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RÉSUMÉ

Les phosphoinositides sont des lipides membranaires anioniques peu abondants. Leurs concentrations relatives dans les feuillets cytosoliques de la membrane plasmique et de certaines membranes internes des cellules eucaryotes constituent des signatures moléculaires. Le phosphatidylinositol-4,5-bisphosphate [PI (4,5)P2] en particulier a pour l'instant seulement été détecté à la membrane plasmique dans les cellules de levure, animales ou végétales.

Nous avons utilisé l'organisme modèle Arabidopsis thaliana (Arabette des dames) pour étudier le PI (4,5)P2.

Dans le mutant suppressor of actin 9 (sac9), où l'équilibre entre PI (4,5)P2 et phosphatidylinositol-4-phosphate (PI4P) est modifié, nous avons observé la présence anormale de PI (4,5)P2 dans des compartiments intracellulaires qui n'ont co-localisé avec aucun marqueur d'organite testé. Par conséquent, AtSAC9 est nécessaire à la restriction du PI (4,5)P2 à la membrane plasmique dans la cellule végétale. De plus, nous avons aussi constaté que AtSAC9 est présente sur des endosomes, et que le trafic vésiculaire est perturbé dans le mutant sac9, montrant que AtSAC9 est impliqué dans ce processus, potentiellement via le contrôle de la distribution subcellulaire du PI (4,5)P2.

Nous avons par ailleurs développé un système génétique inductible, sans équivalent à ce jour, appauvrissant rapidement et spécifiquement en PI (4,5)P2 la membrane plasmique de cellules végétales.

Nous présentons également un système génétique transitoire déplétant le PI4P. Ces deux systèmes permettent d'étudier le rôle du PI (4,5)P2 et du PI4P dans les cellules végétales et le développement végétal.

Ils peuvent être adaptés pour étudier différents processus biologiques.

SUMMARY

Phosphoinositides are low abundant anionic membrane phospholipids. Their relative accumulation in the cytosolic leaflet of the plasma membrane and of various internal membranes in eukaryotic cells generates a landmark code. Especially, phosphatidylinositol 4,5-bisphosphate [PI (4,5)P2] was only reported in the plasma membrane in yeast, Metazoan and plant cells so far.

Here, we used Arabidopsis thaliana (thale cress) as model organism to study PI (4,5)P2. In suppressor of actin 9 (sac9) mutant, in which PI (4,5)P2 and phosphatidylinositol 4-phosphate (PI4P) balance is skewed, we observed anomalous presence of PI (4,5)P2 in subcortical endo-compartments did not co-localise with any organelle marker tested. We therefore show that proper patterning of PI (4,5)P2 requires AtSAC9 in plant cells. Besides, we also observed that AtSAC9 localises to endosomes, and that sac9 mutant displays defects in vesicular trafficking, showing AtSAC9 implication in this process, possibly through proper patterning of PI (4,5)P2.

We also developed an inducible genetic system that allows unprecedented fast and specific depletion of PI (4,5)P2 from the plasma membrane of plant cells. We also describe a transient system depleting PI4P.

Both systems will enable to assess the role of PI (4,5)P2 and PI4P for cellular processes and plant development and can be amended to investigate various additional biological mechanims.
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Ce manuscrit de thèse de doctorat est organisé en quatre parties :

-une introduction générale.

-une section de résultats.

-une discussion générale.

-une section d'annexes.

L'introduction générale est subdivisée en trois sous-parties (I., II., et III.). La première sous-partie (I.) introduit les notions de bases nécessaires à la bonne compréhension de la suite de manuscript. Elle traite la composition et les propriétés des membranes biologiques, et s'attarde sur les méthodes d'études et particularités des phosphoinositides, une famille de lipides membranaires anioniques. La deuxième souspartie (II.) de l'introduction s'attache à faire un état de l'art des connaissances relatives aux phosphatases de phosphoinositides dans les cellules animales (cellules de Métazoaires), les cellules végétales et plus particulièrement les cellules de plantes à fleurs (Angiospermes), et les cellules de champignons vrais (Eumycètes). Cette sous-partie s'attarde tout particulièrement aux rôles des phosphatases de phosphoinositides dans le contrôle de la distribution subcellulaire (« patterning » subcellulaire) des phosphoinositides. La troisième sous-partie de l'introduction est consacrée aux méthodes permettant la perturbation de l'homéostasie des phosphoinositides dans différents modèles biologiques.

La section de résultats comporte quatre articles rédigés sous forme de publications scientifiques.

Le premier article (research article n°1), au format d'une publication de recherche, rapporte le rôle de la protéine AtSAC9 dans le contrôle de la localisation subcellulaire du phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2) chez Arabidopsis thaliana (Arabette des dames). Le deuxième article (research article n°2) décris un système génétique inductible mis au point au cours de mon doctorat, et permettant d'hydrolyser in vivo le pool de PI (4,5)P2 présent dans les cellules d'Arabidopsis thaliana. Le troisième article (protocol article n°1, accepté) décris une méthode mise au point au laboratoire et permettant la déplétion du PI4P de la membrane plasmique en transformation transitoire chez Nicotiana benthamiana. Enfin, le dernier article (protocol article n°2) décris un système de suivi d'organes ou cellules en cours de croissance, permettant l'acquisition d'images de microscopie confocale lors de suivis temporels automatisés.

La discussion met en perspective les résultats obtenus dans les deux articles de recherche. Elle est aussi l'occasion de proposer des perspectives et de discuter plus amplement que dans la discussion des articles les limites des observations et interprétations.

Les annexes comprennent un article de recherche auquel j'ai contribué de façon mineure lors de mon doctorat, ainsi que la liste de mes activités d'enseignement pendant ce doctorat. (4,5)P2], and used two complementary approaches: (i) I addressed the contribution of the plant phosphatase AtSAC9 in PI (4,5)P2 homeostasis, and (ii) I developed an inducible system based on dOCRL phosphatase that depletes PI (4,5)P2 in vivo in Arabidopsis, in order to identify cellular processes that require PI(4,5)P2, and others for which PI (4,5)P2 is dispensable.
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In this introductory chapter, I will review general knowledge on membrane biology required for contextualisation and understanding of the work I carried on, and I will describe the main features of phosphoinositides based on work mostly carried out in yeast, plant and animal cells (see I.). Then, I will review our current understanding of phosphoinositide phosphatases properties and endogenous functions, especially focusing on the control they exert on the subcellular distribution of phosphoinositides (see II.). Eventually, I will describe the exogenous systems available to researchers to manipulate phosphoinositides, and thus to study this family of membrane lipids (see III.). 

I. BIOLOGICAL MEMBRANES COMPRISE PHOSPHOINOSITIDES

Here I will rapidly present some of the main features of membrane biology to introduce key concepts useful for the proper understanding of the topics discussed further in the manuscript, and I will focus especially on phosphoinositides.

A. Eukaryotic cells possess a plasma membrane and internal membranes 1. The plasma membrane constitutes the cell border

Metabolism is the set of chemical reactions that occur in a cell or pluricellular organism. Outside a cell, (i) most of these reactions occur too slowly to be compatible with life, and (ii) many do not occur (Monnard and Walde, 2015). These differences in kinetics and thermodynamics between the inside and outside of cells indicate that they have distinct physico-chemical parameters, which are retained over time due to some kind of compartmentalisation. This compartmentalisation relies on a structural border: the plasma membrane, also termed cell membrane or plasmalemma, which separates the cell from the extracellular medium (Figure 1).

Organelle membranes allow subcellular compartimentation

There are three domains of life: Eukaryotes, Bacteria (or Eubacteria) and Archaea. Bacteria and Archaea together form Prokaryotes. Eukaryotes comprise animals (Metazoa), green plants (Archaeplastida) including flowering plants (Angiosperms), fungi (Eumycota, Oomycota), and a wide range of unicellular lineages. In addition to their plasma membrane, Eukaryotic cells (and some Prokaryotes) are themselves compartmentalised by internal membranes surrounding organelles (Figure 1).

Endosymbiotic organelles, also called semi-autonomous or energetic organelles, possess two or more membranes. These are mainly mitochondria (present in all Eukaryotes expect from some lineage that lost them) and plastids. Mitochondria correspond to a domesticated α-Proteobacteria whereas plastids derived from domesticated photosynthetic cells (Cyanobacteria, Rhodophyta, and so on.). Endosymbiotic membranes do not exchange vesicles with other organelle and the plasma membrane (Figure 1).

In contrast to these "prokaryotic" membranes, "eukaryotic" membranes, collectively named the endomembrane system, exchange matters en masse via budding of vesicles (small intracellular structures limited by a membrane) from a donor compartment, and subsequent fusion of these vesicles to a target compartment (Figure 2A). The plasma membrane is involved in the vesicular trafficking, and budding from the plasma membrane is termed endocytosis, while fusion of vesicles to the plasma membrane exocytosis (Figure 2B andC). All membranes exchanging through vesicular traffic are called the endomembrane system (Figure 1). Steps of vesicular trafficking: budding, transport, and fusion. (A) General steps of vesicular transport. Vesicles bud from a donor membrane. The vesicle is transtransported. Eventually, vesicle membrane and target membrane fuse. (B) When the donor membrane is the plasma membrane, buddind is called endocytosis (stricto sensu). (C) When the target membrane is the plasma membrane, membrane fusion is called exocytosis (stricto sensu). (B-C) "Endocytosis" can be used in a broader meaning, including steps following budding of an endocytic vesicles. Same applies to "exocytosis", that can be meant not only as fusion to the plasma membrane, but also include earlier events.

The endomembrane system: organelles membranes exchanging vesicles

The membranes involved in vesicular transport, including the plasma membrane, constitute the endomembrane system (as opposed to mostly endosymbiotic membrane systems of mitochondria and plastids).

a. Main organelles of the endomembrane system A wide range of organelles are involved in vesicular trafficking. The main ones are the endoplasmic reticulum (ER) that is continuous with the nuclear envelope, the Golgi apparatus, the Trans-Golgi-Network (TGN), lysosomes (in animal cells) or vacuoles (plants and Eumycota), and endosomes (Figure 3). Endosomes are compartments mainly formed by material that underwent endocytosis. They fall into various categories: early endosomes are formed by the early fusion of endocytosis vesicles, recycling endosome comprise material that got endocytosed and is rerouted to the plasma membrane, late endosomes that are also called Multivesicular Bodies (MVBs) and Pre Vacuolar Compartments (PVCs) in plants and Eumycetes mature into or fused to lysosomes or vacuoles (Figure 3). Studies of Arabidopsis thaliana (Archeaplastida Angiosperm) and Saccharomyces cerevisae yeast (Eumycota Ascomycota) revealed that both plant and fungi TGN function as early and recycling endosome (Figure 3; [START_REF] Day | Budding Yeast Has a Minimal Endomembrane System[END_REF][START_REF] Contento | Structure and function of endosomes in plant cells[END_REF]Dettmer et al., 2006).

b. The main pathways of vesicular transport

Several pathways can be defined in vesicular transport. ER, Golgi, TGN, and either plasma membrane or late endosomes and lysosomes/vacuoles form a medullo-cortical axis along which vesicular transport is called anterograde. In particular, plasma membrane directed exchanges can be more generally termed "secretory" or "exocytic" pathways. In the opposite direction, vesicular transport is termed retrograde, or "endocytic". Eventually, recycling correspond to transport of material from the plasma membrane to organelles before returning to the plasma membrane (Figure 3).

Biological membranes are composed of lipids and proteins

Mammalian erythrocytes (red blood cells) are devoid of intracellular membranes. Their plasma membrane has been extensively studied, and was shown to comprise protein, lipids and carbohydrates (bound to proteins or lipids). In mass, lipids represent ~40 % membrane components (~60 % for proteins). In space, lipids occupy 70 to 90 % of membrane area. In numbers, lipids represent ~98 % of membrane components [START_REF] Finean | Lipid Layer in Cell Membranes[END_REF].

a. Membrane lipids self-assemble in bilayers sphingosine and fatty acid esterified by a phosphoric acid (sphingolipids; Figure 4A). Up to 30 % of membrane lipids are sterols, made of a polycyclic core, a short carbon group chain and a hydroxyl function (Figure 4A). Finally, the rest of lipids are glycolipids.

Despites differences in their structures, all these lipids share similarities in their properties: (i) they possess an apolar region that do not interact with water (hydrophobic), but can interact with other apolar groups via Van Der Walls bounds, and (ii) they possess a polar head group that can interact with water (hydrophilic) via hydrogen bounds or electrostatic interactions (Figure 4A; rigorously, hydroxyl groups from sterols in fact interacts with ester functions of phospholipids). Therefore, membrane lipids are both hydrophilic and hydrophobic: they are amphipatics molecules.

ii. Two lipid leaflets assembling in a bilayer

Membrane lipids' properties govern their association in a polar solvent such as water.

Spontaneously, membrane lipid hydrophilic heads contact the solvent whereas hydrophobic regions pack together. This self-assembly results in the formation of supramolecular structures called micelles or lipid bilayers, which are held together by labile weak chemical bounds (Figure 4B). Lipids bilayers are formed by two leaflets of lipids, each having their hydrophilic heads facing water and hydrophobic regions buried (Figure 4B; [START_REF] Singer | Model of fluid mosaic membrane[END_REF]. Lipid bilayers constitute a stable supramolecular structure as (i)

the number or interactions within the membrane is maximal, and (ii) the number of interactions of membrane lipids with the solvent are maximal too, and are not broken by hydrophobic regions since those are buried (hydrophobic effect).

In biological membranes as well, lipids form two bilayers or leaflets. The leaflet facing cytosol is called cytosolic or internal leaflet, whereas the leaflet facing the lumen of organelles or the extracellular milieu (plasma membrane) is called luminal or extracellular leaflet respectively (Figure 4C).

b. Membrane proteins are tightly or loosely associated to membranes

The plasma membrane is seen in transmitting electron microscopy as a ~3 nm layer weakly dense to electrons sandwiched by two thin layers more dense to electrons. Consistently, it was initially postulated that membrane proteins would be associated to either sides of lipid bilayers, forming a lipoproteic sandwich (Figure 5; [START_REF] Finean | Lipid Layer in Cell Membranes[END_REF][START_REF] Danielli | A contribution to the theory of permeability of thin films[END_REF]. Later on, [START_REF] Singer | Model of fluid mosaic membrane[END_REF] proposed a new model they call the "fluid mosaic" (see I. B. 1.), in which membrane proteins traverse one of both leaflet of membrane thanks to hydrophobic regions in their sequences able to interact with apolar regions of lipids (Figure 5; [START_REF] Singer | Model of fluid mosaic membrane[END_REF]. 

i. Transmembrane protein traverse membranes

Transmembrane proteins, also called integral or intrinsic membrane proteins, traverse membrane thanks to transmembrane domains able to interact with the apolar core of lipid bilayers. Such domains mainly are transmembrane α-helixes, which correspond to stretches of ~20 amino acids with apolar radicals, or β-barrels (Figure 6A). Algorithms can predict putative transmembrane α-helixes by estimating hydrophobicity degree along protein sequence and generating hydropathy profiles (see II. C. 3. a. ii; Figure 6A; [START_REF] Kyte | A simple method for displaying the hydropathic character of a protein[END_REF].

ii. Lipid-linked proteins are covalently anchored to membranes Among the other membrane proteins that do not cross biological membranes, some are tightly associated to them. These proteins undergo post-translational modifications resulting in their covalent linkage to lipids largo sensu (fatty acids, glycolipids, and so on.) and are called lipid-linked or lipid-anchored proteins (Figure 6B). The lipid inserts itself into a biological membrane, therefore tethering the protein it is bound to in this membrane. Enzymes linking lipids to protein identify signal sequences on these proteins, like for instance CAAX sequences targeted by geranyl-geranyl transferases [START_REF] Turnbull | Fats and function: protein lipid modifications in plant cell signalling[END_REF]. Lipid modifications on proteins can be reversible (S-acylation) or not (N-acylation, prenylation; Figure 6B).

Depending on the properties of the lipid anchor, lipid-linked proteins will be more affine for certain membranes, or even to given microdomains on the same membrane [START_REF] Turnbull | Fats and function: protein lipid modifications in plant cell signalling[END_REF][START_REF] Mccabe | Functional roles for fatty acylated amino-terminal domains in subcellular localization[END_REF]. Also, some lipid-linked proteins such as small GTPase Rho Of Plant 6 (ROP6) can be released from a membrane even while being prenylated [START_REF] Turnbull | Fats and function: protein lipid modifications in plant cell signalling[END_REF].

Therefore, proteins covalently bound to lipids can be slightly more loosely anchored to membranes than integral membrane proteins. Some authors include lipid-linked proteins as intrinsic membrane proteins (together with integral membrane proteins). Others mean intrinsic membrane protein as synonymous of lipid-linked proteins.

Others consider that lipid-modified proteins belong to extrinsic proteins together with peripheral membrane proteins (and I will do so in this manuscript; see I. A. 4. b. iii).

iii. Peripheral membrane proteins are targeted to membranes via non-covalent bounds

The last group of membrane proteins are the ones interacting with membranes, but only via hydrogen bounds and electrostatic interactions. These are extrinsic proteins called peripheral membrane protein. For instance, human MARK1 or Arabidopsis BKI1 both localise the plasma membrane (Jaillais et al., 2011;Moravcevic et al., 2010) because they possess a short stretch of positively charged amino-acids that establishes ionic bounds with anionic lipid heads at the surface of the plasma membrane. In this case, proteins are recruited via a general biophysical cue (membrane electrostatic field, also called membrane surface charge). Packing defects that depend on lipid insaturations and membrane curvature can as well constitute biophysical properties allowing protein -membrane interactions (Figure 6C; Platre and Jaillais, 2017;Bigay and Antonny, 2012). Other peripheral membrane proteins, such as human Akt or Legionella penumophila SidM proteins, interact with cytosolic leaflets of membranes via direct biochemical recognition of specific lipids (phosphatidylinositol 3,4,4,5)P3] and phosphatidylinositol-4phosphate [PI4P] respectively; Figure 6C; [START_REF] Xu | Optogenetic activation reveals distinct roles of PIP3 and Akt in adipocyte insulin action[END_REF]Simon et al., 2016;Brombacher et al., 2009).

Finally, other proteins can be recruited to membranes by non-covalent bounds to other membrane proteins (Figure 6C).

Non-covalent association to membranes makes some of these interactions versatile. For instance, BKI1 phosphorylation offsets some of the positive charges responsible for BKI1 recruitement to plasma membrane cytosolic leaflet and releases it into the cytosol (Jaillais et al., 2011).

iv. Membrane proteins can be associated to membranes by various means

We saw that several types of membrane proteins exist: integral membrane proteins, lipid-linked proteins, and peripheral membrane proteins. These categories are not mutually exclusive as several examples of membrane proteins combining characteristics from categories of membrane proteins exist:

there are transmembrane proteins that are as well acylated, like Arabidopsis AtCESA7 [START_REF] Kumar | Sacylation of the cellulose synthase complex is essential for its plasma membrane localization[END_REF][START_REF] Li | Cellulose Synthesis and Its Regulation[END_REF], there are acylated proteins that have a stretch of positively charged amino acids interacting with anionic membrane lipids like human K-Ras [START_REF] Mccabe | Functional roles for fatty acylated amino-terminal domains in subcellular localization[END_REF][START_REF] Mclaughlin | The myristoyl-electrostatic switch: a modulator of reversible protein-membrane interactions[END_REF][START_REF] Resh | Interaction of tyrosine kinase oncoproteins with cellular membranes[END_REF], and so on.

v. Membrane proteins are targeted to specific membranes

Most of membrane proteins are preferentially found in given membranes, raising the question of how membrane identity is coded and allow this specific recruitment. There are four main means for membrane proteins to be targeted to specific membranes.

