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The plant plasma membrane (PM) is a dynamic, compartmentalized structure that acts as a platform for intracellular signaling, including biotic and abiotic stress responses. The role of PM lateral organization in plant viral infection response is barely addressed, except for REMORIN proteins (REMs). We previously showed that Solanum tuberosum REM1.3 (StREM1.3) was phosphorylated on its N-terminal segment upon potato virus X (PVX) infection, altering its membrane organization. Here, we experimentally demonstrated that StREM1.3's N-terminus is an intrinsically disordered region whose structure is altered by phosphorylation. Using the Split Ubiquitin Yeast Two Hybrid System, we unveiled the phosphodependent interactome of StREM1.3 upon PVX infection and identified several candidates of interest. Among them, we focused on a protein of the ACTIN DEPOLYMERIZATION FACTOR (ADF) family. ADFs are well-known to be involved in the dynamic of the actin cytoskeleton and we showed here that StADF2 hampered PVX propagation in a REM-dependent manner. Interestingly, expression of StADF2 also altered StREM1.3 PM clustering, linking PM organization, actin dynamics and viral cell-to-cell propagation.
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Membranes are first and foremost an assembly of amphiphilic lipids into a bilayer, forming a hydrophobic central region and a peripheral polar surface in contact with either the cytosol or the extracellular space. Three classes of lipids compose the PM: glycerolipids, sterols and sphingolipids, present in an almost equimolar amount (Cacas et al., 2016) Glycerolipids are the most abundant lipids among the PM and phosphoglycerolipids are prominent within this class. Thousands of phospholipids species compose the PM, varying in chain length and saturation, modulating the biophysical properties of the membrane.

Subclasses of phospholipids are present in different proportions, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) represent up to 80% of membrane phospholipids while the other 20% are phosphatidylglycerol (PG), phosphatidylserine (PS) and phosphatidylinositol (PI) phosphatidic acid (PA). Among the latter class, phosphatidylinositol-phosphates (PIPs), the phosphorylated forms of PI, are a group of fast inter-converting lipids going through stimulidependent phosphorylation-dephosphorylation cycles. With the two other classes of anionic phospholipids (PA and PS), PIPs are key players in the transduction of PM-located signaling processes, recruiting proteins at the PM and organizing their lateral distribution (Noack & Jaillais, 2020).

Sterols represent 30-40% of the molecules in the PM lipids. They are embedded within the membrane, protected from the solvent by lipids bearing a bigger head group than them. Their rigid, planar core interacts mainly with saturated lipids and mitigate membrane viscosity, especially upon temperature variation [START_REF] Van Meer | Membrane lipids: where they are and how they behave[END_REF]. While animals almost exclusively synthetize cholesterol and fungi ergosterol, plants synthetize a variety of sterols, mainly sitosterol, stigmasterol and campesterol. They vary based on the presence or not of an ethyl or methyl group on the carbon 24 [START_REF] Moreau | Phytosterols and their derivatives: Structural diversity, distribution, metabolism, analysis, and health-promoting uses[END_REF]; Figure 1B). In plants, sterols are either under a free form or a conjugated one. Among the conjugated ones, steryl esters and acyl steryl glucosides are the one mainly found in the plant PM [START_REF] Ferrer | Emerging roles for conjugated sterols in plants[END_REF]; Figure 1).

Sphingolipids are a variable input to the PM composition depending on the species and the tissue but in plant leaves, they would represent around 40% of the lipids (Cacas et al., 2016;[START_REF] Mamode Cassim | Plant lipids: Key players of plasma membrane organization and function[END_REF]. They are composed of a ceramide and a polar head. In plants,

the ceramide consists of a long chain base (LCB) amide-linked with a long chain or very long chain fatty acid (VLCFA). Both LCB and VLCFA vary in chain length, hydroxylation and desaturation level. The polar head bears glucosyl and/or phosphor-inositol groups. Both ceramide and polar head moieties bestow a great diversity of sphingolipids in plants, contrarily to animals. This structural diversity allows sphingolipids to be involved in a vast array of cellular functions, from structure to signal transduction [START_REF] Lenarčič | Eudicot plant-specific sphingolipids determine host selectivity of microbial NLP cytolysins[END_REF][START_REF] Michaelson | Plant sphingolipids: Their importance in cellular organization and adaption[END_REF];

Figure 1).

Lipids are not homogeneously distributed between the two leaflets, creating an asymmetry that is essential for the cell functions, as shown in animal cells [START_REF] Lorent | The mammalian plasma membrane is defined by transmembrane asymmetries in lipid unsaturation, leaflet packing, and protein shape[END_REF][START_REF] Murate | Revisiting transbilayer distribution of lipids in the plasma membrane[END_REF]. This asymmetry is maintained by enzymes (namely scramblases, flippases, floppases) that promotes the accumulation of zwitterionic phospholipids and sphingolipids mostly on the outer leaflet and anionic lipids on the inner leaflet. In plant, PM asymmetry was experimentally assessed for phospholipids, glucosylceramide and sterols. The two latter accumulate in the outer leaflet while the first is mostly found in the inner leaflet [START_REF] Tjellström | Lipid asymmetry in plant plasma membranes: phosphate deficiency-induced phospholipid replacement is restricted to the cytosolic leaflet[END_REF].

Proteins

Proteins represent 50% of the PM mass, therefore, based on the average size of a protein , the PM would contain one PM protein for around a hundred lipid molecules (Cacas et al., 2016;[START_REF] Dupuy | Protein area occupancy at the center of the red blood cell membrane[END_REF]. Proteins are attached to the membrane either superficially or by being completely embedded in it through one or several transmembrane domains. Peripheral attachment of proteins relies on electrostatic interactions of lipid binding domains with the polar head of diacylglycerol or with anionic lipids as well as through the addition of lipidation motifs to the protein, namely myristoyl, palmitoyl, geranyl-geranyl, farnesy-farnesyl and and GPI anchor. Depending on the added lipid, the strength of association with the membrane as well as the association with specific lipids within the PM is modified [START_REF] Shahinian | Doubly-lipid-modified protein sequence motifs exhibit long-lived anchorage to lipid bilayer membranes[END_REF][START_REF] Silvius | Fluorimetric evaluation of the affinities of isoprenylated peptides for lipid bilayers[END_REF].

How to define domains?

The diversity of lipid species, all carrying their biophysical constrains, along with the affinity of proteins for specific lipid classes led to think that proteins and lipids are not homogeneously distributed within the PM but are gathered in domains. Since the first proposed PM models, numerous experimental proofs showed that the PM is indeed laterally organized and that this organization is of physiological relevance.

Methods shape domain definition

As for any other experimental field, the concepts developed in life science are molded by the experimental methods used to build them. Interestingly, even if the fluid mosaic model was proposed in 1972, lateral segregation of PM proteins was already witnessed in the 1960's [START_REF] Cerottini | Localization of mouse isoantigens on teh cell surface as revealed by immunofluorescence[END_REF]; Figure 2). However, properly addressing this observed heterogeneity and building concepts around it required technologies that did not exist yet. 1.2.1.1. Biochemistry The first concept developed around a putative organization of lipids in membranes comes from the separation of the membranes in two fractions when treated with mild detergents at low temperature: detergent-soluble membranes (DSM) and detergent-resistant membranes (DRM) (J. [START_REF] Yu | Selective solubilization of proteins and phospholipids from red blood cell membranes by nonionic detergents[END_REF]. The fact that DRM were enriched in glycosphingolipids and sterols as well as the observation at that time of the apical sorting of glycosphingolipids in epithelial cell linked biochemical separation with cellular topology [START_REF] Brown | Sorting of GPI-anchored proteins to glycolipid-enriched membrane subdomains during transport to the apical cell surface[END_REF]. This led Simons and Ikonen to build the "lipid raft" model, proposing that lipids are segregated within a membrane depending on their physico-chemical properties [START_REF] Simons | Functional rafts in cell membranes[END_REF]; Figure 2). In this model, lipid rafts would be enriched in sterols, saturated phospholipids, sphingolipids and Glycosylphosphatidylinositol-anchored proteins and depleted in unsaturated lipids.

Thanks to the biophysical properties of lipid-lipid interactions, rafts would act as a sorting platform for proteins displaying high affinity for such membrane composition [START_REF] Lingwood | Lipid Rafts As a Membrane-Organizing Principle[END_REF]. It was confirmed for several plants species through the comparison of PM and DRM fractions that showed different protein composition [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][START_REF] Minami | Alterations in detergent-resistant plasma membrane microdomains in Arabidopsis thaliana during cold acclimation[END_REF]Mongrand et al., 2004).

Very early after the lipid raft hypothesis was proposed, the biochemical relevance of DRM was questioned. Lipids properties are affected by temperature and experiments are to be done way below physiological temperatures. Also, lipids interact with the detergents with different affinities, which affects partitioning. It was noticed that, depending on the detergent and the method used to yield DRM, the associated proteins are not the same [START_REF] Ostermeyer | Glycosphingolipids are not essential for formation of detergent-resistant membrane rafts in melanoma cells. methyl-beta-cyclodextrin does not affect cell surface transport of a GPI-anchored protein[END_REF].

Finally, the membrane asymmetry, crucial for membranes structure and function, is lost when treated with detergents.

DRMs are to be considered as nothing more but a biochemical fraction that helped to understand the partitioning of lipids and not as the strict equivalent of lipid rafts [START_REF] Levental | Lipid rafts: controversies resolved, mysteries remain[END_REF]. If the lipid raft model was a first step to understand PM component segregation, it emphasized greatly on the lateral organization of lipids and neglected the role of proteins in such partitioning.

Cell imaging

Electron microscopy allows the observation of the PM in a native state, with a lateral resolution of circa 0.1 nm. In the 1980's it was observed in the neuromuscular junction that synaptic vesicles fuse at precise parts of the membrane in which protein aggregation was observed. It led the author to propose that proteins were organized into PM nanoscale assemblies to coordinate this process [START_REF] Heuser | Structural changes after transmitter release at the frog neuromuscular junction[END_REF].

Fluorescence microscopy and genetically encoded fluorescent proteins (FP) opened the way to the observation of living cell and their dynamics. However, the resolution of optical systems does not go below 500nm while most PM compartments characterized with electron microscopy and biochemical analysis, like caveolae or clathrin pits, are around 100 nm size [START_REF] Huang | Brain-targeting mechanisms of lactoferrin-modified DNA-loaded nanoparticles[END_REF]. Total Internal Reflection Microscopy (TIRF) uses an angled laser, inducing reflection of most of the photons at the sample surface and exciting only a small Z section of the sample's fluorophores by an evanescent wave. By removing most of the background noise, TIRF dramatically increases XY resolution [START_REF] Axelrod | Total internal inflection fluorescent microscopy[END_REF]. This imaging setup, paired with the development of photoswitchable or photoactivable FP, overcame the diffraction limit and gave access to single-protein localization, allowing characterization of PM objects with a lateral resolution of 50nm and, more importantly, of the diffusion parameters of individual proteins. This allowed to compare the diffusion coefficients observed in living cells to the one previously calculated based on model membranes. It was propose the picket and fences model in which fences of cortical actin cytoskeleton would lie under the PM and be attached to it through to transmembrane "pickets" proteins, creating PM compartments. This model is thought as an implementation of the lipid raft model: proteins oligomerize in small domains inside lipid rafts, which form smaller units within the compartments formed by the actin cytoskeleton [START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: High-speed single-molecule tracking of membrane molecules[END_REF]; Figure 2).

The main limit for fluorescence microscopy is the use of fluorescent proteins (FP) that are sometimes bigger than the protein of interest and can influence its subcellular localization and PM behavior. Moreover, unlike for proteins, it is not possible to tag lipids through geneticallyencoded probes. Instead, fluorescent lipophilic dyes can be used to stain the PM as a whole and, if phase-dependent like Di-4-ANEPPDHQ, they can be used to assess the global order of a membrane but do not give access to nanometric scale information [START_REF] Klymchenko | Fluorescent Probes for Lipid Rafts: From Model Membranes to Living Cells[END_REF]. Recently, a phytosterol marker called D4L was developed by mutating the cholesterol domain of a bacterial toxin. It was shown to bind sitosterol and campesterol and was used to image sterol domains at the PM [START_REF] Ukawa | Sphingolipids with 2-hydroxy fatty acids aid in plasma membrane nanodomain organization and oxidative burst[END_REF]. Moreover, SR-compatible lipid probes associated with high resolution microscopy techniques were recently used to obtain highly resolved lipid domains [START_REF] Danylchuk | Switchable Solvatochromic Probes for Live-Cell Super-resolution Imaging of Plasma Membrane Organization[END_REF] and lipids tagged with SR-compatible FP allowed to obtain nice lipid localization and diffusion data in cultured cells [START_REF] Kinoshita | Raft-based sphingomyelin interactions revealed by new fluorescent sphingomyelin analogs[END_REF]. Such methods were never used in plant samples, for which diffusion and clustering parameters of phosphatidylserine were obtained through the use of engineered minimal lipidbinding domains (Platre et al., 2019).

Fluorescence microscopy of live cells shed a new light on the lateral organization of the PM proteins and helped to refine existing models, revealing how dynamic their segregation is. The very small time and space scale in which the associated lipid compartments exist greatly hampers the ability to properly assess their role in PM domain formation with given technologies. However, SR microscopy techniques allowed to understand the dynamics of PM organization and are constantly offering better time and space resolution. Not all of them are suitable to image plant samples, whether in live or fixed samples, due to the specificities displayed by plant tissues that require further development both in sample preparation methods and acquisition setups [START_REF] Colin | Phospholipids across scales: lipid patterns and plant development[END_REF]. 1.2.1.3. In vitro systems A way to address the role of lipids in membrane lateral organization is to use in vitro systems recreating lipid membranes deprived of any other cellular components.

The first in vitro model membranes were isolated from living cells and were called Giant Plasma Membrane Vesicles (GPMVs). They only contain PM lipids and proteins and form domains of a micrometer scale, observable using photon microscopy [START_REF] Scott | Plasma Membrane Vesiculation: A New Technique for Isolation of Plasma Membranes[END_REF][START_REF] Sezgin | Giant plasma membrane vesicles to study plasma membrane structure and dynamics[END_REF]. In vitro membranes can also be created de novo, with synthetic lipids; lipid mixtures can be molded into supported lipid bilayers (SLBs), large unilamellar vesicles (LUVs) or giant unilamellar vesicles (GUVs. These system are deprived of proteins but still display lipid domains, supporting the idea that lipids alone are sufficient to create phase partition [START_REF] Lingwood | Lipid rafts as functional heterogeneity in cell membranes[END_REF]; Figure 2).

A membrane is roughly a two-dimensional fluid so the principles of phase separation applies to it: two liquids with different transition temperatures form two separate phases when mixed together below a melting temperature Tm [START_REF] Veatch | Seeing spots: complex phase behavior in simple membranes[END_REF]. Experiments done with in vitro-built model membranes showed that a mix of saturated phospholipids, unsaturated lipids and cholesterol was enough to create two lipid compartments, a liquid-ordered one (Lo), enriched in saturated chain lipids, and a liquid-disordered one (Ld) enriched in unsaturated chains. It also led to postulate that the conjugation between sphingolipid and cholesterol is a sufficient driving force to separate lipids into two compartments [START_REF] Dietrich | Lipid rafts reconstituted in model membranes[END_REF]. Drawing a link between the lipid composition of the Lo phase and the one of the lipid rafts, it upheld the raft concept, so far only supported by conflicting results from detergent treatments (Figure 2).

Phase-specific fluorescent lipid probes are widely used in model membranes to visualize lipid liquid-liquid phase separation. Technical hindrances are still met: while unsaturated acyl chain lipids keep their affinity for Ld phases when modified with a fluochrome, it is not always the case for lipids with a saturated acyl chain. Indeed, they display a wide range of behaviors towards the Lo phase mainly because the addition of a chemical group on their head modify their ability to get packed in dense membrane domains [START_REF] Klymchenko | Fluorescent Probes for Lipid Rafts: From Model Membranes to Living Cells[END_REF].

Aforementioned phase-sensitive fluorescent probes can also be used on model membranes to estimate their lipid order [START_REF] Sych | How Does Liquid-Liquid Phase Separation in Model Membranes Reflect Cell Membrane Heterogeneity?[END_REF]. In complement with fluorescent-based imaging, label free methods like atomic force microscopy (AFM) can also be used on model membranes to assess phase separation. This technique relies on a sharp probe that apply slight pressure to the membrane to give topographic information at the nanometric scale [START_REF] Frederix | Atomic Force Microscopy of Biological Membranes[END_REF].

Purified proteins can be added to model membranes and, depending on the resolution of the method used to study the assembly, can be used to assess their affinity to Lo or Ld phases, to investigate their supramolecular assembly in membranes or to address their ability to modify lipid phase separation [START_REF] Fotiadis | Atomic force microscopy for the study of membrane proteins[END_REF][START_REF] Hammond | Atomic force microscopy to elucidate how peptides disrupt membranes[END_REF]; Figure 2).

In vitro membrane models bear both the advantage and the constrain to be independent of any cellular component except lipids, allowing to study specifically lipid-lipid interactions.

Removing all the proteins responsible for lipid synthesis and degradation, it suppresses the dynamic turnover of lipids, leading to oversized domains that could be considered a representation the PM at equilibrium (Simons & Gerl, 2010). 1.2.1.4. In silico methods

The very first model proposed based on calculations was built in manu rather than in silico: by noticing the difference in thickness between lipids and transmembrane domains and taking into account the requirement for a system to minimize its energy, Mouristen and Bloom predicted that transmembrane proteins would modify their surrounding lipid environment to suit their characteristics, which was confirmed experimentally later-on [START_REF] Mouritsen | Mattress model of lipid-protein interactions in membranes[END_REF][START_REF] Kreutzberger | Rhomboid distorts lipids to break the viscosity-imposed speed limit of membrane diffusion[END_REF].

Nowadays, tremendous experimental data was obtained on the structure and biophysical properties of individual lipids and proteins which are used as an input to build in silico models to study the PM behavior at the molecular level. An in silico model containing more than 60 lipid species, representative of the average mammalian cell PM was partitioned into lipid domains both on the outer and inner leaflet. Consistently with experimental data, the outer leaflet domains were containing gangliosides while, in the inner leaflet, it was the PIPs that were preferentially aggregating (Ingólfsson et al., 2014). Recently, a framework built by the same authors allowed to test lipid and proteins interaction and partition at the membrane. They used SR microscopy data to feed an in silico model and further tested it with SR in both living cells and supported bilayers. They showed that the protein RAS accumulated in regions enriched in specific lipids and that those lipid regions were responsible for a slower, more confined diffusion of the protein but also for a modification its orientation within the membrane, which modulated its interaction with other proteins [START_REF] Ingolfsson | Machine learning-driven multiscale modeling reveals lipid-dependent dynamics of RAS signaling proteins[END_REF]. Modeling of A.

thaliana leaf PM was recently achieved, giving a basis for further analyses (Y. [START_REF] Yu | Symmetric and Asymmetric Models for the Arabidopsis thaliana Plasma Membrane: A Simulation Study[END_REF].

Molecular dynamics and in silico models allowed to reach another level of precision, addressing the molecular interactions ruling the repartition of lipids and proteins within a membrane and sharpening the biophysical and topological requirements for a domain to be designated as such.

Key players for PM lateral organization

PM lipids and proteins

The partition of lipids between two phases in in vitro membranes can be achieved with only two phospholipids bearing different acyl length and saturation [START_REF] Bagatolli | Two photon fluorescence microscopy of coexisting lipid domains in giant unilamellar vesicles of binary phospholipid mixtures[END_REF]. The magnitude of the difference between two lipids in terms of physical properties -acyl chain length, unsaturation, transition temperature-drives the ability for a membrane to form two phases. Unsaturated acyl chains display a low transition temperature and a geometry that requires some space within a membrane, which is incompatible with packing and therefore enhance disorder. On the opposite, saturated acyl chains have a high transition temperature and can geometrically get packed together, creating a dense lipid environment. The affinity saturated chains have for themselves drives their crowding on one side and repulses unsaturated chains on the other, creating the Lo and Ld phases to minimize the energy within the system. However, in vitro phase partition rather occurs at the micrometric scale while lipid domains in living cells are rather nanometric. A model system is highly dependent on the conditions in which it is built. First, the temperature at which experiments are done highly influence the way lipids arrange themselves together and therefore influence the size and stability of lipid domains [START_REF] Sych | How Does Liquid-Liquid Phase Separation in Model Membranes Reflect Cell Membrane Heterogeneity?[END_REF]. Second, most model membranes are created from lipids bearing unsaturations on both acyl chains, which are rarely encountered in eukaryotic cells, whether plant or animal. When they are built with hybrids acyl chains -with only one being unsaturated in position sn-2-they displayed smaller domains, closer to the one observed in vivo (Brewster & Safran, 2010;[START_REF] Yamamoto | Chain ordering of hybrid lipids can stabilize domains in saturated/hybrid/cholesterol lipid membranes[END_REF]. Third, they obviously lack all the constrains existing within a living cell: membrane proteins, cytoskeleton, extracellular matrix or cell wall. Thus, the lack of microscopic-size evidence of lipid partition in living cells do not preclude its occurrence.

The PM is not only a blend of phospholipids with varying acyl chains but also contain sphingolipids and sterols. Sterols preferentially interact with saturated lipids with which it is predicted to make hydrogen bonds [START_REF] García-Arribas | Cholesterol interactions with ceramide and sphingomyelin[END_REF]. They show a particular affinity for sphingolipids, which is proposed to be explained by the presence of hydroxyl groups at the LCB and FA and their large head groups, making space for them by steric hindrance and protecting them from the solvent [START_REF] Gulati | Sterols and sphingolipids: Dynamic duo or partners in crime?[END_REF]. While packing of saturated lipids could lead to the formation of a solid gel phase, the biophysical preference of sterols for saturated lipids keep them in a Lo phase, in which lipid packing is maintained but diffusion of lipids and proteins in allowed, ensuring biological processes [START_REF] London | How principles of domain formation in model membranes may explain ambiguities concerning lipid raft formation in cells[END_REF]. Compared to other kingdoms, plants display a wide range of sterols, free or conjugated. In the PM of most plants, free sterols are the most represented [START_REF] Ferrer | Emerging roles for conjugated sterols in plants[END_REF]. Among them, sitosterol and campesterol have an ordering effect similar of the one of cholesterol while stigmasterol can disrupt the packing of saturated lipids [START_REF] Grosjean | Differential effect of plant lipids on membrane organization: specificities of phytosphingolipids and phytosterols[END_REF]. Conjugated sterols can also be found in the PM and have been shown to increase membrane order [START_REF] Grosjean | Differential effect of plant lipids on membrane organization: specificities of phytosphingolipids and phytosterols[END_REF].

The complexity and variety of sterols species in the plant PM modulates the biophysical properties of the lipid bilayer, allowing them to buffer wider changes in temperature compared to animal cells [START_REF] Dufourc | The role of phytosterols in plant adaptation to temperature[END_REF][START_REF] Grosjean | Differential effect of plant lipids on membrane organization: specificities of phytosphingolipids and phytosterols[END_REF]. Based on the biophysical properties of free phytosterols compared to the ones of cholesterol, it was predicted that they would promote formation of smaller domains in plants than in animals [START_REF] Dufourc | The role of phytosterols in plant adaptation to temperature[END_REF].

The PM is therefore a complex blend of thousands of lipid species, each carrying their own biophysical characteristics and interacting all together to drive the PM to a non-ideal mixing state compatible with the dynamic formation of phases. The PM display a composition allowing a phenomenon called critical fluctuations, that is also used to describe non-biological material built from a blend of components. Given the observed composition in lipids in the PM of living cells, the unfavorable energy that drives unmixing is minimal; said differently, at a physiological temperature, the different phases existing in the PM are similar enough in terms of biophysical properties to allow quick transitions between aggregation and mixing. Critical fluctuations, which are heavily sensitive to environmental changes, would give to the PM a great ability to remold itself upon stimulus [START_REF] London | How principles of domain formation in model membranes may explain ambiguities concerning lipid raft formation in cells[END_REF][START_REF] Shaw | Critical Phenomena in Plasma Membrane Organization and Function[END_REF]; Figure 3).

Lipid demixing favors the presence of nanometric, dynamic PM environments for protein docking and aggregation. Most studies done on PM organization considered that lipid partition into domains at the PM were ruling protein sorting whereas the impact of protein interaction with the lipids at the PM was barely addressed [START_REF] Miller | Divide and conquer: How phase separation contributes to lateral transport and organization of membrane proteins and lipids[END_REF]. Recently, a SR-based deconvolution of the role of PM lipid-lipid and protein-protein interactions allowed to identify a collaborative effect between lipid domains and the clustering of immunoglobulin E-receptor in response to an antigen [START_REF] Bag | Lipid-based and protein-based interactions synergize transmembrane signaling stimulated by antigen clustering of IgE receptors[END_REF]. Such a complete approach could be taken as an invitation to explore the role of PM proteins in lipid partition, as relying on the self-organization of lipids to explain domain formation in cells appears to be a drastic simplification of the system.

Integral proteins bear one or several transmembrane domains (TMDs) that fully cross the PM.

The TMD of integral proteins do not always matches the thickness of the lipid bilayer, creating a phenomenon called hydrophobic mismatch. The hydrophobic part of the protein can be partially exposed to the cytosol or the hydrophilic part partially in contact with the acyl chains.

Such mismatches have to be avoided to minimize the energy within the system. To do so, the TMD conformation is optimized or the local lipid environment is modified [START_REF] Killian | How proteins adapt to a membrane-water interface[END_REF][START_REF] Lee | Lipid-protein interactions in biological membranes: a structural perspective[END_REF]. It is easily imaginable that in vivo, lipids bearing a matching acyl chain would end up accumulating around TMDs to minimize unfavorable interactions, creating a small proteolipid domain. To support this hypothesis, it was shown that a protein TMD directly Adapted from Shaw et al., 2021
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interacted with their neighbor lipids and increased their time of residence around them [START_REF] Marsh | ESR spinlabel studies of lipid-protein interactions in membranes[END_REF].

Peripheral proteins can be anchored through electrostatic interactions with specific lipids or through the addition of a lipid moiety to them. For the latter, the added acyl chain can confer affinity to either Lo or Ld phases. Acylation, for example, drives association of the protein with Lo phases while prenylation rather drives it to Ld phases [START_REF] Melkonian | Role of lipid modifications in targeting proteins to detergent-resistant membrane rafts. Many raft proteins are acylated, while few are prenylated[END_REF]. Lipid phases would drive the sorting of lipidated proteins depending on the property of the acyl chain they are attached to while a local accumulation of proteins bearing the same acylation would drive the attraction of lipids with the same characteristics and the exclusion of others. In that scope, lipidated peptides in model membranes have been shown to modulate their local lipid environment [START_REF] Gorfe | Membrane localization and flexibility of a lipidated ras peptide studied by molecular dynamics simulations[END_REF][START_REF] Huster | Membrane insertion of a lipidated ras peptide studied by FTIR, solid-state NMR, and neutron diffraction spectroscopy[END_REF]. If some lipidation are stable, acylations are transient and mediated by transferase and esterase. In plants, it has been shown that acylation mediated the transient association with a domain in a stimulus-dependent manner, demonstrating that such modification can regulate lateral partition of proteins at the PM [START_REF] Hurst | S-acylation stabilizes ligand-induced receptor kinase complex formation during plant pattern-triggered immune signalling[END_REF]. Peripheral anchoring can also be done through electrostatic interactions. Indeed, while the outer leaflet mainly contains zwitterionic species, the inner leaflet mostly bears anionic lipids, which create a negatively charged interface to which proteins with an even slightly positively charged surface will be aspecifically attracted to [START_REF] Whited | The interactions of peripheral membrane proteins with biological membranes[END_REF]. The interaction will be than stabilized if the proteins are bearing a lipid biding domain that allows more specific interaction with a given lipid [START_REF] Pemberton | Polyphosphoinositide-Binding Domains: Insights from 203 Peripheral Membrane and Lipid-Transfer Proteins[END_REF]. Lateral clustering of negatively charged lipids could drive the aggregation of positively charged proteins. In plants, anionic lipids like PS and PIPs were shown to be involved in the lateral segregation of PM proteins and the regulation of multiple transduction pathways (Gronnier et al., 2017;Platre et al., 2019). All of this data rather address a lipid-driven sorting of proteins at the PM whereas the ability for PM proteins to drive lipid partition in living cells was barely assessed.

If lipids weakly interact with each other, transiently forming lipid domains, proteins can form stable supramolecular complexes that could stabilize lipid domains or even drive their formation. Using molecular dynamics, it has been shown for t-SNARE that its aggregation mediate lipid domain formation [START_REF] Sharma | t-SNARE Transmembrane Domain Clustering Modulates Lipid Organization and Membrane Curvature[END_REF]. In vitro, T-cell receptor cross-linking drove the formation of large Lo phases within the PM [START_REF] Dinic | The T cell receptor resides in ordered plasma membrane nanodomains that aggregate upon patching of the receptor[END_REF]. Membrane proteins that bear an intrinsically disordered domain (IDD) can act as scaffold for other proteins [START_REF] Bondos | Intrinsically disordered proteins play diverse roles in cell signaling[END_REF][START_REF] Martin-Yken | Knr4: a disordered hub protein at the heart of fungal cell wall signalling[END_REF] and liquid phase separation through multivalent interaction of several IDD-bearing proteins together has been shown to drive protein partition within the PM although there is no direct evidence that it could drive also lipid phase partition [START_REF] Cornish | Intrinsically disordered proteins and membranes: a marriage of convenience for cell signalling?[END_REF]. In plants, domain-localized REMs bear a putative IDD which phosphorylation modifies lateral mobility (A. Perraki et al., 2018). Whether it alters lipid partitioning at the membrane will be explored in the second article presented in this manuscript (Legrand et al., 2022).

Proteins are, as any other molecules, subjected to Brownian motion which, in the PM, corresponds to lateral diffusion. It was proposed that phase separation of the lipids at the PM creates local heterogeneities that would momently trap freely diffusing molecules within a phase offering favorable interactions [START_REF] Marguet | Dynamics in the plasma membrane: how to combine fluidity and order[END_REF]. Several proteins transiently confined together and able to form complexes would draw the aggregation of similar lipid species and drive further recruitment of proteins with affinity to them, nucleating domain formation. However, simple Brownian motion is still a random force driving toward homogenization within a system and would not be able to explain the formation of stable domains [START_REF] Marguet | Dynamics in the plasma membrane: how to combine fluidity and order[END_REF]. For example, plant aquaporin PIP1;2 is able to display free diffusing behavior, confined behavior and directed behavior [START_REF] Li | Single-Molecule Analysis of PIP2;1 Dynamics and Partitioning Reveals Multiple Modes of Arabidopsis Plasma Membrane Aquaporin Regulation[END_REF] and all of those coexisting courses cannot solely be explained by lipid-lipid interactions and protein-lipid interactions; they must rely on forces beyond the strict lipid bilayer.

Cytoskeleton

Taken into a cellular context, PM dynamics is also ruled by extracellular and intracellular constrains, the latter mostly represented by the cortical cytoskeleton. As stated before, Kusumi and colleagues observed peculiar diffusion coefficients and postulated that the cortical actin cytoskeleton was tightly associated with the PM thanks to adaptor proteins, restraining diffusion of the proteins. The fence formed by the actin cytoskeleton and the transmembrane "pickets" proteins would cut down the membrane into small fields, allowing free diffusion of the lipids within them but hampering it beyond them [START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: High-speed single-molecule tracking of membrane molecules[END_REF][START_REF] Nakada | Accumulation of anchored proteins forms membrane diffusion barriers during neuronal polarization[END_REF].

These pickets and fences would not fully stop the diffusion outside those areas but dynamic rearrangement of the cytoskeleton and sparse pickets would allow lipids and proteins to "jump" from one compartment to the other, which would explain the observed "hop" diffusion [START_REF] Kusumi | Hierarchical mesoscale domain organization of the plasma membrane[END_REF]Figure 4). In accordance with this model, depolymerization of the cytoskeleton in living cells led lipids and proteins to show diffusion coefficient similar to the one predicted in the models [START_REF] Fujiwara | Phospholipids undergo hop diffusion in compartmentalized cell membrane[END_REF]. Moreover, adding cytoskeleton elements to model membranes had two effects: it created domains within membranes that were previously homogenous and it disrupted already existing phases into smaller ones [START_REF] Honigmann | A lipid bound actin meshwork organizes liquid phase separation in model membranes[END_REF][START_REF] Schneider | Diffusion of lipids and GPI-anchored proteins in actin-free plasma membrane vesicles measured by STED-FCS[END_REF]. These two apparently contradictory effect shows the ability of the cytoskeleton to rule the lateral partitioning of lipids at the membrane, in the absence of any other cellular mechanisms like clustering of PM proteins, endocytosis or lipid metabolism. At the nanometer scale, actin would act as an additional forces pushing lipids that are able to aggregate but would not do so without any external constrain. Given its density, the cortical cytoskeleton interaction with membrane lipids would disrupt micrometer-scale domains and prevent the aggregation of large patches of lipids [START_REF] Honigmann | A lipid bound actin meshwork organizes liquid phase separation in model membranes[END_REF][START_REF] Shaw | Critical Phenomena in Plasma Membrane Organization and Function[END_REF].

In living cells, it has been shown that the cytoskeleton ruled the partition and the dynamic of PM-located proteins in many models, including plants [START_REF] Krapf | Compartmentalization of the plasma membrane[END_REF][START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF]. It was proposed that the proteins at the PM are constrained by the actin cytoskeleton either by directly interacting with it, by interacting with "pickets" proteins or by steric hindrance [START_REF] Kusumi | Hierarchical mesoscale domain organization of the plasma membrane[END_REF]. At the same time, the cytoskeletal mesh is highly dynamic and able to respond quickly to external stimulus, partly because cytoskeleton-binding proteins are regulated by PM-localized proteins [START_REF] Lian | Regulation of cytoskeleton-associated protein activities: Linking cellular signals to plant cytoskeletal function[END_REF]. In plants, two Rho-Of-Plants (ROP) isoforms have been shown to modulate microtubule arrays upon stress or hormone treatments while PM-located calcium-dependent protein kinase 3 (CPK3) is able to stabilize cortical actin cytoskeleton upon bacterial infection (C. [START_REF] Li | A ROP2-RIC1 pathway fine-tunes microtubule reorganization for salt tolerance in Arabidopsis[END_REF][START_REF] Lin | Rho GTPase signaling activates microtubule severing to promote microtubule ordering in Arabidopsis[END_REF]Lu et al., 2020).

Phospholipids and in particular PIP2 and PA, have been shown to regulate actin dynamics in vitro, mostly explained by the fact that actin-binding proteins display stretches of basic and aromatic amino acids, allowing their anionic lipid attachment (J. Li et al., 2012;[START_REF] Pleskot | When fat is not bad: the regulation of actin dynamics by phospholipid signaling molecules[END_REF][START_REF] Saarikangas | Regulation of the actin cytoskeletonplasma membrane interplay by phosphoinositides[END_REF]. This would lead to think that lateral partition of lipids could aggregate cytoskeleton regulators to modify the cytoskeleton mesh in the vicinity of a lipid domain, to either strengthen or loosen it. In that scope, plant Formins (FH) are of particular interest as they form clusters at the PM upon PTI in an actin-cytoskeleton dependent manner, modifying in return the actin mesh dynamics. This shows a deep interplay between cytoskeletal organization and lateral PM partition of this protein [START_REF] Ma | Membrane nanodomains modulate formin condensation for actin remodeling in Arabidopsis innate immune responses[END_REF]. 1.2.2.3. Cell wall The diffusion coefficients of PM proteins in animal cells, in which the PM has a rather weak attachment to the EC matrix, are higher than the plant ones. Plant cells are surrounded by a cell wall, an assembly of proteins, pectins, cellulose and hemicellulose secreted by the cell and to which the PM is tightly connected. It has been shown for a wide range of PM proteins that they display higher diffusion coefficients when the cell wall is altered [START_REF] Daněk | Cell wall contributes to the stability of plasma membrane nanodomain organization of Arabidopsis thaliana FLOTILLIN2 and HYPERSENSITIVE INDUCED REACTION1 proteins[END_REF][START_REF] Martinière | Cell wall constrains lateral diffusion of plant plasma-membrane proteins[END_REF][START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF]. Some PM proteins, among them FHs or cell wall kinases, are suspected to be directly bound to cell wall components, extensins for the first and pectins for the second (Kohorn et al., 2016;[START_REF] Martinière | Building bridges: formin1 of Arabidopsis forms a connection between the cell wall and the actin cytoskeleton[END_REF]. However, most PM proteins described to be affected by cell wall alterations are not anchored to the cell wall.

How cell wall integrity affects the dynamic of those proteins is not fully understood yet. It has been proposed that cell wall-mediated PM dynamics alteration depend either on the direct interaction of proteins with the cell wall or on the interaction with a cell-wall anchored PM protein [START_REF] Martiniere | Protein diffusion in plant cell plasma membranes: The cell-wall corral[END_REF]. Cell-wall derived molecules could also be involved in the partition of PM components, activating the receptors they bind. For example, Feronia (FER), a transmembrane receptor considered as part of the cell wall surveillance system, binds regulatory peptides to induce assembly of receptors and co-receptors, altering their PM lateral behavior to trigger immune or development-related signaling cascades [START_REF] Gronnier | Regulation of immune receptor kinase plasma membrane nanoscale organization by a plant peptide hormone and its receptors[END_REF][START_REF] Stegmann | The receptor kinase FER is a RALF-regulated scaffold controlling plant immune signaling[END_REF].

Direct interaction between lipids and the cell wall are described, at the exception of plant sphingolipids GIPC with a pectin component, rhamnogalacturan II. This interaction is suspected to influence cell wall homeostasis [START_REF] Voxeur | Glycosylinositol phosphorylceramides from Rosa cell cultures are boron-bridged in the plasma membrane and form complexes with rhamnogalacturonan II[END_REF]. Sphingolipids being key players in lipid domain partition, this could lead to think that this interaction influences lipid domain formation at the PM but no evidence exists so far.

While several experimental proofs underlie the importance of the cell wall in the regulation of lateral mobility of PM components, the involvement of PM lateral partition in cell wall homeostasis is not thoroughly shown. Some GPI-anchored proteins, which are known to be addressed to Lo phases, are responsible for cell wall maintenance (Yeats et al., 2018).

Moreover, ROP domains were shown to be involved in secondary cell wall modeling [START_REF] Oda | The dynamic interplay of plasma membrane domains and cortical microtubules in secondary cell wall patterning[END_REF]. Plasmodesmata (PD) plasticity are a hint that PM domains play a role in cell wall regulation. PD are membrane-lined nanotubes specific to plants that connect neighbor cells together to ensure cell-to-cell communication. The diameter of such nanotubes -and therefore permeability-is tightly regulated by intracellular and extracellular mechanisms. If intracellular mechanisms were recently proposed, either relying on protein tethers or on actin cytoskeleton, the most studied ones involve extracellular processes [START_REF] Diao | Arabidopsis formin 2 regulates cell-to-cell trafficking by capping and stabilizing actin filaments at plasmodesmata[END_REF]Z. P. Li et al., 2021). Indeed, the cell wall surrounding PD can be filled up with callose, a polymer of B-1,3-glucose, restraining the diffusion of molecules through PD (Wu et al., 2018). While callose can accumulate all around the cell wall upon stimulus, the PD appears to be a hotspot where callose turnover is required to be plastic enough to ensure proper exchange of information (Wu et al., 2018). Callose homeostasis rely on the fine-tuning of PM-localized enzymes bearing contradictory activities: B-glucanases and callose synthases. B-glucanases, along with other key PD regulators, are GPI-anchored proteins and were shown to be enriched at PD in a steroldependent manner [START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF]. Moreover, it has been shown that PD are enriched in sphingolipids, sterols and in saturated PIPs and that depletion of the two first affected callose deposition, hinting that lipid domains are important for PD regulation [START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF][START_REF] Iswanto | Sphingolipids Modulate Secretion of Glycosylphosphatidylinositol-Anchored Plasmodesmata Proteins and Callose Deposition[END_REF]. If PD were proposed to be PM domains, based on their ability to accumulate proteins upon stimulus [START_REF] Petit | Dare to change, the dynamics behind plasmodesmata-mediated cell-to-cell communication[END_REF], whether they present a sublevel of partitioning remains to be explored (Figure 4).

All of this data supports the idea of a deep functional and structural interconnection between the cell wall, the cytoskeleton and the PM, all together organizing the reception and specific transduction of signals within the cell. It was although proposed that the cell wall play a prominent role in regulation of the plant PM dynamics, based on the size of plant PM domains and the drastic effect of cell wall disruption (Jaillais & Ott, 2020;[START_REF] Martinière | Cell wall constrains lateral diffusion of plant plasma-membrane proteins[END_REF][START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF].

Is there a model for PM domains?

Domains would be more the rule than the exception within the PM, whether hard-to-grasp and nanometric or stable and polar. To span all the existing scales of organization existing within a membrane, a nomenclature based on the size of domains was proposed: meso-scale, microscale and nano-scale [START_REF] Ott | Membrane nanodomains and microdomains in plant-microbe interactions[END_REF]. After years of boisterous debate, the very existence of this classification shows that the idea of PM domain is now widely accepted in the PM community.

Attempts to define domains abound, trying as possible to encompass all witnessed heterogeneities, here is a quite consensual one: "domains in which the local composition, lateral organization, and/or dynamics differ in some way from the average membrane properties" [START_REF] Jacobson | The Lateral Organization and Mobility of Plasma Membrane Components[END_REF]. Domains are then context-dependent, which could explain why it is so hard to pin down the principles ruling their existence. How to integrate within a model all the partners driving domain partition? Based on the method used, the part played by a given component -whether lipid, protein or surrounding matrix-is overestimated. With processes occurring at such small time and space scales, this is the only way to experimentally detangle the role of each of these partners.

