Jacques Demongeot 
email: jacques.demongeot@yahoo.fr
  
Hana Hasgui 
  
Michel Thellier 
  
Memory in plants: Boolean modeling of the learning and store/recall memory functions in response to environmental stimuli

Keywords: Plant memory, Genetic control, Learning function, Store function, Recall mechanism

This paper presents a new model of memory functions in plants, which improves the previous approaches done by René Thomas and colleagues. We have decomposed the plant memory processing into three main functions: learning, storing and recalling. We propose as main mechanism for these three functions the occurrence of a calcium wave consecutive to an environmental stimulus, followed by the activation of specific genes and proteins changing their phosphorylated state. Feedback is ensured by Calcium Dependent Protein Kinases and oxidative phosphorylation.

Introduction

Plants are sensitive to a great variety of stimuli such as wind, rain, touching, light, photoperiod (length of daylight), cold shock, heat shock, drought, wound inflicted by herbivores, attack by pests and even electromagnetic radiation including that emitted by mobile telephones [START_REF] Tafforeau | SIMS study of the calcium-deprivation step related to epidermal meristem production induced in flax by cold shock or radiation from a GSM telephone[END_REF][START_REF] Tafforeau | Plant sensitivity to low intensity 105 GHz electromagnetic radiation[END_REF][START_REF] Vian | Microwave irradiation affects gene expression in plants[END_REF]. Most often the ultimate response of plants to such stimuli is a modification of metabolism, growth and/or morphogenesis, which may interest the whole plant or be local and sometimes at a distance from the stimulated area; in a few cases, movement observable with the naked eye may also occur (e.g., the Venus fly trap in Mimosa pudica). We intend in this paper to show that a memory-like functioning (with its steps of learning, storing and recalling) can explain these behaviours of plants. Neurons are responsible for memory functions in multi-celled animals, but simple one-celled organism like paramecium or multicelled organisms without neurons like plants can also learn, store and recall. For example, numerous studies observed paramecia escaping by swimming from capillary tubes, showing an ability of taking less and less time to escape, indicating the presence of a learning mechanism based on a short-term memory [START_REF] French | Trial and error learning in paramecium[END_REF][START_REF] Hanzel | Trial and error learning in paramecium: A replication[END_REF][START_REF] Applewhite | Tube-escape behavior of paramecia[END_REF][START_REF] Aufderheide | Formation and Positioning of Surface-Related Structures in Protozoa[END_REF][START_REF] Hennessey | Classical conditioning in paramecia[END_REF]. Evidence of a cytoplasmic signal being transmitted over hundreds of generations of paramecium without any genetic involvement suggests that the cytoskeleton (in particular microtubules) plays an important role in the information processing by the paramecium. It is different in plants, in which the hypothesis about the presence of a mnesic mechanism lies on the existence of a genetic control allowing the functioning of a memory as described in Section 2. Section 3 presents a conceptual model of this genetic regulation accounting for the experimental observations [START_REF] Applewhite | Tube-escape behavior of paramecia[END_REF][START_REF] Aufderheide | Formation and Positioning of Surface-Related Structures in Protozoa[END_REF][START_REF] Hennessey | Classical conditioning in paramecia[END_REF][START_REF] Knight | Transgenic plant aequorin reports the effect of touch and cold-shock and elicitors on cytoplasmic calcium[END_REF][START_REF] Trewavas | Le calcium c'est la vie: calcium waves[END_REF]. A first attempt of modelling the plant memory has been already achieved using both continuous differential and Boolean discrete equations [START_REF] Demongeot | Positive regulation circuits and memory[END_REF][START_REF] Demongeot | Positive feedback circuits and memory[END_REF][START_REF] Demongeot | A mathematical model for storage and recall functions in plants[END_REF][START_REF] Demongeot | Dynamical systems and biological regulations[END_REF][START_REF] Thellier | A logical (discrete) formulation model for the storage and recall of environmental signals in plants[END_REF][START_REF] Demongeot | Storage and recall of environmental signals in a plant: modelling by use of a differential (continuous) formulation[END_REF]. The present modelling uses the Boolean approach by R. Thomas [START_REF] Thomas | Boolean formalization of genetic control circuits[END_REF][START_REF] Thomas | General discussion on the simplifying assumptions in methods using logical, stochastic or differential equations; the ranges of applicability and the complementarity of the approaches[END_REF][START_REF] Thomas | The dynamic behaviour of Boolean systems comprising feedback loops[END_REF][START_REF] Thomas | On the Relation Between the Logical Structure of Systems and Their Ability to Generate Multiple Steady States or Sustained Oscillations[END_REF], who defined Boolean rules representing the kinetics of the genetic expression regulated by the products of this expression, i.e., the proteins [START_REF] Thomas | Boolean formalization of genetic control circuits[END_REF][START_REF] Thomas | General discussion on the simplifying assumptions in methods using logical, stochastic or differential equations; the ranges of applicability and the complementarity of the approaches[END_REF][START_REF] Thomas | The dynamic behaviour of Boolean systems comprising feedback loops[END_REF][START_REF] Thomas | On the Relation Between the Logical Structure of Systems and Their Ability to Generate Multiple Steady States or Sustained Oscillations[END_REF]. Some proteins, in general inside RNA-protein complexes, are activating the gene expression acting as transcription factors, other are inhibiting both the transcription and the translation. R. Thomas proposed to organize these interactions in a directed and signed graph expressing the logic assertions corresponding to these biological regulations. In this graph, he gave the first results concerning the influence of different kinds of circuits, positive (corresponding to a path on the graph coming from a gene and returning to itself by following an even number of inhibitory edges) or negative (corresponding to a path with an odd number of inhibitory edges). Different kinetic formalisms (with different transition functions, updating rules, boundary conditions, etc.) can be used for implementing a realistic dynamics of the genetic expression taking into account the gene interactions inside the Thomas' rules (indirectly through proteo-nucleic complexes or directly in case of small RNAs). Depending on the choice of a kinetic formalism (e.g., that of the threshold Boolean networks), an updating rule (e.g., a synchronous or sequential updating), R. Thomas shown fundamental relationships between the interaction graph structure and the occurrence of some asymptotic dynamical behaviours (called attractor) of expression: for example, he conjectured that the presence in the interaction graph of at least one positive loop was necessary for ensuring the occurrence of at least one oscillatory asymptotic behaviour (called limitcycle) of the genetic expression. This conjecture has been proved by several authors in case of both continuous and discrete transitions: the first proof has been given in discrete case by Snoussi [START_REF] Snoussi | Necessary conditions for multistationarity and stable periodicity[END_REF] and in continuous case by Demongeot and Cinquin [START_REF] Cinquin | High-dimensional switches and the modeling of cellular differentiation[END_REF]. In the present example, using as Boolean transition the Hopfield rule (Section 4), we show that the genetic expression dynamics has 3 attractors, where the most frequently observed, a limit-cycle, explains the essential of the memory mechanism. Eventually, after interpreting the results of the Boolean model simulations (Section 5) in comparison with the experiments, we discuss in Section 6 relationships between the present Boolean model and previous models of plant memory.

