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Abstract Adaptation and acclimation of metabolism and development to environ-

mental conditions at the site of rooting requires nonmobile plants to memorize

information introduced by external signals. These act at various spatiotemporal

levels of structure and function and ecophysiological performance. There are

different types of memory, among which are priming memory, store/recall memory

(STO/RCL), where both the storage and the recall function as well as their combi-

nation have ecophysiological significance, and epigenetic memory. Timing is
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important. Therefore, ultradian, circadian and annual rhythms are underlying mem-

ory functions, where the circadian clock may represent a prominent component.

Memorization associated with adaptation and acclimation needs implementation of

memory as backbone. A plethora of ecological impacts require memory, some of

which will be exemplified and critically examined, namely, molecular aspects of

membrane transport, fitness, photosynthesis, osmotic stress and salinity, pollution

events and priming by volatile organic compounds and by vibrations. Memory is

not an occasional episode but a fundamental property of general importance in the

life of plants.

1 Introduction

Memory is not a straightforward concept. In the basic meaning, the term “memory”

applies to animals (especially higher animals and humans). It is defined as an

“ability to retain and recall information, ideas, images and thoughts” (Sinclair

et al. 1987), and it is based on the activity and interactions of neurones, especially

in the central nervous system (Dudai 2004; Lesburguères et al. 2011). However, the

meaning has now broadened in two ways: (1) it is employed not only to animals but

also to practically any sort of living organism including plants (Thellier et al. 1982)

and prokaryotes (Thellier and Lüttge 2013). (2) It is not necessarily based on

neuronal activity so that one may speak of genetic and epigenetic memories in

living beings, the memory of an instrument (such as a computer or a pocket

calculator) or even the memory of anything involving processes with a hysteretic

behaviour (see the chapter “Hysteresis” in Wikipedia, the free encyclopaedia). The

semantic difficulty is that one single word, “memory”, stands for all these different

aspects. To elude this difficulty, one might say “memory sensu stricto”, i.e. when

routinely speaking, for instance, of human memory, and “memory sensu lato”,

i.e. for memories of any kind within more recent contexts of accepted understand-

ing. However, such terminology would be quite cumbersome, so that we shall rather

continue to use “memory”, as everybody does, although staying aware of the many

different meanings this one notion may have.

A tentative model of the network modules incorporated in the system of oper-

ations of memory is shown in Fig. 1. Its various features shall be revealed as we go

along in this assay, where we aim at unravelling the role of memory in the

autecological and synecological performance of plants. Autecological performance

is determined by adaptation and/or acclimation of given species or individual plants

to their environment, while synecological behaviour is characterized by the inter-

actions of species or individuals among each other and with the environment at the

community level. In two sections we shall first consider the different types of

memory (Sect. 2) and relations to biorhythmicity and the biological clock

(Sect. 3) with an ecological perspective in mind. Then, we shall assess concrete

ecological functions which require memorization and, hence, implementation of
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memory and the biological clock as supporting grounds (Sect. 4). Eventually, we

shall explore the ecophysiological potential of the priming and store/recall forms of

plant memory (Sect. 5). Finally, we shall conclude considering plant memory in
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Fig. 1 Tentative model of the network of modules incorporated in the system of operations of

memory for ecophysiological performance of plants. Stimuli of environmental cues are received

by molecular receptors, and their information is translated into signalling of various forms, such as

electric, hydraulic, phytohormonal/chemical and small RNA (sRNA) signals and Ca2+ waves.

These signals generate molecular effectors either directly or indirectly via the epigenetic memory

or the biological clock. The effectors activate memory genes of priming and of store (STO) and

recall (RCL) functions, where the STO and RCL boxes are independent of each other. With the

operation of the activated priming genes, the instruction inherent in the original stimuli is effective

directly. With the operation of the activated STO genes, the instruction is stored but becomes

effective only via the operation of the activated RCL genes. The effective instruction leads to gene

products of ecophysiological relevance
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relation to that of other organisms as an essential means for persistence in the

environment.

2 Types of Plant Memory

We will only briefly summarize those aspects of memory that are mainly studied in

physics or engineering (computer’s memory and hysteresis). We shall develop in

more detail the biological aspects with particular reference to plants (genetic and

epigenetic memory, priming and store/recall forms of plant memory and the

relations of memory to developmental phenological phases in plants).

2.1 Aspects of Memory Mainly Studied in Physics
and Engineering

Briefly, “a computer’s memory is the part of the computer where information is
stored, especially for a short time, before it is transferred to magnetic tapes or disks”
(Sinclair et al. 1987). “Hysteresis is the dependence of the output of a system not only
on its current input, but also on its history of past inputs; the dependence arises
because the history affects the value of an internal state; to predict its future outputs,
either its internal state or its history must be known; if a given input alternately
increases and decreases, a typical mark of hysteresis is that the output forms a loop”
(see the chapter “Hysteresis” in Wikipedia, the free encyclopaedia; for a possible

application to plant systems, see, for instance, Sect. 4.2.4 or Desbiez et al. 1994).

2.2 Aspects of Memory Common to All Living Beings

2.2.1 Genetic Memory

Genomes reflect the history of organisms because the genotypes are selected in

evolution. In a very broad and general sense, we may therefore think of this genetic

information as being a kind of memory of past events that have affected evolution-

ary selection. In a similar vein we may think of the genomes of sexually produced

organisms, being memory of mother and father having contributed their sets of

chromosomes via the gametes. Reading the genetic information for transcription

followed by translation and then regulating metabolic and physiological responses

could be considered in recalling the genetic information. The processes of the

control of reading genetic information will lead to more specific considerations of

which we shall give examples later, for instance, the activation and inactivation of

operons (Sect. 4.2.1). A dynamic process in reading the genetic information is
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epigenetics, which will lead us to more concrete memory functions in the next

section.

2.2.2 Epigenetic Memory

Epigenetic modifications of the genome are induced by internal and external

signals. They can be stored and affect gene expression beyond cell cycles and

even generations. Therefore, we can speak of an “epigenetic memory” (Thellier and

Lüttge 2013; Kinoshita and Seki 2014). Epigenetic modifications are currently the

best understood molecular mechanism of memory.

Molecular epigenetics is a system of reading the genetic information of DNA

where the structure and conformation properties of chromatin are modulated by

acetylation and methylation, respectively, of DNA and nucleosomal histones. In the

DNA methyl or acetyl groups are attached to the cytosine groups. In the histone

proteins the lysine and arginine residues are post-translationally modified (Yaish

et al. 2011), i.e. by acetylation/methylation (Grunstein 1997; Zhang and Reinberg

2001), ADP-ribosylation (Tanigawa et al. 1984), glycosylation (Cervantes-Laurean

et al. 1996), phosphorylation (Lo et al. 2001) and ubiquitination (Sridhar

et al. 2007). Acetylation allows access of regulator molecules of gene activation

or deactivation due to the larger size of the acetyl group as compared to the smaller

methyl group. Methylation leads to repression of gene transcription, and the genetic

information is silenced (Chinnusamy and Zhu 2009). Under the perspective of

ecological performance of plants, it is important that epigenetic modifications are

triggered by environmental cues (Jablonka and Lamb 1989; Boyko and Kovalchuk

2008; Alvarez et al. 2010; Chen et al. 2010; Yaish et al. 2011; Kinoshita and

Seki 2014). Both histone and chromatin methylation patterns are strongly modified

by environmental stress (Molinier et al. 2006; Bond and Finnegan 2007;

Chinnusamy and Zhu 2009; Adams 2010; Daxinger and Whitelaw 2010; Verhoeven

et al. 2010).