Critical phenomena, that well describes the flexibility of the lipid phases at the PM along with their ability to respond to external forces, was implemented by Rao and Mayor's team to propose the active composite model [START_REF] Gowrishankar | Active remodeling of cortical actin regulates spatiotemporal organization of cell surface molecules[END_REF][START_REF] Rao | Active organization of membrane constituents in living cells[END_REF][START_REF] Shaw | Critical Phenomena in Plasma Membrane Organization and Function[END_REF]. The active composite model tries to integrate all domain-related components in the scope of their relation the cytoskeleton. While taking this perspective, it does not minimize the role of any partner and considers that protein and lipid interactions within the PM are as important as PM-actin interactions. Molecules are then classified regarding their interaction with the cytoskeleton network: inert, passive and active. Inert molecules like short lipids do not interact with the cytoskeleton. Active and passive ones interact with the cytoskeleton to modify it or not, respectively. The other concept feeding this model is the existence of two populations within the cytoskeleton mesh: a stable one and a treadmilling one. Both participate to the segregation of PM by either stabilizing existing PM partitioning or by actively driving -i.e. with consumption of energy-the association of components at the PM [START_REF] Kalappurakkal | Toward a new picture of the living plasma membrane[END_REF]. Adapted from [START_REF] Kalappurakkal | Toward a new picture of the living plasma membrane[END_REF] The latter has been shown to be relevant by the clustering of a transmembrane protein once an actin-binding domain was added to it [START_REF] Gowrishankar | Active remodeling of cortical actin regulates spatiotemporal organization of cell surface molecules[END_REF]. On the other side, switched-on active components, like integrins, would remodel the cytoskeleton to alter the patterning of passive components, but no strong experimental evidence of this phenomenon exist so far [START_REF] Kalappurakkal | Toward a new picture of the living plasma membrane[END_REF]. For yeast and plants, such model could also be implemented to the cell wall (Figure 5).

The active composite model bridges all known components and their features: critical fluctuation of the PM, active remodeling of the cytoskeleton and the deep interdependence of the two. If it nicely integrates in vivo lateral partition principles, it does not explain how some proteins are stably segregated in well-marked domains (Jarsch et al., 2014) nor how specific signals can emerge from this ever-rearranging chaos.

Signal perception by plant PM domains

The physiological relevance of domains has been questioned and studied since the very first time they were described. A wide array of plant cell processes depends on PM domain located proteins: namely endocytosis (R. Li et al., 2012), cell morphology [START_REF] Igisch | Cell shape: A ROP regulatory tug-of-war in pavement cell morphogenesis[END_REF], cell-tocell communication [START_REF] Brault | Multiple C2 domains and transmembrane region proteins ( MCTP s) tether membranes at plasmodesmata[END_REF] and interaction with microbes (Bücherl et al., 2017).

Plant PM have all the required properties and large families of PM proteins to perceive signals, the questions being: how PM proteins organize upon a given perturbation and how signal specificity is ensured? Signal perception by a given protein would most likely impact its structure, with consequences that could explain aggregation into domains: modification of its affinity for given lipid species, addition of a lipid moiety, interaction with proteins displaying a different diffusion coefficient, modification of their interaction with the cytoskeleton and/or with the cell wall. In plants, signal integration by PM proteins was mainly investigated for Rho-Of Plants (ROP) and Receptor-Like Kinases (RLK) family proteins and resulted in models for domain formation upon stimulus perception.

Brassinosteroid insensitive 1(BRI1)-associated receptor kinase 1 (BAK1), a SERK family protein, is of particular interest as it was the first example of a plant PM protein able to sort external signaling into distinct pathways through its interaction with various partners. Two of the receptors it interacts with, Flagellin-sensitive 2 (FLS2) and BRI1, are localized in different domains (Bücherl et al., 2017) and this spatial partition of interacting proteins was proposed to be the reason for a specific transduction upon a given signal perception. Upon flg22 treatment, FLS2 associates with BAK1 while experimental data are contradictory for BRI1, some standing for a pre-existence of BRI1-BAK1 complex (Hutten et al., 2017), other for an assembly upon brassinosteroids perception (Bücherl et al., 2017;[START_REF] Wang | Spatiotemporal Dynamics of the BRI1 Receptor and its Regulation by Membrane Microdomains in Living Arabidopsis Cells[END_REF]. Based on crystallography analysis, the specific interaction of BAK1 with either FLS or BRI1 was proposed to rely on the ligand-mediated stabilization of the interaction between the extracellular domains of the receptor and co-receptor [START_REF] Koller | FLS2-BAK1 Extracellular Domain Interaction Sites Required for Defense Signaling Activation[END_REF][START_REF] Pdf Sun | Structural basis for flg22-induced activation of the Arabidopsis FLS2-BAK1 immune complex[END_REF]. Another mechanism proposed to rule the specificity of BAK1-mediated signaling is the release upon ligand perception of either FLS2 or BRI1 from inhibiting interactions with BIR2 or BRI1 Kinase Inhibitor 1, respectively (BKI1; [START_REF] Jaillais | Extracellular leucine-rich repeats as a platform for receptor/coreceptor complex formation[END_REF]X. Wang & Chory, 2006). Phosphorylation of specific residues of BAK1 was also shown to specifically regulate the activity of each complex, even though it is not required for complex formation (Artemis Perraki et al., 2018;[START_REF] Schwessinger | Phosphorylation-Dependent Differential Regulation of Plant Growth, Cell Death, and Innate Immunity by the Regulatory Receptor-Like Kinase BAK1[END_REF][START_REF] Wang | Sequential Transphosphorylation of the BRI1/BAK1 Receptor Kinase Complex Impacts Early Events in Brassinosteroid Signaling[END_REF]. The recent finding that phosphorylation events occurring within the BRI1/BAK1 complex are directed and that BRI1 phosphorylates BAK1 at specific residues hints that BAK1 complex-dependent phosphocodes depends on the cognate kinase with which it interacts (Xiaofeng [START_REF] Wang | Sequential Transphosphorylation of the BRI1/BAK1 Receptor Kinase Complex Impacts Early Events in Brassinosteroid Signaling[END_REF]Figure 6).

All of these data are keys to understand how a single protein can organize signal response and avoid cross-talk but only explore it through protein-protein interaction. The role of lipids in the initial lateral partition of FLS2 and BRI1 nor their role in complex formation is thoroughly addressed. However, it is known that flg22 is able to modify the liquid order of BY2 suspension cells [START_REF] Gerbeau-Pissot | Modification of plasma membrane organization in tobacco cells elicited by cryptogein[END_REF] and it was shown that FLS2 was found in DRM only when elicited by flg22 (Keinath et al., 2010). It was also shown recently that DSF, a bacterial effector, induces sterols production in A. thaliana, disrupting FLS2 lateral clustering and subsequent immunity response without disrupting its association with BAK1 [START_REF] Tran | The bacterial quorum sensing signal DSF hijacks Arabidopsis thaliana sterol biosynthesis to suppress plant innate immunity[END_REF]. This data suggests that association of the receptor with its co-receptor is not sufficient for signaling but that the integrity of the overall domain is. This might be explained by the disruption of sterolsensitive domains of downstream components of the transduction pathway, like RBOHD. For BRI1, it was only shown that brassinosteroid signaling depends on sterols, with no information regarding the involvement of sterols on its lateral segregation (L. [START_REF] Wang | Spatiotemporal Dynamics of the BRI1 Receptor and its Regulation by Membrane Microdomains in Living Arabidopsis Cells[END_REF]. So far, other lipid species' role in BAK1-mediated signaling were not explored. Given the ability for Epithelial Growth Factor to remodel their direct lipid environment in mammalian cells [START_REF] Ariotti | Epidermal Growth Factor Receptor Activation Remodels the Plasma Membrane Lipid Environment To Induce Nanocluster Formation[END_REF], the ability for RK complexes at the membrane to induce phase partition remains to be explored in plants. It would also be interesting to know whether pre-formed lipid domains can explain the observed lateral partition of RK in different PM regions at basal state (Bücherl et al., 2017). If the role of lipids is not thoroughly understood for RK, some data exist for ROP proteins. In particular, the role of PS for ROP6 organization at the PM was assessed, showing that it is required for PM partition into domains. Interestingly, the quantity of ROP6 domains at 
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the PM was linearly linked to the intensity of the signal -here, auxin-, showing that PM partition is not only transduce signal but is also able to transduce its intensity (Platre et al., 2019).

As presented before, the actin cytoskeleton and the cell wall are crucial to organize the PM.

Cell wall-interacting FER forms a complex with Lorelei-Like GPI anchored protein 1 (LLG1) and this complex was shown to stabilize FLS2/BAK1 complex through direct interaction with it upon flg22 treatment [START_REF] Stegmann | The receptor kinase FER is a RALF-regulated scaffold controlling plant immune signaling[END_REF]. Moreover, FER modulates FLS2 and BAK1 mobility at the PM even in control condition [START_REF] Gronnier | Regulation of immune receptor kinase plasma membrane nanoscale organization by a plant peptide hormone and its receptors[END_REF]. Therefore, the existence of stable protein domains in distinct part of the PM could be explained by stabilization with different population of cell wall-anchored proteins. The cytoskeleton was also proposed to be involved in FLS2 and BRI1 clustering as they both appeared to colocalize with cortical actin filaments (Bücherl et al., 2017). Moreover, FLS2 PM organization is altered upon chemical disruption of actin filaments (McKenna et al., 2014) while flg22 treatment increases actin filaments density in a FLS2-and BAK1-dependent way, showing a strong interplay between PM dynamics of FLS2-BAK1 and cytoskeleton remodeling (Henty-Ridilla et al., 2014).

If signaling cascades and regulatory processes of BAK1-mediated signal sorting is well described and reveals how the PM is dynamically regulated to respond to external stimulus, remaining questions exist regarding domain formation at the PM upon signal perception. They mainly revolve around the temporal and spatial sequence of events and the mechanisms ruling the formation of supra-scale aggregation of receptor oligomers. Similar questions arose for ROP proteins, which proposed models to answer them were summarized recently [START_REF] Smokvarska | Function of membrane domains in rhoof-plant signaling[END_REF].

More than 600 RLK and RLP are described in A. thaliana [START_REF] Burkart | Dynamic complexity: plant receptor complexes at the plasma membrane[END_REF], and a screen of the interactions between 200 RLK was conducted to build them into a network [START_REF] Smakowska-Luzan | An extracellular network of Arabidopsis leucine-rich repeat receptor kinases[END_REF]. Based on the structure of LRR-RK, the authors classified them into large and small, the first ones being more stable at the PM and involved in ligand perception and while the small ones would be more mobile and act as regulators [START_REF] Belkhadir | The growth-defense pivot: crisis management in plants mediated by LRR-RK surface receptors[END_REF][START_REF] Shinohara | Identification of three LRR-RKs involved in perception of root meristem growth factor in Arabidopsis[END_REF]. Because of the described ability for small LRR-RK to interact with multiple partners, it was proposed that they act as scaffolds for the network, by linking large receptors together. To assess the biological relevance of such network, a protein was identified as an important regulatory node and was mutated. Its mutation disrupted the functions of FLS2 and BAK1, which were not directly interacting with it. Based on this result, this network organization was proposed to display regulatory properties that increases reliable ligand specificity for each receptor. In that scope, PM domains cannot only be looked through the angle of local and isolated aggregation of components but as a systemic organization of interconnected players. The PM is laterally organized in a far more complex way that it was modeled at first, the strong interdependence of each components creating a flexible and resilient environment able to respond to a wide range of perturbations.

It was long thought that the aggregation of signals was the only way for a cell to encode signaling. However, it has also been shown for a bacterial transporter that, upon presence of its substrate, a conformational change led to an increased lateral diffusion at the PM, allowing ubiquitination and further endocytosis to avoid excess substrate intake [START_REF] Gournas | Conformation-dependent partitioning of yeast nutrient transporters into starvationprotective membrane domains[END_REF].

Recently, ROP2 dominant negative mutant was shown to be, as the constitutively active form, in nanodomains, and it was postulated by the authors that this domain stabilization could trap the regulatory factors it interacts with (Aphaia et al., 2021). To the same extent, StREM1.3 activation upon viral infection is associated with an increased lateral mobility (Perraki et al., 2018) and mutational analysis showed that the StREM1.3 mutants that displayed a more confined behavior were unable to hamper viral cell-to-cell propagation, showing that StREM1.3 enhanced diffusion is a pre-requisite for its physiological function (Gronnier et al., 2017;A. Perraki et al., 2018). All those examples show that the lateral organization of proteins at the PM not only consists of the local aggregation of components but that dispersion can also be a way for the PM to organize signal transduction, most likely by releasing proteins that were trapped in the first place. Plant viruses, like fungi and bacteria, represent a threat to food security and are responsible for billions of dollars of loss every year [START_REF] Cao | Control of Plant Viruses by CRISPR/Cas System-Mediated Adaptive Immunity[END_REF]. However, unlike bacteria and fungi, chemical treatment have been discovered only for few viruses and, apart from heat-based treatments (M. R. Wang et al., 2018), preventive actions are still the most protective option for farmers [START_REF] Rubio | Detection of Plant Viruses and Disease Management: Relevance of Genetic Diversity and Evolution[END_REF][START_REF] Tatineni | Plant Viruses of Agricultural Importance: Current and Future Perspectives of Virus Disease Management Strategies[END_REF]. Viruses disseminate with the help of insect vectors, by direct contact between plants, by contaminated farming tools or, rarely, by being stored in seeds. High-throughput plant production, intensification of international exchanges and migration of insects to new areas make viral infection an ever-growing threat for the upcoming years.

Plant viruses roughly comprise two elements, their genetic information surrounded by homooligomers of coat proteins build up into a rod-or an icosahedra-shaped particle. They are classified into 15 main families, based on the way their genome is stored, the shape of their particle, their transmission mode and their host range [START_REF] Lefkowitz | Virus taxonomy: the database of the International Committee on Taxonomy of Viruses (ICTV)[END_REF]Figure 7). In this study, we focused on two species of the potexvirus genus: potato virus X (PVX) and plantago asiatica mosaic virus (PlAMV). Deciphering the plant cell response to viruses of this genus appear to be essential as they are heavily affecting fruit production every year: tomato (pepino mosaic virus; Hanssen & Thomma, 2010), strawberry (strawberry mild yellow edge virus; [START_REF] Cho | Strawberry mild yellow edge potexvirus from Strawberry in Korea[END_REF] and papaya (papaya virus X; [START_REF] Cieniewicz | An Unwanted Association: The Threat to Papaya Crops by a Novel Potexvirus in Northwest Argentina[END_REF], to name a few species of agronomic interest infected by Potexviruses.

Potexviruses and their representative models: PVX and PlAMV

Potexvirus characteristics

Potexviruses belong to the Alphaflexiviridae family. They carry their genome under a monopartite positive single stranded RNA (+ssRNA) of circa 7kb. It is protected by an assembly of homoligomers of coat proteins (CP) forming a filamentous coat of around 13 nm diameter for 500 nm length (Adams et al., 2004). Their small-sized genome encodes for a minimal set of proteins required for replication and manipulation of the host: the RNAdependent RNA polymerase (RdRp), three Triple Gene Block Proteins (TGBP1, 2, 3) and the Coat Protein (CP) (Verchot-Lubicz et al., 2007). While the RdRp is only responsible for given genera is established based on its nucleic acid structure (dsDNA, ssDNA, dsRNA, ssRNA+, ssRNA-), its capside structure (filamentous, icosahedral), its transmission mode, the level of interaction with the insect vector if there is one (whether it navigates and replicates in the insect's digestive system) and their host range.

The two main viruses used in this study, potato virus X (PVX) and plantago asiatica mosaic virus (PlAMV), belong to the Alphaflexiviridae family and the Potexvirus genus.

Adapted from Encyclopedia of Virology (Second Edition), Claude M. Fauquet, 1999 encodes for five proteins encoded in overlapping ORFs. The genomic RNA is translated into the RNA dependent-RNA-polymerase (RdRp). This polymerase replicate the (+)gRNA into (-)gRNA that will be used as a template to produce subgenomic RNAs (+sgRNAs) from which will be translated the triple gene block proteins (TGB) and the coat protein (CP). Adapted from Meng and Lee, 2018 

Life cycle of potexviruses

Potexviruses enter the plant cell through an insect bite or mechanical wounding for most cases.

Once it gets inside the cell, the CP is destabilized most probably by phosphorylation from hosts' kinases [START_REF] Atabekov | Translational activation of encapsidated potato virus X RNA by coat protein phosphorylation[END_REF][START_REF] Rodionova | Linear remodeling of helical virus by movement protein binding[END_REF], which frees the viral genome that can then be translated into the proteins required for its replication and transport.

The main proposed model for replication postulate that TGB2 is recruited to the perinuclear ER, remodels it into vesicles to which TGB3 is recruited [START_REF] Ju | The potato virus X TGBp2 movement protein associates with endoplasmic reticulum-derived vesicles during virus infection[END_REF][START_REF] Samuels | Subcellular targeting and interactions among the Potato virus X TGB proteins[END_REF].

Upon association of TGB3, those vesicles move along the actin cytoskeleton and are relocated to the cortical ER in close proximity with plasmodesmata (PD) [START_REF] Solovyev | Subcellular sorting of small membrane-associated triple gene block proteins: TGBp3-assisted targeting of TGBp2[END_REF]. At this stage, the final viral replication complex (VRC) is formed. It aggregates viral proteins and genome with ER membrane, actin cytoskeleton and host factors to optimize viral replication.

Replication of the genome in the VRC is followed by its association with TGBp1 and CP to form either ribonucleoproteic complexes (RNP) or completely encapsidated viruses [START_REF] Reagan | Viruses Reveal the Secrets of Plasmodesmal Cell Biology[END_REF]. The different viral proteins depend on each other for their subcellular localization and function making difficult to assess the precise sequence of events for replication and intracellular transport [START_REF] Heinlein | Plasmodesmata: channels for viruses on the move[END_REF][START_REF] Morozov | Triple gene block: modular design of a multifunctional machine for plant virus movement[END_REF][START_REF] Verchot-Lubicz | Varied movement strategies employed by triple gene block-encoding viruses[END_REF]; Figure 9).

Cell-to-cell movement of Potexviruses

Viruses hijack the cell machinery for their entire life cycle, including cell-to-cell movement. Plant cells have the specificity to be connected with each other through plasmodesmata (PD), PMlined channels that ensure continuity and communication during development or defense [START_REF] Ganusova | Review: Plant-pathogen interactions through the plasmodesma prism[END_REF][START_REF] Sevilem | Plasmodesmata: channels for intercellular signaling during plant growth and development[END_REF]. PD are filled up with the desmotubule, a structure emerging from the ER, leaving only a small space for the cytoplasm between the two, hence called the cytoplasmic sleeve. They have a size exclusion limit (SEL) restraining the access to molecules smaller than 1KDa [START_REF] Peters | Plasmodesmata and the problems with size: Interpreting the confusion[END_REF], which would normally hinder cell-to-cell navigation of structures as big as viruses. There is no consensus whether the virus navigates from cell to cell under the encapsidated form or RNPs as evidences exist for both forms [START_REF] Kiselyova | Visualization by atomic force microscopy of tobacco mosaic virus movement protein-RNA complexes formed in vitro[END_REF]. However, both viral structures need Potexviruses' movement protein (MP), TGBP1, to be transported from one cell to the next. The CP alone can D. Salicylic-mediated: salicylic acide rpoduction is regulated through pathogen-activated genes (EDS1, ICS1). SA production induces PDLP5 production and PD localization to induce callose deposition through callose synthase activation. A positive feedback enhances further SA production to potentiate immune response.

E. Cross-talk is suspected to exist between ROS and SA signaling regarding PD callose homeostasis.

F. Ca 2+ : calcium was shown to mediate rapid and transient modification of PD size exclusion limit in a callose-independent way. Calcium-related proteins like centrin, actimyosin and calreticulin are found at PD and are suspected to play a role in this process. Adapted from Sager and Lee, 2014

A B encapsidate the virus but is not sufficient to initiate cell-to-cell movement [START_REF] Fedorkin | Cell-to-cell movement of potato virus X involves distinct functions of the coat protein[END_REF]. The main model for Potexvirus movement was presented in [START_REF] Tilsner | Replication and trafficking of a plant virus are coupled at the entrances of plasmodesmata[END_REF] and

propose that replication and cell-to-cell movement are coordinated at the early stage of infection. Since the VRC is located close to PD, RNA would be replicated and transported through it right after replication. Newly synthetized viral RNA from the VRC is unwind by the TGBP1, which bears a helicase activity, and encapsidated by the CP. TGBP1 forestalls the viral progression through the tissue and interact with the CP in newly infected cells to destabilize the encapsidated virus, unwarp the viral genome and start another life cycle [START_REF] Atabekov | Translational activation of encapsidated potato virus X RNA by coat protein phosphorylation[END_REF]Verchot-Lubicz et al., 2007).

Fully encapsidated viruses largely outrange the SEL and could not go through PD if they were not able to modify its structure [START_REF] Benitez-Alfonso | Plasmodesmata: Gateways to local and systemic virus infection[END_REF][START_REF] Peña | RNA transport during TMV cell-to-cell movement[END_REF]. It was mainly demonstrated that SEL can be modified upon accumulation or degradation of callose, a polymer of ß-1,3-glucan, in the cell wall surrounding the PD (Wu et al., 2018b). To a smaller extent, it has also been shown that mechanisms like cytoskeleton dynamics or the PM-ER gap size could be at play [START_REF] Diao | Arabidopsis formin 2 regulates cell-to-cell trafficking by capping and stabilizing actin filaments at plasmodesmata[END_REF][START_REF] Ishikawa | Structural and functional relationships between plasmodesmata and plant endoplasmic reticulum-plasma membrane contact sites consisting of three synaptotagmins[END_REF]. The enzymes responsible for callose homeostasis tightly regulate the SEL in response to developmental signals, abiotic and biotic stresses [START_REF] Brown | Sorting of GPI-anchored proteins to glycolipid-enriched membrane subdomains during transport to the apical cell surface[END_REF][START_REF] Tilsner | Staying Tight: Plasmodesmal Membrane Contact Sites and the Control of Cell-to-Cell Connectivity in Plants[END_REF][START_REF] Wang | Salicylic acid regulates plasmodesmata closure during innate immune responses in Arabidopsis[END_REF]. Callose accumulation in the cell wall and specifically at PD is a hallmark of immune response in plants,

including to viral infection [START_REF] Iglesias | Movement of plant viruses is delayed in a β-1,3glucanase-deficient mutant showing a reduced plasmodesmatal size exclusion limit and enhanced callose deposition[END_REF]. On the other side, viruses have evolved strategies to counteract this accumulation and enhance callose degradation to increase PD SEL. For example, it has been shown that TGBP2 interacted with a host protein responsible for the regulation of B-1,3-glucanases [START_REF] Fridborg | TIP, a novel host factor linking callose degradation with the cell-to-cell movement of Potato virus X[END_REF]; Figure 10).

For their long distance movement, viruses first navigate from the different cell layers separating them from the phloem. It is then loaded in the phloem and follow the same route as photoassimilates, from source tissue to sink tissues, to be unloaded in distal parts of the plants [START_REF] Vuorinen | Why do viruses need phloem for systemic invasion of plants? Plant Science[END_REF]. [START_REF] Scholthof | Top 10 plant viruses in molecular plant pathology[END_REF]. However, it is only able infect plants of the Solanacae family, which limits the range of model hosts that can be used to study the plant cell response to its infection [START_REF] Lico | The two-faced potato virus X: From plant pathogen to smart nanoparticle[END_REF]. [START_REF] Kostin | Some properties of the virus affecting Plantago asiatica L. Virusnye Bolezni Rastenij[END_REF]. Plantago asiatica was the only known host until 2001, then a broad range of host is now described for the PlAMV, including A.

thaliana [START_REF] Komatsu | Plantago asiatica mosaic virus: An emerging plant virus causing necrosis in lilies and a new model RNA virus for molecular research[END_REF]. No insects were identified as a potential carrier so it is supposed that it is mainly transmitted through mechanical wounding, like other Potexviruses (Verchot-Lubicz et al., 2007). Symptoms vary depending on the hosts, most of them display mottled chlorosis [START_REF] Lim | Plasmodesmata Localizing Proteins Regulate Transport and Signaling during Systemic Acquired Immunity in Plants[END_REF] and A. thaliana do not show any symptoms when infected by PlAMV.

Like Potexviruses, their genome carries five ORF encoding for the RdRp, the CP and the three TGBP [START_REF] Solovyev | Genome characterization and taxonomy of Plantago asiatica mosaic potexvirus[END_REF]). An infectious clone was generated by adding a fluorescent protein (FP) in C-terminal of the CP and separating the two by a cleaving peptide (Minato et al., 2014). This infectious clone can be expressed transiently in plant using Agrobacterium tumefaciens which eases the study of its effect on plant physiology and granted it to be proposed as a new virus model to study plant-virus interactions [START_REF] Komatsu | Plantago asiatica mosaic virus: An emerging plant virus causing necrosis in lilies and a new model RNA virus for molecular research[END_REF]; Figure 11).

Immunity models for plant viruses

If plants do not have cells dedicated to immunity, they still evolved fine mechanisms to detect and to respond to pathogens. The most common model to describe immunity in plants is the zig-zag model [START_REF] Jones | The plant immune system[END_REF]. In this model, pathogen-triggered immunity (PTI)

represents the first layer of broad-spectrum immunity, where PM-located pathogen recognition receptors (PRRs) recognize extracellular pathogen associated molecular patterns (PAMP) which results in activation of downstream immune pathways, leading to ROS production and callose deposition [START_REF] Zhang | Plant Immunity Triggered by Microbial Molecular Signatures[END_REF]. Pathogens have evolved mechanisms to overcome PTI and to break into the cell anyway, activating the second layer of immunity, effectortriggered immunity (ETI). In ETI, pathogenic proteins are recognized by hosts intracellular receptors, inducing transduction pathways leading to the activation of defense genes and often of a hypersensitive response (HR; [START_REF] Nguyen | Recent Advances in Effector-Triggered Immunity in Plants: New Pieces in the Puzzle Create a Different Paradigm[END_REF]. This model is a good basis to study plant immunity against bacteria and fungi, as they go through the cell wall and interact with the PM to infect plant cells. However, it was long thought that it could not be applied to viruses, which are intracellular pathogens; in that scope, other models were proposed to describe the immune mechanisms behind virus-plant interactions.

Recessive resistance

Viruses rely on their hosts to achieve their life cycle, therefore the hosts lacking crucial components for viral replication and movement are resistant to viral infections. This phenomenon is called recessive resistance and is build up on several generations of hosts from selection pressure [START_REF] Truniger | Recessive resistance to plant viruses[END_REF]. The most known recessive resistance mechanism was described for Potyviruses and involves eIF4E or eIF4G, translation initiation factors which interact with VPg, a viral protein, to initiate translation on the viral genome [START_REF] Léonard | Complex formation between potyvirus VPg and translation eukaryotic initiation factor 4E correlates with virus infectivity[END_REF]. Since viruses need cellular components for their replication.

Interestingly, a screen of A. thaliana mutants infected with PlAMV revealed that the plants lacking EXA1, a protein that bears a eIF4E motif, were resistant to a PlAMV infection. EXA1 may associate with eIF4E and be required for the translation of viral proteins [START_REF] Hashimoto | Recessive resistance to plant viruses: Potential resistance genes beyond translation initiation factors[END_REF]. This screen also identified nCBP1, already described as a recessive resistance gene for plant viruses. It is an isoform of eIF4E and was so far described to be important for plant replication but was especially important for cell-to-cell movement of the PlAMV. ncbp1 mutants show lowered transcript levels of TGBp2 and TGBp3, viral proteins crucial for cell-tocell transport of the virus, which could explain the impact this mutation has on viral cell-to-cell propagation [START_REF] Keima | Deficiency of the eIF4E isoform nCBP limits the cell-to-cell movement of a plant virus encoding triple-gene-block proteins in Arabidopsis thaliana[END_REF].

RNA silencing

During their life cycle, all virus genera produce dsRNA structures, either during replication of their genome or during from mRNA secondary structure. These structures are recognized by the host's Dicer-like protein (DCL), which are RNAses. DCL cut down viral dsRNA into short, one-stranded interfering RNA of 21-24 nucleotides (siRNA) (N. [START_REF] Sharma | Recent advances in plant-virus interaction with emphasis on small interfering RNAs (siRNAs)[END_REF]. siRNA will be then used as template by a slicer of the argonaute family to degrade viral RNA (AGO) (N. [START_REF] Sharma | Recent advances in plant-virus interaction with emphasis on small interfering RNAs (siRNAs)[END_REF][START_REF] Vaucheret | Plant ARGONAUTES[END_REF]Figure 12). After this first elicitation step, the cell produces viral-based dsRNA itself to amplify the process and allow efficient degradation of the viral RNA by the host. The amplification step also allows to target other sequences within the virus, different from the first detected viral dsRNA [START_REF] Incarbone | RNA silencing and its suppression: novel insights from in planta analyses[END_REF]. RNA silencing is slow process and does not allow to remove all viral infection. It acts as a first layer of defense and comparisons with PTI were made, based on the analogous mechanism of DCL and PRRs [START_REF] Leonetti | Regulation of plant antiviral defense genes via host RNA-silencing mechanisms[END_REF].

Plant viruses are able to counter-act RNA silencing and most of them encodes proteins with a RNA silencing suppression activity (RSS). Most RSS proteins target dsRNA or siRNA to avoid activation of their related mechanisms but some also directly target DCL or AGO (Pumplin & Adapted from [START_REF] Pumplin | RNA silencing suppression by plant pathogens: defence, counter-defence and counter-counter-defence[END_REF] A B Voinnet, 2013; Figure 6). For Potexviruses, TGBp1 is the protein bearing the silencing suppressor function. It was one of the first VSR to be identified. When it is removed from the genome, siRNA accumulates and systemic silencing is observed [START_REF] Voinnet | A viral movement protein prevents spread of the gene silencing signal in Nicotiana benthamiana[END_REF]. On the other hand, TGBp1 interacts directly with AGO proteins and could participate in the degradation of it as expression of AGO1 is dampens when TGBp1 is expressed but not when proteasome inhibitors are used [START_REF] Chiu | The silencing suppressor P25 of Potato virus X interacts with Argonaute1 and mediates its degradation through the proteasome pathway[END_REF].

The PlAMV was shown to display a stronger VSR activity compared to other Potexviruses (Minato et al., 2014;[START_REF] Senshu | Variability in the level of RNA silencing suppression caused by triple gene block protein 1 (TGBp1) from various potexviruses during infection[END_REF]. Its movement protein, TGBp1 PlAMV , interacts with RDR6, an RNA dependent RNA polymerase and Suppressor of Gene Silencing 3 (SGS3), proteins involved in siRNA generations. TGBp1 PlAMV is thought to inhibit the amplification process of RNA silencing by interacting with those proteins [START_REF] Okano | In Planta Recognition of a Double-Stranded RNA Synthesis Protein Complex by a Potexviral RNA Silencing Suppressor[END_REF]. What makes the PlAMV better at silencing suppression than other Potexviruses is not known yet. However, comparison of the susceptibility of A. thaliana for PlAMV to its resistance to PVX showed that DCL2, DCL3, DCL4, AGO2 and AGO5 could be specifically targeted by TGBp1 PlAMV [START_REF] Brosseau | Antiviral defense involves AGO4 in an Arabidopsis-potexvirus interaction[END_REF].

Dominant resistance

While RNA silencing is a rather broad mechanism, aiming at all sorts of alien RNA structures, dominant resistance is a more specific mechanism, analogous to ETI. Avirulence proteins (Avr)

encoded by the virus are recognized by hosts resistance proteins (R) which, unlike in recessive resistance, are not involved in the virus life cycle and are dedicated to the recognition of Avr [START_REF] De Ronde | Dominant resistance against plant viruses[END_REF]. The majority of described R genes encode for nucleotide-binding domain leucine-rich repeat proteins (NLR-LRR) while the few others do not belong to a specific protein category. The most known NLR-LRR involved in viral immunity is the Rx protein, recognizing the coat protein (CP) of PVX [START_REF] Bendahmane | The coat protein of potato virus X is a strain-specific elicitor of Rx1-mediated virus resistance in potato[END_REF]. Like with ETI, dominant R genes activation results in HR and in the production of signaling molecules like salicylic acid (SA) and hydrogen peroxide (H2O2) [START_REF] Palukaitis | R gene mediated defense against viruses[END_REF][START_REF] Sett | Resistance genes on the verge of plant-virus interaction[END_REF]. However, it has been shown for several virus species that HR could be uncoupled from resistance to a viral infection even though they are triggered simultaneously and both play a role to stop the infection [START_REF] Bendahmane | The Rx gene from potato controls separate virus resistance and cell death responses[END_REF][START_REF] Cole | Uncoupling resistance from cell death in the hypersensitive response of Nicotiana species to cauliflower mosaic virus infection[END_REF]. In particular, for Potexviruses, it has been shown for PVX that recognition of the CP by Rx led to resistance, accompanied with the HR only when expressed alone [START_REF] Bendahmane | The Rx gene from potato controls separate virus resistance and cell death responses[END_REF]. The relation between R genes, resistance and HR remains to be untangled as it is not known yet whether viral proteins trigger HR and R genes simultaneously or if R genes activation triggers HR [START_REF] Palukaitis | R gene mediated defense against viruses[END_REF].

In addition to HR at the point of infection, systemic acquired resistance (SAR), a SA-dependent mechanism, activates pathogen-related (PR) genes distally from the point of infection and results in callose deposition in the cell walls and PD to restrain viral propagation in those tissues [START_REF] Carr | Signaling in induced resistance[END_REF][START_REF] Durrant | Systemic acquired resistance[END_REF] 

Evidences for the interplay between PTI/ETI and antiviral response

PTI is an innate immune system shared between mammalian and plants. If it plays a role against viruses in mammals but in plants, it was not considered as an antiviral mechanism and was conceptually replaced with RNA silencing. However, more and more evidence show that PTI and PM-located pathogen recognition receptors (PRR) have a role to play in viral infection.

If we follow the analogy with PTI/ETI, viral Avr would be the pathogen effectors able to overcome the first layer of immunity, therefore RNA silencing. In that case, Avr would systematically bear a RSS activity. However, not only RSS-bearing proteins but a variety of viral proteins were described as Avr, including the CP, which could be an indication that RNAi is not completely analogous to PTI [START_REF] Kong | The cucumber mosaic virus movement protein suppresses PAMP-triggered immune responses in Arabidopsis and tobacco[END_REF][START_REF] Nicaise | Plum pox virus capsid protein suppresses plant pathogen-associated molecular pattern (PAMP)-triggered immunity[END_REF][START_REF] Zvereva | Viral protein suppresses oxidative burst and salicylic acid-dependent autophagy and facilitates bacterial growth on virus-infected plants[END_REF]. This would mean that another first layer of defense exists, that could involve intracellular PAMP receptors, analogous to the Toll-like receptor in animal cells, dedicated to viral genome recognition. Those PRRs could be attached to endomembranes and recognize viral components, either genome or proteins.

Even if not broadly described, there are some evidences for the involvement of PRRs and PTI in plant viral infection. For example, it was showed that activating PTI before a viral infection hampers it [START_REF] Sapp | Chitosan-induced antiviral activity and innate immunity in plants[END_REF]. More directly, knock-out mutants of SERK, a well-described PRR, or its orthologs were more sensitive to viral infections than the wild type [START_REF] Nicaise | Plum pox virus capsid protein suppresses plant pathogen-associated molecular pattern (PAMP)-triggered immunity[END_REF][START_REF] Niehl | Double-stranded RNAs induce a pattern-triggered immune signaling pathway in plants[END_REF]. Strikingly, it has been showed that SERK is activated by viral dsRNA and that this mechanism is independent of RNA-silencing [START_REF] Niehl | Double-stranded RNAs induce a pattern-triggered immune signaling pathway in plants[END_REF]. A similar mechanism was described for mammalian cells in which the protein kinase R dimerizes upon interaction of its kinase domain with dsRNA [START_REF] Balachandran | Essential role for the dsRNA-dependent protein kinase PKR in innate immunity to viral infection[END_REF]. Another RLK described to be directly involved in viral immunity is the nuclear shuttle protein (NSP)interacting kinase1 (NIK1), which hampers geminiviral infection through modulation of transcription regulators [START_REF] Fontes | The geminivirus nuclear shuttle protein is a virulence factor that suppresses transmembrane receptor kinase activity[END_REF][START_REF] Zorzatto | NIK1-mediated translation suppression functions as a plant antiviral immunity mechanism[END_REF]. The mechanisms triggering its activation are not deciphered yet but it was proposed, as for SERK, to be activated by the virus nucleic acid [START_REF] Calil | Plant immunity against viruses: antiviral immune receptors in focus[END_REF]. Finally, NIK1 also interacts with BAK1 and FLS2 and act as a negative regulator of flg22-induced PTI, showing that anti-viral strategies are partially linked to PTI mechanisms (Figure 13). Each pathway is color-coded.

From Wu et al., 2019 It is still hard to grasp how extracellular-located receptors would be able to be involved in immunity against intracellular pathogens but it indicates that the plasma membrane plays the role of a signaling platform in immune responses, even for intracellular pathogens.

What about the plasma membrane?

In animals, viruses heavily interact the host cell PM throughout their entire life cycle, most of them end up budding from the host's cell, enveloped with their membrane (Altan-Bonnet, 2017). For plant viruses, the point of entry in the cell is made through wounding or an insect bite so they do not have to interact directly with the host PM to infect it. The role of membranes in viral infection is more and more investigated, and membrane contact sites were recently proposed to be involved in both viral replication and movement [START_REF] Levy | Creating Contacts Between Replication and Movement at Plasmodesmata -A Role for Membrane Contact Sites in Plant Virus Infections[END_REF].

Accordingly, very few viral proteins were showed to interact with PM-located proteins. Among them, the C4 protein of Geminiviruses interact directly with PM-located Botrytis-Induced Kinase1 (BIK1) to interfere with the downstream MAPK signaling cascade (F. Li et al., 2020;[START_REF] Mei | The C4 protein encoded by Tomato leaf curl Yunnan virus interferes with mitogen-activated protein kinase cascade-related defense responses through inhibiting the dissociation of the ERECTA/BKI1 complex[END_REF]. It has also been shown that N. benthamiana Serine/threonine Kinase-Like (NbSTKL), a PM-located RK facilitates Bamboo Mosaic Virus (Potexvirus) cell-to-cell movement (S. F. [START_REF] Cheng | Ser/Thr Kinase-Like Protein of Nicotiana benthamiana Is Involved in the Cell-to-Cell Movement of Bamboo mosaic virus[END_REF]. Finally, Solanum tuberosum Remorin 1.3 (StREM1.3), a potato isoform of the Remorin (REM) family, interacts with TGBP1 PVX and with the movement protein of turnip mosaic virus (TuMV; Raffaele et al., 2009;[START_REF] Rocher | StREM1.3 REMORIN Protein Plays an Agonistic Role in Potyvirus Cell-to-Cell Movement in N. benthamiana[END_REF].

Apart from direct interactions, several proteins of the REM family were described as involved in viral immunity, and this for multiple viral genera. Peculiarly, the proteins of this family act as resistance or susceptibility factors depending on the REM isoform or on the viral genera. On one hand, StREM1.3 limits the cell-to-cell movement of Potexviruses (PVX, PlAMV) or tobamoviruses (tobacco mosaic virus). On the other hand, StREM1.3 and AtREM1.2, its homolog in A. thaliana, promotes Potyviruses propagation (G. Cheng et al., 2020;[START_REF] Rocher | StREM1.3 REMORIN Protein Plays an Agonistic Role in Potyvirus Cell-to-Cell Movement in N. benthamiana[END_REF] while AtREM4.1 and AtREM4.2 were identified as susceptibility factors to

Geminiviruses (Son et al., 2014). StREM1.3 antiviral role against Potexviruses depends on its phosphorylation status and its cognate PM-located kinase, calcium-dependent protein kinase (CPK3), also hamper viral propagation. This kinase is also involved ETI against bacteria and promotes HR (Lu et al., 2020). If StREM1.3 hampers viral propagation of PVX through accumulation of callose at PD (Perraki et al., 2018), it has never been elucidated whether it induced HR during a viral infection even if overexpression of a tomato homolog of StREM1.3 (SlREM1) was shown to induce PCD (Cai et al., 2020). However, direct interaction of StREM1.3 with the movement proteins of both PVX and TuMV could indicate that its role in viral propagation is independent of HR (Raffaele et al., 2009). As markers of membrane nanodomains and because of their particular involvement in plant viral immunity, REM are interesting candidates to address the role played by the PM during a viral infection.

Objectives

Given the role of group1 REMs in viral propagation, investigating the molecular pathways they are involved in will give insights into the involvement of the PM compartment in viral immunity.

The objectives of this thesis revolved around understanding the mechanisms ruling the lateral mobility of PM proteins in a viral infection context and the functional role that can be attributed it.

A proof of concept for the PlAMV-A. thaliana pathosystem

The host of choice to study transduction cascades in response to Potexviruses infection is Nicotiana benthamiana. The complexity of its genome hampers the development of large mutant sets like the ones existing for Arabidopsis thaliana and makes difficult the use of reverse genetics to dissect the mechanisms responsible for a given phenotype. Besides, the canonic REM that was studied in the team for more than 10 years is Solanum tuberosum

REM1.3 (StREM1.
3) while the cognate kinase we identified and worked with is Arabidopsis thaliana CPK3 (AtCPK3), which leads to work with three different species. The ability for plantago asiatica mosaic virus to infect A. thaliana offered an opportunity to switch to this plant model and to avail of the genetic tools it offered.

REMs constitute a multigenic family subdivided in six groups, StREM1.3 being a group 1 REM.

In A. thaliana, the group 1 comprises 4 isoforms and using simple and multiple KO mutant lines of these isoforms, we wanted to decipher the functional redundancy regarding PlAMV propagation. With the same idea, there are 34 AtCPK isoforms are and we wanted to know whether other calcium-dependent kinases were involved in PlAMV propagation. Since AtCPK3 role in viral propagation was only shown through over-expression in N. benthamiana, which can lead to artefactual phenotypes, it appeared crucial to confirm its role in viral propagation using a KO mutant. Finally, we wanted to confirm the functional link existing between AtCPK3 and group1 AtREM by knocking out the kinase and its substrate to see whether an additive effect could be observed on PlAMV propagation phenotype.

The idea was also to develop and validate a reliable propagation assay that will open the way for wider screens of candidates potentially involved in potexviruses propagation. In complement to the measurement of individual infection foci on a leaf sample at a given time point, we also wanted to implement the follow-up of a viral infection throughout the entire plant over the course of several days to have access to infection kinetics. We were able to do so using a closed CCP camera equipped with a GFP filter.