(i) Membrane proteins can be recruited by other proteins that reside at a given compartment. This includes retention signals responsible for addressing and shuttling back membrane proteins to a given organelle (Figure 6C). This mechanism applies especially to integral membrane membrane proteins, which mainly localise via trafficking/sorting mechanism including the presence of trafficking signal in the protein, but also post-translational modifications like ubiquitination.

(ii) Membrane protein can also possess domains that bind rare lipids (mainly anionic lipids) that bear a decorated polar head group and are restricted to specific membranes; see I. C.). For instance SidM peripheral membrane protein nicely localised to PI4P enriched membranes, as expected as PI4P is its ligand (Simon et al., 2016;Hammond et al., 2014;Brombacher et al., 2009). Thus, biochemical cues allow precise targeting of peripheral membrane protein to given membranes, depending on their composition (Figure 6C).

(iii) Membrane proteins can as well visits all membranes in a reversible manner through a weak anchoring mechanisms. On the proper compartment, a molecular event occurs that dramatically decreases the proteins desorption rate, and therefore kinetically trap it on this membrane. For instance, lipid-linked protein can receive an additional lipid modification when recruited to the proper membrane (Figure 6B; [START_REF] Rocks | An acylation cycle regulates localization and activity of palmitoylated ras isoforms[END_REF].

(iv) Eventually, biophysical cues allow as well precise targeting of membrane proteins: membrane surface charge (or electrostatic field) that depends of the charge of lipid polar heads, membrane curvature that depends of lipid shape and protein curving activities, and the degree of lipid packing that depends on the size of lipid polar heads and the degree of lipid unsaturations (Bigay and Antonny, 2012). For instance, both MARK1 and BKI1 nicely localise to the plant and animal cell plasma membranes that in both cases has the more electronegative surface charge (Simon et al., 2016;Moravcevic et al., 2010).

B. Biological membrane are dynamics

1. Membranes are fluid supramolecular structures a. Membranes display lateral fluidity

Lateral fluidity corresponds to movement of membrane components in the plane of the membrane (Figure 7A).

i. Lability of interactions within membranes allow lateral fluidity

Fluorescence Recovery After Photobleaching (FRAP) assays, using either fluorescent glycolipids or fluorescent markers bound to membrane lipids or fluorescent integral membrane proteins, showed that membrane components moved laterally in membranes (Simon et al., 2016;[START_REF] Yguerabide | Lateral mobility in membranes as detected by fluorescence recovery after photobleaching[END_REF][START_REF] Schindler | Lateral diffusion of lipopolysaccharide in the outer membrane of Salmonella typhimurium[END_REF][START_REF] Sheetz | Lateral mobility of integral membrane proteins is increased in spherocytic erythrocytes[END_REF]. Indeed, membrane lipids and proteins interact together via noncovalent bonds which binding energy is the same magnitude of their kinetic energy. Thus, interactions between membrane components are labile: they are regularly broken and reformed, allowing lateral displacement of lipids and membrane proteins (Figure 7A).

ii. There are restrictions to membrane lateral fluidity Interestingly, lateral diffusion speeds are not the same for various membranes components. Also, despite belonging to the same membrane, some components occupy distinct domains.

α. Diffusion barriers restrict lateral diffusion of membrane components

Epithelia are tissues found in animals. They consist in one or several layers of physically associated cells forming a barrier with extracellular medium (for instance the lumen of the digestive track).

Various integral plasma membrane proteins are only found at the apical plasma membrane of these cells, while others are restricted to lateral and basal plasma membranes. These two domains of plasma membranes are mainly defined by a ring of tightly associated membrane proteins (claudins and occludins)

forming the so-called tight-junctions and restricting lateral diffusion. In plants, there are also diffusion barriers in the plasma membrane of some cells, in particular the root endodermis where the integral membrane CASP proteins restrict lateral fluidity to two plasma membrane domains [START_REF] Nakayama | A peptide hormone required for Casparian strip diffusion barrier formation in Arabidopsis roots[END_REF][START_REF] Doblas | Root diffusion barrier control by a vasculature-derived peptide binding to the SGN3 receptor[END_REF][START_REF] Alassimone | Casparian strip integrity and positioning[END_REF][START_REF] Roppolo | Functional and Evolutionary Analysis of the CASPARIAN STRIP MEMBRANE DOMAIN PROTEIN Family 1[END_REF].

β. Lipids can restrict lateral diffusion of membrane components

The lateral diffusion of some membrane proteins, such as lipid-linked flottilins in animal cells [START_REF] Langhorst | Scaffolding microdomains and beyond: The function of reggie/flotillin proteins[END_REF] or Remorin in plant cells [START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane rafts and plasmodesmata, impairs potato virus X movement[END_REF], is restricted to microdomains of the plasma membranes. Many membrane proteins actually cluster to such "small (10 to 200 nm), heterogeneous, highly dynamic, sterol-and sphingolipid-enriched domains that compartmentalize cellular processes" defined as lipid rafts [START_REF] Pike | Rafts defined: A report on the Keystone symposium on lipid rafts and cell function[END_REF]. Embedding of lipid species and given proteins to these rafts restrict their lateral diffusion. However, these rafts may undergo lateral diffusion themselves as a whole.

Recently, [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] even showed that lipids could dynamically control the lateral diffusion of membrane proteins. They observed that lipid-linked membrane protein RHO OF PLANTS 6

(ROP6) had its lateral diffusion reduced upon auxin perception. They additionally found that the membrane lipid phosphotidylserine was necessary for ROP6 lateral stabilisation in response to auxin [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF], therefore highlighting another process in which membrane lipids can affect lateral diffusion of membrane components.

γ. Cytoskeleton restricts lateral diffusion of animal plasma membrane components

Global lipid diffusion is five to 100 times slower in biological membranes compared to artificial ones. In animal cells, single molecule tracking of unsaturated phospholipids at the plasma membrane of human fibroblast indicated that lipid diffusion was actually as fast as in artificial bilayers, but corralled to subdomains before hopping out to the next domains [START_REF] Fujiwara | Phospholipids undergo hop diffusion in compartmentalized cell membrane[END_REF]. Therefore, the plasma membrane is horizontally compartmentalised. Interestingly, in animal cells, such temporary compartmentalisation of phospholipids depended on F-actin cytoskeleton, but neither on cholesterolenriched rafts, nor on extracellular matrix, nor on extracellular domains of membrane proteins. sterol binding toxin substantially affected the diffusion of integral and lipid-linked proteins. However, lipid-linked protein anchored to the extracellular leaflet of the plasma membrane and integral membrane proteins with and extracellular domain had slower diffusion time than other membrane proteins, suggesting extracellular domains and cell wall (extracellular matrix) may reduce lateral diffusion. The authors indeed observed an increased lateral diffusion of these proteins on freshly prepared protoplasts (that lack cell wall) and on plasmolysed cells (which plasma membrane no longer interacts with cell wall for the most part). Therefore, in plant cells, the cell wall reduces the lateral diffusion of membrane proteins having an extracellular domain. This may as well be true for glycolipids and glycoproteins sitting in the extracellular leaflet of the plasma membrane.

b. Membranes display vertical dynamics

Vertical dynamics corresponds to dynamic between leaflets. Some lipids are enriched in one leaflet of a biological membrane. For instance, glycolipids accumulate in the extracellular leaflet of the plasma membrane whereas phosphatidylserine is enriched in its cytosolic leaflet. Crossing the hydrophobic core layer (Figure 4B) is highly unfavoured thermodynamically for the polar head of lipids.

Therefore, asymmetry in lipid composition between leaflets may be partly explained by an initial asymmetry in their synthesis. And indeed, most of membrane lipids are synthesised lipids in the cytosolic leaflet of the ER (Bell and Coleman, 1981;[START_REF] Ballas | Topography of Glycerolipid Synthetic Enzymes[END_REF]. However, mammalian enzymes synthesising phosphatidylserine (PSS1/2) are integral membrane protein synthesising phosphatidylserine in the luminal leaflet lumen of ER. Therefore, phosphatidylserine must be "flip-flopped" from luminal/extracellular leaflet to the cytosolic leaflet (Figure 7B; [START_REF] Hankins | Role of Flippases, Scramblases and Transfer Proteins in Phosphatidylserine Subcellular Distribution[END_REF]. Such flip-flops are catalysed by flippases sensu stricto, which are directional and ATP dependent, and scramblases that are not.

Both types of proteins facilitate vertical dynamics of lipids with exchanges between leaflets. Such exchanges are critical, for instance for phosphotidylserine and sterols that are synthesised in the luminal leaflet of the ER membrane, and must be flip-flop to be transported by non-vesicular lipid transport (see I. B. 3. and II. E. d. 3.) and reach their functional subcellular localisation in the cytosolic leaflet of the plasma membrane [START_REF] Hankins | Role of Flippases, Scramblases and Transfer Proteins in Phosphatidylserine Subcellular Distribution[END_REF].

Membranes exchange material, contributing to their dynamics a. Membranes exchange material via vesicular trafficking

Membrane of the endomembrane system, id est the plasma membrane and single membrane organelles, exchange en masse material via vesicular trafficking: membrane and soluble components in the vesicle lumen are transported from a donor to a target organelle (Figure 1, 2 and 3). Integral membrane proteins are synthesised through the ER membrane and reach their functional subcellular functional localisation via vesicular trafficking. Some membrane lipids do so as well, as most are synthesised at the ER (Figure 7C). However, the long held theory of lipids being mostly transported from the ER to their functional localisation via vesicular exchange got revised recently: sterols, phosphatidylserine, and others lipids seem to mostly be transported by non-vesicular transport mechanisms, especially at membrane contact sites where membranes are held close to each other [START_REF] Luo | Intracellular Cholesterol Transport by Sterol Transfer Proteins at Membrane Contact Sites[END_REF][START_REF] Moser Von Filseck | Running up that hill: How to create cellular lipid gradients by lipid counter-flows[END_REF]. Nevertheless, vesicular transport contributes to membrane dynamics by continuous import and export of membrane components originating from other membranes.

b. Membranes exchange material via non-vesicular lipid transfers

Membranes also are dynamics because of non-vesicular material exchanges. Membrane contact sites are area where two different membranes are in close vicinity, held together by proteins that tether them [START_REF] Saheki | Endoplasmic reticulum -Plasma Membrane contact sites[END_REF]. The most famous membrane contact sites are found in animal striated muscle cells, where invagination of the plasma membrane (T-tubules) contact ER (sarcoplasmic reticulum in Mammals) and cooperate in depolarisation-contraction coupling. Membrane contact sites involving virtually all membranes are now known. These membrane contact sites are the privileged regions for non-vesicular exchanges of lipids, which are often mediated by protein complexes attaching both membranes, and including lipid-transfer proteins able to extract lipids from a membrane and to insert it into the other membrane (Figure 7D). Lipid transfer proteins from Oxysterol Binding Protein 1 (OSBP) family, OSBP-Related Proteins (ORPs) are especially involved in these lipid exchanges [START_REF] Drin | New molecular mechanisms of inter-organelle lipid transport[END_REF] that substantially contribute to membrane dynamics (see II. E. 3. d. iii).

C. Phosphoinositides constitute a family of versatile membrane lipids

Phosphoinositides are closely related amphipathic lipids

Phosphoinositides all derive from phosphatidylinositol (PI), a glycerophospholipid. In PI, the two first hydroxyl groups of glycerol are esterified by fatty acids, mostly stearic acid (C18:0) and arachidonic acid (C20:4Δ 5,8,11,14 ). A phosphate group esterifies both the third hydroxyl group of glycerol and an inositol ring (six-carbon cycle, each bearing an hydroxyl group; Figure 8; Balla, 2013).

Inositol hydroxyl groups are numbered from the one linked to the phosphatidic acid backbone (two fatty acids, glycerol and phosphate). PI hydroxyl groups number 3, 4 or 5 can be phosphorylated, forming three distinctive species of phosphatidylinositol-phosphate: phosphatidylinositol 3-phosphate (PI3P), phosphatatidylinositol 4-phosphate (PI4P), and phosphatidylinositol 5-phosphate (PI5P; Figure 8). PI3P, PI4P, and PI5P are all found in animal, plant, and fungi cells. There are as well phosphoinositide whose inositol ring is phosphorylated twice. These are phosphatidylinositol-bisphosphates (PIP2): PI (3,4)P2, PI (3,5)P2 and PI(4,5)P2 (Figure 8). All three species of PIP2 exist in animal cells (Balla, 2013), whereas so far PI (3,4)P2 has not been reported from plant cell membranes (Simon et al., 2014).

Eventually, phosphatidylinositol-trisphophate (PI (3,4,5,)P3) is present of animal cells membranes, but not in plant cells (Platre and Jaillais, 2016). Complete PI synthesis activities were initially found on purified ER membranes and purified plasma membranes (Balla, 2013). However, plasma membrane was later proved not to host PI synthesis, and in fact PI synthesis only occurs in the ER membrane. There, diacylglycerol (DAG; glycerol esterified by two fatty acids) is covalently linked to cytidine disphosphate (CDP) nucleotide by CDP-DAG synthases located at the outer surface of the ER membrane [START_REF] Ballas | Topography of Glycerolipid Synthetic Enzymes[END_REF]. This step activates DAG, which is then conjugated to soluble myo-inositol by phosphatidylinositol synthase (PIS) on ER or ER derived membranes to form PI (Figure 9; [START_REF] Kim | A highly dynamic ER-derived phosphatidylinositol-synthesizing organelle supplies phosphoinositides to cellular membranes[END_REF] 

b. Phosphatidylinositol is distributed to various membranes

Once PI synthesis is complete, PI is distributed throughout the cell membranes, presumably via vesicular trafficking (Balla, 2013) and predominantly via non-vesicular lipid transfers mediated by several PI Transfer Proteins (PITPs) such as Secretory protein 14 (Sec14p) and Pyk2 N-terminal domaininteracting receptor 2 (Nir2), that act at ER-plasma membrane contact site or ER-TGN contact sites respectively, and exchange PI for phosphatidic acid or for phosphatidylcholine respectively (Figure 9; [START_REF] Kim | Phosphatidylinositol-Phosphatidic Acid Exchange by Nir2 at ER-PM Contact Sites Maintains Phosphoinositide Signaling Competence[END_REF][START_REF] Bankaitis | Phosphatidylinositol Synthase and Diacylglycerol Platforms Bust a Move[END_REF][START_REF] Bankaitis | The Sec14-superfamily and mechanisms for crosstalk between lipid metabolism and lipid signaling[END_REF].

c. Kinases and phosphatases synthesise and interconvert phosphoinositides

At various cell membranes, PI is phosphorylated into phosphophoinositides by kinases, and from then on, phosphoinositides can be interconverted into one another by phosphoinositide-kinases and phosphatases.

Phosphoinositide kinases specifically catalyse the esterification of one the three possible hydroxyl group on the inositol ring (positions 3', 4', or 5'). Depending on this activity, they are termed 3-kinases, 4kinases, and 5-kinases. Phosphoinositide kinases also have limited substrate specificity, and may only phosphorylate one (or few) phosphoinositides species (Figure 10A). On the contrary, phosphoinositidephosphatases hydrolyse ester bonds between phosphates groups and the inositol head of phosphoinositides. Similarly, there are 3-phosphatases, 4-phosphatases, and 5-phosphatases, each with various substrate specificity (see II. B. 2.; Figure 10A). Therefore, phosphoinositide-kinases andphosphatases can rapidly convert phosphoinositides species into one-another.

Also, phospholipases C (PLCs) can hydrolyse phosphoinsotides into DAG and I (3,4,5)P3 (Figure 10B). However, in these cases, interconversions are not possible.

Phosphoinositide kinases can be referred to as anabolic enzymes of phosphoinositide metabolism, whereas phosphoinositide-phosphatases and -phospholipases can be referred to as catabolic ones.

d. Phosphoinoitides remain on cytosolic leaflets of membranes

Phosphosphoinositides cannot be immunodetected without cell permeabilisation, and fluorescent probes (biosensors) expressed in the cytosol can bind them (see I. C. 3. a.). Therefore, phosphoinositides are present in the cytosolic leaflet of the endomembrane system (plasma membrane and single membrane organelle). PI (4,5)P2 and PI4P localisation in animal plasma membrane cytoplasmic leaflet, but not in the extracellular leaflet, was confirmed by advanced electron microscopy techniques (see I. C. 3. a. ii.;[START_REF] Yoshida | Nanoscale analysis reveals agonist-sensitive and heterogeneous pools of phosphatidylinositol 4-phosphate in the plasma membrane[END_REF][START_REF] Fujita | A distinct pool of phosphatidylinositol 4,5-bisphosphate in caveolae revealed by a nanoscale labeling technique[END_REF]. This is consistent with their synthesis in the cytosolic leaflet of the ER membrane, and the lack a flippase or scramblase able to facilitate leaflet exchanges of phosphoinositides.

Please note however, that other derivatives of PI can be flip-flopped, like for instance precursor of glycosylphosphatidylinosiltol (GPI) anchors, which derive for PI as well, but localise on luminal / extracellular leaflets of membranes. In GPI anchor synthesis, after PI synthesis on the cytosolic leaflet of the ER membrane, PI is conjugated to N-acetylglucosamine before being flip-floped to the luminal leaflet [START_REF] Fujita | GPI-anchor remodeling: Potential functions of GPI-anchors in intracellular trafficking and membrane dynamics[END_REF].

e. Phosphoinositides impact the properties of membranes

Phosphoinositides are low abundant lipids in biological membranes. However, they directly impact membranes properties. First, phosphosphoinositides polar head is negatively charged due to the presence of phosphates groups (Figure 6 and8). Phosphatidylinostitol-phosphate species (PI3P, PI4P, PI5P) possess three negative charges, whereas PIP2 species possess four negative charges. In human cells, PI (4,5)P2 is mainly responsible for the highly negative membrane surface charge of plasma membrane cytosolic leaflet (Bigay and Antonny, 2012;Hammond et al., 2012;Won et al., 2006). In plants cells, the plasma membrane surface charge is as well the most electronegative, but instead of PI(4,5)P2, it is PI4P, in collaboration with phosphatidylserine (PS) and phosphatidic acid (PA), that is responsible for it (Platre et al., 2018;Simon et al., 2016). This discrepancy is consistent with plant plasma membrane comprising 10:1 PI4P:PI(4,5)P2 ratio compared to 1:1 or 1:2 rations in animal plasma membranes (Yang et al., 2007;[START_REF] Cunningham | Phosphatidylinositol transfer protein dictates the rate of inositol trisphosphate production by promoting the synthesis of PIP 2[END_REF]. Second, phosphoinositides large and charged polar heads generate steric constrains that induce convex membrane curvature (Bigay and Antonny, 2012).

Consistently, phosphoinositides are mainly found in membranes where curvature and electrostatic constitute the main biophysical cues for membrane protein recruitment (Golgi, TGN, endosomes, lysosomes, vacuole and plasma membrane; see I. C. 3.).