The methylation status is not necessarily reset when the stress is relieved

(Chinnusamy and Zhu 2009). In fact, it can even be transferred through cell

divisions both mitotically and meiotically (Molinier et al. 2006). This means that

the epigenetic memory is retained in somatic cell lines. With this it provides a more

short-term epigenetic stress memory within a given organism. However, epigenetic

memory can even last over generations. For a rather long-term trans-generational

stress memory, it is remarkable that stress-induced methylation changes are not

reset through the germ line and are mostly heritable, so that epigenetic information

relative to stresses received by plants can be transferred through several subsequent

generations (Jablonka and Lamb 1989; Bird 2002; Kakutani 2002; Molinier

et al. 2006; Bond and Finnegan 2007; Saze 2008; Verhoeven et al. 2010). In

brief, the epigenetic memory remains stable when stress is not continuous but

occurs in episodes, and this can last for generations.
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2.3 Memory Capacities in Plants

2.3.1 Plant Sensitivity to Stimuli and Types of Subsequent Response

Plants are sensitive to a variety of stimuli such as wind, rain, touch, drought, cold

shock, heat shock, wounds inflicted by herbivorous animals, attack by fungi,

bacteria or viruses and even electromagnetic irradiation in the approximate range

1–100 GHz (Tafforeau et al. 2002, 2004; Roux et al. 2006; Vian et al. 2006). There

are basically two contrasting types of possible responses to environmental cues

acting as signals or stimuli, namely, a direct immediate response and responses

involving memory.

Usually, plants react almost immediately to a stimulus by generating a “calcium

wave”, i.e. a transient invasion of the cytosol by calcium originating from Ca2+-rich

internal and external pools (Knight et al. 1991; Trewavas 1999). This calcium wave

triggers a chain of events, including the opening of ionic channels, the phosphor-

ylation of existing proteins and changes in the genome expression (Dolmetsch

et al. 1997; McAinsh and Hetherington 1998).

All of that eventually results in a final response that can be a modification of

growth and/or metabolism and sometimes a macroscopic movement (Dionaea
muscipula, Mimosa pudica). The response may be stereotyped and direct,

i.e. independent of the previous history of the plant and involving no more delay

than necessary for the intermediate events required to occur between the perception

of the stimulus and the final response to this stimulus. The rapidity is advantageous

for reacting to rare or unknown stimulations, especially those involving an attack by

an herbivore or a pest.

However, if plants made such a direct, stereotyped response to each individual

stimulus which they perceive, and if they responded with similar intensity to

innocuous and harmful stimuli, erratic metabolic and growth behaviour would

emerge, being unnecessarily costly in energy. Therefore, an apparent requirement

exists for a mechanism that permits plants to adjust their response to the entirety of

stimulations and their dynamics experienced in the past. This is achieved by means

that functionally resemble animal memories, although the underlying mechanisms

are very different (especially since plants neither have neurons nor anything

comparable to a central nervous system).

At the beginning of the 1980s (see Thellier et al. 1982), it was discovered that

plants possess memory capacities, which to some extent mimic our human “mem-

ory”. Since then, a number of publications have been devoted to the occurrence and

characteristics of that memory (for reviews, see, e.g. Thellier et al. 2000, 2013;

Trewavas 2003; Ripoll et al. 2009). It has also been recognized (Trewavas 2003)

that two different kinds of plant memory can be distinguished, namely, “priming”,

which resembles the animal “training” (Bailey and Chen 1983), and “store/recall

(STO/RCL) memory” (resembling the animal “memorization/evocation”).
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2.3.2 Priming Memory

In the priming memory, the first stimulus, or sequence of stimuli, changes the

transduction of subsequent stimuli, thus tending to either diminish or enhance the

intensity of the plant response (observations carried out at the level of the final

response or as early as the generation of the calcium wave).

For instance, in Nicotiana plumbaginifolia seedlings, a wind stimulus causes

cytosolic calcium to rapidly increase, but repeated wind stimuli within very short

periods of time make the plant cells refractory to further calcium signalling for

approximately 1 min (Knight et al. 1992). In Arabidopsis thaliana, cold pretreat-

ments attenuate the increase of cytosolic calcium due to cold shock (Plieth

et al. 1999). Again in Arabidopsis, a hyperosmotic-stress pretreatment increases

the elevation of cytosolic calcium due to hyperosmosis (mimicking drought), while

an oxidative-stress pretreatment reduces it (Knight et al. 1998).

2.3.3 Store/Recall Memory

In the STO/RCL memory, the perception of a stimulus is responsible for storage

(STO) of information within the plant; then, that information may be recalled

(RCL) at a later time. During the lapse of time between storage and recall (mem-

orization time), the stored information remains latent, i.e. without any apparent

effect on the plant behaviour. When an appropriate stimulus or change in internal or

environmental conditions causes the RCL function to be switched from “off” to

“on”, the plant is enabled to recall the stored information and to make it effective in

the control of the its metabolism and growth.

Three experimental systems, which shall be termed here SR1 (Desbiez

et al. 1983, 1987), SR2 (Desbiez et al. 1991) and SR3 (Verdus et al. 1997), have

been mainly used in the basic original studies of STO/RCL memory (Table 1; for

reviews, see, e.g. Thellier et al. 2000, 2013; Trewavas 2003; Ripoll et al. 2009).

With system SR1, Bidens seedlings were stimulated by pricking one or both

cotyledons, which caused the storage of “reduction of hypocotyl growth” informa-

tion, acting as a kind of instruction governing the control of hypocotyl growth.

However, it is only when the plants were grown on a very diluted medium that they

were enabled to recall the stored information/instruction and let it take effect in

reducing hypocotyl growth. (When the pricked and non-pricked plants were grown

in a conventional nutrient solution, the growth of their hypocotyls was not signif-

icantly different). For brevity, see Table 1 for the description of the experiments

with SR1 to SR3. These experiments were designed at the outset of memory

investigations for testing and proving the very existence of memory under strictly

controlled laboratory conditions. Before extrapolating from ecological observations

to the involvement of memory functions in a framework of environmental condi-

tions, the ground laying operation of STO/RCL functions had to be shown in readily

reproducible experimental approaches. These experiments clearly revealed the
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sequence of events relevant for any kind of ecological responses as exemplified in

Sect. 4, i.e.> external stimulus> process of information/instruction storage> state

of information/instruction being stored> triggering induction to put stored infor-

mation/instruction into action (Table 1). The main results obtained from the

compilation of data yielded with SR1 to SR3 are as follows.

