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Titre : Implication fonctionelle des microdomaines membranaire dans la fonctionalité des plasmodesmes Résumé : Les plasmodesmes sont des nanopores membranaires qui traversent la paroi des cellules végétales. Ces nanostructures jouent un rôle central en communication intercellulaire et agissent comme des centres de signalisation capables de générer et de relayer le signal de cellule à cellule via l'activité de récepteurs. En tant qu'éléments clés de la communication intercellulaire, les plasmodesmes coordonnent les processus liés à la croissance et au développement des plantes ainsi que les réponses aux stress environnementaux. Dans cette étude, nous avons identifié trois récepteurs de la famille des récepteurs riches en leucine (LRR-RLK), capables de relocaliser de manière dynamique au niveau des plasmodesmes après un stress abiotique. L'association plasmodesmale est rapide et survient en moins de 2 minutes. Cette association dynamique n'est pas un comportement général des protéines associées à la membrane plasmique ou aux microdomaines membranaires. En focalisant notre étude sur SAK1 (Sucrose Activated Kinase) nous avons démontré que l'association dynamique aux plasmodesmes est indépendante de la composition en stérols ou en sphingolipides et est partiellement dépendante du statut de phosphorylation de cette protéine. Nous avons identifié un strech d'acide aminé polybasique dans le domaine Juxtamembrane (JMD) de SAK1, décrit chez l'homme comme interagissant avec les lipides anioniques, qui est indispensable à l'association conditionnelle aux plasmodesmes. Au total, nos données indiquent que les changements dans la membrane signature moléculaire des domaines spécialisés plasmodesmes réponses aux stimuli accompagne externes.

GENERAL INTRODUCTION

Intercellular communication plays a crucial role in multicellular organism by organizing and coordinating growth, development and defence responses (Benitez-Alfonso et al. 2013;Otero et al. 2016;Stahl et al. 2013;Han, Kumar, et al. 2014;[START_REF] Stahl | Receptor Complex Mediated Regulation of Symplastic Traffic[END_REF]Sager & Lee 2014). In plants, intercellular communication occurs through the nano-scaled membranous channels called plasmodesmata. These pores span the plant cell wall and connect the cytoplasm, the plasma membrane (PM) and the endoplasmic reticulum (ER) of neighbouring cells. Plasmodesmata present two distinct membranous components: a highly appressed strand of ER that traverses the centre of the pore, called the desmotubule, and the PM that is continuous between the adjacent cells. The desmotubule is connected to the PM by tether-elements of unknown identity and the space between the two membranes called the "cytoplasmic sleeve" is thought to be the major conduit through which molecules traffic from cell-to-cell. Plasmodesmal specialised membrane arrangement with the close apposition between the PM and the ER classifies them as a specialized type of membrane contact site [START_REF] Tilsner | Staying Tight: Plasmodesmal Membrane Contact Sites and the Control of Cell-to-Cell Connectivity in Plants[END_REF][START_REF] Bayer | From shaping organelles to signalling platforms: the emerging functions of plant ER-PM contact sites[END_REF]. Molecular specialization of both ER and PM is expected in order to guarantee plasmodesmal function. While maintaining basic structural features, plasmodesmata morphology varies depending on the tissue type and developmental stage. Simple stranded plasmodesmata are abundant in sink tissues while complex branched forms predominate in source tissues. These changes in plasmodesmata structures have been correlated to changes in plasmodesmal basal size exclusion limit (SEL; see dedicated result section 2: "linking plasmodesmata structure to plasmodesmal permeability") [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Roberts | Dynamic changes in the frequency and architecture of plasmodesmata during the sink-source transition in tobacco leaves[END_REF].

Molecular trafficking through plasmodesmata

A vast array of molecules can traffic through plasmodesmata such as sugars derived from the photosynthesis, hormones, ions, transcription factors and small RNAs (Brunkard et al. 2015). We can distinguish two main trafficking modes: passive and active transports. The passive molecular transport occurs by diffusion of molecules through the cytoplasmic sleeve and is regulated by the plasmodesmal aperture which is thought to be a direct read-out of the ER-PM spacing (Otero et al. 2016;Brunkard et al. 2015). A well-established mechanism for plasmodesmal aperture regulation, hence passive diffusion, is callose turn over. Callose is a β-1,3-glucan polymer located in the extracellular space surrounding the neck region of plasmodesmata plasmodesmata. The extent of callose accumulation or degradation influences the opening of plasmodesmata pores presumably by imposing physical constriction on the cytoplasmic sleeve (Gaudioso-Pedraza & Benitez-Alfonso 2014; Guseman et al. 2010;[START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]).

On the opposite way, active transport of molecules requires interaction with plasmodesmal components and can also depends on chaperone proteins or even phosphorylation events (Faulkner et al. 2013;[START_REF] Stahl | Receptor Complex Mediated Regulation of Symplastic Traffic[END_REF][START_REF] Lee | Plasmodesmal-associated protein kinase in tobacco and Arabidopsis recognizes a subset of non-cell-autonomous proteins[END_REF]Stahl 2013; [START_REF] Xu | Chaperonins facilitate KNOTTED1 cell-to-cell trafficking and stem cell function[END_REF]. No consensus targeting sequence has ever been identified for plasmodesmata trafficking. To date the mechanisms regulating active transport through plasmodesmata are still elusive and under intense investigation.

Gatekeeper of plant development

Cell-to-cell connectivity is crucial in determining organ patterning and development. The cytoplasmic continuum which connects cells within and between tissues and organs is called the plant symplast. Organogenesis is often accompanied by changes in symplastic connectivity, often through callose-deposition, to isolate specific areas from which new organs will emerge. For example in early stages of lateral root development, the lateral root primodium is isolated from the primary root and accumulate auxin. β1-3glucanase 1 and2 Arabidopsis knock-out mutants present a spatio-temporal deregulation of plasmodesmal permeability in ermerging lateral root primordia, which induces an increased number and chaotic distribution of lateral roots (Benitez-Alfonso et al. 2013). Inversely, the gain of function mutation of CALLOSE SYNTHASE 3 (CalS3) triggers massive callose accumulation at plasmodesmata which impairs root development notably by blocking the transport of SHORTROOT, a transcription factor involved in ground tissue patterning [START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]. The plasmodesmata-associated GLUCAN SYNTHASE LIKE 8 (GSL8) Arabidopsis knock-out mutant presents cytokinesis defect and is seedling lethal and the inducible knock-out line shows strong defects in gravitropic and phototropic responses (Han, Hyun, et al. 2014). Altogether these studies strongly suggest that plasmodesmata, are key elements of cell-to-cell communication, and play a crucial role in plant development by establishing symplastic domains were molecular transport is actively and finely regulated.

Closing the door on pathogens

Symplastic cell-to-cell continuity via plasmodesmata confers many biological advantages for the coordination of physiological and developmental responses across cell layers. However, some pathogens, particularly viruses, exploit plasmodesmata to spread their genome and create a systemic infection of the plant (Lee and Lu 2011). To cope with infections by pathogens, plants developed unique signaling pathways that trigger immune responses. These signaling pathways make pathogens detectable and generate various defense mechanisms. The pathogen perception is mediated by receptor proteins on the cell surface which can recognize and bind to "pathogen-or microbe-associated molecular pattern" (respectively PAMP and MAMP) (Lee & Lu 2011;[START_REF] Tilsner | Missing links? -The connection between replication and movement of plant RNA viruses[END_REF].

Several studies have very recently established a direct link between perception of PAMPs, at plasmodesmata sites, and the modulation of plasmodesmal permeability (Lee & Lu 2011;Faulkner 2013;Wang et al. 2013). For example, the perception of chitin, a wall component released during fungus attacks, by LYSINE MOTIF CONTAINING GPI-ANCHORED PROTEIN (LYM2) induces plasmodesmata closure through callose deposition (Faulkner et al., 2013). Similarly, two recent studies correlated salicylic acid (SA) production following bacterial pathogenesis with plasmodesmata closure (Lee et al, 2011, Wang et al, 2013). After a pathogen attack, SA concentration increases in uninfected cells and limits symplastic connectivity with neighbor cells through induction of PDLP5 expression and callose accumulation. SA accumulation, essential for acquired systemic resistance, also allows plants to control the pathogen propagation by controlling plasmodesmata aperture. Viruses such as Tobacco mosaic virus, Cucumber mosaic virus and Potato virus X encode movement proteins that are able to associate with plasmodesmata and modulate their permeability (Benitez-Alfonso et al. 2010;[START_REF] Su | Cucumber mosaic virus movement protein severs actin filaments to increase the plasmodesmal size exclusion limit in tobacco[END_REF]Lee & Lu 2011). Movement proteins encoded by Cowpea mosaic virus and Grapevine fan leaf virus assemble into tubular structures which contain the viral particles. These viral-induced tubules replace the desmotubule and span the plasmodesmata pore [START_REF] Vetter | Involvement of the Secretory Pathway and the Cytoskeleton in Intracellular Targeting and Tubule Assembly of[END_REF][START_REF] Pouwels | Identification of distinct steps during tubule formation by the movement protein of Cowpea mosaic virus[END_REF]. Not only viruses but also fungus, Magnaporthe oryzae (rice infection) develops invasive hyphae which invade cells picking into pit-fields [START_REF] Kankanala | Roles for rice membrane dynamics and plasmodesmata during biotrophic invasion by the blast fungus[END_REF]Simons & Ikonen 1997).

Unravelling the Plasmodesmal molecular constituents

Understanding how plasmodesmata dictate cellular connectivity is dependent on comprehensive knowledge of the composition and functional characterization of plasmodesmata constituents. Over the last decade many studies have focused on the identification of protein compounds of plasmodesmata [START_REF] Faulkner | Proteomic identification of putative plasmodesmatal proteins from Chara corallina[END_REF][START_REF] Bayer | Arabidopsis cell wall proteome defined using multidimensional protein identification technology[END_REF]Fernandez-Calvino et al. 2011;[START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF]Salmon & Bayer 2013). Substantial progress has been made in the field and a growing number of plasmodesmata-associated proteins have now been identified and some characterized. Among those are the lipidanchored (GPI; Glysosyl Phosphatidyl inositol) Plasmodesmata β-Glucanases (PAP; PdBG1,2 and3) and Plasmodesmata Callose Binding Proteins (PDCB) and callose synthases which are implicated in callose homeostasis (Levy et al. 2007;Benitez-Alfonso et al. 2013;[START_REF] Dobnik | β-1,3-glucanase class III promotes spread of PVYNTN and improves in planta protein production[END_REF]Simpson et al. 2009;[START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]. A growing number of receptor-like proteins have also been identified at plasmodesmata and involved in response to developmental and biotic clues (Faulkner et al. 2013;Caillaud et al. 2014;Lim et al. 2016;Faulkner 2013). For instance, Plasmodesmata-located Proteins (PDLP1 and 5) are type I transmembrane proteins inserted into the PM-domain lining plasmodesmata and are involved in pathogen responses (Thomas et al. 2008;Lee & Lu 2011;Caillaud et al. 2014).

The aim of my PhD thesis

Plasmodesmata are defined by specialised membrane microdomains of the ER and the PM both of which present a unique molecular composition. While progress has been made on the identification of plasmodesmata-associated proteins, until very recently, little was known about plasmodesmata membrane lipid constituents. Yet, just as proteins, lipids are essential membrane constituents that participate to the organization and function of biological membranes.

The first objective of my thesis was to bring a deeper understanding on the function of membrane lipids for plasmodesmata function. This aspect of my PhD work led to the publication of a method and a research paper where I am first and co-first author (Grison, et al. 2015;[START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF]; see dedicated result section 1: "Emerging role of membrane microdomain in plasmodesmata functionality").

Plasmodesmata are also emerging as microdomains capable of clustering receptor-like activities. A second aspect of my work was to study three LRR-RLK proteins that present conditional association with plasmodesmata upon abiotic stress. Our data points toward a role of anionic lipids in plasmodesmata dynamic association. This part of my work is not yet published but results were organised in the form of a research paper joined to this thesis (see dedicated section: "Emerging role of membrane microdomain in plasmodesmata functionality").

During my PhD I also had the opportunity to participate to the work of William Nicolas to assess the permeability of a newly identified type of plasmodesmata found in postcytokinesis walls. This led to a publication in Nature Plants were I am second author (Nicolas et al. 2017; see dedicated result section 2: "linking plasmodesmata structure to plasmodesmal connectivity").

Introduction

Result Section 1: "Emerging role of membrane microdomain in plasmodesmata functionality"

Result Section 2: "linking plasmodesmata structure to plasmodesmal connectivity" General Discussion/Perspective References Introduction Plasmodesmata (PD) are nanoscopic membrane-lined canals bridging plant cells across the cell walls. They allow cells to communicate with one another and are involved in developmental processes such as tissue patterning in organogenesis and embryogenesis [START_REF] Rinne | Symplasmic fields in the tunica of the shoot apical meristem coordinate morphogenetic events[END_REF]Gisel et al., 1999;Kim et al., 2005;[START_REF] Vatén | Callose biosynthesis regulates symplastic trafficking during root development[END_REF]Benitezalfonso et al., 2013;[START_REF] Gallagher | Intercellular protein movement: deciphering the language of development[END_REF]Otero et al., 2016;[START_REF] Wu | Symplastic signaling instructs cell division, cell expansion, and cell polarity in the ground tissue of Arabidopsis thaliana roots[END_REF], photoassimilate distribution [START_REF] Ross-Elliott | Phloem unloading in arabidopsis roots is convective and regulated by the phloempole pericycle[END_REF], and defence signalling, and the cell-to-cell spread of viruses as well (for review see Benitez-Alfonso et al., 2010;Faulkner et al., 2013;[START_REF] Zavaliev | Subcellular dynamics and role of Arabidopsis β-1,3-glucanases in cell-to-cell movement of tobamoviruses[END_REF]Wang et al., 2013). PD were first observed by the Austrian botanist Edouard Tangl in 1879 [START_REF] Tangl | Ueber offene communicationen zwischen den Zellen des endosperms einiger samen[END_REF]. Despite not having access to their ultrastructure, he observed fine striations between cotyledon cells of Strychnos nuxvomica in the endosperm of the seeds and described them as 'conducting ducts'. His discovery and later work on PD led to a radical change in our conception of the plant entity and brought in new concepts such as the plant symplast, which describes the cytosolic continuity between cells (see [START_REF] Oparka | Plasmodesmata. A not so open-andshut case[END_REF] for historical details on PD; for a review see [START_REF] Kohler | Eduard Tangl (1848-1905): discoverer of plasmodesmata[END_REF]. Being firmly embedded within the plant cell wall, PD are at the interface between four subcellular compartments-cell wall, plasma membrane (PM), endoplasmic reticulum (ER) and cytosol (Fig. 1A)-and therefore have the potential to integrate apoplastic, symplastic, and endomembrane signalling to coordinate cellular responses (for reviews see [START_REF] Brunkard | Plasmodesmata dynamics are coordinated by intracellular signaling pathways[END_REF]Sager and Lee, 2014). This unique position makes PD peculiar membrane junctions with no comparison in the animal kingdom, even if distant parallels have been made with tunnelling nanotubes (Delage and Zurzolo, 2013;[START_REF] Lee | New and old roles of plasmodesmata in immunity and parallels to tunneling nanotubes[END_REF]. Because the membrane architecture is unique and key for the function of PD, this review will attempt to take a step back from the common definition and function of the PD to better appreciate their structure and the full extent of their biological roles.

Puncturing the cell wall is essential for cell-to-cell communication

Two prerequisites need to be met in order to allow multicellularity: cell-to-cell adhesion and communication [START_REF] Niklas | The origins of multicellular organisms[END_REF]. Contrarily to animal cells, which can [START_REF] Raven | Evolution of plasmodesmata[END_REF]. Red stars represent the events of PD/PD-like pore independent appearances. Red and blue rectangles indicate respectively the clades where PD with and without desmotubules can be found (see legend above tree). Other membranous pores in green include the septal pores that can be found in fungi [START_REF] Beckett | The ultrastructure of septal pores and associated structures in the ascogenous hyphae and asci of Sordaria humana[END_REF][START_REF] Van Peer | The septal pore cap is an organelle that functions in vegetative growth and mushroom formation of the wood-rot fungus Schizophyllum commune[END_REF] and the pit-plugs, found in the Rhodophyta (red algae) [START_REF] Ueki | Reexamination of the pit plugs and the characteristic membranous structures in Porphyra yezoensis (Bangiales, Rhodophyta)[END_REF]. Shown in red are the references in which data/images of the corresponding pores can be found. (C) Two 0.56 nm thick tomographic slices at different depths depicting a type II pore and its segmentation. Red traits indicate spoke-like tethers visible in the tomographic slices. (D) Three 0.56 nm thick tomographic slices at different depths depicting a type I PD pore and its segmentation, with the ER constricting at the entrance to form the desmotubule (yellow arrowheads). CS, cytoplasmic sleeve; DT, desmotubule (blue in the segmentations); ER, endoplasmic reticulum; PM, plasma membrane (orange in the segmentations). Scale bars: 50 nm. a No available data in the literature allowing it to be stated whether or not the PD found in members of the Coleochaetales clade bear a desmotubule or not.

bring their respective PMs into close proximity to facilitate exchanges, plant and algal cells are separated by a pectocellulosic cell wall, ensuring cellular adhesion and structural rigidity [START_REF] Cosgrove | Assembly and enlargement of the primary cell wall in plants[END_REF][START_REF] Popper | Evolution and diversity of plant cell walls: from algae to flowering plants[END_REF] but constituting a barrier to cell-to-cell communication. Hence, they evolved strategies to overcome and perforate this barrier in order to reach the other side. A phylogenetic approach can provide insights on the need to puncture the cell wall in order to create multicellular, parenchymatous tissues [START_REF] Raven | Evolution of plasmodesmata[END_REF][START_REF] Niklas | The origins of multicellular organisms[END_REF][START_REF] Brunkard | Plasmodesmata enable multicellularity: new insights into their evolution, biogenesis, and functions in development and immunity[END_REF]. Etymologically and historically speaking, PD are defined as cytoplasmic ducts (plasma: cytosol, and desma: bond) connecting cells to one another. By this broad definition based on functional analogy, any membrane-lined pore pricking the cell wall and connecting cells to one another could in principle be defined as a plasmodesma-like structure as well.

The occurrence of PD and heterogeneous plasmodesma-like structures across the Plantae [START_REF] Fraser | The ultrastructure of plasmodesmata in the filamentous green alga, Bulbochaete hiloensis (Nordst.) tiffany[END_REF][START_REF] Floyd | Cytokinesis and plasmodesmata in Ulothrix[END_REF][START_REF] Stewart | Mitosis, cytokinesis, the distribution of plasmodesmata, and other cytological characteristics in the Ulotrichales, Ulvales, and Chaetophorales: phylogenetic and taxonomic consideration[END_REF][START_REF] Chapman | Ultrastructure of plasmodesmata and cross walls in Cephaleuros, Phycopeltis and Trentepohlia (Chroolepidaceae; Chlorophyta)[END_REF]Overall et al., 1982;Tilney et al., 1991;Ding et al., 1992;[START_REF] Cook | Comparative ultrastructure of plasmodesmata of Chara and selected bryophytes: toward an elucidation of the evolutionary origin of plant plasmodesmata[END_REF][START_REF] Chapman | Phragmoplast-mediated cytokinesis in Trentepohlia: results of TEM and immunofluorescence cytochemistry[END_REF][START_REF] Leonardi | Ultrastructure and taxonomy of Sporocladopsis novae-zelandiae (Ulvophyceae, Chlorophyta)[END_REF]Nicolas et al., 2017) and Chromista [START_REF] Terauchi | Ultrastructural study of plasmodesmata in the brown alga Dictyota dichotoma (Dictyotales, Phaeophyceae)[END_REF] kingdoms suggests that plasmodesmal structures must have undergone parallel evolution and probably appeared independently from each other at least four to five times, as argued by [START_REF] Raven | Evolution of plasmodesmata[END_REF] (Fig. 1B). Because getting to the other side of the cell wall is an issue encountered in many species, it appears that all the PD and plasmodesmal-like pores, regardless of the species, are membrane-lined, suggesting that cytoplasmically and membranously connecting the cells may facilitate passive, energy-free communication. In spite of the ubiquitous nature of the plasmodesma and its central role in cell-to-cell communication, its function is likely to differ from one species, and even one tissue type, to another. One recent example that illustrates this point is the distribution of auxin, which in land plants mainly occurs through influx and efflux auxin carriers (see [START_REF] Teale | Auxin in action: signalling, transport and the control of plant growth and development[END_REF] but could be mainly transported in a non-directional manner via PD in the moss Physcomitrella [START_REF] Coudert | Three ancient hormonal cues co-ordinate shoot branching in a moss[END_REF] for review see [START_REF] Brunkard | Plasmodesmata enable multicellularity: new insights into their evolution, biogenesis, and functions in development and immunity[END_REF].

The plasmodesmal ultrastructural model: hallmarks of a very specialized membrane structure

Because of their nanoscopic size (ranging from 20 to 40 nm in diameter, and up to several hundreds of nanometres in length), the ultrastructure of PD is not accessible by regular optical microscopy and they were long thought to be simple holes connecting plant cells to one another. It was only the breakthrough of electron microscopy that allowed botanists to get a glimpse of fine plasmodesmal structure [START_REF] Lopez-Saez | Fine structure of the plasmodesm[END_REF][START_REF] Robards | The ultrastructure of plasmodesmata[END_REF]; for review see [START_REF] Oparka | Plasmodesmata. A not so open-andshut case[END_REF]. Cornerstone ultrastructural studies in the early 1990s based on transmission electron microscopy of land plants (grasses and other vascular plants and bryophytes) showed how morphologically diverse PD can be (from simple pores to intricate branched complexes of pores), yet they retain common structural features (Fig. 1C).

Membrane continuity

PD are membrane-lined channels tightly encased in the cell wall (Tilney et al., 1991;Fernandez-Calvino et al., 2011;Grison et al., 2015b;[START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF], which not only provide a cytosolic continuum between cells but also establish membrane continuity. Indeed, both the PM and the ER penetrate PD and remain in conspicuous proximity. They present extreme and opposite curvatures and both the ER and the PM domains lining the pores are highly specialized microdomains with a specific lipid and protein composition. This unusual packing of membranous compartments in such nanometric pores marks the singularity of PD amongst other intercellular junctions.

The ER-derived desmotubule

These channels contain a distinctive central rod-like element, the desmotubule. It is composed of a very tightly appressed form of ER, associated with proteinaceous material, presumably proteins from the RETICULON family (RTN3 and 6), which can reticulate ER sheets and were found to associate with newly formed PD (Tilney et al., 1991;Ding et al., 1992;[START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF]. Presumably, because of the very tight constriction of the ER membrane leaflets in the desmotubule, only very limited molecular transit through the lumenal space has been reported [START_REF] Cantrill | Cell-to-cell communication via plant endomembranes[END_REF][START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Crawford | Subcellular localization determines the availability of non-targeted proteins to plasmodesmatal transport[END_REF][START_REF] Barton | Cell-to-cell transport via the lumen of the endoplasmic reticulum[END_REF].

The cytoplasmic sleeve: where traffic occurs It is thought that most of the trafficking occurs through the gap between the PM and the desmotubule, the cytoplasmic sleeve (Ding et al., 1992;[START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Crawford | Subcellular localization determines the availability of non-targeted proteins to plasmodesmatal transport[END_REF][START_REF] Zambryski | Plasmodesmata: gatekeepers for cellto-cell transport of developmental signals in plants[END_REF] for review see Brunkard et al., 2015). This cytosolic gap is often wider in the central part of the pore compared with the extremities, respectively called the 'central cavity' and the 'neck regions' (Overall et al., 1982;Tilney et al., 1991;Ding et al., 1992). In current models, the gap width between the desmotubule and the PM is thought to be directly proportional to the extent of cell-to-cell connectivity: the smaller the gap, the lesser the traffic. In this respect a well-established regulator of plasmodesmal size exclusion limit is callose, a β- (1,3)-glucan, whose deposition or degradation in the wall around a plasmodesma controls its permeability, referred to as the size exclusion limit (SEL) (Radford et al., 1998;Váten et al., 2011;Tilsner et al., 2016). By accumulating between the cell wall and the PM, this compound is thought to push the PM against the desmotubule, reducing the aperture and permeability. Callose removal or deposition can be influenced by numerous environmental and developmental cues, especially via the regulation of plasmodesma-localized enzymes involved in callose homeostasis (Levy et al., 2007;Simpson et al., 2009;Zavaliev et al., 2011;Váten et al., 2011;Faulkner et al., 2013;Wang et al., 2013;Tilsner et al., 2016;[START_REF] Cui | Arabidopsis callose synthases CalS1/8 regulate plasmodesmal permeability during stress[END_REF]. Hence, it appears that the desmotubule-PM gap is directly proportional to the SEL; however, recent work from Nicolas et al. (2017) suggests a more complex and less straightforward relationship between the width of the cytoplasmic sleeve and the permeability state, leaving open the question of the role of ER-PM contacts within the channels.

The spoke-like elements

The cytoplasmic sleeve is not an empty gap between the desmotubule and the PM. Repeated observations of 'spoke-like elements' spanning this gap have been made over the years (Tilney et al., 1991;Ding et al., 1992;Schulz, 1995;Nicolas et al., 2017). The currently accepted theory on these asserts that they are involved in connecting the two membranes and possibly controlling the width of the cytoplasmic sleeve (Overall and Blackman, 1996;Radford and White, 2011). The first mention of the plasmodesmal 'spoke radial elements' goes back 35 years (Overall et al., 1982), and notwithstanding the efforts made, their identity and function still remain unknown. Nevertheless, they may serve as a scaffold for the cytoplasmic sleeve and/or play a role in functionally connecting the PM and the desmotubule.

The unique membrane architecture of plasmodesmal channels and their position, on one hand between cells and on the other between subcellular compartments, raise interesting questions still to be answered. What is the role of this ER-derived desmotubule if not for lumenal transport? Could it be simply reduced to a remnant of the entrapped ER during cytokinesis, as first suggested by [START_REF] Lopez-Saez | Fine structure of the plasmodesm[END_REF]? Or is it a prerequisite for the very existence and functioning of PD? Similarly, the very high membrane curvature is inherent to the plasmodesmal pores and potentially key for their function. It also implies a unique molecular composition in order to reach such tight packing (Overall et al., 1982;Tilsner et al., 2016). While it is now admitted that the ER and PM in PD retain a specific lipidic and proteic composition (Fernandez-Calvino et al., 2011;Grison et al., 2015a), it is still largely unknown how these microdomains are generated and maintained despite continuity with the ER network and PM, respectively. Lastly, PD are primarily membranous structures, so what role do lipids play in defining plasmodesmal specialized microdomains?

Reassessing the role of the desmotubule

The textbook plasmodesma includes the central ER-derived desmotubule running through the pore. However, not all PD bear a central element like the desmotubule, mainly observed in charophytes and embryophytes (Overall et al., 1982;Tilney et al., 1991;Ding et al., 1992;[START_REF] Cook | Comparative ultrastructure of plasmodesmata of Chara and selected bryophytes: toward an elucidation of the evolutionary origin of plant plasmodesmata[END_REF]. Indeed, the distant brown alga Dictyota dichotoma was reported to have desmotubule-less pores resembling PD, which seem to associate with membranous tubular structures at the entrances of the pores [START_REF] Terauchi | Ultrastructural study of plasmodesmata in the brown alga Dictyota dichotoma (Dictyotales, Phaeophyceae)[END_REF]. Interestingly, these PD seem to still be spanned by 'internal bridges', resembling the spokes, extending towards the centre of the pore. Their formation does not involve ER compression in the cell plate fenestrae, suggesting that, although ER-containing pores correspond to the archetypical model of PD, an ER-derived desmotubule is not an unavoidable side effect of PD formation during cytokinesis. Indeed, the ER is unlikely to just be 'trapped' between the fenestrae during cell plate formation, but instead ER strand insertion between the fenestrae is most likely a tightly regulated process. The underlying instinctive question is what do land plants gain from ER continuity through plasmodesmal pores? What is the function of the desmotubule?

In regard to this, [START_REF] Fraser | The ultrastructure of plasmodesmata in the filamentous green alga, Bulbochaete hiloensis (Nordst.) tiffany[END_REF] revealed a very interesting form of desmotubule-less PD in the chlorophycean alga Bulbochaete hiloensis (order Oedogoniales). They propose a model where the very tight neck regions can sufficiently press against each other to modulate the SEL without the need of a desmotubule. This suggests that, among other functions discussed hereafter, the desmotubule may not be essential to the control of the SEL. Yet, it might have contributed to allowing a better fine-tuning of plasmodesmal SEL regulation. Indeed the obstructing central desmotubule reduces the gap the plasmodesma has to cover at the neck region in order to significantly reduce permeability. Hence, by very little modulation of the callose homeostasis, substantial permeability changes can be achieved by bringing the PM closer to the desmotubule. Additionally, as cortical ER networks usually hover over pit fields [START_REF] Hepler | Cortical endoplasmic reticulum in plants[END_REF][START_REF] Schapire | Arabidopsis synaptotagmin 1 is required for the maintenance of plasma membrane integrity and cell viability[END_REF][START_REF] Pérez-Sancho | Stitching organelles: organization and function of specialized membrane contact sites in plants[END_REF], the callose-mediated swelling of the neck region in all three dimensions could also contribute to bringing together more tightly the cortical ER and the PM. Thus, this could favour restricting the access to the plasmodesmal entrance for potential cargo molecules. Still the function of an ER strand running through PD is unlikely to be solely to fine-tune the SEL.

Can PD be considered as highly specialized membrane contact sites?

So why are the ER and the PM in contact within plasmodesmal pores in land plants? A tentative way to answer this question is to consider PD as specialized membrane contact sites (MCSs) (Tilsner et al. 2016). MCSs are ubiquitous nanoscaled structures in eukaryotes consisting of close contacts between the two membranes of generally two subcellular compartments. Among all membrane compartments, the ER is probably the one mostly engaged in establishing contact with other organelles (see Prinz, 2014). In MCSs, the membranes of the apposing compartments are generally separated by a gap 7-30 nm wide, characterized by an exclusion of ribosomes and a modification of the ER membrane curvature. The gap between the two membranes is spanned by tether proteins, structurally and functionally linking the two membranes, and by extension, the two compartments [START_REF] Endo | Calcium-induced calcium release in skeletal muscle[END_REF][START_REF] Schulz | Lipid-regulated sterol transfer between closely apposed membranes by oxysterol-binding protein homologues[END_REF][START_REF] Stefan | Osh proteins regulate phosphoinositide metabolism at ER-plasma membrane contact sites[END_REF][START_REF] West | A 3D analysis of yeast ER structure reveals how ER domains are organized by membrane curvature[END_REF][START_REF] Manford | ER-to-plasma membrane tethering proteins regulate cell signaling and ER morphology[END_REF][START_REF] Haj | Regulation of signaling at regions of cell-cell contact by endoplasmic reticulum-bound proteintyrosine phosphatase 1B[END_REF]Prinz, 2014;Gallo et al., 2016). Consequently, MCSs ensure fast interorganelle communication and traffic, among which are non-vesicular lipid exchange, calcium homeostasis regulation and integration of cell signalling events (for reviews see [START_REF] Helle | Organization and function of membrane contact sites[END_REF]Prinz, 2014;[START_REF] Henne | Molecular mechanisms of interorganelle ER-PM contact sites[END_REF][START_REF] Levine | Signalling at membrane contact sites: two membranes come together to handle second messengers[END_REF][START_REF] Pérez-Sancho | Stitching organelles: organization and function of specialized membrane contact sites in plants[END_REF].

Although we do not know if interorganelle exchange occurs at PD, the plasmodesmal pores fit the morphological definition of MCSs. Indeed, because the desmotubule is an ER-derived structure, linked by tethering elements to the PM and witnessing no membrane fusion, PD can be viewed as cylindrical ER-PM contact sites (Tilsner et al., 2011(Tilsner et al., , 2016;;[START_REF] Pérez-Sancho | Stitching organelles: organization and function of specialized membrane contact sites in plants[END_REF].

Developmental transition in ER-PM tethering at PD

In this regard, the desmotubule-PM interface has recently been shown to be tightly regulated during development and tissue growth (Nicolas et al., 2017). Hence, young PD harbour a desmotubule very closely apposed to the PM, leaving no visible cytoplasmic sleeve (type I PD, Fig. 1D). Later on, the pore appears larger, in a more relaxed configuration, where a 10 nm wide cytoplasmic sleeve is spanned by tethering elements (type II PD, see Fig. 1C). Such tight MCSs as in type I PD were also reported in previous studies [START_REF] Li | Energetics and dynamics of SNAREpin folding across lipid bilayers[END_REF][START_REF] Diao | Synaptic proteins promote calcium-triggered fast transition from point contact to full fusion[END_REF], suggesting that near-direct contact (<2 nm) between two membranes is possible and can actually be stabilized by tethering elements (although not appearing as distinct 'spoke' elements). Connectivity assays showed that the type I post-cytokinesis pores, despite their lack of a visible cytoplasmic sleeve, display a high enough permeability to let through green fluorescent protein. This is consistent with consensual data (Imlau et al., 1999;[START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF]Burch-Smith and Zambryski, 2010;Xu et al., 2012) showing that young undifferentiated tissues are more likely to display high SEL. However, this also indicates that the relationship between SEL and cytoplasmic sleeve width is not so linear. It also raises the question as to why PD present a developmental transition in ER-PM tethering. Are differences in membrane contact architecture inside the pores related to differing functionality? Does the near ER-PM contact in type I PD favour interorganelle exchange?

Transition in ER-PM tethering from type I to type II PD and increase in the cytoplasmic gap are correlated with the appearance of visible spoke-like elements. This is in line with studies in animal cells (Fernández-Busnadiego et al., 2015) where the width of the MCS gap has been correlated to the length and molecular identity of the tethers involved in the interaction. All in all, data accumulated over the years suggest that the ER-PM junctions at PD are remarkably stable as they are conserved throughout the life of the pore in land plants. However, this does not preclude these interfaces from being dynamic, as they can vary from intimate contact to a more distal configuration, which is likely accompanied by a change in their molecular architecture with the appearance of the regularly spaced spoke-like tethers. These spoke-like elements may well be MCS tethering proteins crucial for structurally but also functionally regulating plasmodesmal membrane junctions.

On the identity of the tethers

Elucidating the functional relevance of membrane tethering requires identification of the nature of the tethering elements.

The spoke-like elements have been postulated to be myosin molecules interacting with an F-actin filament embedded in the desmotubule, and some models imply that they are able to modulate the cytoplasmic sleeve width by ATP-dependant contraction [START_REF] White | Actin associated with plasmodesmata[END_REF]Radford andWhite, 1998, 2011). Although widely accepted (Overall and Blackman, 1996;Sevilem et al., 2015), this model has been discussed and questioned by Tilsner et al. (2011) and also recently challenged by Nicolas et al. (2017) who showed that the plasmodesmal spokes are insensitive to actin polymerization inhibitor drugs. Anyhow, the nature of the plasmodesmal spokes and whether or not they act as ER-PM tethers inside PD remain to be elucidated.

A good starting point for the identification of the spokes may be to peer into the molecular composition of regular plant ER-PM contact sites. Homology searches using known mammalian and yeast tethers as templates led to the emergence of three major groups of plant tethers involved in ER-PM contact sites: (i) the synaptotagmins (SYTs), (ii) the vesicle-associated membrane protein-associated proteins (VAPs), and (iii) the more recent oxysterol-binding proteinrelated proteins [START_REF] Wang | The plant cytoskeleton, NET3C, and VAP27 mediate the link between the plasma membrane and endoplasmic reticulum[END_REF][START_REF] Wang | Plant VAP27 proteins: domain characterization, intracellular localization and role in plant development[END_REF][START_REF] Pérez-Sancho | The Arabidopsis synaptotagmin1 is enriched in endoplasmic reticulum-plasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF], 2016). Among these, SYT1 and VAP27-1 have been localized to pit fields [START_REF] Schapire | Arabidopsis synaptotagmin 1 is required for the maintenance of plasma membrane integrity and cell viability[END_REF][START_REF] Wang | The plant cytoskeleton, NET3C, and VAP27 mediate the link between the plasma membrane and endoplasmic reticulum[END_REF], the latter having been reported to interact with actin, the NETWORKED 3C ER-PM tether and RTN3 and 6 [START_REF] Wang | The plant cytoskeleton, NET3C, and VAP27 mediate the link between the plasma membrane and endoplasmic reticulum[END_REF][START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF][START_REF] Kriechbaumer | Reticulomics: protein-protein interaction studies with two plasmodesmata-localized reticulon family proteins identify binding partners enriched at plasmodesmata, endoplasmic reticulum, and the plasma membrane[END_REF]. The SYTs contain C-terminal calcium-depend lipidbinding (C2) domains, some of which have been involved in conditional tethering of the PM in the mammalian extended synaptotagmin 1 (E-SYT1) [START_REF] Chang | Feedback regulation of receptor-induced Ca 2+ signaling mediated by E-Syt1 and Nir2 at endoplasmic reticulum-plasma membrane junctions[END_REF][START_REF] Lin | Control of membrane gaps by synaptotagmin-Ca 2+ measured with a novel membrane distance ruler[END_REF]Fernández-Busnadiego et al., 2015;[START_REF] Idevall-Hagren | Triggered Ca 2+ influx is required for extended synaptotagmin 1-induced ER-plasma membrane tethering[END_REF] whereas the N-terminal transmembrane domain is integral to the ER. Studies in the mammalian and yeast homologues of SYTs, respectively E-SYTs and tricalbins, not only describe them as mechanical tensors that link the two membranes (van den Bogaart et al., 2011;[START_REF] Manford | ER-to-plasma membrane tethering proteins regulate cell signaling and ER morphology[END_REF]Fernández-Busnadiego et al., 2015), but also highlight their function in direct lipid transfer between the compartments and in calcium homeostasis regulation [START_REF] Schauder | Structure of a lipid-bound extended synaptotagmin indicates a role in lipid transfer[END_REF]. Although there is no evidence to date, plasmodesmal tethers comprising the same functional domains may engage in similar functions at the desmotubule-PM interface. This new point of view forces a reconsideration of the structure and function of PD, in particular the yet unexplored and still hypothetical implication of PD in membrane-to-membrane exchanges.