Each membrane is differentially enriched in phosphoinositides

a. Various assays are used to determine phopshoinositides subcellular localisations

i. Imaging of phosphoinositides by immunofluorescence

Antibodies raised against all phosphoinositides, except PI5P, are available to the community (Idevall-Hagren and De Camilli, 2015). These can serve as primary antibodies on fixed and permeabilised cells, and can be in turn detected by secondary antibodies fused to fluorescent compounds. Such method proved useful and efficient to identify membranes enriched in a given phopshoinositide species [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]. Detection of phosphoinositides via immunofluorescence is especially relevant when alternative methods (in particular genetically encoded fluorescent biosensor, see I. C. 3. a. iii.) cannot be used, for instance on tissue samples from patients (Idevall-Hagren and De Camilli, 2015). A drawback of this method is that it requires fixing cells, and thus solely gives a snapshot blind to rapid and transient changes in phosphoinositides localisation and amounts. Also, proper chemical fixation and permeabilisation protocols must be found in order to prevent membrane lipids to diffuse and therefore subsequent staining artefact (Hammond et al., 2009a). For example, using immunolocalisation, PI4P can be detected either at the surface of the Golgi or the plasma membrane depending on the fixation procedure, but never on both membranes at the same time (Hammond et al., 2009a).

ii. Imaging of phosphoinositides by immunoelectron 38icroscopy

Recently, an article described immunodetection of PI4P and PI(4,5)P2 using antibodies crosslinked to gold particles, and scanning electron microscopy (SEM; [START_REF] Yoshida | Segregation of phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate into distinct microdomains on the endosome membrane[END_REF]. They physically fixed membrane components by quick-freezing, and freeze-fractured samples, splitting membranes at the leaflets interface. After casting, replica had therefore lipid polar head groups accessible for antibody labelling. This method allows identifying membranes via organelle morphology and/or immunodetection of markers. It also give access to the cytosolic leaflet, which is relevant for phosphoinositides [START_REF] Yoshida | Segregation of phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate into distinct microdomains on the endosome membrane[END_REF][START_REF] Yoshida | Nanoscale analysis reveals agonist-sensitive and heterogeneous pools of phosphatidylinositol 4-phosphate in the plasma membrane[END_REF][START_REF] Fujita | A distinct pool of phosphatidylinositol 4,5-bisphosphate in caveolae revealed by a nanoscale labeling technique[END_REF]. Finally, this technique has a nanometerscaled resolution, making possible to observed putative organisation of phosphoinositides in microdomains [START_REF] Yoshida | Segregation of phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate into distinct microdomains on the endosome membrane[END_REF].

iii. Imaging of phosphoinositide by genetically encoded biosensors

Development of genetically-encoded phosphoinositide biosensors constituted a breakthrough in the field, allowing especially addressing the subcellular localisation of phosphoinositides in vivo.

Phosphoinositide biosensors are made of at least two modules: (i) a lipid binding domain (LBD) that specifically binds to one (or few) phosphoinositide species, and (ii) a domain that can be detected.

Genetically-encoded biosensors have been extensively discussed in recent reviews [START_REF] Wills | Genetically encoded lipid biosensors[END_REF]Platre and Jaillais, 2016;Hammond and Balla, 2015), and I will therefore focus on their main features. one or several phosphoinositides fused to a fluorescent protein (Figure 11A). Many LBDs have been successfully used to image most of phosphoinositide species in animal, yeast and plant cells (see Table 1 for few examples relevant for this manuscript; [START_REF] Wills | Genetically encoded lipid biosensors[END_REF]Hammond and Balla, 2015;Simon et al., 2014). Fluorescent biosensors allow simultaneous imaging of other fluorescent proteins. Biosensors are also suitable for live imaging with increased time resolution using spinning disc microscopes for instance, which allows following transient and rapids changes.

Lipid

Lipid Binding Domain

Specificity to one phosphoinositide species? (organism)

Coincidence detection?

Reference and/or reviewed in PI(4,5)P2 PH PLC (from rat or human PLCδ1)

Yes

No [START_REF] Wills | Genetically encoded lipid biosensors[END_REF]Simon et al., 2014;Watt et al., 2002;[START_REF] Várnai | Visualization of phosphoinositides that bind pleckstrin homology domains: Calcium-and agonist-induced dynamic changes and relationship to myo-[3H]inositol-labeled phosphoinositide pools[END_REF]) TUBBYc (C-terminal of mouse Tubby)

No, binds PI (3,4)P2 and PI (3,4,5)P3 (animal cells)

Yes (plant cells)

No [START_REF] Wills | Genetically encoded lipid biosensors[END_REF]Simon et al., 2014;[START_REF] Quinn | Monitoring changes in membrane phosphatidylinositol 4,5bisphosphate in living cells using a domain from the transcription factor tubby[END_REF] 

PI4P

P4M SidM (from Legionella pneumophila SidM)

Yes

No (Simon et al., 2016;Brombacher et al., 2009) PH FAPP1 (from human FAPP1)

No, binds PI(4,5)P2 Yes, binds ARF1 (Simon et al., 2014;[START_REF] Balla | A Plasma Membrane Pool of Phosphatidylinositol 4-Phosphate Is Generated by Phosphatidylinositol 4-Kinase Type-III Alpha: Studies with the PH Domains of the Oxysterol Binding Protein and FAPP1[END_REF][START_REF] Godi | FAPPS control Golgi-to-cell-surface membrane traffic by binding to ARF and PtdIns(4)P[END_REF])

PH FAPP1-E50A (E50A mutation reduces FAPP1 - ARF1 interaction)
No, binds PI(4,5)P2 Weakly binds ARF1 (Simon et al., 2016) PI3P FYVE HRS (from mouse HRS) Yes No (Simon et al., 2014;[START_REF] Vermeer | Visualization of PtdIns3P dynamics in living plant cells[END_REF][START_REF] Gillooly | Localization of phosphatidylinositol 3-phosphate in yeast and mammalian cells[END_REF]) PS C2 Lact (from cow Lactadherin)

Yes

No (Platre et al., 2018;[START_REF] Laetitia | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants Membrane Identity and Signalling in Plants[END_REF][START_REF] Maeda | Interactome map uncovers phosphatidylserine transport by oxysterol-binding proteins[END_REF] Table 1. Few examples of lipid binding domains used in fluorescent biosensors. PS: phosphatidylserine.

When using phosphoinositide biosensors, it is critical to remember that lipids are not directly imaged. For instance, in the absence of the lipid, biosensor will still be expressed but will no longer be recruited to a membrane and will adopt its default localisation (usually cytosolic; Figure 11A).

As every technique, the use of lipid biosensors has some drawbacks. Biosensors might sequester the phosphoinositides they bind, which would no longer be accessible for endogenous partners [START_REF] Heilmann | Phosphoinositide signaling in plant development[END_REF]. For instance, overexpression of PI (4,5)P2 biosensors actually interfered with cellular processes [START_REF] Field | PtdIns(4,5)P2 functions at the cleavage furrow during cytokinesis[END_REF]. Also, phosphoinositides already bound to endogenous proteins will not be seen. To overcome these issues, it is critical to express biosensors at reasonable levels and to check that no obvious phenotypes arose from their expression. It is also good to use biosensors with sufficiently low affinity/avidity so that interaction with the lipid is transient enough (see Platre and Jaillais (2016) for more details). Overall, using several independent biosensors that recognising the same phosphoinositide is critical to avoid mis-interpretations.

β. Assessment of phosphoinositide subcellular localisation with generic biosensors and electron microscopy Generic biosensors and regular confocal microscopy sometimes does not provide sufficient spatial resolution. It this particular cases, phosphoinositide biosensors can be used for transmitting electron microscopy (TEM). GFP-PH PLC has for instance been detected by immunolabelling using anti-GFP antibodies coupled to gold beads, providing better resolution that optical microscopy (Watt et al., 2002).

γ. Assessment of phosphoinositide amounts with generic fluorescent biosensors Also, lipid biosensors are believed to be more stable when bound to a membrane than when soluble in the cytosol, which is their default localisation in the absence of their cognate lipid (Platre and Jaillais, 2016). Indeed, in Arabidopsis pss1 mutant that lacks the only plant phosphatidylserine synthase, and therefore lacks phosphatidylserine (PS), the mCIT-C2 Lact PS biosensor is solubilized and less stable than in wild-type (WT) plants, in which it is recruited to membranes (Platre et al., 2018). Studies carried out in Arabidopsis and in BY-2 tobacco cells strengthen this interpretation, as NaCl or drug (U-73122)-induced increase in PI(4,5)P2 levels correlated with stabilisation of PH PLC PI(4,5)P2 biosensor, that was also less soluble (Lee et al., 2019;[START_REF] Van Leeuwen | Visualization of phosphatidylinositol 4,5-bisphosphate in the plasma membrane of suspension-cultured tobacco BY-2 cells and whole Arabidopsis seedlings[END_REF]. Stanislas et al. (2018) used this hypothesis and performed quantitative three-dimentional imaging to show a phosphoinositide patterning at the tissue level in shoot apical meristem. Indeed, cells in the boundaries between the central zone and newly formed primordia displayed brighter fluorescence from mCIT-P4M SidM PI4P biosensor and mCIT-PH PLC PI(4,5)P2 biosensor, but not of membrane dye FM4-64. They showed that PI4P and PI (4,5)P2 levels are increased in regions that are curved, possibly participating in signaling of and/or response to mechanical stress (Stanislas et al., 2018). Therefore, quantitative imaging of biosensors allows inferring phosphoinositide levels in a given cell. Similarly, a thermo-sensitive allele of Sac1 (Sac1 ts ) in Drosophila melanogaster led to higher stability of mRFP-PH FAPP1 PI4P biosensor at restrictive temperature, consistently with Metazoan Sac1 PI4P 4-phosphatase activity (Del Bel et al., 2018).

Taken together, these results substantiate possible use of generic fluorescent biosensors as tools to estimate phosphoinositide levels, and not only their subcellular localisation.

δ. Assement of phosphoinositide localisation and levels with FRET biosensors

Förster Resonance Energy Transfer (FRET) is the energy transfer between light-sensitive molecules close to each other. A fluorophore, when excited by a photon, re-emit a photon of lower energy (larger wavelength) and heat (fluorescence). However, if a compatible other fluorophore is close enough, the excited fluorophore can transmit its excitatory state to the second, and the second fluorophore will then emit a photon (of even larger wavelength).

This principle has been taken advantaged of to design sensitive phosphoinositide sensors.

Intermolecular FRET systems use fluorophores present on different molecules. Both can be fused to the same phosphoinositide binding domain, and FRET will occur above a threshold concentration of this phosphoinositide that recruit enough of these sensors (Figure 11B). Alternatively, one fluorophore can be anchored to a given membrane, and allow recording of phosphoinositide detection specifically at this membrane (Figure 11B). Other strategies rely on intramolecular systems, where both fluorophores are on the same molecule. Classically, these sensors are targeted at a membrane and possess a phosphoinositide binding domain (LBD). Upon binding of the LBD to its matching phosphoinositide, both fluorophore will be brought closer, or adopt a conformation favouring FRET (Figure 11C; (Idevall-Hagren and De Camilli, 2015).

FRET sensors are more sensitive than generic sensors, which for instance give signal output even when not bound to phosphoinositides. For instance, intermolecular FRET biosensors allowed quantitative estimation of the level of a PI (4,5)P2 at the plasma membrane of animal cells [START_REF] Keum | Erratum: Phosphoinositide 5-and 3phosphatase activities of a voltage-sensing phosphatase in living cells show identical voltage dependence (National Academy of Sciences[END_REF]Falkenburger et al., 2010), and intramolecular FRET biosensors made possible quantification of changes in PI (3,4,5)P3, PI(4,5)P2, and PI (3,4)P2 levels [START_REF] Ratzan | The voltage sensing phosphatase (VSP) localizes to the apical membrane of kidney tubule epithelial cells[END_REF][START_REF] Khuong | Synaptic PI(3,4,5)P3 Is Required for Syntaxin1A Clustering and Neurotransmitter Release[END_REF]. One drawback of FRET sensors is that they requires the use of two laser channels, reducing the possibilities of concomitant imaging of other fluorescent proteins.

Overall, phosphoinositide biosensors are useful tools to assess both subcellular localisation and levels of phosphoinositides. Their relevance especially comes from suitability of fluorescent biosensors for live imaging. No phosphoinositide FRET biosensor have been reported so far in plant cells, but their development likely only is a matter of time as for instance a phosphatidic acid FRET sensor got recently published in Arabidopsis thaliana (Li et al., 2019).

b. Phosphoinositides are differentially enriched in cell membranes

The various tools described above allowed mapping phosphoinositide distribution in the various membranes of animal, yeast and plant cells. It is striking that each membrane is differentially enriched in various phosphoinositide species.

In plant cells, PI (4,5)P2 is restricted at the plasma membrane, which also contains the main pool of PI4P (Simon et al., 2016(Simon et al., , 2014)). The TGN membrane contains the second pool of PI4P, therefore defining a gradient of PI4P along distal endocytic pathway (Simon et al., 2016(Simon et al., , 2014)). Late endosomes / Multivesicular Bodies membranes mainly contain PI3P, and possibly PI (3,5)P2, and PI3P is the main phosphoinositide at autophagosome membranes and tonoplast (Figure 12; Noack and Jaillais, 2017;Simon et al., 2014). Finally, the cell plate, which is an organelle specific to cytokinesis, has a membrane highly enriched in PI4P (like the plasma membranes it will eventually become) but is devoid of PI(4,5)P2 (Simon et al., 2016).

In animal cells, the plasma membrane contains PI (4,5)P2 and a minor pool of PI4P (Platre and Jaillais, 2016;Hammond et al., 2009a;Watt et al., 2002). PI (3,4,5)P3 can also be found at the plasma membrane locally [START_REF] Ajith Karunarathne | Optical control demonstrates switch-like PIP3 dynamics underlying the initiation of immune cell migration[END_REF]. Endocytic vesicles and early endosomes membranes mainly comprise PI3P. TGN and Golgi apparatus main phosphoinositide is PI4P (Hammond et al., 2009a). Late endosomes / multivesicular bodies membranes contain PI3P, PI (3,5)P2 and a minor pool of PI4P (Hammond et al., 2014). Finally lysosome membrane contain mostly PI (3,5)P2, but also a minor pool of PI4P (Hammond et al., 2014;Figure 12). A minor pool of PI (4,5)P2 may sit in endocytic vesicles and early endosomes as well (see II. E. 2.).

In Saccharomyces cerevisae, the plasma membrane contains PI(4,5)P2 and PI4P. Like in animal cells, endosomes membrane is enriched in PI3P. The TGN and trans-Golgi membranes mainly comprise PI4P.

Eventually, the outer membrane of the vacuole comprise PI (3,5)P2 (Figure 12).

Overall, phosphoinositide differential accumulation generates a landmark code distinguishing a large portion of endomembranes, and especially those of organelle sitting "between" the Golgi and the plasma membrane in term of vesicular trafficking. There is some degree of conservation among Eukaryotes apparently, with for instance PI (4,5)P2 being restricted at the plasma membrane. However, many membranes adopt different phosphoinositide composition depending on the type of organism, with for instance opposite PI4P pools between animal and plant cells. This does not necessarily means membrane properties are as well different, as for instance both animal and plant plasma membrane as highly electronegative, but not thanks to the same phosphoinositide (Simon et al., 2016;Ma et al., 2017;Hammond et al., 2012).

Take home message from I.

Biological membranes are dynamic structures made of proteins and lipids. Plasma membrane and membranes from single membrane organelles (id est the endomembrane system) exchange material via vesicular and non-vesicular transports. Among membrane lipids, phosphoinositides sit in the cytoplasmic leaflet of many membranes, and are easily converted into one another by phosphoinositide-kinases andphosphatases. The low abundant lipids are "tiny players with giant impacts" (Balla, 2013), as they control membrane identity and biophysic properties.

Interestingly, membranes retain their phosphoinositide composition despite extensive exchanges between them. This apparent paradox can be partially explained by comprehensive analysis of phosphoinositide-phosphatases actions (see II.).

II. PHOPHOINOSITIDE PHOSPHATASES CONTROL ENDOGENOUS CELL PROCESSES THROUGH PHOSPHOINOSITIDES

Phosphoinositides fast and easy inter-conversions make them suitable lipids to participate to fast cellular processes. The levels of phopshoinositide species at a given membrane depend on their transport by lipid transfer protein, their synthesis finalised by phosphoinositide kinases and/or phosphatases, and their hydrolysis by phospholipases and phosphoinositide phosphatases. In this second part of the introduction, I will focus on endogenous biological functions fulfilled by phosphoinositide phosphatases, and how theses enzymes achieved these roles. Except from paragraphs A. and B., rather than an exhaustive panorama, concepts will be illustrated by few examples. They will be mostly taken from Saccharomyces cerevisiae (Eumycota Ascomycota, hereafter often referred to as "yeast"), animal cultured cells from human (Homo sapiens, Metazoa Mammal) and Drosophila melanogaster (Metazoa Insect), and plant cells from Arabidopsis thaliana (Archaeplastida Angiosperm). Please note that I will not review phosphoinositide phospahatases present in proteomes of some Procaryotes that secrete them in the Eukaryotic cells that they parasite.

A. Eukaryotes' proteomes comprise several phosphoinositidephosphatases

Eukaryotes membranes comprise various phosphoinositide species, and therefore Eukaryotes proteomes must comprise a corresponding set of phosphoinositide kinases and phosphoinositide phosphatases, allowing their synthesis and dephosphorylation (see I. C. 4.). Indeed, several families of phosphoinositide phosphatases exist in plant, animal, and fungi cells. Suppressor of actin 1 protein (Sac1p) from S. cerevisiae is the founding member of the family (Hsu and Mao, 2015). It was identified in two independent genetic screens for modifiers of actin defects and secretion defects respectively [START_REF] Cleves | Mutations in the SAC1 gene suppress defects in yeast Golgi and yeast actin function[END_REF][START_REF] Novick | Suppressors of yeast actin mutations[END_REF]. Sac1p is composed of the so-called SAC (or Sac1, or Sac1-like) domain responsible for the phosphoinositide phosphatase activity, and of two C-terminal transmembrane segments (Guo et al., 1999a;Manford et al., 2010b). The SAC domain was then identified in additional proteins found in yeast and animals. Like some others phosphoinositide phosphatases domains, the SAC domain includes a CX5R catalytic motif (Hsu and Mao, 2013).

SAC family of phosphoinositide phosphatases

In yeast, in addition to Sac1p, there are four SAC phosphoinositide phosphatases. Sac3p/Fig4p possesses the SAC phosphatase domain (Hsu and Mao, 2015). Synaptojanin-like proteins Inp51p/Snjl1p, Synaptojanins and their yeast homologs also comprise a 5TPase domain.

Inp52p/Sjl2p and Inp53p/Sjl3p belong to both SAC and 5PTases families as they possess a N-terminal SAC domain as well as a C-terminal 5PTase domain (Figure 13; [START_REF] Stolz | Identification and characterization of an essential family of inositol polyphosphate 5-phosphatases (INP51, INP52 and INP53 gene products) in the yeast Saccharomyces cerevisiae[END_REF].

In Mammals (e.g. Homo sapiens), there are five SAC phosphatases. Sac1 is homologous to yeast Sac1p and has a similar molecular organisation. Sac2/INPP5F possesses a unique Homology of Sac2 (HSac2) domain, and a C-terminal Proline-rich region. Mammalian Sac3/Fig4 is homologous and similarly organised to yeast Sac3p/Fig4p. The last two SAC phosphatases in Mammals are Synaptojanin-1 and -2, which like yeast synaptojanin-like proteins, also are 5PTase phosphatases. In addition, they bear a RBD (RNA binding domain) and a proline-rich domain (Figure 13; Hsu and Mao, 2015).