The Storage Function

With SR1, it has been observed that a signal migrates from the stimulated area (here

the pricked cotyledons) to the reactive area (here the hypocotyl) where information

storage finally occurs. The rate of signal migration is of the order of one to a few

tenths of a millimetre per second (Desbiez et al. 1983). Electric depolarization

signals in phloem cells are involved in signal migration, but the mechanisms in

action are different from those in animal nerves. At SR3, the application of

pharmaceutical agents blocking calcium movements, during and shortly after the

occurrence of the calcium wave, prevents information storage (Verdus et al. 2007).

This means that these agents have blocked information storage either directly or

indirectly by blocking the migration of the signal from the stimulated to the reactive

area. In any case, the information induced by the initial stimulus becomes firmly

stored in the responding tissue after a few minutes at the most.

When a stimulus has been perceived, the shape, amplitude and duration of the

calcium wave (Dolmetsch et al. 1997; McAinsh and Hetherington 1998; Knight

et al. 1998) and the early and transient modifications of existing proteins or of

genome expression (Tafforeau et al. 2006) are specific of the stimulus perceived.

However, the memory of the stimulus is finally lost and what is memorized is mere

instruction. More precisely, it is a sort of instruction, which addresses the final

Table 1 Summarizing the experimental features concerning the three systems with store/recall

memory

System Seedling

Typical stimulus-

inducing information

storage

Information

stored

Means of induction of the plant

ability/inability to recall stored

information

SR1 Bidens Cotyledon pricking Hypocotyl

elongation

inhibition

Diluted/nutrient medium

SR2 Bidens Cotyledon pricking Specification

of bud

dominancea

Variousb

SR3 Linum Manipulationc Meristem

production

Transient Ca2+ depletion/excess

aSpecify which of the two cotyledonary buds will be the first to start to grow after removal of the

seedling apex
bTime of the day when plant decapitation is carried out, pricking, thermal treatment, etc.
c“Manipulation” consists of transferring seedlings from the germination box to a grid that covers

the vessels containing the growth medium
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response that has to be performed in reaction to the specific stimulus (SR1, SR2

and SR3).

Comparing SR1 and SR2, it appears that the application of the same stimulus

(pricking one of the two plant cotyledons) stores two different pieces of instruction

in the hypocotyl and in the cotyledonary buds, i.e. percentage of reduction of

hypocotyl growth and specification of bud dominance (measured by the percentage

of dominant buds at the axil of the non-pricked cotyledon), respectively. There is an

apparent discrepancy in the storage behaviour in SR1 and SR2 because the per-

centage of reduction of hypocotyl elongation in SR1 is quasi proportional to the

number of pricks, whereas, in SR2, the percentage of dominant buds at the axil of

the non-pricked cotyledon is independent of the number of pricks. It is likely that

this discrepancy can be explained by assuming that, in SR2, the application of a

single prick suffices to saturate the storage capacity of the system, and therefore

delivering one or several pricks has exactly the same effect. The reason is that,

when taking into account much weaker stimuli, such as the small gradients of

temperature or light that inevitably exist in the culture rooms, the behaviour in SR2

is fairly similar to that in SR1. In brief, as long as there is no saturation effect, after a

stimulus the intensity of the stored instruction depends on the intensity of the

stimulus (Thellier 2015).

Once a first stimulus has been perceived and an instruction for a response has

been stored accordingly, subsequent stimuli can modulate quantitatively (i.e. in its

intensity) this programmed response (SR3). Though a direct experimental test is

still lacking, it may be reasonably inferred from the preceding paragraph that the

instruction stored after a first stimulus can also be modulated qualitatively as a

consequence of the perception of subsequent stimuli. This would mean that the very

nature of the information for performance of a response may be modified.

The Recall Function

The recall function can usually be switched “off/on” or “on/off” reversibly, thus

enabling/disabling the plant to recall instruction stored after the perception of a

stimulus. However, cases exist when recall can be blocked in status “on” or in that

of “off”, thus always permitting or preventing, respectively, the plant to recall

stored instruction. There is no universal way to enable/disable a plant to recall

stored instruction: with the three systems studied, enabling/disabling plants to recall

stored instruction was accomplished by (1) using a dilute/normal growth medium

(SR1), (2) decapitating the seedlings at the onset/middle of daylight (SR2) or

(3) imposing a transient Ca2+ depletion/excess (SR3). Stored instruction can be

repetitively recalled (at least twice in SR2 and SR3). Recalling stored instruction,

whether once or at several times, does not seem to alter the stored information. The

functioning of the RCL box is apparently independent of the functioning of the

STO box.
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Hypothetical Mechanism of Functioning

It may be that various substances play a part in the memorization process in plants.

Such substances are “memory metabolites” (Ueda and Nakamura 2006), molecules

involved in the control of the cell cycle (Desbiez et al. 1998) or small bundles of

messenger RNA termed “stress granules” (Alain Vian, personal communication,

Davies et al. 2012). However, it is possible to account for the main facts observed

by interpreting plant memory (especially the “store/recall” type) via an interaction,

involving epigenetics, between a few genes (Thellier 2015). The perception of a

stimulus would modify the histone and/or chromatin methylation patterns (see

Sect. 2.2.2), thus unlocking a few locked genes (and/or locking a few unlocked

genes): this is the storage function, and the genes involved are termed “STO genes”.

However, the unlocked genes would remain silent, until being activated by an

appropriate ligand. Other genes would be unlocked and activated (on perception

of an appropriate stimulus, after an appropriate treatment and/or depending on the

external conditions), and their products would be the activators of the unlocked

STO genes: this is the recall function, and the genes involved are termed “RCL

genes” (for details see Thellier 2015). Hence, only the unlocked and activated STO

genes would be functional, thus permitting the corresponding metabolic pathways

to function, while the metabolic pathways depending on the locked STO gene

would remain non-functional. Thanks to this “store/recall memory”, the plant

would be able to adjust its metabolism to the external conditions and stimuli.

In brief, a change of methylation/acetylation equilibrium means storage (STO)

of stimulus-information. A changed access of transcription factors is modulating

recall (RCL). These are mechanisms of the epigenetic memory (Sect. 2.2.2; Fig. 2

in Thellier and Lüttge 2013), which is one of the possible pathways of signal

transduction in the priming and in the STO/RCL memory (Fig. 1; Fig. 3 in Thellier

and Lüttge 2013; Hütt et al. 2015; Thellier 2015). Moreover, it is likely that

“priming memory” can be interpreted using a similar conceptual model of func-

tioning (Thellier 2015).

2.3.4 Memory and Developmental Phenological Phases

In rhythmic phenomena which normally are oscillations, a phase is a rhythmically

occurring specific point or state be it in developmental cycles or any other shorter

type of oscillation. Phenology relates developmental phases of plants to the times

when they are expressed. Stress treatments in particular phenological phases during

earlier stages of development can become effective at later stages or phases with

transition periods in between such stages. This means that development is not

simply a cumulative expression of genetically preprogrammed events (Amzallag

2002, 2005). Complex links exist between development and adaptation. Evidently

memory is involved. An example is the memory-regulated meristem formation in

flax seedlings particularly active during April through June (Verdus et al. 1997; see

also section “Annual Fitness”). A fascinating challenge is posed for a thorough
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assessment of the role of memory in development as modified by the impact of

environmental signals. Clearly the experience of stress in an early developmental

phenological phase is stored. The signal for recalling it is the transition into a later

developmental phenological phase. The phenomenon has been particularly studied

with NaCl salinity as the stress signal and is of eminent ecological significance

(Sect. 4.2.5).