Building up plasmodesmal specialized membrane domains

Biological membranes, and the PM in particular, are not homogeneously constituted but are rather a patchwork of different membrane domains functionally diverse and with distinct protein and lipid composition (Lingwood and Simons, 2010;[START_REF] Simons | Revitalizing membrane rafts: new tools and insights[END_REF]Simons and Sampaio, 2011;Jarsch et al., 2014). This, of course applies to PD, as they are highly specialized membrane interfaces undertaking very specific tasks in communication and signalling (Sager and Lee, 2014;Sevilem et al., 2015;Otero et al., 2016;Stahl and Faulkner, 2016). In order to maintain this functional and compositional specificity, PD must be able to laterally and temporally segregate their membrane constituents. While membrane heterogeneity is likely to be critical for plasmodesmal function, we still don't know how plasmodesmal specialized microdomains are established and maintained. What are the mechanisms restricting lateral mobility of proteins and lipids along the plasmodesmal membranes? Much needs to be done in this area but general knowledge on membrane organization, biophysics and dynamics can give us some clues as to how plasmodesmal specialized membrane domains may be regulated.

Emerging role of membrane microdomains in plasmodesmal function

PD enable and regulate the intercellular exchanges of molecules, but also act as specialized signalling hubs, capable of generating and/or relaying cues from cell to cell (Vaddepalli et al., 2011(Vaddepalli et al., , 2014;;Stahl and Simon, 2013;Stahl and Faulkner, 2016). The emerging view regarding how PD accomplish this suggests that their molecular composition, and possibly their inherent biophysical properties, define dedicated functional platforms. This implies a finely regulated spatial and temporal compartmentalization of plasmodesmal specialized domains, the mechanisms of which remain elusive.

PD constitute specialized ER and PM domains as they present a local enrichment of a specific set of proteins, among which are receptor-like proteins (Stahl and Simon, 2013;Faulkner, 2013;Vaddepalli et al., 2014;Stahl and Faulkner, 2016), callose-modifying enzymes (Iglesias and Meins, 2000;Levy et al., 2007;Simpson et al., 2009;Guseman et al., 2010;Rinne et al., 2011;Váten et al., 2011;Vanstraelen and Beeckman, 2013;Benitez-alfonso et al., 2013), and membrane-shaping proteins [START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF]. While some proteins are enriched at PD, others are excluded, such as the PM proton pump ATPase (PMA 2 ), the aquaporin PIP2 and the cellulose synthase subunit CesA3 (Fleurat-Lessard et al., 1995;Grison et al., 2015a). This implies that mechanisms leading to membrane lateral segregation operate at PD. Misexpression or mistargeting of plasmodesma-associated proteins induces a range of phenotypes ranging from developmental and patterning defects to defence signalling (Váten et al., 2011;Maule et al., 2013;Vanstraelen and Beeckman, 2013;Faulkner, 2013;Benitez-Alfonso, 2014;Otero et al., 2016), suggesting that the plasmodesmal specific molecular composition guarantees integrated responses to developmental, biotic, and abiotic clues.

As for proteins, lipid segregation along the PM domain lining the plasmodesmal pore (i.e. the PD-PM) has also been reported in post-cytokinesis PD. Using purified PD-derived membranes, Grison et al. (2015a, b) showed that the PD-PM presents an enrichment in sterols and very-longchain saturated glycosyl-inositol-phospho-ceramid (GIPC) sphingolipids when compared with the bulk PM. Modification of the sterol composition results in the mislocalization of a specific set of plasmodesma-associated proteins harbouring a glycosyl-phospho-inositol (GPI) anchor, which becomes PM localized. This correlates with altered callose deposition at PD and, subsequently, altered cell-to-cell permeability. The lipid composition of PD may therefore contribute to the recruitment and specification of plasmodesmal microdomains, though the exact mechanisms remain unknown.

Because they present a distinct molecular composition, plasmodesmal membranes should, by definition, be considered as specialized microdomains. On top of this, within PD the membranes may be further subcompartmentalized, adding an additional degree of complexity. For instance the GPI-anchored protein plasmodesmata callose binding protein 1 (PDCB1) has been located precisely at the neck region of PD whereas plasmodesmata-located protein 1 (PDLP1), an integral plasmodesmal protein family, would preferentially cluster inside the pore (Simpson et al., 2009;Maule et al., 2011). PDCB1 has been suggested to associate with sterolenriched microdomains whereas PDLP1 has not (Grison et al., 2015a), supporting the notion of domain heterogeneity inside the pores.

In general terms, membrane microdomains are incredibly diverse in their function, size, formation, and composition, but very often rely on membrane dynamics. Association/dissociation of receptor proteins with microdomains can for instance control their activation/inactivation and turn on and off signalling cascades [START_REF] Hofman | EGF induces coalescence of different lipid rafts[END_REF][START_REF] Shabala | Salt stress sensing and early signalling events in plant roots: Current knowledge and hypothesis[END_REF][START_REF] Bocharov | Alternative packing of EGFR transmembrane domain suggests that protein-lipid interactions underlie signal conduction across membrane[END_REF][START_REF] Büchel | Plant immune and growth receptors share common signalling components but localise to distinct plasma membrane nanodomains[END_REF]. Activity of protein receptors has been associated with PD [START_REF] Tian | Subcellular localization and functional domain studies of DEFECTIVE KERNEL1 in maize and Arabidopsis suggest a model for aleurone cell fate specification involving CRINKLY4 and SUPERNUMERARY ALEURONE LAYER1[END_REF]Fernandez-Calvino et al., 2011;Faulkner et al., 2013;Stahl and Simon, 2013;Vaddepalli et al., 2014), but it is yet to be proven that they are involved in such versatile spatiotemporal dynamic associations with microdomains. Can proteins and lipids associate with PD in a conditional manner as shown for instance for SYT1 (Levy et al., 2015)? Similarly we have little to no idea of protein and lipid turnover and residence time at PD.

Reaching plasmodesmal channels

How plasmodesmal proteins and lipids are specifically targeted to plasmodesmal channels is still largely elusive. So far no consensus sequence for plasmodesmal targeting has been identified. Many plasmodesma-associated proteins contain a signal peptide for ER translocation, suggesting they reach the pores through the secretory pathway (Levy et al., 2007;Thomas et al., 2008;Simpson et al., 2009;Faulkner et al., 2013;Salmon and Bayer, 2013;[START_REF] Zavaliev | Glycosylphosphatidylinositol (GPI) modification serves as a primary plasmodesmal sorting signal[END_REF]. This is, however, biased by the fact that bioinformatic data mining in voluminous proteomic lists for the identification of plasmodesmal candidates has to a large extent relied on the presence of a signal peptide. Yet, mechanisms of protein and lipid sorting to PD are likely to be diverse. Right now it is not clear whether proteins are directly delivered in the proximity of the plasmodesmal pores via secretory vesicles (given that the vesicles are unlikely to enter plasmodesmal channels) or reach the PM or the ER to then be laterally segregated within the plane of the membrane. What seems to emerge is that the determinant for plasmodesmal targeting also lies within the membrane. Indeed, the transmembrane domain of PDLP1 was shown to be necessary and sufficient to target green fluorescent protein to the PD-PM (Thomas et al., 2008). Similarly, the lipidic GPI anchor of PDCB1 is also sufficient for plasmodesmal targeting [START_REF] Zavaliev | Glycosylphosphatidylinositol (GPI) modification serves as a primary plasmodesmal sorting signal[END_REF] and sterol depletion prevents its association with PD (Grison et al., 2015a), suggesting that the local properties of plasmodesmal membrane are important for sorting.

What are the underlying mechanisms leading to membrane molecular specialization at PD? On a broader view, the ability to form and regulate microdomains is complex and the mechanisms underlying membrane heterogeneity are diverse. They can be based on dynamic lipid-lipid, lipid-protein and protein-protein associations (or a mixture of the three) (for reviews see Lingwood & Simons 2010;[START_REF] Sezgin | The mystery of membrane organization: composition, regulation and roles of lipid rafts[END_REF]. Similarly, membrane curvature, thickness, electrostatic charges, and biophysical properties all influence protein sorting and membrane compartmentalization [START_REF] Antonny | Mechanisms of membrane curvature sensing[END_REF][START_REF] Aimon | Membrane shape modulates transmembrane protein distribution[END_REF][START_REF] Tejos | Bipolar plasma membrane distribution of phosphoinositides and their requirement for auxinmediated cell polarity and patterning in Arabidopsis[END_REF][START_REF] Iversen | Membrane curvature bends the laws of physics and chemistry[END_REF]McMahon and Boucrot, 2015;[START_REF] Milovanovic | Hydrophobic mismatch sorts SNARE proteins into distinct membrane domains[END_REF][START_REF] Saita | Sensing membrane thickness: Lessons learned from cold stress[END_REF][START_REF] Simon | a. APtdIns(4)P-driven electrostatic field controls membrane identity and signalling in plants[END_REF][START_REF] Platre | Anionic lipids and the maintenance of membrane electrostatics in eukaryotes[END_REF]. Beyond the simple view of the global molecular composition, it is essential to integrate into our vision of plasmodesmal specialized microdomains their local chemical and physical properties. For instance, a hallmark of plasmodesmal ultrastructure is the extreme membrane curvature of both the PM and the ER within the channels. Could this be a key determinant for protein sorting? How can the basic principles of membrane subcompartmentalization help us to understand membrane heterogeneity at PD? Manipulating membrane properties or composition has been shown to alter the proper targeting of proteins both at PM and PD, suggesting the importance of membrane-based sorting mechanisms [START_REF] Van Meer | Membrane lipids and vesicular traffic[END_REF]Grison et al., 2015a;[START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF]. Here we focus on the possible implication of membrane biophysical properties and lipid composition in plasmodesmal microdomain specification and function.

Membrane thickness influences the protein distribution

Of particular interest are the lipid-induced changes in membrane physical shape such as thickness, where lipids can either expand or contract around the hydrophobic surface of proteins resulting in a hydrophobic mismatch (Lingwood and Simons, 2010;[START_REF] Milovanovic | Hydrophobic mismatch sorts SNARE proteins into distinct membrane domains[END_REF][START_REF] Saita | Sensing membrane thickness: Lessons learned from cold stress[END_REF]. It was recently reported that the PM of primary PD is enriched in sterols and GIPC sphingolipids (Grison et al., 2015a). Such lipid composition resembles 'lipid raft' microdomains and the increase in sterol and very long chain lipids is also known to influence membrane thickness (Mongrand et al., 2004;[START_REF] Carrer | Effects of a short-chain ceramide on bilayer domain formation, thickness, and chain mobililty: DMPC and asymmetric ceramide mixtures[END_REF]Andersen and Koeppe, 2007;[START_REF] Ryu | Reconstituting ring-rafts in budmimicking topography of model membranes[END_REF]Mouritsen and Bagatolli, 2015). In turn, membrane thickness is an important determinant of protein sorting between compartments (ER to PM) and within the membrane plane (Sharpe et al., 2010;[START_REF] Milovanovic | Hydrophobic mismatch sorts SNARE proteins into distinct membrane domains[END_REF]. The explanation for such an effect lies in the notion of hydrophobic mismatch: when the length of transmembrane domains and the thickness of the double leaflets differ, it creates an energetic penalty, also called a hydrophobic mismatch, which suffices to drive protein sorting between and within compartments. Proteins with a long N-terminal transmembrane domain will preferentially associate with thicker membranes or thicker microdomains to compensate the energetic penalty at the membrane interface in thin membranes. Similarly changes in membrane thickness in response to variation of temperature can lead to a reorientation of the transmembrane domain and consequently modify membrane protein activity, for instance from auto-kinase to phosphatase activity [START_REF] Saita | Sensing membrane thickness: Lessons learned from cold stress[END_REF]. The dynamic modulation of membrane biophysical properties is emerging as a complementary mechanism for regulating membrane-based biological processes such as trafficking, signalling and protein sorting. This could be transposed to the plasmodesmal specialized membrane domains.

Inner-outer leaflet asymmetry: when one influences the other

Lipid heterogeneity can be viewed in two dimensions: laterally, in a given membrane leaflet, but also through the asymmetrical lipid distribution between the inner leaflet and the outer leaflet. The immiscibility of a specific set of lipids (sterols and sphingolipids) has been proposed to be one of the mechanisms leading to membrane heterogeneity. This behaviour has been defined as a liquid-ordered (lo) phase, comprising sterols and sphingolipids containing saturated fatty acids, in opposition to a liquid-disordered (ld) phase, mainly composed of unsaturated phospholipids [START_REF] Wang | Cholesterol does not induce segregation of liquid-ordered domains in bilayers modeling the inner leaflet of the plasma membrane[END_REF][START_REF] De Almeida | Sphingomyelin/ phosphatidylcholine/cholesterol phase diagram: boundaries and composition of lipid rafts[END_REF][START_REF] Veatch | Miscibility phase diagrams of giant vesicles containing sphingomyelin[END_REF][START_REF] Kiessling | Transbilayer effects of raft-like lipid domains in asymmetric planar bilayers measured by single molecule tracking[END_REF][START_REF] Nickels | The in vivo structure of biological membranes and evidence for lipid domains[END_REF]. The formation of lo domains can be enhanced by biological stimuli [START_REF] Hammond | Crosslinking a lipid raft component triggers liquid ordered-liquid disordered phase separation in model plasma membranes[END_REF] and they have been shown to represent approximately 75% of the outer leaflet [START_REF] Owen | Imaging lipid domains in cell membranes: the advent of super-resolution fluorescence microscopy[END_REF]. The emerging picture suggests that lo domains, predominantly found in the outer leaflet of microdomains, can trigger the formation of lo domains on the inner leaflet [START_REF] Kiessling | Transbilayer effects of raft-like lipid domains in asymmetric planar bilayers measured by single molecule tracking[END_REF][START_REF] Wan | Coupling of cholesterol-rich lipid phases in asymmetric bilayers[END_REF]. This would be allowed mainly through outer-leaflet lipid and protein interdigitations reaching the inner leaflet and influencing its local composition (Simons and Ikonen, 1997;[START_REF] Niemelä | Influence of chain length and unsaturation on sphingomyelin bilayers[END_REF][START_REF] Polley | Bilayer registry in a multicomponent asymmetric membrane: dependence on lipid composition and chain length[END_REF][START_REF] Fujimoto | Interleaflet coupling, pinning, and leaflet asymmetry-major players in plasma membrane nanodomain formation[END_REF]. If this turns out to be true, it would be of high interest to investigate the relevance of this type of intra-membrane communication in the context of plasmodesmal function and structure, especially since the PD-PM at the neck regions of the pore resembles sterol and sphingolipid microdomains (Grison et al., 2015a).
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Protein sequestering induced by electrostatic charge clusters

Anionic phospholipids such as phosphoinositides (PtdIns) or phosphatidylserine contribute to membrane identity by conferring a unique electrostatic signature to membranes, thereby constituting specific membrane territories (McLaughlin and Murray, 2005;Bigay and Antonny, 2012;[START_REF] Hammond | Membrane identity[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF]. They control the permanent or reversible association of proteins to specific compartments or specific areas of the PM via electrostatic interactions and are critical in a wide range of signalling processes (Bigay and Antonny, 2012;[START_REF] Arkhipov | Architecture and membrane interactions of the EGF receptor[END_REF]Hedger et al., 2015;Picas et al., 2016;[START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF]. For instance PtdIns-4-P accumulation at the PM has been demonstrated to be a prerequisite for the proper localization of the polar auxin transport regulator PINOID, as well as for proteins implicated in BRASSINOSTEROID signalling [START_REF] Tejos | Bipolar plasma membrane distribution of phosphoinositides and their requirement for auxinmediated cell polarity and patterning in Arabidopsis[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF][START_REF] Platre | Anionic lipids and the maintenance of membrane electrostatics in eukaryotes[END_REF]. PtdIns are also critical in signalling events as they regulate membrane receptors in animals and plants and are a source of secondary messengers [START_REF] Arkhipov | Architecture and membrane interactions of the EGF receptor[END_REF]Hedger et al., 2015;Picas et al., 2016;[START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF]. Anionic phospholipids, in particular PtdIns, often act as co-interactors for membrane tethering at MCS regions as many tethers possess lipid-binding modules that directly dock to the membrane through electrostatic interactions [START_REF] Giordano | PI(4,5)P 2dependent and Ca 2+ -regulated ER-PM interactions mediated by the extended synaptotagmins[END_REF][START_REF] Henne | Molecular mechanisms of interorganelle ER-PM contact sites[END_REF][START_REF] Raiborg | Phosphoinositides in membrane contact sites[END_REF]. Consequently, MCSs are critical in regulating PtdIns metabolism. In turn, PtdIns directly affect non-vesicular lipid transfer between apposed membranes [START_REF] Manford | ER-to-plasma membrane tethering proteins regulate cell signaling and ER morphology[END_REF][START_REF] Mesmin | A four-step cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi tether OSBP[END_REF][START_REF] Moser Von Filseck | A phosphatidylinositol-4-phosphate powered exchange mechanism to create a lipid gradient between membranes[END_REF][START_REF] Moser Von Filseck | Running up that hill: How to create cellular lipid gradients by lipid counter-flows[END_REF][START_REF] Omnus | Phosphoinositide kinase signaling controls ER-PM cross-talk[END_REF]. So far we do not know the PtdIns composition of the plasmodesmal channels but PD are extremely differentiated membrane domains and their electrostatic signature is likely to be different from that of the bulk PM. The plasmodesmal localization of proteins able to bind membranes most likely through electrostatic interactions, such as SYT1 [START_REF] Pérez-Sancho | The Arabidopsis synaptotagmin1 is enriched in endoplasmic reticulum-plasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF] or QUIRKY [START_REF] Trehin | QUIRKY interacts with STRUBBELIG and PAL OF QUIRKY to regulate cell growth anisotropy during Arabidopsis gynoecium development[END_REF]Vaddepalli et al., 2014), invites the question of how anionic phospholipids contribute to the plasmodesmal electrostatic signature and whether or not they are involved in membrane tethering.

Membrane curvature induces protein sorting

As mentioned earlier, PD are characterized by extreme membrane curvature, which by itself is emerging as a key determinant for protein trafficking, sorting, and signalling (Bigay and Antonny, 2012;McMahon and Boucrot, 2015) and could therefore play a role in the establishment and regulation of plasmodesmal specialized domains. Membrane curvature favours lipid packing defects (i.e. spacing between polar heads of the lipids) on the positively curved side of the membrane and as such can promote hydrophobic insertions of proteins with matching features [START_REF] Iversen | Membrane curvature bends the laws of physics and chemistry[END_REF]. Changes in membrane shape can also lead to a redistribution of membrane proteins. Hence, using an experimental set-up where nanotubes can be pulled from giant unilamellar vesicles (GUVs), [START_REF] Aimon | Membrane shape modulates transmembrane protein distribution[END_REF] showed that the KvAP integral protein segregates in the nanotubes and not on the GUV, whose curvature is relatively flat. The KvAP enrichment in nanotubes is inversely proportional to their radii, and hence is coupled to membrane shape [START_REF] Aimon | Membrane shape modulates transmembrane protein distribution[END_REF]. PD display highly curved membrane features where both ER and PM adopt negative and positive curvature. For instance at the plasmodesmal neck region, the PM has a positive curvature while within PD it reverses and becomes negative, meaning that differences in the direction of membrane bending can potentially set apart distinct functional subdomains. Remarkably, the desmotubule presents the smallest radius of tubular ER observed in eukaryotic cells (about 15 nm in diameter), and this unique organization fuels interest in the mechanisms behind the generation and maintenance of such extreme membrane binding. Recent studies reported the presence of ER curvature-inducing proteins at PD, namely RTN3 and 6, which are most likely involved in the desmotubule constriction [START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF][START_REF] Kriechbaumer | Reticulomics: protein-protein interaction studies with two plasmodesmata-localized reticulon family proteins identify binding partners enriched at plasmodesmata, endoplasmic reticulum, and the plasma membrane[END_REF]. Together with proteins, the lipid conical or inverted conical shape can also promote positive or negative curvature of the bilayer. Indeed, beyond their potential role in protein targeting, PtdIns can also influence membranes by directly modifying membrane curvature, or stabilizing curved membrane areas [START_REF] Bagatolli | Is the fluid mosaic (and the accompanying raft hypothesis) a suitable model to describe fundamental features of biological membranes? What may be missing[END_REF]. During their maturation, simple primary PD evolve towards branched and complex structures, with membrane remodelling events likely to occur concomitantly. Similarly, modification of membrane curvature, at the neck of PD is also likely to occur during callose deposition, which in the current model induces a bulging of the PM. In this context, the PM is likely to locally reorganize its molecular distribution by lateral diffusion and/or interleaflet flip-flopping in order to accommodate the imposed bending.

Membrane interface rules protein recruitment or exclusion

Plasmodesmal structure in land plants is also characterized by dynamic ER-PM contacts, ranging from membrane junctions remarkably close in post-cytokinesis PD (about 3-4 nm in type I PD) to more distal appositions where the membranes are linked by spoke-like tethers (about 10 nm in type II PD) (Nicolas et al., 2017). So whatever the stage, the membrane interface is densely packed with what seems to be proteinaceous material, potentially comprising tethering proteins linking the two compartments and non-binding proteins occupying the space in the interface (Nicolas et al., 2017). Can such membrane interface and the restricted gap between the two bilayers influence the clustering or exclusion of proteins? Recent studies suggested that the exclusion of CD45 from the immunological synapse could be simply driven by a size-dependant mechanism [START_REF] Milstein | Nanoscale increases in CD2-CD48-mediated intermembrane spacing decrease adhesion and reorganize the immunological synapse[END_REF][START_REF] Alakoskela | Mechanisms for size-dependent protein segregation at immune synapses assessed with molecular rulers[END_REF]. Thus, [START_REF] Schmid | Size-dependent protein segregation at membrane interfaces[END_REF] showed in GUVs that the size of the space between the two membranes alone can passively segregate proteins and exclude non-tethering proteins from the membrane interface. In addition, they showed that the protein crowding of tethers at membrane interfaces can exclude the non-tethering proteins independently of their size [START_REF] Schmid | Size-dependent protein segregation at membrane interfaces[END_REF]. Thus the ER-PM membrane interface within PD is likely to impose physical constraint and participate not only in the regulation of the plasmodesmal SEL but also in the recruitment and/or exclusion of proteins to plasmodesmal specialized microdomains.

Concluding remarks

The cell-to-cell continuity of the ER makes PD unique amongst other intercellular junctions. Viewing PD as highly specialized MCSs was also proposed by [START_REF] Pérez-Sancho | Stitching organelles: organization and function of specialized membrane contact sites in plants[END_REF]Tilsner et al., 2016). In turn, this paradigm shift will allow us to cast new light on PD, especially regarding the role of the desmotubule, thus leading to (i) a better comprehension of the regulatory layers of SEL regulation and (ii) exploration of new unexpected roles for PD, directly rising from this novel standpoint. While PD are MCSs, they are also structurally unique: both ER and PM display extreme and opposing membrane curvature; the ER tubule is linked to the PM on all sides; and the membrane apposition is unusually close. This unique membrane architecture is likely to impose constraints but also directly influence plasmodesmal function; still we are currently very far from understanding its relevance. Similar to MCSs, the two membrane segments (ER and PM) engaging in contact are highly specialized with a specific molecular composition, defining plasmodesmal membrane identity and physical properties, which in turn guarantee plasmodesmal function. Understanding how plasmodesmal specialized microdomains are built and regulated, the function of the lipids, and the impact of membrane biophysical properties on plasmodesmal function will be a challenging task for the coming years.

Emerging role of membrane microdomains in plasmodesmata functionality

A striking feature of plasmodesmata organization is the continuity of the PM and the ER from cell-to-cell through the entire pore. To guarantee the compartmentalization of plasmodesmata-related function, both membranes are however unlikely to continue homogeneously throughout the pores. Functionality at plasmodesmata hinges on the molecular specification of both the ER and PM domains lining plasmodesmata [START_REF] Tilsner | Staying Tight: Plasmodesmal Membrane Contact Sites and the Control of Cell-to-Cell Connectivity in Plants[END_REF][START_REF] Nicolas | Shaping intercellular channels of plasmodesmata: the structure-to-function missing link[END_REF]. During plant development, plasmodesmata undergo extensive changes in morphology as well as function [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Fitzgibbon | A developmental framework for complex plasmodesmata formation revealed by large-scale imaging of the Arabidopsis leaf epidermis[END_REF][START_REF] Faulkner | Peeking into Pit Fields: A Multiple Twinning Model of Secondary Plasmodesmata Formation in Tobacco[END_REF]. Plasmodesmata pores can also temporally modulate their aperture to accommodate cell-to-cell trafficking in response to developmental and biotic/abiotic clues. These events are likely to involve changes in the molecular signature of plasmodesmal microdomains. So far no data exist as to how lateral membrane heterogeneity and compartmentalisation of biological processes are achieved at plasmodesmata. Similarly membrane molecular "remodeling" in response to biotic/abiotic clues is still speculative.

1-PLASMODESMAL SPECIALISED MICRODOMAINS AND MEMBRANE LIPIDS

Associated papers: Grison et al. 2015 Methods in Molecular Biology;[START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF] The plant Cell

Roles of lipids in membrane compartmentalization and cell functionality

Despite the membranous nature of plasmodesmata nothing, until very recently, was known about their lipid constituents. Together with proteins, lipids are however important functional units of biological membranes which can modulate the bilayer organisation and cellular function [START_REF] Nicolas | Shaping intercellular channels of plasmodesmata: the structure-to-function missing link[END_REF]. Lipid composition affects membrane thickness, curvature, fluidity and consequently influences protein sorting, localisation and activity [START_REF] Iversen | Membrane curvature bends the laws of physics and chemistry[END_REF][START_REF] Aimon | Membrane shape modulates transmembrane protein distribution[END_REF]Bigay & Antonny 2012;Mcmahon & Boucrot 2015;[START_REF] Milovanovic | Hydrophobic mismatch sorts SNARE proteins into distinct membrane domains[END_REF][START_REF] Hofman | EGF induces coalescence of different lipid rafts[END_REF]. Anionic lipids such as phosphoinositides (PtIns) play a fundamental role in controlling membrane interfaces by defining electrostatic membrane territory through their highly charged head-groups (Bigay & Antonny 2012;[START_REF] Hammond | Membrane identity[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF]. Finally lipid-lipid and lipid-protein interactions contribute to the formation, dynamics and functionality of membrane microdomains. In particular the membrane "microdomain hypothesis" postulates that the self-assembling properties between sterols and sphingolipids could facilitate selective lateral membrane segregation in vivo and organise functionality within the bilayer by clustering functional components (Lingwood and Simons, 2010).

Although progress has been made in identifying plasmodesmata protein constituents, the role played by lipids in defining plasmodesmata specialized membrane domains had remained completely uncovered by the time I started my PhD. Not only the lipid composition of plasmodesmata membranes was unknown but the contribution of membrane lipids in the regulation of intercellular communication in plant had remained unexplored.

The tracks leading to the plasmodesmal lipid microdomain hypothesis

The hypothesis that microdomains could accumulate or be present at plasmodesmata and be important for their function came from our laboratory. Indeed, Raffaele et al. (2009) demonstrated that Remorin, a plant microdomain-associated protein, is localised at both the PM but also at plasmodesmata in N. benthamiana and impaired the cell-to-cell propagation of the Potato X Virus by inducing callose deposition [START_REF] Raffaele | Upregulation of the plant protein remorin correlates with dehiscence and cell maturation: a link with the maturation of plasmodesmata?[END_REF][START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane rafts and plasmodesmata, impairs potato virus X movement[END_REF]. In a similar vein, seven Tetraspanin proteins have been identified as highly enriched in Arabidopsis plasmodesmata proteome [START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF]. Tetraspanin proteins have been reported in mammals to directly bind sterols possibly via a palmitate. This would impact on their ability to associate with one another to build up an interacting network or "tetraspanin web" central to their function (Charrin, Manié, Thiele, et al. 2003;[START_REF] Charrin | A physical and functional link between cholesterol and tetraspanins[END_REF][START_REF] Silvie | Cholesterol contributes to the organization of tetraspanin-enriched microdomains and to CD81-dependent infection by malaria sporozoites[END_REF].

Post-cytokinesis plasmodesmata are enriched in sterols and sphingolipids

During the beginning of my PhD, I focused on the PM domain lining plasmodesmata, also called the PD-PM, with the aim to characterize its lipid composition and establish whether it differs from the bulk of the PM. It was the first time that a study was aiming at identifying the lipid constituents of plasmodesmata pores. To this end, I first improved the PD-membrane purification method and isolated PD-enriched membrane fractions from Arabidopsis suspension cells (Grison, et al. 2015). Through extensive biochemical characterization I demonstrated that this membrane fraction was enriched in plasmodesmata protein markers and pure enough for lipidomic analysis. Using MS-based comparative lipidomic analysis, I showed that the PD-PM domain had a distinct lipid profile when compared to the cellular PM [START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF]. In particular our data indicate that the PD-PM is enriched in sterols, highly glycosylated sphingolipids harbouring very long chain fatty acids (Glycosyl Inositol Phosphoryl Ceramides; GIPCs) and unsaturated phospholipids. These data indicate that the PD-PM of post-cytokinesis plasmodesmata clusters sterol-and sphingolipid-enriched microdomains. I next explore the potential for lipids and especially sterols to organise PD microdomains and regulate cell-to-cell connectivity. For that we focused our attention to the lipid-tethered glycosylphosphatidylinositol (GPI)-anchored proteins, which in mammalian cells have been shown to be organized in nanoscale cholesterol-sensitive clusters [START_REF] Sharma | Nanoscale organization of multiple GPI-anchored proteins in living cell membranes[END_REF][START_REF] Goswami | Nanoclusters of GPI-anchored proteins are formed by cortical actindriven activity[END_REF][START_REF] Van Zanten | Hotspots of GPI-anchored proteins and integrin nanoclusters function as nucleation sites for cell adhesion[END_REF]. Previous studies had shown that several plasmodesmata proteins are GPI-anchored and associate with the neck region of the pores to regulate plasmodesmata permeability through callose deposition/degradation [START_REF] Levy | A plasmodesmata-associated β-1,3-glucanase in Arabidopsis[END_REF]Simpson et al., 2009;Benitez-Alfonso et al., 2013). I first showed that GPIanchoring was determinant for plasmodesmata targeting [START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF]. Next employing pharmacological approaches, I was able to demonstrate that alteration of the membrane pool of sterols strongly interferes with the ability of PD-Callose Binding Protein1 and the 1-3 glucanase PdBG2, which are both GPI-anchored proteins, to associate with primary plasmodesmata. Inhibition of plasmodesmata targeting under short sterol inhibition treatment was correlated with a modification of both callose deposition and plasmodesmata permeability.

Altogether, this study provided a comprehensive analysis of the lipid constituents of post-cytokinesis plasmodesmata and highlighted a role for sterols in modulating cell-to-cell connectivity possibly by establishing and maintaining positional specificity of callose modifying GPI-proteins at plasmodesmata. For the first time, this work emphasized the importance of lipids in defining plasmodesmata membranes. The results of this study were published in The Plant Cell where I am first co-author [START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF].

My contribution to the papers:

Two papers came out of this study, that are joined in this thesis manuscript:

One method paper where I optimised the plasmodesmata purification protocol which was published in Methods in Molecular Biology (Grison, et al. 2015) One research paper where I set up the experimental procedure for PM (and PD) purification from Arabidopsis suspension cells for lipidomic analysis. Comparative lipid analysis requires a high purity level of the fractions which I assessed by western blot analysis. I run the comparative lipid analysis of the membranous fractions by gas chromatography coupled to mass spectrometry. After determining the strategy to modify the sterol composition of plasmodesmata with minimum pleiotriopic effect I assessed the localisation of specialized proteins involved in plasmodesmata functionality and consequently on callose deposition in sterol depleted membranes (Grison, Brocard, et al. plant Cell 2015). Other people contributed to the Plant Cell paper in particular: Lysiane Brocard, who realized the electron microscopy experiments. William Nicolas, who evaluated the symplastic connectivity upon sterols inhibition using pSUC2::GFP lines. Laetitia Fouillen, who performed the phospholipid analysis by liquid chromatography coupled to mass spectrometry.

In both publications I conceptualized and made the figures, the supplemental figures and table and actively participated to the writing of the manuscript.

Introduction

Plasmodesmata (PD) are plant-specifi c nano-pores spanning the adjoining wall of most cells, thereby providing a conduit for intercellular communication. They contain specialized membrane domains derived from the endoplasmic reticulum (ER; called the desmotubule) and from the plasma membrane (PM; called PD-PM). Both domains carry specifi c sets of proteins and lipids that differ from the surrounding bulk membranes. This unique molecular composition plays a role in PD function and considerable efforts have been devoted to defi ning structural and functional PD components [ 1 , 2 ]. Access to pure PD fractions is a prerequisite to establishing the proteomic and lipidomic profi les of these membranous structures. Data collected from such approaches have and will continue to provide valuable information on the molecular mechanisms that govern PD function.

PD are known to be refractory to simple biochemical isolation owing to their tight association with the complex cell wall matrix and to the small contribution they make to the total plant tissue mass. For a long time, commonly used subcellular fractionation approaches were based on the rigorous purifi cation of cell wall fractions from various plant tissues. As PD are fi rmly lodged within the extracellular matrix, this procedure has proven to be an effective way of getting subcellular fractions enriched for PD. Although this has led to the successful identifi cation of a number of PD proteins [ 3 -8 ], the physical contribution of PD to the cell wall mass is still relatively small. Further refi nement to the cell fractionation approaches originated from the work of Bernard L. Epel and his team [ 9 , 10 ]. Using an enzymatic degradation of the walls, they fi rst reported the recovery of free intact PD from plant tissues. The crucial advance was that PD-derived membranes were released from their position embedded in the wall by treatment with cellulase. Working with Arabidopsis thaliana suspension culture cells, the Maule group adapted the cellulase-based approach to purify PD from wall fractions. Combined with proteomic analyses, this approach has spawned the identifi cation of an unprecedented number of proteins that show stable physical association with the PD pores [ 11 -13 ]. The main diffi culty in getting pure PD fractions lies in the effective disruption of cells. Differentiated plant tissues are often resistant to breakage due to the presence of secondary cell wall and lignin. A. thaliana suspension cells offer an attractive alternative to complex plant tissues as they comprise a friable population of relatively uniform large cells, from which clean wall fractions and therefore PD fractions can be obtained [ 1 , 14 ]. The cells have abundant simple PD within division walls resembling in their basic structure the primary PD found in intact tissues. Cultured cells also represent an abundant source of biological material allowing the preparation of relatively large quantities of PD-derived membranes suitable for biochemical analysis.

The purpose of this chapter is to provide a detailed PD purification protocol that is simple and effi cient. The procedure relies on the use of A. thaliana suspension cells as starting plant material. The fi rst step of the purifi cation procedure consists in isolating wall fragments containing intact PD. Cell disruption and release of organelles are achieved by N 2 decompression coupled to grinding steps in liquid nitrogen. Wall fragments are recovered by low-speed centrifugation. In a second step, "free" PD are released from their trapped position in the pectocellulosic matrix by using the cell wall-degrading enzyme cellulase. Subsequently, the PD are recovered by high-speed centrifugation.

Materials

Prepare all solutions with ultrapure water (sensitivity 18 MΩ at 25 °C) and analytical grade reagents. All buffers and reagents should be kept at 4 °C. For a longer conservation, buffers can be sterilized at 110 °C for 30 min before storage at 4 °C.

A. thaliana liquid-cultured cells (ecotype Landsberg erecta ) should be grown in Murashige and Skoog medium containing vitamins and supplemented with 2.5 μM α-naphthalene acetic acid (NAA), 0.25 μM kinetin, 87 mM sucrose, and 2.5 mM 2( N -morpholino)ethane sulfonic acid (MES). Adjust the pH to 5.8 with 1 M KOH solution and sterilize at 110 °C for 30 min. Subculture the cells once a week (transfer 20 mL of the cultured cells into 200 mL fresh medium) under a laminar fl ow hood and keep on a shaker set to 220 rpm, at 24 °C, with constant light. 11. Ultraspeed refrigerated centrifuge for swinging bucket rotation of 30 mL centrifuge tubes at 100,000 × g .

12. 30 mL ultracentrifugation tubes.

13. 1.5 mL microcentrifuge tubes.

1. Antibodies:

(a) Against PD proteins PDLP1 [ 7 ] and PDCB1 [ 6 ].

(b) Against potential contaminants; examples are BiP (ER marker) [ 15 ], Membrin 11 (Golgi marker; we used an antibody provided by A. Hocquellet, L. Maneta-Peyret, and P. Moreau, Bordeaux, France), P16 (thylakoid marker) [ 16 ], and PMA2 (PM marker) [ 17 ].

Protein quantifi cation:

(a) Bicinchoninic acid (BCA) protein assay kit.

(b) 1.5 mL microcentrifuge tubes.

(c) Spectrophotometer.

SDS PAGE protein electrophoresis:

(a) (e) Solution for stacking gel: 3 % (w/v) acrylamide-bisacrylamide mix (37.5:1), 125 mM Tris-HCl buffer, pH 7, 0.15 % ammonium persulfate, and 0.05 % TEMED.

Purity Assessment of the PD Fraction

Purifi cation of Plasmodesmata (f) Washing buffer: 1× TBS 0.1 % (v/v) Tween 20.

(g) Blocking buffer: 5 % (w/v) nonfat dry milk in 1× TBS.

(h) Secondary antibodies: Horseradish peroxidase-coupled goat anti-rabbit.

(i) Enhanced chemiluminescence (ECL) system for the visualization of immunodecorated proteins.

Methods

PD purifi cation takes place in two main steps (Fig. 2 ): (1) The purifi cation of cell wall fragments containing PD followed by (2) the enzymatic digestion of the cell wall fraction allowing the release of "free" PD. Each step (about 4-5 h of work for each) can be performed independently during different days, usually during two consecutive days. All steps should be carried out at 4 °C unless otherwise specifi ed.

The procedure starts with the disruption of A. thaliana suspension cells using a nitrogen decompression-based cell disruption device and recovery of the cell walls by low-speed centrifugation. In order to remove any trapped subcellular debris and organelles, the sample is then ground in liquid nitrogen using a mortar and pestle.

1. Divide 200 mL of 5-6-day-old cultured cells ( see Notes 1 and 2 ) into 4 × 50 mL Falcon tubes and centrifuge the suspension cells at 400 × g for 5 min, at RT.

2. Meanwhile, place the cell disruption device (precooled at 4 °C) on a magnetic stirrer and open the valve connecting the disruption vessel and the gas nitrogen cylinder so that the device is ready to use (Fig. 1b ).