There are nine SAC phosphoinositide phosphatases in Arabidopsis (Zhong and Ye, 2003), and SAC proteins have been reported in additional Angiosperms including rice (Guo et al., 2019). In Arabidopsis, this family is composed of three clades: (i) AtSAC1/FRA7, AtSAC2, AtSAC3, AtSAC4, and AtSAC5 are homologous to yeast Sac3p/Fig4p form the subgroup I, in which AtSAC2-5 constitute a subclade that likely formed after land plant diversification; (ii) the subgroup II is composed of AtSAC6, AtSAC7/RHD4 (ROOT HAIR DEFECTIVE 4) and AtSAC8 that are homologous to yeast Sac1p with which they share two C-terminal transmembrane segments, making them integral membrane proteins; (iii) AtSAC9 has no homologs in S. cerevisiae, and possesses a long C-terminal region (~1130 amino acids) including a putative WW domain and an intrinsically disorganised sequence (CC motif) that both may be involved in protein-protein interactions; AtSAC9 forms alone the subgroup III (Figure 13; Nováková et al., 2014;Zhong and Ye, 2003).

The "5-phosphatase" (5PTase) family of phosphoinositide phosphatases

The inositol polyphosphate 5-phosphatase (5PTase) domain is another phosphoinositide phosphatase domain present in Eukaryotes' proteomes. This domain was initially identified in proteins involved in soluble phosphorylated inositol-phosphate (IP3, IP4) mediated signal transduction [START_REF] Majerus | PTEN Regulates PI(3,4)P2 Signaling Downstream of Class I PI3K[END_REF][START_REF] Connolly | Isolation of a phosphomonoesterase from human platelets that specifically hydrolyzes the 5-phosphate of inositol 1,4,5,-trisphosphate[END_REF]. 5PTases fall into one of four subgroups, with subgroups II to IV comprising enzymes able to dephosphorylate phosphoinositides instead, or in addition, of soluble IPn (Hsu and Mao, 2015).

Yeasts express four 5PTases phosphoinositide phosphatases, among which Synaptojanin-like proteins are 5PTases as well as SAC phosphatases (see II. A. 1.; Figure 14). S. cerevisiae proteome comprises one additional 5PTase acting toward phosphoinositides, Inp54p, which has a C-terminal hydrophobic tail (Figure 14; [START_REF] Wiradjaja | The yeast inositol polyphosphate 5-phosphatase Inp54p localizes to the endoplasmic reticulum via a C-terminal hydrophobic anchoring tail. Regulation of secretion from the endoplasmic reticulum[END_REF][START_REF] Mitchell | Inositol polyphosphate 5-phosphatases: Lipid phosphatases with flair[END_REF].

In Mammals, the 5PTase family of phosphoinositide phosphatases is ten-member wide (Hsu et al., 2015b). OCRL (OCRL1 in human; also known as Oculocerebrorenal Lowe syndrome protein) is probably the most studied 5PTase, as its mutation is causative of the rare Lowe syndrome and some form of Dent genetic diseases (De Matteis et al., 2017). In addition to the 5PTase domain, OCRL protein possesses a pleckstrin homology (PH) domain, which often bind lipid or protein partners. It also comprises an ASH (ASPM-SPD2-Hydin) domain and an inactive Rho-GAP domain (Rho GTPase Activating Protein). OCRL possesses as well two clathrin-binding motifs (CB for Clathrin Box) located in the PH and the Rho-GAP domains (Hsu and Mao, 2015;[START_REF] Mao | A PH domain within OCRL bridges clathrin-mediated membrane trafficking to phosphoinositide metabolism[END_REF][START_REF] Attree | The Lowe's oculocerebrorenal syndrome gene encodes a protein highly homologous to inositol polyphosphate-5-phosphatase[END_REF]; Figure 14).

INPP5B shares all of OCRL domains, with the exception of lacking CB motifs present in OCRL and the addition of a C-terminal CAAX lipid-anchor motif that OCRL does not comprise (Hsu and Mao, 2015;[START_REF] Jefferson | Properties of type II inositol polyphosphate 5-phosphatase[END_REF]. Animal cells also express the highly similar SHIP1 (Src homology 2 (SH2)- 14; Hsu and Mao, 2013).

domain
Plant cells proteomes as well comprise 5PTases phosphoinositide phosphatases. In Arabidopsis, there are fifteen 5PTases, among which only a fraction had their activity assessed [START_REF] Jia | The Function of Inositol Phosphatases in Plant Tolerance to Abiotic Stress[END_REF]. Future studies may therefore add other plant 5PTases to the members of that family known to dephosphorylate phopshoinositides. At5PTase6/CVP2 (COTYLEDON VASCULAR PATTERN 2) and its close homolog At5PTase7/CVL1 (CVP2 Like 1) possess a C-terminal 5PTase domain and a serine rich region absent from other 5PTases (Figure 14; Carland and Nelson, 2009). At5PTase15/FRA3 is a 1101 amino acids protein comprising a 5PTase domain in C-ter, and six N-terminal WD repeats forming a WDdomain (Figure 14; Zhong et al., 2004). In addition, At5PTase1, At5PTase2, AtTPase9 (Golani et al., 2013), as well as AtPTase11 which only possesses a 5PTase domain [START_REF] Ercetin | Molecular characterization of an Arabidopsis gene encoding a phospholipid-specific inositol polyphosphate 5-phosphatase[END_REF] were identified as being able to dephosphorylate phosphoinositides (Figure 14).

PTEN family of phosphoinositide phosphatases

PTEN (Phosphatase and tensin homolog located on chromosome TEN) phosphoinositide phosphatase was initially identified as tumor suppressor and a tyrosine phosphatase [START_REF] Maehama | PTEN: A tumour suppressor that functions as a phospholipid phosphatase[END_REF][START_REF] Sci | PTEN , a Putative Protein Tyrosine Phosphatase Gene Mutated in Human Brain , Breast , and Prostate Cancer[END_REF]. Homologs of this human enzyme exist in other animals, in plants and in yeast.

PTEN and its homolgs possess a CX5R catalytic motif.

The canonic human PTEN possesses a N-terminal PTEN phosphatase domain followed by a C2 domain involved in lipid binding, and a C-terminal PDZ-B (PDZ domain binding sequence) motif (Figure 15; Hsu and Mao, 2015). Four PTEN homologs are known in Mammals: TPTE (Transmembrane Phosphatase with Tensin Homology) which is catalytically inactive, and TPIP. Both share with PTEN phosphatase and C2 domains, and in addition start by three transmembrane segments (Figure 15;

PTEN and PTEN-like phosphoinositide-phosphatase organism . PTEN family of phosphoinositides-phosphatases. These phosphatases possess a PTEN phosphatase domain. Sometimes, they also include a C2 domain, transmembrane domains (TM), and/or voltage sensitive domain (VSD). [START_REF] Chen | A testisspecific gene, TPTE, encodes a putative transmembrane tyrosine phosphatase and maps to the pericentromeric region of human chromosomes 21 and 13, and to chromosomes 15, 22[END_REF][START_REF] Walker | TPIP: A novel phosphoinositide 3-phosphatase[END_REF]Hsu and Mao, 2015). Interestingly, the VSP (Voltage Sensitive Phosphatase) discussed later in this introduction, including HsVSP1 and HsVSP2, also are PTEN homologs. They lack PTEN C-terminus, but instead have a N-terminal VSD (Voltage Sensitive Domain) composed a transmembrane alpha helixes (see III. D. 2.; Figure 15; [START_REF] Kawanabe | The hydrophobic nature of a novel membrane interface regulates the enzyme activity of a voltage-sensing phosphatase[END_REF].

TEP1 is a yeast homolog of PTEN. Even though TEP1 activity toward phosphosphoinositides was not assessed, indirect evidence suggest its activity likely is preserved [START_REF] Heymont | TEP1, the yeast homolog of the human tumor suppressor gene PTEN/MMAC1/TEP1, is linked to the phosphatidylinositol pathway and plays a role in the developmental process of sporulation[END_REF].

In Arabidopsis, three PTEN homologs have been reported so far: AtPTEN1 [START_REF] Gupta | A tumor suppressor homolog, AtPTEN1, is essential for pollen development in Arabidopsis[END_REF], AtPTEN2a and AtPTEN2b [START_REF] Pribat | A novel class of PTEN protein in Arabidopsis displays unusual phosphoinositide phosphatase activity and efficiently binds phosphatidic acid[END_REF]. AtPTEN1 molecular organisation mimics human PTEN, with only phosphatase and the C2 domains being a little bit less homologous. AtPTEN2a and AtPTEN2b also share these two domains, but are larger proteins (Figure 15; [START_REF] Pribat | A novel class of PTEN protein in Arabidopsis displays unusual phosphoinositide phosphatase activity and efficiently binds phosphatidic acid[END_REF].

Myotubularin family of phosphoinositide phosphatases

Myotubularin (MTM) family of phosphoinositide phosphatases is highly conserved among Eukaryotes. MTM1, their founding member, was first identified in patients with hereditary myopathy [START_REF] Laporte | A gene mutated in X-linked myotubular myopathy defines a new putative tyrosine phosphatase family conserved in yeast[END_REF].

There are fifteen MTM phosphoinositide phosphatases in Mammals, termed MTM1 and MTMR1 (MTM1 Related 1) to MTMR14. They share a PH-GRAM (Pleckstrin-Homology Glucosyl-transferase Rab-like GTPase Activator and Myotubulularin) domain and coil-coiled (CC) region (except MTMR14), and the PTP (Protein Tyrosine Phosphatase) domain hereafter termed "MTM phosphatase domain" to avoid confusion as its actual substrates are phosphoinositides [START_REF] Blondeau | Myotubularin, a phosphatase deficient in myotubular myopathy, acts on phosphatidylinositol 3-kinase and phosphatidylinositol 3-phosphate pathway[END_REF]Hsu and Mao, 2015). phosphatase domains catalytically dead (Figure 16; Hsu and Mao, 2015).

There is one MTM phosphatase in S. cerevisiae (YMR1/YJR110W) and Schizosaccharomyces pombe (NP_593789). Both include a N-terminal PH-GRAM domain and a C-terminal MTM phosphatase domain that is functional (Figure 16; [START_REF] Kerk | A phylogenetic survey of myotubularin genes of eukaryotes: Distribution, protein structure, evolution, and gene expression[END_REF].

Concerning plants, either one (Vitis, Shorgum) or two (Arabidopsis, Populus, rice) MTM phosphoinositide phosphatases have been identified in Angiosperms [START_REF] Kerk | A phylogenetic survey of myotubularin genes of eukaryotes: Distribution, protein structure, evolution, and gene expression[END_REF][START_REF] Ding | Divergent functions of the myotubularin (MTM) homologs AtMTM1 and AtMTM2 in Arabidopsis thaliana: Evolution of the plant MTM family[END_REF]. As Physcomitrella genome encodes two MTMs, it is likely that Hemitracheophytes, including Angiosperms, initially had two MTM genes, one of which got lost in some species [START_REF] Kerk | A phylogenetic survey of myotubularin genes of eukaryotes: Distribution, protein structure, evolution, and gene expression[END_REF]. Plant MTMs have a N-terminal PH-GRAM domain followed by a C-terminal MTM phosphatase domain. Also, except for one truncated and non-functional MTM in rice (Oryza sativa) and Vitis, other land plant MTMs identified by [START_REF] Kerk | A phylogenetic survey of myotubularin genes of eukaryotes: Distribution, protein structure, evolution, and gene expression[END_REF] 

"4-phosphatase" (4TPase) family of phosphoinositides phosphatases

Mammalian genomes encode two atypical phosphatases that share homology with each other: INPP4A and INPP4B. Theses phosphoinositide phosphatases are organised as follows: a N-terminal C2 domain, that might bind lipid partners, a central structured but unknown domain, and a C-terminal phosphatase domain (Hsu and Mao, 2015).

B. Phosphoinositide phosphatases display specific activities

Identifying that a phosphoinositide phosphatase belongs to a given family may give some clue regarding the phosphoinositide species it dephosphorylates, as for instance 5PTase domains mostly hydrolyse the phospho-ester bounds linking a phosphate group to the fifth hydroxyl group on the inositol ring (5-phosphatase activity). However, other phosphoinositide phosphatase domains from the same family, like the SAC domains, are responsible for different activities, and it is therefore critical to assess which phosphoinositide-s they use as substrate-s.

Various assays are used to determine phosphoinositide-phosphatase activities

a. Lipid content and turn-over in either null mutants or overexpression lines for phosphoinositide phosphatase activity assessment Depletion of an enzyme that catalyses a substrate S conversion into a product P is expect to lead to an increase in S and a decrease in P. This simple reasoning gives first clues on the activity of phosphoinositide phosphatases domains if one is able to titrate phosphoinositide species (that here may be substrates or products). Such titration can be achieved by providing hydrogen or phosphate radioactive isotopes, 3 H or 32 P, to mutants for a phosphoinositide phosphatase. For phosphoinositides labelling, 3 H is providing as 3 H radiolabelled myo-inositol, a precursor of phosphoinositides (see I. C. 1.). During this "pulse", 3 H or 32 P will be incorporated into phosphoinositides, therefore radiolabel them. Then, a lipid extraction followed by a separation by chromatography (two-dimensional chromatography, high performance liquid chromatography (HPLC), and so on) is performed, before revelation of marked lipids. Rivas et al. (1999) used this approach on sac1Δ and wild-type S. cerevisiae and found that loss of SAC1 gene led to a four-fold increase in phosphatidylinositol 4-phosphate (PI4P) levels, suggesting that Sac1p uses PI4P as substrate (Figure 17A). Others successfully used a similar approach in non-yeast organisms, including in mammalian cultured cells [START_REF] Nemoto | Functional characterization of a mammalian Sac1 and mutants exhibiting substrate-specific defects in phosphoinositide phosphatase activity[END_REF] and in Arabidopsis (Thole et al., 2008) where for instance sac9-1 loss of function mutant displays a 3-fold increase in PI (4,5)P2 and a slight decrease in PI4P, suggesting a PI(4,5)P2 5-phosphatase activity for AtSAC9 (Williams et al., 2005).

As of today, such experiments sometimes still are the only clues regarding the activities of some phosphoinositide phosphatases, like for instance for AtSAC9. Nevertheless, one must be careful to avoid overstatements based on the results of these experiments. For instance, AtSAC9 is widely considered in the literature as a PI(4,5)P2 plant phosphatase (Gujas et al., 2017;Im et al., 2014), even though sac9 mutants are constitutively stressed, and as stressed plants accumulate PI(4,5)P2 (Lee et al., 2019;Williams et al., 2005;[START_REF] Van Leeuwen | Visualization of phosphatidylinositol 4,5-bisphosphate in the plasma membrane of suspension-cultured tobacco BY-2 cells and whole Arabidopsis seedlings[END_REF], the accumulation of this phosphoinositide species might result from the stress AtSAC9 loss induces, and not directly for the loss of AtSAC9 enzymatic activity.

b. In vitro assays of phosphoinositide phosphatases activities

In order to get direct evidence for the activity of phosphoinositide phosphatase domains, in vitro assays can be conducted. In vitro assays were conducted using recombinant phosphoinositide phosphatase domains purified from various expression systems (Escherichia coli, S. cerevisiae, S2 cultured insect cells), or after immunoprecititation of the recombinant phosphoinositide phosphatase from lysate of the endogenous organism they are expressed in (Guo et al., 2019;Nakatsu et al., 2015a;Carland and Nelson, 2009;Thole et al., 2008;Guo et al., 1999a).

Once recombinant full-length phosphoinositide phosphatase protein, or phosphoinositide phosphatase domain, are purified, their activity toward phosphoinositides can be assessed. One way to do so is to mix them with radiolabelled phosphoinositides, and then to titrate phosphoinositide species by chromatography (see II. B. 1. a.). Using an adequate reaction mix, providing a substrate will result in consumption of this phosphoinositide species with concomitant appearance of the phosphoinositide species produced. Using such type of assay, Guo et al. (1999) showed that the SAC domains of yeast Sac1p and yeast synaptojanin-like Inp52p/Sjl2p and Inp53p/Sjl3p have PI4P 4-phosphatase, PI3P 3phosphatase, and PI (3,5)P2 phosphatase activity in vitro. For the past decade, another assay that does not requires radioactivity got increased momentum: the malachite green phosphatase assay is based on the colorimetric titration of orthophosphate released upon any phosphoinositide dephosphorylation (Figure 17B; Maehama et al., 2000). It therefore requires using a phosphate free reaction mix. Malachite green phosphatase assays allowed to re-assess the phosphatase activity of human Sac2 in two independent studies, showing that it has a PI4P 4-phosphatase activity in vitro (Hsu et al., 2015a;Nakatsu et al., 2015a), instead of the PI (3,5)P2 and PI (3,4,5)P3 5-phosphatase activity previously published. Malachite green phosphatase assays were as well successfully used with plant phosphoinositide phophatases and showed for example that AtSAC7/RHD4 is a PI4P 4-phosphatase (Thole et al., 2008), that CVP2 and CVL1 are PI(4,5)P2 5-phosphatases (Carland and Nelson, 2009) and that AtSAC1 is a PI(3,5)P2 5-phosphatase (Zhong et al., 2005).

In both types of in vitro assays, phosphoinositide substrates can vary. Water soluble short chain phosphoinositides (di:C8) have been used by themselves (Hsu et al., 2015a;Nakatsu et al., 2015a;Carland and Nelson, 2009;[START_REF] Dong | The inositol 5-phosphatase INPP5K participates in the fine control of ER organization[END_REF]. Sometimes however, either short or long chain phosphoinositides are used in a lipid context, ranging from phosphatydylserine micelles to bona fide liposomes [START_REF] Zhong | Allosteric activation of the phosphoinositide phosphatase Sac1 by anionic phospholipids[END_REF]Maehama et al., 2000).

Eventually, special caution must be observed when using purified recombinant phosphoinositide phosphatases proteins, especially if expressed in Eukaryote expression system, or even in the endogenous organism. For instance, semi purification by immunoprecipitation of tagged human GFP-Sac2 from human cultured cells led to detection of significant PI4P, PI (3,4)P2, PI (4,5)P2 and PI (3,4,5)P3 phosphatase activities in vitro (compared to immunoprecipiation of free GFP). PI (3,4)P2 and PI (4,5)P2 were the more strongly hydrolysed lipids (Figure 17B; Nakatsu et al., 2015). However, only PI4P phosphatase activity was lost in the immunoprecipitate of the catalytically dead GFP-Sac2 D460N (Figure 17B), suggesting that the other activities correspond to accidental co-immunoprecipitation of additional enzymes, that authors indeed detected by Western-Blots (Nakatsu et al., 2015). In the same study, researchers assessed the in vitro activity of GST-Sac2 and GST-Sac2 D460N expressed in Bacteria and purified by affinity chromatography.

As expected, GST-Sac2 only hydrolysed PI4P, and GST-Sac2 D460N did not exhibit any activity. Except for some pathogens bacteria that modulate host PIP metabolism (Hsu and Mao, 2015), only Eukaryotes proteomes comprise phosphoinositide phosphatases. Therefore, the use of Prokaryotes cells for expression of recombinant phosphoinositide phosphatase is more suited.

c. In vivo assays of PIP-phosphatase activities

The development of fluorescent lipid biosensors and their use in various organisms allowed to map phosphoinositide subcellular distribution and constituted a breakthrough in cell biology (see. I. C. 3.

a.). Interestingly, several research groups took advantage of biosensors to assess PIP-phosphatases activities in situ in cultured cells, or even in vivo.

