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The middle lamella between anthropic and evolutionary contexts

The middle lamella in plants is defined as the intercellular substance acting as a cement that holds the cells together. This definition was built based on optical observations, biochemical and biological studies that date back to the early nineteenth century. Numerous efforts were taken to construct a better understanding of this layer within the framework of the already established assumptions.

However, we report some biological cases where the features of the middle lamella do not perfectly match our current definitions and create a sense of crisis with regards to our interpretation of this cell wall component. In this chapter, we studied the methods and models that were employed to characterize the middle lamella in an attempt to identify some features that need to be taken into consideration with regards to the current assumptions. The examination of the evolutionary aspect of the Extracellular Matrix (ECM) along with a rheological/chemical/biological investigation led to the hypothesis of Donnan-Gibbs equilibrium as a relevant mechanism that drives the creation of a middle lamella.

I. Introduction

We address this book chapter as a critical review of the concept of the middle lamella based on the experimental and theoretical framework throughout history that starts from its identification in the nineteenth century all the way to the current research led in the field.

Our motivation is to assess the consistency of the methods and assumptions that led to today's definition of the middle lamella.

. The middle lamella is considered as the extension of the pectin mesh, i.e. a layer of the primary cell wall deprived of fiber-reinforcement. The adhesive function is often related to a calcium-mediated crossbridging mechanism of the de-methylesterified Homogalacturonans (HG) (one of component of the pectin). During cytokinesis, the middle lamella emerges from the plate formed during cell division and is therefore the first intercellular layer that forms during cell division.

.

Finally, the middle lamella has been identified in zones where cell separation has occurred, mainly in tri-cellular junctions [START_REF] Sobry | Immunocytochemistry of pectins in shoot apical meristems: Consequences for intercellular adhesion[END_REF]. It seems then, that the paradigm of the middle lamella somehow drives an "accommodation" to the exceptions that one might encounter, without questioning the concept itself or why such abnormalities occur. In fact, within the framework of "normal science" or day-to-day science, the research is conducted within the prevailed paradigm that remains unquestioned in an overall research consensus and as the abnormalities and errors accumulate, they create a sense of crisis [START_REF] Kuhn | The structure of scientific revolutions[END_REF].

Lakatos in 1978 described these degenerating programs as theories that are "fabricated only in order to accommodate known facts".

In this review, we wanted to look deeper into the epistemic aspects that historically led to the definition of the middle lamella considering the above-mentioned abnormalities to reassess these definitions and eventually suggest some mechanisms that might explain the occurrence of such exceptions.

II. The history of creating and reinforcing the model of the middle lamella

The epistemic practices defining the nature of the middle lamella

The identification of the first cork cells by Robert Hooke in 1665 (Robert Hooke, 1665) followed by the improvement of the microscope by Antonie van Leeuwenhoek have paved the way of the establishment of cell theory and the beginning of cytology [START_REF] Dröscher | Edmund Β. Wilson's The Cell and Cell Theory between 1896 and 1925[END_REF][START_REF] Sekeres | 180 Years of the Cell: From Matthias Jakob Schleiden to the Cell Biology of the Twenty-First Century[END_REF]. The extensive work on plant cytology, that marked the XIX th century, led to the conceptualization of the middle lamella. The existence of a middle lamella was first reported by the German botanist Von Mohl in 1835 who identified a refractive intercellular substance in the xylem and other tissues [START_REF] Kerr | The cambium and its derivative tissues: No.X. Structure, optical properties and chemical composition of the so-called middle lamella[END_REF]. It was described as a bounding layer that differed from the primary cell wall by its solubility and optical properties. This layer was, then, named middle lamella by [START_REF] Hofmeister | Die Lehre von der Pflanzenzelle[END_REF] and [START_REF] Sachs | Lehrbuch der Botanik[END_REF]. As it has been thoroughly described in Charles Allen's review on the origin and nature of the middle lamella [START_REF] Allen | On the Origin and Nature of the Middle Lamella[END_REF], later studies on plant cell divisions by Strasburger (Eduard Strasburger, 1876) came to confirm the existence of this layer. Strasburger was able to observe the cell plate at magnifications ranging from 600 to 900 diameters which correspond approximatively to the 10X and 16X objectives today (considering that the highest field view achieved in the XIX th century was about 18 mm).