Mechanism of plant memory

Immediately after a plant is subjected to various stimuli, some sort of switch has to function within the plant revealing that the stimulus has been perceived and has engaged the plant into a sequence of processes leading to the ultimate response. This sequence of transduction of the external stimulation is due to many mechanisms involving plant hormones, mechanoreceptors, photoreceptors, pH changes, voltage sensitive channels, temperature sensitive molecules and many other molecular mechanisms. For the sake of simplicity, we will retain only one of its main component, the "calcium wave", i.e., an almost immediate, transient increase of the calcium concentration in the cytosol at the expense of calcium-rich internal pools and external calcium reservoir [START_REF] Knight | Transgenic plant aequorin reports the effect of touch and cold-shock and elicitors on cytoplasmic calcium[END_REF][START_REF] Trewavas | Le calcium c'est la vie: calcium waves[END_REF]. In the subsequent metabolic processes, steps (for the meaning of their abbreviations see Table 2) involve miR 159, ABA, CDPK, PFK and ATP [START_REF] Ankala | Integration of ethylene and jasmonic acid signaling pathways in the expression of maize defense protein Mir1-CP[END_REF][START_REF] Nguyen | How plants handle multiple stresses: hormonal interactions underlying responses to abiotic stress and insect herbivory[END_REF][START_REF] Cakir | Small RNA and degradome sequencing reveal important function in Astragalus chrysochlorus response to selenium stimuli[END_REF][START_REF] Li | High throughput microRNA and mRNA sequencing reveals that microRNAs may be involved in melatoninmediated cold tolerance in Citrillus lanatus L[END_REF][START_REF] Ormancey | CDPKsand 14-3-3 protein emerging duo in signalling[END_REF]. Moreover, gene locking/unlocking occurs due to many epigenetic changes [START_REF] Molinier | Transgeneration Memory of stress in plants[END_REF][START_REF] Bond | Passing the message on: inheritance of epigenetic traits[END_REF][START_REF] Chinnusamy | RNA-directed DNA methylation and demethylation in plants[END_REF], such as those induced by stimuli and stress [START_REF] Thellier | Plant memory[END_REF]. There are cases when different stimuli will lead to the same final response [START_REF] Verdus | Storage of environmental signals in flax: their morphogenetic effect as enabled by a transient depletion of calcium[END_REF] and other cases when the stimuli, or even one stimulus alone will lead to different responses [START_REF] Desbiez | Memorization and delayed expression of regulatory messages in plants[END_REF][START_REF] Desbiez | Effect of cotyledonary prickings on growth, ethylene metabolism and peroxidase activity in Bidens pilosus[END_REF][START_REF] Desbiez | Control of a symmetry-breaking process in the course of the morphogenesis of plantlets of Bidens pilosa L[END_REF]. The characteristics of the calcium wave (such as its amplitude and duration) are thought to help guide the plant towards the appropriate ultimate response [START_REF] Dolmetsch | Differential activation of transcription factors induced by Ca 2+ response amplitude and duration[END_REF][START_REF] Mcainch | Encoding specificity in Ca 2+ signalling systems[END_REF].

The plant may follow at least three different types of pathways from the stimulus perception to the ultimate response, whatever this response is: "straightforward" or STR (i.e., occurring almost immediately and without any dependence on the history of stimuli previously received by the plant) or involving memory processes of two sorts, "learning" or LRN and "store/recall" or STO/RCL [START_REF] Trewavas | Aspects of plant intelligence[END_REF]. It is likely (though still unproven) that the choice of the pathway towards the ultimate response also depends on the characteristics of the calcium wave. It is not known if the three pathways of response are totally independent or more or less connected.

In the learning (LRN) form of memory, the repetition of the same stimulus modifies the intensity of the response, either negatively ("familiarization") or positively ("sensitization"). Familiarization and sensitization effects are usually encountered with mild and dangerous stimuli, respectively [START_REF] Knight | A history of stress alters drought calcium signalling pathway in Arabidopsis[END_REF]. Quite often, previous identical stimuli change the effect of a new occurrence of the same stimulus already at the level and form of the calcium wave. For instance, in the "familiarization case", i) when young tobacco plants were subjected to a series of gusts of wind they ceased during approximately 1 min to produce a calcium wave after a new gust of wind [START_REF] Knight | Wind-induced plant motion immediately increases cytosolic calcium[END_REF], or ii) in young Arabidopsis plants, the intensity of the calcium wave induced by a cold shock was attenuated when this shock was preceded by prolonged or repeated cold treatments [START_REF] Plieth | Temperature sensing by plants: the primary characteristics of signal perception and calcium response[END_REF]. In the "sensitization" case, when an Arabidopsis plant was subjected to hyperosmotic stress, the calcium response was enhanced in plants previously subjected to hyperosmotic treatment [START_REF] Thellier | Plant responses to environmental stimuli. The role of specific forms of plant memory[END_REF].

An example of stimulus provoking an ultimate response is the cotyledon pricking in Bidens pilosus, which prevents the ulterior growth of the axillary bud on the same or on the opposite side than the pricked cotyledon. Briefly, Bidens seedlings exhibit an actively growing apex (or terminal bud) and two symmetrically opposite cotyledonary buds (i.e., the buds at the axil of the cotyledons). As long as the apex is present, it inhibits the growth of the cotyledonary buds: the phenomenon is called the apical dominance. However, after apex removal (seedling "decapitation"), the cotyledonary buds can start to grow. If one cotyledon have been stimulated (for instance, pricked), one of the seedling cotyledons (e.g., cotyledon A), i.e., delivering an asymmetrical stimulus, destroys the symmetry of the growth of the cotyledonary buds. More precisely, the stimulation of the seedling cotyledon A gives a statistical advantage of growing to the axillary bud B of the opposite cotyledon (the 'distal' bud) relative to the bud at the axil of the stimulated cotyledon (the 'proximal' bud). In a population of seedlings, this relative advantage of one bud upon the other can be measured by using the parameter g, equal to the difference (normalised by the total number of plants) between the number of plants where bud B starts growing before bud A and the number of plants where bud A starts growing before bud B. For instance, g = 1 corresponds to the extreme asymmetrical response when bud B is the first to start to grow in all plants, g = -1 to the other extreme asymmetrical response when bud A is the first to start to grow in all plants and g = 0 to the symmetrical response in which there is an equal number of plants where bud A or bud B are the first to start to grow.