3 Rhythmicity and Memory

3.1 Ultradian, Circadian and Annual Rhythmicity

Rhythms of plants as of other organisms including man in time can cover a vast

range of period lengths. Basically we define ultradian rhythmicity having period

lengths shorter than the 24 h of the day, diurnal rhythmicity with the period length

of a day and infradian rhythmicity with period lengths longer than a day. When

diurnal rhythms run endogenously, i.e. under constant conditions independent of

external rhythms of environmental parameters, they normally do not have an exact

24 h period length but just a little shorter or longer than that. Therefore, these

rhythms are called circadian rhythms (from Latin circa and dies¼ day).

In the SR2 example of pricking cotyledons of Bidens in Table 1 and looking at

specific bud dominance, an inherent ultradian rhythmicity can be observed. When a

plant is subjected to two successive stimuli (one of which is dissymmetrical,

consisting of pricking only one of the two cotyledons), the RCL function exhibits

a damped oscillation “on/off” according to whether the delay between the two

stimuli is close to 1 h or 8.5 h or larger than 14 h (RCL “on”) or close to 3 h or 12 h

(RCL “off”; Desbiez et al. 1991; and see Hütt et al. 2015 for a theoretical approach).

Again with SR2 under the experimental conditions used, the RCL function is “on”

or “off” according to whether plant decapitation has been carried out in the morning

or in the middle of the day (Desbiez et al. 1986, 1991; Thellier and Lüttge 2013).

Finally, with SR3 (Verdus et al. 1997), when using plants all subjected to transient

Ca2+ depletion, a very significant increase of the production of meristems was

observed to take place in the period of April to June whether these plants were

stimulated or non-stimulated. However, the number of meristems produced

remained at least 5–10 times larger in the stimulated than in the non-stimulated

plants. By contrast, when using plants nonsubjected to transient Ca2+ depletion, the

number of meristems produced was always close to zero, whether the plants were

stimulated or not and whatever the period of the year. From all these data, it may be

inferred that the RCL function is linked (1) with an ultradian rhythm of the plant,

reset by the dissymmetric stimulus, (2) with a circadian rhythm and (3) with an

infradian annual rhythm (Fig. 2).
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3.2 Circadian Clock and Memory

Memory is related to functions of timing. Therefore, it should be expected that the

biological clock is part of mechanisms of memory. What are the relations between

clocks and memory? A clock allows measuring the flow of time. However, as such

this has nothing to do with memory. However, a clock becomes part of the structure

and function of memory if it contains specific points set at a certain time at which

recall functions are alerted. A familiar example of such set points is an alarm clock

set on a specific point in time. It is a reminder because it causes us to remember. In

the biological circadian clocks reflecting the natural day–night rhythms with period

lengths close to 24 h when running free under constant environmental conditions

(Lüttge 2003), genes are involved that label set points. Among the master genes of

the clock CIRCADIAN CLOCK ASSOCIATED (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY) are expressed in the morning (morning genes) and TIMING
OF CHLOROPHYLL a/b BINDING (TOC1) in the evening (evening genes). There

are further morning and evening elements functioning as transcription factors

(e.g. Kikis et al. 2005; Harmer and Kay 2005; McClung 2006; Nakamichi 2011).

Downstream of these genes, a vast number of other genes are controlled by the

clock, the so-called clock-controlled genes (CCGs). A plethora of plant functions

are under the regime of the clock including complex processes such as growth

(Farré 2012). Thus, there is a complex machinery of set points determining phases

in the rhythmic oscillations of the clock.

The set points are affected by storage in the memory. Setting the clock is a result

of entrainment (Dixon et al. 2014) by environmental ecologically relevant factors.

The most obvious example is the exact operation of clock-dependent functions in

the entrainment by the natural 24 h rhythm of the day. When the phases of external

environmental rhythms change, new entrainment will change the set points. The
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recall function of the STO/RCL memory breaking the symmetry of bud growth

after stimulation of cotyledons is dependent on diurnal timing (Table 1).

The molecular basis has to be assessed at the level of genes involved in the phase

relations of resetting the clock. Genes giving phase information (Michael and

McClung 2002) and phase mutants (Onai et al. 2004) have been identified. In

Arabidopsis an OUT OF PHASE 1 gene has been characterized (Salomé

et al. 2002). Phase variations in populations are studied (Darrah et al. 2006).

However, much more work is needed, precisely addressing the links between

memory, clock and environmental responses at the molecular level.

The most relevant signals eliciting phase shifting, entrainment and resetting the

circadian clock in plants are light, temperature and for rhythms of photosynthesis

also CO2 (Lüttge 2003). The responses to the signals in resetting are dependent on

the phase of the rhythms, i.e. it matters at which time during oscillations the phase

shifting signals are applied. This means that there is the so-called gating, i.e. that the

input pathways to the clock are not constantly open over the entire 24-hour period

of the day for the reception of the environmental signals (Edmunds and Tamponnet

1990; Rikin 1991; Johnson 1992; Millar and Kay 1996; Millar 1999; McWatters

et al. 2000; Covington et al. 2001). The predominant light signals are blue and red

light with cryptochrome and phytochrome, respectively, as their photoreceptors

(see Table 2 in Lüttge 2003 with references; Devlin 2002; Wenden et al. 2011) and

green light in Chlamydomonas reinhardtii (Forbes-Stovall et al. 2014). Marking

new set points for the memory by clock resetting under the influence of these

environmental control parameters demonstrates close relations between clock and

memory in ecophysiological performance.

4 Ecophysiological Functions That Require Memory

and Clock

4.1 Adaptation, Acclimation and Memory Functions

In conditioning for ecological and ecophysiological performance of plants, we

distinguish adaptation and acclimation (Wilhelm and Wirth 2015). Adaptation is

a long-term process. It builds up during evolution and is secured in the form of

genetically stored information. Acclimation is based on expression of present

instruction and modulation of phenotype via transcription, translation and the

control by metabolites. This requires induction by perception of signals. If we

accept that acclimation in general includes memory, of course, this leads us to

consider memory as a fundamental quality in ecology. Such a general relation

implies that there will be a plethora of examples for memory in the ecological

performance of plants.