In that period, there was no clear distinction between the middle lamella as a component of the primary cell wall and the compound middle lamella that resulted from the compression of the primary cell wall/middle lamella continuum between two layers of secondary wall. In fact, between 1867 and 1869 Dippel defined the middle lamella as a continuum of two anisotropic cell walls bounding an isotropic intercellular substance. However, in 1884 Strasburger identified this layer as distinct from the cell wall. In his experiment, Strasburger demonstrated that after the treatment of endosperm cells with sulfuric acid, the last component to remain was the middle lamella which, in that time, was qualified as Theilplatte i.e. separation plate that he distinguishes from the primary cell wall (Eduard [START_REF] Strasburger | Das Klein Botanische Practicum[END_REF]. The middle lamella layer was then described as the first-layed layer appearing after the splitting process or the deposition of the new cell wall (Eduard [START_REF] Strasburger | Berlin: Gebr der orntraeger[END_REF].

A clear distinction between the middle lamella and the compound middle lamella was suggested by Ritter 1925 who attributed the middle lamella term to the isotropic part only and Dippel's middle lamella was described by Van Itterson (1927) as the compound middle lamella. This distinction was supported by the existence of a primary and secondary cell wall (Thomas Kerr & IW Bailey, 1934).

In the late XIX th century, Mangin undertook the first biochemical studies, exclusively focusing on the identification of the biochemical nature of the middle lamella. He first identifies "pectose" as the major constituent of the middle lamella and later states that it is formed of a "cement" of insoluble pectates and more specifically of calcium pectates [START_REF] Conrad | A Biochemical Study of the Insoluble Pectic Substances in Vegetables[END_REF].

At that time, the identification, staining and extraction techniques related to the pectic substance as well as the potential association of pectin with calcium also described in lime pectates have already been identified and performed by Louis Nicolas Vauquelin in 1790, Henri Braconnot in 1825 and Edmond Frémy 1840 who suggested that pectin had the role of cementing cells together [START_REF] Mangin | Sur la constitution de la membrane des végétaux[END_REF] 1 . The name pectin is derived from the Greek word πηκτός / pêktós meaning thick, as a description of the obtained substance/gel that results from its extraction [START_REF] Ropartz | Pectin Structure[END_REF]. To identify pectin in plant tissues, Mangin was the first to suggest the use of ruthenium red in 1893, after the identification of different 1 [START_REF] Mangin | Sur la constitution de la membrane des végétaux[END_REF] Sur la constitution de la membrane des végétaux. Comptes rendus hebdomadaires des séances de l'Académie des sciences. Tome 107, page 144. "On savait cependant que, dans les cellules agrégées en tissus, la lamelle moyenne est formée par un corps qui n'a pas de réactions de la cellulose. Les tissus des fruits, des racines, renferment en effet d'après M. Frémy, un principe immédiat qu'il a nommé pectose; ce principe qui n'a pas pu être séparé de la cellulose, produit par une série de transformations complexes, les composés pectiques qu'on rencontre dans les fruits mûrs. D'autre part, M. Maudet a montré que la moelle de certains arbres renferme de la pectose et du pectate de chaux; ces substances formeraient, suivant M. Frémy, un ciment destiné à relier les cellules entre elles, comme cela a lieu probablement dans les fibres libériennes du lin et du chanvre. " "We knew that in tissues of aggregated plant cells, the middle lamella is formed by a body that does not react with cellulose. Tissues from fruits and roots hold, according to Mr Frémy, an immediate principal he called pectose; this principal did not separate from cellulose. It produces by a series of complex transformations, the pectic components that we find in ripened fruits. Furthermore, Mr Maudet demonstrated that the pith of certain trees contains pectose and lime pectates; these substances could constitute, according to M. Frémy, a cement destined to stick cells together, as it probably occurs in fibers from the secondary phloem of flax or hemp. ruthenium-sesquichloride-based dyes by Joly in 1892. Mangin was the first to use this staining technique to explore the biochemical nature of the middle lamella 2 [START_REF] Mangin | Sur l'utilisation du rouge de ruthénium[END_REF].

Mangin also demonstrated, using various extraction methods and differential staining techniques, that the pectic compounds associated with the cellulose were neutral by opposition to their acidic nature in the middle lamella. Furthermore, he studied multiple types of tissues, demonstrating the existence of a biochemical "diversity" of middle lamella.

For instance, he found that in meristematic tissues, the middle lamella (or intercellular layer as he named it) did not stain with phenosaphranin or methylene blue in opposition to the cellulose-bound pectin in the cell wall. In 1917 Ehrlich defined the acid pectin as Galacturonic Acid (GalA), an uronic acid that results from the oxidation of Galactose. In 1914, Fellenberg demonstrated that the removal of methyl (CH 3 ) from carboxylic groups (COOH) results in the acidic form of pectin [START_REF] Conrad | A Biochemical Study of the Insoluble Pectic Substances in Vegetables[END_REF].