When the cotyledon stimulation is carried out on non-decapitated seedlings, this has no externally apparent effect on plant morphogenesis. However, if the apical bud is finally removed, the cotyledonary buds start to grow with the same g-value as when cotyledon stimulation is carried out simultaneously to seedling decapitation. A 'symmetry-breaking signal' (initiated by cotyledon stimulation) thus has been stored -the 'STO' function presented in Section 2 -within the seedlings, without taking effect, during the time lapse between cotyledon stimulation and seedling decapitation. Apart from this STO function, the seedlings ate able to recall -the 'RCL' function presented in Section 2 -in such a reversible way (switched 'on' or 'off ') that the stored signal can take effect (i.e., causes the differential growth of the cotyledonary buds) only when this RCL function is 'on'. By successively switching the recall function, 'off', then 'on', then 'off' again, etc., the observed g values were close to zero, significantly above zero, close to zero again, etc. This shows that the stored symmetry-breaking signal can be repeatedly solicited, which is strikingly similar to the storage and evocation functions existing in animal and human brain [START_REF] Aufderheide | Formation and Positioning of Surface-Related Structures in Protozoa[END_REF][START_REF] Hennessey | Classical conditioning in paramecia[END_REF]. Table 1 presents the main experimental results, with the following meaning of symbols: xA = x corresponds to x pricks to cotyledon A; xA/xB = x corresponds to x pricks simultaneously to both cotyledons A and B; xA(yh)zB = x corresponds to x pricks to cotyledon A followed, y hours later, by z pricks to cotyledon B; bud A ≈ bud B, corresponds to no significant asymmetry in bud growth; bud B > bud A, corresponds to asymmetry in favour of bud B; bud A > bud B, corresponds to asymmetry in favour of bud A. TABLE 1: Experimental observations. The meaning of symbols is the following: xA ≡ x pricks to cotyledon A; xA/xB ≡ x pricks simultaneously to both cotyledons A and B; xA(yh)zB ≡ x pricks to cotyledon A followed, y hours later, by z pricks to cotyledon B; bud A ≈ bud B, no significant asymmetry; bud B > bud A, asymmetry in favour of bud B; bud A > bud B, asymmetry in favour of bud A. g = 1, extreme asymmetrical response when bud B is the first to start to grow in all plants, g = -1, extreme asymmetrical response when bud A is the first to start. The parameter g measures the intensity of the asymmetry: g = 1 corresponds to the extreme asymmetrical response when bud B is the first to start to grow in all plants, and g = -1 to the other extreme asymmetrical response when bud A is the first to start to grow in all plants. If g = 0, then there is no difference in axillary bud growth between the two sides.
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In the STR/RCL form of memory, one information unit issued from a stimulus perception is stored within the plant (store function turned "on"); however, this stored unit of information remains latent until, at a later time, some external or internal event enables the plant to recall that unit of information and let it takes effect on the plant metabolism and growth (recall function turned "on"). The stored unit of information is not the memory of the stimulus: it is rather an "instruction" commanding the response to be made to that stimulus by the plant (e.g., "inhibit hypocotyl growth" or "produce epidermal meristem" or else "give a statistical advantage to the cotyledonary bud opposite to the stimulated cotyledon") [START_REF] Thellier | Memory processes in the control of plant growth and metabolism[END_REF]. There are cases in which the information storage appears as an all-ornothing and irreversible process and other cases in which stored information depends on the number and intensity of the stimuli perceived; it may be that a saturation effect occurs in the first case [START_REF] Thellier | Memory processes in the control of plant growth and metabolism[END_REF].

The operation of the recall function is connected with ultradian, circadian and possibly annual rhythms [START_REF] Thellier | Plant responses to environmental stimuli. The role of specific forms of plant memory[END_REF][START_REF] Thellier | Memory processes in the control of plant growth and metabolism[END_REF][START_REF] Hütt | Noise-induced phenomena and complex rhythms: a test scenario for plant systems biology[END_REF]. Stored information may be repetitively recalled [START_REF] Verdus | The role of calcium in the recall of store morphogenetic information by plants[END_REF]. The storage and recall functions are independent from each other, i.e., it does not matter if the recall function is turned "on" before or after turning "on" the storage function [START_REF] Thellier | Plant memory[END_REF][START_REF] Verdus | Storage of environmental signals in flax: their morphogenetic effect as enabled by a transient depletion of calcium[END_REF].

The results of the physiological studies as summarized above are usually expressed in a static way using conceptual models. However, the processes involved from stimulus perception to response are dynamic. In the present paper, we have endeavoured to take this dynamic character of the underlying mechanisms into account by transposing a conceptual model of plant responses to stimuli into a Boolean approach.

A conceptual model of plant responses to stimuli

The conceptual model used in this paper (Figure 1) summarizes the experimental data given in Section 2; it is improved from previous versions [START_REF] Demongeot | A mathematical model for storage and recall functions in plants[END_REF][START_REF] Demongeot | Storage and recall of environmental signals in a plant: modelling by use of a differential (continuous) formulation[END_REF][START_REF] Thellier | Plant responses to environmental stimuli. The role of specific forms of plant memory[END_REF][START_REF] Demongeot | Combinatorics of Boolean automata circuits dynamics[END_REF]. We call "STR" and "LRN" the pathways taken for straightforward and learning responses to stimuli, "STO" the pathways taken for information storage and its expression when permitted by the recall function, and "RCL" the pathways taken for turning "on" the recall function as a consequence of some appropriate external or internal event. The STR, LRN and STO pathways are triggered by calcium waves of different characteristics and they involve metabolic steps and epigenetic control as indicated in Section 1.