Insights into potexvirus-induced PM-located transduction cascade

As viruses are intracellular pathogens, few PM-localized factors were shown to be involved in viral immunity. Among them, StREM1. We also wanted to identify new PM-related factors involved in viral immunity by exploring group1 interacting proteins. In the same prospect of dissecting the cell's mechanisms to sense viral infection, we conducted a transcriptomic analysis of A. thaliana tissues infected with the PlAMV, hoping to identify new PM-localized candidates involved in viral immunity.

Mechanisms ruling PM partitioning of group 1 REMs

StREM1.3 domains are disrupted upon viral infection, which is mimicked upon mutation of residues predicted to be phosphorylated and located in its N-terminal part. As group1 REM are anchored to the PM through a motif in their C-terminal region, we wanted to understand how post-translational modifications of residues located far from its membrane anchor could rule its lateral partitioning. We conducted a screen to identify proteins specifically interacting with the phosphomimetic mutant of StREM1.3 to identify potential protein partners involved in the modification of its lateral mobility. Moreover, we wanted to know whether StREM1.3 phosphorylation led to conformational changes that could alter StREM1.3 partition within lipid phases, which we addressed using in vitro model membranes. Finally, using treatments in planta, some lipids were identified to be crucial for StREM1.3 lateral organization, we wanted to identify a minimal set of lipid species that would be able to partition of REM into domains, again using model membranes.

Chapter 1

Phophomimetic-based Split Ubiquitin Yeast Two Hybrid screen to identify novel potexvirus propagation regulators

Context

StREM1.3 is a group1 REM and is organized as the majority of them: a C-terminal anchor responsible for membrane attachment (Gronnier et al., 2017), a coiled-coil region required for homo-oligomerization (Martinez et al., 2018) and a N-terminal intrinsically disordered domain (IDD; [START_REF] Marin | The Intrinsically Disordered Nterminal Region of AtREM1.3 Remorin Protein Mediates Protein-Protein Interactions[END_REF][START_REF] Marin | The Intrinsically Disordered Nterminal Region of AtREM1.3 Remorin Protein Mediates Protein-Protein Interactions[END_REF]. The structural characteristics of the latter have the fact that StREM1.3 AAA , the phosphoablative mutant, is more confined at the PM and unable to hamper viral propagation hints that the increased movement of StREM1.3 proteins at the PM during a PVX infection is crucial for its function (Perraki et al., 2018).

These data rose several questions: First, does StREM1.3 conformation is modified upon phosphorylation? Second, does the conformation shift modifies by itself StREM1.3 lateral segregation at the PM? Third, does a phosphodependent conformation modification modifies its interactome, resulting in an altered membrane behavior? Finally, does a putative interactant would be activated by StREM1.3's increased PM movement? In this paper, we were able to address the first and the two last points, the second one had to be resolved using an in-vitro system (second paper of this manuscript: Legrand et al., 2022 BioRXiV).

First and foremost, we used liquid-state NMR to experimentally check whether StREM1. 

INTRODUCTION

The cell plasma membrane (PM) constitutes a complex hub for information processing. Long regarded as a simple barrier, it is now clear that the PM is a hot spot where signals are integrated before being relayed to the cytoplasm for signal transduction. It has been proposed in mammals that regions enriched in phosphoinositides, sphingolipids and cholesterol, so-called membrane domains, transiently assemble within the bilayer, creating platforms that play a dominant role in the observed aggregation of signaling molecules into clusters to allow signal transduction 1 .

An in-silico study of two-coupled molecular species at the PM suggests that partitioning improves the reliability of the biochemical signaling, moderates the nonlinearity of the response, and reduces the noise by suppressing correlations between molecules 2 . Recently, it was shown in plants that the Rho-Of-Plant 6 (ROP6) clustered upon both auxin signaling and osmotic stress but in distinct domains and with different partners, ruling the downstream response to a given signal 3 . These findings suggest that PM domains indeed play an important functional role in plant cell signaling.

In this paper, we exploit the PM-associated REMORINs, a plant-specific protein family distributed in six phylogenic groups 4 , known to accumulate in a plethora of coexisting PM domains 5 . Group1 REMs are the most studied within this group, they have been described to be mostly involved in biotic stress response, in particular viral infection 6 . Lateral organization in domains appears to be crucial for their function as it was shown previously that disruption of the clustering pattern of a group1 REM, Solanum tuberosum REMORIN1. 3 (StREM1.3), was altering its ability to hinder plant virus propagation 7 . Most proteins of this family bear a putative intrinsically disordered domain (IDD), which was found to be phosphorylated in multiple species and across a wide range of conditions 6 . This led to suspect that phosphorylation of their putative IDD rules REMs functional versatility. For example, OsREM4.1 phosphorylation has been linked to abscisic acid and brassinosteroid crosstalk signaling in rice via phosphorylation events that modulate its association with PM-localized receptors OsBRI1 and OsSERK1 8 .

It is well described that IDDs, which have neither secondary nor tertiary structure, almost always contain sites for post-translational modifications and are very sensitive to them structurally-speaking 9 . It has been shown recently for several IDD that phosphorylations on only few residues change the conformation of the protein and its surface charge, exposing sites involved in protein-protein interactions 10 . We showed previously that StREM1.3 was phosphorylated upon viral infection and that such modification altered its dynamic behavior at the PM, which could be linked to a shift in its protein-protein interaction ability 11 . We recently obtained data regarding the in vitro association of StREM1.3 within model membranes showing that StREM1.3 phosphorylation affects its lateral partitioning leading to the formation of smaller and more disperse membrane domains 12 .

Because of PM domains localization, their ability to homo-oligomerize and their putative IDD, REMs have been proposed to be scaffold proteins without much experimental evidence 5,13-15 .

All of this led us to investigate StREM1.3 phospho-dependent interactome. We first demonstrated by liquid-state NMR that the N-terminal domain of StREM1.3 is a real IDD, liquid-state NMR being a dedicated method for such approach 16 . We then performed exploratory screens of StREM1.3 interacting partners using the membrane-based split-ubiquitin in yeast (SUY2H). We showed that the wild-type and the phosphomimetic form of StREM1.3 displayed different interactomes in terms of number of proteins and composition. We isolated candidates from our screen and, based on the role of actin in viral infection and compartmentalization of the PM, we focused on StREM1.3's interaction with Group 1 Actin Depolymerizing Factors 17,18 . This study provides valuable information regarding the interplay between phosphorylation-dependent interactome modification, lateral organization of a scaffold protein at the PM and actin dynamics in plant cell's response to viral infection.

RESULTS

StREM1.3 bears an intrinsically disordered domain sensitive to phosphorylation

So far, REM's N-terminal part was suggested to be an IDD only based on in silico prediction data without any experimental proof supporting such feature. We used liquid state NMR to characterize the properties of StREM1.3 N-terminal domain. 1 H-15 N HMQC spectra of the untagged StREM1.3 1-116 purified in native and denaturing conditions both displayed a narrow δ(1H) distribution (between ~ 7.5-8.5 ppm, Figure 1A, supplemental figure 1A), demonstrating that StREM1.3 N-terminal domain is intrinsically disordered. Phosphorylation being a major regulator of IDD structure, we wondered whether this was the case for StREM1.3. The Arabidopsis Calcium dependent Protein Kinase 3 (AtCPK3) was previously proposed to phosphorylate group 1 REMORINs in vitro and was found to depend on group1 REMs to hinder potato virus X (PVX) cell-to-cell movement 11,19 . Liquid state NMR measurements showed that AtCPK3 induced chemical shift perturbations on some residues without altering the intrinsically disordered nature of StREM1.3 1-116 (Figure 1B, 1C, supplemental figure 1B). These observations are indicative of structural modifications induced by phosphorylation which may modulate StREM1.3 intra-and intermolecular interactions.

We previously showed that the phosphorylation of the StREM1.3 N-terminal domain regulates its nanodomain organization and function 11 . Notably, using photoactivated localization microscopy, we observed that a phosphomimetic form of StREM1.3, StREM1.3 S74D/T86D/S91D (StREM1.3 DDD ), covered the great majority of the sites phosphorylated by AtCPK3, efficiently hampered PVX propagation and surprisingly presented a dispersed organization 11 . Interestingly, such altered behavior was also observed in vitro in model membranes. Atomic Force Microscopy showed that the phosphorylated versions of StREM1.3 was accumulating into smaller domains than the non-phosphorylated ones 12 . Here, we confirmed by confocal microscopy that StREM1.3 DDD displays a smooth organization at the membrane, showing that phosphorylation on these residues induced the reorganization of StREM1.3 in the plane of the plasma membrane, in agreement with results obtained with super-resolution microscopy (Figure 1D).

These results are the first experimental proof that StREM1.3 bears an IDD whose phosphorylation alters both its structure and membrane organization. StREM1.3 lateral membrane partition is modified upon phosphorylation of its IDD, which may depend on structural changes affecting both tits interaction with lipids at the PM and with protein partners.

A StREM1.3-phosphomimetic protein interaction screen identifies new regulators of PVX cell-to-cell movement.

Since StREM1.3 N-terminal segment is indeed an IDD and that group1 REMs are suspected to be scaffold proteins, phosphorylation of the IDD and the following conformational changes could lead to the assembly or disassembly of StREM1.3 with protein partners involved in the regulation of signal transduction processes 20 . To challenge this hypothesis, we have engaged an exploratory screen conducted in the membrane-based split-ubiquitin yeast two-hybrid system (SUY2H) devoted to protein/protein interactions of membrane proteins. First, Cub-StREM1.3 WT was expressed alone in yeast to check for possible auto-activation of the SUY2H system (Supplemental figure 2A). StREM1.3 homo-oligomerizes so we used NubG-StREM1.3 as a positive control for the system (Supplemental figure 2B,C). Second, GFP-StREM1.3 WT and GFP-StREM1.3 DDD were expressed in yeast to confirm their localization in PM domains (Figure 2B). Third, to consider both basal level and transcriptional modifications due to PVX infection, two cDNA libraries were constructed in the SUY2H prey expression-vector using mRNA extracted from healthy and PVX-infected leaf epidermis peeled from N. benthamiana leaves. Note that epidermis was used to avoid the overwhelming amount of transcripts coding for photosynthetic proteins in green tissues (Figure 2A,left). The presence of GFP-PVX in infected epidermis was checked by confocal microscopy (Supplemental figure 2D). The generated cDNA libraries were then screened using either StREM1.3 WT or StREM1.3 DDD as a bait in order to reveal phosphorylation-dependent interactions (Figure 2A, right).

After identification of the clones' outcome from selective screens and removal of false positives, this approach isolated a total of 179 interacting proteins for StREM1. RIP and pRIPs closest A. thaliana orthologs were identified according the TAIR database (www.arabidopsis.org) and classified using gene ontology, GO (Supplemental table 1). This analysis showed a clear enrichment in proteins linked to cell wall, extracellular, Golgi apparatus, endoplasmic reticulum (ER), structural molecular activities (i.e components related to cytoskeleton) and other molecular function (uncharacterized functions) for pRIPs compared to RIPs (Supplemental figure 2E). This enrichment was consistent with the ability of the REM phosphorylated form to induce PD pit-field callose deposits since it is an extracellular process relying on Golgi and ER compartments along with cytoskeleton networks 21 .

Taken together, these results tended to show that StREM1.3 phosphorylation greatly alters its ability to establish protein-protein and protein-membrane interactions to recruit proteins involved in cell wall and extracellular processes.

Phosphorylated REM-Interacting Proteins (pRIPs) are molecular actors involved in counteracting PVX cell-to-cell movement.

Because StREM1.3 DDD is able to restrict PVX cell-to-cell movement via callose accumulation at PD pit-fields whereas StREM1.3 S74A/T86A/S91A (StREM1.3 AAA ) is not, we further reasoned that some pRIPs could be part of the signaling pathway involved in this mechanism 11 . Based on the number of times a protein came out in our SUY2H screen, their occurrence in published PD proteome and their role in biotic stress responses, we selected 10 candidates among the pRIPs 22 (Supplemental table 2). They were cloned from the cDNA library generated for the SUY2H screen N-terminally-fused with an HA-tag under the control of a 35S promoter to check their expression in planta (supplemental data 1A). We then tested the ability of the 10 candidates in altering PVX cell-to-cell propagation and showed that 7 pRIPs led to a significant decrease (Figure 3, supplemental Fig 3B): Plasma membrane intrinsic protein 1C (NbPIP1C), Delta tonoplast integral protein (NbTIP2;1), Thoioredoxin superfamily protein 4 (NbTRX3), Metallothionein 2B (NbMT2B), Calreticulin 3 (NbCRT3), Autophagy 8I (NbATG8I), and Actin Depolymerizing Factor 3 (NbADF3). We checked whether those proteins were interacting in planta with StREM1.3 WT by Bi-Molecular Fluorescence Complementation (BiFC) interaction assays in N. benthamiana and systematically observed interaction at the PM only (Supplemental figure 3B). 

StADF2 and StREM1.3 interact together solely at the PM

Among the pRIPs able to hamper PVX propagation, Nicotiana benthamiana Actin Depolymerizing Factor 3 (NbADF3) appeared to be particularly intriguing. Indeed, the actin cytoskeleton is heavily remodeled during potexviruses infection to ensure their proper replication and propagation 23 . It was recently shown that a group1 REM impaired the interaction between actin and a viral protein 24 . Moreover, the actin cytoskeleton is particularly important for PM organization into domains and it was demonstrated previously that drugdependent depolymerization of actin led to the disruption of the group1 REMs domains 25 . We decided to further investigate in this direction and to work with the potato homolog of NbADF3, called StADF2. Both the amino acid sequence and the in-silico predicted structure of the two homologs appeared to be very similar (Supplemental figure 4) which in not surprising as ADFs (cofilin in animals) are described to be very well conserved across species 26 .

Co-immunoprecipitation of RFP-StADF2 was performed with GFP-StREM1.3 WT but also with the phosphovariants GFP-StREM1.3 DDD and GFP-StREM1.3 AAA . Based on the SUY2H result, we expected the latter to be unable to interact with StADF2. However, StADF2 was coimmunoprecipitated with the wild-type protein but also with the two phosphomutants, showing that the interaction might not phosphodependent or at least does not depend on Serine 74, Threonine 86 and Serine 91 phosphorylation status (Figure 4A).

ADFs/cofilin are described to be cytosolic, nuclear and PM attached while StREM1.3 is solely PM localized, which we confirmed by confocal microscopy (Figure 4B). The interaction of StREM1.3 with StADF2 neither altered the subcellular location of StREM1.3 that is only PM located, nor the location of StADF2 (Figure 4C). We decided to further check the localization of the interaction of StADF2 with the different versions of StREM1.3 by BiFC in N. benthamiana. All three versions were interacting with StADF2 only at the PM (Figure 4D). This shows that the interaction between the two only occur with a small portion of StADF2, localized at the interface with the PM.

Even if StADF2 does not seem to be specifically recruited to StREM1.3 DDD , we wanted to pursue investigation given the ability of NbADF3 to hamper viral propagation and the crucial role of actin cytoskeleton in PM partition and viral propagation.

StADF2 remodels StREM1.3 PM organization and inhibits PVX cell-to-cell movement in a REM-dependent manner

We wanted first to check whether StADF2 was also able to hamper PVX propagation. We observed that the transient overexpression of StADF2 limits PVX cell-to-cell movement in the wild-type N. benthamiana line, but lost this ability in lines knocked-down for group1 NbREMs (Figure 5A). Such hairpin REM-downregulated lines were designed previously by our group and were already used to decipher the functional link between group 1 REM and its cognate kinase, AtCPK3 11 . This result shows that StADF2, is able to limit PVX movement and that such function depends on group1 REMs.

Because the nanodomain organization of the Arabidopsis thaliana REM1.2 (AtREM1.2) and of the Medicago truncatula SYMBIOTIC REMORIN (SYMREM; MtREM2.2) relies on the integrity of the actin cytoskeleton and that the phosphorylated form of StREM1.3 correlates with a disperse PM organization, we wondered whether StADF2 regulated StREM1.3 nanodomain organization 11,15,25 . We then co-expressed RFP-StADF2 and YFP-StREM1. an indicator of the heterogeneity of distribution already used for several PM proteins 7,27,28 . We observed that, upon expression of RFP-StADF2, YFP-StREM1.3 WT nanodomain organization is disrupted, suggesting that it relies on cortical actin cytoskeleton dynamic regulation (Figure 5B, top panel). In good agreement, cytochalasin D treatment, which inhibits actin polymerization, is sufficient to affect YFP-StREM1.3 nanodomain organization, confirming that cytoskeleton integrity is required for REM domain stability 25 (Figure 5C). Surprisingly, the overexpression of RFP-StADF2 did not affect YFP-StREM1. 

DISCUSSION

In this paper, we showed that the PM inner-leaflet nanodomain-located protein StREM1.3, which can be phosphorylated by a calcium-dependent protein kinase 29 , is able to potentially interact with a large number of proteins and notably the subclass 1 Actin Depolymerizing Factors NbADF3 and StADF2. This interaction appeared to be important for REM's ability to restrict PVX cell-to-cell movement, underlining the inter-connection between group 1 REMs and cytoskeleton dynamics.

Toward the understanding of REMORIN function.

REMORIN protein family emerged as novel modulators in plant signaling cascades during plant development and plant-microbe interactions 8,15,29-31 . For example, StREM1.3 impairs PVX propagation 32 but may stimulate Phytophthora infestans infection in N. benthamiana 33 .

The study of REM's phosphocode within the context of these different biotic stimuli represents a key step towards understanding REM's molecular functions. In this study, we show for the first time that the phosphorylation of StREM1.3's IDD induced conformational changes that deeply increased its protein-protein interaction ability in yeast. It draws a link between REMs' IDD structuration upon phosphorylation and the modulation of its protein-protein interactions.

Reinforcing the relevance of the SUY2H screen, most of the pRIPs selected from the screen impaired PVX propagation when transiently over-expressed in N. benthamiana. All of these results and the multiple roles of REMs in plant-pathogen interactions are evidences in favor of a phosphodependent scaffolding role of StREM1.3, as it has been described for 14-3-3 proteins 34 . In this perspective, and depending on the phosphocode, StREM1.3 could be a regulator of various signaling pathways.

SUY2H screen allowed the identification of candidate proteins involved in potexvirus cellto-cell movement restriction

The SUY2H screen revealed candidates able to hamper viral cell-to-cell propagation, which not only gives insights regarding REM physiological role but also allowed to identify new proteins involved in viral immunity. Aquaporins are PM-located water channels; they were described to be involved in response to bacterial and fungal infection 35 . So far, no aquaporins were identified as interacting with viral proteins or involved in viral infection response. TIPs are tonoplast-located channels and dedicated to water and ammonium transport. In Arabidopsis, TIP1 and TIP2 were shown to interact with the replicase of cucumber mosaic virus 36 (CMV) and confers resistance to tobacco mosaic virus (TMV) infection in a salicylic acid dependent manner 37,38 .

Thioredoxins are involved in oxidative signaling in plants through the reduction of disulfide bridges within target proteins. Two NbTRX3 homologs in N. benthamiana were described to be involved in pathogen infection response 39 and N. benthamiana TRX-like protein 9 (NbTXND) was showed to interact with the Triple Gene Block Protein 1 (TGBp1) of pepino mosaic virus. TGBp1 is a key player in Potexvirus propagation, ensuring proper encapsidation and transport through PD 40 .

Metallothioneins are involved in metal ion homeostasis. Interestingly, they are thoroughly described to be involved in viral infection in animal cells 41 while no data are found so far in plant species apart from the observation of an increased expression of genes encoding for metallothionein-like proteins in Poplar during a poplar mosaic virus infection 42 .

Calreticulins are ER-resident Ca 2+ -dependent chaperones binding to misfolded proteins. Calreticulins were found to interact with the movement proteins of papaya mosaic virus and of TMV 43,44 . In N. benthamiana, NbCRT3 was found to interact with the helicase domain of CMV, involved in viral replication and systemic propagation 45 and was upregulated upon expression of TGBp3 TMV , a viral protein involved in replication and regulating the subcellular localization of TGBp1 46 .

ATG8i is involved in selective autophagy and binds cargo receptors that in turn will help shuttle specific targets for vacuolar degredation 47 . Autophagy plays a key role during viral infection, selective autophagy being involved in the removal of viral particles while bulk autophagy can be hijacked by viruses to use the cell's resources for their own purpose 48 . Several NbATG8 isoforms were show to interact and to be involved in viral infection responses for several viral species, namely TMV 49 (Potexvirus), citrus blotch virus 50 (Citrivirus), tomato leaf curl yunnan virus 51 (Geminivirus) and barley stripe mosaic virus 52 (Hordevirus).

ADFs are involved in actin cytoskeleton remodeling by mediating the depolymerization of actin filaments. ADFs have been shown to play a critical role in immunity against bacteria and fungi 53 . Additionally, soybean ADF2 interacts with the movement proteins of soybean mosaic virus 54 (Potyvirus) while tomato buchy stunt virus replication factor was shown to interact with cofilin, a Saccharomyces cereviae ADF 55 .

Subclass 1 ADFs interact with Group 1 REMs in a mutual manner in order to hinder PVX cell-to-cell movement

Both NbADF3 and StADF2, which were investigated in this study, belong to the subclass 1 ADFs 56 . This class of ADFs is ubiquitously expressed in plants 57 . They have been reported to be involved in multiple plant-pathogen interactions, notably with Pseudomonas syringae 58-60 and with viruses, as aforementioned. Yet, very little data is available in regards to ADFs' precise functional role in plant-virus interactions. This brings to mind the importance of virus-mediated actin remodeling in the vicinity of plasmodesmata pit-field regions to coordinate viral replication and cell-to-cell propagation 23,61 . The actin cytoskeleton in conjunction with the endoplasmic reticulum and myosin VIII were proposed to be central regulators of viral intercellular movement 17 . Subclass 1 ADFs have been shown to constituents of the A. thaliana PD proteome 22 , indicating that their role in cell-to-cell restriction of PVX might rely on a direct modulation of PD size exclusion limit (SEL). Additionally, actin disruption has been recently proposed as a plant-pathogen response leading to callose deposition 62 and the subclass 1 ADF AtADF4 was shown to be a decisive factor involved in the accumulation of callose deposits in response to bacterial or fungal elicitors 63 . The ability of StADF2 to hamper cell-to-cell propagation of the virus could also be independent of callose deposition at PD as it was demonstrated that A. thaliana KO mutants of Formin 2 (AtFH2), a key player in actin nucleation, displayed an increased SEL but the same amount of callose at PD 64 . Therefore, the mechanism behind StADF2 ability to hamper viral propagation is yet to be discovered but several paths are to be explored: I) the depolymerase might disrupt the actin assembly required for potexviruses to replicate and move to neighboring cells, II) it could depolymerize actin in the vicinity of PD, modifying PD SEL through callose-dependent or independent mechanisms.

Interestingly, we also showed in this paper that StADF2 ability to hamper cell-to-cell propagation of the virus relied on group 1 REMs expression. We showed before that StREM1.3 DDD along with StREM1.3 under PVX infection display an increased mobility at the PM 29 . Such phosphorylation-associated PM-dynamic alteration could be in relation to ADFassociated activity as it has been shown that the actin cytoskeleton integrity is required for REM to be in stable domains at the PM 65 which we confirmed here with StREM1.3. StADF2 could interact with StREM1.3 and, during the viral infection, disrupt the cytoskeleton surrounding StREM1.3 to increase its mobility at the PM and allow its relocation at PD. However, the further role played by StREM1.3 when enriched at PD is not understood yet.

We identified StADF2 tobacco ortholog, NbADF3, in a phosophomimetic-based screen conducted in yeast but further showed that in-planta interaction of StADF2 and StREM1.3 did not depend on the phosphostatus of the latter. If StREM1.3 was previously shown to be almost exclusively phosphorylated on the residues we mutated in the phosphovariants 29 , we cannot exclude that StADF2 and StREM1.3 interaction relies on the phosphorylation of other residues than the ones mutated or that this binding is independent of the phosphorylation status of StREM1.3. Additionally, StREM1.3 AAA clustering was insensitive to StADF2 expression even though they interact together. It was showed recently that StREM1.3 lateral segregation in a membrane rely on its phosphorylation status, independently of any interaction with protein partners 12 . It was also showed using mutational analysis of StREM1.3's C-terminal anchor that mutants with a more confined behavior than the WT protein were at least partially altered in their function. Therefore, StREM1.3 AAA might be stuck in a conformation that allows interaction with StADF2 but hampers any modification of its lipid-dependent lateral mobility. Another explanation could be that the mutations and the subsequent conformation modification would make it interact with immobile proteins at the membrane. Finally, it could also be possible that StADF2 and StREM1.3 are interdependent and that the depolymerizing activity of StADF2 relies on the lateral mobility of StREM1.3, which would be altered in StREM1.3 AAA .

It was proposed that the actin cytoskeleton, the PM and the cell wall would be strongly interdependent, regulating each other upon signal perception (McKenna et al., 2014). In particular, Formin1 (AtFH1), a transmembrane protein, was shown to directly link the cell wall to the cytoskeleton 66 . Interestingly, in this study, the PM pattern of AtFH1 is reminiscent of the one of StREM1.3 DDD , with a smooth distribution and an exclusion from cable-shaped areas 66 .

Even if its N. benthamiana ortholog was not found in our interactome, it was recently shown that AtFH1 and AtREM1.2 interact and are cooperatively involved in the nucleation of actin filaments 67 . Considdering that REM-AtFH1 interaction is able to nucleate actin filament formation, StREM1.3-StADF2 interaction could participate in PM-domain-localized cortical cytoskeleton remodeling. Whether phosphorylated StREM1.3 PD relocation would alter StADF2's PM localization remains to be further evaluated. Based on the accumulation of callose deposits upon StREM1.3 overexpression and its ability to hinder PVX propagation, REM-dependent cortical actin cytoskeleton remodeling could potentially affect proteins involved in the regulation of callose homeostasis at PD, in accordance with the role AtADF4 plays in callose accumulation during PTI 63 .

Another possible interplay between ADFs and REMs could also rely on phosphoinositides (PIPs). The interaction of ADFs with PIPs has been reported in both animals and plants 68-71 .

The interaction between StADF2 and PIPs deserves to be investigated in the context of the REM-ADF interaction considering that REM has been shown to be anchored to the PM by its binding to PI(4)P 7 . Considering that in ADFs, actin-and PIPs-binding sites are on the same residues 68 , the interaction with REM could possibly mediate these two alternative interaction possibilities.

A link between ADFs, CPKs and 14-3-3s?

AtCPK3 has been identified as able to phosphorylate AtADF1 and AtADF4, which both are group 1 ADFs and orthologs of StADF2 and NbADF3 60,72 . Phosphorylation of Serine 6, Serine 105 and Serine 106 by AtCPK3 has been described to modulate AtADF4 ability to bind actin in the context of plant-pathogen interaction 60 . Also, AtADF4 has been reported to influence the expression of CDPK pathway-associated genes, namely NDR1/HIN1-like 10 (NHL10) 63,73 . It is therefore notable to have found close homologs to NHL10 in our REM DDD SUY2H interaction screen (Supplemental table 1). Another interesting link is the recorded regulation of AtADF1 by the lambda 14-3-3 protein (GRF6) 74 . AtCPK3 has also been reported to be regulated by 14-3-3 proteins 75 . Additionally, a relatively rarely studied 14-3-3 isoform (kappa or GRF8 in A. thaliana) was found in our StREM1.3 DDD SUY2H interaction screen (Supplemental table 1). The REM/ADF/CPK/14-3-3 interplay deserves to be further investigated considering the overlapping functional data.

This paper pushes forward our understanding of the complex interplay between PM proteins organization and actin cytoskeleton dynamics in the context of plant-virus interaction. Our screen led us to focus on an ADF family protein. Whether StADF2 potentiate StREM1.3 function or the opposite as well as the impact of this interaction on PD SEL regulation remains to be addressed. Our study further allowed the identification of a set of interactors of StREM1.3 in the context of potexvirus infection, which opens as many doors as proteins identified.

MATERIAL and METHODS

Plant material, culture and transformation

N. benthamiana plants were cultivated in controlled conditions (16 h photoperiod, 25 °C). Proteins were transiently expressed via Agrobacterium tumefaciens as previously described 7 .

For subcellular localization study and western blot, plants were analyzed 2 days after infiltration (dai). For PVX:GFP spreading assays, plants were observed 5 dai. The agrobacteria GV3101 strain was cultured at 28°C on appropriate selective medium depending on constructs carried.The N. benthamiana transgenic hpREM #1.4 and hpREM #10.2 lines used in this studied were previously generated by the group1 11 .

PVX cell-to-cell movement assays

The assay was conducted as previously described 29 . A high dilution (OD 600nm = 0.001) of agrobacteria carrying PVX:GFP along with his helper plasmid pSoup was co-infiltrated with agrobacteria carrying a candidate gene (OD 600nm = 0.2) in the leaves of 3 weeks old N. benthamiana. Plants were observed at 5 dai using Zeiss Axiozoom V16 and foci were automatically analyzed using the Fiji software (http://www.fiji.sc/) via a homemade macro.

Membrane-based Split-ubiquitin Yeast Two-Hybrid

Split ubiquitin analysis was performed using the yeast two-hybrid system from DUAL membrane system (Dualsystems Biotech AG). The cDNA library was constructed following the manufacturer's instructions (Evrogen) using ca 700 ng total RNA of epidermis peeled from PVX-infected N. benthamiana leaves, 3 dai. For screening, NubG-cDNA library was used for transformation of THY.AP4 yeast strain (MATa ura3 leu2 lexA-lacZ-TRP1 lexA-HIS3 lexA-ADE2) previously transformed with pBT3N:StREM1.3 WT or pBT3N:StREM1.3 S74D T86D S91D . Interactors were selected on -AHWL medium and were tested for β-galactosidase activity. For targeted analysis, StREM1.3 WT and StREM1.3 S74D T86D S91D cDNA were amplified by PCR using SfiI restriction site-containing primers (Supplemental Table 2) with subsequent orientated cloning of StREM1.3 into pBT3N bait vector. THY.AP4 cells were co-transformed with pBT3N:StREM1.3 and pPR3N:PREY or pPR3N empty vector as a negative control.

Transformants were selected on -WL, and interactions were assayed on -AHWL. To measure β-galactosidase activity of lacZ with X-Gal, cells were grown on 2TL and then covered with X-Gal-agarose buffer (0.5% agarose, 0.5 M phosphate buffer, pH 7.0, 0.002% X-Gal) and incubated at 37°C for 10 to 20 min.

In silico analyses

During SUY2H exploratory screens, identification of proteins expressed in yeast positive clones was retrieved using BLASTn algorithm against N. benthamiana Genome v1.0.1 predicted cDNA and BLASTx against N. benthamiana Genome v1.0.1 predicted proteins. Closest orthologs of NbREM-interacting proteins in A. thaliana were retrieved on The Arabidopsis Information Resource TAIR using BLASTp algorithm. Protein alignments were performed using EMBOSS Needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/).

Cloning and molecular constructs

Candidate genes selected from the screen were cloned from the cDNA bank generated for the SUY2H screen using primers designed based on the sequences available in the Sol Genomics Database (www.solgenomics.net). All vector constructs were generated using classical Gateway cloning strategies (www.lifetechnologies.com), pDONR211 and pDONR207 as entry vectors, and pK7WGY2, pK7YWG2, pK7WGR2, pK7RWG2, pGWB14, pGWB15 and pSite BiFC as destination vectors (Miyazawa et al. 2010). The StREM1.3 S74A/T86A/S91A , StREM1.3 S74D/T86D/S91D , StADF2 WT were synthesized in a pUC57 vector (including the AttL sites) by Genscript (http://www.genscript.com/) and next cloned to Gateway destination vectors. Primers used for generation of other constructs are detailed in Supplemental Table 2. All constructs were propagated using the NEB10 E. coli strain (New England Biolabs).

Protein production

Production of REM 1-116 was done as previously described 12 .. Shortly, REM 1-116 was produced in BL21-DE3 cells in minimal medium with 13C-labelled glucose and 15NH4Cl, by addition of 1 mM IPTG at OD600 = 0.6-0.8 and incubation at 37°C for 3h. Cells were lysed by sonication and the supernatant was loaded onto a HisTrap column (GE Healtchare) equilibrated in 20 mM HEPES 150 mM NaCl, 20 mM imidazole, 0.02% NaN3, pH=7.4 and eluted with 20 mM HEPES, 150 mM NaCl, 500 mM imidazole, 0.02% NaN3, pH=7.4. Eluted REM 1-116 was adjusted to 1 mM DTT and 0.5 mM EDTA then TEV protease was added in a ~1/200 TEV/REM 1-116 mass ratio. The mixture is incubated for 3h at room temperature then desalted against 10 mM HEPES, 50 mM NaCl, 0.02% NaN3, pH=7.5 with a HiPrep column (GE Healthcare). Under native conditions, REM1-116 was loaded onto a Histrap column equilibrated with 20 mM HEPES, 150 mM NaCl, 0.02% NaN3, pH=7.4 and eluted with the same elution buffer as above. Under denaturing conditions, this step was performed in buffers containing 7M urea. Finally, REM 1-116 was desalted again against 10 mM HEPES, 50 mM NaCl 0.02%, NaN3 pH=7.5.

AtCPK3-GST recombinant protein was produced in BL21-DE3-pLys and purified as previously reported 76 . As a negative control, AtCPK3-GST was inactivated by heating at 95°C for 10 min.

In-vitro phosphorylation

In vitro phosphorylation of 0.5 mM of REM 1-116 by AtCPK3 was done as previously published 76 . For lsNMR analysis, the assay required adjusting REM 1-116 sample to 10 mM MgCl2, 1 mM CaCl2, 1 mM DTT and 3 mM ATP. The reaction was initiated by the addition of 88 μM of AtCPK3 and incubation at 20°C.

Liquid state NMR

lsNMR was performed on a Bruker Avance NEO spectrometer operating at 700 MHz for proton with a TXI 5 mm probe. The sample was adjusted to 9/1 H2O/D2O to lock the magnetic field.

1 H-15 N HMQC spectra were recorded at 283 K (10°C).

Confocal microscopy

Live imaging was performed using a Zeiss LSM 880 confocal laser scanning microscopy system using either a 40x objective or a 68x objective and the AiryScan detector. YFP fluorescence was observed using an excitation wavelength of 488 nm and emission wavelengths of 490 to 550 nm. RFP and mCherry fluorescence was observed using an excitation wavelength of 561 nm and emission wavelengths of 588 to 663 nm. Acquisition parameters remained the same across experiments for SCI quantification. The SCI was calculated as previously described 7 . Briefly, 10µm lines were plotted across the samples and the SCI was calculated by dividing the mean of the 5% highest values by the mean of 5% lowest values. Three lines were randomly plotted per cell.

For the actin disruption assay, Cytochalasin D (40µg/mL) or DMSO was infiltrated 24 hours before observation.

Western-blot

Proteins were extracted from N. benthamiana leaf tissue transiently-expressing HA-tagged fusion proteins in 100 mM Tris (pH 7.5) containing 3% SDS, 5mM EDTA and 2% Protease inhibitor (Roche, Complete) boiled for 10 min at 70°C in SDS loading buffer, and cleared by centrifugation. The protein extracts were then separated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes (BioRad), blocked with 5% skimmed milk in TBS-Tween 0.05%, and incubated with an anti-HA antibody coupled to horse radish peroxidase (Roche). The resulting western-blots were developed using an ECL Prime Kit (GE Healthcare) and detected with an ImageQuant 800 (Amersham).

GFP-StREM1.3 imaging in S. cerevisiae

StREM1.3 WT and DDD fragments were PCR amplified with oligonucleotides 21-15 (5′-ATAGGATCCATGGTGAGCAAGGGCGAGGAGCTGTTC-3′) and 21.16 (5′-ACTATGCATTCAAAATATTCCAAGGATTTTCTTTGGAGCAGTTC-3′) digested by BamHI-NsiI and cloned at BamHI-PstI sites of p2717 (pCM189 modified by a myc tag introduction downstream of the tet promoter). The resulting plasmids StREM1.3 WT and DDD (respectively pMC101 and pMC104) were transformed into a wild type strain BY4741 [MAT a his3Δ1,leu2Δ0,met15Δ0,ura3Δ0].

For yeast cell imaging, cells were observed on a fully-automated Zeiss 200M inverted microscope (Carl Zeiss, Thornwood, NY, USA) equipped with an MS-2000 stage (Applied Scientific Instrumentation, Eugene, OR, USA), a Lambda LS 300 Watt xenon light source (Sutter, Novato, CA, USA), and a 100 × 1.4 NA Plan-Apochromat objective. GFP imaging, was done using a FITC filter (excitation, HQ487/25; emission, HQ535/40; beam splitter, Q505lp). Images were acquired using a Prime sCMOS 95B camera (Photometrics, Tucson, AZ, USA). The microscope, camera, and shutters (Uniblitz, Rochester, NY, USA) were controlled by SlideBook software 5. 0. (Intelligent Imaging Innovations, Denver, CO, USA).

Co-immunoprecipitation

Immunoprecipitation assays were performed as previously described in Dagdas et al., 2016 with minor modifications. Approximately 3 g of N. benthamiana leaves were ground with a mortar and pestle in liquid nitrogen and homogenized in 6 mL of extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM DTT, 1 mM EDTA, 2% (w/v) polyvinylpolypyrrolidone, 1% (v/v) COmplete protease inhibitor cocktail [Roche], 0.1% (v/v) IGEPAL). Samples were then centrifuged for 20 min with 2000 x g at 4°C. Immunoprecipitation was performed by adding 30 μl of GFP-Trap coupled to agarose beads (ChromoTek) and samples were continuously agitated for 2 hours at 4°C. Beads were subsequently washed five times with extraction buffer and eluted with 30 μl of 2X Laemmli buffer at 70 °C for 10 minutes. A. 1 H-15 N HMQC spectra of REM1-116 purified under native (black) or denaturing conditions using 7M of urea (red).

B. 1 H- 15 N HMQC spectra of REM1-116 in AtCPK3's reaction buffer before addition (black) or 6 h 52 min after addition (red) of AtCPK3. Peaks labelled 1,2 and 5 appeared over time while 3 and 4 disappeared. Each spectrum was acquired using 2 scans for an experimental time of 1 min 42 s each. A. Representative images of PVX:GFP infection foci for 100% infection area (empty vector, control), 50% infection area (NbATG8i), 30% infection area (NbADF3). Scale bar = 500µm B. Violin-plot representing the mean PVX:GFP infection foci area for each pRIP normalized to the mean PVX:GFP infection foci area of the Empty Vector condition. Each pRIP was Nterminally-fused to an HA-tag and expressed under the control of a 35S promoter. Significant differences were measured by Dunn's comparisons test, p<0.01: ***. Each experiment was conducted at a minimum of N=5, with n>40. 
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Addendum

Several experiments can be considered in the scope of this paper to challenge the hypotheses we formulated. First, we can refine the understanding of StREM1. Measuring callose deposition using the infiltration of aniline blue in living leaves is not considered as a reliable method by the PD community but I used it for another project in a viral infection context and it gave reproducible results [START_REF] Rocher | StREM1.3 REMORIN Protein Plays an Agonistic Role in Potyvirus Cell-to-Cell Movement in N. benthamiana[END_REF].

Working with heterologous expression for this project required to juggle between proteins of different species: over-expressed potato proteins, endogenous tobacco proteins and a thalecress kinase. It greatly hampered the ability to study the functional interplay of these proteins.

The vast majority of Potexviruses cannot infect A. thaliana, which closed the door on the most popular model for genetic studies in plant. Recently, plantago asiatica mosaic virus (PlAMV)

was described as able to infect A. thaliana, an opportunity we took to shift towards this plant species for future works (chapter 3 of this manuscript).

Chapter 2

Structural determinants of REMORIN nanodomain formation in anionic membranes

Context

In planta data showed that StREM1.3 organization into domains relied on sterols and PI4P (Gronnier et al., 2017) whereas it was shown in vitro by solid-state NMR that it only altered the behavior of model membranes containing both PIPs and sterols (Legrand et al., 2019). We confirmed these data using giant unilamellar vesicles and supported lipid bilayers. We also wanted to know whether it is possible to reconstitute in vitro the formation of StREM1.3

domains and therefore to determine a minimal set of lipids required for both membrane anchorage and lateral segregation of StREM1.3; we did so using in vitro model membranes with various blends of lipids.

The PM community is itching to determine a key player responsible for the lateral partition of membrane components. Here, using atomic force microscopy on supported lipid bilayers with and without StREM1.3, we assessed StREM1.3 ability to remodel model membranes and showed that its phosphorylation alters its partition into domains.

Anthony Legrand designed the project and conducted most experiments while I produced the in vivo data and participated to the manuscript proofreading. 

Structural determinants of REMORIN nanodomain formation in anionic membranes

Abstract

Remorins are a family of multigenic phosphoproteins of the plasma membrane, involved in biotic and abiotic plant interaction mechanisms, partnering in molecular signaling cascades. Signaling activity of remorins depends on their phosphorylation states and subsequent clustering into nano-sized membrane domains. The presence of a coiled-coil domain and a C-terminal domain is crucial to anchor remorins to negatively charged membrane domains, however the exact role of the N-terminal intrinsically disordered domain (IDD) on protein clustering and lipid interactions is largely unknown. Here we combine chemical biology and imaging approaches to study the partitioning of group 1 remorin into anionic model membranes mimicking the inner leaflet of the plant plasma membrane.

Using reconstituted membranes containing a mix of saturated and unsaturated PhosphatidylCholine (PC), PhosphatidylInositol Phosphates (PIPs), and sterol, we investigate the clustering of remorins to the membrane and monitor the formation of nano-sized membrane domains. REM1.3 promoted membrane nanodomain organization on the exposed external leaflet of both spherical lipid vesicles and flat supported lipid bilayers. Our results reveal that REM1.3 drives a mechanism allowing lipid reorganization, leading to the formation of remorinenriched nanodomains. Phosphorylation of the N-terminal IDD by the calcium protein kinase CPK3 influences this clustering and can lead to the formation of smaller and more disperse domains. Our work reveals the phosphate-dependent involvement of the N-terminal IDD in the remorin-membrane interaction process by driving structural rearrangements at lipid-water interfaces.