3. Discard the supernatant by inverting the tubes and resuspend the cell pellet (about 20 mL) with an equal volume of ice-cold CWP buffer containing protease inhibitors (total volume should be around 50 mL). Place a magnet bar into the Falcon tube.

4. Position the sample inside the cell disruption device; set the head on the vessel with the dip tube extending into the sample and attach the split ring cover clamp (Fig. 1a ). Make sure that the magnetic bar is stirring the sample before closing ( see Note 3 ).

Close the discharge valve (Fig. 1b ) before pressurizing the vessel to 120 bars ( see Note 4 ) by opening the charging valve (Fig. 1b ).

When the appropriate pressure is reached, close the charging valve and wait for 3 min for the pressure to equilibrate. 1b ) to obtain a thin stream ( see Note 5 ) and collect the disrupted cells in a 50 mL Falcon tube. Proceed until only gas is left to exit the cell disruption device ( see Note 6 ). Leave the discharging valve opened until the pressure in the vessel is zero.

6. Collect an aliquot (total cell extract) for western blot analysis (Subheading 3.3 ). Store at -20 °C.

7. Divide the solution containing disrupted cells (about 40-50 mL) into two new 50 mL Falcon tubes and adjust the volume to 40 mL with ice-cold CWW buffer. Centrifuge the solution at 400 × g for 5 min at 4 °C. Cell walls will sediment while the cytosolic content stays in the supernatant.

8. Carefully remove the supernatant using 25 mL pipettes and resuspend the sedimented walls in ice-cold CWW buffer.

Adjust the volume to 50 mL. 9. Repeat steps 4 -8 three more times (omit step 6 ).

10. The cell wall sediment can be stored at -20 °C.

1. Harvest the frozen pellet of cell walls from Subheading 3.1.1 by using a spatula. Place it in a mortar and grind the sample with a pestle in liquid N 2 to a fi ne powder.

2. Use the spatula to load the frozen powder into a 50 mL Falcon tube and fi ll with ice-cold CWW buffer. Mix by vortexing.

3. Spin the suspension at 400 × g for 5 min at 4 °C.

4. Carefully remove the supernatant using a 25 mL pipette. Freeze the wall pellet by immersing the 50 mL tube into liquid N 2 .

5. Repeat the grinding steps ( steps 1 -4 ) one more time.

6. Wash the wall fragments three times with excess ice-cold CWW buffer by centrifugation at 400 × g , for 5 min at 4 °C.

7. The fi nal cell wall fraction can be stored at -20 °C ( see Note 7 ).

1. Thaw 10 mL of the cell wall fraction from Subheading 3.1 and resuspend with excess volume of digestion buffer (without protease inhibitors). Centrifuge for 5 min at 400 × g at 4 °C in 50 mL Falcon tubes. Discard the supernatant and keep the 10 mL pellet on ice.

2. Dissolve the cellulase R-10 powder in 10 mL of digestion buffer at the fi nal concentration of 1.4 % w/v. 

Notes

1. Arabidopsis cells grow in clumps of about 30-40 cells. Optimal culture condition with the appropriate hormonal balance is important for cell wall purifi cation. In case of hormonal overdose cells divide faster, forming large clumps (liquid culture looks grainier). These clumps are more reluctant to disruption with the cell disruption device and could result in a wall fraction of insuffi cient quality.

Quality Assessment of the PD Fraction

Purifi cation of Plasmodesmata 2. In Arabidopsis thaliana suspension cells, PD are mostly present on the division walls. Cell walls are prepared from cultured cells in the middle of the linear growth phase (about 5 days after subculturing) in order to maximize the proportion of dividing walls containing PD.

3. Stirring will help to maintain cells in a uniform suspension in the N 2 cell disruption vessel. This will guarantee maximum cell disruption and accelerate the equilibrium step.

4. A pressure lower than 100 bars inside the vessel will reduce the effi ciency of the disruption process and may lead to a contaminated cell wall fraction.

5. The actual disruption process does not take place while the cells are pressurized within the vessel. Cell disruption occurs at the instant of decompression as the sample goes from highpressure environment to atmospheric pressure. Shearing of the cells as they pass through the discharging valve also participate in cell disruption. The valve is therefore opened gradually to leave as little space as possible for the liquid suspension cell to pass through.

6. Beware that the last 5 mL of solution may come at once and produce a splash.

7. The purity of the fi nal cell wall fraction can be visually estimated, by looking at the color of the pelleted walls. The fi nal pellet should be plain white and not yellowish. If it is not the case, additional grinding and washing steps may be necessary.

8. Do not exceed 5 min or the enzyme activity will diminish.

9. This step helps to remove any residual debris contained in the cellulase solution. It is recommended for electron microscopy studies.

10. It is necessary to use both PMSF and a complete inhibitor cocktail to avoid protein degradation during the incubation of the wall fragment with cellulase. PMSF is rapidly degraded upon light and water exposures. The stock solution should therefore be kept in a tube opaque to light. PMSF is very toxic and should be handled with appropriate care.

11. As PD membranes are continuous with the ER and the PM, these two compartments are likely to be a source of contamination and should therefore be tested for (using for instance PMA2 and BiP antisera; see Subheading 2.4 ). Contamination from any other subcellular compartments can also be investigated (for instance chloroplast and Golgi). Enrichment in PD membranes is monitored through the use of intrinsic PD protein markers (PDCB and PDLP; see Subheading 2.4 ).

12. The PD purifi cation yield (assessed by protein quantifi cation) can be affected by a decrease of the cellulase activity. This effect has been observed with the use of "old" cellulase (older than a year). Plasmodesmata (PD) are nano-sized membrane-lined channels controlling intercellular communication in plants. Although progress has been made in identifying PD proteins, the role played by major membrane constituents, such as the lipids, in defining specialized membrane domains in PD remains unknown. Through a rigorous isolation of "native" PD membrane fractions and comparative mass spectrometry-based analysis, we demonstrate that lipids are laterally segregated along the plasma membrane (PM) at the PD cell-to-cell junction in Arabidopsis thaliana. Remarkably, our results show that PD membranes display enrichment in sterols and sphingolipids with very long chain saturated fatty acids when compared with the bulk of the PM. Intriguingly, this lipid profile is reminiscent of detergent-insoluble membrane microdomains, although our approach is valuably detergent-free. Modulation of the overall sterol composition of young dividing cells reversibly impaired the PD localization of the glycosylphosphatidylinositolanchored proteins Plasmodesmata Callose Binding 1 and the b-1,3-glucanase PdBG2 and altered callose-mediated PD permeability. Altogether, this study not only provides a comprehensive analysis of the lipid constituents of PD but also identifies a role for sterols in modulating cell-to-cell connectivity, possibly by establishing and maintaining the positional specificity of callosemodifying glycosylphosphatidylinositol proteins at PD. Our work emphasizes the importance of lipids in defining PD membranes.

INTRODUCTION

To compartmentalize and coordinate biological processes, eukaryotic organisms have developed the propensity to laterally segregate their membrane constituents, thereby acquiring the ability to organize domains with specialized function within membrane bilayers (Simons and Sampaio, 2011;[START_REF] Spira | Patchwork organization of the yeast plasma membrane into numerous coexisting domains[END_REF]Jarsch et al., 2014). Not only proteins but also lipids are laterally organized within the plane of the membrane and contribute to the formation, dynamics, and function of microdomains (Lingwood and Simons, 2010;[START_REF] Sonnino | Lipids and membrane lateral organization[END_REF][START_REF] Schäfer | Lipid packing drives the segregation of transmembrane helices into disordered lipid domains in model membranes[END_REF]van den Bogaart et al., 2011;[START_REF] Contreras | Molecular recognition of a single sphingolipid species by a protein's transmembrane domain[END_REF]. In plants, a compelling example of membrane functional subcompartmentalization is illustrated by the specialization of the endoplasmic reticulum (ER) and the plasma membrane (PM) at sites of cell-to-cell junctions, called plasmodesmata (PD) [START_REF] Maule | Plasmodesmata: Structure, function and biogenesis[END_REF]Tilsner et al., 2011). PD span the thick cell wall of virtually all plant cells, establishing both cytoplasmic and membrane continuity throughout the entire plant body. In recent years, PD have emerged as key elements of the cell-to-cell communication machinery and, as such, have been implicated in processes guaranteeing the collaborative functioning of the cells, the cooperative responses to exogenous and endogenous stimuli, and controlled developmental events [START_REF] Chitwood | Small RNAs are on the move[END_REF][START_REF] Dunoyer | Small RNA duplexes function as mobile silencing signals between plant cells[END_REF][START_REF] Vatén | Callose biosynthesis regulates symplastic trafficking during root development[END_REF][START_REF] Xu | Chaperonins facilitate KNOTTED1 cell-to-cell trafficking and stem cell function[END_REF]Xu et al., , 2012;;[START_REF] Burch-Smith | Plasmodesmata paradigm shift: regulation from without versus within[END_REF][START_REF] Furuta | The role of mobile small RNA species during root growth and development[END_REF][START_REF] Koizumi | The SHORT-ROOT protein acts as a mobile, dose-dependent signal in patterning the ground tissue[END_REF][START_REF] Maule | Plasmodesmata "in communicado[END_REF][START_REF] Wu | Transcription factors on the move[END_REF]Faulkner et al., 2013;Stahl et al., 2013;[START_REF] Tilsner | Replication and trafficking of a plant virus are coupled at the entrances of plasmodesmata[END_REF]Wang et al., 2013;Han et al., 2014;Vaddepalli et al., 2014). Despite morphological variability in plant tissues, a general unity of organization is observed at PD, attributable to their common function. They are lined by the PM and contain a cylindrical inner component, called the desmotubule, which is derived from the ER and positioned longitudinally in the center of the pore (Tilney et al., 1991;Ding et al., 1992). The space between the desmotubule and the PM provides a cytoplasmic conduit for cell-to-cell transport. Currently accepted models postulate that functionality at PD mostly hinges on the specification of both the PM and the ER membrane domains lining the channels (reviewed in Tilsner et al., 2011). Accordingly, substantial progress has been made over the last few years in identifying the PD-associated proteins (Reichelt et al., 1999; Faulkner et al., 2005, 2009, 2013; Sagi et al., 2005; 1 These authors contributed equally to this work. 2 Address correspondence to emmanuelle.bayer@u-bordeaux.fr. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org) is: Emmanuelle M. Bayer (emmanuelle.bayer@u-bordeaux.fr). www.plantcell.org/cgi/doi /10.1105/tpc.114.135731 The Plant Cell, Vol. 27: 1228-1250, April 2015, www.plantcell.org 2015 American Society of Plant Biologists. All rights reserved. Thomas et al., 2008;Faulkner and Maule, 2011;Fernandez-Calvino et al., 2011;[START_REF] Jo | Plasmodesmal receptor-like kinases identified through analysis of rice cell wall extracted proteins[END_REF]Lee et al., 2011;[START_REF] Deeks | A superfamily of actin-binding proteins at the actin-membrane nexus of higher plants[END_REF]Salmon and Bayer, 2012;[START_REF] Ueki | Plasmodesmata-associated proteins: Can we see the whole elephant?[END_REF]Vaddepalli et al., 2014). Of particular interest are PD proteins involved in the regulation of callose deposition. Callose, a b-1,3-glucan, has emerged over the years as an important dynamic regulator of PD permeability, modulating key developmental and environmentally induced processes in plants (Levy et al., 2007;Simpson et al., 2009;Guseman et al., 2010;Rinne et al., 2011;[START_REF] Vatén | Callose biosynthesis regulates symplastic trafficking during root development[END_REF]Zavaliev et al., 2011;Benitez-Alfonso et al., 2013;[START_REF] De Storme | Callose homeostasis at plasmodesmata: molecular regulators and developmental relevance[END_REF]Han et al., 2014;[START_REF] Ueki | Plasmodesmata-associated proteins: Can we see the whole elephant?[END_REF]. Enzymes regulating callose turnover are central to these processes, and recent work has led to the identification of several PD-localized b-1,3-glucanases that are involved in callose degradation and implicated in symplastic connectivity during lateral root organogenesis, virus movement, or chilling-induced release from dormancy (Iglesias and Meins, 2000;Levy et al., 2007;Rinne et al., 2011;Benitez-Alfonso et al., 2013). Although not bearing any apparent enzymatic activity, the PD-localized callose binding protein family (PDCB) has also been shown to regulate callose deposition at the neck of PD and, as such, has emerged as an important regulator of cell-to-cell communication (Simpson et al., 2009;Maule et al., 2013). Interestingly, PDCB proteins and most PD-located b-1,3-glucanases are glycosylphosphatidylinositol (GPI)-anchored proteins (Levy et al., 2007;Simpson et al., 2009;Fernandez-Calvino et al., 2011;Benitez-Alfonso et al., 2013), originating from a lipid posttranslational modification, which have been reported to often cluster in a sphingolipid-and sterol-rich membrane environment [START_REF] Sangiorgio | GPI-anchored proteins and lipid rafts[END_REF][START_REF] Sharma | Nanoscale organization of multiple GPI-anchored proteins in living cell membranes[END_REF][START_REF] Borner | Analysis of detergent-resistant membranes in Arabidopsis. Evidence for plasma membrane lipid rafts[END_REF]Kierszniowska et al., 2009). Lipid clustering at PD has also been suggested with the remorin protein, which localizes to sterol and sphingolipid nanodomains of the PM as well as at PD in Solanaceae (Raffaele et al., 2009;Mongrand et al., 2010;Tilsner et al., 2011). In addition, there is evidence that the specialized domain of the plasma membrane lining plasmodesmata (PD-PM) may house tetraspanin proteins, which have been reported in mammals to directly bind sterols [START_REF] Bayer | Arabidopsis cell wall proteome defined using multidimensional protein identification technology[END_REF]Fernandez-Calvino et al., 2011). Sterol binding would impact their ability to associate with one another to build up an interacting network or "tetraspanin web" central to their function [START_REF] Charrin | Differential stability of tetraspanin/tetraspanin interactions: Role of palmitoylation[END_REF](Charrin et al., , 2003;;[START_REF] Silvie | Cholesterol contributes to the organization of tetraspanin-enriched microdomains and to CD81dependent infection by malaria sporozoites[END_REF][START_REF] Rubinstein | The complexity of tetraspanins[END_REF].

Altogether, these data suggest that lipids are likely to be key elements of PD specialized membrane domains and may well contribute to proper functionality at PD channels (Delage and Zurzolo, 2013). However, to date, the lipid constituents of PD have not been identified, although research on biological membranes has unequivocally demonstrated that lipids can form functional units capable of modulating membrane organization, protein partitioning, and cellular functions (Lingwood and Simons, 2010;[START_REF] Sonnino | Lipids and membrane lateral organization[END_REF][START_REF] Munnik | Green light for polyphosphoinositide signals in plants[END_REF]Bigay and Antonny, 2012;[START_REF] Barrera | The role of lipids in defining membrane protein interactions: Insights from mass spectrometry[END_REF][START_REF] Li | Ionic protein-lipid interaction at the plasma membrane: What can the charge do?[END_REF]. Furthermore, the potential for membrane lipids to contribute to the regulation of intercellular communication in plants has never been investigated.

In this work, we focused our attention on the PD-PM with the aim of characterizing its lipid composition and establishing whether it differs from the bulk of the PM. We used Arabidopsis thaliana cultured cells and primary roots, which contain numerous primary PD on division walls, as model systems [START_REF] Zhu | Directional cell to cell communication in the Arabidopsis root apical meristem. I. An ultrastructural and functional analysis[END_REF]Bayer et al., 2004). We first showed that a strong lateral segregation of membrane constituents exists at the PD-PM of primary PD, illustrated by the exclusion of major PM proteins. We next investigated whether this lateral heterogeneity was also true for lipids. To this end, we isolated PD-enriched membrane fractions from Arabidopsis suspension cells and analyzed their lipid composition. Importantly, our isolation procedure allows access to the PD-PM domain without the requirement of detergent-based isolation methods criticized for not properly reflecting membrane compartmentalization in vivo. Our comparative lipidomic analysis showed that the PD-PM domain is distinct from the cellular PM and is characterized by an enrichment of sterols and complex sphingolipids with saturated very long chain fatty acids (VLCFAs) and a concomitant depletion of glycerolipids. Within the glycerolipid class, phospholipids with a higher saturation degree were detected. Remarkably, employing pharmacological approaches, we were able to show that the modification of the membrane pool of sterols strongly interferes with the ability of PDCB1 and the b-1,3-glucanase PdBG2, which are both GPI-anchored proteins, to associate with primary PD in the root. Alteration of PD targeting under sterol inhibitor treatment was correlated with a modification of both callose deposition and PD permeability. We propose that specific lipids and, in particular, sterols are key components of PD specialized membrane domains contributing to proper functionality at primary PD, possibly by participating in the lateral segregation of GPI-anchored proteins at sites of cell-to-cell junction.

RESULTS

Several PM Membrane Proteins Are Excluded from PD

Despite its continuity from cell to cell, the PM is unlikely to remain uniform across PD cell boundaries. It is already known that some PM proteins concentrate at PD, but whether other PM proteins are excluded from PD remains elusive. To illustrate the existence of a locally confined membrane domain at PD, we analyzed the spatial distribution of several PM intrinsic markers in Arabidopsis cultured cells. First, we employed an immunogold labeling approach using antibodies directed against the PM proton pump ATPase (PMA2) [START_REF] Morsomme | Single point mutations distributed in 10 soluble and membrane regions of the Nicotiana plumbaginifolia plasma membrane PMA2 H + -ATPase activate the enzyme and modify the structure of the C-terminal region[END_REF]. PMA2 was mainly detected along the cell periphery tightly associated with the PM (Supplemental Figures 1A and1B). Quantification of gold particle distribution along division walls showed a strong preponderance for PMA2 labeling associated with the PM outside PD (83% of the total gold particles for the PM versus 1% for PD; Figures 1A and1B). By contrast, callose, a PD marker, was almost exclusively associated with the channels (86% of the total gold particles versus 3% for the PM; Supplemental Figures 1C and1D). Given that the relative proportion of the PD-PM domain is small compared with the total PM surface, we subsequently analyzed the gold particle density for each membrane segment (Figure 1C). The density of PMA2 within PD is lower (;9-fold) than that at the PM outside the channels (0.56 versus 5.16 gold particles/mm membrane). Furthermore, a specific association of callose with PD channels but not with the PM was evident (0.48 against 19.52 gold particles/mm membrane). Although PMA2 can be associated with the PM close to the PD entrance (Figure 1A), our results indicate that PMA2 is largely excluded from PD.

To investigate whether this exclusion was specific for PMA2, we further assessed the distribution of two other PM intrinsic markers, the aquaporin PIP2;2 and the cellulose synthase subunits CesA3 and CesA6, by immunoblot analysis. For that we used PMand PD-enriched membrane fractions purified from Arabidopsis cultured cells (Figure 1D). The results confirmed the exclusion of PMA2 from the PD channels. Similar to PMA2, CesA3, CesA6, and PIP2;2 were enriched in the PM fraction but absent from the PDenriched membrane fraction. Immunoblot analysis using antibodies directed against PDLP1, a membrane-bound PD marker (Thomas et al., 2008;Fernandez-Calvino et al., 2011), confirmed the presence of PD-derived membranes in the PD fraction (Figure 1D).

Altogether, these results indicate that a conspicuous lateral segregation of the PM constituents operates at the PD, excluding some major PM proteins from the channels. Despite its continuity with the PM, the PD-PM appears as a highly specialized membrane domain with a protein composition distinct from the PM.

Detergent-Free Isolation of PD Membranes Provides Access to Lipidomic Analysis

Although previous studies and our own results showed that PM proteins laterally segregate across the PD cell boundary, no study has so far addressed the question of whether lipids, as functionally important membrane components, also segregate at PD. To address this consequential issue, we adapted a detergent-free protocol that generates PD-derived membranes from Arabidopsis suspension cells with the aim of analyzing their lipid composition (Fernandez-Calvino et al., 2011;Grison et al., 2015). Getting access to reliable data on PD lipid constituents is greatly contingent on the level of purity of PD-enriched membrane fractions. Therefore, we first ensured that virtually no contaminants from other membranes were present in our final extract.

The purification procedure consists of two steps. First, wall fragments containing PD are isolated by means of mechanical disruption. Second, PD channels are "released" from the extracellular matrix through the action of cell wall-degrading enzymes. Electron microscopy analyses of the cell wall intermediate fraction indicated that both the PM and the ER membranes were disrupted close to the PD entrance during the purification process, revealing the concentric arrangement of the desmotubule and the PD-PM as well as cellulose fibers around the PD pore entrances (Figure 2A). This implies that no segment of the PM or the ER, continuous with PD in intact cells, is likely to persist after wall isolation. The absence of PM contamination of the final PDenriched membrane fraction was validated by our immunoblot analysis (Figure 1D). Indeed, PMA2 is absent from the PD extract despite its association with the PM close to the PD entrance (Figure 1A). We complemented the purity assessment by testing for the presence of proteins representative of the ER (sterol methyltransferase [SMT1] and immunoglobulin binding protein [BiP]). Similar to the PM marker tested, neither SMT1 nor BiP was detected in the final PD-enriched membrane fraction (Figure 2B). Likewise, markers from other membranous compartments, such as the trans-Golgi network (ECHIDNA), Golgi (membrine11), vacuole (V-ATPase; e-subunit of tonoplast H + -ATPase), chloroplast (P16), mitochondria (Nad9), and chloroplast stroma (Rubisco), were also absent from our PD extracts, while PD-PM intrinsic membrane proteins such as PDCB1 and PDLP1 were enriched (Figure 2B). We also showed that the PD-enriched membrane fraction displayed a distinct protein profile when compared with the microsomal or PM samples (Figure 2C). To confirm the enrichment of PD-derived membranes, we conducted quantitative proteomic analysis between the PD fraction and purified cellular PM and specifically looked at known PD and PM protein markers. The results confirmed the substantial enrichment of known PDassociated proteins such as tetraspanin 3, receptor-like kinase 3 (D) Immunoblot analysis of purified PM-and PD-enriched membrane fractions (7 mg of protein was loaded in each lane). Note that while the PD-PM marker, PDLP1, is enriched in the PD fraction, some major integral PM proteins, namely the aquaporin PIP2;2, the proton pump ATPase PMA2, and the cellulose synthase subunits CesA3 and CesA6, are excluded from PD.
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The Plant Cell ( Fernandez-Calvino et al., 2011), several b-1,3-glucanases (Levy et al., 2007;Benitez-Alfonso et al., 2013), callose synthase 12 [START_REF] Vatén | Callose biosynthesis regulates symplastic trafficking during root development[END_REF], and members of the PDLP and PDCB families (Thomas et al., 2008;Simpson et al., 2009) (Supplemental Figure 2 and Supplemental Table 1). Altogether, our data indicate that the level of purity required to conduct a reliable and accurate lipidomic analysis of the PDenriched membrane fraction has been reached. In particular, we show that the cellular membrane compartments continuous with the PD pores, namely the ER and the PM, are excised during the purification process and do not significantly contaminate the final PD fraction.

The PD-Enriched Membrane Fraction Is Predominantly Composed of the PD-PM Domain

While our immunoblot analysis showed enrichment of PD-PM intrinsic membrane proteins in the final PD-enriched membrane fraction (i.e., PDCB1 and PDLP1), we also detected calreticulin, an ER resident protein that associates with PD, most likely with the desmotubule [START_REF] Baluška | Maize calreticulin localizes preferentially to plasmodesmata in root apex[END_REF][START_REF] Baluška | Sink plasmodesmata as gateways for phloem unloading. Myosin VIII and calreticulin as molecular determinants of sink strength?[END_REF]Bayer et al., 2004;[START_REF] Chen | Effects of calreticulin on viral cell-to-cell movement[END_REF] (Figure 2B). Although calreticulin was not enriched in the PD-enriched membrane fraction, its presence suggested that the final extract contained a portion of the desmotubule. To better characterize the PD-enriched membrane fraction, thin sections of chemically fixed material were observed by transmission electron microscopy (Figure 2D). The archetypal channel-like structure was not identifiable, indicating that PD ultrastructural organization and shape are unlikely to be maintained during the cell wall digestion process. The PD-enriched membrane fraction appeared to be mainly composed of vesicles from 50 to 150 nm in diameter, which sometimes contained a central rod-like component possibly corresponding to the desmotubule (Figure 2D, arrow). To ensure that the vesicles observed were indeed PD-derived membranes, we performed anti-PDCB1 and anti-PDLP1 immunogold labeling directly on the PD fraction, which was then negatively stained (Figures 2E to 2H;Supplemental Figure 3). Gold particles associated with antibodies to PDCB1 and PDLP1 were tightly associated with the membrane vesicles observed in the PD-enriched membrane fraction, suggesting that these vesicles are indeed derived from the PD-PM domain. By contrast, PMA2 did not label the membrane vesicles of the PD fraction, whereas strong labeling was observed for PM-derived membrane vesicles (Supplemental Figure 3).

Altogether, our data suggest that, although enriched in PD-PM protein markers, the PD fraction likely contains part of the desmotubule. Therefore, before conducting the lipid analysis, we estimated the relative proportion of the two domains (PD-PM versus desmotubule) in terms of membrane volume. Thin sections of cryofixed freeze-substituted Arabidopsis cultured cells were examined, and the dimensions of the PD channels were estimated (Figure 3). On the basis of the thickness of division walls, we established that the length of the channels varied from 150 to 300 nm, whereas the PD diameter varied from 35 to 50 nm with an average diameter of 42 nm (n = 30). The thickness of the PD-PM and the diameter of the desmotubule were constant and estimated to be 5 and 16 nm, respectively. Based on these measurements, we reckoned that the volume of the desmotubule represented on average 25% of the PD membrane volume versus 75% for the PD-PM (the desmotubule was considered as a solid rod devoid of ER lumen and the PD-PM as a hollow cylinder) (Figure 3B). Therefore, we concluded that lipid analysis of the PD-enriched membrane fraction will predominantly reveal that of the PD-PM domain.

PD Membranes Contain Phospholipids with a Higher Saturation Degree When Compared with the PM

Having validated our PD purification procedure for lipidomic analysis, we next compared the lipid profile of the PD-enriched membrane fraction with that of purified PM. The purity of the PM fraction was assessed by immunoblot analysis (Supplemental Figure 4). The two membrane fractions, PD and PM, were isolated from Arabidopsis suspension cells (see Methods for details). Early during the purification of the PM, a high-speed centrifugation is required to eliminate cell debris, which contain wall fragments and PD. The PM is then recovered from the microsomal fraction using a two-phase polyethylene glycol/ dextran system, which separates the PM from other membranes based on differential surface charge density. By contrast, during PD purification, the later microsomal fraction (hence the PM) is discarded, whereas wall fragments are collected prior to cellulase treatment for PD membrane recovery. Consistently, our results show that the two membrane fractions have distinct protein profiles (Figures 1D and2C; Supplemental Figure 2). The presence, in low amount, of PDLP1 in the PM fraction (Figure 1D), however, may indicate that residual PD copurify with the PM, although in negligible amounts (which is supported by the much larger size of the bulk PM compared with the PD-PM domain). Alternatively, PDLP1 may distribute between both membrane compartments but is strongly enriched at PD. The Plant Cell

We measured the enrichment or depletion of lipid classes by calculating the ratios of the different lipid species. As a control, we also ensured that the cellulase solution used during the PD purification procedure did not contain any lipids and that no lipase activity could be detected (Supplemental Figure 5).

We first separated polar lipids by high-performance thin layer chromatography (HP-TLC) and determined their relative abundance by densitometry scanning. The major phospholipids in PD and PM were phosphatidylethanolamine (PE; ;45%) and phosphatidylcholine (PC; ;20%) (Supplemental Figure 6). Minor phospholipids (below 10%) were phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidic acid, and phosphatidylglycerol (PG). PE and PG comigrate on HP-TLC analysis. Therefore, the PE:PG ratios were established by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) to be 29 and 30 for the PD and PM fractions, respectively, confirming that PG is indeed a minor species. We also detected the galactolipid digalactosyldiacylglycerol (;20%), which was described previously as a PM lipid component [START_REF] Andersson | Phosphate-deficient oat replaces a major portion of the plasma membrane phospholipids with the galactolipid digalactosyldiacylglycerol[END_REF]Mongrand et al., 2004). To get more information about the phospholipid molecular species, we next used LC-MS/MS. This analysis revealed that phospholipids associated with the PD and PM fractions (PE, PC, PS, PG, and PI) were primarily composed of the molecular species C34 and C36 containing C16 and C18 long-chain fatty acids (Supplemental Figure 7). Interestingly, we found that all phospholipid species analyzed showed a higher degree of saturation in the PD extract when compared with the PM, with a significant increase of monounsaturated (except for PG) and diunsaturated species and a concomitant reduction of polyunsaturated species (Figure 4; Supplemental Figure 8).

Analysis of Total Fatty Acids Revealed That Complex

Sphingolipids Accumulate in the PD-Enriched Membrane Fraction When Compared with the PM per se

We next assessed the relative proportion of the glycerolipid and sphingolipid classes by analyzing the total fatty acid profile of the PM and the PD-enriched membrane fractions (Figure 5A). As a general rule, sphingolipids tend to contain VLCFAs (20 to 24 carbon atoms long) as well as 2-hydroxylated fatty acids that are linked to the sphingobase via an amide bond, whereas glycerolipids are composed of long-chain fatty acids (16 to 18 carbon atoms long), which are esterified to a glycerol backbone. The two most abundant sphingolipid classes found in plant membranes are the glucosylceramides and the glycosylinositolphosphoceramides (GIPCs), a group of highly glycosylated sphingolipids. GIPCs were the main sphingolipid classes detected in the lipid extract from PD and PM (Supplemental Figure 9). GIPCs are organized into distinct series depending on the number and type of monosaccharides bound to the inositol group [START_REF] Buré | Fast screening of highly glycosylated plant sphingolipids by tandem mass spectrometry[END_REF]. GIPC from series A, bearing hexose-hexuronic acid-inositol, was the most prevalent species in PD and PM (;70%; Supplemental Figure 9B). In Arabidopsis Landsberg erecta-0 suspension cells, GIPC species contain two major VLCFAs, 24:0 (50%) and 24:0 2-hydroxylated (h24:0; 20%), whereas minor species contain 22:0, 24:1, and h24:1 [START_REF] Buré | Fast screening of highly glycosylated plant sphingolipids by tandem mass spectrometry[END_REF]. Therefore, we used the VLCFA content as a marker for the presence of GIPCs. The complete fatty acid profile was quantified by gas chromatography-mass spectrometry (GC-MS) analysis of fatty acid methyl esters (FAMEs). These measurements revealed that the main VLCFAs detected in both the PM and the PD-enriched membrane fractions were 24:0 and h24:0, characteristic of GIPC species (Figure 5A). The relative proportion of VLCFA species was similar to the one reported for total GIPCs in Arabidopsis Landsberg erecta-0 suspension cells [START_REF] Buré | Fast screening of highly glycosylated plant sphingolipids by tandem mass spectrometry[END_REF]. A survey of the FAME profile indicated an augmentation in GIPC species containing 24:0 and h24:0 in the PD extract. To assess the relative enrichment of sphingolipids (GIPCs) versus glycerolipids, we next calculated the ratio between VLCFAs and the long-chain fatty acids (C16-C18). Interestingly, PD membranes showed a significant 1.6-fold enrichment of VLCFAs (sphingolipids) versus C16-C18 fatty acids (glycerolipids) compared with the PM per se (Figure 5B). We also observed that the PD-enriched membrane fraction contained a higher proportion of saturated fatty acids over unsaturated fatty acids (1.6-fold enrichment; Figure 5C), consistent with the LC-MS data on phospholipids (Figure 4).

The PD-Enriched Membrane Fraction Shows an Enrichment in Sterols versus Glycerolipids When Compared with the PM per se

Plant sterol lipids are composed of free sterols, the most prevalent ones being sitosterol, stigmasterol, campesterol, and cholesterol, as well as conjugated sterols. Conjugated sterols are divided into different classes: the sterol glucosides (SG), which contain a sugar head group linked to the steroid backbone, and (B) From micrographs (n = 30), we determined that the average length and diameter of the PD channels were ;200 nm and 42 nm, respectively. The thickness of the PD-PM was 5 nm, and the diameter of the desmotubule (Dt) was 16 nm. Considering the desmotubule as a solid cylinder with no ER lumen and the PD-PM as a hollow cylinder, we calculated that the PD-PM domain represented ;75% of the total PD membrane volume versus 25% for the desmotubule.

the acylated sterol glucosides (ASG), which contain an acyl chain esterified to the sugar head group. Sterol esters are not found in membranes but localize to oil bodies. The sterol profiles of the PM and PD-enriched membrane fractions were determined using high-resolution quadrupole time-of-flight mass spectrometry (Q-TOF-MS/MS) (Supplemental Figure 10). In both PD and PM membrane fractions, free sterols constituted the major sterol lipid class (;80%), whereas the conjugated sterols, SG and ASG, were present in lower amounts. Sitosterol was the main sterol in free sterols and conjugated sterol classes in both PD and PM fractions (Supplemental Figure 10A).

We then examined whether the relative proportion of sterols, compared with the total pool of glycerolipids, differed between the PD-PM domain (i.e., the PD-enriched membrane fraction) and the cellular PM. Individual PD and PM samples were split into two, and the amounts of total sterols (steroid backbone) as well as total FAMEs were determined in parallel by GC-MS. The ratio of sterols to glycerolipids (i.e., sterol versus C16-C18 FAMEs) was found to be significantly higher in PD when compared with the PM (1.5-fold; Figure 5D). To confirm these results, individual membrane samples were separated in parallel by HP-TLC into neutral and polar lipids, quantified by densitometric scanning, and the ratio between sterols and glycerolipids was established. Our results confirmed that the PD-enriched membrane fraction displayed a significant enrichment in sterols (;1.5-fold; Figure 5E). Altogether, our results showed that the PD-PM is enriched in sterols with a concomitant reduction in glycerolipids. Interestingly, we found that within the sterol pool, the proportion of the different sterol classes and molecular species was fairly similar between the PD and the PM fractions, indicating that sterol enrichment at PD does not involve strong structural selectivity (Supplemental Figure 10).

The Localization of PDCB1 and PdBG2 GPI-Anchored Proteins to Root Tip Primary PD Is Altered upon the Modulation of Sterol Composition

Our results show that specific lipids, namely sterols and sphingolipids, are locally enriched at the specialized PM domain across PD cell boundaries. Notably, several of the few PD proteins identified so far are GPI-anchored proteins, lipid-tethered polypeptides that cosegregate with the sphingolipid-and sterolrich membrane environment in Arabidopsis [START_REF] Borner | Analysis of detergent-resistant membranes in Arabidopsis. Evidence for plasma membrane lipid rafts[END_REF]Levy et al., 2007;Kierszniowska et al., 2009;Simpson et al., 2009;Benitez-Alfonso et al., 2013;Faulkner et al., 2013). Focusing on the GPI-anchored protein PDCB1, which associates with the neck region of PD and has been implicated in the regulation of PD permeability (Simpson et al., 2009;Maule et al., 2013), we first tested whether PDCB1 displays an affinity for sphingolipid-and sterol-rich membrane environments. We isolated sphingolipid-and sterol-rich microdomains, referred to as detergent-insoluble membranes (DIMs) (Mongrand et al., 2004;[START_REF] Borner | Analysis of detergent-resistant membranes in Arabidopsis. Evidence for plasma membrane lipid rafts[END_REF], exploiting their resistance to solubilization with mild nonionic detergents at low temperature. As expected, the low buoyant density DIM fraction represented only 15% of total proteins (fraction 3; Figure 6B) under our experimental conditions. The results showed that PDCB1 associates exclusively with DIMs (fraction F3; Figure 6C), whereas PDLP1, a type 1 integral membrane protein, which also localizes at PD but does not bear a GPI anchor (Thomas et al., 2008), associated instead with the detergent-soluble membranes (DSMs) (fractions 5 and 6; Figure 6C). The conspicuous partitioning of PDCB1 and PDLP1 in DIMs versus DSMs contrasted with PMA2, which associated with the two fractions in proportions of ;40 and 60% for DIMs and DSMs, respectively. As the DIMs only 1234

The Plant Cell represent 15% of total proteins, PMA2 showed enrichment in the DIM fraction by a factor of 3.7. These results are consistent with previous studies mostly showing a preferential association of PM-associated H + -ATPases with DIM fractions isolated from plant tissues (Mongrand et al., 2004;[START_REF] Borner | Analysis of detergent-resistant membranes in Arabidopsis. Evidence for plasma membrane lipid rafts[END_REF][START_REF] Morel | Proteomics of plant detergent-resistant membranes[END_REF]Raffaele et al., 2009;[START_REF] Srivastava | Quantitative proteomics reveals that plasma membrane microdomains from poplar cell suspension cultures are enriched in markers of signal transduction, molecular transport, and callose biosynthesis[END_REF]. From these data, we concluded that PDCB1 and PDLP1 may reside in different membrane lipid environments and that the GPIanchored protein PDCB1 is likely to reside in locally confined membrane environments enriched in sterols and sphingolipids.

In mammalian cells, GPI-anchored proteins have been shown to organize in nanoscale cholesterol-sensitive clusters [START_REF] Varma | GPI-anchored proteins are organized in submicron domains at the cell surface[END_REF][START_REF] Sharma | Nanoscale organization of multiple GPI-anchored proteins in living cell membranes[END_REF][START_REF] Goswami | Nanoclusters of GPI-anchored proteins are formed by cortical actindriven activity[END_REF][START_REF] Van Zanten | Hotspots of GPI-anchored proteins and integrin nanoclusters function as nucleation sites for cell adhesion[END_REF]. First, we tested whether GPI anchoring was a determinant for PD targeting. The GPI attachment signal (GPI signal peptide) is located at the very C terminus of the protein sequence and consists of a hydrophobic domain, an V cleavage site, and a short stretch of hydrophilic amino acids [START_REF] Galian | Efficient glycosylphosphatidylinositol (GPI) modification of membrane proteins requires a C-terminal anchoring signal of marginal hydrophobicity[END_REF]. This signal sequence is recognized in the ER lumen by a multisubunit transamidase, which concomitantly cleaves the C-terminal GPI signal peptide at the V site and adds the GPI moiety. The C-terminal GPI sequence signal of PDCB1-mCherrytagged protein was deleted (PDCB1∆GPI), while the protein still contained its callose binding module (CBM43) (Figure 7A). Transient expression in Nicotiana benthamiana leaves showed that, upon GPI deletion, PDCB1 did not cluster at PD anymore (Figures 7D and7E) like control full-length construct (Figures 7B and7C). Instead, PDCB1∆GPI was secreted into the extracellular matrix, as shown by coexpression with the PM protein PMA2-GFP (Figures 7F to 7I). These data indicate that the GPI lipid moiety of PDCB1 is required for PD targeting.

