and Bäurle 2017). In fact, the epigenetic

mechanism underpins more longer-lasting effects than

the other suggested mechanisms (Bruce et al. 2007)

and changes in DNA methylation pattern as well as

histone modifications could be transmitted to the next

generations (Iwasaki and Paszkowski 2014; Turgut-

Kara et al. 2020).

Mechanisms for the resetting of epigenetic memory

in plant paternal chromatin (which could be consid-

ered inheritable) have also been described (Borg et al.

2020). As each generation faces a different combina-

tion of environmental challenges, the loss or erasure of

most environmental memories could enable a fresh

start for the next generation (He and Li 2018). It is

reasonable to suggest that the duration of the mem-

ories is not a simple result of the mechanism

underlying the memory. Perhaps even more important

are the resetting mechanisms involved. For example, it

is known that the acquisition of heat memory depen-

dent on DNA methylation involves the activation of

heat shock transcription factors (HSFs) that induce the

expression of heat shock proteins (Lämke et al. 2016).

One mechanism described for resetting such heat

memory is autophagy. In Arabidopsis, Sedaghatmehr

et al. (2019) demonstrated that autophagy mediates the

specific degradation of heat shock proteins at later

stages of the thermo-recovery phase, compromising

heat tolerance after a second heat shock.

5 Just a few insights on plant memory

At this point, we do believe that there is enough

scientific knowledge to support the existence of plant

memory. However, much has to be done to reveal all

facets of memory and the underlying processes related

to this phenomenon in plants. Would we be able to

count plant memory as in computational systems?

How can one measure memory capacity in a given

plant species? Are plants able to transfer such

‘‘knowledge’’ based on previous experiences to their

neighbors, as suggested by Ribeiro and Torres (2018)?

In this case, do plants favor the species itself during the

communication of memories? Are they able to choose

not to communicate a memory? If so, important

consequences for the resilience of (eco)systems would

be proposed and further tested. For instance, it is

reasonable to suppose differential memory capacity

among species and such plant ability in storing

information is likely affected by the developmental

(or phenological) stage in which plants face stressful

conditions (Kron et al. 2008; Leuendorf et al. 2020).

Then, biodiversity would affect the ecosystem mem-

ory whereas older plants would have more experiences

to share with younger ones, with both diversity and

aging being two components of ecosystem resilience

in a changing environment.

From a practical perspective, we need to explore the

relevance of plant memory in both natural and

agricultural systems, which would be the next step

after recognizing it as one more ordinary phenomenon

in nature. As one can see, there is a long and exciting

pathway on plant memory to be explored and we—

while scientists—must keep our minds open to new

concepts derived from discoveries in plant science.
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Lämke J, Bäurle I (2017) Epigenetic and chromatin-based

mechanisms in environmental stress adaptation and stress

memory in plants. Genome Biol 18:124

Lämke J, Brzezinka K, Altmann S, Bäurle I (2016) A hit-and-
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