Knocking-down OCRL in human kidney cultured cell lines for instance leads to a relocalisation of GFP-PH PLC , a PI(4,5)P2 biosensor, from the plasma membrane to intracellular puncta. It suggests OCRL endogenously dephosphorylate PI (4,5)P2, that would have gotten delocalised in its absence (see II.

E. 2. for further discussion; Vicinanza et al., 2011). Therefore, biosensor relocalisation upon phosphoinositide phosphatase knock-out (KO), knock-down (KD), or over-expression (OE) constitute clues of that the phosphatase uses the corresponding phosphoinositide species as substrate or product.

Also, as lipid biosensors are more stable when bound to lipids (see I. C. 3. a. iii.; Lee et al., 2019;Platre et al., 2018;Stanislas et al., 2018), quantification of phosphoinositide sensors in wild-type and mutant KO, KD or over-expressing a phosphoinositide phosphatase informs on its activity (Del Bel et al., 2018).

Some groups even designed elegant in situ assays to determine phosphoinositide phosphatase activities. Inp54p is a compact yeast protein. Transfection of mammalian cells with a construct encoding a protein fusion of a lipid-anchor signal sequence (Myristoylation And Palmitoylation or MAP), Inp54p and GFP (MAP-Inp54p-GFP) led to strong decrease in PI(4,5)P2 [START_REF] Raucher | Phosphatidylinositol 4,5-bisphosphate functions as a second messenger that regulates cytoskeletonplasma membrane adhesion[END_REF]. Therefore, Inp54 acts as a PI (4,5)P2 phosphatase in an heterologous system, which reduces likeliness of accidentally recruiting a partner that responsible for the enzymatic activity observed. This study and similar approaches have also been used to study the effect of the depletion of phosphoinositide species (extensively discussed further away in this manuscript, see III. B., C., and D.). Briefly, various genetically encoded systems expressing recombinant phosphoinositide phosphatase domains that are targeted at a membrane (often the plasma membrane) were developed. If addressing the phosphoinositide phosphatase domain at this membrane solubilises a phosphoinositide biosensor that localises to this membrane in control conditions, then is means that the this phosphoinositide was dephosphorylated by the phosphatase (Figure 17C; Lacroix et al., 2011;[START_REF] Costa | Discovery and functional characterization of a neomorphic PTEN mutation[END_REF]. Similar approaches using phosphoinositide FRET biosensors also elucidated the activity of phosphoinositide phosphatases in situ [START_REF] Ratzan | The voltage sensing phosphatase (VSP) localizes to the apical membrane of kidney tubule epithelial cells[END_REF].

Phosphoinositide phosphatases substrate and reaction specificities

Using one or a combination of the assays described above (see II. B. 1.), the in vitro and in vivo phosphatase activities of many phosphoinositide phosphatases were elucidated.

a. Phosphoinositide 5-phosphatases

Among SAC phosphoinositide phosphatases, only the plant specific SAC9 is believed to have a PI (4,5)P2 phosphatase activity via its SAC domain (see II. A. 1. a.; Figure 18; Williams et al., 2005).

AtSAC9 catalytic motif is RxNCxDSLDTN, instead of the RxNCxDCLDTN motif present in AtSAC1-8

and yeast Sac1p (Hsu and Mao, 2013;Zhong and Ye, 2003). The substitution of the second catalytic cysteine might affect substrate specificity allowing a PI(4,5)P2 phosphatase activity absent from other SAC phosphoinositide phosphatases. However, further investigation would be required to confirm this atypical activity a SAC phosphatase domain.

Most 5PTases display a 5-phosphatase activity toward PI(4,5)P2 or PI (3,4,5)P3, suggesting a recognition of the phosphorylation of the fourth inositol hydroxyl group (Figure 18; Hsu and Mao, 2015).

Yeast 5PTase domain of Inp54p and of the synaptojanin-like Inp52p/Sjl2p and Inp53p/Sjl3p have a 5phosphatase activity [START_REF] Liu | Phosphoinositide phosphatases in cell biology and disease[END_REF][START_REF] Raucher | Phosphatidylinositol 4,5-bisphosphate functions as a second messenger that regulates cytoskeletonplasma membrane adhesion[END_REF]. Among Metazoan 5PTase PIPphosphatases, OCRL was shown to be active in vitro on PI (4,5)P2 and PI (3,4,5)P3, and to a lesser extend to PI (3,5)P2 [START_REF] Zhang | The protein deficient in Lowe syndrome is a phosphatidylinositol-4,5-bisphosphate 5-phosphatase[END_REF][START_REF] Schmid | Type II phosphoinositide 5-phosphatases have unique sensitivities towards fatty acid composition and head group phosphorylation[END_REF]. Evidence accumulated over the last two decades showed that in vivo, OCRL dephosphorylates PI(4,5)P2 (Del Signore et al., 2017;[START_REF] Xie | Plasma Membrane Phosphatidylinositol 4,5-Bisphosphate Regulates Ca2+-Influx and Insulin Secretion from Pancreatic β Cells[END_REF][START_REF] Ji | Vesicle Docking Is a Key Target of Local PI(4,5)P2 Metabolism in the Secretory Pathway of INS-1 Cells[END_REF]Guglielmi et al., 2015;Ben El Kadhi et al., 2011;Vicinanza et al., 2011). More generally, INPP5B, OCRL, synaptojanins Synj1 and Synj2, INPP5E/Pharbin function as 5-phosphatases, act mostly or exclusively on PI(4,5)P2 (Hsu and Mao, 2015;[START_REF] Dickson | Golgi and plasma membrane pools of PI(4)P contribute to plasma membrane PI(4,5)P2 and maintenance of KCNQ2/3 ion channel current[END_REF][START_REF] Sohn | PI(4,5)P2 controls plasma membrane PI4P and PS levels via ORP5/8 recruitment to ER-PM contact sites[END_REF][START_REF] Reversi | Plasma membrane phosphoinositide balance regulates cell shape during Drosophila embryo morphogenesis[END_REF].

SHIP1 and SHIP2 are 5-phosphatases as well, but preferentially hydrolyse PI (3,4,5)P3 (Hsu and Mao, 2015;[START_REF] Mills | A synthetic polyphosphoinositide headgroup surrogate in complex with SHIP2 provides a rationale for drug discovery[END_REF]. SKIP was shown to decrease PI (3,4,5)P3 levels in response to insulin, and PIPP dephosphorylated in vitro PI(4,5)P2 and PI (3,4,5)P3 (Hsu and Mao, 2015;Gurung et al., 2003;[START_REF] Ijuin | Identification and characterization of a novel inositol polyphosphate 5-phosphatase[END_REF]Mochizuki and Takenawa, 1999). In plant cells, At5PTase6/CVP2, At5PTase7/CVL1 and At5PTase15/FRA3 were shown to have a PI (4,5)P2 phosphatase activity in vitro (Carland and Nelson, 2009;Zhong et al., 2004). Also, At5PTase1, At5PTase2, At5Pase7/CVL1 and At5PTase9 were shown to have a PI (4,5)P2 and a PI (3,4,5)P3 activity in vitro (Golani et al., 2013). At5PTase11 acted as PI(4,5)P2 5phosphatase in vivo [START_REF] Ercetin | Molecular characterization of an Arabidopsis gene encoding a phospholipid-specific inositol polyphosphate 5-phosphatase[END_REF] Is consistent with a PI(4,5)P2 phosphatase activity in vivo of At5PTase6/CVP2 and At5PTase7/CVL1 (Figure 18; Rodriguez-Villalon et al., 2015).

VSP belong to the PTEN family. Ci-VSP from Ciona intestinalis (Metazoa Urochordata ) was shown to act a 5-phosphatase on PI(4,5)P2 and PI (3,4,5)P3 in response to voltage when expressed in Xenopus oocytes [START_REF] Murata | Depolarization activates the phosphoinositide phosphatase Ci-VSP, as detected in Xenopus oocytes coexpressing sensors of PIP2[END_REF]. One year later, another study confirmed these results and additionally showed that Ci-VSP phosphatase domain could behave as a PI (3,4,5)P3 and a PI(4,5)P2 5phosphatase as well in vitro (see III. D. 2.; Figure 18; [START_REF] Iwasaki | A voltage-sensing phosphatase, Ci-VSP, which shares sequence identity with PTEN, dephosphorylates phosphatidylinositol 4,5-bisphosphate[END_REF].

b. Phosphoinositide 4-phosphatases

Numerous SAC domains confer a 4-phosphatase activity to the proteins they belong to. Yeast Sac1p mammalian homologs, including human Sac1 and its plant homolog AtSAC7/RHD4 all are PI4P 4phosphatase in vivo (Nguyen et al., 2019;Simon et al., 2016;[START_REF] Dickson | Golgi and plasma membrane pools of PI(4)P contribute to plasma membrane PI(4,5)P2 and maintenance of KCNQ2/3 ion channel current[END_REF]Thole et al., 2008). Yeast Sac1p also showed activity toward PI3P and PI (3,5)P2 in vitro (Guo et al., 1999a). Arabidopsis AtSAC6 and AtSAC8, which like AtSAC7/RHD4 are homologs of Sac1p, are believed to share its specificity for PI4P in vivo. Three articles published recently also showed that mammalian Sac2 is as well a PI4P 4-phosphatase in vitro and in vivo (Figure 18; Hsu et al., 2015a;Nakatsu et al., 2015a).

Both members of the 4-phosphatase family in mammals, INPP4A and INPP4B, exhibited an atypical PI(3,4)P2 4-phosphatase activity in vitro after purification from rat brain [START_REF] Norris | Hydrolysis of phosphatidylinositol 3,4-bisphosphate by inositol polyphosphate 4-phosphatase isolated by affinity elution chromatography[END_REF].

c. Phosphoinositide 3-phosphatases

Among SAC phosphoinositide phosphatases, yeast Sac3p/Fig4p was shown to specifically act as a PI(3,5)P2 3-phosphatase [START_REF] Rudge | Vacuole size control: regulation of PtdIns(3,5)P2 levels by the vacuole-associated Vac14-Fig4 complex, a PtdIns(3,5)P2-specific phosphatase[END_REF]. Mutagenesis of its mouse homolog, Sac3/Fig4, led to a multi-organ disorder especially affecting the nervous system. Interestingly, fibroblast of these mice had elevated levels of PI (3,5)P2, strongly suggesting a conserved substrate specificity of Sac3/Fig4 from yeast to Mammals [START_REF] Chow | Mutation of FIG4 causes neurodegeneration in the pale tremor mouse and patients with CMT4[END_REF]. A Arabidopsis homolog, AtSAC1/FRA7, also displayed a specific PI (3,5)P2 phosphatase activity in vitro (Zhong et al., 2005), and indirect evidence as well point to a PI(3,5)P2 5-phosphatase activity of the four others of Sac3p/Fig4p homologs in Arabidopsis (AtSAC2-5):

sac3 sac4 sac5 triple mutant has slightly elevated levels of PI (3,5)P2 (Nováková et al., 2014). However, AtSAC2-5 might be involved in some more complex phosphoinositide regulation as the same study observed that over-expression of either AtSAC2, AtSAC3, or AtSAC4 led to a strong increase in PI(4,5)P2 levels (Figure 18).

Regarding the PTEN family, PTEN acted in vitro as a PI (3,4,5)P3 3-phosphatase in vitro. Also, transfection of catalytically inactive PTEN C124S in human cultured cells led to increased levels of PI (3,4,5)P3, consistent with a dominant negative effect for a PI (3,4,5)P3 phosphatase [START_REF] Maehama | COMMUNICATION : The Tumor Suppressor[END_REF]. PTEN activity got confirmed in vivo using acute voltage dependent activation of the PTEN phosphatase domain in vivo (see III. D. 3.;Lacroix et al., 2011). Recently, PTEN was also shown to also use PI (3,4)P2 as substrate and to process it into PI4P [START_REF] Majerus | PTEN Regulates PI(3,4)P2 Signaling Downstream of Class I PI3K[END_REF].

Eventually, MTMs of which activity was assessed showed a 3-phosphatase activity, apart from MTM proteins that have a MTM phosphatase dead domain (MTMR9/10/11/12 in Mammals; Figure 18; Hsu and Mao, 2015;[START_REF] Blondeau | Myotubularin, a phosphatase deficient in myotubular myopathy, acts on phosphatidylinositol 3-kinase and phosphatidylinositol 3-phosphate pathway[END_REF][START_REF] Laporte | Myotubularins, a large disease-associated family of cooperating catalytically active and inactive phosphoinositides phosphatases[END_REF]. Substrates of these phosphoinositide phosphatases are PI3P and PI (3,5)P2. Regarding plants, Arabidopsis AtMTM1 and AtMTM2 both acted as well as PI3P and PI(3,5)P2 3-phosphatases in vitro, even though (i) PI (3,5)P2 dephosphorylation was more efficient, and (ii) AtMTM1 was way more active than AtMTM2 [START_REF] Ding | Divergent functions of the myotubularin (MTM) homologs AtMTM1 and AtMTM2 in Arabidopsis thaliana: Evolution of the plant MTM family[END_REF]. The only yeast MTM, Ymr1p, was shown to be involved in PI3P regulation together with two synaptojanin-like proteins (Inp52p/Sjl2p and Inp53p/Slj3p; [START_REF] Parrish | Essential Role for the Myotubularin-related Phosphatase Ymr1p and the Synaptojanin-like Phosphatases Sjl2p and Sjl3p in Regulation of Phosphatidylinositol 3-Phosphate in Yeast[END_REF], even though the demonstration relies on Sac1p ability to dephosphorylate PI3P in vivo, which was never desmonstrated.

d. Phosphoinositide-phosphatase specificities and affinities put in perspective

As mentioned above, yeast Sac1 has 3 substrates in vitro (PI3P, PI4P, PI(3,5)P2) but PI4P is its main and likely only endogenous substrate in vivo. This narrower specificity in vivo compared to in vitro studies if often observed with phosphoinositide phosphatases, and may be caused by additional domains of the phosphatase if the phosphoinositide phosphatase domain was studied alone, and/or by partners that in vivo restrict directly the activity if the phosphatase, and/or by distinct subcellular localisations between in vivo phosphatases and phosphoinositide species.

As mentioned above, some phosphoinositide phosphatases do not dephosphorylate the same phosphoinositide species: they have different substrate specificity (Figure 18). This true even inside a given family, with for instance Sac2 and Sac3/Fig4 hydrolysing PI4P or PI (3,5)P2 respectively [START_REF] Chow | Mutation of FIG4 causes neurodegeneration in the pale tremor mouse and patients with CMT4[END_REF]Hsu et al., 2015b;Nakatsu et al., 2015a).

Also, all phosphoinositide phosphatases do not catalyse the dephosphorylation of the same phosphate group, as some are 3-phosphatases, others 4-phosphatases, and others 5-phosphatases: they sometimes have different reaction specificity. Few phosphoinositide phosphatases even share the same substrate specificity but not the reaction specificity, as for instance human PTEN and SHIP1/2 that respectively act as 3-or 5-phosphatases on PI (3,4,5)P3 (Hsu and Mao, 2015;[START_REF] Mills | A synthetic polyphosphoinositide headgroup surrogate in complex with SHIP2 provides a rationale for drug discovery[END_REF][START_REF] Maehama | COMMUNICATION : The Tumor Suppressor[END_REF]Lacroix et al., 2011).

Moreover, several phosphoinositide phosphatases have several substrates. PTEN and Ci-VSP both dephosphorylate PI (3,4,5)P3 and therefore have overlapping substrate specificities. However, PTEN preferentially acts as a PI (3,4,5)P3 (and PI(3,4)P2) phosphatase, whereas Ci-VSP preferentially hydrolyses PI (4,5)P2 [START_REF] Maehama | COMMUNICATION : The Tumor Suppressor[END_REF]Lacroix et al., 2011;[START_REF] Murata | Depolarization activates the phosphoinositide phosphatase Ci-VSP, as detected in Xenopus oocytes coexpressing sensors of PIP2[END_REF][START_REF] Iwasaki | A voltage-sensing phosphatase, Ci-VSP, which shares sequence identity with PTEN, dephosphorylates phosphatidylinositol 4,5-bisphosphate[END_REF]: these enzymes have distinct affinities for the phosphoinositide substrate they share.

Overall, the large number of phosphoinositide phosphatases relatively to the lower number of phosphoinositide species may be of functional importance. Indeed, the variety of substrate and reaction specificities, as well as affinities for phosphoinositides, among phosphoinositides phosphatases, constitute a large "phosphoinositide modifying tool kit" for cells, which may have been selected as it provides versatility. Also, even redundancy in enzymatic activities of phosphoinositide phosphatases may be advantageous for enzymes having distinctive subcellular localisations (see II. C. 2.).

It is also worth mentioning here that mammalian synaptojanins (Synj1/2), and yeast synaptojaninlike (Inp51p/Sjl1p, Inp52p/Sjl2p, Inp53p/Sjl3p) phosphoinositide phosphatases, that comprise both a 5PTase phosphatase domain responsible for a 5-phosphatase activity, mainly directed toward PI(4,5)P2, and a SAC phosphatase domain responsible for a 4-phosphatase activity (Guo et al., 1999b;[START_REF] Woscholski | Synaptojanin is the major constitutively active phosphatidylinositol-3,4,5trisphosphate 5-phosphatase in rodent brain[END_REF][START_REF] Mcpherson | A presynaptic inositol-5-phosphatase[END_REF][START_REF] Cremona | Essential role of phosphoinositide metabolism in synaptic vesicle recycling[END_REF]. These particular enzymes therefore virtually have the ability to sequentially dephosphorylate PI(4,5)P2 into PI4P and then into PI. Such enzymes have not been reported in plants so far.

Few phosphoinositide-phosphatase functions do not required enzymatic activity

A recent and elegant paper even highlighted the possibility for a phosphoinositide phosphatase to affect phosphoinositides independently of its phosphatase activity [START_REF] Mondin | PTEN reduces endosomal PtdIns(4,5)P 2 in a phosphataseindependent manner via a PLC pathway[END_REF]. Depletion of OCRL, a PI(4,5)P2 5-phosphatase, in mammalian cultured cells led to increased levels and mis-localisation of PI(4,5)P2 (Vicinanza et al., 2011). Loss of OCRL also associated with cell division defects, with especially a cytokinesis failure as shown by multinucleated cells that failed to separate their cytoplasm (see II. E. 2. c. i.; [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]Vicinanza et al., 2011). Such phenotypes also occured in Drosophila (3,4,5)P 3 PI4P PI(3,5)P 2 PI(3,5)P 2 activity. Over-expression of dPLCXD in dOCRL depleted cells also rescues cytokinetic defects, but not a catalytically dead dPLCXD (Figure 19D). This striking example shows that in some cases, phosphoinositide phosphatases can affect phosphoinositide homeostasis independently of their enzymatic activity, like would do any other protein, for instance through modulation of the subcellular localisation or activity of enzymes involved in phosphoinositide metabolism (see II. C. 3. b. ii. and II. D.).

Likewise, few other examples of "moonlight" activities of PIP-phosphatases have been reported so far, such as Caenorhabditis elegans (Metazoa Nematoda) SAC-1 protein that independently of its enzymatic activity binds the small GTPase ARF-6 and inhibits it by out-competing BRIS-1, one of ARF-6 GEF (GEF activate small GTPase by facilitating the replacement of GDP to GTP; Chen et al., 2018a).