In the STR pathway for example, a given stimulus (here termed "stimulus 2") induces a calcium-wave with specific characteristics (here termed "Ca-wave-STR"). This calcium-wave causes epigenetic changes, like the phospho-dephosphorylations to occur (here termed "Epigenetic-changes-STR") that unlock a group of genes here termed "unlocked-STR-genes" that in turn produce proteins (here termed "STR-proteins"). These STR-proteins cause the activation of CDPK. The activated CDPK has two effects. On the one hand, via the calcium wave CDPK closes a positive loop with a low time inertia corresponding to the reconstitution of the Calcium pools via active pumps; e.g., a few thousand channels/cell can effect more than 10-fold changes at intracellular level within some milliseconds as reported in [START_REF] Mcainch | Encoding specificity in Ca 2+ signalling systems[END_REF] and the reconstitution of half the pool is done within less than two minutes after ABA stimuli in Commelina communis allowing the response to new stimuli [START_REF] Trewavas | Aspects of plant intelligence[END_REF]. Besides, the stimuli turning "on" the storage function may be brief. By contrast, more or less longlasting events (such as an appropriate modification of the nutrient medium) will usually be efficient to turn the recall function "on". As a consequence, it does not seem likely that the switch of the recall function be necessarily again a calcium wave (as it was the case with the perception of a stimulus). We have hypothesized that calcium condensation/decondensation on electrically-charged 1D cell structures might be the switch turning the recall function "on" (for details, see [START_REF] Thellier | Plant responses to environmental stimuli. The role of specific forms of plant memory[END_REF]). Period of Ca ++ oscillations in cytosol ranges from 20 s [START_REF] Knight | A history of stress alters drought calcium signalling pathway in Arabidopsis[END_REF] to 10-15 min [START_REF] Knight | Wind-induced plant motion immediately increases cytosolic calcium[END_REF] showing a great dependence on the magnitude of the stimulus. Period of the phospho-dephosphorylation oscillations range from the same interval of time until the nycthemeron [START_REF] Plieth | Temperature sensing by plants: the primary characteristics of signal perception and calcium response[END_REF][START_REF] Thellier | Plant responses to environmental stimuli. The role of specific forms of plant memory[END_REF]. These oscillations are due to a negative loop: CDPK activates PFK that produces ATP; ATP phosphorylates the STR-proteins, thus tending to deactivate them; these STR-proteins activate CDPK, thus closing the negative loop. Besides participating to positive and negative loops, the STR-proteins engage into the sequence of processes leading to the ultimate response (for the details on the positive and negative loops in the graph of the conceptual model, see Figure 2).

Boolean modelling

We will consider in the following a discrete Boolean model with discretization steps adapted to the observed time values necessary for the reconstruction of the pools of dephosphorylated proteins and internalized Ca ++ ions. If we apply for example a given stimulus on LRN pathway and if the Ca ++ pools are full, then the Boolean state of the corresponding node 2 is then equal to 1 and the activation of the LRN pathway needs an AND logic between the stimulus and the node 2. The LRN pathway is identical to the STR pathway (simply substitute LRN for STR and "stimulus 1" for "stimulus 2" in the previous paragraph). However, when the stimulus is repeated, this tends to increase (sensitization) or decrease (familiarization) the intensity of the calcium wave. The beginning of the STO pathway is identical to that of the STR pathway. A given stimulus (here termed "stimulus 3") induces a calciumwave with specific characteristics (here termed "Ca ++ -wave-STO"). This calcium-wave causes epigenetic changes to occur (here termed "Epigenetic-changes-STO") that unlock a group of genes here termed "unlocked-STO-genes". However, the unlocked STO genes per se do not produce any protein. The unlocked, non-activated STO gene(s) correspond to an information storage. To be transcribed / translated, the STO genes need to be unlocked and activated by specific activators called STO genes Activators (which are produced by the RCL pathway when it is "on"), this double condition being expressed by an AND logic on Figure 1. Then, the activated STO genes will be engaged into a positive loop (STO genes activated → STO proteins → CDPK → Ca ++ -wave-STO → Epigenetic-changes-STO → STO genes unlocked → STO genes activated → etc.) and a negative loop (CDPK → PFK → ATP → (-) STO-proteins → CDPK → etc.). Moreover, the STO-proteins engage into the sequence of processes leading to the terminal response.

Two hypotheses may be proposed for the triggering of the RCL pathway. In the first hypothesis, the RCL pathway, triggered by a calcium wave and involving metabolic steps and an epigenetic control of genes, finally produces an activator of the STO genes; positive and negative loops exist, similar to those in the STR, LRN and STO pathways. In the second hypothesis, the triggering of the RCL pathway is produced by calcium condensation on intracellular 1D-structures whose density of electric charges has been increased as a consequence of an appropriate internal or external event; this activates calcium-dependent proteins linked to the 1D-structures that will produce the activator of the STO genes. In both hypotheses, the production of activators of the unlocked STO genes corresponds to an information recall.

We will neglect in the following the role of the genes AtNCED involved in the biosynthesis of the ABscisic Acid ABA from the pyruvate. ABA increases the cytosolic Ca ++ by inducing Ca ++ release from intracellular stores, acting such as a stimulus [START_REF] Dolmetsch | Differential activation of transcription factors induced by Ca 2+ response amplitude and duration[END_REF]. Conversely, ABA induces the microRNA 159, which inhibits CPDK, contributing to diminish its participation to the Ca ++ release from its internal pools (notably mitochondria, reticulum, etc.).

We will simulate a repetition of five consecutive stimuli each eighteen time steps, in order to reveal a possible periodic behavior. 2. Black (respectively red) arrows represent activations (respectively inhibitions). The node 4 (respectively 7) represents the node "Ca ++ wave" (respectively "Epigenetic modification") of the Table 2 and symbol ∧ denotes the logic operator AND.

The Boolean dynamics

The substances, processes or events involved in the conceptual model are called the nodes of the model and a reference number is given to each node (Table 2). When a node has the value 1, this means that it is above a given threshold; when the node has the value 0, this means that it is below this threshold. At the initial time, the value of each node is either 0 or 1. There are 21 nodes in the model, with only 20 active, and there are thus 2 20 =1048576 possible initial states. A symbolic representation of the conceptual model, showing only the numbered nodes and the positive and negative arrows is used for the simulations (Figure 2): it is called the interaction graph of the Boolean model. For the sake of simplicity, the nodes "Ca ++ wave" (respectively "Epigenetic modification") of the Table 2 is represented on the interaction graph only by the node 4 (respectively 7), and only a stimulation has been indicated, which can be exerted, depending on the numerical experiment, on any of the pathways LRN, STR, STO or RCL. We suppose also that this stimulation on a given pathway needs that the node "Ca ++ pools" has value 1 in order to be effective on node "Ca ++ wave", and ATP inhibits the node "Protein modifications" on this pathway only if the node "Epigenetic modification" has value 0.