Noteworthy, even at the time of its discovery the term middle lamella itself was questioned with regards to its origin, the terms median layer and intercellular space were often used to refer to this component [START_REF] Allen | On the Origin and Nature of the Middle Lamella[END_REF]) but it appears that a general settlement has been set on the term middle lamella. Overall, in less than half a century, the fundamental bases of the middle lamella were defined with regards to its staining capacities, its biological role as a cement between the cells and the nature of calcium pectates that compose it. 2 [START_REF] Mangin | Sur l'utilisation du rouge de ruthénium[END_REF] sur l'utilisation du rouge de ruthénium, Comptes rendus hebdomadaires des séances de l'Académie des sciences. Tome 116 pages 653-655 "Le rouge de ruthénium jouit encore d'une propriété non moins importante : il se fixe énergétiquement sur les gommes et les mucilages dérivés des composés pectiques, sans colorer les mucilages formés par la cellulose ou par les produits de liquéfaction de callose."

"Ruthenium red has another and not least important property: it fixes energetically on gums and mucilages derived from pectic components, and doesn't stain mucilages which are composed of cellulose and other products derived from the liquefication of callose."

The consequence of the paradigm

With the development of electron microscopy techniques, the observation of the middle lamella by Transmission Electron Microscopy (TEM) was made possible using different fixation and staining techniques, mainly the Periodic Acid-Thio carbohydrazide silver proteinate (PATAg) staining. On TEM pictures, the middle lamella appears as a ~50 nm-thick layer that stains darker than the primary cell wall tissues [START_REF] Albersheim | Stained pectin as seen in the electron microscope[END_REF]. According to the authors, the staining of the middle lamella is mainly related to the presence of low methylesterified HGs. The positively charged ions such as iron or silver precipitate and result in the observed electron-dense layer (Figure 1). This observation confirmed the nature of the polymers present in the middle lamella as it was already shown by Mangin, at the end the XIX th century using ruthenium red staining.

Figure 1: Drawing of "an enlarged axillary wall of onion roots demonstrating the increased size of the iron particles in the region of the middle lamella. X 137,000." This pattern may be due to the ionic bonds formed between iron cations and COO -groups of GalA which accumulate more in the region of the middle lamella. Hand-drawn by Rawen Ben Malek adapted from [START_REF] Albersheim | Stained pectin as seen in the electron microscope[END_REF] In order to improve the methods of visualizing and characterizing the biochemical nature of the middle lamella, Antibodies oriented towards polysaccharides were developed in the 70's. The purification and identification of the cell wall components led the development of polysaccharide-binding antibodies [START_REF] Knox | Localization of antigens associated with the pollen grain wall by immunofluorescence[END_REF][START_REF] Vreeland | Localization of a cell wall polysaccharide in brown alga with labelled antibody[END_REF]. The main goal was to help localize these components in muro and to evaluate the role of the constituents of the cell wall in growth and tissue morphogenesis [START_REF] Willats | Modulation of the degree and pattern of methyl-esterification of pectic homogalacturonan in plant cell walls: Implications for pectin methyl esterase action, matrix properties, and cell adhesion[END_REF]. Various antibodies that target demethylesterified pectin, highly methylesterified pectin, low methylesterified pectin and Calcium bridges are traditionally used to study the middle lamella [START_REF] Bou Daher | How to let go: Pectin and plant cell adhesion[END_REF]. The use of these antibodies has confirmed the diversity in the nature of pectic substances in different biological tissues. This diversity of chemical substances has already been observed by Mangin, Frémy, Ehrlich and Fellenberg by the use of various dyes and extraction methods as stated above. More than one century after the discovery of the Middle Lamella and the demonstration of its enrichment in low methylesterified pectin, the major technical breakthrough in cytology was TEM and immunocytology that ultimately came to confirm the work of the XIX th century.

These experimental methods might in some sense bias our current interpretation of the middle lamella for the following reasons:

The calcium-mediated cross-bridging of the anionic HGs has, so far, only been demonstrated in vitro. The capacity of monoclonal antibodies such as 2F4 to identify the egg-box structure is only putative as [START_REF] Liners | Monoclonal Antibodies against Pectin: Recognition of a Conformation Induced by Calcium[END_REF] mention in the abstract: "The epitope recognized is probably part of the dimers of pectin chains associated according to the 'egg-box' model."

and there is no definitive evidence of a strong specificity to such structures in muro. In fact, the experimental protocol which generated the monoclonal 2F4 antibody was conducted using in vitro gels made only of the pectin water-soluble fraction of oranges and a relativelyhigh concentration of calcium (if we compare it to the physiological concentrations of calcium present in the cell wall). This might seem of minor importance, but until today, the native structure of pectin is still unknown as its structural characterization depends highly on extraction methods that inevitably alter its in muro conformation [START_REF] Atmodjo | Evolving views of pectin biosynthesis[END_REF].