To address the question of whether PDCB1 localization at primary PD is dependent on sterol composition, we used yellow fluorescent protein (YFP)-PDCB1 lines and drugs specifically inhibiting sterol biosynthesis. We selected two different inhibitors, fenpropimorph (fen) and lovastatin (lova), which act at different steps along the biosynthetic pathway and have been well characterized in Arabidopsis roots [START_REF] Vögeli | Inhibition of a plant sesquiterpene cyclase by mevinolin[END_REF]Hartmann et al., 2002;[START_REF] He | Sterols regulate development and gene expression in Arabidopsis[END_REF]. We focused on epidermal cells of the root meristematic zone, which contain actively dividing cells with mainly primary PD like cultured cells. To minimize undesired secondary effects, seedlings were first grown on normal medium for 5 d before being transferred for 24 h to medium containing fen or lova. In control plants, the PDCB1 fluorescent signal was most prominent at the apical-basal division plane of epidermal root cells, where abundant primary PD are established during cytokinesis [START_REF] Zhu | Directional cell to cell communication in the Arabidopsis root apical meristem. I. An ultrastructural and functional analysis[END_REF]Simpson et al., 2009) (Figures 8A and8F). At apical-basal walls, the YFP-PDCB1 fluorescence pattern was clearly punctuated, each spot of fluorescence corresponding to a PD or group of PD (Figures 8A and8F; see Figure 8K for plot intensity along division walls). After 24 h of treatment with either fen or lova, the spotty PD fluorescence pattern had almost entirely vanished (Figures 8B, 8C, 8G, and 8H; see Figure 8K for plot intensity along division walls). Instead, YFP-PDCB1 was evenly distributed not only along the apical-basal membrane but also along the entire lateral membranes. This shift of YFP-PDCB1 localization from apical-basal to lateral was quantified by measuring the fluorescence intensity ratio between lateral and apical-basal membranes. Our results confirmed the mislocalization of PDCB1 upon both fen and lova treatment (Figure 8L). We next tested whether the effect of fen and lova treatment on PDCB1 targeting was reversible. When fen-or lova-treated seedlings were transferred back to Murashige and Skoog (MS) control medium for 24 h, the PDCB1 localization pattern was similar to that of control plants (Figures 8D, 8E, 8I, and8J). The latter result suggests that mislocalization of PDCB1 under short sterol inhibition treatment is not due to a strong defect in PD formation. However, to verify this point, we performed transmission electron microscopy experiments on seedlings treated with fen for 24 h. We observed no obvious differences between PD in fen-treated and control plants, suggesting that PD formation and ultrastructure were not significantly compromised after 24 h of treatment (Supplemental Figure 11). Altogether, our results showed that targeting of the GPIanchored PDCB1 to the laterally restricted PD-PM domain of young PD is sterol-dependent.

To confirm these results, we next analyzed another PD-PMlocalized GPI-anchored protein, the b-1,3-glucanase PdBG2, which, like PDCB1, has been shown to regulate callose deposition at PD in roots (Benitez-Alfonso et al., 2013;Maule et al., 2013). Consistently, we found that PdBG2 localization at PD in Arabidopsis root tips was also dependent on the presence of sterols. Reminiscent of PDCB1, PdBG2 localization was found to be punctuated at apical-basal membranes of meristematic root cells (Figures 8N, 8S, and8X). After 24 h of treatment with either fen or lova, the spotty mCitrine-PdBG2 fluorescence at PD was weaker and the fluorescence was redistributed evenly at the whole cell periphery (Figures 8O,8P, 8T, and 8U; see Figure 8X for plot intensity along division walls). As for PDCB1, fluorescence quantification confirmed the mislocalization defect of PdBG2 upon fen or lova treatment (Figure 8Y).

We next exposed Arabidopsis suspension cells to sterol inhibitor treatment with the aim of correlating PD targeting and modification of the sterol pool at the PD-PM specifically. After 24 h of treatment with either fen or lova using the same concentrations as before (i.e., 50 mg/mL and 1 mM, respectively), we observed little change in the sterol pool at the cellular level (Supplemental Figure 12C). By contrast, Arabidopsis seedlings showed a reduction of ;20% after fen or lova treatment (Supplemental Figure 12B). These results suggest that depending on the tissue type and growth condition, the effect of the drugs varies. Therefore, we tried different exposure times and drug concentrations with the sterol inhibitor fen. Fen is expected to induce milder effects than lova, as it changes the sterol pool qualitatively by increasing the amount of intermediate cyclopropyl sterols but does not change the total amount of sterol species [START_REF] He | Sterols regulate development and gene expression in Arabidopsis[END_REF]. When Arabidopsis cells were treated for 48 h with 250 µg/mL fen, the cellular pool of sterols was strongly altered (Supplemental Figure 12C). Similarly, purified PD showed a reduction of sterols by 40% with a concomitant increase of cyclopropyl sterols in treated versus control samples (Figure 9A). The modification of the PD-PM sterol composition was correlated with a significant reduction The Plant Cell of PDCB1 association with the channels (;50%), whereas PDLP1 remained relatively stable (Figures 9B to 9D).

Callose-Mediated PD Permeability Is Altered upon Sterol Inhibition

Both PDCB1 and PdBG2 play determinant roles in regulating callose deposition at PD and, as a consequence, in the finetuning of intercellular trafficking (Simpson et al., 2009;Benitez-Alfonso et al., 2013;Maule et al., 2013). Therefore, we investigated whether a modulation of the sterol pool would also alter symplastic connectivity.

To assess any potential changes in PD permeability under sterol inhibition, we used Arabidopsis plants expressing green fluorescent protein (GFP) under the control of the phloemspecific SUCROSE-H SYMPORTER2 gene promoter (ProSUC2) (Imlau et al., 1999). Under control conditions, GFP diffused from the phloem into surrounding tissues, including the root meristem (Figure 10A). After 24 h of sterol inhibitor treatment, we observed a significant reduction of GFP intensity in the root tip of both fenand lova-treated plants (Figures 10A to 10C and 10S), whereas GFP intensity in the phloem was either stable or slightly increased (Supplemental Figure 13B). These results suggest restricted GFP diffusion from the vasculature to surrounding tissues via PD. To better understand the effect of sterol inhibition on cell-to-cell connectivity, we then examined the level of callose at PD in the root meristem and stele. To this end, Arabidopsis roots were chemically fixed and immunofluorescence-labeled using callosespecific antibodies. Our results showed that a significant increase of callose signal was detected in the phloem tissue of 24-h fenand lova-treated seedlings (Figures 10G to 10I and 10U). In particular, the apical-basal and lateral walls of protophloem sieve elements were intensely stained compared with controls (Figures 10G to 10I). Therefore, we concluded that occlusion caused by callose deposition in the phloem was likely responsible for reducing GFP symplastic unloading from the vasculature to the surrounding meristematic tissues upon sterol depletion. Surprisingly, however, increased callose deposition was specific to the root vasculature. Surrounding tissues either showed a minor decrease of callose deposits at the apical-basal walls (fen treatment) or no significant changes (lova treatment) when compared with control plants (Figures 10E and10F; see Figure 10T for quantification). At 48 h, this tendency was accentuated, and callose deposition was dramatically reduced in root tip tissues for both fen-and lova-treated plants (Figures 10M to 10O quantification) and a concomitant reduction of GFP unloading from the phloem to surrounding tissues (Figures 10J to 10L; see Figure 10V for quantification). Taken together, these results suggest that modification of the sterol pool interferes with callose production/degradation at PD and, as a consequence, impairs intercellular trafficking. Moreover, our data indicate that callose deposition is differentially regulated in protophloem compared with other root tissues.

In conclusion, our results show that the PD-PM is enriched in sterols and sphingolipids compared with glycerolipids and that the modulation of sterol biosynthesis results in mislocalization of the PD-localized GPI-anchored proteins PDCB1 and PdBG2 at primary PD and in an alteration of PD permeability due to a defect in callose deposition.

DISCUSSION

PD Are Defined by Specialized Domains of the PM Displaying a Unique Lipid Composition A striking feature of PD organization is the apparent continuity of the PM from cell to cell through the cylindrical pores. However, to guarantee the compartmentalization of PD-related function, the PM is unlikely to continue homogeneously through the PD channel. Specialization of the PM along the PD channel is illustrated by the local enrichment of a specific set of membraneassociated proteins (Levy et al., 2007;Thomas et al., 2008;Simpson et al., 2009;Fernandez-Calvino et al., 2011;[START_REF] Jo | Plasmodesmal receptor-like kinases identified through analysis of rice cell wall extracted proteins[END_REF]Benitez-Alfonso et al., 2013;Faulkner et al., 2013). Interestingly, 1238

The Plant Cell the results from our study additionally show that integral membrane proteins, such as the H + -ATPase PMA2, the cellulose synthase catalytic subunits CesA3 and CesA6, and the aquaporin PIP2;2, remain largely absent from PD. Our results are consistent with an earlier study showing that the PM proton pump H + -ATPase is not associated with PD in young pulvini of Mimosa pudica (Fleurat-Lessard et al., 1995). Hence, lateral heterogeneity of the PM at the site of PD intercellular junction is not only illustrated by the clustering of a given set of proteins but also by the exclusion of some proteins predominant in the PM. As for proteins, lipid segregation along the PD-PM has also been suggested to be fundamental for both PD function and structure (Raffaele et al., 2009;Mongrand et al., 2010;Tilsner et al., 2011;Delage and Zurzolo, 2013;Faulkner, 2013). However, until now, the lipid constituents of PD specialized membranes had remained unknown.

In this study, we used highly purified PD-derived membranes to perform comparative lipid analysis. Importantly the purification protocol employed does not require the use of detergent, which has been criticized for leading to the artificial aggregation of sterols and sphingolipids [START_REF] Tanner | In plant and animal cells, detergent-resistant membranes do not define functional membrane rafts[END_REF]. We convincingly The Plant Cell demonstrated that our procedure allows the isolation of a fraction highly enriched in the PD-PM domains without notable contamination by the cellular PM or other membrane compartments. Our results showed that not only proteins but also the lipids of the PD-PM domain differ from the cellular PM. In particular, our data indicate that the PM domain lining the primary PD is enriched in sterols, highly glycosylated sphingolipids harboring VLCFAs (GIPCs), and phospholipids containing fatty acids with a reduced degree of desaturation. Although our purified PD-enriched membrane fraction probably contains remains of the desmotubule, the enrichment in sphingolipids and sterols is unlikely to be derived from the desmotubule membranes. First, we estimated that the PD-enriched membrane fraction is highly enriched in the specialized PD-PM domains (Figures 2 and3). Second, it is known that the final steps of the GIPC biosynthetic pathway are localized at the Golgi apparatus [START_REF] Pata | Plant sphingolipids: Decoding the enigma of the sphinx[END_REF]. Thus, desmotubule membranes, which are derived from the ER, are unlikely to contain these complex sphingolipids (GIPCs). Similarly, sterols are enriched along the secretory pathway and usually depleted in the ER [START_REF] Hartmann | Plant membrane sterols: Isolation, identification and biosynthesis[END_REF]. This implies that the enrichment factors (;1.5-fold) for GIPCs and sterols versus glycerolipids very likely indicate that these lipids predominantly localize to the PD-PM domain. The local confinement of sterols, GIPCs, and phospholipids with a higher saturation degree raises the question of how a specific PD-PM domain with a particular lipid composition is established and maintained at PD and suggests the existence of a diffusion barrier at the PD-PM across PD channels. Consistently, pioneering work by [START_REF] Grabski | Endoplasmic reticulum forms a dynamic continuum for lipid diffusion between contiguous soybean root cells[END_REF] has shown that lipid analogs were indeed unable to diffuse from cell to cell through the PM, whereas ER-located lipids were able to move through the PD channels.

Clustering of Sterols and Sphingolipids Enriched Lipid

Raft-Like Domains at PD?

The existence of a locally confined sphingolipid and sterol concentration at PD raises the important question of lateral compartmentalization within the PM. In model membranes, autoassociation between sterols and sphingolipids results in domain formation observable with phase-partitioning membrane probes [START_REF] Simons | Model systems, lipid rafts, and cell membranes[END_REF]. In biological membranes, the "lipid raft" hypothesis proposes a mechanism for membrane nanodomain formation based on the preferential association between sterols and sphingolipids creating a liquid-ordered phase within the membrane [START_REF] Pike | Rafts defined: A report on the Keystone Symposium on Lipid Rafts and Cell Function[END_REF]Simons and Sampaio, 2011). Nonetheless, the very existence of lipid nanodomains remains controversial, owing to the lack of suitable detection techniques, especially in plants. To some extent, this is due to the fact that isolating nanoscale domains for biochemical characterization is technically challenging, especially since the characterization of lipid domains has relied largely on the use of DIM fractions (Mongrand et al., 2004;[START_REF] Lefebvre | Characterization of lipid rafts from Medicago truncatula root plasma membranes: a proteomic study reveals the presence of a raft-associated redox system[END_REF]Kierszniowska et al., 2009;[START_REF] Keinath | PAMP (pathogen-associated molecular pattern)-induced changes in plasma membrane compartmentalization reveal novel components of plant immunity[END_REF]. The biological relevance of this fraction and its accurate correspondence to lipid domains in vivo have been rightly questioned [START_REF] Schuck | Resistance of cell membranes to different detergents[END_REF][START_REF] Tanner | In plant and animal cells, detergent-resistant membranes do not define functional membrane rafts[END_REF][START_REF] Malinsky | Membrane microdomains, rafts, and detergent-resistant membranes in plants and fungi[END_REF]. Appreciably, our PD isolation procedure is detergent-free, and our analysis of PD lipid composition still revealed a similar pattern to that reported previously for DIMs (i.e., an enrichment of sphingolipids and sterols versus glycerolipids and a higher proportion of saturated fatty acyl chain-containing lipids). Compared with DIM fractions, however, the ;1.5-fold enrichment in sterols and sphingolipids in the PD-PM in comparison with the bulk PM is moderate. In DIM fractions, enrichment levels of 4-to 6.7-fold have been measured for sphingolipids and from 1.7-to 4-fold for sterols (Mongrand et al., 2004;[START_REF] Borner | Analysis of detergent-resistant membranes in Arabidopsis. Evidence for plasma membrane lipid rafts[END_REF][START_REF] Lefebvre | Characterization of lipid rafts from Medicago truncatula root plasma membranes: a proteomic study reveals the presence of a raft-associated redox system[END_REF]. Direct comparison is difficult, however, especially considering that cold detergent treatment of membrane samples may lead, at least to some extent, to the artificial aggregation of sterols and sphingolipids [START_REF] Heerklotz | Triton promotes domain formation in lipid raft mixtures[END_REF]. Alternatively, the PD-PM may itself be subcompartmentalized, and sterols/GIPC nanodomains may not span the entire length of the membrane.

In line with the scenario that PD are defined by specific lipid domains of the PM, it was recently shown that the remorin protein, which associates with DIMs and clusters in steroldependent nanoscale domains of the PM in vivo, also localizes to PD (Raffaele et al., 2009;[START_REF] Gui | Grain setting defect1, encoding a remorin protein, affects the grain setting in rice through regulating plasmodesmatal conductance[END_REF]. Moreover, recent data suggest that PD contain tetraspanin-enriched microdomains (TEMs) (Fernandez-Calvino et al., 2011). Tetraspanins are transmembrane proteins that have the ability to associate with one another and recruit specific proteins to build up TEMs, which, similar to lipid rafts in mammalian cells, play a role in the membrane compartmentalization of biological processes such as cell adhesion, signaling, and intracellular trafficking [START_REF] Stipp | Functional domains in tetraspanin proteins[END_REF][START_REF] Yunta | Tetraspanin proteins as organisers of membrane microdomains and signalling complexes[END_REF][START_REF] Rubinstein | The complexity of tetraspanins[END_REF]. Importantly, tetraspanins have been reported to directly bind cholesterol in mammalian cells through their palmitate moieties (Charrin et al., 2003). Our own proteomic analysis revealed that several tetraspanins are indeed enriched in the PD-enriched membrane fraction (Supplemental Table 1). Interestingly, all members display several putative S-acylation sites (Supplemental Figure 14). Future work will be necessary to determine whether cysteine palmitoylation is important for direct interaction between sterols and plant tetraspanins and for PD targeting. However, our data showing an enrichment of sterols at PD are consistent with the presence of TEMs at PD. Altogether, our results strongly support the notion that the PD membrane clusters sterol-and sphingolipid-enriched domains.

Modification of the Sterol Pool Affects the Clustering of GPI-Anchored Proteins at Primary PD and Modifies Callose-Mediated PD Permeability in Arabidopsis Roots

Our results show a local enrichment of sterols at PD when compared with PM. A crucial question was to determine whether the sterol profile is important for proper PD functionality and the spatial organization of PD membranes with the recruitment of a specific set of proteins. GPI-anchored proteins, which are tethered to the outer leaflet of the PM through two saturated fatty acids, have been shown to preferentially associate with nanodomains in a cholesterol-dependent manner [START_REF] Mayor | Sorting GPI-anchored proteins[END_REF][START_REF] Sangiorgio | GPI-anchored proteins and lipid rafts[END_REF][START_REF] Sharma | Nanoscale organization of multiple GPI-anchored proteins in living cell membranes[END_REF][START_REF] Borner | Analysis of detergent-resistant membranes in Arabidopsis. Evidence for plasma membrane lipid rafts[END_REF]Kierszniowska et al., 2009;[START_REF] Levental | Greasing their way: Lipid modifications determine protein association with membrane rafts[END_REF]. Strikingly, of the few PD-PM-associated proteins identified so far, a substantial number harbor a GPI anchor (Levy et al., 2007;Simpson et al., 2009;Benitez-Alfonso et al., 2013;Faulkner et al., 2013). Among those are the callose binding protein PDCB1 and the b-1,3-glucanase PdBG2 (Simpson et al., 2009;Benitez-Alfonso et al., 2013;Maule et al., 2013). In line with our comparative lipidomic analysis, we show that the GPI-anchored protein PDCB1 associates with DIMs, suggesting a preferential location of PDCB1 in sterol-rich membrane environments. Additionally, several PDassociated GPI-anchored proteins, including PDCB5 and several members of the b-1,3-glucanase family, have been shown by others to be enriched in DIMs in a sterol-dependent manner (see Supplemental Table 2 for a listing of GPI-anchored PD proteins found in DIMs in the literature). Consistently, we showed that clustering of both PDCB1 and PdBG2 at PD is strongly abolished in young epidermal cells of the root tip after alteration of the sterol composition with two different sterol biosynthesis inhibitors. Significant reduction of the PDCB1, but not PDLP1, association with primary PD was correlated with a modification of the sterol pool of the PD-PM domains in Arabidopsis cultured cells. Altogether, our results suggest that, upon modification of sterols, the PD-PM domain is not recognized anymore as a subcellular targeting address for GPI-anchored proteins in young tissues. Little information exists regarding how GPI proteins specifically associate with PD channels. In addition to the lipid moiety, both PDCB1 and PdBG2 contain a callose binding module (Carbohydrate Binding Module Family 43 [CBM43]), which may participate in PD targeting (Simpson et al., 2009;Benitez-Alfonso et al., 2013). To establish whether PD association is determined by GPI anchoring, we generated a PDCB1 mutant deleted in the C-terminal GPI signal but still containing the CBM43 callose binding motif. Our results indicate that the GPI anchor is indeed necessary for PD association, whereas the callose binding motif is not sufficient by itself to drive clustering of the protein at PD. Callose binding may nevertheless contribute to the stabilization of the GPI-anchored proteins at PD once the protein is associated with the outer leaflet of the PD-PM domains. Altogether, our data suggest that PDCB1 and PdBG2 are recruited to primary PD, most likely from the surrounding PM, through their GPI anchor in a sterol-dependent manner.

Callose deposition at the neck region of PD channels is a key regulatory process involved in the fine-tuning of symplastic connectivity during both developmental processes and biotic/ abiotic responses (Iglesias and Meins, 2000;[START_REF] Ruan | Genotypic and developmental evidence for the role of plasmodesmatal regulation in cotton fiber elongation mediated by callose turnover[END_REF]Levy et al., 2007;Guseman et al., 2010;[START_REF] Hofmann | The role of callose deposition along plasmodesmata in nematode feeding sites[END_REF]Rinne et al., 2011;[START_REF] Vatén | Callose biosynthesis regulates symplastic trafficking during root development[END_REF]Benitez-Alfonso et al., 2013;Han et al., 2014). Both PdBG2 and PDCB1 have been shown to play an important role in the regulation of callose deposition at PD and in symplastic connectivity (Simpson et al., 2009;Benitez-Alfonso et al., 2013). In line with the mislocalization of the two callose-modifying GPI-anchored proteins, we demonstrated that sterol inhibition induces defective cell-to-cell permeability due to altered callose deposition at PD. Interestingly, our data indicate that callose accumulation is differentially regulated in the highly specialized protophloem sieve elements and other tissues of the root. This likely indicates that the action of structural sterols in the modulation of callose deposition will be a function of the developmental stage and tissue types considered. Callose levels at PD are regulated through a complex network involving callosemodifying proteins such as the b-1,3-glucanases, PDCB, and callose synthase complexes as well as additional factors such as the production of reactive oxygen species and Ca 2+ [START_REF] Benitez-Alfonso | Redox regulation of intercellular transport[END_REF]Zavaliev et al., 2011). Therefore, further work will be necessary to fully understand the impact of sterols on PD functionality. Nevertheless, our work suggests that one mode of action of sterols, in relation to PD function, is to participate in the local recruitment of callose-modifying GPI-anchored proteins into PD-specific lipid nanodomains.

Both PDCB1 and the b-1,3-glucanase PdBG2 are likely to be preferentially targeted to the neck region of PD, where callose is deposited. In agreement with this scenario, PDCB1 was immunolocalized at the entrance of the PD channels while PDLP1, which is not GPI-anchored, was mainly found associated along the length of the PM in the pores (Maule et al., 2011). Interestingly, our data indicate that PDLP1 and PDCB1 display a radically different affinity for DIMs and respond differently upon sterol inhibition. This most likely indicates that the two proteins are present in different membrane environments, PDCB1 being preferentially present in sterol-rich membrane environments. Interestingly, many of the PD-localized b-1,3-glucanases identified so far harbor a GPI anchor (Supplemental Table 2). Similar to PDCB1 (and other members of the PDCB family), GPI-anchored b-1,3-glucanases are likely to be specifically targeted to the neck 1242

The Plant Cell region of the PD, consistent with their physical association with callose. Altogether, our results suggest that sterol-and sphingolipid-enriched domains may be confined to the entrance of the PD pore and concentrate functional elements involved in the regulation of callose deposition and modulation of the PD aperture. It should be mentioned, however, that in our hands immunogold labeling for callose in Arabidopsis cultured cells did not show strong enrichment of the b-1,3-glucan at the neck regions when compared with the central part (Supplemental Figure 1E). This may indicate that callose is evenly distributed along the entire length of the channels in primary PD. However, interpretation of these results is difficult given that young dividing cells mostly consist of relatively thin walls, meaning that callose clustering at the neck of the channels may be difficult to appraise.

Overall, our study shows that specific lipids are locally enriched at the PM across cell boundaries and likely act to functionally define the PD-PM domain. Moreover, we highlight a potential role for sterols in establishing and maintaining positional specificity at the primary PD as well as regulating callose-mediated PD permeability. However, further work will be needed to fully understand the mode of action of sterols on PD structure and function. Our study was limited to the primary PD of young meristematic tissues. An exciting new path of investigation will be to establish whether developmental and/or biotic/abiotic stresses trigger dynamic changes in the PD lipidome to adjust cell-to-cell connectivity.

Altogether, we believe that our results pave new paths toward a better understanding of how lipids act as functional units of PD-specialized membranes.

METHODS

Plant Material and Growth Conditions

Suspension cell cultures of Arabidopsis thaliana (ecotype Landsberg erecta) were grown as described (Bayer et al., 2004) except that cells were subcultured once instead of twice per week (20 mL into 200 mL of fresh medium).

The following transgenic Arabidopsis lines expressing fluorescent proteins in the Columbia-0 background were used: p35s:YFP-PDCB1 (Simpson et al., 2009), p35s:mCit:pdBG2 (Benitez-Alfonso et al., 2013), and ProSUC2:GFP (Imlau et al., 1999). Seedlings were grown on agar (8 g/L) plates containing MS salts (4.4 g/L) supplemented with vitamins and MES (0.5 g/L) at pH 5.8 in a growth chamber at 24°C in long-day light conditions (irradiance of 5 mE m 22 s 21 ).

Inhibitor Treatments

For inhibitor experiments, 5-d-old seedlings were transferred to MS agar plates containing 50 mg/mL fen (stock solution 50 mg/mL in DMSO) or 1 mM lova (stock solution 1 mM in DMSO). Control plates contained an equal amount of 0.1% DMSO solvent. Seedlings were observed by confocal microscopy (GFP-PDCB1, mCitrine-PdBG2, and ProSUC2: GFP) or whole-mount fixed for callose immunolabeling 1:200 [START_REF] Boutté | Immunocytochemical fluorescent in situ visualization of proteins in Arabidopsis[END_REF] after 24 or 48 h of treatment. Washout experiments were performed by transferring 24-h treated seedlings onto MS agar plates containing 0.1% DMSO for another 24 h before confocal observation.

Cell Wall, PD, PM, and DIM Purification

Cell wall fractions were prepared from 6-d-old Arabidopsis suspension cultured cells as described by Bayer et al. (2004), except that cell disruption through the N 2 cell disruption vessel was repeated five consecutive times instead of three. The PD-enriched membrane fraction was obtained from purified wall fragments as described (Fernandez-Calvino et al., 2011;Grison et al., 2015). Briefly, purified cell walls were digested with 0.7% (w/v) cellulase R10 (Karlan) in digestion buffer (10 mM MES, pH 5.5, and 4.4% mannitol) containing 1 mM phenylmethylsulfonyl fluoride and complete protease inhibitor cocktail (Roche Diagnostic) for 1.5 h at 37°C with 50 to 100 rpm shaking. After centrifugation at 5850g for 5 min at 4°C, the supernatant and pellet fractions were collected separately. The pellet was washed in an excess of digestion buffer and centrifuged again, and the two supernatants were combined before centrifugation at 110,000g for 40 min at 4°C. The resulting pellet, containing PD-derived membranes, was washed in an excess volume of cold Tris-buffered saline (TBS; 20 mM Tris-HCl, 0.14 M NaCl, and 2.5 mM KCl, pH 7.4). Finally, the pellet was resuspended in cold 13 TBS containing protease inhibitors (Roche Diagnostic). Approximately 600 mL of cultured cells was used to obtain 100 mg of PD-enriched membrane fraction. Protein amount was determined with a bicinchoninic acid protein assay using BSA as standard. For the purification of PD-enriched membrane fractions from cells treated with sterol inhibitor, fen was added to 5-d-old liquid cultured Arabidopsis cells at a final concentration of 250 mg/mL (stock solution 500 mg/mL in DMSO) and incubated as described previously for 48 h before purification.

The PM was purified by a two-phase partitioning system according to Marmagne et al. (2006) with some modifications. Briefly, vacuum-filtered 6-d-old suspension cells (;80 g) were homogenized in a Waring blender with 3 volumes of 0.5 M sucrose, 50 mM Tris-MES, pH 8, 40 mM EDTA, 20 mM DTT, and 1 mM phenylmethylsulfonyl fluoride. All buffers were ice cold, and centrifugation steps were performed at 4°C. The homogenate was centrifuged for 20 min at 13,000g, and the resulting supernatant was centrifuged for 1 h at 100,000g. This microsomal pellet was resuspended in 300 mM sucrose, 3 mM KCl, and 5 mM KH 2 PO 4 /K 2 HPO 4 , pH 7.8, buffer (15 g final) and then gently mixed with 50 g of an aqueous polymer phase mixture (6.4% [w/w] polyethylene glycol 3350, 6.4% [w/w] Dextran T-500 in 300 mM sucrose, 3 mM KCl, and 5 mM KH 2 PO 4 /K 2 HPO 4 , pH 7.8). After a short low-speed centrifugation (;1000g), the upper phase was recovered. Phase partitioning was performed one more time. The final upper phase was recovered and centrifuged at 100,000g for 1 h. The pellet was washed once with excess 13 TBS buffer to remove residual polyethylene glycol-dextran. The final pellet was resuspended in TBS containing protease inhibitors (Roche Diagnostic). Please note that isolated PM does not contain PD, which are discarded with wall debris by low-speed centrifugation early in the purification process.

For DIM purification, PM preparations (with one phase partitioning only) were further submitted to Triton X-100 treatment (final concentration 1% [v/v]) with a detergent-to-PM protein mass ratio of 10 (w/w) at 4°C for 30 min. Treated membranes were brought to a final concentration of 48% (w/w) sucrose, overlaid with successive 2-mL steps of 45,40,35, and 30% (w/w) sucrose in 13 TBS buffer, and then centrifuged for 16 h at 200,000g. DIMs were visible at the interface between the 35 and 40% layers as an opaque band. Fractions (1.8 mL) were recovered along the sucrose gradient, and one-tenth was used for protein concentration using the bicinchoninic acid protein assay to avoid Triton X-100 interference. Proteins from the different fractions were precipitated in 10% cold trichloroacetic acid for 30 min at 48°C. After centrifugation, the pellet was first washed with 10% trichloroacetic acid in water to remove residual sucrose and finally with cold acetone before being resuspended in Laemmli buffer for SDS-PAGE.

Immunoblot Analysis

Proteins from the PD, PM, microsomal, and DIM fractions were solubilized with 13 Laemmli buffer (Laemmli, 1970) for 30 min at 50°C. Proteins were separated by 7 or 12% SDS-PAGE, blotted to nitrocellulose, and analyzed with antiserum specific for PDLP1 (Fernandez-Calvino et al., 2011) at a dilution of 1:1250, PDCB1 (Simpson et al., 2009) at a dilution of 1:1000, PMA2 [START_REF] Morsomme | Single point mutations distributed in 10 soluble and membrane regions of the Nicotiana plumbaginifolia plasma membrane PMA2 H + -ATPase activate the enzyme and modify the structure of the C-terminal region[END_REF] at a dilution of 1:16,000, PIP2;2 [START_REF] Santoni | A proteomic study reveals novel insights into the diversity of aquaporin forms expressed in the plasma membrane of plant roots[END_REF] at a dilution of 1:5000, CesA3 and CesA6 [START_REF] Desprez | Organization of cellulose synthase complexes involved in primary cell wall synthesis in Arabidopsis thaliana[END_REF] at a dilution of 1:500, calreticulin [START_REF] Baluška | Maize calreticulin localizes preferentially to plasmodesmata in root apex[END_REF] at a dilution of 1:5000, SMT1 [START_REF] Boutté | Endocytosis restricts Arabidopsis KNOLLE syntaxin to the cell division plane during late cytokinesis[END_REF] at a dilution of 1:50, ECHIDNA [START_REF] Gendre | Conserved Arabidopsis ECHIDNA protein mediates trans-Golgi-network trafficking and cell elongation[END_REF] at a dilution of 1:1000, V-ATPase (Agrisera) at a dilution of 1:1400, BiP [START_REF] Höfte | Protein sorting to the vacuolar membrane[END_REF]) at a dilution of 1:8000, P16 [START_REF] Vallon | Lateral distribution of the main protein complexes of the photosynthetic apparatus in Chlamydomonas reinhardttii and in spinach: An immunocytochemical study using intact thylakoid membranes and PS II enriched membrane preparation[END_REF]) at a dilution of 1:20,000, membrine11 (provided by L. Maneta-Peret and P. Moreau) at a dilution of 1:400, and Nad9 at a dilution of 1:5000. Specific binding was visualized by chemiluminescence standard techniques. For quantification, blot exposure to reveal the PDCB1 or PDLP1 signal was kept to a minimum to avoid saturation. Blot imaging and quantification were done using the Bio-Rad Chemidoc MP system, which enables quantitative chemiluminescence measurement, and Image Lab software.

Electron Microscopy

For transmission electron microscopy, 6-d-old Arabidopsis suspension cells or 5-d-old seedlings treated for 24 h with 50 mg/mL fen or DMSO for a control were high-pressure frozen with the Leica EM-PACT-1 system. Tissues were inserted into a flat copper carrier, fast-frozen, and cryosubstituted into the Leica AFS2 device. The different freeze-substitution steps were as follows: 72 h at 290°C in acetone solution containing 0.5% glutaraldehyde, 2% osmium tetroxide, and 0.1% uranyl acetate, and the temperature was then raised to 4°C. Samples were washed three times for 20 min in 100% acetone before embedding in Spurr's resin, which was performed progressively (2 h in 25% Spurr's resin in acetone, 2 h in 50% Spurr's resin in acetone, overnight in 75% Spurr's resin in acetone, and two times for 2 h in 100% Spurr's resin). Polymerization was performed at 60°C for 24 h.

For immunogold labeling of Arabidopsis suspension cells, the different freeze-substitution steps were as follows: 72 h at 290°C in acetone solution containing 0.5% glutaraldehyde and 0.1% uranyl acetate. The temperature was then raised to 250°C, and after 12 h at 250°C, samples underwent three 20-min washes in 100% acetone and then three 20-min washes in 100% ethanol. The embedding in HM20 was performed at 250°C as follows: 2 h in 25% HM20 in acetone, 2 h in 50% HM20 in acetone, overnight in 75% HM20 in acetone, and two times for 2 h in 100% HM20. Polymerization was performed under UV light for 48 h at 250°C and then for 48 h at 20°C. Immunogold labeling was performed as described previously [START_REF] Kang | Electron tomography of RabA4b-and PI-4Kb1-labeled trans Golgi network compartments in Arabidopsis[END_REF] on 70-nm sections with the following antibodies: monoclonal anti-b-1,3-glucan antibody (Biosupplies; Supplemental Figure 1) diluted 1:20 and polyclonal antiserum against the ATPase PMA2 ( [START_REF] Morsomme | Single point mutations distributed in 10 soluble and membrane regions of the Nicotiana plumbaginifolia plasma membrane PMA2 H + -ATPase activate the enzyme and modify the structure of the C-terminal region[END_REF]) diluted 1:300. Antibody binding was detected with the following secondary antibodies: 5-nm diameter gold-conjugated goat anti-mouse antibodies (for callose) diluted 1:30 and 10-nm diameter gold-conjugated goat anti-rabbit antibodies (for PMA2) diluted 1:30. The quantification of PMA2-and callose-associated gold particle distribution in Figure 1C was performed using Arabidopsis ultrathin sections that were colabeled with anti-PMA2 and anti-callose antibodies. A total of 55 micrographs containing 65 PD were examined. Gold particles specifically associated with the PM or PD were counted (together with the length of the membrane segment considered). Statistical analysis was performed with the software R using the nonparametrical Wilcoxon test.

For transmission electron microscopy observation of the PD fraction, the membranes were concentrated in 2% low-melting agarose. Agarose cubes of 5 mm were chemically fixed for 2 h in 0.1 M sodium-cacodylate buffer, pH 7.4, containing 2% glutaraldehyde before being postfixed in the same buffer containing 1% osmium tetroxide. During dehydration, water was progressively replaced by acetone. Spurr's resin was used for stepwise embedding.

For immunogold labeling of the PD and PM fractions, 5 mL of purified membranes, at a protein concentration of 0.1 mg/mL, was pipetted onto plastic-and carbon-coated grids. Excess liquid was gently removed, and the grids were incubated with 10 mL of PBS blocking buffer (0.15 M NaCl, 7.5 mM Na 2 HPO 4 , and 0.25 mM NaH 2 PO 4 containing 5% BSA, 5% normal goat serum, and 0.1% cold waterfish skin) for 1 h and then washed once with 13 PBS containing 0.05% Tween 20, before being incubated for 90 min with the primary antibodies diluted in PBS containing 0.1% acetylated BSA. Dilutions of 1:100, 1:20, and 1:1000 were used for PDCB1 (Simpson et al., 2009), PDLP1 (Thomas et al., 2008), and PMA2 [START_REF] Morsomme | Single point mutations distributed in 10 soluble and membrane regions of the Nicotiana plumbaginifolia plasma membrane PMA2 H + -ATPase activate the enzyme and modify the structure of the C-terminal region[END_REF] antisera and for the preimmune sera. After six washes, for 5 min each with PBS containing 0.05% Tween 20, antibody binding was detected using the following 10-nm gold-conjugated goat anti-rabbit antibodies diluted at 1:30. After 1 h of incubation at room temperature, the grids were washed six times with PBS containing 0.05% Tween 20 and three times with 0.2 µm filtered water and then negatively stained with 2% (w/v) uranyl acetate.

For negative staining of wall fragments, 5 mL of diluted wall suspension, prewashed with 0.2 µm filtered water, was mixed with an equal volume of 2% (w/v) uranyl acetate in a droplet on a pyroxylin-filmed electron microscope grid (400 mesh). After a few seconds, the grid was blotted to remove excess stain and then allowed to air dry.

Sections and negatively stained samples were viewed with the MET Philips CM10 100-kV device.

Construction of the PDCB1.mCherry GPI Mutant

PCR mutagenesis of PDCB1 (At5g61130) was used to delete the C-terminal GPI anchor signal. The sequence of the GPI anchor signal at the C-terminal end of the protein was determined using bioinformatic prediction programs (Big PI [http://mendel.imp.ac.at/gpi/gpi_server.html] and GPI-SOM [http://gpi.unibe.ch]) as well as experimental data [START_REF] Elortza | Proteomic analysis of glycosylphosphatidylinositolanchored membrane proteins[END_REF].

The PDCB1∆GPI.mCherry sequence was amplified by PCR using Q5 DNA polymerase (New England Biolabs) from a pDONR221 vector containing the N-terminal secretion signal of PDCB1 fused to the coding sequence of mCherry translationally fused to the rest of the coding sequence of PDCB1 (a gift from Yoselin Benitez-Alfonso). The primer sequences used for cloning are as follows: FW primer (39-GGGGACAAGTTTGTACAAAAAAG-CAGGCTTCCGAATCATGGCTGCTCTGGTGCTTTCAC-59) and Rv primer (39-GGGGACCACTTTGTACAAGAAAGCTGGGTATTATGTCGTGTAATC-CGGGTTAATCCC-59). The resulting DNA fragments were purified and transferred by recombination into the entry vector pDONR221 using BP Clonase II (Invitrogen Gateway Technology) following the manufacturer's conditions. The sequence of the resulting pDONR clone was verified by automated sequencing. The coding sequence for PDCB1∆GPI.mCherry was then transferred to the Gateway binary destination vector pK2GW7 using LR Clonase II for expression in plants under the control of the 35S promoter. The constructs were transformed into Agrobacterium tumefaciens GV3101 to be used for transient expression in Nicotiana benthamiana.