For defining a Boolean dynamics, let consider a discrete Hopfield dynamics [START_REF] Demongeot | Dynamical systems and biological regulations[END_REF], prototype of the threshold networks models: the state of the node i at time t is denoted by x i (t) and we take for example x i (t)=1, if a binary event occurs, e.g., if the gene i is expressing its protein, else x i (t)=0. The probability that x i (t)=1, knowing the states in an interaction neighbourhood V i of i (the set of the nodes from which an arrow starts and ends in i) is given by:

P({x i (t)=1}  {x j (t-1), j∈V i }) = exp([Σ j∈Vi w ij x i (t-1)-θ]/Τ), (1) 
 w ij is a parameter which represents the influence (inhibitory, if w ij <0; activatory, if w ij >0 and null, if w ij =0) the gene j from the interaction neighbourhood V i is exerting on the gene i, and θ   corresponding to the external field in statistical mechanics and here to a minimal value of activation for the interaction potential Σ j∈Vi w ij x i . T is a temperature allowing for introducing a certain degree of indeterminism in the rule of the change of state. In particular, if T=0, the rule is practically deterministic:

x i (t)=1, if Σ j∈Vi w ij x i (t-1)>θ  x i (t)=H(Σ j∈Vi w ij x i (t-1)-θ i ) (2) 
x i (t)=0, if Σ j∈Vi w ij x i (t-1)<θ i

P({x i (t)=1}  {x j (t-1), j∈V i }) = 1/2, if Σ j∈Vi w ij x i (t-1)=θ i ,  is the Heaviside function (H(x)=0, if x≤0; H(x)=1, if x>0).
We will take the values of the w ij 's as follows: w ij = -1, if the influence of j on i is inhibitory; w ij = 1, if this influence is activatory and w ij = 0, if there is no influence of j on i. Here, all the thresholds θ i will be supposed equal to 0, except for the nodes 4 and 14 needing a logic AND.

The mode of updating the states of the network is called parallel (or synchronous) if the updates are made simultaneously for each node at the same time. The states of all nodes at time t are denoted {x i (t)} i=1,…,21 is called a configuration of the network at time t and the set of all possible configurations is denoted E = {0,1} 21 . The initial configurations {x i (0)} i=1,…,21 are converging in E, by applying the dynamic rule (2), to the set of final configurations, called attractors of the dynamics, which can be i) a fixed configuration (called also fixed point) or ii) a succession of repetitive configurations, called limit-cycle.

In the present case, the Boolean parallel dynamics has 3 attractors, as predicted by the theory of the threshold networks in case of two tangent circuits in their interaction graph [START_REF] Demongeot | Combinatorics of Boolean automata circuits dynamics[END_REF][START_REF] Demongeot | Immunetworks", attractors and intersecting circuits[END_REF], one positive of length 5 and one negative of length 4 (Figure 3 Left): they have indeed as number of attractors at most the product of the attractor numbers of each of the strong connected components (here only one) of the interaction graph, and a strong connected component has less attractors than its tangent circuits (Figure 3 Right).

A single stimulus is applied at the first iteration called Calcium-rich pools stimulation, concerning the STR, STO and RCL pathways. Repeated occurrences of the same stimulus provoke the release of calcium from Ca ++ pools: the stimulus is applied during the first 5 iterations concerning the LRN pathway, and this stimulus is repeated each 18 iterations in order to reveal the periodic behavior. 

Results

After a sufficiently large number of iterations, the system converges either to two fixed points or to a limit-cycle (Table 3). A very small number (170 = 0,01%) of the initial cases go to the fixed points (all the nodes are at 0, except the ultimate response R, which can be 0 or 1 as initial value): the first fixed point 0 corresponds to a lack of response, its basin of attraction is very small and the second has no attraction basin. Almost all the realistic initial configurations go to the limit-cycle, cycling on 8 steps of the computation. Then, the attractor limit-cycle (in green on Figure 4) is attracting practically all the initial conditions. Its period is 8 and the system passes for example 3 times through the value 1 of the nodes P representing the "Proteic modifications" (nodes 12, 13, 15 and 16), 2 times after activation of the corresponding genes LRN, STO, STR and RCL genes (depending on the stimulation chosen if it corresponds to only a pathway), which makes possible the existence of a proportionality of the ultimate response to the number of stimuli, if one supposes that the system must be restimulated to remain on the cycle, because of the turn-over of modificated proteins responsible for the response (in the present model, we have neglected both the dephosphorylation and the proteolytic activity). We can see on Figure 4 Left the structure of the interaction graph of the genetic network regulating the memory function in plants. The core of this graph is the strong connected component made of blue nodes on Figure 3 Left, and encircled in blue on Figure 4 Left. It is responsible, through the two tangent circuits inside, of the presence of 3 attractors (among them a limit-cycle) in the Boolean dynamics of the network. The Table 3 shows the results of the simulation of the Boolean model, after applying repeated stimuli acting on any of the four pathways LRN, STO, STR and RCL. These results account for the independence (observed in experiments) between the STO and the STRpath ways, which have their own asymptotic dynamics in the limit-cycle (Figure 4 Right). All the initial configurations with node 2 and node 18 at state 0 (corresponding to a calcium depletion in Ca ++ rich pools) lead to the fixed point FP1. The only initial condition leading to the fixed point FP2 is the (not realistic) configuration with all the nodes in state 0 and node 18 in state 1.

0 miR 159 0 0 0 0 0 0 0 0 0 0 1 ABA 0 0 0 0 0 0 0 0 0 0 2 Calcium-rich pools stimulation 0 0 0 0 0 0 1 0 0 0 3 CPDK 0 0 0 0 1 0 0 1 0 1 4 Ca++ wave Amplitude, Duration 0 0 1 0 0 1 0 1 1 0 5 PFK 0 0 1 0 0 1 1 1 1 0 6 ATP 0 0 0 1 0 0 1 0 1 1 7 Epigenetic modifications 0 0 0 1 0 0 0 0 1 1 8 LRN genes unlocked 0 0 1 0 1 0 0 1 0 1 9 STR genes unlocked 0 0 1 0 1 0 0 1 0 1 10 STO genes unlocked 0 0 1 0 1 0 0 1 0 1 11 RCL genes unlocked 0 0 1 0 1 0 0 1 0 1 12 Proteic modifications 0 0 0 1 0 1 0 0 1 0 13 Proteic modifications 0 0 0 1 0 1 0 0 1 0 14 STO genes activated 0 0 1 1 0 1 0 1 1 0 15 Proteic modifications 0 0 0 1 0 1 0 0 1 0 16 Proteic modifications 0 0 0 1 0 0 1 0 1 0 17 STO genes Activators 0 0 0 0 1 0 1 0 0 1 18 Ultimate response R 0 1 0 0 1 0 1 1 0 1 19
The results show also that the co-expression of the genes STR unlocked and STO activated is necessary for getting an effective ultimate response, which can be possibly observed when these genes are no more activated, due to the inertia of the discrete transition rule, which decides the state of a node at time t from the states of the network configuration at time (t-1). This ultimate response is longer if STR and STO protein modifications have been repeated consecutively to repeated stimuli (cf. 