C. Phosphoinositide phosphatases subcellular localisations 1. Phosphoinositide phosphatases display various subcellular localisations

Assessing the subcellular localisation of phosphoinositide phosphatases is required in order to decipher their biological functions, as it narrows down the phosphoinositides they can use as substrates (see I. C. 3.) and the cellular processes they may be involved into.

a. Some phosphoinositide phosphatases localise at the plasma membrane

Expression of fluorescently tagged OCRL, a PI(4,5)P2 5-phosphatase, revealed it localised at the plasma membrane of both human and insect cells (Del Signore et al., 2017;Nández et al., 2014), where sits the main pool of PI(4,5)P2. More precisely, Drosophila dOCRL-tRFP localised to intracellular puncta at the plasma membrane that co-localised with clathrin light chain (Clc-GFP; Del Signore et al., 2017), as human GFP-OCRL did (Figure 20). In addition, GFP-OCRL was found to be recruited at late stages of clathrin coated pits formation: the peak of GFP-OCRL at clathrin coated pits occurs later than SNX9 and CLC peaks (Nakatsu et al., 2015b;Nández et al., 2014). OCRL presence at the plasma membrane, but only during late stages of membrane budding during the endocytic process makes sense as animal plasma membrane is enriched in PI(4,5)P2, whereas endosomes have little to no PI(4,5)P2 [START_REF] Wang | Phosphoinositide switches in endocytosis and in the endolysosomal system[END_REF]:

OCRL mediated dephosphorylation contributes to the changes in phosphoinositide composition of the future endocytic vesicle membrane by reducing its content in PI(4,5)P2. Other animal phosphoinositide phosphatases act at the plasma membrane on clathrin coated pits as well, including PI(4,5)P2 5phosphatase and PI4P 4-phosphatase Synj1 that is highly expressed in the nervous system (Figure 20; [START_REF] Mani | The dual phosphatase activity of synaptojanin1 is required for both efficient synaptic vesicle endocytosis and reavailability at nerve terminals[END_REF]. Sac2 PI4P phosphatase was as well found at the plasma membrane, likely acting on clathrin coated pits (Figure 20; Nakatsu et al., 2015a).

b. Some phosphoinositide phosphatase localise at endosomes

Slightly less cortical in the endocytic pathway, OCRL and Sac2, among others, have been as well shown to localise to endosomes (Figure 20; Nguyen et al., 2019;Cauvin et al., 2016;Hsu et al., 2015b;Nakatsu et al., 2015a;Ben El Kadhi et al., 2011). Indeed, fluorescently tagged Sac2 co-localised with endogenous Rab5 and Rab5-GFP, as well as RFP-APPL1 (early endosome markers, APPL1 labelling in particular very early endosomes), but not with the lysosomal marker RFP-LAMP1 (Figure 20; Nakatsu et al., 2015a), indicating that Sac2 localises to early endosomes.

c. Some phosphoinositide phosphatase localise at the Golgi apparatus

In animal and yeast cells, Golgi membranes are part of the operation-field of some phosphoinositide phosphatases. Upon starvation, yeast PI4P 4-phosphatase Sac1p localises to the Golgi apparatus [START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF]. Human Sac1 also is partially present at the Golgi [START_REF] Wang | The First Transmembrane Domain of Lipid Phosphatase SAC1 Promotes Golgi Localization[END_REF][START_REF] Blagoveshchenskaya | Integration of Golgi trafficking and growth factor signaling by the lipid phosphatase SAC1[END_REF]. Concerning plant cells, fluorescently tagged AtSAC1/FRA7 PI(3,5)P2 5phosphatase displays a punctuate pattern in Arabidopsis root cells, and when expressed in carrot protoplasts (Thole et al., 2008). These puncta co-localised with Golgi marker AVP2-eCFP, but neither did so with pre-vacuolar compartment marker Rha1-eCFP, nor with an ER marker (Figure 20).

In addition to their localisation at the Golgi, yeast Sac1p and mammalian Sac1 mainly localise to the ER (Hsu and Mao, 2013;[START_REF] Blagoveshchenskaya | Integration of Golgi trafficking and growth factor signaling by the lipid phosphatase SAC1[END_REF][START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF]. Interestingly, the ER membrane is not enriched in PI4P, and Sac1 was shown to impact PI4P pools localised at the plasma membrane, Golgi and TGN membranes (see II. E. 3. c. and d. iii. where this is discussed in more detailed; [START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF]Del Bel and Brill, 2018;[START_REF] Cai | Sac1-Vps74 structure reveals a mechanism to terminate phosphoinositide signaling in the Golgi apparatus[END_REF][START_REF] Nemoto | Functional characterization of a mammalian Sac1 and mutants exhibiting substrate-specific defects in phosphoinositide phosphatase activity[END_REF]. Plant AtSAC6-8 are Sac1p homologs and possess a similar organisation (see II. A. 1.;Zhong and Ye, 2003). Of this subgroup of Arabidopsis SACs, only AtSAC7/RHD4 localisation was assessed and had Golgi localisation (though not very convincing) and was enriched at the tip of growing root hairs (Thole et al., 2008). It reasonable to speculate that AtSAC6 and/or AtSAC7/RHD4 and/or AtSAC8 localise-s to the ER and perform a homologous function as yeast Sac1p and mammalian Sac1 (Figure 20 and21).

d. Some phosphoinositide phosphatase localise at late endosomes, vacuoles and/or lysosomes Some phosphoinositide phosphatases also localise to yeast and plant cells late endosomes / multivesicular bodies / pre-vacuolar compartments (LEs/MVBs/PVCs), vacuoles outer membrane and/or lysosomes. Concerning animals, a fraction of dOCRL co-localised with Rab7, a marker of late endocytic traffic, and Rab11 that marks recycling endosomes (Ben El Kadhi et al., 2011). Yeast Sac3p/Fig4p is present on organelles en route for the vacuole (MVB/PVC), even though mainly reported to localise at the limiting membrane of the vacuole where it exert its PI(3,5)P2 5-phosphatase activity and contribute to PI3P and PI (3,5)P2 homeostasis together with Fab1 PI3P 5-kinase [START_REF] Rudge | Vacuole size control: regulation of PtdIns(3,5)P2 levels by the vacuole-associated Vac14-Fig4 complex, a PtdIns(3,5)P2-specific phosphatase[END_REF][START_REF] Chow | Mutation of FIG4 causes neurodegeneration in the pale tremor mouse and patients with CMT4[END_REF]. Plant vacuole limiting membrane, the tonoplast, is also targeted by phosphoinositide phosphatases. Arabidopsis AtSAC2-5, which are putative PI (3,5)P2 5-phosphatases and are homologous to Sac3/Fig4, localised exclusively to the tonoplast when expressed under the control of their endogenous promoter (Nováková et al., 2014). Their KO or over-expression affected both PI (3,5)P2 and PI(4,5)P2, but PI(4,5)P2 has not been reported at the tonoplast and exposure to PI (3,5)P2 mimicked vacuolar defects that mis-regulating AtSAC2-5 expression generates. It suggests that these phosphoinositide phosphatases actually are involved in PI (3,5)P2 metabolism (Figure 20).

Most of the studies aiming at elucidating the subcellular localisation of phosphoinositide phosphatases used protein fusions of these. As addition of a tag might alter a protein function or localisation, studies nowadays check that their tagged phosphoinositide phosphatases are functional. The most commonly used way to do so is the check that the expression of tagged phosphoinositide phosphatase rescues the phenotype of the KO or KD the corresponding endogenous gene.

Phosphoinositide phosphatases subcellular localisations explains nonfunctional redundancy

One could rationally wonder how evolution forces led to the co-option of PIP-phosphatases that have similar substrate and reaction specificities. A first explanation likely lies in variation in affinities (see II. B. 2.). A second one lies in their distinctive subcellular localisation. The various membranes of Eukaryotes' cells are differentially enriched in PIP-species (Simon et al., 2014;Platre and Jaillais, 2016;[START_REF] Wang | Phosphoinositide switches in endocytosis and in the endolysosomal system[END_REF]. Also, some phosphoinositides form several pools, such as PI4P that accumulates at the plasma membrane but is also present in endosomes membranes in plant cells (Figure 12; Simon et al., 2016Simon et al., , 2014)).

In human cells, Sac1 and Sac2 both acted as PI4P 4-phopshatases in vivo (Nguyen et al., 2019;Hammond et al., 2012). Consistently, Sac1 depletion led to PI4P accumulation (Del Bel et al., 2018;[START_REF] Nemoto | Functional characterization of a mammalian Sac1 and mutants exhibiting substrate-specific defects in phosphoinositide phosphatase activity[END_REF], whereas no such increase have been reported so far for Sac2 depletion despites being the focus of independent groups (please not however that loss of both Sac2 and Sac1 impact PI4P subcellular distribution; see II. E. 3. a. and b.). This may imply that Sac2 loss does not significantly affect PI4P, and that it has a distinct function from Sac1: a function for which there is redundancy and/or a function that is not critical for overall PI4P level. The subcellular localisation of Sac1 and Sac2 actually give credence to this idea, as Sac1 is an ER and Golgi localised protein (Hsu and Mao, 2013;[START_REF] Wang | The First Transmembrane Domain of Lipid Phosphatase SAC1 Promotes Golgi Localization[END_REF][START_REF] Blagoveshchenskaya | Integration of Golgi trafficking and growth factor signaling by the lipid phosphatase SAC1[END_REF][START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF], whereas Sac2 localised to early endosomes and insulin vesicles (distal secretory pathway) on their way to the plasma membrane (Nguyen et al., 2019;Hsu et al., 2015b;Nakatsu et al., 2015a). Further evidence showed that Sac1 modulates PI4P pools present at plasma membrane and the trans-Golgi network (TGN; [START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF][START_REF] Zewe | SAC1 degrades its lipid substrate Ptdins4P in the endoplasmic reticulum to maintain a steep chemical gradient with donor membranes[END_REF] whereas Sac2 acts on endosomal and insulin vesicles PI4P pools (Nguyen et al., 2019;Hsu et al., 2015b;Nakatsu et al., 2015a). As PI4P is synthetized at the plasma membrane and Gogli/TGN by distinct PI 4-kinases (Balla, 2013), it starts to emerge that Sac1 and Sac2 actually act on mostly independent PI4P pools.

Similarly, redundant enzymatic activities among phosphoinositide phosphatases can likely often be explained by distinctive subcellular localisations, and therefore specialised functions into separates biological processes or separates steps of a given biological process. It however raises the question of what determines such subcellular localisations.

Phosphoinositide phosphatases localise to membranes

fragile fiber 7 (fra7) is an Arabidopsis mutant which cell wall fails to thicken properly and in which fiber cells do not elongate properly. In addition, the overall architecture of the plant is affected (Zhong et al., 2005). Mapping of fra7 mutation revealed a premature stop codon in the 13 th (out of 16) exon in AtSAC1/FRA7, which corresponds to the C-terminal part of the coding sequence for the SAC phosphatase domain. The truncated version of AtSAC1/FRA7 encoded by fra7 allele had the same PI(3,5)P2 5-phosphatase activity in vitro than wild-type AtSAC1/FRA7. Therefore, loss of AtSAC1/FRA7 phosphatase activity is not the cause of fra7 defects. However, wild-type AtSAC1/FRA7 localised to the Golgi apparatus whereas the truncated AtSAC1/FRA7 encoded by fra7 was soluble in the cytosol: fra7 defects originate from a failure in the addressing of AtSAC1/FRA7 to its functional localisation (Zhong et al., 2005). It highlights that phosphoinositide phosphatase recruitment at given membranes is required for their action and biological functions.

a. Lipid anchors and transmembrane segments tether some phosphoinositide phosphatases to membranes i. Putative lipid anchors may tether some phosphoinositide phosphatases to membranes Several phosphoinositide phosphatases sequences include a putative target sequence for covalent binding to lipids. Especially, AtSAC8 and 5PTases genes INPP5A, INPP5B and INPP5E/Pharbin encode a C-terminal CAAX motif susceptible to be esterified with fatty acids (Hsu andMao, 2015, 2013). Such motifs, once post-transnationally modified, might tether some phosphoinositide phosphatases to membranes. To my knowledge, this possibility only got examined for INPP5E/Pharbin, a mammalian PI(4,5)P2 5-phosphatase which C-terminal CAAX motif was putatively recognised and esterified by geranyl-geranyl transferases [START_REF] Asano | Pharbin, a novel inositol polyphosphate 5-phosphatase, induces dendritic appearances in fibroblasts[END_REF]. When ectopically expressed in fibroblasts, wild-type Pharbin localised mainly to the plasma membrane and was enriched in localised structures such as ruffles.

Such ectopic expression also induced major shift to a dendridic cell shape. Point mutation of the CAAX motif abolished this phenomenon, even though neither preventing the plasma membrane localisation of Pharbin [START_REF] Asano | Pharbin, a novel inositol polyphosphate 5-phosphatase, induces dendritic appearances in fibroblasts[END_REF]. It shows that CAAX motif can be dispensable for membrane localisation of phosphoinositide phosphatases that possess it.

ii. Transmembrane domains tether some phosphoinositidephosphatases to membranes Sofwares calculating hydropathy profiles are useful tools to assess putative transmembrane alpha helixes in proteins. They plot a hydropathy index calculated along the protein sequence, based on the polarity of amino acids lateral chains at a given position and its vicinity [START_REF] Kyte | A simple method for displaying the hydropathic character of a protein[END_REF]. A stretch a roughly 20 amino acids corresponding to a high hydropathy index indicate putative transmembrane alpha helix. Yeast Sac1p, Mammal Sac1, and their plant homologs AtSAC6-8 hydropathy profiles reveal two C-terminal peaks (Figure 21) that are interpreted as two close transmembrane alpha helixes. Other programs additionally predict that N-terminal and C-terminal ends of these proteins are cytosolic, constituently with an activity toward phosphoinositides that sit in the cytosolic leaflet of membranes (Zhong and Ye, 2003;[START_REF] Foti | Sac1 Lipid Phosphatase and Stt4 Phosphatidylinositol 4-Kinase Regulate a Pool of Phosphatidylinositol 4-Phosphate That Functions in the Control of the Actin Cytoskeleton and Vacuole Morphology[END_REF][START_REF] Nemoto | Functional characterization of a mammalian Sac1 and mutants exhibiting substrate-specific defects in phosphoinositide phosphatase activity[END_REF].

Truncations of Sac1 allowed to identify regions critical for its subcellular localisation (see II. B.

4.

). Yeast Sac1p transmembrane helixes are predicted approximately between amino acids 505 and 573, and GFP-Sac1p1-504 and Sac1p Δ522-623 -13Myc, which both lack the region comprising the putative transmembrane alpha helixes of Sac1p, no longer localised to the ER, and are way more soluble in the cytosol [START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF][START_REF] Foti | Sac1 Lipid Phosphatase and Stt4 Phosphatidylinositol 4-Kinase Regulate a Pool of Phosphatidylinositol 4-Phosphate That Functions in the Control of the Actin Cytoskeleton and Vacuole Morphology[END_REF]. It showed that Sac1p requires this region for proper localisation to the ER membrane. It is likely that Metazoan Sac1 and plant AtSAC6-8 membrane localisation as well requires this C-terminal and the putative two alpha helixes it comprises.

Therefore, transmembrane domains are responsible for the membrane localisation of some phosphoinositide phosphatases that actually are integral membrane proteins (I. A. 3. B. i.). However it neither explains the preferential recruitment of them at a given membrane, nor the recruitment of PIPphosphatases that lack lipidation motifs and/or transmembrane domains.

b. Phosphoinositide phosphatases partners recruit them to membranes

Most of phosphoinositide phosphatases are extrinsic membrane proteins, which do not possess transmembrane domain-s, nor are covalently bound to a membrane lipid (see I. A. 3. b.). Yet, as their substrates are membrane lipids, it is likely that they are recruited to membrane.

i. Phosphoinositide phosphatases recruitment by lipids

Human Sac2 PI4P 4-phosphatase localises to late clathrin coated pits and to early endosomes (Hsu et al., 2015b;Nakatsu et al., 2015a). In β-cells from pancreatic Langerhans islets, Sac2 also localises to insulin granule vesicles en route for docking and eventually exocytosis (Nguyen et al., 2019;[START_REF] Xie | Plasma Membrane Phosphatidylinositol 4,5-Bisphosphate Regulates Ca2+-Influx and Insulin Secretion from Pancreatic β Cells[END_REF]). Yet, Sac2 has no transmembrane domain. In addition to this punctuate subcellular distribution, these studies as well showed that a fraction of Sac2 is soluble in the cytosol. Interestingly, Hsu et al. (2015) found that catalytically dead GFP-Sac2 C458S was way less soluble that wild-type GFP-Sac2, and Nguyen et al. (2019) confirmed this finding (Figure 22). Authors hypothesised that PI4P, which is Sac2 substrate, may be responsible of this stronger recruitment to membranes: Sac2 and Sac2 C458S would bind PI4P, but as Sac2 C458S does not hydrolyse PI4P, it would stay longer docked to it. To test this idea, Hsu et al. (2015) used Phenylarsine oxide (PAO) that inhibits PI 4-kinases (see III. B. 1.;Idevall-Hagren and De Camilli, 2015), and found that PAO largely solubilised GFP-Sac2 C458S . Using an optogenetic assay (see III. D. 4.), Nguyen et al. (2019) acutely depleted PI4P from insulin granules and found that it solubilised mCh-Sac2.

These elegant demonstrations show that phosphoinositide phosphatases can be recruited to membranes by lipids, and in this case by their substrate (Figure 22).

Even though not as spectacular as Sac2 case, membrane lipids may actually participate to membrane recruitment of many phosphoinositide phosphatase domains. Just beneath some cell membranes sits an electrostatic field generated by the negatively charged polar heads of anionic lipids (Platre and Jaillais, 2017). These membranes constitute the so-called electrostatic territory (Bigay and Antonny, 2012). (i) In animal cells, it corresponds to the plasma membrane, endosomes, LE/MVBs, lysosomes and TGN, and the anionic lipids responsible for the electronegative field is PI (4,5)P2, and to a lesser extent PI (3,4,5)P3, PI4P, PI3P and possibly PS (Hammond et al., 2012;Platre and Jaillais, 2017). (ii)

In yeast, only the plasma membrane is electronegative, due to PS and to a lesser extent to PI(4,5)P2 and PI4P (Platre and Jaillais, 2017;Simon et al., 2016). (iii) In plant cells, the plasma membrane, and the membrane of endosomes and TGN are electronegative, due to the differential accumulation of PI4P, PS and phosphatidic acid (Platre et al., 2018;Simon et al., 2016). Despite different contribution of each anionic lipids species to membrane electrostatic field, what seems conserved in Eukaryotes is that it forms a gradient, with plasma membrane cytosolic leaflet being the more electronegative (see I. A. 4. b.;Platre and Jaillais, 2017). This gradient allows differential targeting of proteins, depending on the electropositivity of exposed amino acids (the more electropositive amino acids, the more the protein is recruited to and electronegative membrane; Simon et al., 2016). In this context, it is relevant to mention that the side of phosphoinositide phosphatases phosphatase domains that contacts membranes is often enriched in positively charged amino acids, likely favouring the interaction with membrane lipids. It is especially true for grooves housing catalytic sites (Figure 22; Hsu and Mao, 2015).