Introduction

Membrane nanodomain compartmentation is a common mean to organize and regulate activities at the plasma membrane (PM) (Jaillais and Ott, 2020). Failure to do so may result in critical dysfunction, as exemplified for small GTPases, such as the proto-oncogene Ras [START_REF] Prior | A Comprehensive Survey of Ras Mutations in Cancer[END_REF]Zhou et al., 2018) or the yeast Rho GTPases Cdc42 [START_REF] Sartorel | Phosphatidylserine and GTPase activation control Cdc42 nanoclustering to counter dissipative diffusion[END_REF]. Studying the mechanisms underlying such an organization appears crucial in order to understand how membrane compartmentation impacts biological function. In this regard, a plethora of studies were performed on various PM nanodomain systems including both lipids and proteins. For example, in animals, Ras nanodomains [START_REF] Weise | Membrane-Mediated Induction and Sorting of K-Ras Microdomain Signaling Platforms[END_REF]Zhou et al., 2017), ganglioside GM1 nanodomains [START_REF] Ewers | GM1 structure determines SV40-induced membrane invagination and infection[END_REF][START_REF] Yuan | Atomic force microscopy studies of ganglioside GM1 domains in phosphatidylcholine and phosphatidylcholine/cholesterol bilayers[END_REF] and caveolae [START_REF] Parton | The multiple faces of caveolae[END_REF] are prominent targets of intense biochemical and biophysical studies. Unicellular organisms such as yeasts or bacteria also organize their PMs into nanodomains [START_REF] Bramkamp | Exploring the Existence of Lipid Rafts in Bacteria[END_REF][START_REF] Spira | Patchwork organization of the yeast plasma membrane into numerous coexisting domains[END_REF]. Reconstitution of membrane nanodomain systems furthers our understanding of their underlying molecular mechanism and provides a formidable platform for in vitro biophysical studies [START_REF] Cebecauer | Membrane Lipid Nanodomains[END_REF][START_REF] Mouritsen | Lipid domains in model membranes: a brief historical perspective[END_REF][START_REF] Simons | Model Systems, Lipid Rafts, and Cell Membranes[END_REF]. These studies highlight the importance of lipid species, particularly cholesterol and anionic phospholipids, involved in direct protein-lipid interactions. Rho-related GTPase of Plants (ROP) are Rho GTPases, which are capable of forming nanoclusters in the inner leaflet of the plant PM. Single-molecule super-resolution microscopy revealed that ROP6 is stabilized by PhosphatidylSerine (PS) into PM nanodomains, which are required for auxin signaling (Platre et al., 2019;[START_REF] Smokvarska | A plasma membrane nanoplatform ensures signal specificity during osmotic signaling in plants[END_REF].

Another well-known protein that clusters in nanodomains of the inner leaflet of the plant PM belongs to the multigenic family of proteins called remorins (REMs) (Raffaele et al., 2007). REMs encompass a broad range of functions from protection against abiotic stress and host-pathogen biotic interaction, to inception of symbiosis and hormone signaling response [START_REF] Gouguet | Connecting the dots: from nanodomains to physiological functions of REMORINs[END_REF]. REMs belong to a family of 6 phylogenic groups with distinct N-terminal regions (Raffaele et al., 2007), which can label a plethora of nanodomains of different size, shape and localization (Jarsch et al., 2014). REMs are bound to the PM's inner leaflet through an unconventional mode of targeting through the C-terminal peptide called REM-CA (REM-C-terminal Anchor, Figure 1A). The inner leaflet of the plant PM, which is facing the cytosol, is highly negatively charged due to the presence of acidic phospholipids, such as PS, as well as PhosphatidylInositol Phosphates (PIPs), notably PhosphatidylInositol 4-Phosphate (PI4P) that accumulate in the PM [START_REF] Barbosa | Phospholipid composition and a polybasic motif determine D6 PROTEIN KINASE polar association with the plasma membrane and tropic responses[END_REF][START_REF] Platre | A Combinatorial Lipid Code Shapes the Electrostatic Landscape of Plant Endomembranes[END_REF]Platre et al., , 2019;;Simon et al., 2016;[START_REF] Synek | Plasma membrane phospholipid signature recruits the plant exocyst complex via the EXO70A1 subunit[END_REF]. It is worth noting that PIPs can form nanodomains on their own [START_REF] Bilkova | Calcium Directly Regulates Phosphatidylinositol 4,5-Bisphosphate Headgroup Conformation and Recognition[END_REF]Furt et al., 2010;[START_REF] Ji | Nanoscale Landscape of Phosphoinositides Revealed by Specific Pleckstrin Homology (PH) Domains Using Single-molecule Superresolution Imaging in the Plasma Membrane[END_REF][START_REF] Motegi | Physical Properties and Reactivity of Microdomains in Phosphatidylinositol-Containing Supported Lipid Bilayer[END_REF], and polycationic peptides induces the clustering of PIPs (van den [START_REF] Van Den Bogaart | Membrane protein sequestering by ionic protein-lipid interactions[END_REF].

The potato (Solanum tuberosum) group 1 isoform 3 REM, further called REM1.3, was particularly studied because its REM-CA is not palmitoylated (no cysteine residues is present). Therefore, the anchoring is entirely due to protein/lipid and protein/protein interaction, without the need for any posttranslational modification of a lipid moiety to the REM-CA. Biophysical and mutagenesis studies of this REM-CA domain displayed a complicated interaction mechanism with the PM, based on a balance between: (1) electrostatic interactions through Lysines and Arginines and PI4P; (2) hydrophobic effects between REM-CA inside the lipid bilayer; (3) anchor stabilization by phytosterols [START_REF] Gronnier | Structural basis for plant plasma membrane protein dynamics and organization into functional nanodomains[END_REF]Konrad et al., 2014;Legrand et al., 2019;Perraki et al., 2012;Raffaele et al., 2009). Full length REM1.3 was shown to segregate into liquid-ordered (lo) lipid domains both in vitro by solid state NMR (Legrand et al., 2019), and in vivo using an environmental sensitive fluorescent probe (Gronnier et al., 2017). Our groups further evidenced the relevant role of REM1.3's coiled-coil domain, stabilized by three hydrophobic contacts led by leucine residues leading to trimerization (Figure 1A). Indeed, coiled-coil-disruptive single mutations from leucines to prolines resulted in a strong defect in PM targeting (Martinez et al., 2018). Finally, REMs also contain an N-terminal intrinsically disordered domain (IDD, Figure 1A) that can be phosphorylated [START_REF] Marin | The Intrinsically Disordered Nterminal Region of AtREM1.3 Remorin Protein Mediates Protein-Protein Interactions[END_REF]Marín and Ott, 2012;Perraki et al., 2018). Importantly, this IDD is not involved in membrane anchoring per se (Legrand et al., 2019), but is likely important in protein-protein interactions as described for many IDDs [START_REF] Bah | Folding of an intrinsically disordered protein by phosphorylation as a regulatory switch[END_REF]Uversky, 2013). For example, we showed that the IDD of group 1 REMs can be phosphorylated by a Calcium Protein Kinase isoform 3 (CPK3), and those phosphorylations induced nanodomain rearrangement with a significant increase of the mean square displacement of EOS-REM1.3 in vivo and a partial loss of nanodomain stability (Perraki et al., 2018).

In this article, we present an in vitro reconstitution of a plant REM nanodomain, in a minimal synthetic membrane mimicking the PM's inner leaflet, in order to understand the mutual role of lipids, coiled-coil and phosphorylation status of the IDD. We yield a pictorial view of the localization process of REM1.3 in membranes up to a single molecule level by high-resolution imaging using confocal laser scanning, Cryo-Electron Microscopy (CryoEM) and tapping-mode Atomic force Microscopy (AFM). Partitioning of REM1.3 into this newly designed anionic model membrane of a nanodomain system addressed three biologically relevant questions: (1) what is the minimal set of partners required to make REM1.3 nanodomains; (2) what is the contribution of lipids and the REM1.3 protein in nanodomain formation; (3) how phosphorylation of REM1.3 modifies nanodomain organization? We postulate a molecular mechanism where the nanodomain formation would be REM1.3-driven and PIP-and sitosteroldependent. In this view, phosphorylation of REM1.3 by CPK3 would modify protein-protein interactions, disrupting nanodomain organization into smaller and more disperse domains, thus phenocopying our in vivo observations by Single-Particle Tracking-Photoactivated Localization Microscopy (Gronnier et al., 2017).

Material and methods

Material and plant growth conditions

All lipids come from Avanti with the exception of phosphoinositides mix (PIPmix) from bovine brain (P6023, Sigma-Aldrich). GIPCs were purified from cauliflower, as described in (Mamode [START_REF] Mamode Cassim | Biophysical analysis of the plant-specific GIPC sphingolipids reveals multiple modes of membrane regulation[END_REF]. For transient expression, Nicotiana benthamiana plants were cultivated in controlled conditions (16 hours photoperiod, 25˚C). The GFP-StREM1.3 Arabidopsis thaliana expressing line was crossed with the pss1-3+/-mutant [START_REF] Platre | A Combinatorial Lipid Code Shapes the Electrostatic Landscape of Plant Endomembranes[END_REF]. The resulting F1 progeny was grown on sulfadiazine to select pss1-3+/seedling and these plants were then self-fertilized. In F2 generation, pss1-3-/seedlings were selected on the basis of their agravitropic phenotype (Platre et al., 2019) and analyzed by confocal microscopy. GFP-positive plants were selected and the localization of GFP-StREM1.3 marker was analyzed and quantified. F3 seeds are kept heterozygous for the pss1-3 mutation.

Protein production and purification REM1.386-198 and REM1.3 were produced and purified as described in (Legrand et al., 2019). WT and GFP-REM1.386-198,EEE were constructed as follows, from N-to C-terminal: GFP [START_REF] Zacharias | Partitioning of Lipid-Modified Monomeric GFPs into Membrane Microdomains of Live Cells[END_REF] -linker (LESTSPWKKAGS) -REM1.386-198 (WT or L125E/L137E/L155E (EEE)). The corresponding DNA sequences were ordered from Eurofins Genomics and cloned in pET-24a between NdeI and XhoI. They were produced in BL21-DE3-pLys cells in LB medium with 30 µg/mL kanamycin. At OD600 = 0.6, 1 mM IPTG was used to induce protein expression at 18°C overnight. Cells were pelleted at 6000 g for 20 min at 4°C, resuspended in lysis buffer (20 mM HEPES 150 mM NaCl 20 mM imidazole 1 mM PMSF 0.02% NaN3 pH = 7.4 with Complete protease inhibitor cocktail, Roche) and sonicated on ice. The lysate was centrifuged at 15557 g for 30 min at 4°C and the supernatant was loaded on a HisTrap column (GE Healthcare) equilibrated in 20 mM HEPES 150 mM NaCl 20 mM imidazole 0.02% NaN3 pH = 7.4). GFP-REM1.386-198 was eluted with elution buffer (20 mM HEPES 150 mM NaCl 400 mM imidazole 0.02% NaN3 pH = 7.4), dialyzed against 10 mM HEPES 150 mM NaCl 0.02% NaN3 pH 7.4) at 4°C overnight, which triggered protein aggregation (Martinez et al., 2018). The turbid protein sample was centrifuged at 100000 g for 2 h at 4°C, and the pellet was discarded. After two more rounds of centrifugation, the last supernatant was kept and contained non-aggregated pure GFP-REM1.386-198. Protein concentration was assessed by absorbance at 280 nm (ε280 = 41400 M -1 .cm -1 according to Expasy ProtParam). All proteins were stored at 4°C. Recombinant CPK3-GST was produced in BL21-DE3-pLys and purified as previously reported (Boudsocq et al., 2012).

Giant unilamellar vesicles (GUVs) formation

Lipids at 10 g/L were mixed in organic solvent. About 20 µL were spread on Teflon disks, which were individually stored in small beakers. They were dried for at least 1h under vacuum with desiccator. Using a bubbler, lipids were prehydrated under a stream of N2-saturated H2O for 20 min. About 5 mL of 300 mM sucrose was gently layered on top of the disk (enough volume to cover it fully). From this point, care was taken not to shake the beaker to avoid breaking nascent GUVs. After a 34°C of overnight incubation, GUVs were collected using a severed pipette tip (to avoid shearing) and stored at 4°C until further use. GUVs were stable for 1 week.

Fluorescence microscopy on Giant Unilamelar Vesicles

Teflon-coated 50 µL observation chambers were coated with 5% BSA for 20 min at room temperature then washed three times with 10 mM 150 mM NaCl pH = 7.4. Using a severed P200 pipette tip, a drop of the GUV suspension was deposited, followed by about ≈ 1.8.10 -12 moles of GFP-tagged protein if necessary. A slightly elevated cover slide was installed using double-tape face. Observations were carried out through optical oil, on a Zeiss LSM 880 confocal laser scanning microscopy system (Leica, Wetzlar, Germany) equipped with Argon, DPSS and He-Ne lasers and a hybrid detector. GFP was excited at 488 nm and dioleoyl-Rhodamine-PhosphoatidylEthanolamine (RhodPE) was excited at 565 nm.

Plant cells live imaging

Live imaging was performed using a Zeiss LSM 880 confocal laser scanning microscopy system. YFP and GFP fluorescence were observed with excitation wavelengths of 488 nm and emission wavelengths of 490 to 550 nm. Subcellular localization of YFP-REM1.3WT and YFP-REM1.3EEE was observed 48 hours after infiltration of 3-week-old N. benthamiana leaves with Agrobacterium tumefasciens GV3101 carrying the appropriate constructs (OD600nm = 0.2). For imaging of Arabidopsis thaliana root seedlings, plants were grown vertically for 6 days on a half strength MS plate in controlled conditions (16 hours photoperiod, 22°C). The PM Spatial Clustering Index (SCI) was calculated based on images taken from epidermal cells of the elongation zone of 6-day-old root seedlings. In order to quantify, experiments were performed using identical confocal acquisition parameters. The SCI was calculated as previously described in (Gronnier et al., 2017). Briefly, 10 µm lines were plotted across the samples and the SCI was calculated by dividing the mean of the 5% highest values by the mean of 5% lowest values. Three lines were randomly plotted per cell.

CryoEM

Lipids were hydrated to 10 g/L with 10 mM HEPES 150 mM NaCl 0.02% NaN3 pH = 7.4, submitted to five freeze-thaw-vortex cycles (liquid N2, 42°C water bath), mixed with GFP-REM1.386-198 to final concentrations of 0.5 g/L lipids and 0.9 μM GFP-REM1.386-198, then incubated at room temperature for 1h. Samples were loaded on a glow-discharged holey carbon-coated copper 300 mesh grids, blotted with a filter paper and frozen in liquid ethane using an EM-GP plunge freezer (Leica). Images were acquired on a Tecnai F20 electron microscope (ThermoFisher Scientific) operated at 200 kV using an Eagle 4k_4k camera (ThermoFisher Scientific).

Atomic Force Microscopy (AFM)

Lipids were mixed in CHCl3 (or CHCl3/MeOH (2/1 vol/vol) for PIPmix), dried under a gentle flow of N2, resuspended in 10 mM HEPES, 10 mM NaCl pH = 7.4 buffer to 1-2 mg/mL at 40°C, and extruded 25 times at a temperature of 40°C by passing the solution through a polycarbonate membrane of 0.05 μm pore size (Avanti® Mini-Extruder). A liposome solution was incubated on a mica surface at 30°C overnight in a sealed Petri dish at high humidity, where liposomes fused together to form a homogeneous supported lipid bilayer. Such bilayers remain homogeneous for 1-2h at room temperature (20°C). For heterogeneous supported lipid bilayers, incubation was performed at room temperature.

The mica surface was thoroughly rinsed with water to remove excess liposomes. First, pure lipid bilayers were imaged. Then, REM1.3 or REM1.386-198 was added in a 250/1 lipid/protein molar ratio and allowed to incubate for 30 min. The surface was then rinsed with buffer to remove unbound protein before imaging. Images were taken with an AFM from Agilent, model 5500, in tapping mode. The AFM tips used were specific for soft tapping, gold coated with a spring constant of 0.28 N/m.

In vitro REM phosphorylation assay

The in vitro kinase assay was performed as previously described (Perraki et al., 2018). Briefly, CPK3-GST (WT or D202) was incubated with 1-2 μg of 6His-REM1.3 in the kinase reaction buffer (20 mM Tris HCl pH 7.5, 10 mM MgCl2, 1 mM DTT, 50 μM cold ATP, ATP [γ-33P] 2 μCi per reaction, 1 mM CaCl2) for 30 min at RT. The reaction was stopped with Laemmli buffer. Protein samples were heated at 95 ˚C for 3 min and separated by SDS-PAGE on 12% acrylamide gel. After migration, the gel was dried before exposing against a phosphorScreen to reveal radioactivity on a Typhoon Imaging system (GE Heathcare). The gel was then rehydrated for Coomassie staining.

Results

Anchoring of REM1.3 to lipid vesicles mimicking the inner leaflet of a plant plasma membrane

A first step towards reconstituting nanodomains of REM1.3 in vitro was to produce Giant Unilamellar Vesicles (GUVs) containing both saturated and unsaturated Phosphatidylcholine (PC) (namely DiPalmitoyl-PC (DPPC) and DiLinoleoyl-PC (DLPC)) and 8 mol% b-sitosterol, a well-established lipid mixture to promote lipid phase separation into liquid-ordered (lo) and liquiddisordered (ld) domains at room temperature (Cacas et al., 2016;Furt et al., 2010). In addition, GUVs were also supplemented with 16 mol% of a mix of PhosphoInositides (PIPs) and PhosphatidylSerine (PS) (called PIPmix, containing 50/20/15/15 mol% of PS/PI/PIP/PIP2 (Gronnier et al., 2017)). These lipids are the major anionic lipids constituting the PM's inner leaflet to which REM1.3 is expected to bind (Gronnier et al., 2017;Legrand et al., 2019). To assess protein binding, we used a truncated GFP-tagged REM1.3, GFP-REM1.386-198 (Figure S1), lacking its N-terminal intrinsically disordered domain (IDD) so that only the minimal anchoring machinery remains (Figure 2A). Images were taken by confocal microscopy after addition of GFP-REM1.386-198 to the GUVs. As expected, GFP-REM1.386-198 decorated 77% of the GUVs containing the PIP/PS lipid mixture (Table S1), but not those containing only PC and sitosterol, with which the GFP fluorescence signal remained in the buffer (Figure 1B). RhodPE labelling was non-uniform, indicating a partial phase separation (Figure 1B), even in absence of protein. This is expected for a complex mixture of high-and lowphase transition temperature PCs, i.e. DPPC and DLPC, sitosterol and anionic lipids, i.e. POPS and PIPs [START_REF] Feigenson | Ternary phase diagram of dipalmitoyl-PC/dilauroyl-PC/cholesterol: nanoscopic domain formation driven by cholesterol[END_REF]Ingólfsson et al., 2014;[START_REF] Salvemini | Low PIP(2) molar fractions induce nanometer size clustering in giant unilamellar vesicles[END_REF]. Likewise, GFP-REM1.386-198 labelling of liposomes was heterogeneous, partially mimicking, although with a much broader size, what can be observed in vivo for REM1.3 at the PM (Figure 3A,D).

Coiled-coil homo-oligomerization of REM1.3 is essential for PM anchoring

We previously showed that REM1.3's coiled-coil domain was crucial for membrane targeting in vivo (Martinez et al., 2018). Targeting was drastically hampered by mutation of its three conserved hydrophobic core residues L126, L137 and L155 to prolines. However, prolines are also likely to disrupt helices. We wished to inquire whether the disruption of the helical fold, or the lack of oligomerization, was responsible for this behavior. In order to maintain helical integrity, we mutated L126, L137 and L155 to negatively charged glutamates (REM1.3EEE) (Figure 1A). Confocal microscopy showed that GFP-REM1.386-198,EEE could only bind to 6% of all observed GUVs in vitro and most of the GFP fluorescent signal stayed in the buffer (Figure 1B). We further confirmed in vivo that full length YFP-REM1.3EEE was unable to attach to the PM and stayed in the cytosol, when transiently expressed in Nicotiana benthamiana epidermal leaves (Figure 1C).

Thus, both the REM-CA and the coiled-coil domains are necessary and sufficient to target the protein to the PIPmix-containing lipid bilayer. This experimental setup allowed us to further characterize the lipid binding specificity of REM1.3.

REM1.3 mainly targets anionic lipids with exposed phosphate groups

As a first step to address the role of lipids in the binding of REM1.3, we assess which lipids are important in this process. According to the literature [START_REF] Gronnier | Structural basis for plant plasma membrane protein dynamics and organization into functional nanodomains[END_REF]Legrand et al., 2019;Perraki et al., 2012), we formulated the hypothesis that GFP-REM1.386-198 (Figure 2A) preferentially binds to any lipid with a surface-exposed phosphate. To test this hypothesis, we generated liposomes with the same PC/sterol mixture supplemented with different individual PIP species with one to three free phosphate groups at 16 mol% i.e. Palmitoyl-Oleoyl-PI4P (PO-PI4P), Palmitoyl-Oleoyl-PI5P (PO-PI5P), Di-Oleoyl-PI(4,5)P2 (DO-PI(4,5)P2) and Palmitoyl-Arachidonic-PI (3,[START_REF] Raffaele | Genome-wide annotation of remorins, a plant-specific protein family: Evolutionary and functional perspectives[END_REF][START_REF] Jarsch | Perspectives on Remorin Proteins, Membrane Rafts, and Their Role During Plant-Microbe Interactions[END_REF]P3 (PA-PI(3,4,5)P3). Figure 2B-E and Table S1 showed that GFP-REM1.386-198 could also bind to all of these anionic phospholipids.

We assessed whether PS, another abundant anionic lipid of the inner leaflet of plant PM, allowed the binding of GFP-REM1.386-198 to liposomes. We generated liposomes with 16 mol% of Palmitoyl-Oleyl-PS (POPS), but GFP-REM1. was not at all able to bind to those GUVs (Figure 2F), unless a much higher percentage of POPS (32 mol%) was used (Figure S2, Table S1). However, it was able to bind to GUVs containing 16 mol% of Palmitoyl-Oleoyl-Phosphatidic Acid (POPA), albeit with a low binding frequency of 14% (Figure 2G, Table S1). Thus, the affinity of GFP-REM1.386-198 for PS seems much lower compared to its affinity for phospholipids with exposed phosphate groups like PIPs and PA.

As a final control, we tested glycosyl phosphatidylinositol ceramide (GIPC), an abundant anionic sphingolipid of the plant PM's present in the outer leaflet of the plant PM (Cacas et al., 2016;[START_REF] Cassim | Purification, characterization and influence on membrane properties of the plant-specific sphingolipids GIPC[END_REF]). Yet, GFP-REM1.386-198 did not bind to DLPC/sitosterol/GIPC 1/1/1/ GUVs (Figure 2H, Table S1). 

PS is not necessary for REM1.3 nanodomain formation in vivo

We further tested the apparent superfluity of PS for REM1.3's membrane targeting in vivo by taking advantage of the Arabidopsis thaliana mutant lines of the PS synthase (pss1-3) completely lacking PS [START_REF] Platre | A Combinatorial Lipid Code Shapes the Electrostatic Landscape of Plant Endomembranes[END_REF]. GFP-REM1.3 was expressed in wild-type (WT) and pss1 mutant background. Confocal fluorescence microscopy on Arabidopsis thaliana root seedlings showed GFP-REM1.3 was still targeted to the PM in the absence of PS. Furthermore, GFP-REM1.3 was partially organized in nanodomains at the PM of the pss1-3 mutant. Thus, PS is dispensable for the addressing of REM1.3 to PM nanodomains (Figure 3A-E). However, the nanodomains appeared larger and more diffuse in pss1-3 than in the WT, as measured by the Spatial Clustering Index (SCI) (Figure 3F), suggesting that PS may indirectly participate in the spatial organization of REM1.3 in vivo.

Cryo-EM observations showed that REM1.3 is organized periodically into nanodomains on lipid vesicles

To observe individual oligomers of GFP-REM1.386-198 at a nanometric scale, we needed a much higher resolution than what conventional confocal microscopy can provide. We thus adapted our previously described sample preparation protocol for CryoEM, replacing GUVs with large unilamellar vesicles (LUVs) and increasing the PIPmix content from 16 to 24 mol%, to increase the probability to spot protein binding events. When necessary, 0.9 µM of GFP-REM1.386-198 were added and the mixture was incubated at room temperature for 1h before freezing.

Our protocol allowed us to obtain smooth, protein-free lipid vesicles (Figure 4A). In the presence of GFP-REM1.386-198, we observed patterned dots decorating the vesicle's outer leaflets likely corresponding to a patch of proteins, while their inner leaflets remained smooth (Figure 4B). These protein patches shared many expected nanodomain features: (1) a finite domain size, here about 100 nanometers along the equatorial plane of the liposome; (2) a local enrichment in GFP-REM1.386-198 organized along the membrane with center-to-center distance between dots of about 6.6 ± 1.1 nm; (3) a local thickening of the outer leaflet of membrane by ≈ 5 nm, due to the presence of .

This data demonstrates that we are indeed able to reconstitute in vitro membrane nanodomains of GFP-REM1.386-198 in lipid vesicles. 

The formation of REM1.3 membrane nanodomains is protein-driven and the shape and size of domains are phosphorylation-dependent

To gather more detailed insights into the REM1.3's nanoclustering mechanism, we used Atomic Force Microscopy (AFM) on supported lipid bilayers to monitor the behavior of REM1.3 when attached to the membrane. We first started from a "smooth", homogeneous lipid bilayer composed of DPPC/DLPC/sitosterol/PIPmix generated by heating the lipid mixture to remove pre-existing lipid phase separation. In absence of protein, no differences in height were observed on the surface of the supported lipid bilayer (Figure 5A left). The addition of the truncated REM1.386-198 (purified without the GFP tag, see Figure S1) triggered the formation of thread-like domains about 8-10 nm thicker than the bulk membrane (Figure 5A, middle). To question the role of b-sitosterol, we performed AFM experiments in absence of b-sitosterol in the saturatedunsaturated PC mixture. Figure S3 clearly showed that the absence of b-sitosterol prevented REM1.386-198 to increase the thickness of the membrane. Therefore, the presence of anionic lipids (Figure 1) and phytosterol (Figure S3) is not only required for the REM1.3 anchoring, but also for domain formation in vitro.

We assessed whether pre-existing lipid domain would impact the formation of REM1.3 domains. We produced heterogeneous lipid bilayers with the same lipid composition as above, see Material and methods. In absence of protein, the membrane displayed two different heights, separated just by ≈ 1 nm, corresponding to two distinct lipid domains. Assuming that high-order lipid domains would be thicker than low-order ones [START_REF] Grélard | Hepatitis B subvirus particles display both a fluid bilayer membrane and a strong resistance to freeze drying: a study by solid-state NMR, light scattering, and cryo-electron microscopy/tomography[END_REF] and considering the greater size of PIPs molecules compared to PCs, we hypothesized that the highest domains were formed by PIPs and PS. After the addition of purified full length REM1.3, we observed the formation of protein domain of ca. 7 nm thick (Figure S4) and a restructuring of the existing lipid domains. This can be interpreted as indicating that REM1.3 is interacting with and redistributing the PIPmix-enriched domains. We further used the heterogeneously expressed Full length REM1.3 (purified without the GFP tag, Figure S1) to test the potential role of the IDD in domain formation and stability. AFM observations showed that it also promoted the formation of larger, patch-like domains with a thickness around 4-10 nm (Figure 5B). REM1.3 can be phosphorylated by AtCPK3 in vitro, and the protein's mobility in the membrane and nanodomain size are affected by its phosphorylation state in vivo (Perraki et al., 2018). Thus, we tried to recreate and analyze this behavior in our minimal in vitro system. We phosphorylated in vitro REM1.3 with AtCPK3 purified form E. coli (Figure S5).

The shape and size of REM1.3 nanodomains are phosphorylationdependent

The addition of phosphorylated REM1.3 to smooth membranes resulted in the creation of domains of 4-10 nm in thickness but much smaller width compared to non-phosphorylated REM1.3 (Figure 5C). In the case of non-phosphorylated REM1.3, the domains reached lateral dimensions of up to several hundred nanometers in width, reaching up to 1 µm, whereas the interconnected domains formed by the phosphorylated protein were not wider than 100-200 nm. This difference in phenotype in vitro is reminiscent of what has been observed in vivo by Single-Particle Tracking Photoactivated Localization (Gronnier et al., 2017;Perraki et al., 2018).

To summarize, AFM studies showed the ability of both truncated and Full length REM1.3 to trigger domain formation even in absence of pre-formed lipid domain in a smooth, homogeneous membrane. This implies that domain formation is partly protein-driven. The difference in organization pattern when lipid phase separations are pre-formed (thread-like for the truncated REM1.386-198 vs. patch-like for the full length REM1.3) implies that, the IDD, absent in the truncated REM1.386-198, must indirectly play a role in supramolecular membrane nanodomain organization even though the two proteins share the same membrane binding mechanism. Phosphorylations in the IDD of REM1.3 led to the disorganization of the membrane domains into smaller and more disperse domains. 

Discussion

The remorin proteins are frequently involved in signaling to regulate plant biotic and abiotic interaction with their environment [START_REF] Gouguet | Connecting the dots: from nanodomains to physiological functions of REMORINs[END_REF]. As such, Remorin's lateral segregation to specific nanoscale compartments at the PM are issues under high scrutiny in the fields of plant biochemistry, biophysics and signaling.

The set of minimal partners to form REM1.3 nanodomains: Driving forces behind REM1.3 nanodomain formation

In this study, we assessed whether a set of 3 classes of lipids was sufficient to reconstitute group 1 REM nanodomains in vitro: 1/ a mix of saturated and unsatured bilayer-forming PC to create lo and ld domains; 2/ negatively charged polyphosphoinositides that allow the loading of REM1.3 to the bilayer (Figure 2); 3/ phytosterols that are likely necessary to stabilize the nanodomains (Figure S3). All of these molecules are necessary to form the protein-lipid nanodomains located exclusively along the exposed leaflet of the bilayer where REM1.3 is organized in a periodic manner (Figure 4). Homomeric REM1.3 (Martinez et al., 2018) targets PI4P of the PM's inner leaflet in vivo, and other anionic lipids to a lesser extent (Figure 2). This binding involves the RemCA domains through electrostatic interactions with the phosphate group of PIPs and the Lys/Arg of REM-CA [START_REF] Gouguet | Connecting the dots: from nanodomains to physiological functions of REMORINs[END_REF]Gronnier et al., 2017) (Legrand et al., 2019), while sitosterol would likely migrate to the saturated fatty acid-enriched nascent anchoring site (Legrand et al., 2019). Finally, nearby REM1.3 would cluster together through their coiled-coil domains (Figure 5A) and more efficiently through the IDD (Figure 5B), increasing nanodomain size. Indeed, disruption of the coiled-coil homomerization domain, as exemplified by GFP-REM1.3EEE greatly reduces, if not abolishes, membrane targeting (Figure 1). We envision that high-order REM1.3 interaction through the coiled-coil and IDD likely cluster more PIPs and sitosterol. This may act as a self-amplifying system driving the formation of nanodomains.

Size limitation of membrane nanodomains could come from the exhaustion of nanodomain components, particularly REM1.3 and PIPs, in the immediate vicinity of the nanodomain. We assume all nanodomain components are in equilibrium between two states: either in the bulk membrane or in membrane nanodomains. This implies nanodomain dissociation may overcome nanodomain formation once a certain nanodomain size is reached. To decipher such mechanisms would require a thorough kinetic analysis of nanodomain formation, which is beyond the scope of this study.

Whereas disruption of the coiled-coil homotrimerization domain abolishes membrane targeting, REM-CA alone still is capable of PM binding (Legrand et al., 2019). This underlines the cooperative interactions of the trimerization domain towards membrane association. Our previous observation of coiled-coil domain clustering in absence of membranes underlines the tendency of coiled-coil domain interactions.

Altogether, we conclude that reconstituting nanodomains of REM1.3 requires the following minimal set of partners: REM1.386-198, i.e. RemCA domains bundled through a homomeric coiled-coil domain with 3 IDD (Martinez et al., 2018), PIPs, sitosterol (Gronnier et al., 2017;Legrand et al., 2019;Raffaele et al., 2009) and bulk lipids, such as DPPC and DLPC, to favor the formation of two distinct lipid phases, lo and ld respectively.

This leaves the question: what drives nanodomain formation? PIPs are known to segregate from the bulk of the membrane into nanodomains without requiring any protein or sterol [START_REF] Bilkova | Calcium Directly Regulates Phosphatidylinositol 4,5-Bisphosphate Headgroup Conformation and Recognition[END_REF][START_REF] Van Den Bogaart | Membrane protein sequestering by ionic protein-lipid interactions[END_REF]Furt et al., 2010;[START_REF] Ji | Nanoscale Landscape of Phosphoinositides Revealed by Specific Pleckstrin Homology (PH) Domains Using Single-molecule Superresolution Imaging in the Plasma Membrane[END_REF][START_REF] Motegi | Physical Properties and Reactivity of Microdomains in Phosphatidylinositol-Containing Supported Lipid Bilayer[END_REF]. Some sterols, like sitosterol, are also enriched in nanodomains in PC/PIP membranes (Furt et al., 2010). Lipid phase separation on supported bilayer for AFM can be achieved without REM1.3 (Figure S4). Thus, we wished to assess whether REM1.3 had an active role in shaping membrane nanodomains or if it only targeted pre-existing nanodomains. Variations in lipid domain surface occupancy by AFM upon addition of REM1.3 (Figure 5) with or without pre-existing formed lipid domains prove REM1.3's ability to deeply modify membrane organization by forming 6-7 nm tall nanodomains. Thus, REM1.3 nanodomain formation is mostly protein-driven with the involvement of lipid to stabilize the REM domain by a feedback mechanism between proteins and lipids, see model proposed in Figure 6A.

Our data delineating both an impact of the coiled-coil oligomerization as well as of the multivalent electrostatic interactions in the IDD upon nanodomain clustering could suggest the creation of a membrane-associated liquid phase separation [START_REF] Ditlev | Membrane-associated phase separation: organization and function emerge from a two-dimensional milieu[END_REF]. Liquid-liquid phase separation (LLPS) is a longstanding concept that gains in importance through its role in multiple cellular processes (Li et al., 2012). IDD and polymerization domains, such as coiled-coil domains, are typically overrepresented in LLPS forming proteins [START_REF] Alberti | Considerations and Challenges in Studying Liquid-Liquid Phase Separation and Biomolecular Condensates[END_REF]. Shaping the features of membrane targeting and nanodomain clustering by both domains demonstrates the role of the multivalent interactions that could engender phase separation on the membrane surface. The formation of a lo phase in the membrane could be orchestrated to the simultaneous creation of a separated liquid phase.

Orientation of REM1.3 at the surface of the lipid bilayer

Different models were proposed to explain the spatial organization of group1 REM: either the coiled-coil is oriented perpendicular to the bilayer [START_REF] Gouguet | Connecting the dots: from nanodomains to physiological functions of REMORINs[END_REF] or it lays at the surface of the membrane (Jaillais and Ott, 2020). The estimated length of the coiled-coil being ca. 8 nm with a diameter of 2 nm (Martinez et al., 2018) is compatible with the height observed with the AFM on the supported lipid bilayers, but not with the cryo-EM observation of GFP-REM1.386-198 protruding at only 4.5 nm on the surface. This would rather suggest an orientation of REM1.3 with its coiled-coil laying at the surface of the bilayer, with the REM-CAs embedded in the membrane like staples, and the IDDs interacting together. Although this hypothesis remains to be experimentally proved, it paves the ways towards elucidating the precise orientation of REM1.3 in membrane nanodomains.

Phosphorylation of REM1.3 affects nanodomain organization

The phosphorylation of REM1.3 by AtCPK3 yields a protein, P-REM1.3, that triggers a different nanodomain organization than the non-phosphorylated REM1.3 (Figure 5C). P-REM1.3 nanodomains have the same height but display a less compact and more disperse lateral packing on the surface of the bilayer. This data is in line with live super-resolution single particle tracking microscopy where we observed that the phosphorylation increases the EOS-REM1.3's diffusion coefficient and mean square displacement reflecting an increase of REM1.3 mobility (Perraki et al., 2018). Moreover, Voronoï tessellation method that compare the in vivo supra-molecular organization of microscopy data showed a decrease in the localization density of EOS-REM1.3 in nanodomains after phosphorylation, i.e. after infection by the Potato Virus X (Perraki et al., 2018). Overall, the changes of REM1.3 distributions in synthetic membranes after phosphorylation phenocopy the increase of REM1.3's modulation of nanodomain organization. This data suggests the involvement of the phosphorylation of the IDD in the organization of the protein in the lipid bilayer, likely inducing conformational changes that would hinder REM1.3 oligomerization through an uncharacterized mechanism. The phosphorylated IDD could act as an entropic barrier to control nanodomain size, effectively pushing away other REM1.3 homotrimers and hindering nanodomain formation [START_REF] Jamecna | An Intrinsically Disordered Region in OSBP Acts as an Entropic Barrier to Control Protein Dynamics and Orientation at Membrane Contact Sites[END_REF]. Alternatively, the phosphorylation could also modulate electrostatic interactions and repulsions with other IDDs [START_REF] Liu | The Effect of Intrachain Electrostatic Repulsion on Conformational Disorder and Dynamics of the Sic1 Protein[END_REF]. Regulation by phosphorylation is also in line with our previously mentioned suggestion of LLPS formation on the membrane surface, since phosphorylation is involved in LLPS modulation events [START_REF] Wang | Liquid-liquid phase separation in human health and diseases[END_REF].

Our present work of in vitro reconstitution paves the way to understand the labelling of different REM phylogenic group that localize to different nanodomains and are in some cases completely excluded from each other (Jarsch et al., 2014). is not phosphorylated but (B) only about 100 nm if REM1.3 is phosphorylated. Insert: a close-up lateral view of this process depicts REM1.3 clustering with anionic phospholipids (PIPS and PA but not PS) and sitosterol, resulting in a slight increase in lipid order (Legrand et al., 2019). Protein-protein interactions (black arrows) and phosphorylations define the size and the microscopic organization pattern of REM1.3 membrane nanodomains. S1. REM1.3 oligomers bind to anionic phospholipids (PIPs and PA but not PS) of the PM's inner leaflet and cluster into membrane nanodomains in presence of sitosterol. Membrane nanodomain size depends on REM1.3's phosphorylation state: (A) a few hundreds of nanometers if REM1.3 is not phosphorylated but (B) only about 100 nm if REM1.3 is phosphorylated. Insert: a close-up lateral view of this process depicts REM1.3 clustering with anionic phospholipids (PIPS and PA but not PS) and sitosterol, resulting in a slight increase in lipid order (Legrand et al., 2019). Protein-protein interactions (black arrows) and phosphorylations define the size and the microscopic organization pattern of REM1.3 membrane nanodomains EEE,and REM1.3 S1. 1B). High PS: DPPC/DLPC/sitosterol/POPS 40/21/6/32 mol% GUVs in presence of GFP-REM1.386-198 (see Figure S2).

Addendum

StREM1.3 PM dynamics and lateral organization is starting to be well addressed, through both in vivo and in vitro methods. The switch made to Arabidopsis confronted us to the need to address the functional redundancy of the 16 REM isoforms detected in A. thaliana. It was shown that the C-terminal part of REM was well conserved and they were first classified based on their N-terminal variation (Raffaele et al., 2007). Taking a closer look to the C-terminal anchor of AtREMs led us to realize that, beyond overall homology, a variability remained among their sequence. Moreover, it was shown that phylogenetically distant AtREMs were clustered in distinct areas of the PM (Jarsch et al., 2014). We check this exclusion of distant AtREMs, AtREM1.2 and AtREM6.1 ourselves and did not come with results as stringent as the one published, even if distant AtREM1.2 and AtREM6.1 appeared to colocalize to a lesser extent than when coexpressed with themselves. Recently, using liquid state NMR, PhD candidate Zeren Xu at IECB, Pessac (ANR PhosphoREM) analyzed the structure of 9 AtREMs from different groups and showed that they displayed a high structure similarity. In an attempt to understand what part of AtREM could be mainly responsible for its lateral organization, we truncated the N-terminal part of AtREM1.2 and AtREM6.1 and noticed a smoothing of their pattern, indicative of the importance of the N-terminus for lateral segregation and domain stability. We are currently switching to a higher resolution system, with a spinning disk and dual-color TIRF to better describe the putative exclusion of AtREM1. was shown to phosphorylate several group1 REMs in-vitro and was proposed to be the kinase responsible for StREM1.3 phosphorylation (Perraki et al., 2018). Its constitutively active version, independent of calcium (AtCPK3CA), was able to hamper viral propagation when over-expressed in N. benthamiana, function that was abolished when group1 REMs are silenced. Based on those observations, several questions are raised:

-Is there a Ca 2+ pike upon viral infection? -There are 34 CPK isoforms in A. thaliana, is only CPK3 involved in viral perception? -Does AtCPK3 interact with viral proteins? -Is AtCPK3 PM localized and does it stabilize with group1 REM upon activation? Moreover, the aforementioned data was obtained using heterologous over-expression of the constitutively active form of AtCPK3 in N. benthamiana, which can lead to artefactual phenotypes. Here, we aimed to understand the role of this kinase in a homologous system i.e.

Arabidopis thaliana and its relation to group 1 AtREMs in an homologous system by using the plantago asiatica mosaic virus (PlAMV), a potexvirus able to infect A. thaliana. This work was started by Anne-Flore Deroubaix, that tested multiple knock-out mutants of cpk isoforms in PlAMV infection assays along with simple, double and triple KO mutants of group1 AtREMs. Based on the obtained results, I generated stable lines and performed further analysis, wrote the manuscript and built the figures.