Discussion

Let us notice that for the sake of simplicity, we have represented on Figures 2 and4 only one time the first nodes stimulus/Ca ++ wave/Epigenetic modifications, despite of the fact that they exist on each of the four pathways LRN, STR, STO and RCL. A stimulus acting on a pathway, for example the LRN one, does not affect the others if it is applied only one time, because it will provoke the ultimate response corresponding to this way and another stimulus on another pathway will be efficient only after reconstitution (thanks to the CPDK) of the calcium pools. The case of multiple stimuli applied several times or to several pathways in different update schedules will be treated in further studies, because of the complexity of the corresponding dynamics. The charged 1D structures can be an alternative trigger for the RCL pathway, but we leaved the corresponding node 20 in state 0 in the simulations of Table 3. We could of course repeat the simulations using it for triggering through the node 19 (Ca++ switch Condensation/Decondensation) for example the RCL pathway. We will present now a discussion about the choice of the synchronous update schedule, and second, about the fact that the experimental results (which are precisely described in the papers [START_REF] Thellier | Plant memory[END_REF][START_REF] Verdus | Storage of environmental signals in flax: their morphogenetic effect as enabled by a transient depletion of calcium[END_REF][START_REF] Desbiez | Memorization and delayed expression of regulatory messages in plants[END_REF][START_REF] Desbiez | Effect of cotyledonary prickings on growth, ethylene metabolism and peroxidase activity in Bidens pilosus[END_REF][START_REF] Desbiez | Control of a symmetry-breaking process in the course of the morphogenesis of plantlets of Bidens pilosa L[END_REF][START_REF] Dolmetsch | Differential activation of transcription factors induced by Ca 2+ response amplitude and duration[END_REF][START_REF] Mcainch | Encoding specificity in Ca 2+ signalling systems[END_REF][START_REF] Trewavas | Aspects of plant intelligence[END_REF][START_REF] Knight | A history of stress alters drought calcium signalling pathway in Arabidopsis[END_REF][START_REF] Knight | Wind-induced plant motion immediately increases cytosolic calcium[END_REF][START_REF] Plieth | Temperature sensing by plants: the primary characteristics of signal perception and calcium response[END_REF][START_REF] Thellier | Plant responses to environmental stimuli. The role of specific forms of plant memory[END_REF][START_REF] Thellier | Memory processes in the control of plant growth and metabolism[END_REF][START_REF] Hütt | Noise-induced phenomena and complex rhythms: a test scenario for plant systems biology[END_REF][START_REF] Verdus | The role of calcium in the recall of store morphogenetic information by plants[END_REF]) can also be interpreted in a continuous framework.

Comparison with a sequential updating schedule

If we implement in a sequential updating schedule the dynamics of the interaction graph (Figure 5), we can choose for the sake of simplicity to fix to zero the state of the nodes microRNA 159 and Abba (respectively nodes 0 and 1), despite of the fact that they are playing a role well described in the literature in the birth of Ca ++ waves [START_REF] Murata | Abscisic Acid Activation of Plasma Membrane Ca ++ Channels in Guard Cells Requires Cytosolic NAD(P)H and Is Differentially Disrupted Upstream and Downstream of Reactive Oxygen Species Production in abi1-1 And abi2-1 Protein Phosphatase 2C Mutants[END_REF][START_REF] Clapham | Calcium Signaling[END_REF][START_REF] Staxén | Abscisic acid induces oscillations in guard-cell cytosolic free calcium that involve phosphoinositide-specific phospholipase C[END_REF][START_REF] Bauer | Strontium-induced repetitive calcium spikes in a unicellular green alga[END_REF][START_REF] Mcainsh | Stimulus-induced oscillations in guard cell cytosolic free calcium[END_REF][START_REF] Vener | Environmentally modulated phosphorylation and dynamics of proteins in photosynthetic membranes[END_REF]. Starting with the state 1 for the nodes Calcium rich pools and CPDK (respectively nodes 2 and 3), and imposing an environmental stimulus during 5 iterations, we converge to a fixed configuration in which the state of all the nodes is 0, except for nodes 2 and 3, which corresponds to a total vanishing of the memory functions (Table 4). More than the fact the sequence chosen for the node updating seems to be artificial, this observation constitutes the main argument in favor of the choice of the synchronous updating, more in agreement with experimental observations. 

Toward a hybrid model

In [START_REF] Demongeot | Storage and recall of environmental signals in a plant: modelling by use of a differential (continuous) formulation[END_REF], the first modelling approach for the Bidens pilosus stimulation (cotyledon pricking) was Boolean thanks to a very simple formal description of the plant growth system in logical terms:

a. Since terminal bud can be maintained or removed at will, we can define the logical variable TB (equal to 1 in presence of the terminal bud, and 0 after removing it) as input variable and use, in state table (Table 4), columns "TB" (terminal bud present) and "not(TB)" (terminal bud removed). b. We can apply (PA) or not (not(PA)), a stimulation to the cotyledon A. Again we use PA as an input variable. Moving from column not(PA) to column PA means that at the time chosen we have applied the pricking treatment to the cotyledon A. c. The internal variables are: -bA and bB, which refer to the development of the cotyledonary buds CB A and CB B .