Furthermore, some microdomains of the cell wall might present some significant charge or steric hindrance effect which might alter the binding of antibodies [START_REF] Sutherland | Probing Cell Wall Structure and Development by the Use of Antibodies: A Personal Perspective †[END_REF].

As a consequence, immunocytology might be a good tool to identify putative structures, but a more specific in muro study targeted towards microdomains in the cell wall needs to be conducted using different techniques.

These recent advancements on the characterization of the middle lamella are addressed within the framework of the general settlement established upon its discovery. This seems to be restricting the new breakthroughs as the methodological routine. The subsequent results do not fall far from those that have already been established in the XIX th century. A different viewpoint of the problem might inspire new methods to study the middle lamella.

In the next part, we suggest an evolutionary view of the middle lamella and more generally of the Extracellular Matrix (ECM) to understand the mechanisms related to the appearance of the middle lamella and how it has been maintained through the evolutionary history of plants.

III. From ECM to middle lamella

Throughout evolution, the capability of cells to adhere was made possible by the outermost part appressed to the cell wall and membrane known as the Extracellular Matrix (ECM) [START_REF] Helm | Extracellular matrix (ECM). Ecology of Cyanobacteria II: Their Diversity in Space and Time[END_REF]. The cell ECM provides a dynamical framework in the tissue organization. The adhesive property of the ECM is due to the cross-links between structural polymers or fibers leading to a reticulated and hydrated gel. Their mechanical properties are assumed to be non-linear due to the constant remodeling of permanent or transient crosslinks under the influence of mechanical loadings that trigger a dynamic change the stiffness of the ECM gel [START_REF] Mak | Impact of crosslink heterogeneity on extracellular matrix mechanics and remodeling[END_REF]. The chemical nature of the cross-link bonds itself is not a fixed parameter, the bounds can be hydrogen, ionic or covalent. What determines the persistence of the adhesion is the stability, the strength and the dynamics of the cross-links. Accordingly, an ECM capable of satisfying these features would facilitate the transition to multicellularity.

Therefore, the main biological phenomena that progressively determined the emergence of multicellular organism are first the occurrence of cell adherence which paved the path for the emergence of aggregative multicellular organism and secondly the symplasmic continuity and intercellular communication that leads to the emergence of complex multicellular organism. As it has been described by [START_REF] Bich | Understanding Multicellularity: The Functional Organization of the Intercellular Space[END_REF] multicellularity is a common phenomenon that is "neither unique nor rare". Accordingly, all the tools needed to acquire multicellularity: cell-adhesion, communication, differentiation, coordination have been identified in unicellular organisms, which facilitates the transition multicellularity either in aggregative or more complex form [START_REF] Grosberg | The evolution of multicellularity: A minor major transition? Annual Review of Ecology[END_REF].

The middle lamella is the cell wall-appressed part of the plant ECM. The biochemical nature of the middle lamella shows its potential ability to form a reticulated gel. The general term attributed to the adhesive part of their ECMs is "mucilage". The mucilage, by opposition to the middle lamella shows a thick, light layer with dispersed polymers. However, due to its chemical nature and biological functions, a similarity between the middle lamella and mucilage may probably exist. In fact, the middle lamella may be an evolved form of the mucilage. In the next part, we suggest to explore this question to see whether the mucilage can shift from its thick and light aspect to a thin and electron-dense layer. If so, what would drive such a shift? 1. Volvocaceae: the evolutionary edge between mucilage and middle lamella As Chlamydomonas and plants share common ancestors and structural similarities in their cell wall organisation, this unicellular algae is highly suitable as a model for plant metabolism/physiology [START_REF] Nishii | Volvox: Simple steps to developmental complexity? In[END_REF]. The multicellular form of Chlamydomonas is thought to be the Volvocaceae which contain about 40 multicellular species close to unicellular Chlamydomonas reinhardtii. In fact, cytology, physiology and phylogenetic studies support the hypothesis that Volvox evolved from Chlamydomonas. This multicellularity can be explained by two hypotheses [START_REF] Kaiser | Building a multicellular organism[END_REF]:

(i)
Chlamydomonas sister cells tend to cohere to each other after division surrounding themselves with mucilage which spontaneously generates a multicellular array of non-motile cells which is also known as the palmelloid stage.