INTRODUCTION

Viruses are peculiar intracellular obligate pathogens, classified outside the living, carrying minimal biological material and strictly relying on their host for their replication and propagation. Able to infect all kingdoms of living, they represent an important threat to both human health and food security all around the world. In particular, crops are increasingly at risk regarding plant virus infection and only a few treatments are available for some viral species (Wang et al., 2018). Unlike their animal counterpart, that can enter hosts' cells by themselves by interacting directly with the plasma membrane, plant viruses have to rely on either mechanical wounding or insect vectors to cross the plant cell wall (Hanssen & Thomma, 2010). Once inside the plant cell, they use the host machinery to express viral proteins, replicate their material and navigate from cell-to-cell, modifying plasmodesmata (PD) size exclusion limit (SEL) to be able to do so. Since they do not interact with the plant PM to enter their host, the zigzag model used to describe an immune response towards bacterial or fungi infection is not used for viruses. In this model, pathogen-associated molecular patterns are recognized in the apoplast by plasma membrane (PM)-associated receptors. PM diffusion of those receptors is reduced, they interact with coreceptors and segregate into nanoscale domains at the PM, resulting in pathogen-triggered immunity (PTI) [START_REF] Kumar | Signaling Pathways and Downstream Effectors of Host Innate Immunity in Plants[END_REF]. Whether a similar PM-based mechanism could be involved in viral immunity is not addressed yet, even though a few PTI-involved receptors were described to play a role in viral immunity [START_REF] Li | The receptorlike kinase NIK1 targets FLS2/BAK1 immune complex and inversely modulates antiviral and antibacterial immunity[END_REF].

The most described PM-located proteins in the context of a viral infection are part of the REMORIN (REM) family. REMs are widely used as PM nanodomain markers and we showed that Solanum tuberosum REM 1.3 (StREM1.3) domains were disrupted and the protein mobility increased upon potato virus X (PVX) infection. We identified CALCIUM-DEPENDENT PROTEIN KINASE 3 (AtCPK3) as phosphorylating group1 REM in-vitro and showed that a StREM1.3 mutant mimicking phosphorylation of its predicted phosphosites also showed an increased lateral mobility at the PM, linking viral infection with StREM1.3 phosphorylation and alteration of its PM behavior. AtCPK3 was also able to hamper PVX propagation when over-expressed in N. benthamiana, function that was abolished when endogenous N. benthamiana group1 REM were silenced (Perraki et al., 2018). AtCPK3 was recently shown to be important for both bacterial-induced PTI and hypersensitive response (Lu et al., 2020). If it appears that AtCPK3 is crucial for biotic stress response, the mechanisms ruling its activation were not explored yet.

Arabidopsis thaliana, the model for genetic studies in plants is not susceptible to most potexviruses, which hampered the use of reverse genetics to explore signal transduction upon infection for many years. This was solved recently by the ability of the plantago asiatica mosaic virus (PlAMV), a potexvirus, to infect a wide range of hosts, including A. thaliana. Here, we used this promising tool to unveil the PMlocated mechanisms involved in the sensing of potexviruses by the plant PM (Minato et al., 2014).

RESULTS

Arabidopsis thaliana calcium-dependent kinase 3 (ATCPK3) restricts PlAMV cell-to-cell movement

We previously demonstrated that AtCPK3 restrict the propagation of the potexvirus potato virus X (PVX) in Nicotiana benthamina leaves (Perraki et al., 2018). AtCPKs are encoded by a large gene family of 34 members in Arabidopsis. To evaluate the potential functional redundancy between AtCPKs, we first tested viral propagation in Arabidopsis plants knocked-out for AtCPK isoforms that are involved in immunity [START_REF] Boudsocq | Differential innate immune signalling via Ca 2+ sensor protein kinases[END_REF][START_REF] Gao | Nuclear dynamics of arabidopsis calcium-dependent protein kinases in effector-triggered immunity[END_REF][START_REF] Guzel Deger | Guard cell SLAC1-type anion channels mediate flagellin-induced stomatal closure[END_REF]. Because PVX do not infect Arabidopsis, we used an agroinfiltrable genomic clone of plantago asiatica mosaic virus tagged with GFP (PlAMV-GFP), able to infect both Solanaceae and Arabidopsis thaliana (Minato et al., 2014;[START_REF] Yamaji | Lectin-mediated resistance impairs plant virus infection at the cellular level[END_REF]. PlAMV-GFP was infiltrated in A. thaliana leaves and GFP-fluorescent infection foci were observed 5 days post infection (dpi) (supplemental figure 1). We tested several combinations of mutants of AtCPK1, AtCPK2, AtCPK3, AtCPK5, AtCPK6, AtCPK11: the double mutants cpk1/cpk2 [START_REF] Gao | Nuclear dynamics of arabidopsis calcium-dependent protein kinases in effector-triggered immunity[END_REF] and cpk5/cpk6 [START_REF] Boudsocq | Differential innate immune signalling via Ca 2+ sensor protein kinases[END_REF], the triple mutant cpk5/cpk6/cpk11 [START_REF] Boudsocq | Differential innate immune signalling via Ca 2+ sensor protein kinases[END_REF], and the two quadruple mutants cpk1/cpk2/cpk5/cpk6 [START_REF] Gao | Nuclear dynamics of arabidopsis calcium-dependent protein kinases in effector-triggered immunity[END_REF], and cpk3/cpk5/cpk6/cpk11 [START_REF] Guzel Deger | Guard cell SLAC1-type anion channels mediate flagellin-induced stomatal closure[END_REF]. No significant effect was detected in PlAMV cell-tocell movement in cpk1/cpk2/cpk5/cpk6, cpk1/cpk2 and cpk5/cpk6, demonstrating that CPK5, CPK6, CPK1 and AtCPK2 were not involved in PlAMV propagation (Figure 1A). PlAMV propagation was not impaired in cpk5/cpk6/cpk11 as well. However, we showed an increase of 20 % of PlAMV-GFP propagation in the quadruple mutant AtCPK3/cpk5/cpk6/cpk11 relative to the control Col-0, which indicates that AtCPK3 could play a specific role in viral propagation.

To confirm the specific role of AtCPK3 in PlAMV infection, two independent KO lines for AtCPK3, cpk3-1 (Mori et al., 2010) andAtCPK3-2 (Melhmer et al., 2010) along with two independent lines overexpressing AtCPK3, 35S::HA-CPK 3OE #8.2 and 35S::HA-AtCPK3 OE#16.2 (Boudsocq et al., 2012b) were infiltrated with PlAMV. Remarkably, in both cpk3-1 and cpk3-2 KO lines, PlAMV-GFP propagation was strongly enhanced by 40 to 60% compared with Col-0, whereas the overexpressor lines 35S::HA-AtCPK3 OE#8.2 and 35S::HA-AtCPK3 OE#16.2 only showed 10% and 20 % restriction of the foci area, respectively (Figure 1C).

To test the importance of AtCPK3 on the systemic propagation of PlAMV in Arabidopsis, we used a CCD camera to track the propagation of PlAMV-GFP through the entire plant up to 17 dpi; this nondestructive imaging method allowed to follow both the kinetics of propagation but also to track the propagation within systemic leaves (supplemental figure 1B). In accordance with already published data, no growth difference was observable between the mutants and control Col-0 under our culture conditions (Mori et al., 2010;Boudsocq et al., 2012). While barely no systemic propagation is observable in 35S::ATCPK3-HA #16.2 during the course of our assay, PlAMV-GFP reached distal tissues only 10 dpi in the cpk3-2 KO mutant line (Figure 1D). Quantification of the cumulative fluorescence intensities was done on systemic tissues and showed an increase of PlAMV-GFP infection in cpk3-2 compared to the control Col-0 and a decrease in the 35S::HA-AtCPK3 over-expressor line for all days observed, although the difference was not statistically significative (Figure 1E).

We then wanted to ensure that the kinase activity of AtCPK3 was at play during PlAMV infection. The ATP binding site of AtCPK3 in located on the lysine 107, which mutation into a methionine was shown to abolish its activity (Lu et al., 2020). We infected both cpk3-2/AtCPK3 and cpk3-2/ATCPK3 K107M with PlAMV-GFP. While stable expression of AtCPK3 complemented cpk3-2 mutant, it was not the case for AtCPK3 K107M as cpk3-2/AtCPK3 K107 displayed a significantly increased infection foci area compared to Col-0.

Taken together, these results demonstrate the specific involvement of AtCPK3 kinase activity in PlAMV cell-to-cell movement restriction and show that overexpression of the kinase is not sufficient to induce restriction, suggesting the existence of post-translational regulation mechanisms.

PlAMV infection activates AtCPK3 and modify its PM organization

AtCPK3 is partially PM located (Mehlmer et al., 2010)and involved in stress response, however its PM diffusion parameters and lateral organization upon stress induction was never addressed. To check whether AtCPK3 PM organization was modified upon viral infection, we either infiltrated AtCPK3-RFP alone or co-infiltrated AtCPK3-RFP and PlAMV-GFP in N. benthamiana leaves. In parallel, we infiltrated a constitutively active version of AtCPK3, named AtCPK3CA. AtCPK3 bears an autoinhibitory domain that folds over the kinase domain and inhibits the kinase activity is absence of calcium [START_REF] Harper | Decoding Ca(2+) signals through plant protein kinases[END_REF][START_REF] Sheen | Ca2+-dependent protein kinases and stress signal transduction in plants[END_REF]. The truncation of this domain results in a calcium-independent, constitutively active AtCPK3 (Supplemental figure 2A). While AtCPK3 appears partially cytosolic,

AtCPK3CA shows a strong PM localization and is laterally organized in micrometric domains discernable by confocal microscopy. However, no difference in PM attachment, nor lateral organization could be observed between AtCPK3 infiltrated alone or with PlAMV-GFP (Figure 2A).

Confocal microscopy resolution is limited by the diffraction limit which can be overcame using Total Internal Reflection Microscopy (TIRF). Illumination of only a small Z section allows to remove background noise and to enhance lateral resolution of proteins located at the surface of the cell. Coupled with photoactivable fluorophores like mEOS3.2, the localization and diffusion parameters of individual membrane proteins can be recovered from a living cell. We used AtCPK3-mEOS3.2 and AtCPK3CA- AtCPK3 diffusion coefficient (D) indicated that the whole population of proteins is diffusing rather fast at the PM while it is slowed down during a PlAMV infection. AtCPK3CA proteins are divided in two populations: one moving as fast as AtCPK3 and a slower, almost immobile, population of proteins (Figure 2C). Another way to depict the diffusion of proteins at the membrane is to use the Mean Square Displacement (MSD), which represents the area explored by a single protein in a given time. Based on its MSD, AtCPK3 seemingly has an unrestricted movement at the PM in a healthy tissue whereas it is as constrained as AtCPK3CA during a PlAMV infection (Figure 2D). However, a part of AtCPK3CA particles appear to be freely diffusing at the PM, which in accordance with the two-components D and could explain why AtCPK3CA display a higher MSD than AtCPK3 during a PlAMV infection (Figure 2A,2E). Taken all together, those results show that AtCPK3 diffusion and clustering parameters are modified upon PlAMV infection, resulting in a lateral organization resembling the one of AtCPK3CA.

Differences remain between AtCPK3CA and AtCPK3 during a PlAMV infection, both at the micrometric and nanometeric scale, hinting that AtCPK3 activation upon viral infection is regulated, compared to the ever-activated AtCPK3CA.

The mechanisms ruling the clustering of membrane proteins are not always fully understood but they seem to involve protein-protein interaction, protein-lipid affinity and lipid-lipid organization (Sezgin et al., 2017). Lipids are known to be heterogeneously distributed at the PM and in particular, sterols are described to drive protein clustering at the PM [START_REF] Simon-Plas | An update on plant membrane rafts[END_REF]. We decided to check AtCPK3CA lateral organization under sterol inhibition treatment. Treating leaves with 50µg/mL fenpropimorph, a well-established sterol biosynthesis inhibitor (Gronnier et al., 2017), affected AtCPK3CA organization in domains, but not its PM attachment, hinting that sterols play a role in lateral segregation of the protein after activation but not in its subcellular localization. Phosphoinositides are found in very small quantities at the PM but are extremely important for PM organization and PMrelated intracellular signaling (Noack & Jaillais, 2020). We previously showed that PI4P was particularly important for the lateral organization StREM1.3 (Gronnier et al., 2017). PM-targeted Myristoylated-and-Palmitoylated SAC1 (MAP-SAC1) was co-expressed with AtCPK3CA to check whether PI4P were involved in its clustering. While AtCPK3CA domains were maintained, they surprisingly appeared sparser and bigger, which could indicate that AtCPK3CA do not rely on PI4P for clustering itself but rather for its size regulation.

As AtCPK3 calcium-mediated activation is concomitant with its auto-phosphorylation (Mehlmer et al., 2010), we realized an in-vitro auto-phosphorylation assay of AtCPK3 and analyzed it with massspectrometry to assess the residues differentially phosphorylated upon calcium addition. Different phosphosites were identified along AtCPK3 but among them, only S195, S134 and S353 were differentially phosphorylated upon addition of calcium. While S134 and S195 were located in the kinase domain, S353 was located in the auto-inhibitory domain, more specifically in the junction linking the kinase domain with the calcium-binding domain (supplemental Figure 2).

Based on the crucial position of those residues, we wondered whether the kinase activity of AtCPK3CA was important for its clustering and observed AtCPK3CA K107M using confocal microscopy (Figure 2G).

AtCPK3CA K107M was still organized in domains, though displaying an increased SCI, which could indicate that the kinase activity is not involved in PM attachment and only partially involved in the modification of the clustering of AtCPK3 after activation. The protein conformation obtained after truncation maybe allows stable protein-protein interaction or lipid-protein interaction independently of the phosphorylation status of the kinase. Also, as the truncation removes the whole auto-inhibitory domain, S353 is not part of AtCPK3CA. Based on its position in the auto-inhibitory domain and the lack of effect of AtCPK3CA K107M , it would suggest that S353 plays a major role in the modification of the conformation of the protein upon calcium-induced auto-phosphorylation.

All of these results hint that a PlAMV infection results in a calcium-dependent auto-phosphorylation of AtCPK3, inducing conformational changes of the protein, which affects its PM lateral distribution and dynamics in a sterol and Pi4P-dependent way.

AtCPK3 PM anchoring is crucial to hamper PlAMV propagation

Since AtCPK3 hampers PlAMV propagation in A. thaliana, we wondered whether it was transcriptionally enhanced during a PlAMV infection. RT-qPCR and western blots of AtCPK3 in Col-0 showed that both transcripts and protein levels remained the same during an infection (supplemental Figure 3A). Then, we wondered whether its subcellular localization was important for its function. Using microsomes, we noticed a 50% membrane enrichment of AtCPK3 during PlAMV infection (Figure 3A).

AtCPK3 is myristoylated on the Glycine 2 and this myristoylation is important for AtCPK3 PM localization (Melhmer 2010). Accordingly, AtCPK3 G2A PM localization was impaired cpk3-2/35S::AtCPK3 G2A -RFP complemented lines (Figure 3B). PlAMV propagation area in cpk3-2/35S::AtCPK3 G2A -RFP was enhanced compared to Col-0 and cpk3-2/35S::AtCPK3-RFP, showing that myristoylation and PM localization is important for the antiviral function of AtCPK3 (Figure 3C).

We then wanted to check whether AtCPK3 had the same behavior in A. thaliana than in N. benthamiana Based on its ability to hamper PlAMV propagation and the modification of its lateral behavior at the PM, we wondered whether AtCPK3 accumulated at PD upon PlAMV infection as this is the bottleneck for viral cell-to-cell propagation. No enrichment at PD was observed for Col-0/AtCPK3-RFP, even during a PlAMV infection (Supplemental figure 3C). However, cpk3-1 and cpk3-2 plants showed a lowered callose accumulation in root seedlings and enhanced cell-to-cell connectivity in leaves (supplemental figure 3D, 3E), hinting that AtCPK3 could regulate PD size exclusion limit, even in the absence of any stimuli. However, since neither seedlings nor adult plants show developmental defects (Boudsocq et al., 2012a;[START_REF] Mori | CDPKs CPK6 and CPK3 function in ABA regulation of guard cell S-type anion-and Ca2+-permeable channels and stomatal closure[END_REF], this suggest that ATCPK3 activity is only at play only during stresses. In accordance with previously published data [START_REF] Huimin | The expression of constitutively active CPK3 impairs potassium uptake and transport in Arabidopsis under low K + stress[END_REF], we were not able to obtain viable lines expressing AtCPK3CA, most of them not germinating and the few growing had severe developmental defects and ended up silencing AtCPK3CA expression (data not shown). This indicates the physiological importance of the fine regulation of AtCPK3, an ever-activated form hampering plant development.

This data indicated that PlAMV infection do not affect AtCPK3 expression in cells but rather regulate its subcellular localization along with its PM diffusion ability. PM localization of AtCPK3 being crucial for its function, it suggests that the kinase targets are PM-localized.

Group1 AtREMs are functionally redundant regarding PlAMV propagation

Group 1 REMs are one of the targets of AtCPK3 and we showed previously that they were functionally linked together regarding PVX infection (Perraki et al., 2018). There are four REM isoforms that belong to the group 1 in A. thaliana. rem1.2 and rem1.3 are amongst the 10% most expressed transcripts in Arabidopsis leaves while REM1.1 is not detected in recently published leaf transcriptomes and proteomes (Mergner et al., 2020). Protein isoforms often share similar functions and show functional redundancy regarding a phenotype. REMs are described as be scaffold proteins (Lefebvre et al., 2010) so the proteins they interact with likely shape their physiological function. Therefore, we carried IP-MS on rem1.2/pAtREM1.2::YFP-AtREM1.2 and on rem1. the two datasets to see how many interacting proteins they shared (Supplemental table 4). Both proteins interacted with around 2100 proteins and they shared about 98% of their interactome (Figure 1A). With such high similarities, AtREM1.2 and AtREM1.3 most likely share a good part of their function. GO enrichment of the identified interacting proteins of AtREM1.2 and AtREM1.3 revealed that they are mainly involved in cell wall-related processes (Supplemental figure 4A). Taking into account the cell wall remodeling in the vicinity of PD in viral cell-to-cell propagation, we decided to cross-reference this interactome with a published PD proteome [START_REF] Brault | Multiple C2 domains and transmembrane region proteins ( MCTP s) tether membranes at plasmodesmata[END_REF] to identify proteins that might be directly involved in cell-to-cell permeability (Supplemental table 4). AtREM1.2 and AtREM1.3 interacted with two callose synthases (Glucan Synthase Like 3 and 12), hinting a putative involvement in their regulation. Interestingly, among all CPK isoforms, they only interacted with AtCPK3 and AtCPK21, an isoform involved in drought stress response [START_REF] Franz | Calcium-dependent protein kinase CPK21 functions in abiotic stress response in Arabidopsis thaliana[END_REF].

We performed a PlAMV propagation assay in simple mutants rem1. 2, rem1.3 and rem1.4 and viral propagation foci area were of a similar size of the control Col-0. We then tested the double mutant rem1.2/rem1.3 and a significant increase of foci area of about 30% was observed, showing that AtREM1.2 and AtREM1.3 compensated each other loss of activity. Moreover, we tested the triple KO mutant rem1.2/rem1.3/rem1.4 and it led to a slightly enhanced increase compared to rem1.2/rem1.3, indicating that AtREM1.4 could partially compensate for AtREM1.2 and AtREM1.3 loss during a viral infection (Figure 1B). Seedling growth and adult plant development was not altered for all the single mutants, the double mutant and the triple mutant when grown under our conditions, which shows that those three REM isoforms are likely not at play in key developmental steps (Supplemental figure 4D, 4E, 4I, 4J). We also checked PlAMV propagation within systemic leaves, which was significantly increased in rem1.2/rem1.3/rem1.4 compared to Col-0 (Figure 4C). The virus was starting to reach systemic tissues in the triple mutant at 10 dpi while it was barely the case at 14 dpi in Col-0 (Figure 4D).

Given their role in cell-to-cell viral propagation, we checked whether group1 AtREM expression was modified upon infection. RT-qPCR and western blots showed that transcripts nor proteins levels were modified upon PlAMV infection (Supplemental figure 4F,4G). Similar to AtCPK3 results, the role of group1 AtREMs during a PlAMV infection probably rely on post-translational regulation of the proteins instead of expression modulation. REMs were first described as associated with lipid rafts and are now often used as nanodomains markers (Demir et al., 2013;Huang et al., 2019;McKenna et al., 2014). Since AtREM1.2 and AtREM1.3 share a large part of their interactome and show functional redundancy regarding PlAMV infection, we decided to focus on ATREM1.2 for further investigations. Confocal imaging of the surface of epidermal cells of rem1.2/YFP-AtREM1.2 showed a rather heterogeneous distribution at the PM, disrupted upon PlAMV infection (Figure 4H). The D of AtREM1.2 was slightly increased upon PlAMV infection but its MSD was increased of around 25%, which is consistent with what is observed with StREM1.3 during a PVX infection (Figure 4J, 4K;Perraki et al., 2018). We showed previously that StREM1.3 was excluded from PD, what was abolished during PVX infection (Perraki et al., 2017). We wondered whether it was also the case for AtREM1.2, but neither PD exclusion could be observed in control condition nor any PD enrichment during a PlAMV infection, hinting that it is rather group1 REM presence rather than enrichment that is required to hamper potexviruses propagation (supplemental Figure 4K).

Taken together, those results show that group 1 AtREMs are functionally redundant regarding their ability to hamper PlAMV propagation. Also, PlAMV infection promoted an increase of AtREM1.2 PM diffusion, in the same way than PVX with StREM1.3. Conservation across plant and virus species of such mechanism is indicative of its physiological importance.

Group1 AtREMs and AtCPK3 share the same functional pathway

We previously showed that AtCPK3 was phosphorylating group1 REMs and that AtCPK3 hampers PVX propagation in a group1 REM-dependent manner in N. benthamiana (Perraki et al., 2016). We wanted to confirm this functional link in a homologous system by knocking out AtCPK3 into the rem1.2/rem1.3/rem1.4 mutant background. By using CRISPR against the locus coding for AtCPK3, we obtained two independent lines with mutations inducing a frameshift and leading to an early stop codon at the very begging of the sequence (supplemental Figure 5A). None of those two lines showed any developmental defect when grown under controlled conditions (supplemental Figure 5B,5C). We tested the two CRISPR lines against PlAMV propagation and they display an increase viral propagation area while no difference could be deciphered between those lines and cpk3-2 or rem1. 2/rem1.3/rem1.4 (Figure 5A). The absence of an additive behavior indicates that they are together in the same functional pathway regarding PlAMV propagation impediment.

It was already shown that AtCPK3 phosphorylates several group1 REM and that a phosphomimetic version of StREM1.3 showed an altered clustering pattern (Perraki et al., 2018). We wanted to know whether the MSD increase of AtREM1.2 observed upon PlAMV propagation was dependent on AtCPK3. We checked the diffusion parameters of cpk3-2/AtREM1.2-mEOS3.2 and saw that both D and MSD were not affected during a viral infection, showing that AtREM1.2 PM behavior upon PlAMV infection depends on AtCPK3 expression and, most likely, on its kinase activity (Figure 5B,5C). We were also curious about AtCPK3 behavior in the absence of group1 AtREMs. The D and the MSD of Since Group1 AtREMs and AtCPK3 seem to be heavily interdependent regarding their PM organization, we wanted to see how they behaved when expressed together. We co-infiltrated AtCPK3CA along with AtREM1.2. Surprisingly, AtREM1.2 was excluded from the clusters formed by AtCPK3CA. Since AtCPK3CA K107M still clustered at the membrane although knocked out for its kinase activity, we wanted to see whether it still excluded AtREM1.2. AtREM1.2 was still excluded from the domains formed by AtCPK3CA K107M , indicating that the kinase activity of AtCPK3CA is not at play in the co-exclusion of the two proteins. 

DISCUSSION

AtCPK3-mediated viral immunity

This is another proof in favor of the utility of the PlAMV-A. thaliana pathosystem as a model to study plant cell response to a potexvirus infection. We showed before the ability for AtCPK3 to hamper viral propagation when over-expressed in N. benthamiana but we here confirmed its crucial role over other immunity-related CPK isoforms by a reverse genetic approach [START_REF] Gao | Nuclear dynamics of arabidopsis calcium-dependent protein kinases in effector-triggered immunity[END_REF]. Ca 2+ is a ubiquitous messenger, so this raise the question of the mechanisms ruling the specificity of AtCPK3 during a viral infection. We previously showed that transient expression of individual viral protein, CP and TGBp1, led to StREM1.3 phosphorylation [START_REF] Perraki | StRemorin1.3 hampers Potato virus X TGBp1 ability to increase plasmodesmata permeability, but does not interfere with its silencing suppressor activity[END_REF]. Whether viral proteins directly interact with AtCPK3 or activate calcium channel in the vicinity of AtCPK3 remains to be elucidated.

Contrarily to what was previously published, we were unable to obtain Arabidopsis stable lines overexpressing tagged AtCPK3CA [START_REF] Huimin | The expression of constitutively active CPK3 impairs potassium uptake and transport in Arabidopsis under low K + stress[END_REF]. In addition, the fact that the two AtCPK3 mutant lines were accumulating less callose and were showing higher cell-to-cell diffusion could hint that

AtCPK3 is somehow able to regulate callose deposition at PD. Constitutive activation of the kinase would lead to constitutive increase of callose, incompatible with cell-to-cell communication required for plant development. Since StREM1.3 overexpression leads to an increase of callose accumulation at PD during a PVX infection (Perraki et al., 2017), AtCPK3 might also induce it, which could explain its ability to hinder PlAMV propagation. However, AtCPK3 does not relocate at PD upon viral infection, hinting that its functions on PD cell-to-cell connectivity might rely on post-translational modification rather than local protein concentration.

Activation of AtCPK3 and altered diffusion pattern

AtCPK3CA micrometric scale domains appear to depend on both sterols and PI4P for their integrity.

Given the stability of such domains compared to any discernible one formed by AtCPK3 upon infection, it shows that AtCPK3 individual protein confinement is tightly regulated to avoid the formation of microscopic-scale domains. Different parameters can explain AtCPK3CA domain size and stability:

truncation might lead to a conformation that exposes lipid-binding sites induces interaction with immobile proteins at the PM. Also, it was shown that AtCPK3 phosphorylated two Actin Depolymerizing Factors (ADF), ADF1 and ADF4 on residues involved in actin binding (Dong & Hong, 2013;Lu et al., 2020). ADFs regulate the actin cytoskeleton density and branching while the cortical actin mesh was show to be crucial in the regulation of PM protein mobility ((McKenna et al., 2014). It was shown that cpk3-2 had a less dense actin cytoskeleton mesh upon biotic stress compare to Col-0 (Lu et al., 2020). Comparatively, activation of the kinase might lead to an increased density of the actin cytoskeleton mesh through the inhibition of depolymerizing factors.

Understanding AtCPK3 and group1 AtREM interdependence in PM dynamics

Models for PM-based immunity usually involve proteins interacting and co-localizing in the same PM domain upon elicitation (Bücherl et al., 2017;Hutten et al., 2017). Here, we witnessed a completely different behavior between AtCPK3 and its substrate, AtREM1.2. They displayed completely opposite behaviors upon viral infection, with confined AtCPK3 proteins and more mobile AtREM1.2 proteins, but appeared to depend on each-other for viral-induced alteration of their mobility. Surprisingly, when expressed together, AtCPK3CA and AtREM1.2 are completely excluding each other at the PM. Since

AtCPK3 is detected in the interactome of AtREM1.2 while other CPK isoforms -at the exception of CPK21-are not, it indicates that they specifically interact together in the absence of any stress. All of these data it suggests the existence of a negative feedback loop regulation of AtCPK3 domain formation.

AtCPK3 and AtREM1.2 would interact together at the PM at basal state and stress-induced activation of AtCPK3 would lead to its auto-phosphorylation along with trans-phosphorylation of AtREM1.2 and of the proteins it carries. AtREM1.2 would be released upon such phosphorylation event, while AtCPK3 would be transiently stabilized to be quickly deactivated. The mechanisms ruling the deactivation of AtCPK3 remain to be discovered but might rely on AtREM1.2-interacting phosphatases that would be activated upon AtCPK3-mediated phosphorylation, a negative feed-back loop that was proposed previously (Mehlmer et al., 2010). Finally, the fact that PI4P depletion leads to bigger AtCPK3CA domains while it smooths StREM1.3 domains indicates that lipid-mediated organization of group1 REM is crucial for the lateral organization of AtCPK3 and supports the proposed model.

Group1 AtREM as protein scaffolds involved in biotic stress response

REM proteins display a wide range of physiological functions and were proposed to be scaffold proteins [START_REF] Gouguet | Connecting the dots: From nanodomains to physiological functions of REMORINs[END_REF]Lefebvre et al., 2010). This putative role is supported by the size of the interactome of AtREM1.2 and AtREM1.3, that interact with over 2,100 proteins. We mutated the three most expressed isoforms of group 1 AtREM, the last one being not detected in recent transcriptomes and proteomes (Mergner et al., 2020). Group1 REMs are mainly described as responding to biotic and abiotic stresses and rem1.2/rem1.3/rem1.4 not showing any obvious developmental defects supports the hypothesis of stress response as their main physiological role. It was showed for StREM1.3 that phosphorylation alters its lateral organization (Perraki et al., 2018). Here, viral-induced AtCPK3dependent increase of AtREM1.2 MSD indicates its PM diffusion upon viral infection relies also on phosphorylation. StREM1.3 and AtREM1.2 are both anchored at the PM through their C-terminal sequence, which is rather conserved between the two (Gronnier et al., 2017) at the exception of two lipidation sites crucial for AtREM1.2 PM localization (Konrad et al., 2014) but missing in StREM1.3.

The fact that the overall PM dynamic modification upon viral propagation is conserved between the two proteins even no matter additional lipidation shows that PM diffusion of group1 REM is crucial for viral-induced signaling.

It is hard to pin down the function behind such increased behavior of AtREM1.2 upon viral infection. It was proposed recently for the dominant negative version of ROP2 that its clustered pattern might block the proteins interacting with it (Aphaia et al., 2021). Transposed here, it could be proposed that REM is a scaffold trapping potential AtCPK3 targets which are released upon phosphorylation. It was also suggested, in the context of tobacco rattle virus infection, that AtREM1.2 aggregation leads to an increased order of the PM and a morphological modification of PD, inducing a decrease of cell-to-cell permeability (Huang et al., 2019). It was recently shown that StREM1.3 could modulate the formation of lipid phases in-vitro, which are disrupted upon StREM1.3 phosphorylation (Legrand et al., 2022).

Therefore, another explanation for AtREM1.2 physiological role in viral infection would rely on its ability to affect the lateral organization of lipids, influencing other proteins' behavior at the PM.

(Salk_107620) and cpk3-2 (Salk_022862) were obtained from Julian Schroeder [START_REF] Mori | CDPKs CPK6 and CPK3 function in ABA regulation of guard cell S-type anion-and Ca2+-permeable channels and stomatal closure[END_REF] and Bernhard Wurzinger, (Mehlmer et al., 2010) respectively. All mutants are in the same genetic ecotype Columbia Col-0. All plants were genotyped using primers indicated in the supplemental table 1.

rem1.2/pATREM1.2::YFP-AtREM1.2 and rem1.3/pREM1.3::YFP-AtREM1.3 lines used for IP-MS were previously described (Jarsch et al., 2014). 35S::ATCPK3-HA #8.2, 35S::AtCPK3-HA #16.2, cpk3-2/35S::AtCPK3-myc and cpk3-2/35S::AtCPK3 K107M -myc used for viral propagation were previously published (Lu et al., 2020).

Col-0 plants were floral dipped with either Ubi10::AtCPK3-mTagRFP2, Ubi10::AtCPK3-mEOS3. 

Local viral propagation assay

Agrobacterium tumefaciens strain GV3101 carrying PlAMV-GFP was infiltrated on 3-week-old A.

thaliana plants at OD600nm = 0.2. Viral spreading was tracked using Axiozoom V16 macroscope system 5 days after infection. Infection foci were automatically analyzed using the Fiji software (http://www.fiji.sc/) via a homemade macro. The statistical significance was assessed using a Student ttest comparison except for Figure 5A (Two-way ANOVA, followed by a Tukey's multiple comparison test).

Systemic viral propagation assay

At 3 weeks old, leaves were agroinfiltrated by Agrobacterium tumefaciens GV3101 strain carrying

PlAMV-GFP vector. Infection was followed every other day from the 10 th day of infection using closed GFP-CAM FX 800-0/1010 GFP and Fluorcam7 software (https://fluorcams.psi.cz/). Quantification was done using Fiji software. Two independents experiment with at least 30 plants per genotype was performed. Statistical significance was determined with a Kruskal-Wallis test.

further quantification. Automated quantification of callose deposition was done using a homemade macro in the Fiji software.

spt-PALM microscopy

N. benthamiana or A. thaliana epidermal cells were imaged at RT. Samples of leaves of 3 week-old plants stably or transiently expressing mEOS3.2-tagged constructs were mounted between a glass slide and a cover slip in a drop of water to avoid dehydration. Images acquisitions and processing were done as previously described (Gronnier et al., 2017). Shortly, acquisitions were done on an inverted motorized microscope Nikon Ti Eclipse equipped with a 100Å~ oil-immersion PL-APO objective (NA = 1.49), a TIRF arm and a sensitive Evolve EMCCD camera. Particles localization and tracks reconstructions as well as diffusion parameters were obtained using PALMtracer (Jean-Baptiste Sibarita, IINS Lab). Three independent experiments were conducted (at the exception of rem1.2/rem1.3/rem1.4/Ubi10::mEOS3.2-AtCPK3FL, two independent repeats) using at least 5 cells from two plants per experiment.

Sample preparation for phosphoproteomics

AtCPK3-GST recombinant proteins (either WT or D202A) were produced in BL21-DE3-pLys and purified as previously reported (Perraki et al., 2018). In-vitro kinase assay of AtCPK3 was performed as previously published (Perraki et al., 2018). Shortly, AtCPK3-GST was incubated 1h at 25°C in Tris-HCl 20 mM pH 7.5, MgCl2 10 mM, DTT 1 mM, 50µM ATP.

Immunopreicpitation mass spectrometry

Tissue from Arabidopsis root were harvested in equal amount and frozen in liquid nitrogen before grounded to power by mortar and pestle. Proteins were extracted in a buffer containing: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 % glycerol, 2 mM EDTA 5 mM DTT, 1 mM PMSF in 2-propanol, 1.5 mM Na3VO4, 1 x Protease Inhibitor Cocktail (Roche) and 1 % (v/v) IGEPAL CA-630 (Sigma-Aldrich).

Extraction was performed for 1H at 4 o C on a rotor. After incubation extracts were centrifuged at 13000rpm for 30 min. Supernatants were filtered through a column (Millex: Low protein binding Durapore 0.45 µm) and incubated with GFP-TRAP (Chromotek) or for 2 hours at 4 o C on a rotor before magnetic separation and washing 5 times with washing buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 % glycerol, 2 mM EDTA 5 mM, 1 x Protease Inhibitor Cocktail (Roche) and 0.5 % (v/v) IGEPAL CA-630 (Sigma-Aldrich)). Extracted proteins were released with 2xNuPage LDS sample buffer and boiling for 5 min.

Samples were reduced with 10 mM ditiothreitol (DTT) for one hour followed by alkylation with 55 mM chloroacetamide (CAA) for 30min at room temperature and run into a 4-12% NuPAGE gel (Invitrogen) Col-0 AtCPK3CA and AtREM1.2 co-exclusion indicated that AtCPK3 and AtREM1.2 could also be excluding each-other upon PlAMV infection but that remains to be explored. I checked the interaction of AtCPK3 and AtREM1.2 by BiFC and noticed a decrease of the signal upon viral infection. This preliminary data supports the idea of a previously existing interaction that gets disrupted during a viral infection. However, since BiFC signal intensity also depends on protein expression, it cannot be quantified and has to be checked by another method, like coimmunoprecipitation. Also, to assess the potential co-exclusion of the two proteins upon

PlAMV infection, YFP-AtREM1.2/AtCPK3-BFP lines are currently generated.

A main issue that was not addressed in this paper is to consider to what extent a protein can be engineered: AtCPK3CA is a truncated protein from which a third of the sequence was removed. Other mutations were proposed to build a constitutively active protein by modifying a few residues in the junction domain linking the kinase and the auto-inhibitory one [START_REF] Veremeichik | Inactivation of the auto-inhibitory domain in Arabidopsis AtCPK1 leads to increased salt, cold and heat tolerance in the AtCPK1transformed Rubia cordifolia L cell cultures[END_REF][START_REF] Harper | Genetic identification of an autoinhibitor in CDPK, a protein kinase with a calmodulin-like domain[END_REF] and the autophosphorylated sites we deciphered by mass-spectrometry could be used to create a non-truncated constitutively active version of the protein. Moreover, we only presented data regarding AtCPK3 K107 and AtCPK3CA K107M but we also worked with another kinase mutant of AtCPK3, AtCPK3 D202A . While K107M is a mutation affecting the ATP binding site, D202A affects the catalytic site and is considered to be a more reliable mutant than K107M, which strongly reduces but do not abolishes affinity for ATP. When expressed in N. benthamiana, AtCPK3CA D202A presented a smooth pattern, which is at variance with the clustered pattern of AtCPK3CA K107M (Figure 2). Moreover, AtCPK3 D202A

could not be detected at the PM using TIRF/PALM, while AtCPK3 K107M is PM located.

Preliminary data indicates that AtCPK3 K107M PM dynamics are insensitive to PlAMV infection (data not shown) and cpk3-2/AtCPK3 K107M is not functional which shows that, when full length, K107M is knocked-out for its function. However, we can wonder whether a constitutively active form would challenge this mutation and partially restore the kinase function. It is also possible for the D202A mutation to induce a misfolding of the protein, whether full-length or truncated, which would hamper its PM localization and lateral mobility. It was reported for a FLS2 kinase mutant that it induces a loss of function not because it affects its activity but because it alters its structure and subcellular localization [START_REF] Robatzek | Molecular identification and characterization of the tomato flagellin receptor LeFLS2, an orthologue of Arabidopsis FLS2 exhibiting characteristically different perception specificities[END_REF]. It is crucial to determine which mutant is the most representative of a kinase dead: is AtCPK3 D202A well-folded and kinase activity rule both membrane association prior to activation and membrane organization once activated? Or is AtCPK3CA K107M completely knocked-out and kinase activity is not required once the protein is activated? Checking the correct folding of AtCPK3 D202A would be less accessible than to check the loss of activity of AtCPK3CA K107M , which can be done with a

PlAMV propagation assay in N. benthamiana transiently expressing AtCPK3CA, AtCPK3CA D202A (already tested in Perraki et al., 2018) or AtCPK3CA K107M . This would also be a required control to understand the maintained exclusion of AtREM1.2 from AtCPK3CA K107M domains.

We also checked the behavior of CPK3 upon transient expression of a PlAMV protein, TGBP1 PlAMV . It was shown previously that TGBP1 PVX induced the phosphorylation of StREM1.3 and TGBP1 is crucial for the cell-to-cell movement of potexviruses (Perraki et al., 2018;[START_REF] Howard | Potato virus X TGBp1 induces plasmodesmata gating and moves between cells in several host species whereas CP moves only in N. benthamiana leaves[END_REF], making it a candidate of choice. Expression of TGBP1 PlAMV triggered the confinement of AtCPK3 but instead of mimicking the behavior of AtCPK3 during a PlAMV infection, it displayed one similar to AtCPK3CA, with a two-components D and almost the same MSD curve (Figure 3). Such resemblance with AtCPK3CA was reminiscent of an allosteric interaction and, as TGBP1 PVX was shown to interact with StREM1.3, it rose the question of a direct interaction of AtCPK3 with TGBP1 PlAMV . However, no interaction with TGBP1 or CP could be deciphered by BiFC (data not shown).

Regarding calcium signal upon viral infection, we recently engaged a collaboration with Myriam Charpentier and preliminary data indicated that a calcium signal is concomitant with an already infected cell while a Ca 2+ wave would precede the viral fluorescent signal (Figure 4; courtesy of Emily Tipper, Charpentier lab). With this data, it would be now interesting to identify specific calcium channels involved in AtCPK3 activation.

There is a strong interplay between Ca 2+ and ROS signaling in biotic stress response. CPK4, AtCPK5, AtCPK6 and AtCPK11 were described to phosphorylate RBOHD [START_REF] Dubiella | Calcium-dependent protein kinase/NADPH oxidase activation circuit is required for rapid defense signal propagation[END_REF]Kadota et al., 2014;Wang et al., 2020) and AtCPK3 is suggested to be involved along with AtCPK6 in ROS production upon ABA signal [START_REF] Mori | CDPKs CPK6 and CPK3 function in ABA regulation of guard cell S-type anion-and Ca2+-permeable channels and stomatal closure[END_REF]. Therefore, AtCPKs in general and CPK3 in particular are usually described to be upstream of ROS production. H2O2induced PD closure is well-assessed [START_REF] Cui | Arabidopsis callose synthases CalS1/8 regulate plasmodesmal permeability during stress[END_REF] and, using DAnS, we tested whether this mechanism was AtCPK3-dependent. Results showed that cpk3-1 and cpk3-2 were insensitive to H2O2, making AtCPK3 a key responder to ROS regarding cell-to-cell connectivity (Figure 5). Supporting this hypothesis of AtCPK3 being a downstream of ROS instead of upstream, no difference in ROS production could be deciphered between Col-0 and cpk3-2 upon flg22 treatment, indicating that AtCPK3 is not required for ROS production during a biotic stress (Lu et al., 2020). We are currently investigating Ca 2+ /ROS interplay in a viral infection context. In this scope, we identified RBOHD and RBOHF as responsible for viral propagation hampering in A. thaliana. I crossed these isoforms with cpk3-2 and will check whether there is an additive effect in the double mutants. Also, check if AtCPK3 domains upon infection in rbohD and rbohF mutants if no additive effect. RBOHD form sterol-sensitive domains, like the ones of AtCPK3CA. It might be possible that CPK3 domains and RBOHD domains co-localize during and infection.

AtCPK3 is suspected to phosphorylate transcription factors (personal communication of Brad Day) so we checked whether a modification of the transcriptome upon viral infection could be induced by AtCPK3 by comparing healthy and non-infected Col-0 and cpk3-2. No genotypedependent viral-induced difference could be deciphered, showing that the role of CPK3 during a viral infection is strictly post-transcriptional. It also means that the other immune-related AtCPK isoforms are not over-expressed in cpk3-2 mutant during a viral infection. The transcriptome of Col-0 upon PlAMV infection is by itself a great source of information. 3712 genes were identified as differentially expressed during a PlAMV infection and among them, 1163 show a two-fold difference with as much downregulated genes than upregulated ones (supplemental table 1). Predicted subcellular localization of downregulated and upregulated genes is showed in Figure 6. Interestingly, for downregulated genes, around 18% were predicted to be located either in the extracellular space or in the PM, hinting the impact a viral infection has on these compartments. GO enrichment of up and down-regulated genes revealed, without surprise, an enrichment in genes involved in response to abiotic and biotic stimulus and response to stress, as well as signal transduction for biological processes. It also 
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and PM components for down regulated genes, hinting a strong remodeling of those compartments upon a PlAMV infection (Figure 7).