Induction can result in immediate responses by direct activation. However,

induction can also involve the priming and the STO/RCL memory. This evidently
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is a matter of temporal dynamics. An example illustrating this is given by responses

of defence. They can be activated directly upon attack. Then, obviously no memory

functions are involved. Conversely, activation of defence can follow induction and

priming indirectly after a certain lapse of time when an attack of predators,

herbivores or parasites is a later event, but plants appear prepared or acclimatized

to it (Conrath et al. 2001; Conrath 2009, 2011). An example is the cell-content-

feeder Tupiocoris notatus, which by its feeding on tobacco plants elicits greater

mortality of attacking hornworm (Manduca sexta) (Kessler and Baldwin 2004;

Voelckel and Baldwin 2004; Gális et al. 2009). Similarly, chronically enhanced

tropospheric ozone impact can prime against intermittent pathogenic interference,

delaying or reducing infestation under controlled and field conditions in woody

plants, irrespective of ontogenetic stage (Bahnweg et al. 2005; Luedemann

et al. 2005, 2009; Olbrich et al. 2010), as both kinds of stress act through oxidant

release (Matyssek and Sandermann 2003; Matyssek et al. 2008). In such context

authors have also spoken of “immunity” and “vaccination” as a certain kind of

memory.

4.2 Examples of Ecophysiological Performance Requiring
Memory and Clock

In this section we address some specific ecophysiological examples at various

scales beginning with the molecular level. Circadian clock genes act in stress

responses (Kant et al. 2008). The epigenetic memory (Sect. 2.2.2) is explicitly

involved in many ecophysiological functions. While we have seen that memory and

clock can be intimately related (Sect. 3.2), it is noteworthy also to outline their

participation in conveying fitness. Fitness is much more than Darwinian reproduc-

tive success. Among many aspects of plant performance, it also requires compet-

itiveness given by growth (see zu Castell et al. 2016), where timing is essential on

the levels of both diurnal and annual entrainment. Furthermore, other selected

phenomena of memory functions in ecological performance will be addressed.

4.2.1 Examples for the Molecular Level: Induction of Mechanisms

of Membrane Transport

Transport across membranes is of great ecophysiological importance, e.g. for the

acquisition of substrates. A well-known example worked out at the molecular level

is the regulator-operator model of François Jacob and Jacques Monod (Nobel Prize

1965; see textbooks, e.g. Lüttge et al. 2010). When cells of the bacterium

Escherichia coli are grown in the absence of β-galactosides, e.g. lactose, a capacity
to use these as substrate for growth is not expressed. When lactose is added, a

membrane transporter lactose-permease and a β-galactosidase that splits the lactose
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in its hexose moieties glucose and galactose for further metabolism are induced.

This occurs because lactose inactivates a repressor of the operator blocking the

transcription of the genes of the operon coding the permease and the

β-galactosidase. When the substrate lactose is removed, the cells will remember

that they can metabolize lactose for a certain time as seen when the substrate is

added again. The repressor is coded by a regulator gene. In the absence of lactose

after some time, this gene will lead again to the production of active repressor, so

that the previous experience of lactose will be forgotten. Hence, even prokaryotes

have memory. In the eukaryotic cells of Chlorella vulgaris, a memory of glucose

uptake was demonstrated (Tanner 1969; Tanner et al. 1970). The capacity for

uptake is not expressed in the absence of glucose. When glucose was added to

the medium, an uptake was induced within 20 min. When glucose was subsequently

removed, 10 h later glucose-uptake capacity was still active. However, the memory

did not last for much longer. After 13 h glucose-uptake capacity had been forgotten

and needed to be induced again.

Both examples illustrate a molecular memory important for acclimation to the

use of substrates available in the environment. Expression of products of transcrip-

tion (mRNA), translation (proteins, enzymes) and regulatory metabolites consti-

tutes store functions of memory. As long as the respective products are present and

active, the events which led to their production will be remembered. When turnover

results in their disappearance, the functions of induction, priming and storage will

be lost with them.

4.2.2 Examples of Epigenetic Changes in Response to Environmental

Cues and Their Inheritance

Epigenetic modifications of methylation patterns of histone and chromatin and,

hence, the epigenetic memory have been shown to be involved in responses to

stresses by salt (Wang et al. 2010), drought (Bruce et al. 2007; Baek et al. 2011;

Ding et al. 2012; Kinoshita and Seki 2014), heat (Kinoshita and Seki 2014; Li

et al. 2014), nutritional limitation, e.g. nitrogen deficiency (Kou et al. 2011), as well

as herbivores and pathogens each inducing biochemical defences (Gális et al. 2009;

Verhoeven et al. 2010), and virus infection (Kathiria et al. 2010).

The regulation of methylation patterns following stress reception involves

chemical signals such as by phytohormones, electrical signals and calcium waves

(Trewavas 2003; Thellier et al. 2013). These signals may transcribe into particular

RNA signals by stress-induced expression of microRNAs, for example, under

salinity, drought, low relative air humidity, cold and herbivore stress (Matzke

et al. 2001, 2007; Sunkar and Zhu 2004; Gális et al. 2009; Shen et al. 2010;

Yaish et al. 2011; Kinoshita and Seki 2014). Small interfering RNAs (siRNAs) of

a length of 24–26 nucleotides direct DNA methylation and histone modifications

(Richards 2006; Zhang et al. 2006; Bond and Finnegan 2007; Saze 2008; Zhang

2008; Chinnusamy and Zhu 2009). Small RNAs are mobile in the symplast via

plasmodesmata and in the phloem. They can be transmitted within plants and
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function as systemic signals produced by stress (Saze 2008). Rasmann et al. (2012)

demonstrated that Arabidopsis and tomato plants that experienced herbivory were

more resistant to subsequent attack in the next generation. The induction of the

defence process is dependent on the phytohormone jasmonic acid and the biogen-

esis of siRNA priming progeny plants for enhanced resistance.

4.2.3 Fitness

Diurnal Fitness

Logical common sense takes endogenous circadian rhythmicity as being essential

for fitness because it provides preparedness or alertness for regularly changing

conditions in the day–night rhythm. Some studies support this argument. Plants take

advantage from circadian control of photosynthesis and physiological performance

in general (Dodd et al. 2005; Hotta et al. 2007; Yerushalmi and Green 2009). The

advantage of fitness to possess the suitable endogenous period length of rhythmicity

matching with external rhythmicity was suggested by some work using period

mutants showing entrainment of competitive fitness. Golden and collaborators

obtained mutants of the cyanobacterium Synechococcus elongatus PCC7942 hav-

ing different circadian periods of their endogenous clocks. They grew them in

coculture under different external light-dark rhythms. The mutants having the

correct endogenous period, i.e. closest to the imposed external light-dark rhythms,

outcompeted the others during growth in the cultures. This competitive advantage

disappeared in constant environments where the selective pressure of external light-

dark rhythms was removed (Ouyang et al. 1998; Johnson and Golden 1999; Woelfle

et al. 2004). Yerushalmi et al. (2011) crossed Arabidopsis thaliana mutants with

different circadian period lengths and studied the F2 and F3 generations which they

subjected to the selective pressure of altered external light-dark-cycle periods.

Endogenous circadian rhythms that resonated with the environmental ones were

positively selected. Nevertheless, a match of internal circadian period with external

rhythmicity does not appear to be sufficient for guaranteeing positive clock effects

on growth and competitiveness. The relationships are much more complex, which

results from an interplay between the clock and metabolism. Metabolites can affect

resetting of the clock where especially sucrose plays a dual role as signal and

metabolite. In a feedback loop the circadian clock controls metabolism and is

controlled by metabolites (Müller et al. 2014).