Confocal Laser Scanning Microscopy

Live imaging was performed using a Leica SP8 confocal laser scanning microscopy system equipped with a white laser and hybrid detectors. For transient expression in N. benthamiana, leaves of a 3-week-old plant were pressure-infiltrated with the appropriate bacterial culture, and fluorescence was visualized by confocal microscopy at 3 d after inoculation.

Arabidopsis seedlings or agroinfiltrated N. benthamiana leaves were gently transferred between a glass slide and a cover slip in a drop of water. GFP, YFP, and mCitrine fluorescence were observed with similar settings (i.e., excitation wavelengths of 488 nm and emission wavelengths of 500 to 555 nm).
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To quantify fluorescence intensities (ProSUC2:GFP, YFP-PDCB1, mCitrine-PdBG2, and callose immunofluorescence), experiments were performed using strictly identical confocal acquisition parameters (laser power, gain, zoom factor, and resolution) between samples treated with sterol inhibitors and controls.

For quantifying YFP-PDCB1 and mCitrine-PdBG2 fluorescence, intensity values at the apical-basal and lateral walls were measured by manually outlining the region of interest (ROI) of a 3-mm 3 10-mm rectangle and calculating the mean gray value (sum of gray values of all the pixels in the selection divided by the ROI surface) for each ROI using Leica LAS AF Lite (http://leica-las-af-lite.software.informer.com). The ratio of the fluorescence intensities between apical-basal and lateral walls was then calculated. For each experiment, six cells from each of 10 seedlings were measured (n = 60). Statistical analysis was done using the R software version 2.15.1 (http://www.r-project.org). Intensity plot measurement along transverse walls was done using the image-processing software ImageJ version 1.47 (http://rsb.info.nih.gov/ij).

For quantification of ProSUC2:GFP, the intensity values were measured by manually outlining three ROIs in both the vasculature and the root meristem by calculating the mean gray value. For each experiment, 25 plants were processed per condition.

For quantification of callose immunofluorescence, the intensity values at the apical-basal walls of sieve elements were measured by manually outlining the ROI (i.e., apical-basal walls) and calculating the mean gray value as described above. For external cell layers, callose immunofluorescence intensity values were measured by manually outlining the ROI (20-mm 3 20-mm square) and calculating the mean gray value as described above. For each experiment, a minimum of six measurements was performed for each of the 20 plants per condition.

Lipid Analysis

For HP-TLC (Merck 60 F254) analysis of polar and neutral lipids, lipids were extracted and purified from the different fractions according to [START_REF] Folch | A simple method for the isolation and purification of total lipides from animal tissues[END_REF]. Briefly, the lipids from 80 to 200 µg (protein equivalent) of PD and PM fractions were extracted with chloroform:methanol (2:1, v/v) for 20 min at room temperature. Polar contaminants such as proteins or nucleic acid were removed by adding 1 volume of 0.09% NaCl solution. After phase separation, the lower organic phase, which contains lipids, was harvested and the solvent was evaporated under a gentle flow of N 2 gas. The lipids were then resuspended in 100 mL of chloroform:methanol (2:1, v/v) solution and applied onto a silica-coated chromatography plate with lipid standards. To resolve conjugated sterols and glucosylceramide, the Hillig solvent (chloroform:methanol, 85:15, v/v) was used [START_REF] Hillig | Formation of glucosylceramide and sterol glucoside by a UDP-glucose-dependent glucosylceramide synthase from cotton expressed in Pichia pastoris[END_REF]. For polar lipids, a Vitiello-Zanetta solvent mixture [START_REF] Vitiello | Thin-layer chromatography of phospholipids[END_REF] was used. Lipids were then quantified by densitometry scanning after coloration with copper sulfate [START_REF] Macala | Analysis of brain lipids by high performance thin-layer chromatography and densitometry[END_REF].

For HP-TLC analysis of GIPCs, lipids were extracted using a more polar solvent (methanol:water:chloroform, 60:8:30) and then separated by HP-TLC using Kaul and Lester solvent [START_REF] Kaul | Isolation of six novel phosphoinositol-containing sphingolipids from tobacco leaves[END_REF]. Silica plates were preactivated with methanol:ammonium acetate 0.2 M final concentration and dried for 10 min at 110°C before use. GIPCs were identified by running purified standards extracted from Arabidopsis [START_REF] Buré | Fast screening of highly glycosylated plant sphingolipids by tandem mass spectrometry[END_REF]. Lipids were then quantified by densitometry scanning after coloration by copper sulfate [START_REF] Macala | Analysis of brain lipids by high performance thin-layer chromatography and densitometry[END_REF].

For the analysis of total fatty acids by GC-MS, ;150 mg (protein equivalent) of PD and PM membranes was spun for 30 min at 110,000g at 4°C to eliminate traces of water. Transmethylation of fatty acids was performed overnight in 1 mL of methanol:H 2 SO 4 solution (100:2.5, v/v) containing the internal standards C17:0 and h14:0 (5 mg/mL). After cooling, 1 mL of hexane:2.5% NaCl (1:1, v/v) was added, and the upper hexane phase containing FAMEs was recovered and buffered with 1 mL of Tris buffer (100 mM Tris-HCl, pH 8, and 0.9% NaCl). The upper hexane phase was harvested, and the solvent was evaporated by a gentle flow of N 2 gas.

Prior to analysis by GC-MS, free hydroxyl groups were trimethylsilylated by N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA)-trimethylchlorosilane for 15 min at 100°C. After complete evaporation of BSTFA under N 2 gas, FAMEs were dissolved in 100 mL of hexane and analyzed by GC-MS. An HP-5MS capillary column (5% phenyl-methyl-siloxane, 30-m, 250-mm, and 0.25-mm film thickness; Agilent) was used with helium carrier gas at 2 mL/min; injection was done in splitless mode; injector and mass spectrometry detector temperatures were set to 250°C; the oven temperature was held at 50°C for 1 min, then programmed with a 25°C/min ramp to 150°C (2-min hold) and a 10°C/min ramp to 320°C (6-min hold). Quantification of nonhydroxylated and hydroxylated fatty acids was based upon peak areas that were derived from the total ion current.

For the analysis of phospholipids by LC-MS/MS, phospholipid extracts (chloroform:methanol extraction as described for HP-TLC analysis of polar lipids) were dissolved in 50 mL of eluent A (isopropanol:CH 3 OH: water + 0.2% formic acid + 0.028% NH 3 ) containing synthetic internal lipid standards (PE, 17:0/17:0; PS, 17:0/17:0; PC, 17:0/17:0; PI, 17:0/14:1; and PG, 17:0/17:0 from Avanti Polar Lipids). LC-MS/MS (multiple reaction monitoring mode) analyses were performed with a model QTRAP 5500 (ABSciex) mass spectrometer coupled to a liquid chromatography system (Ultimate 3000; Dionex). Analyses were performed in the negative (PE, PS, PI, and PG) and positive (PC) modes with fast polarity switching (50 ms); nitrogen was used for the curtain gas (set to 15), gas 1 (set to 20), and gas 2 (set to 0). Needle voltage was at 24500 or +5500 V without needle heating; the declustering potential was adjusted between 2180 and 285 V or set at +40 V. The collision gas was also nitrogen; collision energy varied from 248 to 262 eV and +47 eV on a compound-dependent basis. The dwell time was set to 3 ms. Reverse-phase separations were performed at 50°C on a Luna C8 15031 mm column with 100-Å pore size and 5-mm particles (Phenomenex). The gradient elution program was as follows: 0 min, 30% eluent B (isopropanol + 0.2% formic acid + 0.028% NH 3 ); 5 min, 50% eluent B; 30 min, 80% eluent B; 31 to 41 min, 95% eluent B; 42 to 52 min, 30% eluent B. The flow rate was set at 40 mL/min, and 3-mL sample volumes were injected. The areas of LC peaks were determined using MultiQuant software (version 2.1; ABSciex) for phospholipid quantification.

For determination of the ratios of sterols versus glycerolipids by HP-TLC, 300 µg of the PD and PM samples (n = 5) was split into two aliquots and analyzed in parallel by HP-TLC for neutral and polar lipids as described above. Quantification of the sterol lipid classes (free sterols, ASG, and SG) and the glycerolipid classes (digalactosyldiacylglycerol, PC, PS, phosphatidic acid, and PE:PG) was done by densitometry scanning after Macala staining [START_REF] Macala | Analysis of brain lipids by high performance thin-layer chromatography and densitometry[END_REF].

For determination of the ratios of sterols versus glycerolipids by GC-MS, PD and PM samples (n = 6 for PD and n = 3 for PM; ;300 mg) were split into two aliquots and analyzed in parallel for total FAMEs as described above and for sterols. For sterol analysis, the lipids were first extracted in chloroform:methanol (2:1, v/v) containing the internal standard a-cholestanol (25 mg/mL). After 1 h at room temperature under gentle shaking, 1 mL of 0.9% NaCl was added and the organic phase was recovered. A saponification step was performed, after total evaporation of the solvent, by adding 1 mL of ethanol and 100 mL of 11 N KOH and incubating it for 1 h at 80°C. After the addition of 1 mL of hexane and 2 mL of water, the sterol-containing upper phase was recovered and the solvent was evaporated under an N 2 gas stream. Sterols were derivatized by BSTFA as described for FAMEs and resuspended in 100 mL of hexane before analysis by GC-MS (see FAME analysis).

For quantification of sterol lipids by Q-TOF-MS/MS, sterol lipids were analyzed by direct nanospray infusion Q-TOF-MS/MS after collisioninduced dissociation as described previously [START_REF] Wewer | Quantification of sterol lipids in plants by quadrupole time-of-flight mass spectrometry[END_REF]. The measurements were performed on an Agilent 6530 Q-TOF-LC/MS instrument equipped with a nanospray infusion ion source (HPLC/chip MS 1200 with infusion chip; Agilent). Lipids were extracted from the PM and PD fractions (n = 3) with 2 volumes of chloroform:methanol:formic acid (1:1:0.1) and 1 volume of 1 M KCl/0.2 M H 3 PO 4 . Lipid extracts were purified by solid-phase extraction on silica columns (100 mg; Phenomenex). Free sterols were eluted with chloroform, and SG and ASG were eluted with acetone/2-propanol (1:1, v/v). Free sterols were derivatized with N-chlorobetainylchloride. Betainylated sterols, SG, and ASG were dried and dissolved in methanol:chloroform:300 mM ammonium acetate (665:300:35, v/v/v) for Q-TOF-MS/MS analysis [START_REF] Welti | Profiling membrane lipids in plant stress responses. Role of phospholipase D alpha in freezing-induced lipid changes in Arabidopsis[END_REF].

Statistical analysis of the data was done using the R software package. When fewer than 20 or 5 samples were used, the nonparametrical Wilcoxon test or ANOVA of the Kruskal-Wallis test was employed, respectively.

Proteomic Analysis

Sample Preparation and Protein Digestion

Ten micrograms of each protein sample was solubilized in Laemmli buffer and deposited onto an SDS-PAGE gel for concentration and cleaning purposes. Separation was stopped after proteins entered the resolving gel. After colloidal blue staining, bands were excised from the SDS-PAGE gel and subsequently cut in 1-mm 3 1-mm gel pieces. Gel pieces were destained in 25 mM ammonium bicarbonate and 50% acetonitrile (ACN), rinsed twice in ultrapure water, and shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room temperature, covered with trypsin solution (10 ng/mL in 40 mM NH 4 HCO 3 and 10% ACN), rehydrated at 4°C for 10 min, and finally incubated overnight at 37°C. Gel pieces were then incubated for 15 min in 40 mM NH 4 HCO 3 and 10% ACN at room temperature. The supernatant was collected, and a water:ACN:HCOOH (47.5:47.5:5) extraction solution was added to gel slices for 15 min. The extraction step was repeated twice. Supernatants were dried in a vacuum centrifuge and resuspended in 100 mL of 0.1% HCOOH.

Nano-LC-MS/MS Analysis

The peptide mixture was analyzed with the Ultimate 3000 nanoLC system (Dionex) coupled to the LTQ Orbitrap XL mass spectrometer (Thermo-Finnigan). Ten microliters of peptide digest was loaded onto a 300-µm (i.d.) 3 5-mm C 18 PepMap trap column (LC Packings) at a flow rate of 20 µL/min. The peptides were eluted from the trap column onto an analytical 75-mm (i.d.) 3 15-cm C18 PepMap column (LC Packings) with a 2 to 40% linear gradient of solvent B in 108 min (solvent A was 0.1% formic acid in 5% ACN, and solvent B was 0.1% formic acid in 80% ACN). The separation flow rate was set at 200 nL/min. The mass spectrometer operated in positive ion mode at a 1.8-kV needle voltage. Data were acquired using Xcalibur 2.0.7 software in data-dependent mode. Mass spectrometry scans (m/z 300 to 2000) were recorded in the Orbitrap cell at a resolution of 60,000 (at m/z 400) and an AGC target of 5 3 10 5 ions collected within 500 ms. Dynamic exclusion was set to 30 s, and the top six ions were selected from fragmentation in collision-induced dissociation mode. Tandem mass spectrometry scans with a target value of 10 4 ions were collected in the linear ion trap with a maximum fill time of 200 ms. Additionally, only +2 and +3 charged ions were selected for fragmentation. Others settings were as follows: spray voltage, 1.8 kV; no sheath or auxiliary gas flow; heated capillary temperature, 200°C; normalized collision energy of 0.25; and isolation width of 3 m/z.

Database Search and Results Processing

Data were searched by SEQUEST through Proteome Discoverer 1.4 (Thermo Fisher Scientific) against the 10th version of TAIR (32,785 entries). Spectra from peptides higher than 5000 D or lower than 350 D were rejected. The search parameters were as follows: the mass accuracy of the monoisotopic peptide precursor and peptide fragments was set to 10 ppm and 0.6 D, respectively. Only b and y ions were considered for mass calculation. Oxidation of methionines (+16 D) was considered a variable modification, and carbamidomethylation of cysteines (+57 D) was considered a fixed modification. Two missed trypsin cleavages were allowed. Peptide validation was performed using the Percolator algorithm [START_REF] Käll | Semi-supervised learning for peptide identification from shotgun proteomics datasets[END_REF], and only "high-confidence" peptides were retained, corresponding to a 1% false positive rate at the peptide level.

Label-Free Quantitative Data Analysis

Raw LC-MS/MS data were imported in Progenesis LC-MS 4.1 (Nonlinear Dynamics). Data processing includes the following steps: (1) features detection; (2) features alignment across the six samples; (3) volume integration for two to six charge-state ions; (4) import of sequence information; and (5) calculation of protein abundance (sum of the volume of corresponding peptides). Only nonconflicting features and unique peptides were considered for calculation at the protein level. DOI 10.1105/tpc.114.135731 ; originally published online March 27, 2015;2015;27;1228-1250 Plant Cell Sébastien Mongrand and Emmanuelle M. Bayer Houda Nacir, Yoselin Benitez-Alfonso, Stéphane Claverol, Véronique Germain, Yohann Boutté, Magali S. Grison, Lysiane Brocard, Laetitia Fouillen, William Nicolas, Vera Wewer, Peter Dörmann,

2-DYNAMICS OF PLASMODESMAL SIGNALING MICRODOMAINS Associated papers: Grison et al. paper in preparation

The results generated during the first part of my PhD, suggest that the specialised PM domain lining plasmodesmata (PD-PM) cluster sterol-and sphingolipid-liquid ordered microdomains. In mammalian lipid nanodomains can be stabilized upon perception of stimuli into larger platforms, an important step for intracellular signalling (Gaus et al., 2005;[START_REF] Simons | Revitalizing membrane rafts: new tools and insights[END_REF]. These macrodomains are formed from fluctuating assemblies through lipidlipid, lipid-protein and protein-protein interactions and are hence very dynamic structures by nature.

Membrane microdomains in general and plasmodesmal microdomains in particular can cluster receptor-like activities and function as signalling platforms. Recent studies have identified several Receptor-Like Kinases and receptor complexes as plasmodesmata-located and functional data indicates that plasmodesmata are capable of integrating extracellular signals (being developmental and/or biotic) and convey them intracellularly across the PM to initiate plasmodesmal specific responses [START_REF] Stahl | Receptor Complex Mediated Regulation of Symplastic Traffic[END_REF]Caillaud et al. 2014;Lim et al. 2016;Faulkner et al. 2013;Vaddepalli et al. 2014;Fernandez-Calvino et al. 2011;[START_REF] Faulkner | Proteomic identification of putative plasmodesmatal proteins from Chara corallina[END_REF]. Proteomic analysis of plasmodesmal-enriched membrane fractions also revealed the presence of numerous Leucine-Rich Repeat Receptor Like Kinases (LRR-RLKs;

Fernandez-Calvino et al. 2011; E. Bayer unpublished data).

Here we decided to focus on a selected number of LRR-RLKs to reveal their potential function at plasmodesmata.

Identifying PD-associated receptor-like proteins

In parallel to the lipidomic study, for which we improved the plasmodesmata membrane purification protocol from Arabidopsis thaliana suspension cells, we developed a new strategy for the identification of PD-associated proteins based on label-free proteomic analysis and bioinformatic approach. We used label-free comparative quantification to reduce plasmodesmata proteome complexity from 1400 [START_REF] Faulkner | Proteomic identification of putative plasmodesmatal proteins from Chara corallina[END_REF]Fernandez-Calvino et al. 2011) to a few hundred candidates ( 200; unpublished). In this approach, plasmodesmata and contaminant fractions (PM, microsomes, total cell and wall extracts) are simultaneously analysed by mass-spectrometry (MS/MS) approach and the relative protein enrichment is determined. This new plasmodesmal proteome dataset was the basis for selecting relevant plasmodesmal functional candidates. Given the role of plasmodesmata in cell-to-cell signaling, we focused our attention on receptor like activities and especially receptor-like kinases.

Dynamic association of Receptor-like kinase upon abiotic stress

In Arabidopsis the super family of Receptor Kinase count 600 members including the LRR-RLK sub-family which represents more than 230 members. The LRR-RLKs are divided in fifteen clades depending on their extracellular Leucine-Rich-Repeat consensus [START_REF] Morillo | Functional analysis of receptor-like kinases in monocots and dicots[END_REF][START_REF] Torii | Leucine-Rich Repeat Receptor Kinases in Plants: Structure, Function, and Signal Transduction Pathways[END_REF]). Although LRR-RLKs operate in various biological processes few LRR-RLKs have been fully characterized in Arabidopsis. Among these, the LRR-RLK FLAGELLIN-SENSITIVE 2 (clade XII) is implied in defence responses and localises to the PM and plasmodesmata, BRASSINOSTEROID INSENSITIVE 1 (clade X) and CLAVATA 1 (clade XI) are respectively involved in regulation of cell division/expansion and cell fate and STRUBBELIG which is located to plasmodesmata is involved in tissue morphogenesis (Vaddepalli et al. 2011;[START_REF] Schoof | The stem cell population of Arabidopsis shoot meristems is maintained by a regulatory loop between the CLAVATA and WUSCHEL genes[END_REF][START_REF] Gómez-Gómez | FLS2: An LRR Receptor-like Kinase Involved in the Perception of the Bacterial Elicitor Flagellin in Arabidopsis[END_REF][START_REF] Clouse | A Brassinosteroid-Insensitive Mutant in Arabidopsis thaliana Exhibits Multiple Defects in Growth and Development[END_REF]Faulkner & Maule 2011).

Refining the plasmodesmata proteome allow us to reduce the list of candidates from 1400 to few hundred proteins within which 15 LRR-RLK appears both relatively enriched and abundant. I selected three LRR-RLK candidates (SUCROSE ACTIVATED KINASE 1, INFLORESCENCE MERISTEM KINASE 2 and AT5G58300) and two of them were also shown to associated with Detergent Resistant Membranes (Kierszniowska S, Seiwert B 2009;Demir et al. 2013;Shahollari et al. 2005;Minami et al. 2009).

To control their plasmodesmata localisation I used transient expression in Nicotiana benthamiana and stably transformed Arabidopsis lines and showed that under control conditions these proteins localize at the PM and display no enrichment at plasmodesmata (Fig. 1). Strikingly however abiotic stresses (NaCl & Mannitol treatment) triggered a fast relocalization of the three LRR-RLKs at plasmodesmata vicinity. To explore whether this "relocalisation" was a specific feature of the LRR-RLKs, I investigate the behavior of five PM-or microdomain-associated proteins (PMA2, Lti6b, PIP2;1, REM1.2 and REM1.3) and none of them were able to dynamically accumulate at plasmodesmata. Fast (below 1 min) conditional plasmodesmal association has never been reported before. From this start point I tried to identify the molecular mechanisms leading to plasmodesmal dynamic association. Focusing on SAK1 (SUCROSE ACTIVATED KINASE 1) I demonstrated, using pharmacological approaches, that relocalisation occurs independently of sterol and sphingolipid membrane composition although SAK1 was described as a microdomain-associated protein. SAK1 displays two "active" phosphorylation sites for which I obtained phospho-mimic and phospho-dead mutants through a collaboration I established with Waltraud Schulze (Germany). However, similar to the wild-type protein, the phosphomutants were both able to cluster at plasmodesmata upon osmotic stress, suggesting that phosphorylation is not a prerequisite for plasmodesmal dynamic association. I finally turned to in silico analysis of our three candidates and identify a polybasic amino acid stretch right after the transmembrane domain known in mammals as a JuxtaMembrane Domain (JMD).

Mutation in this motif completely abolishes the dynamic plasmodesmal association. JMD are known to interact with anionic phospholipids which is an aspect we would like to investigate further.

Altogether these data suggest that membrane remodelling occurs at plasmodesmata upon stimuli and may have implication for plasmodesmal function. The results of this study are presented as a "well-advanced" paper but some experiments still need to be repeated to complete the manuscript.

My contribution to the paper: In this study I produce highly pure Plasmodesmata and PM fraction using the optimised protocols I set up for The Plant Cell paper. Label-free proteomic analysis requires a high purity level which I assessed by western blot analysis. I performed the cloning experiments and assessed the localisation of LRR-RLKs in control and osmotic stress conditions by transient expression in benthamiana. I assessed the relocalisation ability in Arabidopsis stable lines of SAK1, SAK1 phospho-mutants and the PM markers. After determining the strategy to modify the sterols and the sphingolipids composition of plasmodesmata with minimum pleiotriopic effect I assessed the conditional dynamic plasmodesmal association of SAK1. I performed cloning experiments to produce the JMD mutant and assessed its relocalisation ability upon stress condition. I quantify all the data and performed the statistical analysis. Other people contributed to the paper, in particular:

Marie Brault, who assessed the relocalisation of REM1.2 & 1.3 Françoise Immel, who performed the proteomic analysis of plasmodesmata in collaboration with Stephane Claverol (Proteomic Platform of Functional Genomic Center of Bordeaux).

In this publication I conceptualized the figures and the supplemental figures, I wrote the manuscript and design the research programme with the supervision of Manue. 

INTRODUCTION

Plasmodesmata are nano-scaled membranous pores that span the cell wall creating both cytoplasmic and membrane continuums between plant cells. Plasmodemata connect virtually all cells throughout the whole plant body forming a symplastic network which support intercellular information mobility within a given tissue or organ, and at long-distance when combined with the vasculature. As central players in intercellular communication, plasmodesmata orchestrate processes related to plant growth and development but also responses to pathogen attack and abiotic stresses 1-4 . Plasmodesmata do not only serve as conduits, but also act as specialised signalling hubs, capable of generating and/or relaying signalling from cell-to-cell through plasmodesmata-associated receptor-activity 5-8 Plasmodesmata specialised functions highly rely on their molecular specification. The pores are outlined by highly-specialised membrane microdomains which present a distinct molecular composition, of both proteins and lipids, compared to the bulk PM and ER 9-11 . Amongst the array of proteins that localise to plasmodesmata, receptor proteins and receptor protein kinases have recently emerged as critical players for modulating cell-to-cell signalling 4,6,7,12 . For instance, Plasmodesmata Located Protein 5 (PDLP5), a cystein rich receptor kinase, is necessary for callose inducedplasmodesmata closure in response to salicylic acid, a pivotal hormone for innate immune response 13,14 . In a similar way up-regulation of PDLP1 during mildew infection promotes down-regulation of plasmodesmata permeability 15 . Membrane associated Receptor Like Kinases (RLKs), such as STRUBBELIG locates at plasmodesmata where it interacts with QUIRKY and is involved in organ formation and tissue morphogenesis. Similarly, the receptor kinase CRINKLY4 is located to both the PM and plasmodesmata and is implied in developmental processes notably at root apical meristem where it acts to specify columella cells identity 8 . CRINKLY4 forms homo-or hetero-meric complexes with CLAVATA1, composition of the latter depends on its subcellular localisation i.e. PM or plasmodesmata 8 .

Activation/inactivation of signalling cascade often correlates with receptor complex association/dissociation to PM microdomain 16 . There is a high diversity of microdomains that co-exist at the PM allowing the separation of different signalling pathways 17-19 . For instance in plants, the localisation of FLAGELLIN SENSING 2 and BRASSINOSTEROID INSENSITIVE 1 in distinct microdomains enable cells to differentiate between fungus-induced immunity and steroid-mediated growth, and this despite the fact that these two signalling cascades share common components 19 .

Spatio-temporality and dynamics of microdomain association is also critical for regulating signalling cascade and turn signalling events on and off. In mammals, the EPIDERMAL GROWTH FACTOR RECEPTOR reversibly associate and dissociate with PM microdomains, which rules activation and inactivation of signalling events 16,20 . Both the PM and plasmodesmata pores present receptor activities but at present it is not clear whether these intersect in anyway.

Here, we identified three PM associated Leucine Rich Repeat Receptor Like Kinases (LRR-RLKs) which conditionally and dynamically associate with plasmodesmata upon abiotic stress. Inducedplasmodesmal clustering occurs within 2 to 10 minutes, is not a general behavior of PM or microdomain-associated proteins and does not depend on sterol or sphingolipid composition. Focusing on SAK1 (SUCROSE ACTIVATED KINASE) RLK, we show that the phosphorylation statue of the protein is unlikely to drive plasmodesmata localisation. Importantly, we identified a polybasic amino acid motif in the Juxtamembrane Domain (JMD) of SAK1 predicted to bind anionic lipids that is required for conditional plasmodesmal association.

Altogether this work emphasizes the dynamic nature of plasmodesmata microdomains, which can within few minutes of stimulation recruit PM located receptor-like proteins to plasmodesma pores. It further suggests that anionic lipids may play an important role in conditional association of proteins to plasmodesmata.

RESULTS

Establishing plasmodesmata core proteome using semi-quantitative proteomics

To identify plasmodesmata receptor candidates we decided to screen the plasmodesmata proteome and search for LRR-RLK proteins. Published plasmodesmata proteomic data reported the identification of more than 1400 proteins in Arabidopsis thaliana 9 , from which plasmodesmata-associated but also contaminant proteins remained undiscriminated. To reduce the proteome complexity and select core plasmodesmata proteins, we used a refined plasmodesmata purification technique 10,11,21,22 together with label-free comparative quantification (Figure 1A). Plasmodesmata and likely contaminant fractions, namely the PM, the microsomal, total cell and cell wall fractions were purified from Arabidopsis liquid cultured cells and simultaneously analysed by tandem mass-spectrometry (MS/MS). For each protein identified its relative enrichment in the plasmodesmata fraction versus "contaminant" fractions was determined. Proteins that showed at least a 2-fold enrichment in plasmodesmata were selected as "plasmodesmata-candidates", as most well-established plasmodesmata proteins display similar or higher enrichment ratios.

A survey of the refined plasmodesmata-proteome identified several members of the LRR-RLK family as both abundant and enriched in the plasmodesmata fraction with clade III members being predominant (Figure 1B &C). We then cross-referenced the accessions with four published Detergent Resistant Membrane (DRM) proteome, and identified two common receptor kinases: Sucrose Activated Kinase 1 (SAK1, AT3G02880) and Inflorescence Meristem Kinase 2 (IMK2, AT3G51740) 23-26 (Figure 1B, red).

LRR-RLKs dynamically associate with plasmodesmata

In addition to the selected DRM-associated LRR-RLK candidates, SAK1 and IMK2, (Figure 1B, red), we selected an additional LRR-RLK candidate, AT5G58300, which was not DRM-associated (Figure 1B, blue). To first confirm the association of the LRR-RLK candidates with plasmodesmata pitfields in planta, we transiently expressed the proteins as green (GFP) or yellow (YFP) fluorescent protein fusions in Nicotiana Benthamiana leaves. Confocal imaging revealed that all three LRR-RLK candidates were exclusively located to the PM with no specific enrichment at plasmodesmata pitfields (Figure 2A). However, applying osmotic stress by infiltrated leaves with 0.4M Mannitol induced a fast (within 2-10 min) relocalisation of all LRR-RLK candidates at the cell periphery in a punctate pattern (Figure 2A; Suppl movies 1-2). Similar effects were observed for all three LRR-RLKs when the leaves were treated with NaCL 150mM (data not shown). Co-localisation with the plasmodesmata marker, PDLP1-mRFP or aniline blue, revealed that these peripheral dots perfectly co-localised with plasmodesmata (Figure 2A). Plasmodesmata depletion or enrichment was assessed by calculating the fluorescence intensity ratio between plasmodesmata (indicated by PDLP1-mRFP or aniline blue) versus PM, hereafter named "PD (plasmodesmata) Index" (Figure 2B). In control conditions the candidates displayed a PD Index around 1 indicating no specific enrichment at plasmodesmata compared to the PM but this value rose up to 1.6 after stimulation (Figure 2B). In addition to clustering at plasmodesmata, we also observed that upon stress condition SAK1 relocalised within the PM plane into microdomains (Figure 2C &D), from which the proton pomp ATPase PMA2 is excluded. To confirm stress triggered-re-localisation of LRR-RLK, we generated A. thaliana lines stably expressing SAK1 tagged with GFP. In control condition SAK1 was located to the PM.

Infiltrating the seedling cotyledons with 0.4M Mannitol leads, within less than 2 minutes, to the relocalisation of SAK1 to plasmodesmata and a shift of the PD Index from 1.02 to 1.51 (Figure 3A & B).

Stress-induced relocalisation of PM proteins is specific to LRR-RLKs.

To test whether this dynamic plasmodesmata association in response to abiotic stress could be a general feature of integral membrane proteins, we investigated the behaviour of other PM protein markers, namely Low Temperature Induced Protein 6B (Lti6b) Plasma Membrane Intrinsec Protein 2;1 (PIP2;1) and PMA2 27,28 . In both control and stress-induced conditions Lti6b, PIP2;1 and PMA2 harbours a PD Index of 1 indicating exclusive PM localisation whereas SAK1 showed a PD index of 1.52 (Figure 3 A-B). To explore if the relocalisation could be a peculiar ability of sterol-enriched microdomains to be recruited to plasmodesmata upon stress conditions, we also investigate the localization of Arabidopsis Remorin 1.2 and 1.3, two well-established plant microdomain markers 29,30 . Interestingly, osmotic stress did not trigger plasmodesmata association of either Remorin 1.2 or 1.3 (Figure 3 A-B).

Altogether our results indicate that 1) PM-associated proteins can dynamically associate with plasmodesmata pitfields and 2) conditional clustering at plasmodesmata is restricted to LRR-RLK.

Sterols and Sphingolipids are not required for the plasmodesmata dynamic association

We next decided to investigate the mechanisms of relocalisation by focusing on SAK1. As SAK1 LRR-RLK has been proposed to associate with sterol-and sphingolipid-enriched PM microdomains, we first tested the importance of lipids for plasmodesmal conditional association. PM microdomains in animal cells can coalesce and form signalling platforms in a sterol-dependant manner 31 . To test this hypothesis we used pharmacological approaches and specifically inhibit sterols and sphingolipids biosynthesis. We used Fenpropimorph which directly act in the sterol biosynthetic pathway and which effects are well characterized in Arabidopsis seedlings 32,33 . Effect of the pharmacological treatment on seedling sterol content was checked by GC-MS as in Grison et al. 2015 (Figure 4 C) 11 . Modifying the cellular sterol composition did not change SAK1 localization to the PM in control condition nor did it affect SAK1 clustering at plasmodesmata upon osmotic stress (Figure 4 A-B). We next tested the effect of sphingolipids by using Metazachlor which reduces the very long chain fatty acid and hydroxylated very long chain fatty acids contents (VLCFA>24C and VLCFA>24C) specifically (Figure 4 D) of Glycosyl-Inositol-Phospho-Ceramides (GIPC) 34 . GIPC are the major sphingolipids of both the PM and plasmodesmata 11,35 . Despite a reduction of 20% of GIPC VLCFA>24C (Figure 4 D), SAK1 relocalisation to plasmodesmata upon osmotic stress was maintained (Figure 4 A-B).

Altogether our results suggest that sterols and sphingolipids are not essential for plasmodesmata clustering of LRR-RLK.

Phosphorylation is not essential for the relocalisation.

Two phosphorylation sites have been reported for SAK1 and phosphorylation was shown to be induced by sucrose starvation and salt stress 36-40 . To test whether the phosphorylation of SAK1 could play a role in the relocalisation mechanism we investigated two phosphomutant lines; e.g. the phosphomimic (SAK1-S621D-S626D noted S621D-S626D) and the phosphodead mutant (SAK1-S621A-S626A noted S621A-S626A), along with the wild type protein in Arabidopsis thaliana transgenic lines. In control condition SAK1 and the phosphodead mutant harboured a PD Index of 1.02 and 0.99, respectively while the phosphomimic mutant displayed some weak association with plasmodesmata pitfield with a PD Index of 1.24 (Figure 5C). Shortly after infiltration with 0.4M Mannitol the wild-type and the two phosphomutants proteins relocalised to plasmodesmata (Figure 5A & B). The wild type and the phosphomimic mutant proteins displayed similar PD Index after stimulation, PD Index of 1.51 and 1.52 respectively (Figure 5C). The phosphodead mutant showed a weaker PD index (1.20; Figure 5C) but was still able to relocalise in a significant manner compared to control conditions (Figure 5B). These data suggest that SAK1 relocalisation is unlikely to be driven by phosphorylation alone.

The polybasic JuxtaMembrane Domain of SAK1 governs conditional association with plasmodesmata

Protein sequence alignment of the three LRR-RLKs showed that conditional plasmodesmata association (Figure 6 A), revealed the presence of a conserved Juxtamembrane domain (JMD; Figure 6 A & B). The JMD is a segment adjacent to the TMD consisting of a basic amino acid cluster which was shown to interact with phosphoinositides (PtdIns) 41-43 . To investigate whether the JMD could be involved in the dynamic plasmodesmata association of SAK1, we chose a targeted approach and mutated the polybasic motif of the JMD (Figure 6B). We replaced the Lysine residues by Glutamines which are neutral amino acid with a size similar to Lysines and generated SAK1-K279Q-K281Q-K282Q triple mutant (noted K279-281-282Q). The mutation of the JMD had no effect on the localisation of SAK1 to the PM but completely abolished relocalisation even after 30 minutes of treatment (preliminary results, Figure 6C & D, top and bottom panels). These data indicate that the JMD and more specifically the polybasic amino acids are essential for the dynamic association with plasmodesmata.

DISCUSSION

Plasmodesmata pores are critical for cell-to-cell communication, by establishing direct cytosolic continuity between plant cells allowing exchange of molecules, from small RNAs to transcription factors, metabolites and hormones. Remarkably, plasmodesmata do not only act as conduits but also cluster receptor-like activities. Similar to the PM, plasmodesmata are therefore capable of perceiving extracellular signals via receptor proteins and directly convey them into cellular responses to modulate cell-to-cell communication 5,6,15,44,45 . So far receptor-like proteins that associate with plasmodesmata have been confined to the specialised PM domain lining the plasmodesmata pores (also called PD-PM).

Here we describe a dynamic change of location of several PM-located LRR-RLKs in response to abiotic stresses. Using a refined proteomic screen we have identified a number of LRR-RLKs that were predicted to associate with plasmodesmata. In planta subcellular localisation of three selected LRR-RLKs revealed exclusive PM association under control condition, but mild osmotic or salt stresses unexpectedly triggered immediate relocalisation to the plasmodesmata pores. Plasmodesmata association was rapid and could be observed as fast as 2 minutes after treatment, suggesting posttranscriptional regulation at the protein level. Plasmodesmata clustering came together with a change of distribution at the PM itself with a shift of distribution from uniform to microclusters. Dual PM/plasmodesmata localisation of membrane proteins has been frequently observed in plant tissues 6,8,9,46 but dynamic association of PM-located protein with plasmodesmata has never been reported.

Similar to the LRR-RLKs, conditional plasmodesmata localisation was nevertheless observed for the ER-PM tether protein, Synaptotagmin SYTA, which within few days post-viral infection is recruited by Tobamovirus viral movement protein to plasmodesmata active in cell-to-cell spread 47 . Altogether this suggests that plasmodesmata molecular composition is dynamic and changes in responses to environmental stimuli. From our data, we know that this dynamic plasmodesmal association is neither a general feature of PM-associated proteins, such as Lti6B, PIP1;2 and PMA2, nor microdomainassociated proteins, such as REM1.2 and 1.3, which localisations remain "static".

Plasmodesmata are known to respond to external stimuli such as cold, oxidative stress, salt, osmotic, and biotic stresses and modulate their permeability through callose deposition/degradation 48,49 . Our data showed that exposure to mannitol 0.4M triggers fast association of SAK1 to plasmodesmata. One remarkable feature of biological membranes is their ability to change and respond to external and internal stimuli notably via association/dissociation of proteins with microdomains or exchange of molecules between organelles. Our data suggest that this also applies to plasmodesmata specialised membrane domains. Why do LRR-RLKs cluster at plasmodesmata and how this impact on plasmodesmata function remains to be determined. We however speculate that spatio-temporal changes of LRR-RLK localisation may impact on receptor activity, and down-stream signalling, by providing a different membrane environment and protein partners. In line with that the RLK, CRINKLY4, is known to interact with CLAVATA1 and the heteromer displays different composition at the PM and at PD indicating that local territory indeed modifies receptor activity/function. From the literature SAK1 was also reported to relocate to Detergent Resistant Membranes upon exposure to Flagellin 22, a bacterial pathogen-associated-molecular-pattern (PAMP) but not when exposed to the fungus Piriformospora iindica. This indicates a potential involvement and specificity of SAK1 in PAMP response 25,50 . Future work will be dedicated in determining whether PAMP exposure also triggers LRR-RLK association with plasmodesmata and whether relocalisation is necessary for plasmodesmata closure in response to biotic and abiotic stresses.