After GO classification and enrichment of the up-regulated and down-regulated genes, the data was manually explored for genes of interest. Only one REM is differentially expressed upon PlAMV infection, AtREM3.2, which has very short N-terminal domain and was shown to be localized in different PM domains than AtREM1.2 (Jarsch et al., 2014). Regarding ROSrelated genes, RBOHD is downregulated during a PlAMV infection and we obtained data indicating that it is crucial to hamper viral propagation. Only few actin-related genes were identified, among them Formin 1, that is PD-localized and known to be stabilized with AtREM1.2 to nucleate actin filaments formation, was also down-regulated. Finally, two calcium channels of the Cyclic nucleotide gated channel family, CNGC19 and CNGC12, are downregulated. Both of them are involved in the hypersensitive response (Urquahart et al., 2011;[START_REF] Meena | The Ca2+ Channel CNGC19 Regulates Arabidopsis Defense Against Spodoptera Herbivory[END_REF]. We obtained seeds of the cngc12 and cngc19 mutant from Dr. Myriam Charpentier and will infect them with PlAMV to determine whether they play a role viral propagation.

Material and methods

In vitro kinase assay was performed as in (Perraki et al., 2018) except for buffer composition (Tris HCl 30mM pH7.5, EGTA 5mM, MgCl2 10mM, DTT 1mM, Na3VO4 2,5mM, NaF 10mM, cold ATP 50µM, ATP 2 µCi, CaCl2 420µM for 10 µM free in 15µL reaction volume).

Confocal and spt-PALM were performed as described in the attached article. DAnS was performed as described in the attached article.

Transcriptomics sample preparation: 3 weeks-old A. thaliana leaves were infiltrated with PlAMV-GFP or GFP as a control. Two leaves of two individual plants were harvested per condition and per genotype. Three biological repeats of the experiment were performed. RNA extraction was done with the Qiagen RNEasy Plant Mini Kit, followed by DNAse treatment.

GOEnrichment and SUBA annotation was done as described in the attached article.

Conclusion and perspectives

Viral perception by the plant cell PM

Since we identified a calcium signal preceding the infection and since no direct interaction could be observed between CPK3 and individual viral proteins, we can consider that calcium is indeed the way by which CPK3 is activated during a biotic stress. So far, no calcium channels were identified to be responsible for the activation for CPK3. In the PlAMV-infected transcriptome, two promising candidates were identified (CGNC12 and CGNC19) and are going to be tested for their ability to hamper viral propagation and to regulate CPK3 PM diffusion during a viral infection. Also, CPK3 seemed to be crucial for ROS-dependent PD closure and would then be responding to ROS rather than generating them, contrarily to other CPK isoforms. We identified RBOHD and RBOHF as crucial to hamper viral propagation (data not shown) so the potential interplay between CPK3 and these isoforms will be further explored. CPK3 activation mechanism and associated PM confinement upon viral infection could also be further described by mutating the residues differentially phosphorylated upon calcium addition. Moreover, we are currently producing the interactome of CPK3 upon PlAMV infection, in an attempt to understand the proteins involved in CPK3 regulation but also to identify targets that could be interacting with AtREM1.2 and AtREM1.3 to challenge the hypothesis of a scaffold REM concentrating CPK3 substrates.

It is hard to sort out the steps involved in a response to viral infection. A way to address this issue would be to work with individual viral proteins. We showed that StREM1.3 phosphorylation was specifically induced by TGBp1 PVX and CP PVX expression and we observed that TGBp1 PlAMV alone was able to induce CPK3 lateral clustering in N. benthamiana. Inducible lines expressing tagged TGBP1 were designed to check if TGBP1 expression by itself can trigger calcium influx. Another trick to skirt the time-scale complexity of a viral infection would be to compare different areas of infection: the center of the foci, the border and its vicinity.

Comparing the healthy cells to their infected neighbors could help to uncouple the defense mechanisms employed by the plant cell and the strategies used by the virus to counteract them. partition of lipids in a more efficient way than the one of AtREMs. However, their amino acid sequence is quite similar and NMR-based structural data recently obtained showed that they share a rather similar structure. The main difference between the REM-CA of StREM1.3 and group1 AtREMs is the S-acylation of the latter. For AtREM1.2 and AtREM1.3, it has been shown that mutation of cysteines predicted to by S-acylated resulted in a loss of PM localization. Palmitoylation in A. thaliana is dynamically regulated by palmitoyl acyltransferases and palmitoyl thioesterases which activity could affect the lateral partition of REM. Difference in size and stability of the domains could also be related to StREM1.3 ability to oligomerize, as it was shown to form supra-scale structures in vitro [START_REF] Martinez | Coiled-coil oligomerization controls localization of the plasma membrane REMORINs[END_REF]. An easy way to address the protein region responsible for the observed difference would be to swap AtREM1.2 and StREM1.3 REM-CA or the whole C-terminal region to see if it is the anchorage, the ability to oligomerize or the interactome that shapes each REM's domain characteristics. Based on the data obtained so far, it seems that REM organization into domains is regulated by all of its protein regions but whether a region is responsible for domain specificity remains to be addressed. As mentioned in the Paper 2 addendum, we are currently using the same strategy to explore the mechanisms responsible for AtREM1.2 and AtREM6.1 partition in distinct domains.

AtREM3.2, that displays a very short N-terminal and would therefore be a naturally truncated AtREM, could be of interest in that scope. The fact that it is down-regulated during PlAMV infection is indicative of a putative physiological role in this context, it would be therefore interesting to perform a PlAMV propagation assay in rem3.2 and, if it has a phenotype, to address whether it affects AtREM1.2 viral-induced increased diffusion.

REMs function

There were multiple attempts to pin down REMs physiological function, which are reviewed in the review we published (Annex 1).

REM were proposed to play a scaffold role and were described to interact or co-localize with various PM proteins. The mechanisms ruling the organization of supra-scale assemblies from bivalent interaction of receptors together is not addressed yet. REM was shown to stabilize kinase complexes together in Medicago truncatula and in Oryza sativa. Moreover, we identified receptor kinases (RK) in AtREM1.2/AtREM1.3 interactome, including BRI1-associated kinase (BAK1), indicating that REM could also play a scaffold role for RK in Arabidopsis thaliana. It would be interesting to describe the PM mobility of BAK1 in rem1. 2/rem1.3/rem1.4 to see if group1 REMs are involved in its lateral organization.

Given the ability for StREM1.3 to form alter phase partition in an in vitro system, REMs could also be considered as general regulators of PM lipids organization at the PM. Their ability to homo-oligomerize and cluster as well as the plasticity offered by their intrinsically disordered N-terminal domain would allow to modulate lipid phase partition in response to stimulus, influencing the mobility of other PM-located proteins.

Regarding their physiological role in viral propagation, group 1 REM could activate and regulate protein partners but could also affect lipid composition at PD, which has been shown to be crucial for PD size exclusion limit regulation. REM seem to specifically interact with PI4P, it would be interesting to check PlAMV propagation in recently published lines that silence PI4Kα in an inducible manner. Several PI4P markers are published as well and it would be interesting to check their mobility at the PM upon viral infection. If there is an effect of the virus on theses lipids, it would be interesting to check whether it is still the case in a rem1. 2/rem1.3/rem1.4 background. Moreover, we recently obtained some some data indicating that sphingolipids might play a role in viral propagation. Given the interplay between PI4P and sphingolipid in plants [START_REF] Ito | Sphingolipids mediate polar sorting of PIN2 through phosphoinositide consumption at the trans-Golgi network[END_REF], it exhorts to explore lipid-mediated viral propagation hampering mechanisms.

cell wall released during wounding and pathogen attack to sensitize plant defense [START_REF] Voxeur | Cell wall integrity signaling in plants: "To grow or not to grow that's the question[END_REF]. By in vitro phosphorylation assays on isolated tomato and potato plasma membranes (PMs), [START_REF] Farmer | In vitro phosphorylation of plant plasma membrane proteins in response to the proteinase inhibitor inducing factor[END_REF] found that PGA treatment caused the phosphorylation of a protein of 34 kDa, named Phosphorylated Protein of 34 kilodaltons pp34. Pp34 was then used as a marker of the plant response to wounding [START_REF] Farmer | Oligosaccharide signalling in plants: specificity of oligouronide-enhanced plasma membrane protein phosphorylation[END_REF]. Unintuitively, the purification [START_REF] Jacinto | Purification of potato leaf plasma membrane protein pp34, a protein phosphorylated in response to oligogalacturonide signals for defense and development[END_REF] and cloning of pp34 [START_REF] Reymond | Cloning of a cDNA encoding a plasma membrane-associated, uronide binding phosphoprotein with physical properties similar to viral movement proteins[END_REF] revealed that its sequence turned out to be one of a hydrophilic protein even though it is tightly bound to the PM. Pp34 was then renamed REMORIN (later named StREM1.3 for S. tuberosum REMORIN of Group 1 isoform 3) in reference to remora or "suckerfish" depicted as attaching itself to vessels and larger fish described by J.L. Borges in "Book of Imaginary Beings" (El libro de los seres imaginarios, J.L. Borges, 1969), and reflecting REM's ability to bind to the PM whilst displaying an overall hydrophilic residue profile. Concurrently to the experiments of Farmer et al., Alliote et al. isolated a similar protein in Arabidopsis (Arabidopsis thaliana) termed DNA-binding protein. This gene would be later known as AtREM1.3 (At2g45820) and was first characterized as a DNA-binding protein due to its highly hydrophilic nature permitting electrostatic interactions with DNA and its amino-acid composition similar to Histone 1 proteins (Alliotte et al., 1989).

Genome-wide analyses have shown that the REM family is specific to the land-plant lineage (Raffaele et al., 2007). REM proteins present a highly conserved C-terminal domain and a divergent N-terminal domain, which has been the basis for their phylogenetic classification into six separate groups (Raffaele et al., 2007). For example, we count 19 OsREMs in rice (Oryza sativa) and 16 AtREMs in Arabidopsis.

Since their discovery in the late 1980s, REMs have been the subject of ever-increasing attention. Be they directly the subject of studies or found in different screens of "omics" approaches, REMs are consistently found in a large variety of academic inquiries, providing grist to the mill to the idea that they could play a central role in plant development and adaptation. The first REM protein was identified in potato, which would be later named StREM1.3 for S. tuberosum REMORIN of Group 1 isoform 3. REM's polyanion binding capacity, originally linked to binding cell wall compounds [START_REF] Reymond | Cloning of a cDNA encoding a plasma membrane-associated, uronide binding phosphoprotein with physical properties similar to viral movement proteins[END_REF], would be later mitigated by the discovery of REM's presence in the inner-leaflet of the PM.

In this review, we address the different characteristics that have been described for REMs as well as an overview of the physiological roles in which REMs may participate. We will discuss how REMs are anchored to the PM and cluster into PM nanodomains, how they are phosphorylated and the subsequent role of these post-translational modifications. Finally, we provide a number of perspectives on how REMs should be further studied to better understand the many physiological conditions involving REMs.

REMs localize in diverse and coexisting nanodomains

REMs predominantly associate with the PM (Raffaele et al., 2009a;Marı ´n et al., 2012;Jarsch et al., 2014;Konrad et al., 2014;[START_REF] Perraki | StRemorin1.3 hampers Potato virus X TGBp1 ability to increase plasmodesmata permeability, but does not interfere with its silencing suppressor activity[END_REF]. Moreover, isoforms from Group 1 and Group 6 REMs are partially associated with the plasmodesmata (PD)-PM in rice and in Solanaceae (Raffaele et al., 2009a;[START_REF] Fernandez-Calvino | Arabidopsis plasmodesmal proteome[END_REF][START_REF] Gui | Grain setting defect1, encoding a Remorin protein, affects the grain setting in rice through regulating plasmodesmatal conductance[END_REF]Perraki et al., 2018). Nonetheless, translocation into the nucleus upon interaction with a-importins (Marı ´n et al., 2012) and re-localization to intracellular foci upon perception of an immunogenic epitope of bacterial flagellum (Albers et al., 2019) have been reported for Group 1 and Group 4 REMs, respectively. However, the endoplasmic reticulum ER-PM contact sites observed by bimolecular fluorescence complementation (BiFC) for StREM1.3 are likely artifactual and highlight the risk of using the BiFC to study membrane protein interactions in plants [START_REF] Tao | Manipulating endoplasmic reticulum-plasma membrane tethering in plants through fluorescent protein complementation[END_REF].

Concerning their PM localization, the identification of Group 1 REMs in tobacco (Nicotiana tabacum) Detergentresistant membrane fractions (DRM; a biochemical counterpart of membrane sub-compartmentalization) first suggested a lateral organization of REMs into clusters at the PM (Mongrand et al., 2004). REMs' co-purification with DRM appeared to be dependent on the presence of phytosterols as this co-purification was not reported in the sterol methyl-transferase mutant smt1 albeit still present in the DRM fraction in the sterol glycosylation mutant ugt80A2;B1 [START_REF] Zauber | Plasma membrane lipid-protein interactions affect signaling processes in sterol-biosynthesis mutants in Arabidopsis thaliana[END_REF].

In relation with the above biochemical data, electron microscopy immunolocalization, stimulated-emission depletion microscopy and photoactivated localization microscopy studies have all showed that Group 1 REMs organize into

ADVANCES BOX

• REMs are a plant-specific membrane-bound protein family involved in response to biotic (bacteria, viruses, fungi, oomycetes, mycorrhizae) and abiotic stresses (cold, mannitol, salt. . .), as well as developmental cues.

• REMs are strongly embedded in the innerleaflet of the plasma membrane by an unconventional mechanism involving anionic lipids and sterols. • REMs are proposed as nanodomain-organizing proteins. • REMs are highly phosphorylated proteins containing putative intrinsically disordered regions, which likely play a role in scaffolding protein complexes. • REMs regulate cell-to-cell connectivity through PD.

nanodomains around about 70-90 nm in diameter in Arabidopsis and Solanaceae species (Raffaele et al., 2009a;Demir and Horntrich, 2013;Gronnier et al., 2017). Members of other groups in Arabidopsis and Medicago truncatula are organized in PM domains that can be distinguished in density, size, and shape (Jarsch et al., 2014). Interestingly, evolutionary distant REMs (belonging to distinct groups e.g. Groups 1 and 6) localize in separate nanodomains suggesting that distinct REMs cluster into separate domains to play independent functions (Jarsch et al., 2014;[START_REF] Bu ¨cherl | Plant immune and growth receptors share common signalling components but localise to distinct plasma membrane nanodomains[END_REF]. It must also be noted that not all REMs are found in DRM-fractions of different plant tissues [START_REF] Stanislas | Quantitative proteomics reveals a dynamic association of proteins to detergent-resistant membranes upon elicitor signaling in tobacco[END_REF]Keinath et al., 2010;[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][START_REF] Takahashi | Detergent-resistant plasma membrane proteome to elucidate microdomain functions in plant cells[END_REF] hinting at a diversity of REM-associated PM domains.

Mechanisms of REMs association to PM nanodomains

A number of works have been performed to understand how highly hydrophilic REMs could be tightly anchored to the PM and the molecular interactions leading to the clustering of REMs into nanodomains. REMs are anchored to the PM inner-leaflet via the unconventional lipid-binding motif called REMORIN C-terminal Anchor (REM-CA; Raffaele et al., 2009a;Perraki et al., 2012;Konrad et al., 2014;Gronnier et al., 2017). In the past few years, several molecular determinants regulating REMs' nanodomain organization have emerged mostly for Group 1 and 2 REMs and need to be further studied to fully understand the diversity of REMs' clustering (Jarsch et al., 2014). There are at least four determinants: the lipid-binding properties of REM-CA domain, REM-CA S-acylation, REM-REM oligomerization, and REMcytoskeleton interactions. Here, we review the knowledge obtained to explain the molecular mechanisms at play.

The unconventional membrane-anchoring REMORIN C-terminal anchor domain (REM-CA) and S-acylation REMs do not contain target-peptides or transmembrane domains (Raffaele et al., 2007) and attach to the PM independently of the conventional secretory pathway [START_REF] Gui | Grain setting defect1 (GSD1) function in rice depends on S-acylation and interacts with actin 1 (OsACT1) at its C-terminal[END_REF]Gronnier et al., 2017). StREM1.3, SYMREM1 (also termed MtREM2.2) as well as AtREM1.2, AtREM1.3, AtREM4.2, AtREM6.1, and AtREM6.4 have been described to be strictly PM localized thanks to their REM-CA moieties (Raffaele et al., 2009a;Lefebvre et al., 2010;Perraki et al., 2012;[START_REF] Raffaele | The Remorin C-terminal Anchor was shaped by convergent evolution among membrane binding domains[END_REF]Jarsch et al., 2014;Konrad et al., 2014;Gronnier et al., 2017). In the case of StREM1.3, the last 28 amino acids (i.e. REM-CA) partially folds into an alpha helix in the presence of phosphatidylinositol-4-phosphate (PI4P) and sitosterol and also inserts itself into the hydrophobic core of the bilayer (Gronnier et al., 2017). This is driven by protein-lipid interactions between the REM-CA and the PM's inner-leaflet lipids: negatively charged phosphoinositides (PIPs), notably PI4P, and sterols, notably sitosterol (Raffaele et al., 2009a;Legrand et al., 2019), (Figure 1). REM-CA binds to PI4P with a yet unknown stoichiometry through its Lysine/Arginine residues via electrostatic interactions. Association of StREM1.3's REM-CA with negatively charged phospholipids regulates its nanodomain organization (Gronnier et al., 2017).

In mammals, PIPs have been reported to possess the ability to cluster in vivo to form nanodomains [START_REF] Van Den Bogaart | Membrane protein sequestering by ionic protein-lipid interactions[END_REF]. In vitro, cholesterols are found in the vicinity of saturated phospholipids rather than unsaturated ones [START_REF] Engberg | The affinity of cholesterol for different phospholipids affects lateral segregation in bilayers[END_REF]. This mechanism creates a so-called liquid-ordered domain in the lipid bilayer. In plants, the fact that PIPs bear mostly saturated acyl-chains suggests that phytosterols may also actively participate in the formation of nanodomains (Furt et al., 2010). REMs could be either targeted to pre-existing lipid-mediated nanodomains or participate in the organization of their own lipid environments. Both the latter and former possibilities for REMs' association to PM nanodomains still remain open questions.

The presence of cysteine residues in the REM-CA of many REMs raises the possibility of membrane association due to S-acylation. AtREM1.2 was the first REM found to be S-acylated [START_REF] Hemsley | A proteomic approach identifies many novel palmitoylated proteins in Arabidopsis[END_REF]. AtREM1.2 and AtREM6.4 lost strict-PM localization when their REM-CA cysteine residues were substituted by alanine residues (Konrad et al., 2014). Altered localization when S-acylation is abolished via 2-bromopalmitate is also observed with the rice REM OsREM6.6 [START_REF] Gui | Grain setting defect1 (GSD1) function in rice depends on S-acylation and interacts with actin 1 (OsACT1) at its C-terminal[END_REF]. This is reminiscent of the relocalization observed for the S-acylation site mutant NbREM1.1 C206A to RFP-ATG8e-tagged vesicles [START_REF] Fu | Rice stripe virus interferes with S-acylation of Remorin and induces its autophagic degradation to facilitate virus infection[END_REF]. It is important to note that NbREM1.1 C206A is no longer organized in nanodomains, nor co-purifies with the DRM biochemical fraction [START_REF] Fu | Rice stripe virus interferes with S-acylation of Remorin and induces its autophagic degradation to facilitate virus infection[END_REF]). Yet for SYMREM1, the cysteine substitution does not reduce its PM localization and does not change its segregation pattern in the PM, hinting to a more complex PM association mechanism. Altogether, all of the abovementioned data highlight the importance of the REM-CA as a determinant of REM's general membrane affinity as well as REM's organization within these membranes. Interestingly, many REMs do not have predicted S-acylation sites in their REM-CA (Konrad et al., 2014;Gronnier et al., 2017), suggesting a degree of diversity in the mechanisms regulating REMs' PM targeting and nanodomain organization.

REM oligomerization REM oligomerization is highly important for its targeting and function. REMs were first proposed to form oligomeric structures. The first evidence of oligomerization was reported in Bariola et al. (2004) where the group 1 REM coiled-coil domain was described to participate in the formation of REM oligomers. Electron microscopy and glutaraldehyde crosslinking assays evidenced REM multimerization via the C-terminal region of two Group 1 REMs i.e. StREM1. 3 and SlREM1.2 (Bariola et al., 2004). Bariola et al. (2004) proposed via analytical ultracentrifugation of recombinant proteins and cross-linking experiments on isolated PM that Group 1 REMs associate into dimers, tetramers, or higher order oligomeric structures via their coiled-coil domains. Alternatively, Perraki et al. (2012) developed the hypothesis that StREM1.3 would trimerize either before or after the anchoring event at the PM. This hypothesis was upheld by gel filtration assays with the Escherichia coli purified 6His-tagged full-length StREM1.3 protein (Perraki et al., 2012). The exact order of oligomerization of REMs in planta is still lacking (Jaillais and Ott, 2020).

In our current view, StREM1.3 is homo-trimeric in solution bundling three REM-CA domains together (Bariola et al., 2004;Martinez et al., 2018). This trimeric hypothesis was further developed in Martinez et al. (2018) upon in silico modeling confirmed by solid-state nuclear magnetic resonance (NMR) in conjunction with cryo-electron microscopy (cryo-EM) and in vivo observations of mutations in the coiled-coil domain that impair PM association (Figure 1). These in vivo observations seem to corroborate the hypothesis that in a minimal state, the trimeric form is necessary for PM anchoring. Cryo-EM further revealed a possible lateral association of the trimeric REMs in the presence of an N-terminal 6His-tag (Martinez et al., 2018), yet the presence of a 6His-tag may also alter the oligomeric behavior of proteins (Amor-Mahjoub et al., 2006). This casts a doubt on the in vivo relevance of the trimer of StREM1.3 observed by gel filtration (Perraki et al., 2012). In any case, the existence in vivo of homo-oligomers and higher order oligomers has not been invalidated by the latest data. The formation of higher order oligomers, i.e. oligomers of trimers, as a means to drive nanoclustering cannot be excluded but has yet to be tested. Interactions between neighboring REM trimers are likely to further stabilize nanodomain clustering.

Group 1 AtREMs have been found to form oligomers in a large-scale study of PM protein oligomerization in leaves (McBride et al., 2017). AtREM1.2, AtREM1.3, and AtREM1.4 were predicted to form oligomeric complexes according to their ratio of the calculated mass to the apparent mass (R app ) score, which calculates a ratio between the predicted molecular mass of the monomer and the measured molecular mass of the complex in which the protein is found. AtREM1.2, AtREM1.3, and AtREM1.4 were found in different complexes to have a ratio of the calculated mass to the apparent mass scores (R app ) ranging on average from 35 to 60 for AtREM1.2, 25 for AtREM1.3, and 30 to 95 for AtREM1. 4 (McBride et al., 2017). These data may suggest that in addition to being homo-oligomerized, Group 1 REMs are also forming multiprotein complexes. This idea has already been suggested in the literature, notably in Lefebvre et al. (2010) where REMs are compared to caveolins considering the common properties they share: small, oligomeric, lipid raftassociated scaffold proteins that can form filamentous structures.

REM association with the cytoskeleton

In the seminal work of Jarsch et al. (2014), filamentous exclusion zones observed at the surface of the PM have suggested that REMs could be associated with the cortical cytoskeleton. A localization dependent on microtubule [START_REF] Palta | Plasma membrane lipids associated with genetic variability in freezing tolerance and cold acclimation of Solanum species[END_REF]Furt et al., 2010[START_REF] Furt | The plant plasma membrane[END_REF]Gronnier et al., 2017;Legrand et al., 2019). The overall REM orientation is likely to be perpendicular to the membrane plane to minimize steric hindrance, though the precise angle distribution is unknown. Lipids herein are more ordered than the bulk of the PM and the membrane therefore is slightly thicker even though the PM's complex composition may greatly attenuate this tendency [START_REF] Gronnier | Divide and rule: plant plasma membrane organization[END_REF], Legrand et al., 2019). C, StREM1.3 forms homotrimers through a CC (Martinez et al., 2018) bundling together three REM-CAs (Gronnier et al., 2017) and three IDRs bearing phosphorylation sites (Perraki et al., 2018). REM-CA binds to PI4P through electrostatic interactions involving, notably, positively charged amino-acids K192 and K193, as proposed in the right panel by molecular dynamics (Gronnier et al., 2017). The most C-terminal part (region 2) of REM-CA is embedded inside the inner leaflet, as supported by solid-state NMR and molecular dynamics (Gronnier et al., 2017). Nanodomainassociated PIPs enriched in saturated acyl chains and sitosterol (Furt et al., 2010). The left panel shows hydrophobic contacts between the three L155 residues (red), which are critical to the CC structure, supporting membrane-association (Martinez et al., 2018). Membrane binding is accompanied by an enrichment in PI4P and sitosterol in the vicinity of the binding site (Legrand et al., 2019). A relative impoverishment in such lipids in the surrounding bulk membrane would therefore be a logical consequence. Note here that only REM molecules are presented, and the other PM proteins are omitted.

polymerization has been reported: the microtubule depolymerizing drug oryzalin lead to a smoother localization, i.e. REMs was not clustered in nanodomains [START_REF] Szymanski | Cytoskeletal components define protein location to membrane microdomains[END_REF]. Moreover, AtREM6.6, which localizes at fibrillar structures and to PM domains, has been shown to be affected in its fibrillar localization by oryzalin treatment (Jarsch et al., 2014;Konrad et al., 2014).

This interplay between the cortical cytoskeleton and PM nanodomains fits with the "fences and pickets" paradigm [START_REF] Kusumi | Dynamic organizing principles of the plasma membrane that regulate signal transduction: commemorating the fortieth anniversary of Singer and Nicolson's fluid-mosaic model[END_REF], where REMs could play a role as a putative scaffold protein. This interplay with actin has been further demonstrated for other REMs, such as SYMREM1. SYMREM1's association to PM nanodomains is destabilized by the actin depolymerizing drug, latrunculin B, yet not by the microtubule depolymerizing drug, oryzalin. SYMREM1's presence at the PM is also essential for the establishment of FLOTILIN4-LYK3 domains that are dependent on the contact between FLOTILIN4 and the actin cytoskeleton [START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF] see Figure 2B). The rice Group 6 REM, OsREM6.6 (or GSD1 for grain setting defect 1, see below), associates with the actin cytoskeleton. Treatment with cytochalasin D (a potent inhibitor of actin polymerization) completely disrupted the punctate localization pattern of AtREM1.2 and AtREM1.3 to a more uniform distribution with smaller punctate patterns of lower intensity [START_REF] Szymanski | Cytoskeletal components define protein location to membrane microdomains[END_REF]. Additionally, AtREM1.2 associates with the actin cytoskeleton under viral infection (Cheng et al., 2020). These data reveal the strong relationship between REMs' anchoring to the PM and the actin cytoskeleton, although the functional mechanism remains to be tackled.

The biological functions of REMs

Established functions of REM proteins

Plant-microbe interactions Numerous studies have reported the implication of REMs in plant interactions with microorganisms. Viruses. The first REM implicated in the context of viral infection is StREM1.3. Its overexpression limits the cell-to-cell movement of Potato Virus X (PVX), and its underexpression (RNAi lines) accelerates PVX movement (Raffaele et al., 2009;Perraki et al., 2018). A general effect on the REMdependent gating of PD has also been shown in the presence of viral movement proteins, such as 30K from the Tobacco Mosaic Virus (TMV) or Hc-Pro from the Potato Virus Y (PVY; [START_REF] Perraki | StRemorin1.3 hampers Potato virus X TGBp1 ability to increase plasmodesmata permeability, but does not interfere with its silencing suppressor activity[END_REF]. In addition to limiting PVX cell-to-cell movement, StREM1.3 also limits TMV cellto-cell propagation (Perraki et al., 2018). The overexpression of StREM1.3 does not impair the silencing suppressor activity of the PVX-encoded TRIPLE-GENE BLOCK protein 1 (TGBp1; Perraki et al., 2012), but rather induces the increase in callose accumulation at PD pit-fields (Perraki et al., 2018). Furthermore, StREM1.3's capacity in hindering PVX cell-tocell movement is abolished when REM-CA is mutated, thereby modifying its targeting to the PM (Gronnier et al., 2017). Additionally, StREM1.3 physically interacts with the PVX movement protein TGBp1 with or without an impaired REM-CA domain (Perraki et al., 2012). Perraki et al., (2018) showed that PVX-activated kinases are responsible for StREM1.3's phosphorylation potentially on residues S74/T86/S91 and that expression of the phosphomimetic, but not the phosphoablative mutant of StREM1.3 hampers virus cell-to-cell propagation to similar levels with the wild type. Importantly, the calciumdependent protein kinase AtCPK3, which could phosphorylate StREM1.3 in vitro, could also restrict PVX cell-to-cell movement in a REM-dependent manner. In vitro, the StREM1.3 phosphomutants are not phosphorylated by AtCPK3 (Perraki et al., 2018). This suggests that an AtCPK3 ortholog in potato could potentially regulate StREM1.3 in vivo for anti-viral defense. Moreover, the phosphorylation mutants impact the localization of REM at PD and on callose deposition, associating phosphorylation status, protein mobility, PD permeability and cell-to-cell viral propagation (Perraki et al., 2018;Figure 2A).

Solanaceae Group 1 REMs have also been studied in the context of Tenuivirus infection. Nicotiana benthamiana NbREM1.1 and NbREM1.2 degrade during Rice Stripe Virus (RSV) infection in consequence to the interference of the RSV-encoded protein, NSvc4. The degradation of NbREM1.1 and NbREM1.2 via the autophagy pathway leads to RSV circumventing NbREM1-associated resistance [START_REF] Fu | Rice stripe virus interferes with S-acylation of Remorin and induces its autophagic degradation to facilitate virus infection[END_REF]. In contrast, a recent study has underlined the effect of the tobacco REM NtREM1.2 on the cell-to-cell movement of a Tobamovirus, the Tomato Mosaic Virus (ToMV; [START_REF] Sasaki | Altered subcellular localization of a tobacco membrane raft-associated remorin protein by tobamovirus infection and transient expression of viral replication and movement proteins[END_REF]. ToMV infection and the overexpression of ToMV movement proteins separately affect NtREM1.2's localization by inducing its aggregation at the PM. Dissimilarly to StREM1.3, which is known to localize in a patchy pattern at the PM and is present in PM nanodomains, NtREM1.2 localized in a uniform fashion throughout the PM regardless of N-terminal or C-terminal fusion to fluorescent tags. Considering the high sequence conservation of the C-terminal region, this suggests that the N-terminal region is involved in NtREM1.2's characteristic localization. Interestingly, NtREM1.2 interacts and colocalizes with ToMV's 30-kDa movement protein at PD. Agrobacterium tumefaciens-mediated transient expression of NtREM1.2 slightly increases ToMV infection foci size [START_REF] Sasaki | Altered subcellular localization of a tobacco membrane raft-associated remorin protein by tobamovirus infection and transient expression of viral replication and movement proteins[END_REF]. Moreover, in ToMV infected cells, NtREM1.2 aggregates occur close to tubular ER structures and are associated with ToMV's 30-kDa movement protein bodies that appeared to be linked to the ER-Actin network [START_REF] Sasaki | Altered subcellular localization of a tobacco membrane raft-associated remorin protein by tobamovirus infection and transient expression of viral replication and movement proteins[END_REF]. Finally, Arabidopsis AtREM1.2 has been proposed to play a role in Turnip Mosaic Virus (TuMV) cell-to-cell movement by competing with the TuMV protein VPg in the actin-dependent regulation of PD aperture (Cheng et al., 2020).

Group 4 REMs have been reported as positive regulators of viral infection. AtREM4.1 and AtREM4.2 are susceptibility factors during Beet Curly Top Virus (BCTV) and Beet Severe curly Top Virus (BSCTV) infection. This was shown using single-and double-knock-out (KO) and overexpressing lines for (Raffaele et al., 2009;Perraki et al., 2012Perraki et al., , 2018;;Gronnier et al., 2017). Perception of PVX leads to the production of a calcium burst that activates a group 2 calcium-dependent protein kinase (here CPK3), which in turn phosphorylates group 1 REMs. Group 1 REMs' phosphorylated state increases their PM mobility, and they interact with phospho-REM interacting proteins (RIP). These interactions cause an increase in callose deposition at the PD. B, Group 2 REM in M.

AtREM4.1 and AtREM4.2. This effect of Group 4 REMs on geminiviral infection could be linked to SnRK1, an important positive regulator of plant stress involved in antiviral defense, which could phosphorylate AtREM4.1 in vitro (Son et al., 2014). Bacterial symbiosis. The Group 2 REMs merely constituted of a C_domain (c.f. Figure 1A; Raffaele et al., 2007) have been characterized by their role in the establishment of infection threads (IT) during the symbiosis of M. truncatula and Lotus japonicus with Rhizobiaceae family bacteria by participating in the formation of root nodules (Lefebvre et al., 2010;[START_REF] ´th | Functional domain analysis of the remorin protein LjSYMREM1 in lotus japonicus[END_REF]. SYMREM1 is specifically expressed in M. truncatula roots and nodules with expression strongly induced by Nod factor treatment (Lefebvre et al., 2010), which are lipo-chitooligosaccharides produced by symbiotic bacteria to initiate symbiosis [START_REF] Oldroyd | Speak, friend, and enter: signalling systems that promote beneficial symbiotic associations in plants[END_REF]. Furthermore, SYMREM1 knock-down lines strongly reduce nodule establishment and growth (Lefebvre et al., 2010). Analogously, the overexpression of Group 2 REM LjSYMREM1 significantly increases the number of nodules per root in L. japonicus, establishing these orthologs as key players for symbiosis in legumes [START_REF] ´th | Functional domain analysis of the remorin protein LjSYMREM1 in lotus japonicus[END_REF]. In this context, SYMREM1 has been further characterized at the molecular level. It has been described as a scaffold protein due to its interaction with three receptor-like kinases (RLKs) essential for nodule establishment and maintenance i.e. NFP, DMI2, and LYK3 (Lefebvre et al., 2010). This could be a recruiting process of RLKs to specific nanodomains to initiate IT along with FLOT4 [START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF]. SYMREM1 is believed to stabilize the interactions between FLOT4 and both Nod factor perception NFP and LysM-receptor like kinase LYK3, which would prevent the RLKs' endocytosis and ensure nodulation-promoting signaling [START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF] see Figure 2B). Fungi and oomycetes. REMs have been implicated in interactions with filamentous pathogens/symbionts. StREM1.3 has long been established as a marker of Phytophthora infestans extrahaustorial membrane (EHM; [START_REF] Lu | Patterns of plant subcellular responses to successful oomycete infections reveal differences in host cell reprogramming and endocytic trafficking[END_REF][START_REF] Bozkurt | The plant membrane-associated REMORIN1.3 accumulates in discrete perihaustorial domains and enhances susceptibility to phytophthora infestans[END_REF]. StREM1.3 labels haustoria approximately 50% of the time and specifically labels noncallosic haustoria [START_REF] Bozkurt | The plant membrane-associated REMORIN1.3 accumulates in discrete perihaustorial domains and enhances susceptibility to phytophthora infestans[END_REF]. Moreover, the overexpression of StREM1.3 in N. benthamiana and tomato increases susceptibility to P. infestans infection [START_REF] Bozkurt | The plant membrane-associated REMORIN1.3 accumulates in discrete perihaustorial domains and enhances susceptibility to phytophthora infestans[END_REF]. The precise role of StREM1.3 during P. infestans infection has yet to be precisely determined. Interestingly, recent studies show the specific recruitment of PIPs to the plant-pathogen interfacial membrane during fungal infection [START_REF] Qin | phosphoinositide species to the plant-pathogen interfacial membrane underlies arabidopsis susceptibility to fungal infection[END_REF]. Different PIPs are enriched at the EHM. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) is dynamically upregulated at powdery mildew infection sites and recruited to the EHM, whereas PI4P is absent in the EHM. Furthermore, the depletion of PI(4,5)P 2 in the pip5k1 pip5k2 mutant lines inhibits fungal pathogen development and causes disease resistance, independent of cell deathassociated defenses, involving impaired host susceptibility. The fact that REMs both bind to PIPs and are involved in immune responses to fungi incites a detailed examination of the link between these two observations in future work.

The first report of a possible implication of REMs in plant-fungal interactions was a maize (Zea mays) ZmREM6.3 that was found in a quantitative trait loci analysis for resistance to northern leaf blight caused by the fungal pathogen Setosphaeria turcica [START_REF] Jamann | A remorin gene is implicated in quantitative disease resistance in maize[END_REF]. A recent study further highlighted the importance of REMs in the resistance to fungal pathogens by identifying ZmREM1.3 in a large-scale proteomic analysis [START_REF] Wang | Comparative proteomics combined with analyses of transgenic plants reveal ZmREM1.3 mediates maize resistance to southern corn rust[END_REF]. The comparison between southern corn rust (Puccinia polysora) sensitive-and resistant-maize inbred lines revealed that ZmREM1.3 protein amount was increased in the resistant line, whereas it was decreased in the sensitive line. Genetic approaches (overexpression and KO) confirmed that ZmREM1.3 mediated maize resistance to P. polysora through salicylic acid (SA)/jasmonic acid signaling and defense gene upregulation [START_REF] Wang | Comparative proteomics combined with analyses of transgenic plants reveal ZmREM1.3 mediates maize resistance to southern corn rust[END_REF].

A recent study shows that the overexpression of tomato (S. lycopersicum) SlREM1 increases susceptibility to the necrotrophic fungus Botrytis cinerea (Cai et al., 2020). Heterologous expression of SlREM1 increased reactive oxygen species accumulation and triggered other cell-death regulators, suggesting a positive regulatory role of SlREM1 in programmed cell-death (PCD) and providing clues for understanding the PCD molecular regulatory networks in plants.

Hormone signaling and abiotic stress

Rice OsREM4.1 is upregulated by abscisic acid (ABA) treatment via the bZIP transcription factor OsZIP23, which can truncatula. Constitutively-expressed FLOT4 forms a primary PM-scaffold that is unable to recruit LYK3 in the absence of SYMREM1 (MtREM2.2). Nod factor (NF) perception by NFP and LYK3 PM-receptors triggers the activation of a symbiosis-specific signaling cascade that leads to the expression of SYMREM1. Due to its ability to directly bind LYK3, SYMREM1 actively recruits the receptor into the FLOT4 domain. In symrem1 mutants, LYK3 is destabilized and endocytosed upon rhizobial inoculation. Illustrations adapted from [START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF]. C, Group 4 REM in Oryza sativa. OsREM4.1 is PM-localized in association with the OsBRI1 (brassinosteroid insensitive)-OsSERK1 somatic embryogenesis receptor kinase 1 complex. Upon elevated ABA levels, the ABA-responsive transcription factor OsbZIP23 basic leucine zipper is activated and upregulates the OsREM4.1 expression. OsREM4.1 interacts with OsSERK1 and interferes with OsBRI1-OsSERK1 active complex formation, therefore repressing the BR signaling initiation. Increased BR levels cause the binding of BR to the extracellular domain of OsBRI1 and the activation of Os BKI1 BRI1 kinase to phosphorylate OsREM4.1. The phosphorylated OsREM4.1 has lower binding affinity to OsSERK1, and therefore the OsREM4.1-OsSERK1 complex is dissociated. Therefore, OsSERK1 is able to interact with OsBRI1 to form the OsBRI1-OsSERK1 receptor kinase complex and activate BR signaling. OsREM4.1 function is similar to BKI1, which upon BR binding to BRI1, is phosphorylated and released from the PM, allowing the formation of the BRI1/SERK1 complex. Illustrations are adapted from [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF].

bind the OsREM4.1 promoter. The OsREM4.1 overexpression inhibits brassinosteroid (BR) signaling by inhibiting OsSERK1 and OsBRI1 complex formation. This REM effect is undermined by the phosphorylation of REM. Under high BR concentrations, BR stabilizes the OsSERK1/OsBRI1 complex, which activates the phosphorylation of OsREM4.1 by OsBRI1, thereby reducing OsREM4.1's affinity for OsSERK1 and enabling the BR signaling cascade. This signaling system maintains a dynamic equilibrium between ABA and BR signaling [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF]Figure 2C). In Arabidopsis, AtREM1.2 and AtREM1.3 organize lipid raft nanodomains in a SAdependent fashion. Indeed, by interaction with GRF10, both REMs participate in PD closure after SA treatment (Huang et al., 2019). Moreover, AtREM1.2 is crucial for SA-induced asymmetric auxin flux during root gravitropic response as well as for the regulation of clathrin-mediated endocytosis [START_REF] Ke | Salicylic acid regulates PIN2 auxin transporter hyper-clustering and root gravitropic growth via Remorin-dependent lipid nanodomain organization in Arabidopsis thaliana[END_REF].

The tomato SlREM1.2 has recently been shown to be involved in fruit ripening by interacting with ethylene biosynthesis proteins. The overexpression of SlREM1.2 upregulates key genes involved in ethylene biosynthesis, lycopene biosynthesis and ripening regulators, resulting in an effective increase in the ethylene and lycopene content of fruit [START_REF] Cai | The mode of action of remorin1 in regulating fruit ripening at transcriptional and post-transcriptional levels[END_REF].

The functional characterization of a mulberry (Morus indica) Group 1 isoform MiREM1 evidenced its transcriptional upregulation under a number of abiotic stresses and hormone treatments. The gain of function via the heterologous overexpression of MiREM1 in Arabidopsis conferred resistance to salt stress and drought [START_REF] Checker | Molecular and functional characterization of mulberry EST encoding remorin (MiREM) involved in abiotic stress[END_REF].