Annual Fitness

At latitudes north and south from the equator, the duration of the light period

(or photoperiod) during the 24 h day changes over the year; the phases of the

photoperiod change between short and long days or long and short nights. Changing

entrainment in response of the transition between short days and long days allows
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flexibility of responses to phases (Dixon et al. 2014). For obtaining annual fitness

plant growth and development, frost hardiness, flowering and seed production are

subject to regulation by the photoperiod. Phase adjustment of the biological clock is

an essential mechanism in photoperiod perception, where phytochrome acts as the

photoreceptor (Frankhauser and Staiger 2002; Roden et al. 2002; Love et al. 2004;

Ogudi et al. 2004; Fujiwara et al. 2008; Lüttge and Hertel 2009; Niwa et al. 2009;

Ibá~nez et al. 2010). The overwhelming evidence for the absolute necessity of the

biological clock for plant fitness is provided by a huge volume of literature on

photoperiodism and phenology. In experiments on epidermal meristem induction in

flax seedlings, it was shown that the STO/RCL memory is involved. A stimulus

induces the storage of meristem-production information (STO function), and a

transient depletion of calcium enables the seedlings to recall stored information

and let it take effect in the promotion of meristem production (RCL function). This

is subject to seasonal modulations. The memory-controlled meristem formation is

particularly active in April to June (Verdus et al. 1997; Sect. 3.1; Fig. 2), suggesting

annual rhythmicity to be involved and ecologically relevant for growth and com-

petitiveness. Hence, overall we can conclude that seasonal phenological memory is

stored in the clock.

4.2.4 Photosynthesis

Photosynthesis is the foremost ecophysiological function of plants under the influ-

ence of primarily the impact of photosynthetically active radiation (PAR) and

secondarily a broad array of almost all other prevailing environmental cues. In

the context of memory in ecology, it is worthwhile to explore the involvement of

memory functions in the ecophysiology of photosynthesis. Photosynthetic memory,

as far as we can see, has not been addressed in the literature, but we can refer to

some phenomena in which priming or storage and recall of information must

obviously be involved.

In general activation–deactivation equilibria of metabolic activities, e.g. of

enzymes, may imply memorization. This is the case if there is turnover with on

and off states, respectively, being stable for some time in the absence of activation–

deactivation elicitors (see also examples of membrane transporters in Sect. 4.2.1).

In photosynthesis ribulose-bisphosphate carboxylase/oxygenase (RUBISCO) may

be an interesting example for exploration in memory studies. The enzyme is active

in the form of RUBISCO-carbamate-Mg2+ and needs carbamylation by binding of

CO2 plus Mg2+ as catalysed by RUBISCO activase (Buchanan et al. 2000; Portis

2003).

When we take a photosynthetically active plant sample from darkness and

subject it to gradually increasing PAR, we can record hyperbolic light saturation

curves of photosynthesis saturating at a certain level of high PAR. When we then

decrease PAR again, we may observe hysteresis where the rates of photosynthesis

are lower during the descent of PAR than at any given PAR during the ascent. The

plant memorizes that it has been at these PARs before but responds in a different

Roles of Memory and Circadian Clock in the Ecophysiological Performance of. . . 89



way. The reason is that it has become subject to photoinhibition at high PAR. This

elicited protective molecular changes within the photosynthetic apparatus (Osmond

and Grace 1995), which may be stable for some time at low PAR and in darkness

reminding to the high PAR experienced before.

Photoinhibition can be acute, i.e. reversible within short periods of time up to the

length of a nocturnal dark period, or chronic, i.e. irreversible or only reversible after

long periods of repair. Chronic photoinhibition at high irradiance is due to

photodestruction. However, not always photoinhibitory reactions are right out

destructive. By contrast, there is a cascade of mechanisms leading to acute

photoinhibition but functioning in protection of the photosynthetic apparatus

under high irradiance (Figs. 10–14 in Lüttge et al. 2010). Some of the

photoprotective mechanisms are based on conformational changes of the photo-

synthetic apparatus, providing acclimation which is subject to turnover. Thus, acute

photoinhibition appears as an instructive case for being viewed under the perspec-

tive of memory, demanding for further unravelling priming and STO/RCL

functions:

– Spill over of excitation from photosystem II (PSII) to photosystem I (PSI) is a

protective mechanism based on the reversible separation of the light-harvesting

complex LHII from PSII and its transfer from the grana thylakoids to the stroma

thylakoids towards PSI. The reaction is mediated by a kinase phosphorylating

LHII. Reversibility and turnover are given by dephosphorylation catalysed by a

phosphatase (Jennings et al. 1986).

– Another mechanism with turnover is aggregation/dissociation of the LHII com-

plex. This is based on the binding of the xanthophyll zeaxanthin replacing lutein,

under involvement of the thylakoid protein PsbS. Conformational changes

modify the structure of LHII so that it switches from a light harvesting to a

heat dissipation state dispersing harmful excess of excitation energy (Bilger and

Bj€orkman 1994; Horton et al. 1994, 1996; Gilmore and Yamasaki 1998; Gilmore

et al. 1996, 1998; Gilmore 1997; Gilmore and Govindjee 1999; Holt et al. 2005;

Horton and Ruban 2005; Goss and Lepetit 2015).

– The D1 protein of LHCII is involved in transferring excitation to plastoquinone.

The protein is damaged and destroyed under harmfully high irradiance. The

repair requires protein synthesis. The protein is under continuous turnover,

although only at low irradiance destruction and repair are balanced. At high

irradiance destruction exceeds repair (Critchley and Russell 1994; Tyystjärvi

and Aro 1996; He and Chow 2003).

A conspicuous example of memory in photosynthesis is the acclimation to light

flecks on the floor of forests. Under the trees the solar irradiance reaching the forest

floor is only a few percent of the irradiance at the upper canopy. However, light

flecks occur when movements of leaves in the wind or the changing angle of

irradiance allow direct light penetration through gaps in the canopy cover for

intermittent periods of time. In tropical rain forests, light flecks may provide up

to 80 % of the total irradiation reaching the forest floor, and their intensity varies

between 10 % and 70 % of that of full sunlight (Lüttge 2008). Ecologically they are
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highly important for photosynthesis of the forest floor vegetation. When a sudden

light fleck arrives after plants were at low-background irradiance, the photosyn-

thetic apparatus must be activated and stomata must open for CO2 uptake. Excita-

tion of the photosynthetic apparatus is immediate, and activation of the electron

transport reactions occurs within seconds to minutes. However, activations of

stomatal opening for CO2 uptake, of the reactions of CO2 assimilation through

RUBISCO and of Calvin-cycle enzymes, and the filling of pools of intermediates

are sluggish with time constants of 10–30 min (Sassenrath-Cole and Pearcy 1992).

The advantage of the slower induction processes is that they also are subject to

slower decay, and this is the mechanism of memory in this case. The use of the

energy from light flecks by photosynthesis accelerates with time when short light

flecks alternate with low-background irradiance. Conditioned or induced leaves

have considerably higher light use efficiency than non-induced ones (Pearcy

et al. 1985; Sassenrath-Cole and Pearcy 1992; Valladares et al. 1997). Such

memorizing of previous light flecks under the dynamic light environment on the

forest floor is essential for the persistence of plants under closed canopies.