(ii)

In Volvox we observe failure of daughter cells to separate which result in cytoplasmic bridges.

Either cases point out the fact that the ECM also called mucilage along with cytoplasmic bridges play an important role in the biological cycles of Volvocaceae. These two structures are thought to be fundamental during the inversion mechanism, a developmental step present in all Volvocaceae [START_REF] Green | Mechanism of Formation, Ultrastructure, and Function of the Cytoplasmic Bridge System during Morphogenesis in Volvox[END_REF][START_REF] Sumper | Self-assembly and cross-linking of Volvox extracellular matrix glycoproteins are specifically inhibited by Ellman's reagent[END_REF].

The micrographs from Volvox show the mucilaginous structure either as a light thick surface as in V. aureus (Figure 2) or as a thin electron-dense layer crossing the mucilage also as in V.

globator (Figure 3). This thin layer has been qualified as the middle lamella (Ikushima & Interestingly, this so-called middle lamella appeared in Volvox species that preserved their protoplasmic connections after the inversion process (Hoops et al., 2006). Before the inversion, the Volvox embryo is formed of a colony of germ cells each possessing two flagella. In the embryonic stage, the flagella are oriented inside the sphere. The inversion occurs in the next generation so that the flagella are exposed to the outside to allow the organism to swim [START_REF] Haas | Embryonic Inversion in Volvox carteri: The Flipping and Peeling of Elastic Lips[END_REF]. The post-inversion-protoplasmic-connections seem to be reinforced by an electron dense material. From these observations two hypothesis can be made. Either the emergence of a middle lamella has somehow contributed to the maintenance of the protoplasmic bridges or the reinforcement of the protoplasmic bridges has created a mechanical compression effect that modifies the rheology of the gel and results in the dark-stained-aspect of the middle layer. To further explore these questions, we will examine two cases. In the first case we will look at an example where the compression effect is removed but the middle lamella is observable (section 2.). The second case will tackle the putative compression effect where no middle lamella is observed (section 3.).

Post-cytokinesis in vitro middle lamella

The middle lamella, as defined in the introduction, emerges after cytokinesis as the first cell wall layer. In that process vesicles transport methylesterified HG to the level of the phragmoplast [START_REF] Gu | Cell biology of primary cell wall synthesis in plants[END_REF]. The proper optical features of the middle lamella appear after the HGs are demethylesterified. In this part, we present an example of a postcytokinesis-induced middle lamella synthesized in a cell-suspension. Leppard & Ross Colvin (1971a) tried to recreate an aggregation mechanism similar to Algae from plant protoplasts of Daucus carota and Phaseolus vulgaris. The motivation of this study was to characterize the structure of the intercellular spaces by recreating multicellular organisms. Leppard and Colvin used heavy metals to emphasize the structure of the intercellular substance. The morphologies observed corresponded to electron-opaque fibers, vesicles, electrontransparent rods, myelin-like figures and lacunes or gaps. The emerging frequency of these forms was quantified to show their independence from variability between cell clamps. The vesicular material along with the electron-transparent rods and opaque fibers were considered as an inherent part of the middle lamella as the vesicular aspect has already been reported by [START_REF] Halperin | Ultrastructural changes during growth and embryogenesis in carrot cell cultures[END_REF] It was hypothesized that the electron opaque fibers (Figure 4) are probably lignin-like (Leppard & Colvin, 1971a). In a later study (Leppard & Colvin, 1971b), further extraction methods, infrared spectroscopy and X-Ray showed a very low content of lignin and the fibrillar substance was identified as a pectin-like polymer.