The Group 6 REM SiREM6 (Setaria italica, fox-tail millet) is transcriptionally up regulated under salt, cold, ABA, and osmotic stress. Yet, this upregulation is weakly observed under drought stress, and the SiREM6 overexpression does not impact drought tolerance. The SiREM6 overexpression in Arabidopsis increased germination rate and seedling biomass as well as seedling survival under salt stress. These characteristics are linked to an increase in proline content and a reduction in electrolyte leakage. Additionally, the overexpression of SiREM6 in Arabidopsis enhances sensitivity to ABA treatment [START_REF] Yue | A remorin gene SiREM6, the target gene of SiARDP, from foxtail millet (Setaria italica) promotes high salt tolerance in transgenic Arabidopsis[END_REF]. In rice, OsREM6.5 is also highly upregulated during drought stress and ABA treatment [START_REF] Wu | Identification of novel stress-responsive transcription factor genes in rice by cDNA array analysis[END_REF] In Populus euphratica, a salt-resistant poplar, PeREM6.5 is induced by NaCl stress. Interestingly, PeREM6.5 recombinant protein significantly increases the H + -ATPase hydrolytic activity and proton transport activity in P. euphratica PM vesicles. Yeast two-hybrid assays show that PeREM6.5 interacts with RPM1-interacting protein 4 (PeRIN4). Notably, the increase of H + -ATPase activity induced by PeREM6.5 is further enhanced by PeRIN4 recombinant protein. Finally, the overexpression of PeREM6.5 in Arabidopsis improves salt tolerance. PeREM6.5, by regulating H + -ATPase activity in the PM, may therefore enhance the plant capacity to maintain ionic homeostasis under salinity [START_REF] Zhang | Populus euphratica remorin 6.5 activates plasma membrane H + -ATPases to mediate salt tolerance[END_REF].

Cell-to-cell connectivity via PD

The first direct evidence of the implication of REMs in cell-to-cell connectivity via PD was revealed by the ability of StREM1.3 to hinder PVX cell-to-cell movement as well as GFP diffusion in nonvirally-infected plants in N. benthamiana leaf epidermal cells (Raffaele et al., 2009;Perraki et al., 2012[START_REF] Perraki | StRemorin1.3 hampers Potato virus X TGBp1 ability to increase plasmodesmata permeability, but does not interfere with its silencing suppressor activity[END_REF]. REM transcript and protein levels increased in mature, aging, and senescing tissues, as well as in "source parts" of tobacco leaves (i.e. the tip of the leaf), where a majority of mature-and branched-PD are present (Raffaele et al., 2009b). These results suggest that tobacco Group 1 REMs predominantly associate with mature-branched-PD.

The Group 6 REM OsREM6.6 regulates PD permeability in rice, leading to the filling of the seed. The mutant termed GSD-1 (grain setting defect 1) shows an altered and ubiquitous expression of OsREM6.6, which is natively only expressed in phloem companion cells, thereby inducing an accumulation of starch and free-sugars in the leaf blades and consequently a reduction of starch accumulation in grains [START_REF] Gui | Grain setting defect1, encoding a Remorin protein, affects the grain setting in rice through regulating plasmodesmatal conductance[END_REF].

Data mining toward the putative functions of REMs

Throughout the relatively extensive literature that links REMs to biological functions (from transcriptomic, proteomic and phosphoproteomic data), several patterns may be found. Considering the overlapping nature of these types of events, we summarize those data in Table 1 by grouping REMs by phylum and by putative function. These links remain to be further experimentally confirmed but deserve to be pointed out to pave the way in understanding the biological functions of REMs.

Structural and biological implications of REM phosphorylation

Since the first identification of REM as an in vitro phosphorylated protein, pp34 [START_REF] Farmer | In vitro phosphorylation of plant plasma membrane proteins in response to the proteinase inhibitor inducing factor[END_REF], members of all REM groups have been detected in phosphoproteomes from diverse tissues and biological contexts, suggesting phosphorylation as a major in vivo regulatory mechanism of REMs (see Supplemental Table 1 for a compilation of REM phosphoproteomic data). A recent study established the phosphorylation pattern of 14 AtREMs in 30 different plant tissues (Mergner et al., 2020). Apart from this broad-scale analysis, other studies have shown that, for some residues, the phosphorylation of REMs is modulated by stress conditions such as flg22 and PGA treatment, nitrogen deprivation, ABA, H 2 O 2 , cold, osmotic, and salt stresses (Benschop et al., 2007;Kohorn et al., 2016;[START_REF] Menz | Early nitrogen-deprivation responses in Arabidopsis roots reveal distinct differences on transcriptome and (phospho-) proteome levels between nitrate and ammonium nutrition[END_REF][START_REF] Nikonorova | Early mannitol-triggered changes in the Arabidopsis leaf (phospho)proteome reveal growth regulators[END_REF]Wang et al., 2020; see Supplemental Table 1), suggesting functional roles of phosphorylation that remain to be explored.

REMs are phosphorylated in vivo mainly at the putatively intrinsically disordered region (IDR) located in the N-terminal domain (Figure 3; Marı ´n and Ott, 2012). IDR regions are flexible and extended protein segments that provide Hormone response [START_REF] Lin | Identification of ABA-responsive genes in rice shoots via cDNA macroarray[END_REF] (continued) dynamic structural remodeling and protein-protein interaction plasticity [START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF][START_REF] Dyson | Intrinsically unstructured proteins and their functions[END_REF]Uversky, 2013). They are often regulated via phosphorylation that may act as a regulatory switch leading to structural changes such as folding and the sequestration of binding sites [START_REF] Bah | Folding of an intrinsically disordered protein by phosphorylation as a regulatory switch[END_REF]. Because they facilitate protein recognition and binding by acting as adaptable interaction surfaces, IDRs are often found in hub proteins that link interaction networks and integrate signals [START_REF] Kim | The role of disorder in interaction networks: a structural analysis[END_REF].

REMs' basal and signal-induced phosphorylation regions could putatively regulate interactions with its protein partners upon stimulus (Figure 3). This, and the fact that REMs participate in different plant signaling networks, ground the idea that they act as PM-bound-complex signaling "hubs" able to interact with many different proteins at specific times and locations and in response to specific stimuli. However, little is known about how REMs integrate diverse signaling cues in plants.

Only a few studies have drawn links between REM phosphorylation and intracellular signaling. Marı ´n and Ott (2012) showed that AtREM1.3 phosphorylation at S66 located in the IDR led to a reduced affinity for importins in yeast twohybrid assays. However, the impact of this phosphorylation on the structure and subcellular localization of AtREM1.3 remains to be investigated. Furthermore, [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF] demonstrated the role of OsREM4.1 phosphorylation by OsBRI1 in activation of the BR signaling pathway [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF]Figure 2C). While the phosphosites remain to be identified, this model connects REM phosphorylation, hormonesignaling balance and rice development, giving an important insight on one of the functional roles of REM phosphorylation in rice. In Perraki et al. (2018), the phosphorylation of StREM1.3 on residues S74, T86, S91 was essential for its antiviral function and dynamic nanodomain association (Perraki et al., 2018;Figure 2A). Yet, the in vivo phosphorylation at those sites in response to PVX infection still remains to be determined.

Although multiple REM phosphosites have been described in phosphoproteomes or with directed approaches, only few REM-associated kinases have been identified (see Supplemental Table 1). A recent large-scale phosphoproteomic study identified 8 Arabidopsis kinases (calcium protein kinase CPK11, mitogen-activated protein kinase MPK6, open stomata kinase OST1, sucrose nonfermenting-related kinase SnRK2.4, salt overly sensitive SOS2, oxidative signal-inducible OXI1, casein kinase-like CKL2, CT10 regulator of kinase-like CRKL2) that could phosphorylate, in vitro, AtREM phosphopeptides generated in vivo (Wang et al., 2020). Additional kinases responsible for REM phosphorylation have been described in rice, N. benthamiana, M. truncatula, L. japonicus, and Arabidopsis (SnRK1.2, AtCPK3, and various RLKs; Mehlmer et al., 2010;[START_REF] ´th | Functional domain analysis of the remorin protein LjSYMREM1 in lotus japonicus[END_REF]Son et al., 2014;[START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF]Perraki et al., 2018;Albers et al., 2019; see a summary in Figure 4). However, all these data have been obtained in vitro and will require further validation. Notably, in vivo interactions between REMs and protein kinases had already been reported for some of the kinases identified in Wang et al. (2020), [START_REF] ´th | Functional domain analysis of the remorin protein LjSYMREM1 in lotus japonicus[END_REF]), Perraki et al. (2018), and Albers et al. (2019). These kinases have been reported to phosphorylate a unique REM or several of them (Mehlmer et al., 2010;[START_REF] ´th | Functional domain analysis of the remorin protein LjSYMREM1 in lotus japonicus[END_REF]Son et al., 2014;[START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF]Perraki et al., 2018;Albers et al., 2019;Wang et al., 2020;Supplemental Table 1). Interestingly, most of those kinases are associated with DRMs, [START_REF] Majeran | Targeted profiling of Arabidopsis thaliana subproteomes illuminates co-and posttranslationally N-terminal myristoylated proteins[END_REF] but some of them are putatively soluble, suggesting a PM recruitment. This protein-protein interaction conferred by regions with high scores of intrinsic disorder (Raffaele et al., 2007;Marı ´n and Ott, 2012) and phosphorylation [START_REF] Reymond | Cloning of a cDNA encoding a plasma membrane-associated, uronide binding phosphoprotein with physical properties similar to viral movement proteins[END_REF]Marı ´n and Ott, 2012;[START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF]Kohorn et al., 2016;Perraki et al., 2018; see Figure 3) are characteristics reminiscent of scaffold proteins, such as the 14-3-3 family of proteins. This analogy holds on the cases where REMs' interaction capacity was reported to differ upon phosphorylation of either the interaction partner(s) or the REM isoform itself [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF][START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF]. GRF10 (General regulatory factor 14-3-3 epsilon) was recently shown to interact with and mediate AtREM1.2 and AtREM1.3 interaction (Huang et al., 2019). The 14-3-3 family proteins are involved in phospho-relay events, preeminently in facilitating and hindering protein-protein interactions by binding to the phosphorylated residues of interaction partners (Lozano-Dura ´n and Robatzek, 2015).

Perspectives

The amount of data that has been accumulated since the cloning of the first REM in 1989 on the characteristics and the cellular and physiological role of REMs is very heterogeneous. Although many articles have shown REM expression as being related with a number of physiological processes, a clear role for the REM family has not yet arose. Nevertheless, many trails have emerged from the 30 years of research on REMs that show great promise in the search for REMs' functionalities. One of these functionalities stands out, considering the multiple instances where REMs are linked to intercellular connectivity. These instances reinforce the idea that the establishment of REMs as a genetic family could have been important for the adaptation of photosynthetic algae during the land plant invasion that occurred approximately 475 million years ago [START_REF] Steemans | Origin and radiation of the earliest vascular land plants[END_REF]. Indeed, the control of water and solute exchanges between cells and tissues was a major necessary adaptation to handle water fluxes in dry land. Complex PD along with a complex vasculature necessary for the establishment of root systems and hormone signaling were the fundamental developments that enabled adaptation and establishment of embryophytes [START_REF] Rensing | Conquest of land by plants[END_REF]. Moreover, the fact REMs are involved in biotic interactions, notably with symbiotic fungi and bacteria, is also a clue to their potential involvement in the conquest of land by plants, considering the hypothetical importance of symbiotic microorganisms in helping the first rootless land plants to secure nutrients (for review see Raffaele et al., 2009a;[START_REF] Rensing | Great moments in evolution: the conquest of land by plants[END_REF]. The recent discovery of Group 1 REMs in a proteomic analysis of Arabidopsis extracellular vesicles may potentially change our view of REM's strictly-PM function (Rutter andInnes, 2017, 2018). 

Genetics
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Figure 4 REM proteins are involved in independent signaling pathways and are phosphorylated by different kinases. Schematic representation of all the known interactions between REM proteins from groups 1, 2, 4, and protein kinases that were described in plant immunity, symbiosis, and hormonal signaling. Dotted lined arrow (i.e. functional link to be determined) signifies that the given REM and kinases were identified as being involved in the given biological context yet direct experimental data has yet to be established. See text for details.

SA-dependent gravitropism response [START_REF] Ke | Salicylic acid regulates PIN2 auxin transporter hyper-clustering and root gravitropic growth via Remorin-dependent lipid nanodomain organization in Arabidopsis thaliana[END_REF]. To study REMs, the most notable problem is currently the lack of multiple KO-lines for each isoform, although the generation of these lines is currently ongoing with the recently published CRISPR-Cas9 KO-lines for two Group 1 REMs in N. benthamiana [START_REF] Fu | Rice stripe virus interferes with S-acylation of Remorin and induces its autophagic degradation to facilitate virus infection[END_REF]Huang et al., 2019) and the quadruple CRISPR-Cas9 KO-line for all four Group 1 REMs in Arabidopsis that will soon be available (T. Ott, personal communication). KO lines for each REM Group will be essential for our understanding of the role played by each REM Group that could entail not only different possible cellular functions but also different tissue specificities (e.g. [START_REF] Gui | Grain setting defect1, encoding a Remorin protein, affects the grain setting in rice through regulating plasmodesmatal conductance[END_REF]. Nevertheless, we cannot exclude that REMs from different sub-groups are at least partially redundant or can functionally substitute for other REMs, even if in the wild-type situation they fulfill a different function.

Several REM Groups, such as Groups 5 and 3, could consequently become less illusive as to their function. The generation of KO-lines should be combined with gain-offunction assays as those undertaken in the characterization of OsREM6.6 (or GSD1;[START_REF] Gui | Grain setting defect1, encoding a Remorin protein, affects the grain setting in rice through regulating plasmodesmatal conductance[END_REF] and OsREM4.1 [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF] to develop true functional approaches in deciphering the cellular and physiological purposes of REMs.

Protein-protein interactions

Phosphorylation of REMs is suspected to be involved in protein-protein interactions (Raffaele et al., 2007;Marı ´n et al., 2012; Figure 2; Supplemental Table 1) reminiscent of scaffold proteins, notably of 14-3-3 family proteins. Recently, GRF10 was shown to interact with AtREM1.2 and to be crucial for its partitioning at the PM (Huang et al., 2019). REMs and 14-3-3 family proteins could indeed co-depend on each other considering REMs' interaction capacity varies upon phosphorylation of either the interaction partner(s) or the REM isoform itself [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF][START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF]). In both cases, the REM isoforms i.e. OsREM4.1 or SYMREM1, interact with RLKs OsSERK1 [START_REF] Gui | OsREM4.1 interacts with OsSERK1 to coordinate the interlinking between abscisic acid and brassinosteroid signaling in rice[END_REF] and LYK3 and NFP [START_REF] Liang | Symbiotic root infections in Medicago truncatula require remorin-mediated receptor stabilization in membrane nanodomains[END_REF], respectively (Figure 2B). The interplay between REMs and RLKs deserves to be further investigated, particularly in view of the recent emerging role of RLK signaling in PD physiology [START_REF] Grison | Plasma membrane-associated receptor-like kinases relocalize to plasmodesmata in response to osmotic stress[END_REF][START_REF] Cheval | Chitin perception in plasmodesmata characterizes submembrane immune-signaling specificity in plants[END_REF] Considering that phosphorylation is at the center of the interaction events recorded for REMs, it seems crucial to develop phospho-dependent interactomic screens for REMs to understand their function. This type of screen should importantly be performed under different stress conditions and in different tissues as REMs' interactions with its cognate partners appear to be highly determined by plant development and stress.

The PM's complexity

Important advancements have recently been established in the deciphering of the PM-anchoring properties of REMs (Perraki et al., 2012;Gronnier et al., 2017;Martinez et al., 2018;Legrand et al., 2019). In as much as REMs are dependent of their C-terminal region or REM-CA for their anchoring to the PM, more must be developed in the understanding of the exact biophysical properties that govern this anchoring. Critically, decrypting the determinants of the PM-nanodomain association of REMs is a top priority, as it has already been shown to be a determining factor of REM function (Gronnier et al., 2017;[START_REF] Fu | Rice stripe virus interferes with S-acylation of Remorin and induces its autophagic degradation to facilitate virus infection[END_REF][START_REF] Ke | Salicylic acid regulates PIN2 auxin transporter hyper-clustering and root gravitropic growth via Remorin-dependent lipid nanodomain organization in Arabidopsis thaliana[END_REF]. In particular, affiliating the presence of Group 1 REMs in PM nanodomains with their observed effect on the accumulation of callose at PD pit-fields (Gronnier et al., 2017;Perraki et al., 2018) raises a critical question: how does a protein, present in the PM innerleaflet, influence enzymatic activities (i.e. callose synthesis/ degradation) occurring in the cell wall or, at best in the PM outer-leaflet?

Several hypotheses may be explored to answer this question: (1) Can Group 1 REMs or their interaction partners regulate callose synthases or other partners of the callose synthesis complex present at PD pit-fields to stimulate callose deposition? (2) Can Group 1 REMs or their interaction partners regulate the activity or localization of ß-1,3-glucanases? This latter question can be a particularly interesting hypothesis to investigate considering the different subcellular and extracellular localizations of ß-1,3-glucanases (for review see [START_REF] Zavaliev | Biology of callose (b-1,3-glucan) turnover at plasmodesmata[END_REF]. Group 1 REMs could potentially regulate the extracellular secretion of ß-1,3-glucanases as it was reported in [START_REF] Zavaliev | Subcellular dynamics and role of Arabidopsis b-1,3-glucanases in cell-to-cell movement of tobamoviruses[END_REF] in response to SA treatments. Yet, some ß-1,3-glucanases have been reported to be glycosylphosphatidylinositol (GPI)-anchored proteins within the PM outer-leaflet associated with PD [START_REF] Levy | A plasmodesmata-associated b-1,3-glucanase in Arabidopsis[END_REF]. The enrichment of GPI-anchored proteins in the DRM biochemical fraction (for review on plant GPIanchored proteins see Yeats et al., 2018) licenses the hypothesis that there could be trans-bilayer coupling between the inner-leaflet PM domains containing REMs and the outer-leaflet PM domains containing GPI-anchored ß-1,3glucanases. In this context, the concept of trans-bilayer coupling refers to the presence of each component in a common PM domain that spans from one PM-leaflet to the other. There could therefore be interaction in trans between inner-and outer-leaflet proteins via the interdigitation of saturated and/or very-long-chain acyl chains of the lipids that are present in these PM domains. This functional mechanism has been demonstrated in animal cells by showing the necessity of long-chain phosphatidylserine species with at least one long saturated chain to register a GPIanchored protein to a lipid-protein complex that virtually anchored the GPI-anchored protein to the actin cytoskeleton [START_REF] Raghupathy | Transbilayer lipid interactions mediate nanoclustering of lipid-anchored proteins[END_REF][START_REF] Skotland | The role of PS 18:0/18:1 in membrane function[END_REF]. The registration hypothesis is supported by the altered StREM1.3 PM-dynamics under a phosphorylated state (Perraki et al., 2018), which could be due to the regulation of StREM1.3's PM-lateral-segregation via the cortical cytoskeleton. This change in REM PM-patterning could affect the PM-dynamics of PM-outer-leaflet-associated proteins e.g. GPI-anchored ß-1,3-glucanases. Ultimately, elucidating not only the protein-protein but also the protein-lipid interactions necessary for REMs' PM-nanodomain-association constitutes a great challenge that will participate in the unfurling of the complex and dynamic molecular mechanisms that govern REMs particular role(s) at the PM.

New methodologies must be developed to study the PMbased events and interactions. These methodologies should include: (1) cutting-edge proteomic and lipidomic techniques (e.g. identifying lipids in close interaction with proteins), including phosphoproteomics and the study of lipidated proteins (myristoylation, palmitoylation, isoprenylation, and GPI-anchoring; reviewed in [START_REF] Ray | Lipidated proteins: spotlight on protein-membrane binding interfaces[END_REF]; ( 2) biophysical tools to study lipid-protein interactions via surface plasmon resonance (e.g. [START_REF] Lenar Ci C T | Eudicot plant-specific sphingolipids determine host selectivity of microbial NLP cytolysins[END_REF], liposome binding assays and lipid blotting assays (e.g. Perraki et al., 2012), solid-state NMR, cryo-electron microscopy, atomic force microscopy, computational modeling, Langmuir monolayer tensiometry, and Fourier transform infrared spectrometry (e.g. Gronnier et al., 2017;methods reviewed in Zhou and Hancock 2018); (3) tools to obtain the structure of these lipid-protein complexes, for example, by solid-state NMR; (4) generation of mutants impaired in PM-domainassociation and the use of super-resolution imaging to visualize the in vivo segregation and dynamics of PMcomponents, which should be a focus to better understand the molecular interplay occurring at the protein and lipid clustering sites that are PM-domains. These important tools can considerably be assisted by in silico modeling such as molecular dynamics simulations (for review see [START_REF] Ulmschneider | Molecular dynamics simulations are redefining our view of peptides interacting with biological membranes[END_REF]. Overall, these techniques and methods have been used and described in numerous research articles and reviews that focus on understanding the function of PM-based proteins [START_REF] Zhou | Membrane potential modulates plasma membrane phospholipid dynamics and K-Ras signaling[END_REF](ZHou et al., , 2017;;[START_REF] Gronnier | Divide and rule: plant plasma membrane organization[END_REF][START_REF] Maxwell | Clustering of Rac1: selective lipid sorting drives signaling[END_REF].

Accession numbers

Accession numbers are indicated in Supplemental Table S1.

Supplemental data

Supplemental Table S1. Compilation of phosphoproteomic datasets on REMs of different plant species.

Part 1 :

 1 PM lateral organization The plasma membrane (PM) separates the cell from its environment, selectively allowing nutrient fluxes and organizing signals in response to stimuli. In 1972, Singer and Nicholson proposed for the first time a PM model, describing it as a fluid mosaic of lipids in which proteins navigate freely. The mechanisms behind the precise organization of PM components have been a matter of debate ever since.

Figure 1 .

 1 Figure 1. Lipid species in plant plasma membrane A. Glycerophospholipid and sphingolipid backbones (glycerol and long-chain base, respectively) are indicated by a thick line. Modified from López-Marqués, 2021 B. Free sterols. Modified from Mamode-Cassim et al., 2019 C. Conjugated sterols, with a sugar or lipid moiety. Modified from Mamode-Cassim et al., 2019

AFigure 2 .

 2 Figure 2. Methods to analyse PM domain partition A. Clusters of isoantigen at the cell surface of Mastocytoma cells (x450). As observed in 1967 by Cerottini and Brunner: «isoantigans are concentrated in discrete areas on the cell surface.». Adapted from Cerottini and Brunner, 1967 B. Schematic view of DRM fractions and the resulting «lipid raft» model. Adapted from Sezgin et al., 2017 C. Trajectory obtained using single molecule imaging and the resulting «picket and fences» model. Adapted from Sezgin et al., 2017 and Kusumi et al., 2010 D. Lipid phase separation. (a) Schematic view of in vitro model membranes observed with fluorescent probes. (b) Representative images of AFM of homogenous and heterogeneous lipid blend (top) and a schematic representation of corrresponding lipid phases (bottom). Adapted from Hammond et al., 2021. (c) Three-phases diagram and exemplary GUV; Type I display nanoscopic domains, type II display micrometric domains. Adapted from Feigenson, 2009

Figure 3 .

 3 Figure 3. Critical fluctuations in a lipid membrane and its consequences on PM organization A. Simulation snapshots of an in silico model of a blend of cholesterol (purple), a low melting temperature (Tm) lipid (yellow), and a high Tm lipid (blue) at a similar temperature but with different ratios (i-vi). Represented ratios are diplayed on the phase diagram, along with the liquid-order (Lo) and liquid-disorder (Ld) mixture composition. B. Near critial phenomena consequence on phase partition at the PM. Proteins are classified regarding their partition in Lo or Ld phase. ξ is the expected size of fluctuations, predicted to be around 20nm in the PM. Variation in the size of fluctuations can affect phase partitioning. (a) If high ξ, proteins with a similar affinity for a phase will partition together and repulse proteins with a different phase partition. (b) Protein clustering within a phase induces phase partition as a membrane near the critical point is susceptible to constrains (c) Pentagone or star are two conformations of the same proteins, the pentagone has no phase preference, while the star prefers an Lo environment. Conformationnal changes from pentagone to star increases as ξ increase because large Lo zones matches its requirements. (d) ξ modification can alter the chemical properites of allosteric modulators of membrane-bound proteins, which can alter protein lateral organization.

Figure 4 .

 4 Figure 4. A continuum between actin cytoskeleton, PM and cell wall A. Picket and fences model published by Kusumi. The actin cytoskeleton constitutes fences that shapes the behavior of PM proteins. Transmembrane proteins that interact with the actin cytoskeleton are the pickets. Proteins and lipids not anchored to the cytoskeleton navigate inside the compartments created by the actin meshwork and can sporadically get out of them (hop diffusion, shown in grey on the left panel and reproduced in green in the right panel). Adapted from Kalappurakkal et al., 2020 B. PD as a model for PM-cell wall interactions. Transmembrane proteins, as well as peripheral ones, are located at PD and involved in its homeostasis, indicative of a role of PM domains in cell wall remodelling. Scale bar: 5 nm. C. Abbreviations: CalS, callose synthase. GluCer, glucosylceramide. LYK4, LysM-containing receptor-like kinase 4. LYM2, LysM domain-containing glycosylphosphatidylinositol-anchored protein 2. MCTPs, Arabidopsis multiple C2 domain and transmembrane region proteins. PdBGs, plasmodesmal-localized β-1,3-glucanases. PDCBs, plasmodesmata callose-binding proteins. PDLPs, plasmodesmata-located proteins. RTNLB, reticulon-like protein B. SYT, synap-

Figure 5 .

 5 Figure 5. Active composite model The actin cytoskeleton is divided in stable actin filaments (thick, long red lines) and actively remodelled ones (short, thin red lines). PM components are classified as: (a) inert (lipid, short proteins), (b) passive (proteins interacting with the cytoskeleton and clustered by short actomyosins filaments organized in asters around them) and (c) active (proteins remodelling the actin cytoskeleton which can be in an ON or OFF state) Abbreviatons: GPI-AP: GPI-anchored proteins; PS, phosphatidylserine; TM-ABD, transmembrane proteins with actin binding domains.

Figure 6 .

 6 Figure 6. BRI1 and FLS2 simplified interplay Adapted from Wang, 2011

Figure 7 .

 7 Figure 7. Classification of plant viruses Plant viruses are classified into over 70 genera (-virus), grouped into 49 families (-viridae). Classification of a virus in a

Figure 8 .

 8 Figure 8. Structure and genome organization of potexviruses A. Electron microscopy of PVX particles. From Grinzato et al., 2020 B. 3D modeling of PVX particles based on electron microscopy data. From Grinzato et al., 2020 C. 3D reconstituion at of PVX structure. Coat protein in in yellow (N-terminal domain), green (core domain) and blue (C-terminal domain) while viral ssRNA is in red. D. Schematic view of the genome structure of bamboo mosaic virus (BaMV), a Potexvirus . The genomic RNA ((+)gRNA)

  virus and the CP for genome protection and cell-to-cell movement, the three TGBP share overlapping and inter-dependent functions necessary to hijack the host's cell machinery (Sergey Y.[START_REF] Morozov | Small hydrophobic viral proteins involved in intercellular movement of diverse plant virus genomes[END_REF]; Figure8).

Figure 9 .

 9 Figure 9. Two models for Potexviruses lifecycle and cell-to-cell navigation A. TGB1-driven intracellular movement of the viral RNA. TGB2 and 3 organization in this model can follow two paths: B. PATH1: TGB2 and TGB3, along with the virion accumulate in membrane-bound-bodies (MBB) derived from the ER. Replicated virons are taken in charge by TGB1 to form a ribonucluoproteic complex (RNP) and to transport it to plasmodesmata (PD).C. PATH2: TGB2 induce vesicle formation to bud from the ER, to wich TGB3 is recruited. those vesicles move along the ER to the vicinity of PD to form a viral replication complex containing all viral proteins and host factors to coordinate the replication and cell-to-cell movement of the virus. During all these processes, TGB1 orchestrate gene silencing suppression. D. TGB3-driven intracellular movement of the viral RNA. TGB2 and TGB3 co-localize to the ER and transport the RNP to PD. TGB2 interacts with a TGB-interacting protein (TIP) that interacts with a B-1,3-glucanase, leading to the secretion of this enzyme to the cell wall through the cell intracellular trafficking system. B-1,3-glucanase-mediated callose degradation allows fully encapsidated viruses or RNP to navigate from cell to cell.

Figure 10 .

 10 Figure 10. Viral cell-to cell movement strategies and signal-mediated PD callose homeostasis A. The virus can navigate through PD as a RNP complex (pathway 1) or a TGB1-RNA complex (pathway 2). Both involve an interaction with myosine to move along the actin cytoskeleton spanning the desmotubule. Adapted from Chen and Kim, 2006. B. Integration between plasmodesmal regulation and common viral-induced signaling molecules C. Reactive Oxygen Species (ROS)-mediated. Transcriptional regulation of mitochondria and chloroplast-located genes up or downregulate ROS production. ROD induces cell wall remodelling through activation of the activation of enzymes like cell wall hydrolysing (CWH) or peroxidase. Trx-h9 has an anti-oxidant activity and move to neighbor cells to mitigate ROS production in them.

Figure 11 .

 11 Figure 11. PlAMV as a model virus A. Symptoms induced by a PlAMV infection: red-coloured necrotic streaking on Lilium spp. plants (left), mild mottling on Plantago asiatica (middle) and leaf narrowing on Nandina domestica plants showing leaf narrowing B. Transmission electron microscope of PlAMV particles. Scale bar = 500 nm. C. Genome organization of PlAMV Li1 isolate. Similarly to other Potexviruses, it encodes for a replicase, the three TGB proteins and the CP. Two subgenomic RNAs are produced during an infection (Fujimoto et al., 2022). D. Genome organization of PlAMV infectious clone expressing GFP. GFP was fused with the CP ORF through, separated from it by the foot-and-mouth disease virus (FMDV) 2A peptide to ensure at least partial clivage during translation

Figure 12 .

 12 Figure 12. RNA silencing and suppression of RNA silencing A. Dicer-like proteins (DCL) target the viral genome or its transcripts and lead to their degradation by Argonaute (AGO). Interaction between DCL and the viral genome was proposed to occur during viral replication in the mitochondrion (a), in the cytoplasm (b) or upon entry of the viral RNA in the nucleus (c). The mode of action of AGO protein is not fully described. Viral genome degradation coul occur during replication, at the replication site (d)or on viral transcript before translation (e). it was also proposed that AGO could inhibit translation of viral trasncripts at the ER. B. Described viral silencing suppression strategies: (a). P38 (turnip crinkle virus, Betacarmovirus) interact with AGO1 to inhibit it; (b) P0 and P25 (PVX, Potexvirus) induce ubiquitylation leading to autophagy-or proteasome-mediated degradation, respectively; (c) TAV (cauliflower mosaic virus, Caulimovirus) translocate in the nucleus to dampen siRNA production through interaction with Double-Stranded-RNA-binding Protein 4 (DRB4); (d) V2 (tomato yellow leaf curl virus, Begomovirus) binds to Suppressor of Gene SIlencing 3 (SGS3) to prevent de novo double-stranded RNA synthesis.

Figure 13 .

 13 Figure 13. Integrative view of the different defense pathways involved in viral immunity.

  only been predicted in silico, contrarily of the two others that are supported by experimental evidence. It was shown that the N-terminal part of StREM1.3 was phosphorylated upon Potato Virus X, the predicted phosphosites being S74, T86 and S91. The phosphomimetic variant of StREM1.3, StREM1.3 S74D/T86D/S91D (StREM1.3 DDD ) was able to hamper PVX propagation and shared some of the PM parameters of StREM1.3 upon viral infection, i.e. an increased lateral mobility(Perraki et al., 2018). As other group1 REMs, StREM1.3 is forming domains at the membrane. However, contrarily to what was expected during a biotic stress, PVX infection did not result in more stable domains, with an increased protein density and immobilized particles within it but rather the opposite: StREM1.3 individual proteins get more mobile during an infection and domains appeared spread out and less dense. In addition to StREM1.3 DDD data,

  3 Nterminal part was an IDD and whether it was structured upon phosphorylation. Second, to bridge the increased mobility of StREM1.3 DDD with its ability to hamper PVX propagation, a Split Ubiquitin Yeast Two Hybrid (SUY2H) was performed to identify factors recruited by a phosphorylated StREM1.3 during a viral infection. This screen first revealed that StREM1.3 DDD yielded way more interacting proteins than its wild-type counterpart. Among the candidates, we chose an Actin Depolymerizing Factor (ADF) family protein as an attempt to address the interplay between cortical actin and StREM1.3 PM mobility in a viral infection context. We were lucky with our choice as StADF2 was able to hamper PVX propagation in a group1 REM dependent manner and, at the same time, was able to disrupt StREM1.3 domains, showing a strong functional interconnection between the two proteins. Taken all together, this information helped us identify new candidates involved in viral propagation restriction, discover a protein involved in the regulation of StREM1.3 lateral mobility and formulate hypothesis on the mechanisms involved in StREM1.3 anti-viral properties. This work was started by Julien Gronnier, who prepared the cDNA bank from infected N. benthamiana epidermis, performed the SUY2H, analyzed the data and implemented it with data mining. Paul Gouguet further selected candidates, cloned them and tested them in viral propagation assays. They both wrote a draft of the paper. I performed additional viral propagation assays, imaged StREM1.3 clustering at the PM in various conditions, refined the draft and built the figures based upon the obtained results.
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 1 Figure 1. StREM1.3 N-terminal segment is an IDD.

  .3 WT GFP-StREM1.3 DDD
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 23 Figure 2. SUY2H screen reveal a major shift in StREM1.3 interactome upon phosphorylation.

Figure 4 .

 4 Figure 4. StADF2 and StREM1.3 interact together at the PM.

Figure 5 .

 5 Figure 5. StADF2 and StREM1.3 are functionally interdependent

Figure 1 .

 1 Figure 1. StREM1.3 N-terminal segment is an IDD.

  C. NMR intensities of selected peaks appearing (left panel) or disappearing (right panel) over the course of the acquisition of Figure 1B spectrum. Peaks are plotted as a function of time for peaks 1 to 5 according to Figure 1B. D. Confocal imaging surface views of Nicotiana benthamiana leaf epidermal cells expressing YFP-StREM1.3 WT and YFP-StREM1.3 DDD . Representative images of observations made at least three times. Scale bar = 5µm.

Figure 2 .

 2 Figure 2. SUY2H screen reveal a major shift in StREM1.3 interactome upon phosphorylation. A. Experimental design rationale of the phosphomimetic-based SUY2H screen. PVX infected and non-infected peeled epidermis of N. benthamiana was used to build a NubG-cDNA library for expression in yeast previously transformed with either CubG-StREM1.3 WT or CubG-StREM1.3 DDD . B. Confocal imaging of GFP-StREM1.3 WT and GFP-StREM1.3 DDD expressed in Yeast. C. Drop-tests of SUY2H assays performed with yeast clones retrieved from Cub-StREM1.3 WT screen and Cub-StREM1.3 DDD screen expressing construct from the N. benthamiana leaf epidermis cDNA library. D. Quantification of PPi ability of StREM1.3 WT and StREM1.3 DDD by counting the number of clones detected on plates after 4 days (normalized by transformation efficiency) for each screen. CFU: Colony Forming Unit. Significant differences measured by Mann-Whitney comparison test; ***: p<0.001. E. Venn diagram showing that StREM1.3 WT and StREM1.3 DDD exhibit their own set of interacting proteins.

Figure 3 .

 3 Figure 3. SUY2H screen reveals potential new proteins involved in PVX cell-to-cell movement impairment.

Figure 4 .Figure 5 .

 45 Figure 4. StADF2 and StREM1.3 interact together at the PM. A. Western blots of protein extracts from N. benthamiana leaves expressing RFP or RFP-StADF2 WT and either GFP-StREM1.3 WT , GFP-StREM1.3 AAA or GFP-StREM1.3 DDD (input, left panel). GFP-StREM variants were immunoprecipitated from detergent-extracted fractions and blotted with antibodies against GFP or RFP to detect either GFP-StREM1.3 or RFP-StADF2. This image is representative of three independent repeats. B. Confocal imaging of N. benthamiana leaf epidermis expressing either YFP-StREM1.3 (left panel) or YFP-StADF2 (right panel). YFP-StADF2 is shown as the maximum intensity projection of a Z-stack. Scale bar = 50µm C. Confocal imaging of N. benthamiana leaf epidermis co-expressing YFP-StREM1.3 and RFP-StADF2. Scale bar = 50µm D. Confocal imaging of Bimolecular Fluorescence Complementation assay between nEYFP-StREM1.3 phosphovariants and cEYFP-StADF2. Scale bar = 50µm Figure 5. StADF2 and StREM1.3 are functionally interdependent A. Effect of RFP-StADF2 expression on PVX:GFP propagation in WT N. benthamiana lines and in two knocked-down lines for Group1 NbREM (hpREM #1.4 and hpREM #10.2). Left panel: representative images of infection foci for each tested line. Right panel: Scatterplot representing PVX:GFP infection foci areas normalized to the mean foci area of the control condition (Empty Vector) for each N. benthamiana line. N= 3, more than a hundred foci were observed for each condition. Significant differences were measured by two-way ANOVA followed by pairwise comparison test, ****: p<0.0001. B. Representative confocal images and scatter plot showing the difference of Spatial Clustering Index (SCI) between StREM1.3 WT , StREM1.3 AAA or StREM1.3 DDD expressed alone or coexpressed with RFP-StADF2 WT . The SCI was determined by plotting the fluorescence intensity profile along a 10µm line drawn at the PM surface and calculating the ratio of the mean of the 5% highest values over the mean of 5% lowest fluorescence intensities values. N= 3, on at least 38 cells. Scale bar = 5µm C. Effect of Cytochalasin D treatment (40µg/mL) on StREM1.3 WT SCI. YFP-StREM1.3 WT was co-expressed with LifeAct-mCherry to mark actin filaments (bottom panel). Scatter plot represent the SCI of YFP-StREM1.3 infiltrated with either DMSO or Cytochalasin D. It was calculated from at least 35 cells from three independent experiments. Statistical differences were measured by a Student t-test, ****: p<0.0001. Scale bar = 5µm
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Figure 4

 4 Figure 4. Cryo-EM reveals nanodomain segregation of GFP-REM1.386-198 in LUVs containing PIPmix (A) A protein-free Large Unilamellar Vesicles (LUV) composed of DPPC/DLPC/sitosterol/PIPmix (50/18/8/24 mol%). (B) GFP-REM1.386-198 bound to a LUV. Notice the uneven distribution of protein and total thickness along its equatorial plane. Insert: zoom onto a GFP-REM1.386-198-rich membrane domain. (C) Schematic representation of three GFP-REM1.386-198 bound to a membrane: the 3 grey lines represent REM-CA, the balls represent the 3 REM-IDD-coiled-coil fused to GFP. Measured thicknesses for membrane, membrane under REM1.3 and REM1.3-REM1.3 are provided (n=20). Scale bars: 50 nm.

Figure 5 .

 5 Figure 5. REM1.3-driven nanodomain formation by AFM. Small Unilamellar Vesicles (SUVs) made of DPPC/DLPC/sitosterol/PIPmix (50/18/8/24 mol%) are deposited on a mica plate. (A) A smooth membrane (left) generated by incubating the lipid mixture overnight at 30Cº, was incubated for 30 min with REM1.386-198 (middle). The profiles under the two lines in the images are indicated in the right panel. (B,C) Similarly, a smooth membrane (left) was incubated for 30 min with Full length REM1.3 (middle) either nonphosphorylated (B) or phosphorylated by AtCPK3 (C). The profiles under the two lines in the images are indicated in the right panel. Images shown are representative of those found in at least 3 independent experiments. Scale bars: 1 μm.
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Figure captions Figure 1 .

 captions1 Figure captions

Figure 2 .

 2 Figure 2. REM1.3 binds to GUVs containing PIPs or PA, but neither PS, nor GIPCs. (A) Stick figure of the purified protein GFP-REM1.386-198 used. GUVs containing DPPC/DLPC/sitosterol 50/26/8 mol% supplemented with 16 mol% POPS (B), POPA (C), POPI4P (D), POPI5P (E), DOPI(4,5)P2 (F), PAPI(3,[START_REF] Raffaele | Genome-wide annotation of remorins, a plant-specific protein family: Evolutionary and functional perspectives[END_REF][START_REF] Jarsch | Perspectives on Remorin Proteins, Membrane Rafts, and Their Role During Plant-Microbe Interactions[END_REF]P3 (G), or GIPC (H), were mixed with ≈ 1.8.10 -12 moles of. Middle:. Right: composite images from both channels. Scale bars: 5 µm. Observation statistics are given in TableS1.

Figure 3 .

 3 Figure 3. PS defines nanoclustering pattern, but not membrane targeting of REM1.3 in vivo. (A,B) Cross section confocal images of epidermal cells of Col-0 (A) or pss1-3 KO (B) Arabidopsis thaliana 6-day-old root seedlings. (C) Fluorescence profiles for traces in (A, cyan) and (B, red) are drawn. (D,E) Surface view confocal images of epidermal cells of Col-0 (D) or pss1-3 KO (E) A. thaliana 6-day-old root seedlings. (F) Spatial clustering index (SCI) was calculated using surface view confocal images (D,E). Tukey boxplots show the mean fluorescence intensity and the SCI of YFP-REM1.3 of at least 18 cells from 3 independent experiments.

Figure 4 .

 4 Figure 4. Cryo-EM reveals nanodomain segregation of GFP-REM1.386-198 in LUVs containing PIPmix (A) A protein-free Large Unilamellar Vesicles (LUV) composed of DPPC/DLPC/sitosterol/PIPmix (50/18/8/24 mol%). (B) GFP-REM1.386-198 bound to a LUV. Notice the uneven distribution of protein and total thickness along its equatorial plane. Insert: zoom onto a GFP-REM1.386-198-rich membrane domain. (C) Schematic representation of three GFP-REM1.386-198 bound to a membrane: the 3 grey lines represent REM-CA, the balls represent the 3 REM-IDD-coiledcoil fused to GFP. Measured thicknesses for membrane, membrane under REM1.3 and REM1.3-REM1.3 are provided (n=20). Scale bars: 50 nm.

Figure 5 .