-sA (for "store signal", after application of a traumatism to cotyledon A). We assume that variable sA is under positive control of its own product. It is switched on by signal PA, and once in state "on", it remains so in view of its autocatalytic character. S 0 1 2 3 4 5 6 7 8 9 10 11 14 15 16 17 18 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 … 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 By using the formalism described of R. Thomas [START_REF] Thomas | Boolean formalization of genetic control circuits[END_REF][START_REF] Thomas | General discussion on the simplifying assumptions in methods using logical, stochastic or differential equations; the ranges of applicability and the complementarity of the approaches[END_REF][START_REF] Thomas | The dynamic behaviour of Boolean systems comprising feedback loops[END_REF][START_REF] Thomas | On the Relation Between the Logical Structure of Systems and Their Ability to Generate Multiple Steady States or Sustained Oscillations[END_REF], the logical equations are:

BA ≡ ¬TB ∧ (¬bB ∧ ¬sA), BB ≡ ¬TB ∧ (¬bA ∧ ¬sB), SA ≡ PA ∨ sA, (3) 
where ¬TB denotes "not TB". The factor ¬TB in the two first equations describes the fact that the cotyledonary buds grow only if the terminal bud has been removed. Factors ¬(bB) in the first equation and ¬(bA) in the second describe the cross-inhibition of buds CB A and CB B . Factor sA in the first equation describes the fact that a stimulation of cotyledon A will hinder development of bud CB A . The "∨" (resp. "∧"), as usual in the logical notation, means "inclusive OR" (resp. AND), e.g., the equation ¬(bB) ∧ ¬(sA) has value 1 if both the conditions not(bB) and not(sA) are fulfilled, and SA = PA ∨ sA means that the storage function SA is on if the cotyledon A is stimulated (PA) or if the product sA of function SA is already present.

The logical equations (3) generate a state table (Table 5) in which each state of the system is described by a logical vector, e.g., 010 is the initial state where bA is 0, bB is 1 and sA is 0. As one can see in Table 5, many of these vectors carry + or -superscripts. More concretely, 0 + means that the corresponding variable has a command to switch from 0 to 1, and 1 -means that the variable has a command to switch from 1 to 0. When a state has no superscript, it means that it is not asked to change by any command: it is a stable state. When a state is subject to more than one command, it is assumed that each of these commands will usually not be obeyed in a synchronous way. For example, the state immediately following state 0 + 0 + 0 will not be 110 but 100 or 010 depending on which order has been obeyed first. bA bB sA bA bB sA (TB,PA=00) bA bB sA (TB,PA=01) initial state 0 0 0 ordered state 0 + 0 + 0 0 + 0 + 0 + 0 0 1 0 0 + 1 0 0 + 1 0 1 0 0 1 0

0 1 0 + 0 1 1 0 1 1 0 1 1 1 0 0 1 0 0 1 0 0 + 1 0 1 1 -0 + 1 1 -0 + 1 1 1 0 1 -1 -0 1 -1 0 + 1 1 1 1 -1 1 1 -1 1
It can be seen in ). If one starts from state 000, all three variables have a command to switch from 0 to 1. However, while it takes many hours to develop either of the buds, it takes only one hour or so to memorize the traumatism and transmit the stored information to other parts of the plant. Thus, in this case, the most frequent next state for state 000 will be state 001, whose only next state is the stable state 011. If one now moves to column TB,PA=00 (eradication of the material trace of the traumatism by ablation of the cotyledons), one remains in the stable state 011. This nicely accounts for the observation that in the absence of stimulation either of the cotyledonary buds develops, with equal probabilities, and that following a traumatism of cotyledon A, bud CB B develops more frequently than bud CB A .

The multi-stationarity observed in this Boolean model is due to the two positive circuits present in the functional scheme above. Many other logical behaviours of the plant growth system could be explained through other states tables analogous to the partial Table 5 [START_REF] Demongeot | Storage and recall of environmental signals in a plant: modelling by use of a differential (continuous) formulation[END_REF]. All these behaviours can be also described in a more compact way by using a continuous formalism, allowing to quantify observed phenomena and hence, in a further step, to identify the model parameters from the experiments. By accounting for the experimental observations described in [START_REF] Thellier | Plant memory[END_REF][START_REF] Verdus | Storage of environmental signals in flax: their morphogenetic effect as enabled by a transient depletion of calcium[END_REF][START_REF] Desbiez | Memorization and delayed expression of regulatory messages in plants[END_REF][START_REF] Desbiez | Effect of cotyledonary prickings on growth, ethylene metabolism and peroxidase activity in Bidens pilosus[END_REF][START_REF] Desbiez | Control of a symmetry-breaking process in the course of the morphogenesis of plantlets of Bidens pilosa L[END_REF], a continuous differential system was built presenting for the main variables T (corresponding to the apex growth), R A and R B (corresponding respectively to bud A and bud B growth), the following asymptotic behaviours: one limit-cycle and two fixed points in each of the planes (R A 0T) and (R B 0T). By mixing the two models, the present discrete Boolean and the previous continuous differential, we obtain a more general model, called hybrid model, which would be able to explain the essential of all the memory effects observed in plants. The Figure 5 presents a sketch of what could be such a hybrid model. The central problem in simulating the hybrid model is to fix the time scale between the discrete and the continuous part.

The discrete ∆t of the Boolean part has to be sufficiently large for allowing the release of the pools of both non-cytosolic Ca ++ ions and dephosphorylated proteins. On the contrary, the time step t of the discretization of the differential part has to be sufficiently small especially if the system is stiff. The success of the hybrid model in explaining experimental observations will reside in the optimal choice of the time balance ∆t/t. Implementation and simulation of this hybrid model will be studied further.

FIGURE 5: Hybrid model with in the middle the continuous model proposed in [START_REF] Demongeot | A mathematical model for storage and recall functions in plants[END_REF][START_REF] Demongeot | Storage and recall of environmental signals in a plant: modelling by use of a differential (continuous) formulation[END_REF] for taking into account the observations of memory mechanisms observed in the growth of axillary buds in Bidens pilosus. The central network contains three positive circuits (symbolized by blue +). Above the network, the plant presents its growing parts: apex and cotyledonary buds, as well as the stimulated (here pricked) cotyledons.

Conclusion and perspectives

To conclude, using a qualitative Boolean model with a limit-cycle representing a part of the dynamics of the genetic system regulating the memory functions in the plants, we have accounted for a part of the experimental observations, explaining for example the independence of the STO and STR pathways and the necessity of their co-expression for having an effective answer corrresponding to the ultimate plant response to environmental stimuli (in analogy to the genetic response to stimuli in phages [START_REF] Thomas | Boolean formalization of genetic control circuits[END_REF][START_REF] Mousset | Sur le contrôle génétique de l'excision et de la recombinaison chez les bactériophages tempérés[END_REF]). However, only a discrete/continuous hybrid model to elaborate further could give satisfying explanations to phenomena like the activatory and inhibitory effects on the growth of parts of the plants due to metabolic (using stimulations with ABA, auxin, gibberellin, microRNAs, etc.), 
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 1 FIGURE 1: Conceptual model of the genetic regulation showing on the same graph the four pathways LRN, STR, STO and RCL.