In fact, hydrochloric and carbazole methods showed that this substance was composed of 75% linear PolyGalacturonic Acid (PGA). Similar structures of fibrillar pectins are encountered in nature and more specifically in root-soil interfaces, also called root mucilage (Ramamoorthy & Leppard, 1977). These structures have been reported as a cation exchange system with the soil nutrients and present a high affinity for heavy metal. This capacity of pectin to act as a cation-exchange resin is also present in the middle lamella as heavy metals accumulate in that interface. A question that might come to one's mind is why does PGA behaves differently in these cases and forms fibrillar structures rather than the egg-box model in the presence of calcium. [START_REF] Gessa | Fibrillar structure of Ca Polygalacturonate as a model for a soil-root interface: I. A hypothesis on the arrangement of the polymeric chains inside the fibrils[END_REF] have been able to answer this question by synthesizing similarly organized gel structures. It seems that the fibrillar pectin is formed when the PGA has a high dissociation degree in an aqueous solution (0.8). When an inorganic calcium substrate fixed on an inert plastic support is put in contact with the PGA solution, a membrane forms with the shape of regular rings. Further acidic treatments and calcium saturation reveal a fibrillar structure. It was hypothesized that this type of arrangement resulted from the dissociation degree of the PGAs which made them arrange as distantly as possible from each other reducing the energy of the system to a minimum. This drives a positioning of the monomers at an angle of 120° in the chain and the carboxylic groups to set out in the same position with a periodicity of 13.1 Å. This type of organization gives rise to the fibrillar orientation and creates 'free spaces' i.e. void microdomains that have been hypothesized in the cell wall and which drive the ionic mobilization, diffusion and selective adsorption. The concept of 'free spaces' in the cell wall/middle lamella will be treated further in section IV. 3. Finding the middle lamella in the meristem: Expecting the unexpected.

The meristem is a compact tissue of undifferentiated cells. Despite this compact structure, two cell-wall interactions are observed: cell wall corners also known as junction zones marked by cell separation; and cohesive zones where supposedly high adhesion forces are observed. However, this statement is based on the sole observation of cells and on the assumptions of polymer interactions. But to date, no satisfactory method to measure cell adhesion forces in plant tissues has been developed [START_REF] Jarvis | Intercellular separation forces generated by intracellular pressure[END_REF][START_REF] Zamil | The middle lamella -More than a glue[END_REF].

Some studies took interest in defining the nature of the polymers in different zones of the meristem using immuno-localization methods. Although, the general idea was to observe the localization of these antibodies, the micrographs seem to be exploitable to also observe the differential staining of the middle lamella. High-methylesterified pectin was identified mainly in the cohesive zones of meristematic cells from S. alba [START_REF] Sobry | Immunocytochemistry of pectins in shoot apical meristems: Consequences for intercellular adhesion[END_REF]. This goes on with the fact that HGs are released in their methylesterified form upon their deposition in the cell wall and are then de-methylesterified by the action of plant Pectin MethylEsterase [START_REF] Knox | Cell adhesion, cell separation and plant morphogenesis[END_REF][START_REF] Knox | Pectin esterification is spatially regulated both within cell walls and between developing tissues of root apices[END_REF]. It would then be logical to observe a very light, if nonexistent, staining of the middle lamella in the cohesive zone as the negative charges are masked with methyl or other groups that prevent the biding of metals. Here there is no optical evidence of the presence of the middle lamella, but its presence is still assumed. The corner junctions on the other hand, show a high electron density in the micrographs and the use of antibodies such as 2F4 or LM7 [START_REF] Willats | Modulation of the degree and pattern of methyl-esterification of pectic homogalacturonan in plant cell walls: Implications for pectin methyl esterase action, matrix properties, and cell adhesion[END_REF] seems to confirm the acidic nature of the pectin in these zones. It seems that a structure with optical and biochemical properties similar to those of the middle lamella is observed at the interface of cell separation.

When comparing the acidic pectin in junction zones to the pectin in cohesive zones, [START_REF] Sobry | Immunocytochemistry of pectins in shoot apical meristems: Consequences for intercellular adhesion[END_REF] suggested that calcium pectate is more implicated at the level of cell separation by contributing to a minimal tissue cohesion and to the creation of appropriate ionic and porosity environments. According to the authors, the calcium were more present in less cohesive zones (i.e. junctions) but were absent in the region of the middle lamella.

In order for such structures to persist, a reinforcement mechanism is necessary. Plants have been able to adapt to these conditions due to the differential distribution of pectin and other components that are able to form cross-links within the cell wall. Why pectic acids are preferentially present in these specific junction zones remains elusive. As the contribution of the mechanical growth-generated-forces is forging to explain the consequent aspect of the middle lamella, some questions remain unsolved and mechanics alone cannot bring a satisfying answer. For instance, how can compression drive the middle lamella to stain differently? If the primary cell wall also contains HG, why do staining metals preferentially accumulate in the region of the middle lamella? To assess these questions, we suggest exploring the contribution of the Donnan effect on the cell wall at sub-parietal levels.