 5 Figure 5. REM1.3-driven nanodomain formation by AFM. Small Unilamellar Vesicles (SUVs) made of DPPC/DLPC/sitosterol/PIPmix (50/18/8/24 mol%) are deposited on a mica plate. (A) A smooth membrane (left) generated by incubating the lipid mixture overnight at 30Cº, was incubated for 30 min with REM1.386-198 (middle). The profiles under the two lines in the images are indicated in the right panel. (B,C) Similarly, a smooth membrane (left) was incubated for 30 min with Full length REM1.3 (middle) either nonphosphorylated (B) or phosphorylated by AtCPK3 (C). The profiles under the two lines in the images are indicated in the right panel. Images shown are representative of those found in at least 3 independent experiments. Scale bars: 1 μm.

Figure 6 .

 6 Figure 6. Schematic of the phospho-dependent REM1.3 membrane nanodomain formation.REM1.3 oligomers bind to anionic phospholipids (PIPs and PA but not PS) of the PM's inner leaflet and cluster into membrane nanodomains in presence of sitosterol. Membrane nanodomain size depends on REM1.3's phosphorylation state: (A) a few hundreds of nanometers if REM1.3 is not phosphorylated but (B) only about 100 nm if REM1.3 is phosphorylated. Insert: a close-up lateral view of this process depicts REM1.3 clustering with anionic phospholipids (PIPS and PA but not PS) and sitosterol, resulting in a slight increase in lipid order(Legrand et al., 2019). Protein-protein interactions (black arrows) and phosphorylations define the size and the microscopic organization pattern of REM1.3 membrane nanodomains
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  Figure S1. Purity of proteins used in this study. EEE, and REM1.3 were loaded on a tristricine 13% (w/v) polyacrylamide gel. Protein standard (ladder) was Mark 12 protein standard from ThermoFisher. Stars indicateEEE, respectively. 
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  2 and AtREM6.1 domains and the role of their C-terminal and N-terminal domain in this phenomenon. Chapter 3 Plantago asiatica mosaic virus triggers AtCPK3 nanodomain formation Context It was shown that presence of the PVX or of individual viral proteins led to an increased phosphorylation of StREM1.3. The A. thaliana calcium-dependent protein kinase (AtCPK3)

FFigure 1 .

 1 Figure 1. Arabidopsis thaliana calcium dependent kinase 3 (CPK3) is specifically involved in the restriction on PlAMV cell-to-cell movement.

Figure 2 .

 2 Figure 2. PlAMV-induced activation of CPK3 in N. benthamiana induces its clustering in PM domains

Figure 3 .

 3 Figure 3. PM localization of CPK3 is crucial for its anti-viral activity

Figure 4 .

 4 Figure 4. Group1 AtREM are functionally redundant

rem1. 2 /

 2 rem1.3/rem1.4/mEOS3.2-AtCPK3 remained the same during an infection compared to control, contrarily to what is observed in a Col-0 background. It indicates that the confinement AtCPK3 proteins depends on the presence of Group1 AtREMs.

Figure 5 .

 5 Figure 5. Group 1 AtREMs and CPK3 are in the same functional pathway and regulate each-other PM dynamics
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 100012 Figure 1. Arabidopsis thaliana calcium dependent kinase 3 (AtCPK3) is specifically involved in the restriction on PlAMV cell-to-cell movement.
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 35 Figure 3. PM localization of AtCPK3 is crucial for its anti-viral activity

  Mean area (% of Col-0) Supplemental figure 3. PlAMV infection does not alter CPK3 expression levels nor PM/PD partition D
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 12 Figure 1. in vitro phosphorylation of AtREM1.2 by microsomal extracts of healthy or PlAMV-infected A. thaliana leaves A. Western blots on microsomal fractions of microsomal extracts produced from mock-infected (GFP) or PlAMV-infected A. thaliana leaves of Col-0, cpk3-2 or rem1.2/rem1.3/rem1.4 genetic background. Ratio of the western blot signal and coomassie signal was calculated for each condition. The ratio were then normalized to mock-infected Col-0. B. in vitro phosphorylation assay of AtREM1.21-118 using the different microsomal fractions. Normalized ratio were obtained the same way than for panel A.
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 34 Figure 3. TGBP1 triggers the confinement of CPK3 at the plasma membrane A. Distribution of the coefficient diffusion (D), represented as log(D) for CPK3-mEOS3.2, CPK3-mEOS3.2 + TGBP1 and CPK3CA-mEOS3.2. Data acquired from at least 11 cells over the course of three experiments. B. Mean square dispacement (MSD over time of CPK3-mEOS3.2, CPK3-mEOS3.2 + TGBP1 and CPK3CA-mEOS3.2. C. Trajectories of CPK3-mEOS3.2, CPK3-mEOS3.2 + TGBP1 and CPK3CA-mEOS3.2. Scale bar = 2µm

Figure 5 .

 5 Figure 5. DAnS assay reveal that H 2 O 2 -mediated cell-to-cell permeability reduction is CPK3-dependent Boxplot of the mean of the area of diffusion of carboxyfluorescein in Col-0 and cpk3 mutant lines treated or not with 10mM H 2 O 2 . Results are normalized to untreated Col-0. Drop-And-See. Three independent experiments. Statistical difference was determined using a Student t-test.

Figure 1

 1 Figure 1 StREM1.3-enriched PM nanodomains based on structural analysis. A, Sequence features of all REMs with IDR domain at the Nterminal highly variable in length, and a REM-C domain composed of a coiled-coil region (CC) and the REM-C-terminal anchor (REM-CA). B, StREM1.3 (blue) clusters at the PM's inner leaflet into nanodomains (red rectangle) enriched in phytosterols and phosphoinositides PIPs, the most common being sitosterol and PI4P[START_REF] Palta | Plasma membrane lipids associated with genetic variability in freezing tolerance and cold acclimation of Solanum species[END_REF] Furt et al., 2010[START_REF] Furt | The plant plasma membrane[END_REF] Gronnier et al., 2017; Legrand et al., 2019). The overall REM orientation is likely to be perpendicular to the membrane plane to minimize steric hindrance, though the precise angle distribution is unknown. Lipids herein are more ordered than the bulk of the PM and the membrane therefore is slightly thicker even though the PM's complex composition may greatly attenuate this tendency[START_REF] Gronnier | Divide and rule: plant plasma membrane organization[END_REF], Legrand et al., 2019). C, StREM1.3 forms homotrimers through a CC(Martinez et al., 2018) bundling together three REM-CAs(Gronnier et al., 2017) and three IDRs bearing phosphorylation sites(Perraki et al., 2018). REM-CA binds to PI4P through electrostatic interactions involving, notably, positively charged amino-acids K192 and K193, as proposed in the right panel by molecular dynamics(Gronnier et al., 2017). The most C-terminal part (region 2) of REM-CA is embedded inside the inner leaflet, as supported by solid-state NMR and molecular dynamics(Gronnier et al., 2017). Nanodomainassociated PIPs enriched in saturated acyl chains and sitosterol(Furt et al., 2010). The left panel shows hydrophobic contacts between the three L155 residues (red), which are critical to the CC structure, supporting membrane-association(Martinez et al., 2018). Membrane binding is accompanied by an enrichment in PI4P and sitosterol in the vicinity of the binding site(Legrand et al., 2019). A relative impoverishment in such lipids in the surrounding bulk membrane would therefore be a logical consequence. Note here that only REM molecules are presented, and the other PM proteins are omitted.

Figure 2

 2 Figure 2 Proposed model for REM-mediated signaling. A, Group 1 REM in N. benthamiana. Proposed model for the molecular mechanisms involved in the StREM1.3-dependent limiting of PVX cell-to-cell movement according to the data from(Raffaele et al., 2009; Perraki et al., 2012 Perraki et al., , 2018;; Gronnier et al., 2017). Perception of PVX leads to the production of a calcium burst that activates a group 2 calcium-dependent protein kinase (here CPK3), which in turn phosphorylates group 1 REMs. Group 1 REMs' phosphorylated state increases their PM mobility, and they interact with phospho-REM interacting proteins (RIP). These interactions cause an increase in callose deposition at the PD. B, Group 2 REM in M.

Figure 3

 3 Figure3Phosphorylation of Arabidopsis REMs occurs mostly at putative intrinsically disordered regions at its N-terminus. Graphs show the intrinsic disorder probability on the Arabidopsis REM proteins that were found to be phosphorylated to date by in vivo studies. In vivo phosphorylation site positions on REM sequences are indicated by an asterisk. Intrinsic disorder predictions were calculated using the protein disorder prediction (PrDOS) server (http://prdos.hgc.jp/cgi-bin/top.cgi). Coiled-coil predictions were calculated using the COILS program (https://embnet. vital-it.ch/software/COILS_form.html). REM-CA prediction was estimated based on homology with the REM-CA protein from StREM1.3.

  

  

  3 is the only protein for which PM dynamics upon viral infection has been described. StREM1.3 is phosphorylated upon viral infection and this posttranslational modification was shown to be crucial for its function. AtCPK3 was identified to phosphorylate group 1 REM in vitro and is partially PM located. We wanted to describe the PM behavior of AtCPK3 during a viral infection and to address whether it co-localized with its

substrate AtREM1.2, the closest homolog of StREM1.3. It was shown previously that two viral proteins involved in Potexvirus movement were able to induce StREM1.3 phosphorylation, we wanted to know whether those viral proteins were also able to activate AtCPK3.

  3 WT (later called REM-interacting proteins, RIP) and/or StREM1.3 DDD (called phospho-REM interacting proteins, pRIP) (Figure2C). StREM1.3 WT and StREM1.3 DDD only shared 6 RIPs, suggesting that the phosphorylation of the IDD induces drastically modifies protein-protein interaction either through conformation changes or phosphosite-dependent interaction. More astonishing, StREM1.3 DDD displayed an interactome 4-fold richer than StREM1.3 WT (34 RIP for 136 pRIPs), revealing that IDD structuration indeed potentiates StREM1.3 ability to interact with protein partners (Figure2D, 2E).

  3 AAA nor YFP-StREM1.3 DDD (Figure5B, right panels). For the latter, the already smooth pattern of the protein in control condition and the limited XY resolution of confocal might hamper proper description of any clustering modification upon StADF2 expression. YFP-StREM1.3 AAA result remains quite surprising: it displayed clusters detectable by confocal microscopy in control condition and it interacts with StADF2, so we would have expected a modification of the SCI upon coexpression with the depolymerase. This result potentially indicates that the effect of StADF2 on StREM1.3 is phosphodependent while their interaction is not.Altogether, these data indicate that StADF2 ability to hamper PVX propagation rely on REMs while REMs PM pattern is altered by StADF2, showing a functional interdependence of the two.

  3-StADF2 interplay at the PM. Second, we can test whether the mechanism behind StADF2 anti-viral role is callose dependent or not.About the role StADF2 and actin has on StREM1.3 PM organization, the most intriguing thing remains the inability for StADF2 to alter StREM1.3 AAA SCI. It would be interesting to address whether this result depends on a differential protein-protein interaction of StREM1.3 AAA -which could be stabilized with immobile proteins at the PM, for example-or on protein-lipid interactions. In the second chapter of this manuscript(Legrand et al., 2022 BioRXiv), we tackled the lipid-dependent lateral organization of StREM1.3 and its ability to alter lipid phases in an in-vitro model membrane system. Comparing StREM1.3 WT , StREM1.3 DDD and StREM1.3 AAA lateral organization in such system would allow to address the impact of conformational changes, homo-oligomerization and lipid binding on clustering, independently of any interactome. A way to explore StREM1.3 and StADF2 interplay using in-vivo tools would be to calculate the SCI of StREM1.3 DDD in a silenced group1 NbADF background. Group1 ADF being quite homologous, targeting the whole group in N. benthamiana by virus-induced gene silencing would not be difficult. This will allow to test whether StREM1.3 DDD smooth pattern relies on any interaction with group1 NbADFs or if it relies on other proteins and/or strictly on membrane attachment. The fact that StREM1.3 WT , StREM1.3 AAA and StREM1.3 DDD all interact with StADF2 -and given the homology between ADF proteins across species-but display dramatically different PM pattern hint that StREM1.3 DDD smooth pattern might not be dependent on an interaction with group1 NbADF but likely rely on other factors or on posttranslational regulations of StADF2. As presented in the article, group1 AtADF affinity for actin is regulated by the phosphorylation of key residues and AtCPK3 has been identified as one of the kinase phosphorylating them. StREM1.3 DDD might not just interact with StADF2 but also promotes the interaction between StADF2 and its regulators. Finally, given the inability for StADF2 to hamper viral propagation in the hpREM lines, another way to challenge the physiological interplay of StADF2 and StREM1.3 would be to co-express StADF2 and StREM1.3 or its phosphomutants in hpREM lines to see whether they compensate for the absence of group1 NbREMs regarding StADF2 activity. This would help us to understand whether StADF2/StREM1.3 interaction is sufficient for StADF2 antiviral activity or if the overall phosphostatus of StREM1.3 along with its PM mobility is required.Concerning the effect of StADF2 on callose deposition, two things were investigated: the enrichment of StADF2 at PD upon infection and the enrichment of StADF2/StREM1.3 complex at PD. Co-expression of StADF2 with PVX:GFP did not result in a visible enrichment of StADF2 at PD. Using BiFC with StADF2 and StREM1.3, I once observed a dotty pattern on the secant section of the PM, reminiscent of PD, but could never come across that again. We could test such interaction during a viral infection but PVX:GFP signal would overlap with the BiFC signal, which makes it difficult to test. Under control conditions, StREM1.3 is excluded from PD, but localized to them during an infection; StREM1.3 DDD is also enriched in PD compared to StREM1.3WT (Perraki et al., 2018). Therefore, I checked whether StREM1.3 PD index was altered upon co-expression with StADF2 but that was not the case. If StADF2 is able to disrupt StREM1.3 domains, StREM1.3 PD relocation might rely on other factors or on their activation -which could occur during a viral infection.It could also be interesting to check if the over-expression of StADF2 by itself or during a viral infection results in an increased callose deposition at PD. Indeed, StREM1.3 ability to trigger PD callose deposition(Perraki et al., 2018) and StADF2 functional dependence on group1 REM to hamper PVX infection hints that StADF2 might also be able to trigger callose deposition at PD. Then, an option would be to check PD callose accumulation with and without over-

expressing StADF2, with and without PVX, in WT N. benthamiana and in the hpREM lines.
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  RhodPE channel (magenta). Middle:. Right: composite images from both channels. Observation statistics are given in TableS1. (C) Membrane targeting of GFP-REM1.3 WT or EEE transiently expressed in N. benthamiana leaves. Scale bars: 10 µm.

	sitosterol, 8/50/42/mol% (top) or against
	DPPC/DLPC/sitosterol/PIPmix 50/26/8/16 mol% (middle) or GFP-REM1.386-
	198 EEE against GUVs of DPPC/DLPC/sitosterol/ PIPmix 50/26/8/16 mol%
	(bottom) (molar percentages). Left:

Table S1 . Statistics for GUV observations by confocal microscopy.

 S1 Number of observed GUVs (observed liposomes) and number of GUVs showing GFP-REM1.386-198 binding (binding events). Binding frequency: ratio of the number of the number of binding events over the number of observed liposomes. ϕ: DPPC/DLPC/sitosterol 50/42/8 mol% GUVs in presence of GFP-REM1.386-198. PIPmix (EEE): DPPC/DLPC/sitosterol/PIPmix 50/26/8/16 mol% GUVs in presence of GFP-REM1.386-198,EEE (Figure

  3 interacting proteins are provided in supplemental table 4. Positions of the T-DNA insertions of the single mutants used in this study for viral propagation and crossing. For rem1.2, the T-DNA is inserted in an exon, for rem1.3 in the promoter and for rem1.4 in an

	B. Proportion of the subcellular localization of AtREM1.2 and AtREM1.3 interacting proteins, predicted
	with SUBA. Predicted subcellular localization of all AtREM1.2 and AtREM1.3 interacting proteins is
	provided in supplemental table 4.
	intron.
	D. 7 days old seedlings of Col-0, rem1.2, rem1.3 and rem1.4. rem1.2, rem1.3 nor rem1.4 showed
	developmental defects. All seedlings were grown on the same plate.

C.

E. 3 weeks old plants of

 rem1.2, rem1.3 and rem1.4. rem1.2, rem1.3 nor rem1.4 

showed developmental defects. Plants were grown together in the same conditions.

  AddendumIn the paper, we addressed the specificity of AtCPK3 over the other immunity-related AtCPK isoforms as well as its functional interplay with group1 AtREMs. A couple of on-going experiments were not included in this draft. For example, we conducted an in vitro kinase assay

	A	192	G TCGGATCTTAGGTCGGCCGA 234	1026 211 1137	1587	Variable N-terminal domain Kinase domain Junction domain
		CPK3			Calcium binding domain
	CTCCGGCAGGTTTAACATGG on AtREM1.2 using as a kinase input microsomal fractions of Col-0, cpk3-2 and 99 80
	rem1.2/rem1.3/rem1.4 infected or not with PlAMV. The first aim was to assess whether PlAMV-
	infected plants trigger a stronger kinase activity against AtREM1.2 using the same amount of
	rem1.2/1.3 /1.4/cpk3#1 calcium in the activity buffer (10µM) by comparing microsomes extracted from Col-0 leaves
	infected or not by the PlAMV as a kinase source. Secondly, we wanted to determine whether
	rem1.2/1.3 /1.4/cpk3#2 a potential difference in phosphorylation of AtREM1.2 would depend on CPK3, which was done
	with comparing Col-0 and cpk3-2. Finally, the comparison between rem1.2/rem1.3/rem1.4 and
	Col-0 microsomes were used to check whether group1 AtREM-dependent PM organization of
	rem1.2/1.3 /1.4/cpk3#2 CPK3 is important to stabilize its kinase activity. Preliminary results show an increased rem1.2/1.3 /1.4/cpk3#1 rem1.2/1.3 /1.4/cpk3#2
	phosphorylation of AtREM1.2 by using Col-0 infected compared to non-infected (Figure 1).
	This difference is abolished in both cpk3-2 and rem1.2/rem1.3/rem1.4 microsomes, showing
	that AtCPK3 is probably the main kinase phosphorylating AtREM during viral infection and that
	group1 AtREM are not only the substrate but also main organizer of CPK3 activity
	independently of the calcium present in the buffer.	
	Supplemental figure 5. CRISPR lines generation	

  Three independent experiments. Statistical difference was determined using a Student t-test. Predicted subcellular localization of differentially expressed genes in PlAMV-infected leaves Piechart showing the repartition of the subcellular localization predicted by SUBA5. Predicted subcellular localization of all REM1.2 and REM1.3 interacting proteins is provided in supplemental table 4. GOenrichement of differentially expressed genes in PlAMV-infected leaves Bar plot of the mean GO enrichment of downregulated and upregulated genes compared to A. thaliana reference set. The mean is calculated for 100 bootstraps of the input set. Only significantly enriched GO are shown. Mean and SD for GO enrichment as well as GO classification of all upregulated and downregulated interacting proteins are provided in supplemental table 1.
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	Figure 6. 0.0 0.5 1.0 1.5 2.0 2.5 Downregulated		0.0 0.5 1.0 1.5 2.0 2.5
	Biological process	Response to stress Signal transduction Response to abiotic or biotic stimulus Other biological processes Electron transport or energy pathways Transcription, DNA-dependent Other cellular processes Other metabolic processes Cell organization and biogenesis Protein metabolism Unknown biological processes DNA or RNA metabolism					Cellular component	Cell wall Extracellular Plastid Other membranes Chloroplast Plasma membrane Other cellular components Other cytolasmic components Nucleus Other intracellular components Cytosol Mitochondria Cytoskeleton Unknown cellular components	
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	Figure 7.									

Table 1

 1 Data mining toward the putative functions of REMORINs

	Plant species	Group of REMs	Methods / Stimuli	Biological effect(s)	Putative associated	References
					function(s)	
	Arabidopsis	AtREM1.2	Protein-protein in-	Interaction with	Bacterial immunity	(Mackey et al.,
	thaliana		teraction (in vivo	RESISTANCE TO P.		2002; Liu et al.,
			co-purification)	SYRINGAE PV		2009; Lee et al.,
				MACULICOLA 1		2015)
				RPM1-		
				INTERACTING		
				PROTEIN 4 (RIN4)		
		AtREM1.2	Proteomics and	Increased protein	Bacterial immunity	(Widjaja et al.,
			phosphoproteo-	amount and		2009)
			mics / AvrRPM1	phosphorylation		
		AtREM1.2	Protein-protein in-	Interaction with	Bacterial immunity	(Khan et al., 2018)
		AtREM1.3	teraction (in vivo	HopF2b PtODC3000		
			proximity-depen-			
			dent biotin identi-			
			fication BioID)			
		AtREM1.2 AtREM1.3	Proteomics	Presence in extracel-	Immunity	(Rutter and Innes,
				lular vesicles		2017)
		AtREM1.3	Phosphoproteomics	Increased	Bacterial immunity	(Benschop et al.,
			/ flagellin (flg22)	phosphorylation		2007)
		AtREM1.3	Transcriptomics /	Transcript	Abiotic stress	(Reymond et al.,
			water deficit, cold,	upregulation		2000; Bray, 2002;
			mannitol, salt			Kreps et al.,
			stress			2002)
		AtREM1.3	Transcriptomics /	Transcript	Development	(Alliotte et al.,
			auxin	upregulation		1989)
		AtREM1.3	Protein-protein in-	Interaction with	Cytokinin response	(Yamada et al.,
			teraction (yeast	Arabidopsis		1998)
			two-hybrid)	Response-		
				Regulator 4		
				(ARR4)		
		AtREM1.3	Affinity-based chro-	Interaction with er-	Fungal immunity	(Khoza et al., 2019)
			matography en-	gosterol a fungal		
			richment with	Microbe		
			immobilized ergos-	Associated		
			terol/ ergosterol	Molecular Patterns		
				MAMP		
		AtREM4.1 AtREM4.2	Transcriptomics /	Transcript	Abiotic stress	(Reymond et al.,
			drought, osmotic,	upregulation		2000; Bray, 2002;
			salt stress and			Son et al., 2014).
			ABA treatment			
		AtREM6.7	Transcriptomics /	Transcript	Flowering, PD con-	(Bundock and
			overexpression of	upregulation	nectivity in the	Hooykaas, 2005)
			DAYSLEEPER		meristematic	
					zones	
	Curcumis sativus	Group 1 and 4	Quantitative trait	Transcript	Fungal immunity	(Xu et al., 2017)
		CsREMs	loci and transcrip-	upregulation associ-		
			tomics /	ated with in-		
			Podosphaera fusca	creased fungal		
				resistance		
	Glycine max	GmREM4	Transcriptomics /	Transcript	Abiotic stress, circa-	(Marcolino-Gomes
			drought treatment	upregulation	dian rhythm	et al., 2014)
	Hordeum	Group 1 REM	Transcriptomics /	Transcript	Hormone response	(Chen and An,
	vulgare		gibberellic acid	downregulation		2006)
			(GA) and ABA			
			treatments			
	Lotus japonicus	Group 1 REMs	Transcriptomics /	Transcript	Fungal symbiosis	(Kistner et al.,
			Glomus	upregulation		2005)
			intraradices			
	Oryza sativa	OsREM1.5	Transcriptomics /	Transcript		
			ABA, BR	upregulation		
			treatments			

  A major weakness in the functional study of REMs is the lack of genetic tools. Overall, REM single mutants have not yet displayed any striking or strong phenotypes, although AtREM1.2 alone has recently been shown to be involved in

	AtREM1.2	AtREM1.3	StREM1.3	MtSYMREM1	LjSYMREM1	AtREM4.1	NbREM4 OsREM4.1
	Kinases		AtCPK3	LYK3	NFP	DMI2	NFR1 SYMRK	SnRK1.2	NbPBS1 AtPBS1	OsSERK1 OsBRI1
	Biological	Context	Potexvirus resistance			Root nodule symbiosis	Geminivirus infection	Bacterial resistance	ABA/BR signaling
		Interaction & Phosphorylation					
		Phosphorylation						
		Interaction						
		Confimed functional link					
		Functional link to be determined					

channel (green). Right: composite images from both channels. Scale bars: 5 µm. Observation statistics are given in TableS1.
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Supplemental figure 1 A. SDS-PAGE of StREM 1-116 purified under native conditions (left panel) or denaturing conditions (right panel).

B. In vitro kinase assay to confirm phosphorylation of StREM1.3 1-116 under lsNMR conditions. StREM1.3 1-116 incubated for either 30 min or 2 h with wild-type CPK3-GST untreated (WT) or heat-inactivated (D).

Supplemental figure 2 A. Confocal and DIC image of PVX::GFP infected peeled lower epidermis of N. benthamiana showing conserved full cells after epidermis peeling 2 dpi. Scale bar = 10 μm.

B. Negative control for the SUY2H system. Expression of LexA-VP16-Cub-StREM1.3 alone does not lead to autoactivation of the SUY2H system since AP4::LexA-VP16-Cub-StREM1.3 was not able to grow in selective media -HL and -AHL, and did not exhibit B-galactosidase activity.

C. Negative control for the SUY2H system. LexA-VP16-Cub-StREM1.3 does not interact with pFur4, a common negative control in SUY2H system. D. Positive control for the SUY2H system. LexA-VP16-Cub-StREM1.3 is functional as BAIT in SUY2H system since Ubiquitin is reconstituted and the system activated by the interaction of StREM1.3 with itself. E. Comparative gene ontology classification on StREM1.3 DDD and StREM1.3 WT closest orthologs in A. thaliana reveal functional divergence of StREM1.3 DDD interactomes. Statistical differences obtained @@, ** p<0,01, *** p<0,001). Supplemental figure 3 A. BiFC interaction assays between StREM1.3 and some of the candidate genes. Scale bar = 50µm B. Western blots anti-HA of the protein candidates tested in PVX:GFP propagation assay Supplemental figure 4 A. Amino acid sequence alignment of NbADF3 and StADF2 performed with Clustal Multiple Sequence Alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/). NbADF3 and StADF2 sequences were obtained on (www.solgenomics.net).

B. In silico prediction of NbADF3 (left panel) or StADF2 (right panel) obtained with AlphaFold2 (www.deepmind.com)

Supplemental table 1

List of candidates identified in the SUY2H screen

Supplemental table 2

List of tested candidates in PVX cell-to-cell propagation assay. The list was cross-referenced with published list of DRM-associated proteins (Borner et al., 2005Shahollari et al., 2004[START_REF] Minami | Alterations in detergent-resistant plasma membrane microdomains in Arabidopsis thaliana during cold acclimation[END_REF], Kierszniowska et al., 2009, Zauber et al., 2013, Demir et al., 2013), PDassociated proteins [START_REF] Brault | Multiple C2 domains and transmembrane region proteins ( MCTP s) tether membranes at plasmodesmata[END_REF], cell wall-associated proteins (Bayer et al., 2005) and proteins involved in callose turn-over [START_REF] De Storme | Callose homeostasis at plasmodesmata: Molecular regulators and developmental relevance[END_REF]. Occurrence of a candidate within a dataset is indicated with a "+", absence with a "-".

Supplemental table 3

List of primers used for cDNA cloning

Summary heading

Using reconstituted membranes, we demonstrated the clustering of the plant protein remorins StREM1.3 to the lipid bilayer external leaflet and monitor the formation of nanodomains of the protein.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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Figure S1. Purity of proteins used in this study. EEE,and REM1.3 . Middle: . Right: composite image from both channels. Scale bar: 5 µm. Observation statistics are given in Table S1. 

Plantago asiatica mosaic virus triggers AtCPK3 nanodomain formation

Marie-Dominique Jolivet 1# , Anne-Flore Deroubaix 1 , Marie Boudsocq 5 , Nicolaj Abel 6,7 , Marion Rocher 1 , Julien Gronnier 1 , Grégoire Saias 1 , Jahed Ahmed 1 , Wattelet-Boyer 1 , Jennifer Huard 1 , Nathalie Giovinazzo 2 , Jean-Luc Gallois 2 , Shigetou Namba 4 , Sylvie German-Retana 3 , Thomas Ott 6,7,8 , Sébastien 

ABSTRACT

Extended data is published regarding the role of PM-localized proteins in response to bacterial or fungal infection in plants. However, little is known about how the PM is involved in virus recognition and subsequent signalling. We showed before in Nicotiana benthamiana that membrane-bound CALCIUM-DEPENDENT PROTEIN KINASE 3 (AtCPK3) was able to hamper cell-to-cell propagation of potato virus X (PVX), a Potexvirus, through the phosphorylation of the nanodomain-located protein Solanum tuberosom REMORIN 1.3 (StREM1.3). In this study, the plantago asiatica mosaic virus (PlAMV), one of the only potexviruses able to infect Arabidopsis thaliana, was used to decipher how a viral infection is detected by plant PM-located proteins. We discovered that, among the other immunity-related CPKs, AtCPK3 specifically hampers a PlAMV infection. Using single-particle tracking Photoactivated Light Microscopy (spt-PALM), we showed that AtCPK3 get confined upon activation and upon PlAMV infection while AtREM1.2 proteins diffused more in the same conditions. We also showed that these two proteins are functionally linked concerning PlAMV propagation and interdependent regarding their altered mobility during a viral infection. This study links together viral infection to AtCPK3 activation and its lateral organization at the PM. It also shows a novel mechanism for biotic stress-dependent PM remodelling.

Here, we provided genetic evidence supporting that AtCPK3, among other immunity-related CPKs, was specifically involved in viral cell-to-cell propagation [START_REF] Boudsocq | Differential innate immune signalling via Ca 2+ sensor protein kinases[END_REF][START_REF] Gao | Nuclear dynamics of arabidopsis calcium-dependent protein kinases in effector-triggered immunity[END_REF][START_REF] Guzel Deger | Guard cell SLAC1-type anion channels mediate flagellin-induced stomatal closure[END_REF]. We also described for the first time the PM organization of AtCPK3, which clustered upon activation. Finally, we show that group1 AtREMs and AtCPK3 are playing along the same pathway regarding cell-to-cell propagation and that their PM diffusion upon viral infection is strongly interdependent.

Plant culture

N. benthamiana plants were cultivated in controlled conditions (16 h photoperiod, 25 °C). Proteins were transiently expressed via Agrobacterium tumefaciens as previously described (Gronnier et al. 2017).

The agrobacteria GV3101 strain was cultured at 28°C on appropriate selective medium depending on constructs carried. For confocal microscopy and spt-PALM, plants were analyzed 2 dpi Surface-sterilized A. thaliana seeds were germinated on ½ MS plates supplemented with 1% sucrose.

Seedlings were then transferred to soil and grown under short day conditions (8 h light/ 16 h dark). For immunoprecipitation followed by mass spectrometry, seeds of indicated lines were sterilized and germinated on metal grids placed on solid ½ MS media and grown for 1 week. Metal grid including germinated seedlings were moved to liquid ½ MS media and grown for 3 weeks under long day conditions, liquid media was replaced with fresh media every week.

Cloning

All vector constructs, at the exception of the one used for CRISPR, were generated using multisite Gateway cloning strategies (www.lifetechnologies.com) with pDONR P4-P1r, pDONR P2R-P3, pDONR221 as entry vectors and pLOK180_pR7m34g as a destination vector [START_REF] Ito | Sphingolipids mediate polar sorting of PIN2 through phosphoinositide consumption at the trans-Golgi network[END_REF].

AtREM1.2, AtCPK3, AtCPK3CA and mutants sequence were obtained from previously published papers (Perraki et al., 2018). All constructs were propagated using the NEB10 E. coli strain (New England Biolabs). Primers used for cloning are detailed in supplemental table 1.

For CRISPR lines, sgRNAs targeting the ATCPK3 gene were selected using CRISPOR website (http://crispor.tefor.net/; [START_REF] Concordet | CRISPOR: intuitive guide selection for CRISPR/Cas9 genome editing experiments and screens[END_REF] and cloned into pHEE401 [START_REF] Wang | Spatiotemporal Dynamics of the BRI1 Receptor and its Regulation by Membrane Microdomains in Living Arabidopsis Cells[END_REF] backbone carrying the gene coding for the Cas enzyme under EggShell promoter using Golden Gate cloning method.

Plant lines generation

T-DNA insertion mutants rem1. cpk5/cpk6/cpk11 (sail_657_C06, salk_025460, salk_054495) were described previously [START_REF] Boudsocq | Differential innate immune signalling via Ca(2+) sensor protein kinases[END_REF]. The quadruple mutant AtCPK3/cpk5/cpk6/cpk11 was provided by [START_REF] Guzel Deger | Guard cell SLAC1-type anion channels mediate flagellin-induced stomatal closure[END_REF].

cpk1/2 (salk_096452, salk_059237) and cpk1, 2,5,6 (salk_096452, salk_059237, sail_657_C06, salk_025460) were provided by [START_REF] Gao | Nuclear dynamics of arabidopsis calcium-dependent protein kinases in effector-triggered immunity[END_REF]). ATCPK3 T-DNA insertion lines AtCPK3-1

DAnS assay

DAnS assay was adapted from previously published protocols (Huang et al., 2019). Shortly, 3-week-old

A. thaliana plants grown in controlled conditions were used for the assay. A 1 μl droplet of 1 mM 5( 6)carboxyfluorescein diacetate was loaded on the center of the adaxial side of the leaf and incubated in the dark for 5 minutes. The droplet was carefully removed and dye diffusion was observed on the abaxial side of the leaf using Zeiss Axiozoom microscope V16 with an eGFP filter. Images were analyzed automatically using a homemade macro on Fiji software. Three independent repeats were done on 6

plants per genotype each times. Statistical difference was determined using a Student's t-test.

Callose immunostaining in root seedlings

Immunostaining was performed based on published protocols [START_REF] Boutté | Fluorescent in situ visualization of sterols in Arabidopsis roots[END_REF]. The primary antibody was a monoclonal antibody specific to B-1,3-glucan (http://www.biosupplies.com.au/) and the secondary antibody was TRITC-tagged (thermofisher.com). Seedlings were mounted in DAPIcontaining Citifluor AF-1to stain nuclei.

Confocal microscopy

Live imaging was performed using a Zeiss LSM 880 confocal laser scanning microscopy system using either a 40x objective or a 68x objective and the AiryScan detector. YFP fluorescence was observed using an excitation wavelength of 488 nm and emission wavelengths of 490 to 550 nm. RFP and mCherry fluorescence was observed using an excitation wavelength of 561 nm and an emission wavelengths of 588 to 663 nm.

Acquisition parameters remained the same across experiments for SCI quantification. The SCI was calculated as previously described (Gronnier et al., 2017). Briefly, 10µm lines were plotted across the samples and the SCI was calculated by dividing the mean of the 5% highest values by the mean of 5% lowest values. Three lines were randomly plotted per cell. Three independent experiments were done, on at least 10 cells each time.

Fenpropimorph (10µg/mL) or DMSO was infiltrated 24 hours before observation.

As previously published (Perraki et al., 2018), aniline blue fluorochrome (http://www.biosupplies.com.au/) was diluted in water and was infiltrated right before imaging at a final concentration of 30µg/mL.

Root seedlings imaging was done using 405nm and 561nm excitation wavelength and 410-481nm and 561-624nm emission wavelength. Acquisition settings remained the same across experiments to allow for approximately 1 cm. In-gel digestion was performed according to standard procedures with trypsin (Roche) (Shevchenko et al., 2006). MS measurements were performed on a Q Exactive HF-X (Thermo Fisher Scientific) using a 60 min linear gradient. Obtained proteins were separated by SDS-PAGE (NuPAGE, Invitrogen) and after staining with

Coomassie brilliant Blue G-ds were excised from the gel and transferred to LoBind tubes (Eppendorf).

For in-gel digestion, gel pieces were washed twice for 30 min with Acetonitrile/Ammonium Bicarbonate (ACN/ABC) at 56 °C and dehydrated for 5 min using 100 % Acetonitrile at room temperature.

Supernatants were discarded and di-sulphide bonds were reduced using 10 mM DTT in ABC for 45 min at 56 °C. For alkylation, samples were incubated for 30 min with 55 mM Chloroacetamide in ABC in the dark. Samples were again washed and dehydrated as described before. In-gel digest was performed with trypsin (Promega) in 50 mM ABC and 5 % ACN at 37 °C overnight. Peptides were recovered with 5 % Formic acid in 50 % ACN by repeated sonication. Supernatants were collected in new LoBind tubes and dried completely in speed vacuum for 3 hours at room temperature. LC-MS/MS analysis was performed using an Orbitrap Fusion mass-spectrometer (Thermo Scientific). The entire TAIR10 database was searched (www.Arabidopsis.org) using Mascot (v 2.3.02, Matrix Science) with the inclusion of sequences of common contaminants, such as keratins and trypsin. Parameters were set for 5 ppm peptide mass tolerance and allowing for Met oxidation and two missed tryptic cleavages.

Carbamidomethylation of Cys residues was specified as a fixed modification, and oxidized Met and phosphorylation of Ser, Tyr or Thr residues were allowed as variable modifications. Scaffold (v3;

Proteome Software) was used to validate MS/MS-based peptide and protein identifications and annotate spectra.

GO classification and enrichment was performed using Bar Toronto Classification SuperViewer tool (http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi). Prediction of the subcellular localization was performed using SUBA5 tool (https://suba.live/)

RT-qPCR

3 weeks A. thaliana leaves infiltrated with PlAMV-GFP at final OD600nm = 0.2. Leaves samples were harvested and immediately freezed 7 days after infiltration. RNA extraction was done using QiAgen Plant Mini Kit and was followed by a DNase treatment. cDNA was produced from the extracted RNA using Superscript II enzyme from Invitrogen. RT-qPCR was performed on obtained cDNA using the iQ™ Sybr Green supermix (BioRad) on the iQ iCycler thermocycler (BioRad). The transcript abundance in samples was determined using a comparative threshold cycle method and was normalized to the one of reference genes. Statistical differences were determined using a Mann-Whitney test. Primers used for RT-qPCR are listed in supplemental table 1

Western Blots

Protein samples were extracted from A. thaliana leaf tissue using Laemmli buffer and proteins were detected using either a one-step anti-HA antibody or an endogenous antibody against AtCPK3 [START_REF] Lachaud | 14-3-3-Regulated Ca 2+ -dependent protein kinase CPK3 is required for sphingolipidinduced cell death in Arabidopsis[END_REF] or AtREM1. 

Supplemental figure 2. Calcium-induced auto-phosphorylation reveals potential regulatory residues of ATCPK3

A. Schematic representation of AtCPK3 domains and AtCPK3CA truncation.

B. Position of the residues identified as differentially phosphorylated by AtCPK3 upon calcium addition in an in-vitro kinase assay, the phosphorylated residue is highlighted in red. Ten phosphopeptides were detected in total in the analysis, only three had an increased phosphorylation upon calcium addition (Supplemental table 3).

C. Signal quantification of the phosphopeptides that revealed S134, S195 and S353 differential phosphorylation upon calcium addition. Three independent experiments, statistical significance determined using a Student t-test, *: p<0.05, **: p<0.01. S1 and wrote the corresponding text. S.M. and V.G. supervised the writing and figures. All authors read and corrected the manuscript. 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 (https://academic.oup.com/plphys) is: Se ´bastien Mongrand (sebastien.mongrand@u-bordeaux.fr).

Supplemental figure 3. PlAMV infection does not alter AtCPK3 expression levels nor PM/

Abstract

REMORINs (REMs) are a plant-specific protein family, proposed regulators of membrane-associated molecular assemblies and well-established markers of plasma membrane nanodomains. REMs play a diverse set of functions in plant interactions with pathogens and symbionts, responses to abiotic stresses, hormone signaling and cell-to-cell communication. In this review, we highlight the established and more putative roles of REMs throughout the literature. We discuss the physiological functions of REMs, the mechanisms underlying their nanodomain-organization and their putative role as regulators of nanodomain-associated molecular assemblies. Furthermore, we discuss how REM phosphorylation may regulate their functional versatility. Overall, through data-mining and comparative analysis of the literature, we suggest how to further study the molecular mechanisms underpinning the functions of REMs.

REMORIN discovery

REMORINs (REMs) were first identified in tomato (Solanum lycopersicum) and potato (Solanum tuberosum) by Edward Farmer, Gregory Pearce, and Clarence Ryan in 1989, in a will of identifying molecular actors involved in the perception of polygalacturonides (PGAs) by plant cells [START_REF] Farmer | In vitro phosphorylation of plant plasma membrane proteins in response to the proteinase inhibitor inducing factor[END_REF]. PGAs are pectic polysaccharides present in the plant
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Title: Mechanisms of action of the plant protein remorin involved in viral immunity

Abstract

The plant plasma membrane (PM) is a dynamic and compartimentalized structure that acts as a platform for intracellular signalling. Extended data is published regarding the role of PMlocalized proteins in response to bacterial or fungal infection in plants. However, little is known about how the PM is implied in virus recognition and subsequent signaling.

In plants, viruses enter the first cell by wounding, hijack their machinery to replicate and propagate. For the latter, they have to rely plasmodesmata (PD), PM-lined channels containing endoplasmic reticulum. We showed before in Nicotiana benthamia that membrane-bound CALCIUM-DEPENDENT PROTEIN KINASE 3 (CPK3) was able to hamper cell-to-cell propagation of a potexvirus, the Potato Virus X (PVX), through the phosphorylation of the nanodomain-located protein Solanum tuberosum REMORIN isoform 1.3 (StREM1.3), which leads to a modification of its interactome and subsequent callose accumulation at plasmodesmata.

In this thesis, one of StREM1. Most studies around potexviruses are conducted on Nicotiana benthamiana using transient over expression of candidates proteins during a viral infection as the plant model Arabidopsis thaliana is not susceptible to most potexviruses.

The Plantago Asiatica Mosaic Virus (PlaMV) is one of the only potexvirus able to infect Arabidopsis thaliana. This pathosystem unraveled the genetic tools offered by Arabidopsis and helped decipher the fine mechanisms behind the detection of a potexvirus infection within a plant cell. Among other CPKs isoforms involved in immunity, it was shown in this work that CPK3 is playing a specific role in the response to a PlaMV infection. Moreover, CPK3 clusters at the PM upon a PlaMV infection and we showed that group1 AtREMs rely on CPK3 activation to be able to modify their PM dynamics and hamper a potexvirus propagation.

This thesis aimed at understanding how plants sense and stop viruses through the description of the behaviour of PM-bound proteins specifically involved in viruses cell-to-cell propagation.