4.2.5 Tolerance of Osmotic Stress and Salinity

The clock and memory have been shown to be involved in plant responses to

osmotic stress and salinity. Osmotic stress at the level of barley roots

up-regulated expression of clock genes which control the expression of stress

response genes (Habte et al. 2014). When young seedlings of different species,

such as tomato and Sorghum bicolor, are subjected to sublethal salinity, stress

response will be modulated during subsequent phenophases in development.

Amzallag and coworkers (Amzallag et al. 1993, Amzallag 2005) found that in

S. bicolor, there was a developmental window during the 5th and the 10th day

following germination. After being treated during this particular period with mild

salinity of 150 mMNaCl, the plants remembered this at later stages by proving to be

resistant to 300 mM NaCl. This also changed other aspects of development,

e.g. perturbing reproductive development. Signal and response occurring during a

critical period may be adaptive for some aspects of development and disturbing for

others.

4.2.6 Memory of Pollution Events

Some perennial plants like conifers have been shown to memorize events of

pollution such as the effects of acid rain and ozone on photosynthesis. When

seedlings of loblolly pine (Pinus taeda L.) were exposed to such stress, their

ozone memory was expressed in the following season before they experienced

any further stress (Sasek et al. 1991). Similar memorizing of ozone exposure was

recorded in Pinus sylvestris (L.) and Picea abies ((L.) Karst.). The new flush

appearing during spring after ozone exposure in the previous growing season
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showed visible stress symptoms including premature shedding of needles

(Langebartels et al. 1998).

4.2.7 Signalling by Volatile Organic Compounds

Signalling triggers induction. Both are elements in the functioning of memory.

Among the signals eliciting induction are volatile organic compounds (VOCs) of

plants. There is a large variety of such compounds, including gaseous phytohor-

mones (pheromones) like ethylene and methyl jasmonate, as recently surveyed in a

special issue of “Plant, Cell and Environment” (Loreto et al. 2014). VOCs have

signalling functions between different plant species, between individuals of given

species and even within given individual plants avoiding vascular constraints of

signal transport (Conrath 2009; Gols 2014; Karban et al. 2014). VOC signals play a

prominent role in plant defence. Herbivore-triggered plant VOCs lead to induced

defences (Kessler and Baldwin 2002; Conrath 2009; Dicke 2009; Pierik

et al. 2014). Inducible defences are of eminent relevance in ecological contexts.

In cases of induction of defence genes and “increased accumulation, and/or post-

translational modification of inactive cellular signalling proteins”, a molecular

basis of memory in ecology becomes accessible (Conrath 2009). “Dormant signal-

ling proteins” thus are memory molecules.

4.2.8 Signalling by Vibrations

The VOC systems of long-distance signalling pathways can be complemented by

other signals, e.g. vibrations caused by caterpillar feeding. In Arabidopsis thaliana
such signalling induced the production of increased levels of anti-herbivore com-

pounds such as glucosinolate and anthocyanin when subsequently attacked by

caterpillars. The plants can even distinguish between different specific vibration

signals and discriminate between the chewing vibrations and wind or insect song

(Appel and Cocroft 2014).

5 Ecophysiological Potential of Plant Priming and Store/

Recall Memory

5.1 Potential of the “Priming” Form of Plant Memory

Plants are subject to many signals in their environment that occur repeatedly. Some

of these signals are relatively innocuous, and reactions to them would be quite

unnecessary and detrimental as wasting resources and energy. Thus, an ecological

memory function is to remember irrelevant signals for filtering them out. Priming
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memory is suited to that since the repetition of a stimulus can change the transduc-

tion of subsequent stimuli of the same type in a way tending to diminish the

intensity of the plant response (see the examples of wind stimulus and cold shock

in Sect. 2.3.2). By analogy with the animal case, such a plant behaviour may be

termed “familiarization” or “habituation”. As an example, the leaf-folding behav-

iour of Mimosa pudica elicited by the mechanic signals from trampling herbivores

is thought to be a defensive reflex of the plants to avoid being seen and readily

exposed to the herbivores. However, it is costly because in the folded state,

photosynthesis is drastically reduced. Thus, there is a trade-off between protection

and productivity at low and limiting photosynthetically active radiation (PAR). At

high PAR this may be less inflictive than at low PAR. To test this, Gagliano

et al. (2014) compared the response of plants kept under low- and high-PAR

environments, respectively. They found that the low-PAR plants learned faster to

ignore the stimulus and retained the memory of this longer, i.e. for up to a month

when undisturbed, than the high-PAR plants. For the low-PAR plants, the response

to the stimulus leading to a reduction in photosynthesis is more severely disadvan-

tageous and non-adaptive than for the high-PAR plants.

Conversely, memory is important for remembering grave signals to react more

violently to them (Lodish et al. 2000). Again, priming memory is suited since the

repetition of a stimulus can change the transduction of subsequent stimuli of the

same type in a way tending to increase the intensity of the plant response. See the

example with Arabidopsis, in which hyperosmotic-stress pretreatment amplifies the

increase of cytosolic calcium due to hyperosmosis (Sect. 2.3.2). By analogy with

the animal case, such a plant behaviour may be termed “sensitization”. Many

examples come from priming in defence physiology (Conrath 2009; Pastor

et al. 2013) where the signals are mechanical and chemical injury associated with

herbivory and phytopathology (Baluška and Ninkovic 2010; Bruce 2010; Heil

2010; van Hulten et al. 2010). Defence priming involves enhancement of molecular

mechanisms having many analogies with immunology (Conrath 2011; Rasmann

et al. 2012).

Signals can also become grave when the repetition of stimuli changes the

response to other types of stimuli. The intensity of a reaction to new types of

stimuli can be altered by previous stimuli of another nature. An example is when an

oxidative-stress pretreatment reduces the elevation of cytosolic Ca2+ due to

hyperosmosis (see Sect. 2.3.2).

Thus, the ecophysiological advantage for a plant to possess priming memory is

evident. When such kind of memory is involved, the response is rapid, similar to a

direct response (see Sect. 2.3.1), although negative or positive modulation is

possible. Familiarization-like effects permit the plant to ignore harmless stimuli

and thus to economize the cost of elaborating a full defence response to a

non-dangerous stimulation. Conversely, sensitization-like effects can produce

increasingly rapid and violent responses to harmful stimuli. More sophisticated

effects occur when the perception of a first stimulus modulates the intensity of the

response to a subsequent stimulus of different nature.
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5.2 Potential of the “Store/Recall” Memory Functions

The ecophysiological advantage for a plant to possess store/recall memory lays in

the individual properties of the two functions STO and RCL and their combined

effect.

5.2.1 Ecophysiological Significance of the Storage Function

Concerning the STO box, two facts are of primary importance: (1) that what is

stored after the perception of a first stimulus is a sort of instruction for the response

to that stimulus and (2) that subsequent stimuli will modulate the intensity, and

perhaps also the nature, of the programmed response. The STO/RCL memory can

thus progressively elaborate an integrated, updated programme of response to the

ensemble of stimuli that the plant has perceived during the preceding course of

time. Such integration will be much more efficient than responding separately to

each individual stimulus. It will efficaciously contribute to plant acclimation to the

climatic conditions prevailing at the place where it has rooted.