IV. The Donnan-Gibbs equilibrium in the ECM It seems that the emergence of the middle lamella could be due to two factors: (i) A volume reduction of the gel due to tension or compression forces and (ii) the anionic nature of the gel. In (i) the compression of the cells against one another (as previously seen in Volvox) or the tension produced by the turgor pressure of the cell directly causes a volume reduction of the gel-like matrix. Since the matrix is a porous material, the pores of the matrix also shrink leading to a loss of water. A similar mechanism in the cell wall has been described by [START_REF] Bidhendi | Relating the mechanics of the primary plant cell wall to morphogenesis[END_REF]. In addition, due to the anionic nature of the gel (ii), it can thermodynamically be considered as an osmotic membrane that generates a Donnan-Gibbs potential [START_REF] Laktionov | Water Desalination Using Polyelectrolyte Hydrogel: Gibbs Ensemble Modeling[END_REF]. The Donnan-Gibbs equilibrium is the result of an uneven distribution of charged particles in two solutions separated by a semi-permeable membrane.

The semi-permeable membrane constrains the system by preventing the transfer of one or more ionic species [START_REF] Safronov | Donnan potential in hydrogels of poly(methacrylic acid) and its potassium salt[END_REF].

The following equation models Donnan's law:

Where and are the concentrations of monovalent anions and cations, respectively, in the internal solution, is the salinity of the external solution, is the gel molar volume (inverse density of gel segments), and is the ionization degree. The " " sign in the formula accounts for the sign change in polyanion vs. polycation gels [START_REF] Laktionov | Water Desalination Using Polyelectrolyte Hydrogel: Gibbs Ensemble Modeling[END_REF].

For example, in a polyanionic gel such as the middle lamella formed of anionic HG, a volume reduction first leads to a loss of water and a reduction in the pore size. The presence of negatively charged carboxylic groups (COO -) in the volume-reduced pores triggers a noneven distribution of cations. The above equation shows that a volume reduction ( ) induces the accumulation of cations inside the gels and a reduction of salinity in the rejected solution. In fact, the mechanical squeezing of polyelectrolyte hydrogels has been suggested as a water desalination technique where the charged salts are accumulated in the gel and the desalted water is released after a squeezing step [START_REF] Li | Stimuli-responsive polymer hydrogels as a new class of draw agent for forward osmosis desalination[END_REF][START_REF] Arens | Energy Consumption for the Desalination of Salt Water Using Polyelectrolyte Hydrogels as the Separation Agent[END_REF].

The Donnan effect has previously been reported in the cell walls and in the ECMs in general [START_REF] Kloareg | Role and evolution of the extracellular matrix in the acquisition of complex multicellularity in eukaryotes: A macroalgal perspective[END_REF][START_REF] Thibault | Physico-Chemical Properties of Pectins in the Cell Walls and After Extraction[END_REF], but has not been described in the subdomains of the cell wall such as the middle lamella. Considering that the cell wall is composed of cellulose, hemicellulose and pectin, we should expect to see a binding of metal dyes in parts other than the middle lamella. The fact that these cations preferentially accumulate in the middle lamella zone suggests the presence of microdomains that have a higher affinity to cations. Hope and Stevens introduced the concept of Apparent Free Space, in 1952, which distinguishes two types of free spaces in the cell wall: the Water Free Space (WFS) and the Donnan Free Space (DFS) [START_REF] Hope | Electric potential differences in bean roots and their relation to salt uptake[END_REF]. The nature of the free space depends on the presence of negatively charged particles and on the size of the pores. Accordingly, macropores are WFS where solvants and molecules can diffuse freely. Micropores are DFS that selectively accumulate cations in the preferential order of their charges [START_REF] White | Ion Uptake Mechanisms of Individual Cells and Roots: Short-distance Transport[END_REF].

Consequently, trivalent cations have the priority on divalent cations which bind more easily than monovalent cations. The compression effect as well as the reticulation of the acidic pectin can therefore trigger the formation of these micropores and creates DFSs in the zone of the middle lamella. This would therefore explain the preferential staining of the middle lamella with trivalent/divalent cations in comparison with the cell wall [START_REF] Albersheim | Stained pectin as seen in the electron microscope[END_REF]. It would also explain why when negative charges are masked as it is the case for meristems, the middle lamella doesn't stain as usual.

Therefore, we can assume that the reinforcement of protoplasmic connections in Volvox would maintain this compression effect and create DFSs at the interface of the middle lamella. This microdomain organization is even more obvious in the case of ripening fruits.