Additional properties of membranes lipids, including packing and curvature, may participate to the differential recruitment of phosphoinositide phosphatases to membranes.

ii. Phosphoinositide phosphatases recruitment by proteins

OCRL localises to late clathrin coated pits and (see II. C. 1.). OCRL does not possess transmembrane nor lipid anchor signals. In order to identify possible protein partners responsible for OCRL recruitment to membranes, [START_REF] Hyvola | Membrane targeting and activation of the Lowe syndrome protein OCRL1 by rab GTPases[END_REF] performed directed yeast two hybrid assays using OCRL and Rab (small GTPases) known to localise at endosomes and Golgi. They found that OCRL interacted in vitro with nine of the Rab tested. They confirmed these interactions by mass spectrometry following affinity purification of tagged Rab incubated with HeLa cell cytosol, and showed by pull down assays using recombinant Rab and OCRL proteins expressed in E. coli that OCRL directly bound these Rabs. OCRL binding was stronger to Rab5A that localises to endosomes, and to Rab1A and Rab6A that are present at the Golgi. They also show that the interaction requires these Rab to be in there GTP-bound conformation. Nonetheless, these were in vitro interactions, which relevance and functions in situ needed to be assessed. Expression of GTP-locked (myc-Rab5A Q79L ; dominant active) and wild-type (GFP-Rab5A) Rab5A in cells resulted in enlarged endosomes where Rab5A localised, and where OCRL was redistributed, consistent with the hypothesis that Rab5A would recruit OCRL to endosomes [START_REF] Hyvola | Membrane targeting and activation of the Lowe syndrome protein OCRL1 by rab GTPases[END_REF]. They found that neither Rab1A nor Rab6A knock-downs affected OCRL recruitment to Golgi membranes. Authors further mapped OCRL regions required for the interaction with Rabs using OCRL recombinant proteins deleted for various portions of OCRL. This study highlighted that free phosphoinositide phosphatases can be recruited by protein partners to membranes, in a selective manner if the partner is only present at a given membrane (e. g. endosomes membranes for Rab5A). Determinant of OCRL recruiting partner kept receiving a strong focus. In 2011, Rab35 and OCRL were shown to synergistically operate at the plasma membrane where they allow proper cytokinesis [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF], and few years later, the same group showed that Rab35 and OCRL cooperate as well on early endosomes (Cauvin et al., 2016). They observed that mCh-Rab35 and GFP-OCRL largely co-localised on endosomal structures that were also positive for endocytic cargos. Knock-downs of either proteins led to similar alterations of endosome identity and of endosome to TGN retrograde trafficking, consistently with Rab35 and OCRL implication in the same pathway. Moreover, OCRL F668A , which is impaired for Rab binding, cannot rescue cellular phenotypes induced by OCRL depletion, and Rab35 depletion drastically decreases OCRL association to early endosomes positive for endocytic cargos (Cauvin et al., 2016). In Drosophila cells, dRab35 is also required for proper dOCRL localisation (Carim et al., 2019). These results and few additionals in (Cauvin et al., 2016) showed that Rab35 recruits OCRL to early endosome membranes and that OCRL biological function requires this recruitment. Additional studies screened for additional OCRL protein partners, using for instance mass spectrometry following OCRL immunoprecipitation (Nández et al., 2014). It showed that OCRL actually interacts with numerous proteins implicated in vesicular trafficking as expected, and especially actors known to be involved in endocytosis. Especially, an elegant co-immunoprecipitation based experiment showed that OCRL directly binds SNX9, which is implicated in late stages of clathrin-mediated endocytosis, via its PxxP motif.

Consistently, high temporal resolution observation showed that OCRL recruitment at clathrin-coated pits slightly follows SNX9 arrival (Nández et al., 2014).

OCRL case exemplifies that protein partners can recruit phosphoinositide phosphatases to membranes. It also shows that a given phosphoinositide phosphatase can be recruited to various membranes at a precise timing via interaction with a wide range of partners that themselves display a precise spatio-temporal subcellular distribution. Please not that OCRL is one of the most studied phosphoinositide phosphatases, and that it is likely that less studied phosphoinositide phosphatases have as well a wide range of protein partners controlling their subcellular localisation over space and time.

Hence other well studied phosphatases yeast Sac1p and animal Sac1, which localisation is controlled by interaction with Vps74/GOLPH3, showing that selective recruitment to a given membrane by interacting proteins occurs as well for PIP-phosphatase with transmembrane domains (Chen et al., 2018b;[START_REF] Cai | Sac1-Vps74 structure reveals a mechanism to terminate phosphoinositide signaling in the Golgi apparatus[END_REF][START_REF] Wang | The First Transmembrane Domain of Lipid Phosphatase SAC1 Promotes Golgi Localization[END_REF][START_REF] Wood | Local control of phosphatidylinositol 4-phosphate signaling in the Golgi apparatus by Vps74 and Sac1 phosphoinositide phosphatase[END_REF][START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF][START_REF] Foti | Sac1 Lipid Phosphatase and Stt4 Phosphatidylinositol 4-Kinase Regulate a Pool of Phosphatidylinositol 4-Phosphate That Functions in the Control of the Actin Cytoskeleton and Vacuole Morphology[END_REF].

We discussed above the non-redundancy of phosphoinositide phopshatases based on differential (i) enzymatic activities, (ii) enzymatic specificity and affinity, and (iii) subcellular localisation. However, other layers of complexity can be added to the answer by taking into account the control of these phosphoinositide phosphatases.

D. Phosphoinositide phosphatases expression and activities are controlled 1. Phosphoinositide phosphatases subcellular localisation is controlled

As mention above (see II. C.), phosphoinositide phosphatases have distinct subcellular localisations. This differential recruitment relies on interactions with protein or lipid partners that are not evenly distributed on the various cell membranes in space and time. Such recruitments themselves can be controlled, as for instance OCRL interacts with GTP-locked (dominant active) Rabs, but not with the corresponding GDP-locked (dominant negative) forms (see II. C. 3. b. ii.;[START_REF] Hyvola | Membrane targeting and activation of the Lowe syndrome protein OCRL1 by rab GTPases[END_REF]. It allows the modulation of distinctive pools of phosphoinositides and the completion of distinctive biological functions (see II. C. and E.).

Spatio-temporal expression patterns vary between phosphoinositide phosphatases

In unicellular organisms, such as yeasts, the proteomes vary over time depending on the conditions the cell copes with: nutrient availability, osmolarity, temperature, and so on. In multicellular organisms with differentiated tissues (Angiosperms, Metazoan, etc.), different cell types co-exist at the same time and have distinct proteomes, allowing specialisation toward different functions. Various examples point out that phosphoinositide phosphatases, through differential expression, participates to such processes.

At5PTase6/CVP2 (COTYLEDON VASCULAR PATTERN 2) is a PI(4,5)P2 phosphatase found in Arabidopsis (see II. A. 2.;Rodriguez-Villalon et al., 2015). Mutation of AtCVP2 leads to an altered vasculature in foliar organs, including an opened vein network (Carland and Nelson, 2004), suggesting a specific requirement of AtCVP2 for proper vein formation (Figure 23A). The procambium is a pluripotent tissue from which vascular tissues (xylem and phloem) differentiate. During embryogenesis, GUS staining in AtCVP2prom::GUS reporter line was strong in developing vascular cells, and also seen in surrounding cells. Over the course of embryo development, AtCVP2 expression pattern is gradually restricted to procambial and vascular cells. Similarly, after germination, AtCVP2 was expressed in developing organs such as leaves and floral organs, being progressively restricted to procambium and vasculature while the corresponding organs developed (Carland and Nelson, 2004). The same authors also identified CVP2 LIKE 1 (AtCVL1) gene, which is highly homologous to AtCVP2 and encodes as well a PI(4,5)P2 phosphatase (Carland and Nelson, 2009). cvp2 cvl1 double mutant vasculature phenotype is way stronger than in cvp2 and cvl1 single mutants (Figure 23A). AtCVL1prom::GUS line revealed that AtCVL1 and AtCVP2 expression patterns highly resemble each other. In leaf primordium, expression of both genes is limited to the newly forming mid-vein. In young leaves, they are mainly and strongly expressed in procambial cells, and their expression becomes restricted to developing veins as leave expand. AtCVP2 and AtCVL1 as well are expressed in procambium of lateral roots (Figure 23B; Carland and Nelson, 2009). However, GUS staining does not allow to readily differentiate the protophloem from protoxylem.

On the contrary, fluorescent reporters allow reaching a cellular resolution, which therefore suits them for precise visualisation and expression analysis. Plant cells are connected by plasmodesmata that allow cellto-cell exchange of small fluorescent proteins, and several plant tissues are auto-fluorescent. Targeting fluorescent reporter to organelles overcomes these issues by enhancing brightness and signal distinctiveness [START_REF] Sultana | Gateway binary vectors with organelle-targeted fluorescent proteins for highly sensitive reporter assay in gene expression analysis of plants[END_REF]. Fusion of fluorescent proteins with a Nuclear Localisation Signal (NLS) sequence for instance targets fluorescent to nucleus were they are brighter and kept away from plasmodesmata. Rodriguez-Villalon et al. (2015, 2014) generated such lines to precisely determine which cells expressed AtCVP2 and AtCLV1 genes. AtCVP2prom::NLS-VENUS reporter line showed that AtCVP2 expression was actually restricted to the protophloem in roots (Figure 23C; Rodriguez-Villalon et al., 2015, 2014). In AtCVL1prom::NLS-VENUS line, fluorescent nuclei corresponded to cells from protophloem sieve elements as well, even though being less bright, and also to companion cells and to developing metaphloem (larger phloem sieve elements that differentiated later that protophlophoem ones; E. c. iii.;Rodriguez-Villalon et al., 2015, 2014). Additional plant phosphoinositide phosphatases have their expression controlled in space, like in the SAC family where for instance AtSAC6 is specifically expressed in flower whereas AtSAC7 and AtSAC8 are broadly expressed (Zhong and Ye, 2003).

In Metazoan as well there are tissue specific phosphoinositide phosphatases. Xenopus laevis genome encodes two VSPs (Xl-VSP1 and Xl-VSP2). These voltage dependent phosphoinositide phosphatases belong to PTEN family (Hsu and Mao, 2015). In situ hybridation of whole mount embryos at stage 32 (40 h post fertilisation at 23°C) detected XI-VSP1 and/or XI-VSP2 mRNAs in pronephros and brain specifically [START_REF] Ratzan | The voltage sensing phosphatase (VSP) localizes to the apical membrane of kidney tubule epithelial cells[END_REF], indicating a tissue specific expression of these phosphoinositide phospahatases (Figure 23D). Also, Synaptojanin 1 (Synj1) is highly expressed in the nervous system, even though also found in various other tissues [START_REF] Mcpherson | A presynaptic inositol-5-phosphatase[END_REF]. However, it exists in two isoforms of 170 and 145 kDa, which are generated by the alternative splicing of an exon containing a STOP codon (Figure 23E; [START_REF] Ramjaun | Tissue-specific alternative splicing generates two synaptojanin isoforms with differential membrane binding properties[END_REF]. Western-blot using adult rat brain lysate exclusively detected the 145 kDa isoform, whereas only the 170 kDa isoform was found in adult testis. Interestingly, during embryogenesis rat brain started to express Synj1 170 kDa isoform, then express both (Figure 23E; [START_REF] Ramjaun | Tissue-specific alternative splicing generates two synaptojanin isoforms with differential membrane binding properties[END_REF]. The expression of Syn1 isoforms is therefore controlled in a tissue specific and time specific manner. The expression of other phosphoinositide phosphatases is controlled over time, with for instance SAC phosphatases AtSAC6-8 being remarkably silent during embryo development [START_REF] Despres | Three SAC1-like genes show overlapping patterns of expression in Arabidopsis but are remarkably silent during embryo development[END_REF]; note that AtSAC6, AtSAC7 and AtSAC8 are respectively called AtSAC1b, AtSAC1c, and AtSAC1a in their study).

Overall, the expression of some phosphoinositide phosphatases is tightly controlled, resulting in spatio-temporal patterning of cells expressing them. It participates to differentiation processes and/or constitutes a specialisation between differentiated cells. Also, it contributes to explain non redundancy between phosphoinositide phosphatases with similar activities, such a AtSAC9 that is broadly expressed (Zhong and Ye, 2003) and AtCVP2 and AtCVL1, which have narrower spatial expression patterns.

Phosphoinositide-phosphatases activity is controlled

Changes in gene expression may not be fast enough to efficiently modulate phosphoinositide balance in some situations. Fast activation or inhibition of enzymes involved in phosphoinositide metabolism could therefore be advantageous for cells.

a. Covalent controls of phosphoinositide phosphatases activities

Synaptojaninj1 (Synj1) PI(4,5)P2 5-phosphatase and PI4P 4-phosphatase is controlled finely controlled. Ephrins are ligand of animal receptor kinases that initiate intracellular signalling cascades, which main output is actin cytoskeleton reorganisation. Treatment of rat neuroblastoma-like cells stably expressing EphB with its ligand EphrinB2 elevated endocytic cargo uptake and doubled PI(4,5)P2 levels [START_REF] Irie | EphrinB-EphB signalling regulates clathrinmediated endocytosis through tyrosine phosphorylation of synaptojanin 1[END_REF]. As Synj1 is the main PI(4,5)P2 phosphatase expressed in nervous system, it was consistent to hypothesise that the previous observation might result from an EphB mediated inhibition Synj1. [START_REF] Irie | EphrinB-EphB signalling regulates clathrinmediated endocytosis through tyrosine phosphorylation of synaptojanin 1[END_REF] immunoprecipitated endogenous Synj1 and found by immuno-blotting that EphB binding to EphrinB2 provoked Synj1 phosphorylation on one or several tyrosine-s. The phosphorylation was mapped to the Proline-rich region of Synj1 (see II. A. 2.). Synj1 acts during endocytosis and is recruited by endophilin [START_REF] Cestra | The SH3 domains of endophilin and amphiphysin bind to the proline-rich region of synaptojanin 1 at distinct sites that display an unconventional binding specificity[END_REF][START_REF] Ringstad | The SH3p4/Sh3p8/SH3p13 protein family: Binding partners for synaptojanin and dynamin via a Grb2-like Src homology 3 domain[END_REF]. Interestingly, co-immunoprecipitation showed that EphB mediated phosphorylation of Synj1 strongly reduced its interaction with endophilin [START_REF] Irie | EphrinB-EphB signalling regulates clathrinmediated endocytosis through tyrosine phosphorylation of synaptojanin 1[END_REF]. It is therefore likely that upon EphrinB2 perception, a reduced fraction of Synj1 proteins are recruited to their functional localisation. In the same study, researchers assessed the phosphatase activity of Synj1 immunoprecipitated from control or EphrinB2-stimulated cells. Synj1 immunoprecipitated from EphrinB2 stimulated cells displayed a 20 % decrease of PI(4,5)P2 5-phosphatase activity. Tyrosine (Y) and phenylalanine (F) share similar structures, with phenylalanine just lacking a hydroxyl group preventing its phosphorylation. Y to F mutations of tyorosines in the Proline-rich domain of Synj1 indicated that Y1059F or Y1172F mutations, but not Y1018F, prevented the decrease of 5phosphatase activity induced by EphB signalling [START_REF] Irie | EphrinB-EphB signalling regulates clathrinmediated endocytosis through tyrosine phosphorylation of synaptojanin 1[END_REF]. Therefore, this study strongly suggests that EphB signalling elevates PI (4,5)P2 level by inhibiting Synj1 5-phosphatase activity though phosphorylation, and that Y1059 and/or Y1172 radicals are the one-s targeted. Synj1 example shows that phosphoinositide phosphatases can undergo post-translational covalent modifications that affect their enzymatic activity and/or their subcellular localisation.

b. Non covalent controls of phosphoinositide phosphatases activities

Phosphoinositide phosphatases can also experience non-covalent controls that modulate their activity. As mentioned previously, OCRL is also recruited to endosomes by wild-type or GTP-locked (dominant active) Rab proteins, but not by GDP-locked (dominant negative) Rabs (see II. C. 3. B. ii.; Cauvin et al., 2016;[START_REF] Hyvola | Membrane targeting and activation of the Lowe syndrome protein OCRL1 by rab GTPases[END_REF]. These are non-covalent interactions, and recruitment to functional localisation can be considered as control of the activity.

Nevertheless, non-covalent controls of phosphoinositide phosphatase activity can be way more directs. Resolution of yeast Sac1p cytosolic N-terminal part showed a large and positively charged groove containing the catalytic site susceptible to interact with anionic lipids such as phosphoinositides and phosphatidylserine (Manford et al., 2010a). The same group reported two years later insights into Sac1p kinetics [START_REF] Zhong | Allosteric activation of the phosphoinositide phosphatase Sac1 by anionic phospholipids[END_REF]. Initial velocities of short chain (di:C8) PI4P hydrolysis at various PI4P concentrations revealed a sigmoid kinetics that indicated that Sac1p is an allosteric enzyme (Figure 24A). This kinetics was not caused by Sac1p oligomerisation. Moreover, at a given substrate (PI4P) concentration, addition of phosphatidylinositol (PI), the product of the reaction, resulted in an up to fivetimes increase of initial velocity (Figure 24B; [START_REF] Zhong | Allosteric activation of the phosphoinositide phosphatase Sac1 by anionic phospholipids[END_REF]. Thus PI acts as heterotropic positive allosteric effector of Sac1p. It raises the possibility that Sac1p reaction leads to a positive feedback.

Besides, hydrolysis of long chain (di:C16) phosphoinositides presented in liposomes to Sac1p revealed that the more phosphatidylserine the liposome contained, the higher the initial velocities were (Figure 24B; [START_REF] Zhong | Allosteric activation of the phosphoinositide phosphatase Sac1 by anionic phospholipids[END_REF]. Therefore phosphatidylserine, like PI, is a heterotopic allosteric activator of Sac1p. This finding suggests that membrane composition may modulate Sac1p enzymatic activity in vivo. To tackle this question, authors took advantage of cho1Δ yeast mutant that lacks PS (Won et al., 2006) and found 1.8 times more PI4P is this mutant (Figure 24C; [START_REF] Zhong | Allosteric activation of the phosphoinositide phosphatase Sac1 by anionic phospholipids[END_REF]. This correlated with a mislocalisation of PI4P that was only present at the plasma membrane, whereas PI4P was detected at the plasma membrane and Golgi apparatus in WT yeasts. Authors concluded that phosphatidylserine modulates PI4P levels and localisation in yeast, likely because PS enhance Sac1p enzymatic activity.

However, this last conclusion could be now challenged. Indeed, it has since emerged that Sac1p likely dephosphorylates on the ER membrane PI4P that have been exchanged at ER-plasma membrane and ER-Golgi/TGN contact sites (see II. E. 3. c. and d. iii.;[START_REF] Zewe | SAC1 degrades its lipid substrate Ptdins4P in the endoplasmic reticulum to maintain a steep chemical gradient with donor membranes[END_REF]. Plasma membrane PI4P was shown to be exchanged with ER sterols, but also with PS in yeast and human cells [START_REF] Chung | PI4P/phosphatidylserine countertransport at ORP5-and ORP8mediated ER -Plasma membrane contacts[END_REF]Von Filseck et al., 2015a). Besides, in plant cells, PS is also required for ER-plasma membrane contact sites in plasmodesmata [START_REF] Brault | Multiple C2 domains and transmembrane region proteins ( MCTP s) tether membranes at plasmodesmata[END_REF]. It is therefore likely that, instead of [START_REF] Zhong | Allosteric activation of the phosphoinositide phosphatase Sac1 by anionic phospholipids[END_REF] proposal, lack of PS in cho1Δ yeast mutant actually prevents plasma membrane to ER import of PI4P, and therefore Sac1p-mediated reduction of PI4P levels (see II. 3E. 3. c. and d. iii. for more detailed on phosphoinositide phosphatases implication in the functions and dynamics of membrane contact sites).

Overall, it indicates that phosphoinositide phosphatases activities can be modulated by noncovalent interaction with lipid or proteins.