FIGURE 2 :

 2 FIGURE 2: Interaction graph of the conceptual model. The signification of the nodes is given in Table2. Black (respectively red) arrows represent activations (respectively inhibitions). The node 4 (respectively 7) represents

FIGURE 3 :

 3 FIGURE 3: Left: Two circuits (closed path between nodes) showing a positive circuit of length 5 tangent to a negative circuit of length 4 at the node "Proteic modifications". Right: Calculus of the number of attractors (encircled in red) for a positive 5-circuit (r=5) tangent to a negative 4-circuit (l=4). Column r=i (resp. line l=j) corresponds to the length i (resp. j) of the positive (resp. negative) circuit, and at the intersection of a line and a column, occurs the number of attractors of the parallel dynamics generated by these circuits supposed to have a unique common vertex[START_REF] Demongeot | Combinatorics of Boolean automata circuits dynamics[END_REF].
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 2 Figure 4 Right).

FIGURE 4 :

 4 FIGURE 4: Left: Interaction graph of the genetic network regulating the memory function in plants. Its strong connected component is encircled in blue. Right: Description of the dynamics of the limit-cycle (in red and green) of the Boolean model in the state sub-space {0,1} 4 visiting the nodes STO, P (Proteic modifications), STR and Ultimate response T. A red arrow in the (STR,P,STO) space between the point (1,0,1) and the point (0,1,1) corresponds to the expression and modification of protein P consecutive to the activation of the genes STR (unlocked) and STO (activated).

TABLE 4 :

 4 Sequence of states of the 19 nodes of the interaction graph of Figure2, starting from a stimulation of the RCL pathway with a transient activation of the STO activators (red circle in node 17) and then a transient response (red circle in node 18), which disappears if the stimulation stops, and the system goes to the state 0 except for CPDK supposed to be constantly expressed ensuring the renewal of the Ca ++ rich pools. If the stimulation of the RCL pathway sufficiently persists or if STO activators are able to auto-activate themselves, STO activators provoke the activation of the STO function after a stimulation of the STO pathway.

TABLE 2 :

 2 Nodes in conceptual model, with reference numbers and meaning of abbreviated symbols. In order to simplify their interaction graph, nodes share the same number when they have the same meaning in different pathways. Components of the conceptual model other than nodes have no number.

		Pricking treatment	Plant decapitation at	g	Bud growth asymmetry
	1	non-pricked control	onset of daylight	0.02	bud A ≈ bud B
	2	4A	onset of daylight	0.35 ± 0.2	bud B > bud A
	3	4A	midday	0.08 ±0.15	bud A ≈ bud B
	4	1A	onset of daylight	0.01	bud A ≈ bud B
	5	4B	onset of daylight	-0.35	bud A > bud B
	6	1A(1h)4B	onset of daylight	0.39	bud B > bud A
	7	2A	onset of daylight	0.06	bud A ≈ bud B
	8	2A(1h)2A/2B	onset of daylight	0.32	bud B > bud A
	9	2A(1h)2A/2B(3h)2A/2B	onset of daylight	0.05	bud A ≈ bud B
	10	2A(1h)2A/2B(3h)2A/2B(5h)2A/2B	onset of daylight	0.34	bud B > bud A
		Node			

numbers Nodes and other components of the conceptual model Meaning of the abbreviated symbols

  

		LRN	Learning
		STR	Straightforward
		STO	Store
		RCL	Recall
		Stimulus 1	Stimulus of the LRN pathway
		Stimulus 2	Stimulus of the STR pathway
		Stimulus 3	Stimulus of the STO pathway
		Stimulus 4	Stimulus or Event triggering RCL pathway
		miR 159	microRNA 159
		ABA	β indolyl acetic acid
		External calcium and calcium-rich	External Ca ++ across cell membrane & intra-cellular pools
		pools	(mitochondrion, reticulum, etc.)
		CDPK	Calcium-dependent protein kinase
		Ca 2+ -wave-LRN	Calcium wave on the LRN pathway
		Ca 2+ -wave-STR	Calcium wave on the STR pathway
		Ca 2+ -wave-STO	Calcium wave on the STO pathway
		Ca 2+ -wave-RCL	Calcium wave on the RCL pathway
		PFK	Phosphofructokinase
		ATP	Adenosine triphosphate
		Epigenetic-changes-LRN	Epigenetic changes on the LRN pathway
		Epigenetic-changes-STR	Epigenetic changes on the STR pathway
		Epigenetic-changes-STO	Epigenetic changes on the STO pathway
		Epigenetic-changes-RCL	Epigenetic changes on the RCL pathway
		Unlocked-LRN-genes	Genes unlocking the function LRN
		Unlocked-STR-genes	Genes unlocking the function STR
	10	Unlocked-STO-genes	Genes unlocking the function ST0
	11	Unlocked-RCL-genes	Genes unlocking the function RCL
	12	LRN-Proteic modifications	Modifications of proteins expressed by LRN genes
	13	STR-Proteic modifications	Modifications of proteins expressed by STR genes
	14	Activated-STO-genes	Genes STO activated by RCL-Proteins
	15	RCL-Proteic modifications	Modifications of proteins expressed by RCL genes
	16	STO-Proteic modifications	Modifications of proteins expressed by STO genes
	17	STO-genes-activators	Activators of the STO genes
	18	R	Ultimate response
	19	Ca ++ condensation/decondensation	Condensation/decondensation of Ca ++ ions
	20	Charged 1d-structure	Electrically charged 1d-structure

TABLE 3 :

 3 Results of simulations showing 3 attractors, 2 fixed configurations (FP1 and FP2) and one limit-cycle.

	N° Nodes	FP1	FP	Limit-Cycle
			2	

TABLE 5 :

 5 states columns of the variables bA, bB, sA, for TB,PA = 00 and TB,PA = 01

  Table 5 that in column TB,PA=00 (axial bud removed (not(TB)), no material trace of stimulation (PA), there are three steady states (in bold). Starting from state 000, one can go to either 100 (bud CB A developed) or to 010 (bud CB B developed) with equal probabilities. This is indeed what happens. But what is the meaning of state 011? In fact, this state can be reached only if the plant has previously undergone a traumatism (in column TB,PA=01

mechanical (like pricking, breaking, moving, ventilating, etc.), optical, thermic or electromagnetic stimuli.
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