The fruit ripening process is thought to be accompanied by a dynamic remodeling of the middle lamella or the hydrolytic activity of enzymes that lead to the swelling and splitting of the cell wall. This results in the loss of cell adhesion which translates into an overall decrease in tissue firmness [START_REF] Brummell | Sensing when the wall comes tumbling down[END_REF]. Interestingly, these events do not seem to occur in the regions surrounding plasmodesmata and the structure of the middle lamella between two plasmodesmata is maintained. Many investigations that analyzed plasmodesmata have found that the region surrounding them stains differently and has denser fibrillar structures [START_REF] Ben-Arie | Ultrastructural Changes in the Cell Walls of Ripening Apple and Pear Fruit[END_REF][START_REF] Roy | Characterization of the cell wall microdomain surrounding plasmodesmata in apple fruit[END_REF]. Therefore, regions surrounding the plasmodesmata may differ in composition. Cationic colloidal gold was used by [START_REF] Roy | Characterization of the cell wall microdomain surrounding plasmodesmata in apple fruit[END_REF] to recognize the COO -groups of GalA in de-methylesterified pectin. Interestingly the results show that cationic gold bounds poorly to the plasmodesmata-wall complex even after demetylesterification and the use of chelation agents. The middle lamella however stains properly in the micrographs meaning that the metallic dyes were able to bind to negatively charged groups. The poor fixing of the cationic gold might be due to the size of the compressed microdomains. The potential presence of cations (metallic stain or putative Ca 2+ ions) may create a cationic environment that prevents cationic gold from fixing and/or trigger a steric congestion that prevents cationic gold from entering the microdomain.

V. Conclusion

In this review, we examined our current definition of the middle lamella by looking at the different experimental protocols/data and theoretical hypotheses that built this concept. As we look through examples of the middle lamella in plants and other related organisms, we identify some aspects that question this paradigm. Some cases were treated with regards to the optical properties, the biochemical nature and the biological function. It turns out that building a middle lamella that fits both the current paradigm and the exceptions, described in this chapter, requires specific developmental, mechanical and chemical conditions. First, the middle lamella -either in plants or related green organisms-necessarily requires the presence of anionic polymers that have the capacity to cross-link. In the case of plants these polymers correspond to de-methylesterified HG were the anionic function come from the COO -groups. In other related organisms such as Volvox, similar functions are ensured by the HRGPs. Secondly, a volume reduction either by tension or compression is needed to build DFSs within the polyanionic gel. In the absence of mechanical constrictions in a calciumsaturated environment, the anionic polymers with a high degree of dissociation organize in maximal distance with respect to each other and adopt a fibrillar conformation. This type of conformation is counterintuitive as we expect HGs to form a gel according to the egg-box model in the presence of calcium. Consequently, we suggest that volume reduction of the polyanionic gels is necessary to create the middle lamella. This can be explained by the Donnan-Gibbs equilibrium. In the case of compression of cells one against the other, DFSs are created. In the DFS, a charge effect is built. As a consequence, heavy metals and cationic salts are selectively accumulated. Therefore, exploring the concept of microdomains or 'free spaces' in the cell wall/middle lamella as well as the rheology of the gels under mechanical constraints similar to those occurring in tissues from plants and related green organisms might constitute a good track for further research on the middle lamella.
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 2 Figure 2: Drawing of an "electron micrograph of a section thru two neighbouring protoplasts in coenobium of the aureus type showing protoplasmic projections. C-chloroplast, M-Mitochondria, Mu-Mucilaginous portion, N-Nucleus, Py-pyrenoid, pp. (X 16,000)". Note how the protoplasmic bridges (called Pp) are ruptured after inversion and the intercellular space is filled with mucilage. The authors emphasize the fact that no middle lamella is observed in this case. Hand-drawn by Rawen Ben Malek, adapted from Ikushima, N., & Maruyama, S (1968).

Figure 3 :

 3 Figure 3: Drawing of "electron micrograph of a section thru the peripheral part of a free-swimming coenobium of the globator type of Volvox. Sl-Superficial lamella, Pl-Peripheral lamella, Mb-Medial body, Ml-Middle lamella, C-chloroplast, M-Mitochondria, Mu-Mucilaginous portion, N-Nucleus. (X 11,000)".The ECM between the two cells appears as a lightly stained thick surface crossed by thin electron dense layer referred to as the middle lamella between the two cells. The protoplasmic bridge seems to be reinforced by a thick electron-dense material. Hand-drawn by Rawen Ben Malek, adapted from Ikushima, N., & Maruyama, S (1968).

Figure 4 :

 4 Figure 4: Drawing of "a cross-section of two cell walls of Daucus, which illustrates how the electronopaque fibers (F) of the cell coat merge gradually into the middle lamella (Ml) between cells. This material received the pre-embedment heavy-atom stain treatment". Hand-drawn by Rawen Ben Malek adapted from Leppard & Ross Colvin, 1971.
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