What are the molecular determinants controlling plasmodesmata association?

Our group previously demonstrated that plasmodesmata membranes are enriched in sterol and sphingolipids and that altering membrane sterol composition leads to plasmodesmata protein mislocalisation and altered callose-mediated permeability. Surprisingly, while SAK1 DRM association is sterol dependant, altering sterol and sphingolipid membrane composition did not affect SAK1 plasmodesmata association upon stress conditions 23,24 . One possibility could be that pharmacological treatment are not strong enough to disturb SAK1 relocalisation but increasing the time exposure did not change the ability of SAK1 to dynamically associate with plasmodesmata (data not shown). SAK1 is known to associate with DRM fractions in Arabidopsis in a cytoskeleton dependant manner. An interesting route of investigation will be to test the impact of cytoskeleton inhibitors on stress triggered plasmodesmata association 51 .

Using phospho-mutant version of SAK1 we showed that the phosphorylation status of SAK1 is not determinant for clustering to plasmodesmata. We however notice that the phospho-mimic mutant presented a higher PD-index in control condition than the wild-type version, but the phosphomutant was still able to relocalise to plasmodesmata, in a significant manner. Altogether these data indicate that phosphorylation is not a prerequisite for abiotic stress triggered plasmodesmal association. Instead, our work revealed that the crucial motif for SAK1 relocalisation lies in the JMD. The JMD is usually defines by a 20 to 40 amino acids sequence following the TMD and containing several basic residues located close to the membrane which are able to bind anionic lipids such as phosphoinositides 42,52,53 . In line with that, mutate the polybasic amino acid motif of SAK1 JMD completely abolished triggered-plasmodesmata association.

These data suggest an important role for the JMD and consequently lipid environment in plasmodesmata localisation and possibly receptor activity.

Altogether, our findings show that far to be static PM-associated receptor kinases can dynamically associate with plasmodesmata upon abiotic stresses and that conditional plasmodesmal association lies to the JMD of LRR-RLKs.

MATERIAL AND METHODS

Plant Material and Growth Conditions

Suspension cell cultures of Arabidopsis thaliana (ecotype Landsberg erecta) were grown as described in 21 .

The following Arabidopsis transgenic lines were used: p35S::Lti6b-mCherry; p35S::PIP2;1-GFP; rem1.2::REM1.2-YFP in rem1.2 ko background; rem1.3::REM1.3-YFP in rem1.3 ko background and p35S::AT3G02880-GFP, p35S::AT3G02880-S621D_S626D-GFP and p35S::AT3G02880-S621A_S626A-GFP in sak1 ko background 18,27,28,51 .

The Arabidopsis seedlings were grown 6 days on agar plate 8g/L containing MS salts including vitamins 2,2g/L, sucrose 10g/L and MES 0,5g/L at pH 5,8 in a culture room at 22°C in long day light conditions (150µE/m /s).

Cell Wall, PD, total extract, microsome and PM Purification

Cell wall and PD fractions were prepared from 5 days-old Arabidopsis suspension cultured cells as described in 21 . The total extract fraction was obtained by disruption of Arabidopsis thaliana suspension cells using a nitrogen decompression-based cell disruption device. Briefly, cultured suspension cells were centrifuge at 400g for 5 minutes at 4°C. The pelleted cells were resuspended with 10mM Tris-HCL, 100mM NaCl, 10mM EDTA, one tablet of EDTA-free complete protease inhibitor and 10% glycerol pH8.0 and then disrupted with the nitrogen decompression device.

The PM was purified by a two-phase partitioning system according to 54 with some modifications.

Briefly, 5 days-old suspension cells (80 g) were vacuum-filtered and then homogenized in a Waring blender with 3 volumes of 0.5M sucrose, 50mM Tris-MES, pH8, 40mM EDTA, 20mM DTT, and 1mM phenylmethylsulfonyl fluoride*. The homogenate was low-speed centrifuged for 20 min at 13,000g**, the resulting supernatant was high-speed centrifuged for 1 h at 100,000g. Resuspend the microsomal pellet into 300mM sucrose, 3mM KCl, and 5mM KH2PO4/K2HPO4, pH 7.8, buffer ( 15g final) [1] Stopping the experiment at this step corresponded to the microsomal fraction. [2] Continuing the procedure lead to the PM fraction: The micosomal fraction was gently mixed it with 50 g of an aqueous polymer phase mixture (6.4% [w/w] polyethylene glycol 3350, 6.4% [w/w] Dextran T-500 in 300mM sucrose, 3mM KCl, and 5mM KH2PO4/K2HPO4, pH 7.8). After a short low-speed centrifugation (1000g), the upper phase was recovered. Phase partitioning was performed one more time. The final upper phase was recovered and high-speed centrifuged at 100,000g for 1 h. The pellet was washed with excess of TBS buffer to remove residual polyethylene glycol-dextran. The final pellet was resuspended in TBS containing protease inhibitors (RocheDiagnostic).

*All buffers were ice cold, and centrifugation steps were performed at 4°C. ** Please note that isolated PM does not contain plasmodesmata, which are eliminated with wall debris by this low-speed centrifugation step.

Label-free proteomic analysis of the plasmodesmata fraction

To establish the plasmodesmata core proteome, the identification and the relative amount of proteins in different cellular fractions, namely, the plasmodesmata, PM, total cell extract, microsomal and cell wall fractions, were determined with a label-free quantification method. Four to six biological replicates of each fraction were used for quantification. The plasmodesmata, PM and microsomal fractions were purified from liquid cell cultures of Arabidopsis thaliana (ecotype Landsberg erecta) as described in Grison et al 11,21 . The cell wall protein extract was obtained from the same source material as in Bayer et al. 55 .

Ten micrograms of each protein sample was solubilized in Laemmli buffer and deposited onto an SDS-PAGE gel for concentration and cleaning purposes. Separation was stopped after proteins entered the resolving gel and following colloidal blue staining, the bands were excised and cut into 1mm 

Confocal imaging

For transient expression in N. Benthamiana, leaves of 3 week-old plants were pressure-infiltrated with GV3101 agrobacterium strains, previously electroporated with the relevant binary plasmids. Prior to infiltration, agrobacteria cultures were grown in Luria and Bertani medium with appropriate antibiotics at 28°C for one days then diluted to 1/10 and grown until the culture reached an OD 600 of about 0.8. Bacteria were then pelleted and resuspended in water at a final OD 600 of 0.3 for individual constructs, 0.2 each for the combination of two. Agroinfiltrated N. benthamiana leaves were imaged 3 days post infiltration at room temperature using a confocal laser scaning microscope Zeiss LSM 880 using X63 oil lens. For that ~ 0.5cm leaf pieces were removed from plants, infiltrated with H2O for control or 0.4M Mannitol for stress condition containing 0.0125% aniline blue when needed and mounted with the lower epidermis facing up onto glass microscope slides.

For Arabidopsis transgenic lines, seedlings were grown 6 days on MS agar plate and then vacuum infiltrated with H2O for control or 0.4M Mannitol for stress condition containing 0.0125% aniline blue and mounted with the lower epidermis facing up onto glass microscope slides. Slides were immediately observed after mounting.

For GFP and YFP imaging, excitation was performed with 2-8% of 488 nm laser power and fluorescence emission collected at 505-550 nm and 520-580 nm, respectively. For mRFP imaging, excitation was achieved with 2-5% of 561 nm laser power and fluorescence emission collected at 580-630 nm. For aniline blue imaging, excitation was performed with 0,5 to 6% of 405 nm laser power and fluorescence emission collected at 420-480 nm. For co-localisation sequential scanning was systematically used.

Lipid Analysis

For the analysis of total fatty acids by GC-MS (FAMES), Arabidopsis seedlings were harvested 24h after transfer on MS plates containing 100nM Metazachlor or 0.1%DMSO. Transmethylation and trimethylsilylation of fatty acids from 150mg of fresh material was performed as describe in 11 . An HP-5MS capillary column (5%phenyl-methyl-siloxane, 30-m, 250-mm, and 0.25-mm film thickness;

Agilent) was used with helium carrier gas at 2 mL/min; injection was done in splitless mode; injector and mass spectrometry detector temperatures were set to 250°C; the oven temperature was held at 50°C for 1 min, then programmed with a 25°C/min ramp to 150°C (2-min hold) and a 10°C/min ramp to 320°C (6-min hold). Quantification of non-hydroxylated and hydroxylated fatty acids was based on peak areas that were derived from the total ion current.

For sterols analysis by GC-MS, Arabidopsis seedlings were harvested 24h after transfer on MS plates containing 100µg/mL Fenpropimorph or 0.1%DMSO. A saponification of 150mg of fresh material was performed by adding 1 mL of ethanol containing the internal standard α-cholestanol (25µg/mL) and 100 mL of 11 N KOH and incubating it for 1 h at 80°C. After the addition of 1 mL of hexane and 2 mL of water, the sterol-containing upper phase was recovered and evaporated under an N2 gas stream. Sterols were derivatized by BSTFA as described for FAMEs and resuspended in 100 µL of hexane before analysis by GC-MS (see FAME analysis).

FIGURE LEGENDS

Figure1. LRR-RLKs are enriched in the plasmodesmal core proteome.

(A) Label-free relative quantitation strategy was used to determine the relative abundance of proteins in purified plasmodesmata (PD) versus contaminant subcellular fractions namely, the PM, total extract (TP), microsomes (μ) and cell wall (CW). Only proteins presenting minimum enrichment ratios of 2 in plasmodesmata versus PM were selected. This ratio corresponds to the minimum enrichment ratio of known plasmodesmata resident proteins. Linking plasmodesmata structure to plasmodesmal permeability
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In current model the space between the ER and the PM, also called the cytoplasmic sleeve, governs the plasmodesmata Size Exclusion Limit (SEL). It is widely accepted that the more space the higher is the SEL. An unexpected finding of the work of William Nicolas on plasmodesmata structure was to identify plasmodesmata pore with "direct" ER-PM contact with no apparent cytoplasmic sleeve (defined as Type I PD; Figure1A) (Nicolas et al. 2017).

Type I PD contrasted with the textbook model of plasmodesmata ultrastructure which displays a large (above 10 nm) cytoplasmic sleeve spanned by spoke-like tether elements (Type II PD; Figure1B). Type I PD were found in post-cytokinesis cell walls which were previously associated to large SEL and extensive symplastic diffusion [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Fitzgibbon | A developmental framework for complex plasmodesmata formation revealed by large-scale imaging of the Arabidopsis leaf epidermis[END_REF]Kim & Zambryski 2005). During my PhD I participated to this work and explored Type I plasmodesmata permeability.

The Size Exclusion Limit

The passage of molecules can occur through two different mechanisms [START_REF] Crawford | Non-targeted and targeted protein movement through plasmodesmata in leaves in different developmental and physiological states[END_REF]): [1] the non targeted movement also defined as passive diffusion and [2] the targeted transport, which is believed to be an active and specific transport relying on proteinprotein interactions. The SEL is not a straightforward concept when considering the function of plasmodesmata and needs to be defined. Historically the SEL was first defined as the molecular mass limit beyond which passive transport cannot occur. In other words, the SEL of plasmodesmata defines the size of molecules that are small enough to move through PD.

We should however keep in mind that SEL not a constant value and that plasmodesmata constantly modulate their permeability during biotic/abiotic and developmental stimuli (Benitez-Alfonso et al. 2013;Lee et al. 2011;Faulkner et al. 2013;Sivaguru et al. 2000).

The quest for permeability assessment

First experiments aiming at defining plasmodesmata basal SEL set the value at 1kDa, implying that plasmodesmata could only allow the diffusion of small molecules such as hormones, minerals, amino acids, sugars, ions and water (Terry and Robards 1987;Erwee and Goodwin 1983). However, the approaches used in the past to assess plasmodesmata SEL were rather "aggressive" methods such as microinjection of fluorescent dyes (Terry and Robards 1987;Erwee and Goodwin 1983;Kragler et al. 1998;[START_REF] Ding | Evidence that actin filaments are involved in controlling the permeability of plasmodesmata in tobacco mesophyll[END_REF] which were later found out to induce a stress effect leading to the local synthesis of callose and consequently plasmodesmal closure.

More recent studies used fluorescent protein expression under a tissue specific promoter and monitored its spread from its domain of expression [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF]Imlau et al. 1999;[START_REF] Kim | Identification of a developmental transition in plasmodesmatal function during embryogenesis in Arabidopsis thaliana[END_REF]Kim et al. 2005;[START_REF] Ross-Elliott | Phloem unloading in arabidopsis roots is convective and regulated by the phloempole pericycle[END_REF]). These less invasive methods revealed that plasmodesmata SEL was much higher than previously thought and open for macromolecular trafficking. For instance, pioneer studies have used a phloem specific promoter (sucrose transporter pSUC2) driving the expression of the GFP in the phloem companion cells of the vasculature [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF]Imlau et al. 1999). Using this strategy the authors could show that plasmodesmata in young sink tissues have a basal SEL of at least 27kDa allowing free cell-to-cell diffusion of GFP. They further demonstrated that the aperture of plasmodesmal channels is developmentally controlled and become gradually reduced to below 27kDa in mature source tissues. This change in basal plasmodesmal SEL is accompanied by modifications of plasmodesmata morphology from simple to branched structures. Studies from P. Zambrisky's group used GFP, 2xGFP or 3xGFP expressed under meristem specific promoters in Arabidopsis embryo to decipher cell-to-cell communication during embryogenesis. They demonstrate that initially the embryo forms a unique symplast where GFP and 2xGFP are able to diffuse from meristematic area to the whole embryo (early heart stage). As development progresses this "unique symplast" became divided into symplastic sub-domains corresponding to the major morphological regions (cotyledon, hypocothyl and root). These sub-domains display different degree of permeability with for instance 2xGFP failing to diffuse into cotyledons and 3xGFP failed to move to cotyledon and root tip (Kim & Zambryski 2005;Kim et al. 2005).

All these studies measured the long-term diffusion of free GFP from the place of its synthesis to the different tissues and did not provide information about the dynamic of GFP diffusion; William Nicolas (Nicolas et al. 2017) showed that plasmodesmata undergoes transition in ER-PM tethering during cell growth and development using electron tomography. Part of this study was done in Arabidopsis root tip in the columella zone where cell age and lineage can be easily traced. This system allowed us to follow changes in plasmodesmata ultrastructure from their biogenesis during cell division to later event of cell expansion and differentiation. Non-canonical Type I plasmodesmata (Type I PD) were found in post cytokinesis walls in columella cells initial but also in the epidermal cells in the division zone of the root.

To assess plasmodesmal permeability I used pSUC2::GFP Arabidopsis transgenic lines which show diffusion of free cytosolic GFP from the companion cells where GFP is expressed throughout the entire root tip [START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]Grison et al. 2015;Nicolas et al. 2017;Imlau et al. 1999). Vascular differentiation stops at about 10µm from the root tip and any GFP signal detected below should result of cell-to-cell diffusion through plasmodesmata.

We took advantage of this system and quantified the GFP intensity in the quiescent center (QC), initial cells (CCI), both being exclusively connected to their neighbor cells by Type I PD, and the different layers of columella cells (C1 to C4) where tomographic examination of plasmodesmata structure was done. Although I measured a significant decrease of the GFP intensity in the QC and the CCI when compared to the vasculature (100%), the presence of GFP signal in these two cell types (i.e. QC and CCI; 30%) surprisingly suggested that Type I PD allow macromolecular trafficking (see Nicolas et al. 2017; Figure 5d-f). I also measured a gradual decrease of the GFP intensity from the CCI to the outermost columella layers where Type II plasmodesmata are found suggesting that transition from Type I to Type II may correlate with a reduction of plasmodesmata SEL.

To confirm these results and determine the diffusion rate of free GFP in Type I PD and compare it to Type II plasmodesmata, I then turned to Fluorescence Recovery After Photobleaching (FRAP) experiment. Here the principle is to photobleach the cytosolic GFP fluorescence in a given cell and to monitor the fluorescence recovery from the neighboring cells though PD. The great advantage to us of pSUC2::GFP line is that the GFP is expressed and synthesized in the vasculature so that the recovery observed in the QC/CCI, columella cells is only due to diffusion through the symplast and not de novo synthesis. We first try to FRAP the QC/CCI (Type I PD) and monitor the fluorescence recovery. Unfortunately the photobleaching of such small cells requires spatial accuracy and bleaching of single cells turned out to be technically challenging. We decided to try the same approach on young meristematic epidermal cells, which similarly to CCI present only Type I PD at all interfaces (see Nicolas et al. 2017; Figure 5g). These cells also present the advantage to be readily accessible at the root surface. The first results show that free cytosolic GFP could move cellto-cell but 2 hours were needed to obtain a fluorescence recovery of 50% without having reached the plateau (Grison unpublished results). Despite these encouraging results this approach had to be dropped because of technical limitation especially the drift in Z during such long acquisition time or simply refilling of growing medium. allowing the determination of diffusion coefficients [START_REF] Clark | Tracking transcription factor mobility and interaction in arabidopsis roots with fluorescence correlation spectroscopy[END_REF].

Altogether these results raise the conundrum of why opaque Type I plasmodesmata are apparently no more closed than open ones.

Nicolas, W. J. et al. Architecture and permeability of post-cytokinesis plasmodesmata lacking cytoplasmic sleeves. Nat. Plants 3, 17082 (2017).

My contribution to the paper

These results were published in a Nature Plant paper where I am second author

In this study I designed and realized the experiments for assessing cell-to-cell trafficking, the quantifications and statistical analysis of the data illustrated in Figure 5.

I conceptualize Figure 5, wrote the result, discussion and M&M which correspond to the assessment of cell-to-cell connectivity.

Plasmodesmata are remarkable cellular machines responsible for the controlled exchange of proteins, small RNAs and signalling molecules between cells. They are lined by the plasma membrane (PM), contain a strand of tubular endoplasmic reticulum (ER), and the space between these two membranes is thought to control plasmodesmata permeability. Here, we have reconstructed plasmodesmata three-dimensional (3D) ultrastructure with an unprecedented level of 3D information using electron tomography. We show that within plasmodesmata, ER-PM contact sites undergo substantial remodelling events during cell differentiation. Instead of being open pores, post-cytokinesis plasmodesmata present such intimate ER-PM contact along the entire length of the pores that no intermembrane gap is visible. Later on, during cell expansion, the plasmodesmata pore widens and the two membranes separate, leaving a cytosolic sleeve spanned by tethers whose presence correlates with the appearance of the intermembrane gap. Surprisingly, the post-cytokinesis plasmodesmata allow diffusion of macromolecules despite the apparent lack of an open cytoplasmic sleeve, forcing the reassessment of the mechanisms that control plant cell-cell communication.

P lasmodesmata are membrane-lined channels that cross the plant cell wall and allow the exchange of molecules between virtually all plant cells. Plasmodesmata are required for coordinated plant growth and development, plant defence signalling 1-11 and are also exploited by viruses to spread from cell-to-cell and systemically throughout the plant 12,13 .

Plasmodesmata are characterized by the apposition of two membranes: the plasma membrane (PM), which lines the plasmodesmal pore, and a strand of tubular endoplasmic reticulum (ER), which is tightly constricted into a rod-like structure known as the desmotubule 14-16 . These two plasmodesmal membrane compartments are highly specialized and contain specific sets of proteins and lipids, both of which are critical for proper function 7,8,17-22 . Inherent to their structure, plasmodesmata constitute a specialized type of membrane contact site (MCS), a general term describing areas of close (10-30 nm) apposition between two membranes 23-25 . In yeast and human cells MCSs are well-established sites for interorganelle signalling, non-vesicular lipid exchange and calcium homeostasis 26-29 . In plasmodesmata, the function of ER-PM contacts remains an enigma 30 and signalling between the two membranes is still speculative. In current models, however, the gap between the two membranes, the cytoplasmic sleeve, defines the space available for molecular trafficking, governing the size exclusion limit (SEL) of the pores. Plasmodesmata symplastic connectivity is strongly regulated in space and time. Their SEL can be modulated in response to biotic/abiotic stresses but also varies depending on the cell type and stage of tissue differentiation 7-9,31-36 . In any case, the structural plasticity of plasmodesmata is assumed to be critical to adjust symplastic connectivity through the regulation of ER-PM spacing 2,36,37 .

However, how plasmodesmata channels are built and organized within the narrow space between the ER and the PM, and how ER-PM spacing affects cell-to-cell connectivity remains little understood. Spectacular advances have been made over the last decade in imaging supramolecular structures such as the nuclear pore complex 38 , but we currently have no data on the 3D structure of plasmodesmata in higher plants. Past studies have greatly contributed to models of plasmodesmata ultrastructure 14,39,40 but they were based on two-dimensional (2D) transmission electron micrographs where no depth (z-axis) and no information on the true 3D organization of membrane contacts within plasmodesmata were available. Yet, in-depth understanding of plasmodesmata architecture and how it relates to intercellular connectivity is critical to understand their mechanisms of action.

Here we used electron tomography to gain access to the ultrastructure of plasmodesmata with an unprecedented level of 3D information and shed light on the structural plasticity of their ER-PM junctions. By acquiring multiple snapshots of plasmodesmata at different stages we reconstructed the structural dynamics of their architecture from their biogenesis to later maturation events. We unexpectedly show that within the plasmodesmal pores, ER-PM contacts undergo extensive remodelling, which varies from very tight contacts to intermembrane gaps of about 10 nm, spanned by spokes. Differences in ER-PM connections set apart two plasmodesmata morphotypes, the occurrence of which correlates with tissue growth and differentiation. Type II display archetypal organization, with a cytoplasmic sleeve spanned by spoke-elements, and correspond to 'mature' plasmodesmata. Contrary to the textbook model, we show that these 'spokes' are insensitive to F-actin polymerization inhibitor drugs, suggesting they may not be related to the cytoskeleton. In addition to the archetypal plasmodesmata, we observed a second morphotype (type I), which occurs in post-cytokinesis walls and unexpectedly presents such a tight contact between the ER and the PM that no visible intermembrane space remains. Despite the lack of visible cytoplasmic sleeve, these plasmodesmata are surprisingly capable of non-targeted movement of macromolecules such as GFP. Transition from type I to type II plasmodesmata is correlated with cell differentiation and tissue growth. Based on our data we propose that membrane-tethering elements control plasmodesmata MCS maturation and define different functional states of the plasmodesmata channels.

Results

ER-PM spacing within plasmodesmata is regulated during tissue differentiation in root tips. To analyse the ultrastructural organization of plasmodesmata during tissue differentiation, we first focused on Arabidopsis root tip columella (COL), a tissue involved in gravitropism and soil excavation 41-43 . COL cells offered excellent plasmodesmata preservation after cryofixation and freeze substitution but also unequivocal traceability of cell lineage where plasmodesmata modification from early formation to later maturation stages can be easily traced. The columella is organized into several cell layers (Fig. 1a); the mitotically active COL cell initials (CCIs), situated immediately below the root quiescent centre (QC), which divide periclinally providing primary plasmodesmata on their division walls and supplying new COL cell layers 44 (identified as C1 for the innermost layer, followed by C2, C3, and so on, where the outermost layer (CO) ultimately sloughs off 45 ). Unlike the CCI, the COL cells from C1 to CO are unable to divide and undergo drastic cell elongation. This tissue therefore offers an excellent framework to track down potential modification in plasmodesmata architecture during cell differentiation.

Root tissues from one-week-old seedlings were high-pressure frozen and freeze substituted to stay as close as possible to native conditions, then processed for electron tomography. The outermost cell layers of the COL (from C2 to C4) featured plasmodesmata with an archetypal ultrastructural organization (n = 15; Fig. 1d). All presented a central desmotubule visible as an electron-opaque rod and an electron-lucent cytoplasmic sleeve spanned by multiple spoke-like tethers connecting the desmotubule to the PM (Fig. 1d, yellow arrows). These plasmodesmata had an average diameter (PM-PM; inner leaflets) of 39.3 ± 9.8 nm, and the desmotubule had a diameter of 19.15 ± 2.5 nm; they traversed thick cell walls (Fig. 1e,f ) and could display branched morphology (data not shown). On the opposite boundary, at the CCI interfaces, newly established plasmodesmata were of drastically different appearance. They presented a grainy electron dense interior with surprisingly no detailed internal features and no visible cytoplasmic sleeve (n = 20; Fig. 1b). They traversed the very thin CCI walls (79.1 ± 44.5 nm;Fig. 1e) and their average diameter (PM-PM; inner leaflets) was significantly smaller (23.2 ± 5.4 nm) than plasmodesmata encountered in differentiated COL cells (Fig. 1f ). Although not readily visible, nearly all plasmodesmata observed (n = 18 out of 20) presented cortical ER entering the pores in the form of an electrondense rod suggesting that despite their tiny size they contained a desmotubule (Fig. 1b, black arrowheads). When comparing the size of the desmotubule in archetypal COL plasmodesmata to the diameter of the CCI pores, we found no significant difference (Fig. 1f ), suggesting that these non-canonical plasmodesmata presented an unconventional and underrated organization with a very close ER-PM apposition within the entire length of the pores. For clarity, we called plasmodesmata with no visible cytoplasmic sleeve type I (CCI) and type II when both the ER-PM electron-lucent gap and the spoke elements were present (from C2 to C4). A transitional stage, between type I and type II, was visible at the C1 cell layer (Fig. 1c). Type I plasmodesmata predominate at the CCI/C1 cell interface, but the opposite transverse cell wall (the C1-C2 interface) displayed plasmodesmata with intermediate structural organization and a partially 'open' cytoplasmic sleeve (n = 15). At this stage however, spoke-like tethers were difficult to distinguish.

Altogether our results indicate that ER-PM contacts within plasmodesmata may be differentially regulated during tissue differentiation in COL cells and reveal unexpected ultrastructural organization of plasmodesmata in the CCI where no visible electron-lucent cytoplasmic sleeve remains between the two tightly apposed membranes.

Type II plasmodesmata membrane tethers control ER-PM gaps and are actin-independent. The archetypal type II plasmodesmata are characterized by the presence of spoke-like tethers that appeared as fine, electron-dense strands bridging the membranes across the cytoplasmic sleeve (Fig. 2a-c). In COL cells, the spokes were numerous and regularly spaced, with an average of 8 ± 3 nm (n = 8 plasmodesmata tomograms, 112 tethering elements measured) between the tethers and often the position of the tethers on opposite sides of the desmotubule matched up (Fig. 2a,b yellow arrows). Their length varied from 4 to 20 nm with a mean value of 9.7 ± 3.3 nm (Fig. 2d). Most tethers consisted of single, unbranched filaments, but V-and Y-shaped tethers were occasionally observed, in which case the two branches could either connect to the PM or to the desmotubule (Fig. 2e). Spokes of similar appearance and length were also observed in Arabidopsis cultured cell plasmodesmata (Fig. 2d; see also Fig. 3b).

The spoke appearance was concomitant with the transition from type I to type II, suggesting that these structures may be involved in controlling the spacing between the desmotubule and the PM. In root COL cells but also in Arabidopsis cultured cells, transitioning or type II plasmodesmata sometimes presented subsections of the cytoplasmic sleeve gap devoid of spokes (Supplementary Fig. 1 and Fig. 3b) that seemed larger and looser when compared to cytoplasmic sleeve gaps spanned by spokes. To quantify this difference, we measured the cytoplasmic sleeve gaps in subsections of type II pores harbouring cytoplasmic sleeve gaps spanned by or devoid of spoke-like tethers. The distance between the two membranes was maintained at around 9.6 ± 2.44 nm when the spokes were present whereas this distance nearly doubled, and was more variable, when the spokes were absent 18.38 ± 7.26 nm (Fig. 2f; see also similar results for cultured cells). Our data therefore suggest that there is a direct correlation between the presence of spoke-like tethers and the control of ER-PM spacing.

In conventional models of plasmodesmata, the spokes are often depicted as myosin molecules that would tether the two membranes by binding with F-actin imbedded in the desmotubule 46-51 . This current model was built using immunological data 52-54 and functional cell-to-cell communication tests 49,55 . If true, disturbing the delicate synthesis/degradation balance of F-actin homeostasis could affect plasmodesmata structure and more especially the spoke elements. In this regard, Arabidopsis roots were treated with drugs altering F-actin polymerization (latrunculin B and cytochalasin D) and processed for tomography. Efficiency of the treatments was checked using the actin markers fimbrin actin binding domain 2-green fluorescent protein (35S::GFP:fABD2:GFP) 56 . We also used the Golgi markers, N-acetylglucosamine1 (NAG1) 57 and the SNARE protein MEMBRIN12 (MEMB12) 58 to test their mobility after drug treatment as the cytosolic streaming of Golgi vesicles is known to heavily rely on the actin network 59 (Supplementary Video 2). Despite alteration of the actin filament network (Fig. 2g-i), the spokes were still observed spanning the cytoplasmic sleeve (Fig. 2j,k) and we saw no significant differences in the pore dimensions or in the length distribution of the spoke-elements (Fig. 2d,l).

We therefore concluded that the spokes may control ER-PM spacing within the plasmodesmata pores but their nature remains unclear. The fact that treatments with F-actin polymerization inhibitors did not affect plasmodesmal ultrastructure suggests the spokes could be stable actin elements or not cytoskeleton related 15 .

Post-cytokinesis plasmodesmata display very close appositions between the desmotubule and the PM. A surprising outcome of type I plasmodesmata organization in the root CCI was the absence of a visible cytoplasmic sleeve. These plasmodesmata were only present in the mitotically active CCI and transition to type II occurred rapidly across a single cell interface. To get more information about these non-canonical plasmodesmata, we next turned to Arabidopsis liquid cultured cells that are actively dividing, contain primary plasmodesmata 60 (Supplementary Fig. 3) and do not undergo cell differentiation. An initial survey revealed the presence of both type I and II plasmodesmata (Fig. 3a,b). Similar to the CCI, type I plasmodesmata had a grainy appearance as if the pores were filled with electron-dense material throughout the entire channel, with no cytoplasmic sleeve visible or apparent sub-elements (Fig. 3a). Close examination of tomograms revealed the presence of ER Type II plasmodesmata in cultured cells displayed a visible cytoplasmic sleeve (Fig. 3b) but in contrast with COL plasmodesmata, it was only occasionally spanned by spoke-like elements, and often presented subsections with direct contact between the desmotubule and the PM (Supplementary Fig. 5; Supplementary Videos 6-7).

Similar to COL cells, type I plasmodesmata also had a significantly smaller diameter than type II (23 ± 2.6 nm versus 37 ± 7.2 nm, respectively) (Fig. 3d). They also displayed a remarkably constant diameter (PM-PM; inner leaflets) along their entire length, which never varied by more than 5 nm. This contrasted with type II, whose diameter could range from 25 nm to more than 40 nm within a single channel (Fig. 3e). Altogether our data support the (4-, 6-and 13-days old). g, Quantification of the relative proportion of type I and II plasmodesmata in Arabidopsis cultured cells at 4, 6 and 13 days (n = 111, 89 and 22 screened plasmodesmata for 4-, 6-and 13-day-old cells). h, Average cell wall thickness in relation to plasmodesmata type. In 4-day-old cultured cells, type I plasmodesmata are abundant in thin young cell walls whereas type II plasmodesmata are preferentially associated with thicker, older walls. n = 69 and 28 for type I and II plamodesmata, respectively (****P < 0.0001 using the Mann-Whitney test). The plot shows point scattering with mean ± s.d. For f and g, plasmodesmata screening was done on 90-nm-thick sections using TEM (see Methods for details). view that type I plasmodesmata present a desmotubule tightly apposed against the PM along the entire length of the pores and that these non-canonical plasmodesmata are not unique to CCI cells.

We next investigated whether type I and type II plasmodesmata in cultured cells were in open or closed configurations, or whether these morphotypes corresponded to two populations with distinct internal features. To visualise dynamics of plasmodesmata ultrastructure during tissue growth, we screened Arabidopsis cultured cells at 4, 6 and 13 days after sub-culturing. At 4 days old, when the cells were at the beginning of the linear growth phase, we observed a majority of plasmodesmata with 'opaque' appearance (77% against 23%), similar to CCI plasmodesmata. With cell ageing, the relative proportion of type I and type II was reversed and the majority of the pores had apparent cytoplasmic sleeves (72% of type II at six days old) (Fig. 3f,g). This transition happened relatively quickly, between days 4 and 6 of cell culture. Consistent with these data, quantitative analyses showed that type I plasmodesmata were preferentially associated with thin (101 ± 48 nm), presumably newly formed cell walls, whereas type II appeared in thicker (202 ± 78 nm), presumably older, cell walls (Fig. 3h).

Our data suggest that type I and type II plasmodesmata correspond to two distinct morphotypes whose appearance is not only correlated with tissue differentiation but also cell ageing and/or cell wall modification. Type I occur in post-cytokinesis plasmodesmata and display unconventional structural features characterized by intimate membrane contact between the desmotubule and the PM along the entire length of the channels.

ER-PM contacts are likely to be established during cell plate biogenesis and may lead to type I plasmodesmata. Our data suggest that newly formed plasmodesmata can exhibit very close ER-PM appositions but it is not clear whether such intimate membrane contacts arise during the pore formation or are established post-cytokinetically. We therefore captured plasmodesmata biogenesis events in meristematic epidermal root cells (Fig. 4). As reported in previous studies 61,62 the earliest traceable event of plasmodesmata formation corresponded to ER membranes perforating the cell plate during the planar fenestrated sheet stage (Fig. 4a-f ). At this early stage, the gaps within the fenestrated membrane network were still large (57.3 ± 19.7 nm, n = 8) compared with the plasmodesmata diameter and the traversing ER strands were non-constricted with apparent lumen (23.5 ± 4.8 nm, n = 8). However, regardless of the non-constricted appearance of the ER, intimate ER-PM contacts were already evident at this stage (Fig. 4d-f, red arrows). As the gaps within the fenestrated sheet became narrower, the ER bilayers appressed and tight ER-PM contacts on both sides of the ER were more prominent (Fig. 4g-l).

Our observations are consistent with an ER-PM attachment occurring in early stages of plasmodesmata biogenesis, before fenestrae closure and ER 'entrapment'.

Type I plasmodesmata with no visible cytoplasmic sleeve allows non-selective molecule diffusion. Current models for cell-to-cell trafficking postulate that there is a direct link between ER-PM spacing and plasmodesmata permeability 2,36,37,49 . Surprisingly, our data revealed that newly formed plasmodesmata (type I) are narrow with no apparent cytoplasmic sleeve. We therefore evaluated their permeability.

First, we focused on the CCI/C1 interface and used fluorescence recovery after photobleaching (FRAP) after loading the cells with carboxyfluorescein diacetate (CFDA), a membrane permeant fluorophore that is cleaved by intracellular esterases, yielding a membrane impermeant form of the probe 63 (Fig. 5a-c). We bleached a row of cells including the CCI (see Fig. 5a), the QC and adjacent lateral root cap cells to minimize recovery from lateral cells and isolate the CCI-C1 interface. After photobleaching we observed a fast recovery within the CCI suggesting that the probe was able to rapidly diffuse (half time recovery was of 9.7 s; n = 10), through the CCI/C1 interface, which contain only type I plasmodesmata (Fig. 5c).

As CFDA has an estimated Stokes radius of only 0.61 nm 64 , we next investigated the cell-to-cell diffusion of GFP, which has a Stokes radius of 2.82 nm 65 . To do so, we used Arabidopsis plants expressing GFP under the control of the phloem-specific promoter SUC2 (ref. 66). In such lines, GFP expression driven by the SUC2 promoter serves as a marker for non-targeted macromolecular movement 9,11 as it is expressed in the phloem companion cells (Fig. 5d, green) and then diffuses in the neighbouring tissues when plasmodesmal permeability allows it. GFP fluorescence measurements show that GFP was able to diffuse into the root tip including the CCI cells that are exclusively surrounded by type I plasmodesmata (Fig. 5e,f). Additionally, we measured a gradual decrease of fluorescence from the CCI to the outermost columella tiers (2 fold reduction; Fig. 5f), where only type II plasmodesmata are found.

We could also observe that the transversal walls of root epidermal cells in the meristematic and division zone exclusively harboured type I plasmodesmata (Fig. 5g; n = 12). To confirm whether or not macromolecules can diffuse through type I plasmodesmata, we used photo-activable GFP (35S::PA-GFP) and specifically activated the GFP in one cell and monitored its spread in neighbouring cells. Within few minutes cytoplasmic GFP fluorescence was apparent in neighbouring epidermal cells, indicating symplastic movement across the apico-basal walls.

Our results demonstrate that although type I plasmodesmata have no apparent cytoplasmic sleeve, they can nevertheless allow cell-to-cell movement of micromolecules and macromolecules.

Discussion

The structural analysis of plasmodesmata channels is a formidable challenge given their nanoscopic size, location in the cell wall and dynamic nature. Using electron tomography of high pressurefrozen, near-native plasmodesmata, we resolved their ultrastructure at an unprecedented level of 3D detail. Our results revealed unforeseen architectural changes during cellular differentiation and tissue growth, with considerable modification in the internal organization of these specialized membrane junctions. On the basis of our observation, we propose a model where archetypal plasmodesmata (type II), harbouring a cytoplasmic sleeve and spoke elements, derive from the unconventional type I plasmodesmata established during cell plate formation. Contrarily to the archetypal model, type I plasmodesmata present a remarkably close apposition between the desmotubule and the PM to such extent that no visible intermembrane space remains. Type I plasmodesmata we observed resemble, in their ultrastructure and size, pores previously reported in various species such as Nicotiana tabaccum, Azolla pinnata and Brassica oleracea, suggesting these may in fact be common structures 14,39,67 . Such proximity between membranes is uncommon among MCS structures, where the intermembrane spacing usually varies from 10 to 30 nm 23,25,68 and membranebridging complexes are most likely to be required to maintain this minimum gap 69 . Based on our measurements we propose that a ∼2-3-nm-wide electron-dense protein meshwork, associated with the desmotubule/PM interface, stabilizes the contact and perhaps prevents the membranes from repelling each other as such an intimate membrane apposition is thermodynamically unstable 69 . Why are the two membranes in such close contact in type I plasmodesmata remains to be elucidated. One possibility is that it could favour direct and rapid exchanges of molecules for the establishment of specialized membrane domains during early stages of plasmodesmata formation. We observed type I plasmodesmata in young walls of Arabidopsis cultured cells, CCI and epidermal root cells, and we propose that these may actually be the predominant morphotype in young/meristematic tissues. As a matter of fact when going back to previous transmission electron microscopy (TEM) reports on plasmodesmata structure, pores that resemble type I plasmodesmata have been observed, very often in similar young, meristematic, sink tissues where walls are more likely to be newly divided 14,34,39,40,52,70,71 . Only later in cell development does the gap between the ER and the PM enlarge to form a cytoplasmic sleeve leading to the archetypal type II plasmodesmata. As seen in the root, this 'opening' of the sleeve can occur quickly, on the opposite cell walls of a single cell. Our model depicts a desmotubule detaching from the PM, first in limited areas and then along the entire length of the channel. In advanced stages of plasmodesmata maturation, the desmotubule is centrally positioned and spokes are numerous and regularly spaced. These correspond to the canonical model of plasmodesmata ultrastructural organization and have been observed many times in previous TEM studies although not with that level of detail 14,36,39,40,72,73 .