However, the ecological advantage of the programmed responses to stimuli is

sometimes questionable in systems such as SR1 to SR3 (cf. Table 1). For instance,

what can be the advantage of specifying the dominance between the cotyledonary

buds in response to cotyledon pricking or of responding to manipulation stimulus

by producing meristems in the hypocotyl? The reason is that at the outset of plant-

memory research, simple and strictly controllable conditions had to be used to be

able to prove the very existence of memory and describe its basic functions in view

of the great reservations of many people to accept such a property of plants. Plants

thus have made unexpected responses to unusual environmental conditions,

i.e. differing from natural site scenarios.

Ecologists have stressed the importance for a plant to adjust the allocation of its

(usually limited) resources to its main living activities in order to optimize its

probability of survival and reproduction (Herms and Mattson 1992; Gayler 2010;

Gayler et al. 2006, 2008; Matyssek et al. 2012). We may assume as a working

hypothesis that the stored information, permitting the elaboration of an integrated,

updated response to the variety of stimuli perceived by the plant in the course of

time, is in fact an instruction for an optimized allocation of the plant resources to its

principal living activities. It will be rewarding to explore if stored information

vanishes after each generation or if cases of trans-generational information conser-

vation exist.

5.2.2 Ecophysiological Significance of the Recall Function

Thanks to the RCL function, a stored instruction of response will not be expressed

at any arbitrary time but only when an appropriate stimulus or external conditions
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have enabled the plant to recall the stored instruction and let it take effect. The RCL

function can thus synchronize the release of the memorized response with the

occurrence of a particular environmental event. The RCL function being linked

with ultradian, circadian and annual rhythms of the plant (Sect. 3.1) means that it

can similarly synchronize the release of the memorized response with the occur-

rence of a particular internal event. Since a plant can repeatedly recall a stored

instruction of response, the RCL function is able to synchronize the release of the

memorized response with different external and/or internal events occurring at

different times.

5.2.3 Ecophysiological Significance of the Combined Effect

of the Storage and Recall Functions

We have seen above (section “The Storage Function”) that (1) information storage

induced by cotyledon pricking was corresponding in fact to the storage of a sort of

instruction of growth reduction in the hypocotyl of very young Bidens seedlings and
to the storage of an instruction of dominance specification in the cotyledonary buds

of slightly older Bidens seedlings and (2) the plants were enabled to recall the stored
instructions by being subjected to different external events or conditions. Hence,

same types of stimulus can induce the storage of different instructions of response

in the different plant tissues, so that plants are enabled to recall these stored

instructions of responses at different times in different tissues. A store/recall

memory thus supplies an extreme variety of possibilities to a plant to adjust its

response to stimuli. Hence, the plant can keep track of the progress in internal and

external processes possibly occurring at different times across different tissues.

5.3 Ecophysiological Significance of the Combined Effect
of Priming and Store/Recall Memory

Although published data usually deal with the study of either the priming or store/

recall forms of memory, it is likely that plants operate both forms simultaneously.

In that case, with the priming memory plants would be able to adjust their response

intensity to the dangerousness of the signals perceived. Simultaneously with the

store/recall memory, they could elaborate an integrated, updated response to the

entirety of the environmental stimuli (especially the climatic stimuli) and synchro-

nize the response to any particular internal or external event including ultradian,

circadian or annual rhythms of the plant. Instead of appearing as a sort of cock-and-

bull story, the equipment of plants with priming and store/recall memories could

thus play a major part in optimizing plant response to aggressions and climatic

hazards. Experimental clarification is required for strengthening such interpretation

of plant memory. However, a straight explanation is offered already right now of
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the fact that plants can manage to survive under possibly awkward conditions that

may prevail at rooting sites.

6 Conclusions

Originally, researchers have been mainly interested in proving that memory capac-

ities exist in plants and in unravelling the main characteristics of plant memory

(Thellier et al. 1982). Incidentally, with this work it has been observed early that

these properties of the plant memory enabled them to produce a sophisticated and

efficacious mode of adapting to the conditions at the places of rooting. Now, time

has come to assess specific ecological advantages that the possession of a memory

can confer to a plant for the adaptation and acclimation to the environment.

Exploring such dimensions was the aim of this assay. Plants have a variety of

ways to store ecologically relevant information for memorization. Turnover of

pools of metabolites, of conformation states of individual enzymes or multi-

protein-subunit enzymes and of transcript levels provides mechanisms of memory.

This particularly holds true for the priming memory. The complex STO/RCL

memory involves STO and RCL genes as incorporated in our model of memory

(Thellier and Lüttge 2013), and epigenetic modifications are substantial mecha-

nisms of memory (Fig. 1). The more we survey adaptations and acclimations to

environmental signals and stress which are often stable over non-stressful intervals

and even generations, the more examples we find of memory functions which are

controlling and regulating ecological performance of plants. It is clear that memory

of plants is not an occasional episode but a fundamental property of plant life

governing ecological comportment. This is also a challenge for future research on

specific examples of physiological and biochemical ecology for unravelling molec-

ular mechanisms of memory. The ultimate aim is the understanding of functional

linkages resulting in theory building and computer simulations of plant internal

networks with the functions of memory and the biological clock (Hütt et al. 2015).

Natural selection has equipped animals and plants with memory. The underlying

mechanisms are completely different, based on the existence and lack of a nervous

system, respectively. Strategies of information management are different. Animals

are able to change their location to feed, escape predators and, more generally, look

for environmental conditions suited to their metabolism and mode of life: their

memory helps them to orientate in space and time during migratory explorations.

Evolution yielded sophisticated results as in the case of higher species and humans.

By contrast, plant strategies consist of adapting their metabolism and development

to the environmental conditions at rooting sites. To do that plants must be able (1) to

perceive the stimuli and stresses issued from their environment and (2) to create a

response optimizing probabilities of survival and reproduction, which requires

memorization at various spatiotemporal levels of structure and function. Many

processes at the genetic and molecular, the metabolic and the physiological levels
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are involved in plant memorization and make up parts of the hardware structure as

well as the operational software functioning of memory.

All living beings that have biomembranes, polynucleotides and proteins have the

molecular basis to develop memory, and this includes prokaryotes (Thellier and

Lüttge 2013). Memory is a fundamental property of all life. Therefore, we should

not be surprised that being equipped with memory is essential for the ecological

performance and persistence of plants in their environment.
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Roden LC, Song H-R, Jackson S, Morris K, Carré IA (2002) Floral responses to photoperiod are

correlated with the timing of rhythmic expression relative to dawn and dusk in Arabidopsis.
Proc Natl Acad Sci USA 99:13313–13318

Roux D, Vian A, Girard S, Bonnet P, Paladian F, Davies E, Ledoigt G (2006) Electromagnetic

fields (900 MHz) evoke consistent molecular responses in tomato plants. Physiol Plant

128:283–288
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