A great variety of MCS exist in yeast, animal and plant cells, many of which have been shown to be controlled by tethering proteins or protein complexes 74 that can appear as electron-dense filament on electron micrographs 68 . These tethering elements physically and functionally connect the two opposing membranes. Tether-like structures are clearly visible in type II plasmodesmata in the form of spoke-like elements, of about 9 nm in length, contacting the desmotubule and the PM. Their appearance coincides with the opening of the cytoplasmic sleeve and the adjustment of the intermembrane gap. This indicates the plasmodesmata tethers/ spokes are likely to control ER-to-PM spacing throughout the pore maturation. At this stage it is not clear whether these spokes are already present at early stages of plasmodesmata formation, then unfolded. These plasmodesmata spokes have been observed before by classic TEM and have been thought to be F-actin-associated proteins such as myosin VIII 46-54 . However, our data suggest that membrane tethering at type II plasmodesmata is not sensitive to destabilization by F-actin polymerization inhibitor drugs. We nevertheless cannot completely rule out that actin in plasmodesmata is unattainable by the drugs. Latrunculin B and cytochalasin D are 0.4 and 0.5 kDa respectively and most certainly pass through plasmodesmata, for compounds with similar molecular weights, such as carboxyfluorescein, do 75 . This suggests that the drugs can indeed physically pass through the pores and reach putative F-actin. However, plasmodesmata may contain very stable actin-associated structures that are not affected by the inhibitors of actin polymerization in our experimental conditions. Nevertheless, our results corroborate the alternative model introduced in 2011 by Tilsner et al. 15 questioning the presence of F-actin within the plasmodesmal pores because of sterical constraints and conveying a model where spokes are cytoskeletonindependent molecules. In any case, the identity of these plasmodesmata MCS tethers currently remains unanswered.

Unexpectedly, our data revealed that narrow, newly formed type I plasmodesmata with no apparent cytoplasmic sleeve nonetheless enable fast small molecule diffusion and even non-selective macromolecule trafficking between cells which appears counterintuitive based on their morphology. These results are however consistent with previous data showing that (1) young and meristematic sink tissues with newly divided cell walls harbour plasmodesmata reminiscent of the type I morphology 14,34,39,40,70,71,76 , and ( 2) such young, sink or meristematic tissues often display higher symplastic connectivity than more mature (source tissues), allowing for instance free GFP movement from cell-to-cell, whereas source tissues do not 34,35,66,77,78 . This raises the question of how macromolecules can move through type I plasmodesmata with such tight cytoplasmic sleeves. Regardless of the answer, our work forces a reconsideration of how trafficking is achieved in newly formed type I plasmodesmata.

Altogether, our findings show that ER-PM contacts within plasmodesmata are dynamic and differentially regulated during tissue development and populated by either different tethering molecules and/or different tether conformations at various stages of plasmodesmata maturation. From our data it is clear the PM and desmotubule are always in intimate connection within the pores either through very tight membrane contacts or through spoke-like tethering elements. Similar to other MCS, the function of ER-PM may primarily be the exchange of molecules between the two organelles 23,24,30 , which would then affect plasmodesmata function. In this context, the strikingly different ER-PM connections in type I and type II plasmodesmata may have profound implications for intermembrane exchanges and the regulation of plant cell-cell communication.

Methods

Biological material and growth conditions. Six-day-old Arabidopsis (Columbia) root tips were grown vertically under greenhouse conditions on solid medium composed of Murashige and Skoog (MS) medium including vitamins (2.15 g l -1 ), MES (0.5 g l -1 ) and plant-Agar (7 g l -1 ), pH 5.7. Growth conditions were set at 22 °C in a greenhouse with a long day 16 h photoperiod (100 µE m -1 s -1 ). Arabidopsis (Landsberg erecta) culture cells were cultivated as described in 22 under constant light (20 µE m -1 s -1 ) at 22 °C. Cells were used for experimentation at various ages ranging from 4-to 13-day-old (always mentioned in experiments).

For the establishment of a growth curve five independent liquid cultures were grown in the same conditions. A 2 ml bolus of culture was sampled every day and the fresh weight was monitored (without the growth medium).

Cryofixation and freeze-substitution. Copper platelets (200 µm deep and 1.5 mm wide) were rapidly filled with either fresh cultured cell clusters or sectioned seedling root tips (approximately 1 mm in length). Beforehand, these platelets were coated with 1% phosphatidylcholine and hexadecene, and the bottom was covered with a 50 µm-thick aclar disc. Additional BSA 20% was also added in the platelet as a cryoprotectant filler. The prepared platelets containing the samples were then frozen with an EM PACT1 high-pressure freezer (Leica). The platelets were then transferred at -90 °C into an AFS 2 freeze-substitution machine (Leica) and incubated into a cryosubstitution mix: glutaraldehyde 0.5%, osmium tetroxide 2%, uranyl acetate 0.1% and water 1% in pure acetone. The incubation is only carried out at very low temperature (-90 °C) for 48 h. Then a progressive raise of the temperature of 3 °C h -1 is initiated until -50 °C is reached. The cryofixation mix is then carefully and thoroughly removed by three consecutive pure acetone washes followed by three pure ethanol washes. This very low-temperature staining procedure produces a fine membrane staining allowing improved contrast and resolution, suitable for the observation of nanometric details in electron tomography. To improve embedding, the samples were then carefully removed from the copper platelets and consecutively incubated in HM20 Lowicryl resin (Electron Microscopy Science) solutions of increasing concentration (dilutions done in pure ethanol): 25% and 50% (2 h each), 75% (overnight), 100% (twice for 2 h) and a final 4 day incubation in HM20 100% under UV light. The two first days of incubation were done at -50 °C then temperature was quickly risen up to +20 °C for the last two days. The use of such an electron lucent resin allowed us to reduce electronic scattering (hence noise) caused by resin-electron interaction, thus improving the x, y, z resolution.

Electron microscopy acquisitions. Cylindrical moulds (Leica) were used to produce the blocks primarily because they made the production of longitudinal root sections easier. Sections were collected with a EM UC7 ultramicrotome (Leica). The sections used ranged from 90 to 180 nm depending on the volume to acquire. To prevent grid bars from blocking the image, 2 × 1 mm oval slot grids filmed with formvar and carbon coated (Electron Microscopy Science) were used for section collection. Before observation, the grids are coated on both sides with 5 nm gold fiducials (essentially old immunogold secondary antibodies at a dilution ranging from 1/20 to 1/100 or a 1:1 mixture of 0.5% BSA and 5 nm colloidal gold solution from BBI solution, referenced as EM-GC5 on http://bbisolutions.com) for the subsequent alignment step.

Observations were carried out on a FEI TECNAI Spirit 120 kV electron microscope equipped with a -70 to +70°tilting goniometer. A tomography optimized single tilt specimen holder (Fichione instruments, model-2020) was also used to improve the tilting range. The tilt series of longitudinal views of plasmodesmata were acquired at magnifications ranging from ×30,000 to ×56,000, with images taken each degree. The batch mode special feature of the FEI 3D-explore tomography software allowed us to designate objects of interests, which were then acquired via an automated tilt series data collection process. This technique improved the throughput of our electron tomography workflow allowing us to acquire up to ten tilt series overnight.

Tomogram reconstruction. The raw 4k by 4k pixels tilt series collected need to be aligned before reconstruction. For this manner, two strategies were used: fiducial-less alignment with TomoJ, an ImageJ plug-in 79,80 and fiducial alignment with eTomo, a graphic interface allowing the use of the IMOD tilt series processing package Etomo (http://bio3d.colorado.edu/imod/). With Etomo, 20 to 30 fiducials in the field of view were used to correctly align all images. Good tilt series usually yielded errors of ≈1.2 pixels and below. Aligned stacks were binned two times before reconstruction to make data handling easier. Reconstruction was performed either by using the weighed back-projection or the SIRT algorithm (15-20 iterations with default parameters) of Etomo or the OSART iterative algorithm of TomoJ (100 iterations, 0.01 as relaxation coefficient, update every five images). Optional 2D filtering of the aligned stack performed prior to reconstruction with the default parameters of Etomo (0.35 cut-off and 0.05 sigma role-off ) efficiently filtered the highest frequencies, rendering less noisy tomograms when needed. This extra filtering step allowed the SIRT algorithm of Etomo to yield more contrasted tomograms.

Combination of tomograms in the case of dual-tilt axis tomography was performed using Etomo with default parameters. Both single tilt tomograms were generated as described above. The cell wall region was eventually excluded from the processing as it increased the correlation error scores because of its lack of electron-dense features necessary for the patch correlation step.

Image segmentation and tomogram analysis. Manual segmentation of tomograms was performed with 3dmod and allowed us to visualize and appreciate the organization of the sub-elements in a 3D space. Additionally, an efficient way of segmenting structures was to accurately outline their main contours throughout the volume using the interpolation tool (drawing tools IMOD package developed by Andrew Noske) and then generate an isosurface of the structure.

Systematic measurements were taken on all relevant raw tomograms (without filters applied to minimize measurement errors), comprising width of the desmotubule, plasmodesmata channel, cell wall thickness at the pores, length of the spokes if visible, and so on. Pore width, cytoplasmic sleeve space and spoke length were measured relative to the inner leaflets of the PM (facing the symplasm). The desmotubule was always measured in sections where it was clearly distinguishable and at its largest. Interspoke spacing, shape of spokes were also accounted for in relevant tomograms where spokes were clearly distinguishable.

TEM plasmodesmata type I and II screening method. For Fig. 3 plasmodesmata could be discriminated by classic TEM (Supplementary Fig. 8). To avoid potential sampling artefacts, a stereology based approach inspired from the dissector method 81,82 was used. Two to three biological replicates were used for plasmodesmata screening in culture cells for each time point.

Counting was done on 90 nm serial sections. Preliminary measures showed that only 20% of the plasmodesmata spotted on a reference section n could be followed on the contiguous lookup section n + 1, meaning that 80% of the plasmodesmata spotted on a single section were 'resolved'. The counting was therefore performed on sections n and n + 2 to avoid any kind of double counting therefore giving more weight to larger pores. Plasmodesmata were considered resolved when the PM bilayers were clearly distinguishable.

Drug treatment. Stock solutions (10 mM in DMSO) of actin destabilizing agents latrunculin B (Calbiochem, 1 mg) and cytochalasin D (Sigma-aldrich, 1 mg) were used at a working concentration of 50 µm (dilution in liquid MS medium) for 1 h 30 min. Controls contained diluted DMSO only.

Permeability measurements. FRAP/CFDA. Plasmodesmal permeability assessments were made using FRAP on 6-day-old Arabidopsis root tips co-stained with CFDA (50 µg ml -1 ) and propidium iodide. Roots were incubated in an aqueous CFDA solution for 5 min, then successively washed out in three water baths and mounted with propidium iodide in water for imaging. Acquisitions were made on a Zeiss LSM 880 equipped with an Argon laser (excitation 488 nm) and a 40× apochromate 1.30 oil objective. To optimize the frame rate, cropping of the scanned area was done very consciously by limiting the height of the scanned area as much as possible and enlarging it to decrease the scanning time (≈90 ms at maximum scanning speed) while having access to the background, and neighbouring cells relative to the photobleached region. To assess the permeability specifically at the CCI-C1 interface, the photobleaching region consisted in a rectangle encompassing CCI, QC cells and the surrounding initial cells, but recovery was monitored in the CCI only. This allowed us to isolate and measure fluorescence recovery in a unidirectional fashion. The FRAP routine consisted in ten images pre-bleach at 2% laser power and max scanning speed (reaching ≈90 ms per image), ten iterations of photobleaching with 100% of 488 nm laser where the pixel dwell time was increased to a value of ≈1 µs pixel -1 . Approximately 400 post-bleach images were then acquired to reach the stationary phase of the fluorescence recovery with the same parameters than the pre-bleach images. The recovery profiles were accounted for noise and then double normalized and set to full scale mode (pre-bleach is set to 1 and first image post-bleach is set to 0) as described by Kote Miura in his online FRAP-teaching module (EAMNET-FRAP module, https://www.embl.de). Plotting and curve fitting was done using GraphPad Prism (GraphPad Software, Inc.). pSUC2::GFP root. Regions of interest of same dimensions were used to measure the fluorescence intensity in multiple regions of six day-old pSUC2::GFP roots (vasculature, CCI and C1-CO columella layers) using confocal microscopy. The fluorescence intensities were then normalized relative to the intensity measured in the root vasculature. Background noise was substracted using wild-type roots. Co-staining with propidium iodide allowed an easy visualization of the cellular organization of the root tip, thus allowing precise fluorescence intensity measurements in the different cells of interest.

Photoactivation in the root epidermis using 35S::PA-GFP lines. Six-day-old 35S::PA:GFP Arabidopsis roots were imaged using a Zeiss LSM880 confocal laser scanning microscope with ×63 oil lens. Propidium iodide was excited at 488 nm with 10% of laser power and fluorescence collected at 590-650 nm. PA-GFP was activated at 405 nm with 3% of laser power and fluorescence emission collected at 505-550 nm with 10% 488 nm laser power. Photoactivation was done in single epidermal cell of the meristematic zone, where type I plasmodesmata were observed on the transversal walls. Both GFP and propidium iodide fluorescence were acquired every 5 min for 25 min. Quantification was done using Zenblue 2012 (Zeiss) in the activated and neighbouring cells (proximal and proximal+1) to assess GFP diffusion through apico-basal walls. Fluorescence intensity in the different cells was expressed as a percentage of total fluorescence (activated, proximal, proximal+1).

GENERAL DISCUSSION & PERSPECTIVES

Plasmodesmata are nano-scaled membrane lined pores that span the cell wall of nearly all plant cells, establishing both cytoplasmic and membrane continuity throughout the plant body. In recent years, plasmodesmata have emerged as key elements of cell-to-cell communication and as such have been implicated in biological processes guaranteeing the collaborative functioning of cells, and coordinated developmental events. Plants viruses but also fungus can exploit plasmodesmata transport machinery to establish infection and it is also becoming increasingly clear that plasmodesmata constitute key elements in defense signaling.

The emerging view regarding how plasmodesmata accomplish this suggests that their specific molecular composition defines dedicated functional platforms, implying a finely regulated spatio-temporal compartmentalization of plasmodesmata-specialized domains.

The function of membrane lipids in regulating p lasmodesmata

Both the ER and the PM are continuous from cell-to-cell through plasmodesmata.

Within the pores both membranes become highly specialized and cluster a specific set of proteins including callose-related enzymes and receptor-like proteins (Stahl & Simon 2013;Faulkner et al. 2013;Vaddepalli et al. 2014;Stahl & Faulkner 2016;Salmon & Bayer 2013;Benitez-Alfonso et al. 2013;[START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]. Mis-expression or mis-targeting of plasmodesma-associated proteins induces developmental and patterning phenotypes as well as defense signaling defect [START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]Vanstraelen & Beeckman 2013;Faulkner et al. 2013;Benitez-Alfonso et al. 2013;Otero et al. 2016;Thomas et al. 2008;Simpson et al. 2009). This suggests that plasmodesmata specific molecular composition is critical for accurate and integrated responses to developmental, biotic and abiotic clues. While some proteins present an enrichment at plasmodesmata, others are excluded, such as the PM proton pump ATPase (PMA2), the aquaporin PIP2 and the cellulose synthase subunit CesA3 (Fleurat-Lessard et al. 1995;[START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF] indicating that mechanisms leading to membrane lateral segregation operate at plasmodesmata. In the past twenty years plasmodesmata proteomic composition has been the focus of numerous studies but membrane lipids and their role in organizing plasmodesmal membrane microdomains had received very little attention [START_REF] Faulkner | Proteomic identification of putative plasmodesmatal proteins from Chara corallina[END_REF]Fernandez-Calvino et al. 2011;Salmon & Bayer 2013).

In this PhD work I showed that similar to proteins, lipid segregation occurs along the PM domain lining the plasmodesmal pores (i.e. the PD-PM). By establishing a protocol leading to the purification of plasmodesmata-derived membranes from Arabidopsis cultured cells (Grison, et al. 2015) I was able to show that the PD-PM domain presents an enrichment in sterols, very-long chain sphingolipids and a higher proportion of saturated phospholipids.

By using a pharmacological approach I further showed that membrane sterol depletion induces a mislocalisation of two GPI-anchored plasmodesmal callose modifying proteins, PdBG2 and PDCB1, which instead of being associated with plasmodesmata microdomains become redistributed at the PM outside the pores. Altering sterol biosynthesis also impacts on callose-mediated permeability.

Why and how membrane lipid modification affects plasmodesmata function is currently unknown. It is however well established that lipids can influence the lateral segregation of membrane constituents and can lead to the formation of membrane microdomains and cluster a specific set of proteins. For instance, membrane heterogeneity has been proposed to partly lie on the self-associating properties between sterols and sphingolipids which would facilitate lateral segregation in vivo and organize functionality within the bilayer by gathering functional components including GPI-anchored proteins (Mouritsen & Bagatolli 2015;[START_REF] Ryu | Reconstituting ring-rafts in budmimicking topography of model membranes[END_REF]Andersen & Koeppe 2007). The enrichment in sterols and very-long-chain-fatty-acid-containing lipids is also expected to influence membrane thickness which in turn is known to be a determinant for protein sorting, localisation and functionality (Sharpe et al. 2010;[START_REF] Milovanovic | Hydrophobic mismatch sorts SNARE proteins into distinct membrane domains[END_REF]. Although the molecular mechanisms leading to plasmodesmal microdomains formation remain elusive, our data suggests that sterol depletion partially disorganize the PD-PM with direct consequences on plasmodesmata function and cell-to-cell connectivity.

In this work we have restricted the analysis to primary single stranded plasmodesmata, i.e. the plasmodesmata that are formed during cell division and directly inserted into the forming cell plate. These are predominant in liquid cultured cells from which plasmodesmata were purified from (Bayer et al. 2004;Grison, et al. 2015). In more mature tissues such as source leaves, complex branched pores are more common [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Fitzgibbon | A developmental framework for complex plasmodesmata formation revealed by large-scale imaging of the Arabidopsis leaf epidermis[END_REF]). These so-called secondary plasmodesmata result from the modification of the primary pores [START_REF] Faulkner | Peeking into Pit Fields: A Multiple Twinning Model of Secondary Plasmodesmata Formation in Tobacco[END_REF] and may well present a different lipid composition and biophysical properties. One way to tackle this issue is by purifying plasmodesmata from mature tissues containing complex plasmodesmata. This is however a challenging task; in mature and complex plant tissues the cells are often reluctant to breakage and it is difficult to obtain plasmodesmata fractions that are pure enough for lipid analysis (Grison, Bayer unpublished).

Nevertheless, one way to investigate the nature of plasmodesmata membranes in mature tissues is to have a direct read out of their biophysical properties. Hence, the physicochemical properties of membranes are determined in great part by the nature of their lipid constituents. For instance, liquid-disordered (Ld) phases are untightly packed, observed at rather high temperatures and enriched in lipids with unsaturated acyl chains [START_REF] Quinn | The liquid-ordered phase in membrane[END_REF]. By contrast, liquid-ordered (Lo) phases, are tightly packed, enriched in sterols, sphingolipids and saturated acyl chains (similar to the lipid composition of primary plasmodesmata). During my PhD I have tried to develop an approach to correlate the lipidomic analysis with the level of lipid packing of plasmodesmata membranes. For that I turned to in vivo approaches using Di-4-ANNEPDHQ, a phase sensitive membrane dye, which presents a shift in its emission spectra when it resides in Lo membrane phase compared to Ld phase [START_REF] Owen | Optimized time-gated generalized polarization imaging of Laurdan and di-4-ANEPPDHQ for membrane order image contrast enhancement[END_REF]. This dye can be used in vivo in planta [START_REF] Gerbeau-Pissot | Ratiometric Fluorescence Live Imaging Analysis of Membrane Lipid Order in Arabidopsis Mitotic Cells Using a Lipid Order-Sensitive Probe[END_REF][START_REF] Gerbeau-Pissot | Modification of plasma membrane organization in tobacco cells elicited by cryptogein[END_REF][START_REF] Owen | Optimized time-gated generalized polarization imaging of Laurdan and di-4-ANEPPDHQ for membrane order image contrast enhancement[END_REF] and represents an elegant approach to follow membrane remodeling that could accompanied plasmodesmata maturation from primary to secondary branched structures. As biological material I used Nicotiana benthamiana and Arabidopsis leaves which during the sink/source transition undergo a morphological evolution of plasmodesmata from simple to branched structures [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Fitzgibbon | A developmental framework for complex plasmodesmata formation revealed by large-scale imaging of the Arabidopsis leaf epidermis[END_REF]. In both plant models, our preliminary data indicated that young primary plasmodesmata membranes (PD-PM) were more ordered than secondary plasmodemata. However reproducing these results was difficult, and this aspect of my PhD was finally dropped off as results were judged inconclusive.

Last, the work of William Nicolas on plasmodesmata structure highlighted a transition in ER-PM tethering from "direct" contacts, in Type I plasmodesmata, to larger ER-PM gaps spanned by spokes, in Type II plasmodesmata (Nicolas et al. 2017). Plasmodesmata are related to membrane contact sites, which are ubiquitous structures found in all eukaryotic cells where organelles come into close contacts without undergoing membrane fusion (Tilsner et al. 2016;[START_REF] Bayer | From shaping organelles to signalling platforms: the emerging functions of plant ER-PM contact sites[END_REF]). These structures are specialized in the direct, non-vesicular, exchange of molecules. In particular in animal and yeast membrane contact sites are known to facilitate lipid exchange from one compartment to the apposed one [START_REF] Wong | Lipid transfer proteins do their thing anchored at membrane contact sites… but what is their thing?[END_REF][START_REF] Lahiri | Membrane contact sites, gateways for lipid homeostasis[END_REF]. Lipid exchange between the ER and the PM at plasmodesmata is still speculative but the transition in ER-PM tethering within the pores could impact on the transfer of materiel, and potentially their lipid composition. To investigate this question, I made used of Arabidopsis cultured cells where Type I plasmodesmata prevail (77%) in 4 day-old cultured cells but rapidly evolved to Type II in 6-7 days-old cultured cells (72%) (Nicolas et al. 2017 Fig. 3 f-g). I purified plasmodesmata-membranes from 4 and 7 days-old cultured cells, which present an inverted proportion of Type I and Type II, and proceed to comparative massspectrometry lipid analysis as in Grison et al. 2015. Though the results demonstrated a trend of Type II plasmodesmata being enriched in sterols and sphingolipids compared to Type I, the difference was however not significant.

Altogether the work presented in this thesis highlights the importance of membrane lipids in defining plasmodesmata membranes and regulating plasmodesmata function. This is the first stone to a long road. A lot of work still needs to be done, in particular regarding the role of membrane lipids in plasmodesmata branching/maturation, in the generation of membrane curvature typical of plasmodesmata, the recruitment of proteins. One important class of lipids, the phosphoinositides (PtIns), is also missing from our analysis and needs to be investigated (see last section of the discussion).

Plasmodesmata-specialized microdomains are dynamic

In this thesis work, we report for the first time the fast and conditional plasmodesmalassociation of three LRR-RLKs, upon abiotic stresses. Combining a proteomic approach and live imaging in planta, we demonstrated that these proteins are PM located in control condition but rapidly relocalise to plasmodesmata upon NaCl (150mM) or mannitol (0.4mM) treatments. Our results show for the first time that plasmodesmata membrane microdomains have the ability to dynamically re-organise their protein content in response to stress perception highlighting their high level of plasticity.

At this stage we still do not know the function of LRR-RLK conditional association with plasmodesmata channels. From the literature it is however clear that plasmodesmata modulate their size exclusion limit in response to a number of abiotic stresses such as cold, salt, osmotic and oxidative stresses (Sivaguru et al. 2000;Zavaliev et al. 2011[START_REF] Knepper | The role of NDR1 in pathogen perception and plant defense signaling[END_REF][START_REF] Knepper | The role of NDR1 in pathogen perception and plant defense signaling[END_REF][START_REF] Bao | Overexpression of the NDR1/HIN1-Like gene NHL6 modifies seed germination in response to abscisic acid and abiotic stresses in arabidopsis[END_REF][START_REF] Varet | The Arabidopsis NHL3 gene encodes a plasma membrane protein and its overexpression correlates with increased resistance to Pseudomonas syringae pv. tomato DC3000[END_REF]) and a protein with unknown function. Cloning is on going to firstly confirm their plasmodesmata association and secondly check potential interaction with SAK1 using in vivo Fluorescence Resonance Energy Transfer experiment.

One thing that emerged from our work is that plasmodesmata dynamic association of the three LRR-RLKs can occur very rapidly in less than a minute. Such a fast localisation process is unlikely to be due to de novo synthesis. Instead, we favor a model whereby the PM pool of LRR-RLKs relocates by lateral diffusion within the plane of the PM and/or recycling.

We do not explore this aspect in the current version of the paper but this question should be addressed before submitting the article. Fluorescence Recovery After Photobleaching experiments together with the use of photo-switchable fluorescent proteins should give us some clues about the mechanisms of relocalisation whether driven by lateral diffusion and/or recycling. The main difficulty will be however to trigger relocalisation directly under the microscope for time-lapse acquisitions.

One question we have tried to address in the current work is what are the mechanisms leading to plasmodesmata dynamic association. In animals, Epidermal Growth Factor Receptor (EGFR) induces sterol-and sphingolipid-microdomain coalescence when binding to its ligand which initiates a signaling pathway [START_REF] Hofman | EGF induces coalescence of different lipid rafts[END_REF][START_REF] Bocharov | Alternative packing of EGFR transmembrane domain suggests that protein-lipid interactions underlie signal conduction across membrane[END_REF].

While SAK1 is known to associate with Detergent Resistant Membranes (DRM; the biochemical counterpart of membrane microdomains) in a sterol-dependent manner (Kierszniowska S, Seiwert B 2009;Demir et al. 2013;Shahollari et al. 2005), our results indicate that the relocalisation is unlikely driven by sterol/sphingolipid microdomains coalescence. This is supported by the fact that 1) sterol-and sphingolipid-synthesis inhibition does not prevent SAK1 from re-localising to plasmodesmata and 2) that the sterolsphingolipid PM microdomains markers AtREM1.2 and AtREM1.3 do not show plasmodesmata association upon abiotic stress. However SAK1 and AtREM1.2/1.3 could also reside in different microdomains as for BRI1 and FLS2 (Bücherl et al. 2017;Jarsch et al. 2014) and some could coalesce upon abiotic stress whereas others would not. SAK1 has also been reported to associate with DRM in a cytoskeleton dependant manner [START_REF] Szymanski | Cytoskeletal components define protein location to membrane microdomains[END_REF]. We could therefore test the cytoskeleton involvement in dynamic-plasmodesmata association using inhibitors such as Oryzalin and Latrunculin-B, which altered respectively microtubule and actin synthesis/degradation balance. Our data however suggest that the molecular determinant for plasmodesmata association lies in the JMD of SAK1 which indicates a potential role of anionic lipids in regulating plasmodesmal localization and function.

Are anionic lipids important for plasmodesmata function?

Anionic phospholipids such as PtdIns, phosphatidylserine (PS) and phosphatidyl acid (PA) conferred a unique electrostatic signature to membranes thereby defining specific membrane territories (McLaughlin & Murray 2005;Bigay & Antonny 2012;[START_REF] Hammond | Membrane identity[END_REF][START_REF] Platre | Anionic lipids and the maintenance of membrane electrostatics in eukaryotes[END_REF]. Electrostatic interactions are critical in a wide range of signalling processes by controlling permanent or reversible association of proteins to specialized membrane area [START_REF] Arkhipov | Architecture and membrane interactions of the EGF receptor[END_REF]Hedger et al. 2015;Picas et al. 2016;[START_REF] Tejos | Bipolar plasma membrane distribution of phosphoinositides and their requirement for auxinmediated cell polarity and patterning in Arabidopsis[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF].

Our data suggest that the polybasic signature of the JMD of SAK1 is necessary for plasmodesmata relocalisation. When we mutated the polybasic amino acid stretch within SAK1 JMD we observed no relocalisation to plasmodesmata and instead the protein stayed exclusively PM-associated. Similar to SAK1, many RKs have been reported to contain a JMD that binds to anionic lipids (Hedger et al. 2015;Matsushita et al. 2013). In animal, the activation of the EGFR is partially controlled by interaction with PI4,5P 2 via its JMD that is adjacent to its transmembrane domain (Hedger et al. 2015;[START_REF] Bocharov | Alternative packing of EGFR transmembrane domain suggests that protein-lipid interactions underlie signal conduction across membrane[END_REF]Michailidis et al. 2011). Our data still have to be confirmed but an interesting model would then be that SAK1 interaction with negatively charged phospholipids govern plasmodesmata conditional association in response to abiotic stress.

In plants, PI 4 P is the major player of PM electrostatic field and is implied in both signaling and regulation of protein localization [START_REF] Tejos | Bipolar plasma membrane distribution of phosphoinositides and their requirement for auxinmediated cell polarity and patterning in Arabidopsis[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF]). To explore a potential implication of PI 4 P in plasmodesmal conditional association we are planning on testing the relocalisation ability of SAK1 protein when exposed to PI4K inhibitor such as Pharnesyl Oxide (PAO) or when co-expressed with a chimeric PM PI 4 P-phosphatase [START_REF] Higaki | Dynamics and environmental responses of PATROL1 in arabidopsis subsidiary cells[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF]. Although the presence or enrichment of PtdIns at plasmodesmata pores remains unexplored, it is suggested by the local enrichment of proteins such as the Multiple C2 domains Transmembrane region Protein (MCTP) which members dock to the PM inside the pores by electrostatic interaction between their C2 domains and anionic lipids in particular with PI 4 P (Brault, Bayer unpublished).

Tolerance to drought, salt stress or other abiotic stresses is triggered by multicomponent signalling pathways, which are largely misunderstood. Various lipids are implicated in abiotic stress responses [START_REF] Okazaki | Roles of lipids as signaling molecules and mitigators during stress response in plants[END_REF][START_REF] Golldack | Tolerance to drought and salt stress in plants: Unraveling the signaling networks[END_REF]. For instance two PI4-Kinase (PI4K), two enzyme crucial for PI4P synthesis, have been reported to enhanced high salinity and abscisic acid tolerances when overexpressed in Arabidopsis [START_REF] Liu | A wheat PI4K gene whose product possesses threonine autophophorylation activity confers tolerance to drought and salt in Arabidopsis[END_REF][START_REF] Akhter | Role of Arabidopsis AtPI4K??3, a type II phosphoinositide 4-kinase, in abiotic stress responses and floral transition[END_REF]. Osmotic stress (NaCl/sorbitol) has also been reported to induce a large increase (8 to 25 folds) of PI4,5P 2 levels in Arabidopsis suspension cells [START_REF] Pical | Salinity and hyperosmotic stress induce rapid increases in phosphatidylinositol 4,5-bisphosphate, diacylglycerol pyrophosphate, and phosphatidylcholine in Arabidopsis thaliana cells[END_REF]. Altogether these data suggest that PtdIns may participate to osmotic stress responses but the mechanisms of this remain largely unexplored. Abiotic stresses are also known to induce fast accumulation of phosphatidic acid (PA) at the PM level [START_REF] Mcloughlin | Phosphatidic acid, a versatile water-stress signal in roots[END_REF][START_REF] Mcloughlin | Phosphatidic acid, a versatile water-stress signal in roots[END_REF] which influences protein localization by lipid-protein interaction usually through a PA-binding domain, a 42 amino acid sequence containing five basic amino acid residues [START_REF] Julkowska | Identification and functional characterization of the Arabidopsis Snf1related protein kinase SnRK2.4 phosphatidic acid-binding domain[END_REF]. The plasmodesmata proteomic analysis reveals the strong enrichment of a member of phospholipase D (PLD) family, members of which are known to be critical for spatial and temporal PA accumulation [START_REF] Li | Phospholipase D-and phosphatidic acid-mediated signaling in plants[END_REF]).

Similar to PtdIns, PA could represents a docking site for proteins and may be implied in conditional plasmodesmal association upon abiotic stresses. La communication intercellulaire joue un rôle crucial dans les organismes multicellulaires en organisant et en coordonnant les réponses en matière de croissance, de développement et de défense (Benitez-Alfonso et al. 2013;Otero et al. 2016;Stahl et al. 2013;Han, Kumar et al. 2014;[START_REF] Stahl | Receptor Complex Mediated Regulation of Symplastic Traffic[END_REF]Sager & Lee 2014). Chez les plantes, la communication intercellulaire se fait par le biais de canaux membraneux à l'échelle nanométrique appelés plasmodesmes. Ces pores couvrent la paroi cellulaire de la plante et relient le cytoplasme, la membrane plasmique et le réticulum endoplasmique des cellules voisines. Les plasmodesmes présentent deux composants membranaires distincts: un brin fortement appressé de ER qui traverse le centre du pore, appelé desmotubule, et le PM qui est continu entre les cellules adjacentes. Le desmotubule est relié au PM par des éléments d'attache d'identité inconnue et on pense que l'espace entre les deux membranes appelé «manchon cytoplasmique» est le principal conduit par lequel les molécules se déplacent d'une cellule à l'autre. L'arrangement de membrane spécialisée plasmodesmal avec l'apposition étroite entre le PM et le RE les classe comme un type spécialisé de site de contact membranaire [START_REF] Tilsner | Staying Tight: Plasmodesmal Membrane Contact Sites and the Control of Cell-to-Cell Connectivity in Plants[END_REF][START_REF] Bayer | From shaping organelles to signalling platforms: the emerging functions of plant ER-PM contact sites[END_REF]. Une spécialisation moléculaire à la fois de ER et de PM est attendue afin de garantir la fonction plasmodesmale. Tout en conservant les caractéristiques structurelles de base, la morphologie de plasmodesmata varie en fonction du type de tissu et du stade de développement. Les plasmodesmes à simple brin sont abondants dans les tissus creux, tandis que les formes complexes ramifiées prédominent dans les tissus sources. Ces modifications de la structure des plasmodesmes ont été corrélées aux modifications de la limite d'exclusion de la taille basale des plasmodesmes (SEL; voir la section de résultats dédiée 2: «relier la structure de la plasmodesme à la perméabilité des plasmodesmes») [START_REF] Oparka | Simple, but not branched, plasmodesmata allow the nonspecific trafficking of proteins in developing tobacco leaves[END_REF][START_REF] Roberts | Dynamic changes in the frequency and architecture of plasmodesmata during the sink-source transition in tobacco leaves[END_REF].

FONCTION DES MICRODOMAINES MEMBRANAIRES DANS LA COMMUNICATION INTERCELLULAIRE MÉDIÉE PAR LES PLASMODEMES

Le transport moléculaire via les plasmodesmes Une vaste gamme de molécules peuvent circuler dans les plasmodesmes, tels que les sucres dérivés de la photosynthèse, les hormones, les ions, les facteurs de transcription et les petits ARN (Brunkard et al. 2015). Nous pouvons distinguer deux principaux modes de trafic: les transports passifs et actifs. Le transport moléculaire passif se produit par diffusion de molécules à travers le manchon cytoplasmique et est régulé par l'ouverture plasmodesmale, ce qui semble être une lecture directe de l'espacement ER-PM (Otero et al. 2016;Brunkard et al. 2015). Un mécanisme bien établi pour la régulation de l'ouverture plasmodesmale, donc la diffusion passive, est le retournement calleux. La callose est un polymère de β-1,3-glucane situé dans l'espace extracellulaire entourant la région du cou de plasmodesmata plasmodesmata. L'ampleur de l'accumulation ou de la dégradation de la callose influe probablement sur l'ouverture des pores de plasmodesmata en imposant une constriction physique au manchon cytoplasmique (Gaudioso-Pedraza et Benitez-Alfonso 2014; Guseman et al. 2010;[START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]. À l'inverse, le transport actif de molécules nécessite une interaction avec les composants plasmodesmaux et peut également dépendre de protéines chaperones ou même d'événements de phosphorylation (Faulkner et al. 2013;[START_REF] Stahl | Receptor Complex Mediated Regulation of Symplastic Traffic[END_REF][START_REF] Lee | Plasmodesmal-associated protein kinase in tobacco and Arabidopsis recognizes a subset of non-cell-autonomous proteins[END_REF]Stahl 2013;[START_REF] Xu | Chaperonins facilitate KNOTTED1 cell-to-cell trafficking and stem cell function[END_REF]. Aucune séquence de ciblage par consensus n'a jamais été identifiée pour le trafic de plasmodesmata. À ce jour, les mécanismes régulant le transport actif à travers des plasmodesmes sont encore mal définis et font l'objet de recherches approfondies.

Les gardiens du développement de la plante La connectivité cellule à cellule est cruciale pour déterminer la structure et le développement des organes. Le continuum cytoplasmique qui relie les cellules dans et entre les tissus et les organes est appelé le symplaste de la plante. L'organogenèse est souvent accompagnée de modifications de la connectivité symplastique, souvent par dépôt de callose, afin d'isoler des zones spécifiques desquelles de nouveaux organes vont émerger. Par exemple, aux premiers stades du développement des racines latérales, le primodium de la racine latérale est isolé de la racine principale et accumule de l'auxine. Les mutants knock-out d'Arabidopsis β1-3glucanase 1 et 2 présentent une dérégulation spatiotemporelle de la perméabilité plasmodesmale dans des primordia radiculaires latéraux émergeant, ce qui induit une augmentation du nombre et de la distribution chaotique des racines latérales (Benitez-Alfonso et al. 2013). Inversement, le gain de mutation fonctionnelle de CALLOSE SYNTHASE 3 (CalS3) déclenche une accumulation massive de callose au niveau des plasmodesmes, ce qui entrave le développement des racines, notamment en bloquant le transport de SHORTROOT, facteur de transcription impliqué dans la structuration des tissus au sol [START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]. Le mutant knock-out d'Arabidopsis de GLUCAN SYNTHASE LIKE 8 (GSL8) associé à un plasmodesmate présente un défaut de cytokinèse et est létal à la plantule et la ligne d'inhibition inductible montre de forts défauts dans les réponses gravitropes et phototropes (Han, Hyun, et al. 2014). Globalement, ces études suggèrent fortement que les plasmodesmes sont des éléments clés de la communication cellule à cellule et jouent un rôle crucial dans le développement des plantes en établissant des domaines symplastiques dans lesquels le transport moléculaire est réglementé de manière active et précise.

Fermer la porte aux pathogènes

La continuité symplastique de cellule à cellule via un plasmodesme confère de nombreux avantages biologiques pour la coordination des réponses physiologiques et développementales à travers les couches de cellules. Cependant, certains agents pathogènes, en particulier les virus, exploitent les plasmodesmes pour diffuser leur génome et créer une infection systémique de la plante (Lee et Lu, 2011). Pour faire face aux infections causées par des agents pathogènes, les plantes ont développé des voies de signalisation uniques qui déclenchent des réponses immunitaires. Ces voies de signalisation rendent les agents pathogènes détectables et génèrent divers mécanismes de défense. La perception de l'agent pathogène est médiée par les protéines réceptrices situées à la surface des cellules, capables de reconnaître et de se lier au «motif moléculaire associé à l'agent pathogène ou aux microbes» (respectivement PAMP et MAMP) (Lee & Lu 2011;[START_REF] Tilsner | Missing links? -The connection between replication and movement of plant RNA viruses[END_REF].

Plusieurs études ont très récemment établi un lien direct entre la perception des PAMP, sur les sites de plasmodesmata, et la modulation de la perméabilité plasmodesmale (Lee & Lu 2011;Faulkner 2013;Wang et al. 2013). Par exemple, la perception par la LYM2 de la chitine, composante de la paroi libérée lors d'attaques fongiques, induit la fermeture de plasmodesmata par dépôt de callose (Faulkner et al., 2013). De même, deux études récentes ont mis en corrélation la production d'acide salicylique (SA) à la suite d'une pathogenèse bactérienne et la fermeture de plasmodesmes (Lee et al, 2011, Wang et al, 2013). Après une attaque par un agent pathogène, la concentration de SA augmente dans les cellules non infectées et limite la connectivité symplastique avec les cellules voisines par induction de l'expression de PDLP5 et accumulation de callose. L'accumulation de SA, essentielle pour la résistance systémique acquise, permet également aux plantes de contrôler la propagation de l'agent pathogène en contrôlant l'ouverture de plasmodesmata. Des virus tels que le virus de la mosaïque du tabac, le virus de la mosaïque du concombre et le virus X de la pomme de terre codent des protéines de mouvement capables de s'associer à des plasmodesmes et de moduler leur perméabilité (Benitez-Alfonso et al. 2010;[START_REF] Su | Cucumber mosaic virus movement protein severs actin filaments to increase the plasmodesmal size exclusion limit in tobacco[END_REF]Lee & Lu 2011). Les protéines de mouvement codées par le virus de la mosaïque du niébé et le virus de la feuille en éventail de Grapevine s'assemblent dans des structures tubulaires contenant les particules virales. Ces tubules induits par un virus remplacent le desmotubule et recouvrent le pore de plasmodesmata [START_REF] Vetter | Involvement of the Secretory Pathway and the Cytoskeleton in Intracellular Targeting and Tubule Assembly of[END_REF][START_REF] Pouwels | Identification of distinct steps during tubule formation by the movement protein of Cowpea mosaic virus[END_REF]. Magnaporthe oryzae (infection du riz) développe non seulement des virus, mais également des mycoses envahissantes qui envahissent les cellules capturant dans les puits [START_REF] Kankanala | Roles for rice membrane dynamics and plasmodesmata during biotrophic invasion by the blast fungus[END_REF]Simons et Ikonen 1997).

Déterminer les constituants moléculaires plasmodesmaux

Comprendre comment les plasmodesmes dictent la connectivité cellulaire dépend de la connaissance complète de la composition et de la caractérisation fonctionnelle des constituants des plasmodesmes. Au cours de la dernière décennie, de nombreuses études ont été consacrées à l'identification de composés protéiques de plasmodesmata [START_REF] Faulkner | Proteomic identification of putative plasmodesmatal proteins from Chara corallina[END_REF][START_REF] Bayer | Arabidopsis cell wall proteome defined using multidimensional protein identification technology[END_REF]Fernandez-Calvino et al. 2011;[START_REF] Knox | Putting the squeeze on plasmodesmata: A role for reticulons in primary plasmodesmata formation[END_REF]Salmon & Bayer 2013). Des progrès substantiels ont été réalisés sur le terrain et un nombre croissant de protéines associées à un plasmodesmata ont maintenant été identifiées et certaines caractérisées. Parmi ceux-ci figurent les β-glucanases β-Glucanases (PAP; PdBG1,2 et 3) ancrées dans les lipides (GPI; Glysosyl Phosphatidylinositol) et les plasmodes de liaison Callose (PDCB) et les callose synthases impliquées dans l'homéostasie calleuse (Levy et al. 2007);-Alfonso et al. 2013;[START_REF] Dobnik | β-1,3-glucanase class III promotes spread of PVYNTN and improves in planta protein production[END_REF]Simpson et al. 2009;[START_REF] Vaten | Callose Biosynthesis Regulates Symplastic Trafficking during Root Development[END_REF]. Un nombre croissant de protéines de type récepteur ont également été identifiées au niveau des plasmodesmata et impliquées dans la réponse à des indices de développement et biotiques (Faulkner et al. 2013;Caillaud et al. 2014;Lim et al. 2016;Faulkner 2013). Par exemple, les protéines localisées par Plasmodesmata (PDLP1 et 5) sont des protéines transmembranaires de type I insérées dans les plasmodesmates de lignage du domaine PM et sont impliquées dans les réponses des agents pathogènes (Thomas et al. 2008;Lee & Lu 2011;Caillaud et al. 2014).

Le but de ma thèse

Les plasmodesmes sont définis par des microdomaines membranaires spécialisés du RE et du PM, qui présentent tous deux une composition moléculaire unique. Bien que des progrès aient été réalisés dans l'identification des protéines associées à plasmodesmata, jusqu'à très récemment, les constituants lipidiques membranaires de plasmodesmata étaient mal connus. Cependant, tout comme les protéines, les lipides sont des composants membranaires essentiels qui participent à l'organisation et au fonctionnement des membranes biologiques.

Le premier objectif de ma thèse était d'apporter une compréhension plus profonde de la fonction des lipides membranaires pour la fonction des plasmodesmes. Cet aspect de mon travail de doctorat a conduit à la publication d'une méthode et d'un document de recherche où je suis le premier et co-premier auteur (Grison et al. 2015a;Grison, Brocard et al. 2015b; voir la section dédiée des résultats 1: « Rôle émergent des microdomaines membranaires dans la fonctionnalité des plasmodesmes »).

Les PD apparaissent également comme des microdomaines capables de regrouper des activités analogues à celles des récepteurs. Un deuxième aspect de mon travail consistait à étudier trois protéines LRR-RLK présentant une association conditionnelle avec les plasmodesmes lors d'un stress abiotique. Nos données suggèrent un rôle des lipides anioniques dans l'association dynamique des plasmodesmes. Cette partie de mon travail n'est pas encore publiée mais les résultats ont été organisés sous la forme d'un document de recherche joint à cette thèse (voir la section dédiée: «Rôle émergent de la microdomaine membranaire dans la fonctionnalité des plasmodesmata»).

Au cours de ma thèse, j'ai également eu l'occasion de participer aux travaux de William Nicolas sur l'évaluation de la perméabilité d'un type de plasmodesmes nouvellement identifié, trouvé dans les parois post-cytokiniques. Cela a conduit à une publication dans Nature Plants où je suis le deuxième auteur (Nicolas et al. 2017; voir la section de résultat dédiée 2: «reliant la structure de plasmodesmata à la connectivité plasmodesmale»).

Enfin, j'ai co-écrit une revue publiée dans J. Exp. Bot. intitulée «Shapping PD : the structure function missing link» dont je suis co-premier auteur [START_REF] Nicolas | Shaping intercellular channels of plasmodesmata: the structure-to-function missing link[END_REF]. Dans cette revue, que j'ai jointe à ce manuscrit de thèse, j'ai abordé certains aspects de mon travail, notamment les données publiées. Comme la revue vient avant la section des résultats, j'espère ne pas trop atténuer cet effet surprenant. 

Fig. 1 .

 1 Fig. 1. (A) Diagram showing the extensive ER network (blue) establishing membrane contact sites with several other organelles such as peroxysomes, mitochondria, chloroplasts, PM (red boxed regions) and reaching to other cells through the cell wall via the plasmodesma. (B) Phylogenetic tree based on[START_REF] Raven | Evolution of plasmodesmata[END_REF]. Red stars represent the events of PD/PD-like pore independent appearances. Red and blue rectangles indicate respectively the clades where PD with and without desmotubules can be found (see legend above tree). Other membranous pores in green include the septal pores that can be found in fungi[START_REF] Beckett | The ultrastructure of septal pores and associated structures in the ascogenous hyphae and asci of Sordaria humana[END_REF][START_REF] Van Peer | The septal pore cap is an organelle that functions in vegetative growth and mushroom formation of the wood-rot fungus Schizophyllum commune[END_REF] and the pit-plugs, found in the Rhodophyta (red algae)[START_REF] Ueki | Reexamination of the pit plugs and the characteristic membranous structures in Porphyra yezoensis (Bangiales, Rhodophyta)[END_REF]. Shown in red are the references in which data/images of the corresponding pores can be found. (C) Two 0.56 nm thick tomographic slices at different depths depicting a type II pore and its segmentation. Red traits indicate spoke-like tethers visible in the tomographic slices. (D) Three 0.56 nm thick tomographic slices at different depths depicting a type I PD pore and its segmentation, with the ER constricting at the entrance to form the desmotubule (yellow arrowheads). CS, cytoplasmic sleeve; DT, desmotubule (blue in the segmentations); ER, endoplasmic reticulum; PM, plasma membrane (orange in the segmentations). Scale bars: 50 nm. a No available data in the literature allowing it to be stated whether or not the PD found in members of the Coleochaetales clade bear a desmotubule or not.

Fig. 1

 1 Fig. 1 Description of the N 2 decompression-based cell disruption device. ( a ) The parts of the disassembled cell disruption device. ( b ) Cell disruption device ready for use with loaded sample. ( 1 ) Vessel. ( 2 ) Zinc cylinder (that is going inside the vessel). ( 3 ) Split ring. ( 4 ) Cover ring. ( 5 ) Exit sample collection. ( 6 ) Discharging valve. ( 7 ) Charging valve. ( 8 ). Valve connecting the cell disruption vessel with the gas cylinder

Fig. 2

 2 Fig. 2 The different steps of the PD purifi cation protocol. Stars indicate steps where the purifi cation process can be interrupted

Figure 1 .

 1 Figure 1. Exclusion of Major PM Proteins from PD Channels. (A) Immunolocalization of PMA2 (10-nm gold particles) and callose (5-nm gold particles) at the division cell wall (CW) in cryosubstituted Arabidopsis suspension cells observed by transmission electron microscopy. While callose localizes within PD (star), the PMA2 protein associates with the PM outside PD (lined in blue) and remains excluded from the PD channel (lined in red). Bar = 100 nm. (B) Quantification of PMA2 gold particle distribution at the PM, cell wall, PD, and cytosol (n = 1073 gold particles from 55 micrographs). (C) Box-plot representation of the quantification of callose and PMA2 gold particles per µm of membrane (n = 55 micrographs containing 65 PD; total number of gold particles for the PM: PMA2 = 890 and callose = 27; for the PD-PM: PMA2 = 12 and callose = 367). Asterisks indicate significant differences (P < 0.001) between samples by Wilcoxon test. PMA2 density is 9 times lower at the PD-PM when compared with the cellular PM (0.56 and 5.16 gold particles per µm of membrane, respectively). By comparison, callose concentrates at PD compared with the PM (19.52 and 0.48 gold particles per µm of membrane, respectively).(D) Immunoblot analysis of purified PM-and PD-enriched membrane fractions (7 mg of protein was loaded in each lane). Note that while the PD-PM marker, PDLP1, is enriched in the PD fraction, some major integral PM proteins, namely the aquaporin PIP2;2, the proton pump ATPase PMA2, and the cellulose synthase subunits CesA3 and CesA6, are excluded from PD.

Figure 2 .

 2 Figure 2. The PD-Enriched Membrane Fraction Predominantly Contains PD-PM-Derived Vesicles and Is Not Contaminated by Other Membrane Compartments. (A) Left, surface view electron micrograph of a purified wall fragment containing embedded PD revealing the concentric arrangement of the PD-PM (black arrowhead), the cytoplasmic sleeve, and the central desmotubule (black dashed arrow). Cellulose fibers are visible around PD (white arrows). Bar = 50 nm. Right, interpretative diagram of the structure of PD (longitudinal section and surface view) in purified walls as shown in the left panel. CW, cell wall. (B) Immunoblot analysis showing that the PD fraction is enriched in PD-PM markers (PDLP1 and PDCB1) while deprived of markers from the ER (SMT1 and BiP), vacuole (V-ATPase), trans-Golgi network (TGN; echidna), Golgi (membrine11), thylakoid (P16), soluble proteins/stroma (Rubisco), and

Figure 2 .

 2 Figure 2. (continued). mitochondria (Nad9). The desmotubule-associated ER protein calreticulin is detected in the PD fraction but not enriched compared with the microsomal (m) protein extract. The same amount of protein was loaded in each lane (7 mg). (C) The protein profile of the PD-enriched membrane fraction is distinct from that of the PM and microsomal (m) extracts. The same amount of protein was loaded in each lane (20 mg). (D) Electron micrograph of the PD-enriched membrane fraction showing that the final extract is composed of membrane vesicles ;50 to 150 nm in diameter. Note that internal desmotubule-like structures are also detected (arrow). Bars = 50 nm. (E) to (H) Electron micrographs of PDCB1 (E) and PDLP1 (G) immunogold labeling of the PD fraction. The density of gold particles per vesicle was calculated ([F] and [H]) for both preimmune antisera (n = 218 vesicles for PDCB1; n = 97 vesicles for PDLP1 [not shown]) and specific antisera (n = 163 vesicles for PDCB1; n = 75 vesicles for PDLP1). Bars = 50 nm.
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Figure 3 .

 3 Figure 3. Estimation of the Volume of the PD-PM and Desmotubule Domains in Arabidopsis Suspension Cells. (A) Electron micrograph of cryofixed Arabidopsis cultured cells from which PD dimensions and membrane volumes have been calculated. Bar = 50 nm.(B) From micrographs (n = 30), we determined that the average length and diameter of the PD channels were ;200 nm and 42 nm, respectively. The thickness of the PD-PM was 5 nm, and the diameter of the desmotubule (Dt) was 16 nm. Considering the desmotubule as a solid cylinder with no ER lumen and the PD-PM as a hollow cylinder, we calculated that the PD-PM domain represented ;75% of the total PD membrane volume versus 25% for the desmotubule.

Figure 4 .

 4 Figure 4. The Saturation Degree of PD-Associated Phospholipid Species Is Elevated Compared with PM. The distribution of phospholipid molecular species (saturated, monounsaturated, diunsaturated, and polyunsaturated) was analyzed by LC-MS/MS for each phospholipid class. The quantification of saturated, monounsaturated, diunsaturated, and polyunsaturated species takes into account the two acyl chains esterified on the phospholipid glycerol backbone. For each class, values were normalized to the total of molecular species. Asterisks indicate significant differences (P < 0.05) between two samples by ANOVA of the Kruskal-Wallis test. n = 3 for PD and n = 4 for PM. Error bars indicate SD.

Figure 5 .

 5 Figure 5. The PD-PM Domain Is Depleted in Unsaturated Fatty Acids and Enriched in Complex Sphingolipids and Sterols When Compared with the PM. (A) Total fatty acid profiles (FAMEs) quantified by GC-MS. Sphingolipid (in particular GIPC) species are characterized by VLCFAs (20:0 to 26:0) and hydroxylated fatty acids (h16:0 to h24:1), with the main GIPC-derived acyl groups being 24:0 and h24:0. Long-chain fatty acids (16:0 to 18:3) are mainly derived from glycerolipids. Results are expressed in mol % of a given fatty acid compared with the sum of total fatty acids. Arrowheads indicate changes in fatty acid composition between the PD and PM fractions. Error bars indicate SD. (B) Ratio between sphingolipids (20:0 to h24:1 fatty acids) versus glycerolipids (16:0 to 18:3 fatty acids), showing a significant enrichment (1.6-fold) of sphingolipids in PD compared with the PM, according to the GC-MS measurement. (C) Ratio between saturated versus unsaturated fatty acids (GC-MS analysis), showing a significant enrichment (1.6-fold) of saturated fatty acids in PD compared with the PM. (D) Ratio between sterols versus glycerolipids (GC-MS analysis), showing a significant enrichment (1.5-fold) of sterols in PD compared with the PM. (E) HP-TLC analysis confirmed the sterol enrichment relative to glycerolipids in the PD fraction compared with the PM fraction. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) by Wilcoxon test. n = 6 for PD and n = 5 for PM.

Figure 6 .

 6 Figure 6. The GPI-Anchored PD Protein, PDCB1, Associates with the DIM Fraction, while the PD Protein, PDLP1, Does Not. (A) Isolation of DIMs from Arabidopsis suspension cells. Six fractions of equal volume were collected from the top to the bottom of the sucrose gradient (F1 to F6). (B) Protein quantification of collected fractions F1 to F6 shows that the DIM fraction (F3) contains ;15% of total proteins, while the DSM fractions (F5 and F6) contain 75% of total proteins. (C) Immunoblot of fractions F1 to F6. The GPI-anchored protein PDCB1 is highly enriched in the DIM fraction (F3), while PDLP1 associates with the DSM fractions (F5 and F6).
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  ; see Figure10Wfor quantification). In phloem sieve elements, we measured an increase of callose deposition similar to what we observed in 24-h treated plants (Figures 10P to 10R; see Figure10X for

Figure 7 .

 7 Figure 7. The GPI Anchor of PDCB1 Is Required for PD Targeting.

  (A) Structural organization of PDCB1.mCherry and PDCB1.mCherry∆GPI. Chimeric constructs consist of the signal peptide of PDCB1, followed by the coding sequence of mCherry fused to the callose binding domain CBM43, unstructured region, and C-terminal GPI anchor signal. For PDCB1. mCherry∆GPI, the C-terminal GPI anchor signal was deleted. (B) and (C) PDCB1.mCherry is targeted to PD (arrowheads) when transiently expressed in N. benthamiana leaves, as revealed by costaining with aniline blue ([B] and [C], respectively). Bar = 10 mm. (D) and (E) PD targeting (arrowheads) was lost upon deletion of the PDCB1 C-terminal GPI anchor signal ([D] and [E]). Bar = 10 mm. (F) to (I) Coexpression of PDCB1.mCherry∆GPI (F) and the PM-located protein PMA2.GFP (G) demonstrates that PDCB1.mCherry∆GPI is secreted into the extracellular space ([H] and [I]). (I) shows a higher magnification image of the box in (H). The epidermal cells were slightly plasmolyzed with 0.4 M mannitol to distinguish wall versus PM association. Bar = 5 mm.

Figure 8 .

 8 Figure 8. Sterol Composition Defines the PD Localization of the GPI-Anchored Proteins PDCB1 and PdBG2 in Arabidopsis Root Tips. Localization of YFP-PDCB1 ([A] to [L]) and mCitrine-PdBG2 ([N] to [Y]) GPI-anchored proteins in epidermal cells of Arabidopsis roots tips, visualized by confocal microscopy. (F) to (J) and (S) to (W) show quantitative color-coded heat-map micrographs of (A) to (E) and (N) to (R), respectively. (M) shows a color-coding bar for heat-map images. (A), (F), (N), and (S) Untreated control cells. (B), (C), (G), (H), (O), (P), (T), and (U) show cells from seedlings grown on normal agar plates for 5 d and then transferred to 50 mg/mL fen (+fen) agar plates ([B], [G], [O], and [T]) or 1 mM lova (+lova) agar plates ([C], [H], [P], and [U]) for 24 h. Under fen or lova treatment, GPI-anchored proteins do not accumulate at PD anymore, but instead label the whole cell periphery. (D), (E), (I), (J), (Q), (R), (V), and (W) show cells from seedlings grown on normal agar plates for 5 d, transferred to 50 mg/mL fen (+fen) agar plates ([D], [I], [Q], and [V]) or 1 mM lova (+lova) agar plates ([E], [J], [R], and [W]) for 24 h, and then transferred back to normal agar plates for 24 h (wash treatment). Note that GPI-anchored proteins are now restricted to the division plane as in untreated control experiments ([A], [F], [N], and [S]). (L) and (Y) show the quantification of fluorescence intensity ratios for apical-basal membranes versus lateral membranes in untreated control (corresponding panels [A], [F], [N], and [S]), fen (corresponding panels [B], [G], [O], and [T]), and lova (corresponding panels [C], [H], [P], and [U]) treatments for YFP-PDCB1-expressing (L) and mCitrine-PdBG2-expressing (Y) lines. n = 10 roots. Six cells per root were analyzed. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) by Wilcoxon test. (K) and (X) show representative intensity plots along division walls of control and treated plants. In control conditions, the PD association of YFP-PDCB1 (K) and mCitrine-PdBG2 (X) is illustrated by peaks of high fluorescence intensity along the apical-basal walls (black lines). After either fen or lova treatment, these peaks of high intensity disappeared, indicating that PD association was lost (red and blue lines, respectively).

Figure 9 .

 9 Figure 9. Modification of the Sterol Pool of the PD-PM Domain Correlates with a Reduction of PDCB1 Association with PD Channels.

  (A) Quantification by GC-MS of the sterol lipids in PD-enriched membrane fractions purified from control and fen-treated liquid cultured Arabidopsis cells (48 h, 250 mg/mL). Sterol inhibitor treatment leads to a strong decrease of total sterols and a concomitant increase of intermediate cyclopropyl sterols. n = 3 for PD and PD + fen samples. Error bars indicate SD. (B) to (D) Immunoblot analysis of control and fen-treated PD fractions showing that, upon modification of the sterol pool, the PDCB1 association with PD channels is reduced, whereas the PDLP1 signal remains stable. (B) shows SDS-PAGE protein profiles of the PD-and PD-fen-treated fractions used for blotting shown in (C). (C) shows representative immunoblots for PDCB1 and PDLP1. (D) shows the quantification from immunoblot analyses of the PDCB1 and PDLP1 association with PD using the Bio-Rad Chemidoc MP system and Image Lab software. Asterisks indicate significant differences (*P < 0.05, **P < 0.01) using the Wilcoxon test. n = 3 for PD and n = 6 PD + fen samples. Error bars indicate SD.

Figure 10 .

 10 Figure 10. Altered Sterol Composition Affects Both Symplastic Phloem Unloading and Callose Deposition at PD in Arabidopsis Roots.
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Figure 10 .

 10 Figure 10. (continued).

(

  A) to (C), (J) to (L), (S), and (V) GFP symplastic unloading from the phloem to surrounding tissues is reduced in Arabidopsis roots grown on fen ([B] and [K]) or lova ([C] and [L]) for 24 h ([A] to [C]) and 48 h ([J] to [L]). Control seedlings expressing ProSUC2:GFP show diffusion out of the phloem (white arrows) into surrounding tissues including the root meristem (white arrowheads) ([A] and [J]). After fen ([B] and [K]) or lova ([C] and [L]) treatment, GFP transport from companion cells was altered, as indicated by the apparent reduction of the GFP intensity in the root tip and cells surrounding the vasculature. Quantification of fluorescence intensity in the root meristem in control, fen-, and lova-treated plants for 24 and 48 h confirmed that sterol inhibition significantly reduces GFP symplastic unloading from the companion cells to surrounding tissues ([S] and [V], respectively). White arrows indicate the root vasculature where ProSUC2:GFP is expressed, and white arrowheads indicate the GFP unloading zone at the root tip. Bars = 200 mm. (D) to (I), (M) to (R), (T) to (U), (W), and (X) Callose immunofluorescence (red) in Arabidopsis seedlings treated with fen ([E], [H], [N], and [Q]) or lova ([F], [I], [O], and [R]) for 24 and 48 h. DAPI staining of DNA (blue) was done to highlight the cellular organization of root tissues. Sterol inhibition treatment induced a significant accumulation of callose deposition in sieve elements at both 24 and 48 h, as confirmed by fluorescence quantification ([H] and [U], fen, 24 h; [Q] and [X], fen, 48 h). In external cell layers, callose signal was reduced significantly under 24 h of fen but not lova ([E] and [F], respectively; [T] for fluorescence quantification). However, at 48 h, a strong decrease in callose accumulation was observed in both fen-and lova-treated plants ([N] and [O], respectively; [W] for fluorescence quantification). Bars = 5 mm. Callose immunolabeling and ProSUC2:GFP experiments were performed at least three independent times using a total of 20 seedlings per condition. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) by Wilcoxon test.

3 pieces.

 3 Gel pieces were destained in 25 mM ammonium bicarbonate and 50% acetonitrile (ACN), rinsed twice in ultrapure water, and shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room temperature, covered with trypsin solution (10 ng/mL in 40 mMNH 4 HCO 3 and 10% ACN), rehydrated at 4°C for 10 min, and finally incubated overnight at 37 °C. Gel pieces were then incubated for 15 min in 40 mM NH 4 HCO 3 and 10% ACN at room temperature. The supernatant was collected, and a water:ACN:HCOOH(47.5:47.5:5) extraction solution was added to gel slices for 15 min. The extraction step was repeated twice. Supernatants were concentrated by vacuum centrifugation to a final volume of 100µl and acidified. The peptide mixture was analyzed with the Ultimate 3000 nanoLC system (Dionex, Amsterdam, The Netherlands) coupled to a Electrospray Q-Exactive quadrupole Orbitrap benchtop mass spectrometer (Thermo Fisher Scientific, San Jose, CA).Ten microliters of peptide digests were loaded onto a 300-µm-inner diameter x 5-mm C 18 PepMap TM trap column (LC Packings) at a flow rate of 30 µL/min. The peptides were eluted from the trap column onto an analytical 75-mm id x 25-cm C 18 Pep-Map TM column (LC Packings) with a 4-40% linear gradient of solvent B in 48 min (solvent A was 0.1% formic acid in 5% ACN, and solvent B was 0.1% formic acid in 80% ACN). The separation flow rate was set at 300 nL/min. The mass spectrometer operated in positive ion mode at a 1.8-kV needle voltage. Data were acquired using Xcalibur 2.2 software in a data-dependent mode. MS scans (m/z 300-2000) were recorded at a resolution of R = 70Inhibitor TreatmentsFor sterols and sphingolipids inhibitor experiments, 5 days-old seedlings were transferred to MS agar plates containing 100 mg/mL fen (stock solution 100 mg/mL in DMSO) or 100 mM Metazachlor (stock solution 1 mM in DMSO). Control plates contained an equal amount of 0.1% DMSO solvent.Seedlings were observed by confocal microscopy 24h after treatment and lipid analysis was performed in parallel (see below for details). For PI4K inhibitor experiments, 6 days old seedlings were transferred to MS liquid media containing 40µM PAO and incubating 1 hour at 22°C prior to confocal microscopy. As control we used Arabidopsis PIP sensor lines P21Y (PI4P) and P24Y (PI4,5P2) from Y. Jaillais 59 . Cloning IMK2 and AT5G58300 were cloned using classical gateway system (p221 DNR and pGBW661 or pGBW641 DEST). Amplifications were run on plasmid containing the full length cDNA (U12366 and U21213 TAIR, respectively), purified with QIAquick gel extraction kit and then insert in p221 DNR. 281-282Q mutant was generated by overlapping PCR. Primers were designed with primer3 software. A first PCR round amplifies the two parts of the proteins (part A & B) which contain the three mutated codons of the JMD directly from the diluted plasmid p221-SAK1 (1QIAquick gel extraction kit, the mutated full length SAK1 was obtained by a final amplification using A FW and B RV primers. The final PCR product was purified and inserted into pENTR (pENTR D TOPO) and then in DESTINATION multisite gateway plasmids (pH7m34GW-pUBQ10) for stable expression in A .thaliana or pGBW661 plasmid for transient expression in N. benthamiana.

Figure2Figure3Figure6.

  Figure2. LRR-RLKs dynamically associate with plasmodesmata. (A-B) A; Transient expression in N. Benthamiana epidermal cells of three LRR-RLKs tagged with GFP or YFP and visualised by confocal microscopy. In control conditions, the three LRR-RLKs localise exclusively at the PM and are not enriched in plasmodesmata pitfields (marked by PDLP1-mRFP, or aniline blue). Upon osmotic stress (mannitol 0.4M) the three LRR-RLKs show rapid relocalisation to plasmodesmata where they become enriched (white arrowheads). B; PD index: quantification of the fluorescence intensity inside versus outside (PM) plasmodesmata in control and mannitol conditions. (n=4 experiments, 3 plants/experiment, 10 measures/plant). Statistical analysis: * p-value <0.05; ** p-value<0.01; *** p-value <0.001
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  in other words: What is the diffusion rate of macromolecules such as GFP? How fast does it work? Does the diffusion rate be the same according to a specific cell interface? Molecular trafficking through Type I PD Associated papers:Nicolas et al. Nature Plants (Grison as second author) 

I

  finally adopted alternative strategy based on the principle of fluorescent protein Photo-Activation (PA). The PA-GFP is completely non fluorescent until its activation with short laser 405 exposures which induces a decarboxylation of PA-GFP and makes it fluorescent. I used A. thaliana stable lines expressing PA-GFP under 35S promoter and specifically activated PA-GFP in a single meristematic epidermal cell then monitored its spread in the neighboring cells. Within 10 minutes I was able to detect the PA-GFP in the neighboring cells (15% of total PA-GFP fluorescence intensity, Figure 5g-i), illustrating a relatively fast symplastic movement of proteins across the cell walls in Type I PD. Despite our effort we could not successfully photo-activate PA-GFP in single cells in more internal layers of the roots. An elegant approach for future permeability assessment and Type I/Type II plasmodesmata connectivity could be Fluorescence Correlation Microscopy which consists in analyzing of the fluctuation of the fluorescence intensity, like Brownian motion for example,
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Figure 1 |

 1 Figure 1 | Plasmodesmata ER-PM contact site morphology evolves during tissue development in root tips. a, Schematic representation of Arabidopsis root tip cellular organization, in which the colours depict cell lineage. The plasmodesmal ultrastructure was studied in the Columella tiers in light red (yellow boxes), from the C1 to C4 layer and in the CCIs in red (yellow asterisks). b-d, Tomographic slices of representative plasmodesmata from the CCI (b), C1-C2 (c) and C3-C4 (d) interfaces, respectively 0.56, 0.56 and 0.49 nm thick, and their associated 3D segmentation highlighting the changes in ER-PM architecture within the pores during COL cell differentiation. In CCIs, appressed ER is seen entering the plasmodesmal pores (black arrowheads) and fills the entire canal (b). With tissue differentiation the cytoplasmic sleeve becomes gradually visible as the gap between the desmotubule and the PM expands and become populated by spoke-like tethers (d, yellow arrows). In the C1/C2 transition zone there are no clearly identifiable spoke elements in the cytoplasmic sleeve, only amorphous material (c, red). e, The difference in cell wall thickness in CCI, C1-C2 and C3-C4 cells (Dunn's multiple comparison test ****P < 0.0001). n = 94 for CCI, n = 27 for C1-C2 and n = 79 for C3-C4. Boxes represent median values and first and third quartiles; whiskers represent minimum and maximum values. f, The average diameter of plasmodesmata (PM-PM, inner leaflets) and desmotubules in CCI, C1-C2 and C3-C4 cells (Dunn's multiple comparison test, *P < 0.05, ***P < 0.001). n = 20, n = 15 and n = 15 plasmodesmata tomograms for CCI, C1-C2 and C3-C4, respectively. The plot shows point scattering with mean ± s.d. CCI, columella cell initials; CS, cytoplasmic sleeve; Dt, desmotubule; ER, endoplasmic reticulum; QC, quiescent centre; PM, plasma membrane.
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Figure 2 |

 2 Figure 2 | The spoke-like tethering elements of type II plasmodesmata correlate with ER-PM spacing and are not sensitive to F-actin polymerization inhibitor drugs. a-c, Tomographic slices (1.24 nm thick) depicting the typical and regular arrangement of the spoke-like tethering elements (yellow arrows) in type II plasmodesmata, in the root columella (C2-C4). b, Close-up view of the plasmodesma in the square in a. c, Manual segmentation of b. d, Density representation of the spoke length, measured in COL cells and cultured Arabidopsis cells (non-treated, latrunculin B (LaB)-and cytochalasin D (CytD)-treated roots, and non-treated for cultured cells). In either condition, there is a peak density for spokes of about 9 nm in length. e, Three close-up views of V/Y shaped spokes (red arrowheads) oriented towards the PM (top; middle) and the desmotubule (bottom). Scale bars, 5 nm. f, Plot representation of the cytoplasmic sleeve gaps (desmotubule-PM distance) measured in subsections of transitioning or type II pores with or without spokes. Both in roots and in cultured cells the presence of spokes stabilizes the width of the intermembrane gap and keeps it at an average of 9.6 ± 2.44 nm whereas without the spokes this gap is 18.38 ± 7.26 nm (Mann-Whitney two-tailed test, ****P < 0.0001) n = 31 and n = 65 measurements in cell and root plasmodesmata respectively. Boxes represent median values and first and third quartiles; whiskers represent minimum and maximum values. g-l, Type II plasmodesmata in COL cells (C2-C4) are not altered by F-actin polymerization inhibitor drugs. g-i, Maximum projections of confocal stacks taken in columellas of Arabidopsis marker lines fimbrin actin-binding domain 35S::GFP:fABD2:GFP. In control conditions (g), cells show a dense, reticulated actin network, but after a 1.5 hour treatment with 50 µM cytochalasin D (CytD, h) or latrunculin B (LaB, i), the F-actin network is heavily altered. j,k, Tomographic slices (0.56 nm thick) of plasmodesmata acquired in the columella of CytD (j) and LaB-treated roots (k), showing that the spokes are still present. l, The diameter (PM-PM; innerleaflets) of the pores and the desmotubule width remain unchanged both treatment (Dunn's multiple comparison test, ****P < 0.0001, ***P < 0.001) n = 41 plasmodesmata tomograms for the non-treated (NT) condition, n = 13 for LaB and n = 16 for the CytD-treated condition. The plot shows point scattering with mean ± s.d.

  2017) | DOI: 10.1038/nplants.2017.82 | www.nature.com/natureplants membranes entering the pores (15 out of 17), supporting the presence of a desmotubule (Fig. 3c, yellow arrows; Supplementary Video 4).

Figure 3 |

 3 Figure3| Very tight ER-PM contact in post-cytokinesis plasmodesmata. a,b, Consecutive tomographic slices, of 1.24 and 0.49 nm thickness, of a type I plasmodesma (a) and type II plasmodesma (b, spokes are indicated by yellow dashes) in Arabidopsis cultured cells. c, Type I plasmodesmata are traversed by the ER which becomes appressed just before entering the pores (yellow arrows). Three 0.56-nm-thick tomographic slices and the corresponding 3D segmentation. d, Plasmodesmata diameter (PM-PM; inner leaflets) of type I (23 ± 2.6 nm) and type II (37 ± 7.2 nm), and the desmotubule measured in type II plasmodesmata(17 ± 2.4 nm). n = 17 and n = 22 tomograms for type I and type II plasmodesmata, respectively, and n = 22 for desmotubule measurements (****P < 0.0001 by Mann-Whitney test). The plot shows point scattering with mean ± s.d. e, Plasmodesmata width at different points along the pores in type I and II. Measurements (PM-PM; inner leaflets) were taken at the extremities and the largest part of the channels. Type I plasmodesmata have a remarkably constant diameter compared with type II. n = 17 and n = 22 tomograms for type I and type II plasmodesmata, respectively. f, Growth curve of Arabidopsis liquid cultured cells. Black arrows indicate the cell culture ages used for this study(4-, 6-and 13-days old). g, Quantification of the relative proportion of type I and II plasmodesmata in Arabidopsis cultured cells at 4, 6 and 13 days (n = 111, 89 and 22 screened plasmodesmata for 4-, 6-and 13-day-old cells). h, Average cell wall thickness in relation to plasmodesmata type. In 4-day-old cultured cells, type I plasmodesmata are abundant in thin young cell walls whereas type II plasmodesmata are preferentially associated with thicker, older walls. n = 69 and 28 for type I and II plamodesmata, respectively (****P < 0.0001 using the Mann-Whitney test). The plot shows point scattering with mean ± s.d. For f and g, plasmodesmata screening was done on 90-nm-thick sections using TEM (see Methods for details).
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Figure 4 |

 4 Figure 4 | Very tight ER-PM contacts are established during cell plate formation. a-f, Tomographic slices (0.46 nm thick) and the associated segmentation show non-appressed ER strands trapped by the fenestrated cell plate, establishing very tight contacts (d,e, red arrows and dashed line) at very early stages of plasmodesmata initiation. g-l, Tomographic slices 0.56 nm thick (g,h) and 0.36 nm thick (j,k) depicting the establishment of very tight ER-PM contacts occurring on one end of the forming plasmodesma (h, red arrows and dashed line) and along its entire length (k, red arrows and dashed line). CP, cell plate.

Figure 5 |
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  Au total, ma thèse visait à mieux comprendre la relation fonctionnelle entre les microdomaines spécialisés des Plasmodesmes et le trafic cellule à cellule chez les plantes. Le manuscrit est divisé en 5 sections Introduction Résultat Section 1: «Rôle émergent des microdomaines membranaires dans la fonctionnalité des plasmodesmes» Résultat Section 2: «relier la structure des plasmodesmes à la connectivité plasmodesmale» Discussion générale / perspective Références
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