E. Phosphoinositide phosphatases contribute to phosphoinositides subcellular patterning

As mentioned previously, phosphoinositide species can be interconverted into one another by kinases and phosphatases (see I. C. 4.; Balla, 2013). Both types of enzymes act at precise subcellular membranes and therefore contribute to control subcellular distribution and levels of phosphoinositides, id est to pattern them. Here, I will only described on the contribution of phosphoinositide phosphatases to these subcellular patterning, and show examples of their biological importance focusing on PI(4,5)P2 and PI4P.

Phosphoinositides are patterned at the subcellular scale

As mentioned previously, development of phosphoinositides fluorescent biosensors and antiphosphoinositides antibodies made possible to assess their subcellular distribution via microscopy. These advances paved road for studies revealing that cell membranes of Eukaryotes are differentially enriched in the various phosphoinositide species (see I. C. 3.; Figure 12).

Phosphoinositide-phosphatases pattern PI(4,5)P2

The plasma membrane cytosolic leaflet contains PI (4,5)P2 main pool in animal, yeast and plant cells (Simon et al., 2014;Hammond et al., 2009b;Watt et al., 2002). Some reports also suggest that a smaller pool of PI (4,5)P2 exist on endosomal compartments in animal cells (Vicinanza et al., 2011).

a. Restriction of PI (4,5)P2 main pool at the plasma membrane GFP-PH PLC biosensor binds PI(4,5)P2. In mammalian cells, GFP-PH PLC localised mainly at the plasma membrane, indicating the plasma membrane hosts PI(4,5)P2 main pool (see I. C. 3.; Watt et al., 2002;[START_REF] Várnai | Visualization of phosphoinositides that bind pleckstrin homology domains: Calcium-and agonist-induced dynamic changes and relationship to myo-[3H]inositol-labeled phosphoinositide pools[END_REF]. This subcellular pattern was conserved in human kidney cultured cells, even though in 15% of cells, GFP-PH PLC also labelled intracellular compartments also containing fluorescent endocytic cargo (fluorescent transferrin (Tf)) and endocytosed receptors (TfR, Megalin Protein Receptor or MPR), that therefore were early endosomes (Vicinanza et al., 2011). This shows that a minor pool of PI (4,5)P2 might exist in early endosomes. Interestingly, when knocking-down OCRL in the same cells, GFP-PH PLC labelled enlarged early ensodomes (TfR and MPR positive) in 56% of cells (Vicinanza et al., 2011), showing an extension of PI (4,5)P2 territory toward early endosomes membranes (Figure 25).

Immuno-electron microscopy mediated detection of GST-PH PLC indicated a higher density of the biosensor in OCRL depleted cells at the endosomal level, whereas density of the biosensor as the plasma membrane was not significantly different from control cells, thus confirming PI(4,5)P2 mislocalistion in OCRL KD cells.

The same year, another group from Quebec individually knocked-down every catabolic (phosphatases, phospholipases) and anabolic (kinases) enzymes involved in phosphoinositide metabolism in Drosophila cultured cells, and focused on dOCRL (Ben El Kadhi et al., 2011). They found that dOCRL knock-down led to abnormal vacuole compartments to which both GFP-Tubby and mCh-PH PLC PI(4,5)P2 biosensors accumulated, therefore demonstrating conservation of OCRL requirement to prevent expansion of PI (4,5)P2 to endosomal membranes in Drosophila (Figure 25). GFP-Rab7 (late endosomes) and GFP-Rab11 (recycling endosomes) also localised to theses abnormal vacuoles, highlighting the fact that PI(4,5)P2-containing abnormal vacuole compartments had at least a partial endosomal identity.

Unfortunately, the article did not depict any co-localisation between PI(4,5)P2 biosensor and GFP-tagged Rab7/11 (Ben El Kadhi et al., 2011). But still, it showed that in Drosophila cells, dOCRL function is required for proper patterning of PI (4,5)P2 and that dOCRL depletion disorganises endosomal compartments. It suggested as well that mislocalised PI(4,5)P2 sits on endosomal membranes, like in mammalian cells. Carim et al. (2019) recently published data reinforcing the idea of dOCRL being required to restrict most of PI (4,5)P2 at the plasma membrane in Drosophila cells. They saw that depletion of both dIPIP and dRab35, of which both mammalian homologs interact with OCRL, led to similar phenotype than dOCRL knock-down, including extension of GFP-Tubby distribution, a PI(4,5)P2 biosensor, to abnormal vacuoles. Small vacuoles beard Rab5/7/11, indicating they were enlarged endosomal compartments. However, large vacuoles did not retain these markers. They additionally prove a direct interaction in vitro between dIPIP and dOCRL, and between dIPIP and dSH3PX (Drosophila homolog of SNX9 that interacts with mammalian OCRL), therefore coupling them. These results highlight the importance of OCRL protein partners, which recruit it to its functional localisations, for proper patterning of PI(4,5)P2.

As mentioned previously, mammalian OCRL is known to localise to late clathrin coated pits (Nakatsu et al., 2015a;Nández et al., 2014), and both mammalian OCRL and dOCRL was shown to localise to endosomes (see II. C. 1.;Del Signore et al., 2017;Cauvin et al., 2016;Nández et al., 2014;[START_REF] Hyvola | Membrane targeting and activation of the Lowe syndrome protein OCRL1 by rab GTPases[END_REF]. Such subcellular localisations are consistent with a role in decreasing PI(4,5)P2 levels during late endocytosis and/or on early endosomes, which membranes originate from the plasma membrane but contain way less PI(4,5)P2 (Figure 25).

Nevertheless, other studies involving OCRL depletion did not observed changes in PI(4,5)P2 subcellular patterning (Cauvin et al., 2016;Nández et al., 2014;[START_REF] Van Rahden | The 5phosphatase OCRL mediates retrograde transport of the mannose 6-phosphate receptor by regulating a Rac1-cofilin signalling module[END_REF]. These studies respectively used human HeLa and kidney cultured cell lines, human renal cell or fibroblast from patient suffering Occulocerebrorenal (OCRL) Lowe syndrome. Except for the renal cultured cell line, one could first argue that discrepancies observed upon OCRL depletion originate from specific features of the cell types/line used. However, Cauvin et al. (2016) observed that OCRL depletion led to abnormal endosomal compartments, which admittedly were rarely labelled by fluorescent PI(4,5)P2 biosensors, but were enriched in the AP-2 adaptor complex, a multimeric protein that works at the plasma membrane contributing to cargo internalisation in clathrin-mediated endocytosis, and the subunit p16Arc of the Arp2/3 complex, which controls F-actin nucleation and branching. Consistently, Nández et al. (2014), in absence of OCRL, observed a more punctuate localisation of AP-2, as well as a longer residency time of AP-µ2 subunit of AP-2 during endocytosis. Interestingly, AP-2 complex binds PI(4,5)P2 via AP-µ2 subunit, as p16Arc does. Mislocalisation of these proteins on endosomal structures could result from extension of PI (4,5)P2 distribution to the corresponding membranes. Consistently with this hypothesis, OCRL depletion as well induced actin comets on endocytic compartments, which also occurred when overexpressing a PI4P-5-kinase in wild-type cells (Nández et al., 2014). Authors expressed M1 muscarinic acetylcholine receptor (M1R) together with PI(4,5)P2 and actin biosensors in patient cells. Continuous stimulation with an acetylcholine agonist induced PI(4,5)P2 hydrolysis (see III. D. 1. for a detailed explanation of this assay) together with cytoplasmic influx of Ca 2+ . PI (4,5)P2 got depleted from the plasma membrane as expected. Ca 2+ is known to induce actin microfilament depolymerisation in animal cells, and as expected, its influx induced disappearance of actin comets. In the meantime, several vesicles became transiently positive for GFP-PH PLC biosensor. Subsequent inhibition of M1R signalling with an acetylcholine antagonist led to reformation of actin comets (and recruitment of GFP-PH PLC at the plasma membrane as PI(4,5)P2 re-synthesis; Nández et al., 2014). This complex assay nicely suggested that vesicles nucleating actin comets in Lowe syndrome patient cells are enriched in PI (4,5)P2, but that PI(4,5)P2 biosensor could not access it because it would be shielded by F-actin.

Therefore, even though studies that failed to visualise defects in PI(4,5)P2 subcellular patterning upon OCRL loss provide clues that it may actually occur. Taken together, previous results show that in animal cells, OCRL enzymatic activity and proper subcellular localisation by protein partners are required for PI (4,5)P2 patterning. Loss of either of them led to expansion of PI (4,5)P2 territories to endosomes and/or endosome derived abnormal structures. The most parcimonious explanations is that OCRL dephosphorylates PI (4,5)P2 on plasma membrane derived membranes, during late stages of endocytosis and/or on newly formed endocytic vesicles and/or on early endosomes (Figure 25). Importantly, PI(4,5)P2 patterning is biologically relevant (see II. E. c.). Also, so far there is no phosphoinositide phosphatase required for PI (4,5)P2 patterning PI (4,5)P2 in yeast or plant cells described (however, see research article n°1 in this manuscript). And finally, Drosophila PTEN phosphoinositide phosphatase, which reduces PI(4,5)P2 levels on endosome independently of its activity though dPLCXD, also contribute to restrict PI (4,5)P2 at the plasma membrane (see II. B. 3.;[START_REF] Mondin | PTEN reduces endosomal PtdIns(4,5)P 2 in a phosphataseindependent manner via a PLC pathway[END_REF].

b. Lateral patterning of PI(4,5)P2

Biological membranes are fluid supramocelular assemblies held together by labile non-covalent bounds. Lateral, or horizontal, fluidity corresponds to the mobility of membrane components in the plane of the membrane (see I. B. 1. a.). Various processes modulate lateral mobility of proteins and lipids, raising the possibility that phosphoinositides could be patterned laterally on a given membrane. Some reports indicate such lateral compartimentation, especially of PI4P and PI(4,5)P2: even though most of endosomal PI4P and PI (4,5)P2 localise to distinct intracellular membrane in animal cells, immuno-electron microscopy revealed that when both are present in the cytosolic leaflet of an endosome, they segregate into distinct lateral domains [START_REF] Yoshida | Segregation of phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate into distinct microdomains on the endosome membrane[END_REF]. Phosphoinositides lateral patterning, as the one mentioned above, could be due to (i) differences in the fatty acids bound to glycerol depending on the phosphoinositide species favouring localisation at given area of the membrane, like lipid rafts [START_REF] Pike | Rafts defined: A report on the Keystone symposium on lipid rafts and cell function[END_REF], and/or (ii) to a variable steric hindrance of the phosphorylated inositol head, that could favour localisation to more or less curved membranes for instance, and/or (iii) to prevention of some phosphoinositide species presence on given areas of a membrane. The last hypothetical mechanism could for instance be achieved by phosphoinositide kinases or phosphatases non-uniformly localised at a membrane.

Animal cell cytokinesis is achieved through the contraction of the plasma membrane into a furrow in the division plane, which then evolves into a cytoplasmic bridge that persists for few hours Figure 26A). Immunofluorescence and fluorescent biosensors assays indicated that PI(4,5)P2 accumulated both in the contracting furrow and the intracellular bridge (Figure 26C; [START_REF] Kouranti | Rab35 Regulates an Endocytic Recycling Pathway Essential for the Terminal Steps of Cytokinesis[END_REF][START_REF] Emoto | Local change in phospholipid composition at the cleavage furrow is essential for completion of cytokinesis[END_REF][START_REF] Field | PtdIns(4,5)P2 functions at the cleavage furrow during cytokinesis[END_REF]. Local PI (4,5)P2 accumulation promoted the recruitment of key molecular actors involved in cytokinesis at a sub-region of the plasma membrane, id est the furrow and the equatorial bridge. PI(4,5)P2 local accumulation was eventually lost before abscission and separation of daughter cells (nicely reviewed in [START_REF] Frémont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF] and [START_REF] Echard | Phosphoinositides and cytokinesis: the "PIP" of the iceberg[END_REF]). Interestingly, depletion of either Rab35, IPIP27/dIPIP, dSH3PX that recruit OCRL, or depletion of OCRL itself, induced strong delays of cytokinesis and multinucleated cells resulting from cytokinetic defects, and especially from failure of abscission of the intercellular bridge (Figure 26B; Carim et al., 2019;Ben El Kadhi et al., 2011;[START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]. In OCRL depleted HeLa cells, there was a 50% increase of PI (4,5)P2 levels in the intercellular bridge (whereas it was only a 20% increase for other regions of the plasma membrane).

Consistently, a pool of OCRL was found at both sides of the intercellular bridge in control cells (Figure 26D). Therefore, OCRL allows a lateral patterning of PI (4,5)P2 on the plasma membrane, likely buffering PI(4,5)P2 local synthesis by PI 4-kinases and PI4P 5-kinases [START_REF] Frémont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF].

Several differentiated or differentiating plant cells also display a lateral patterning of PI(4,5)P2 at the plasma membrane. For instance, YFP-PH PLC PI (4,5)P2 biosensors accumulates at plasma membrane at the tip of growing root hairs and pollen tubes, indicating it is highly enriched in PI(4,5)P2 (Figure 26F; [START_REF] Kato | Arabidopsis PCaP2 modulates the phosphatidylinositol 4,5-bisphosphate signal on the plasma membrane and attenuates root hair elongation[END_REF]Ischebeck et al., 2013;[START_REF] Kusano | The Arabidopsis phosphatidylinositol phosphate 5-kinase PIP5K3 is a key regulator of root hair tip growth[END_REF][START_REF] Stenzel | The type B phosphatidylinositol-4-phosphate 5-kinase 3 is essential for root hair formation in Arabidopsis thaliana[END_REF]. Polarly localised phosphoinositide kinases, including PI4P5K, have been shown to be required for this lateral patterning of PI(4,5)P2. However, mutation of the putative PI(4,5)P2 5-phosphatase 5PTase5/DER4 led to abnormally short root hairs [START_REF] Jones | Analysis of the root-hair morphogenesis transcriptome reveals the molecular identity of six genes with roles in root-hair development in Arabidopsis[END_REF]. One could speculate that 5PTase5/DER4 contributes to PI(4,5)P2 patterning by decreasing its levels at the plasma membrane except in the apical region.

c. PI(4,5)P2 patterning is required for various cell processes

The fact that most of the defects induced by OCRL depletion are not rescued by catalytically inactive OCRL, but are by over-expression or chemical activation of phospholipases (that reduce PI(4,5)P2 levels, as OCRL does; [START_REF] Mondin | PTEN reduces endosomal PtdIns(4,5)P 2 in a phosphataseindependent manner via a PLC pathway[END_REF], shows that defective PI (4,5)P2 metabolism resulting in mis-patterning of this lipid is the causal factor of observed defects.

i. Cytokinesis requires proper PI(4,5)P2 patterning

As mention previously (see II. E. 2. a. and b.), loss of OCRL leads to (i) mis-patterning of PI(4,5)P2, which then extends to endosomal (or endosomal derived) structures, and (ii) to local increased levels at the plasma membrane region corresponding to the cytokinetic furrow and intercellular bridge.

Mislocalised PI (4,5)P2 recruits the cytokinetic machinery and in turn mislocalises it as well (Figure 26A; Carim et al., 2019;Cauvin et al., 2016;[START_REF] Lekomtsev | Centralspindlin links the mitotic spindle to the plasma membrane during cytokinesis[END_REF]. Lateral mis-patterning of PI (4,5)P2 also impacted cytokinesis, as it drove actin over accumulation and persistence in the cytoplasmic bridge (Figure 26E), which clearance failure was responsible for cytokinetic defects in OCRL depleted human.

Indeed, low dose of latrunculin A applied to OCRL depleted cells induced F-actin depolymerisation in the cytoplasmic bridge and recued cytokinetic defects [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]. PI (4,5)P2 patterning is therefore critical for animal cytokinesis.

In plant cells, cytokinesis occurs via the centrifuge growth of a "disc-shape" organelle called the cell plate that prefigures cell wall middle lamella and plasma membranes separating daughter cells (Caillaud, 2019). The cell plate membrane is highly enriched in PI4P, whereas PI(4,5)P2 biosensors do not label the cell plate until very late stages, possibly upon membrane fusion with lateral plasma membranes (Simon et al., 2016). Interestingly, sac9 mutants, which lack the putative PI(4,5)P2 5-phosphatase AtSAC9, display cytokinetic defects (Vollmer et al., 2011). Such defects could results from a mis-patterning of PI (4,5)P2 in plant cells in absence of AtSAC9, with PI(4,5)P2 presence at the cell plate for instance.

ii. Cytoskeleton organisation requires proper PI (4,5)P2 patterning PI(4,5)P2 mis-patterning upon OCRL depletion mediated is responsible for mis-localisation of both p16Arc and WASH, two main activators of the Arp2/3 complex (Cauvin et al., 2016;Vicinanza et al., 2011). Moreover, in cells derived from patient suffering Lowe syndrome, in which OCRL is mutated, there were actin comets nucleated on endocytic vesicles bearing abnormal levels of PI(4,5)P2 (Nández et al., 2014). During cytokinesis, proper PI(4,5)P2 patterning is also necessary for septin cytoskeleton assembly [START_REF] Frémont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF] and for precise MgcRacGAP targeting at the plasma membrane of the intracellular bridge. There, this component of the cytokinetic machinery plays a critical function by linking plasma membrane and microtubule cytoskeleton [START_REF] Lekomtsev | Centralspindlin links the mitotic spindle to the plasma membrane during cytokinesis[END_REF]. Overall, accumulating evidences point to PI (4,5)P2 subcellular patterning being critical not to disturb cytoskeleton in animal cells.

Concerning plant cells, F-actin network is altered in fiber cells from Arabidopsis fra3 mutants that lack the putative PI(4,5)P2 5-phosphatase 5PTase15/FRA3 (Zhong et al., 2005), suggesting than in plant cells as well, cytoskeleton organisation might require tight control of PI (4,5)P2 levels and localisation.

iii. Vesicular transport requires proper PI (4,5)

P2 patterning

Lowe syndrome, which is caused by mutations in OCRL, includes renal defects such as presence of small proteins in urines. Consistently, OCRL depletion of human kidney cells impairs trafficking of Megalin, a multi ligand receptor responsible for retrieval of most of low molecular weight protein during urine maturation (Vicinanza et al., 2011). Mis-localised PI (4,5)P2 on endocytic compartments led to retention of components of the endocytic machinery such as AP-2, Clathrin light chain, and SNX9 (Cauvin et al., 2016;Nández et al., 2014). Ectopic PI(4,5)P2 likely titrated these proteins, resulting in endocytosis defects including abnormal "U-shaped" clathrin coated pits and slower endocytosis, as indicated by increased residency-time of AP-µ2 at the plasma membrane (Nández et al., 2014). Also, mislocalised PI(4,5)P2 altered recycling of plasma membrane receptors and OCRL depletion modified endosome structure and functions (Del Signore et al., 2017).

Endocytosis and vesicular trafficking in plants are much less known that in the animal field, even tough the last decade saw great breakthroughs in the domain (Narasimhan et al., 2019;Gadeyne et al., 2014). Little in known about the implication of plant PI (4,5)P2 phosphatases in trafficking. However, it is unlikely that none is involved (see research article n°1 in this manuscript). iv. Cell differentiation requires proper PI (4,5)P2 balance CVP2 and CVL1 are PI(4,5)P2 5-phospahatses from Arabidopsis, which are expressed only in procambium and protophloem, and phloem respectively (see II. D. 2.;Rodriguez-Villalon et al., 2015, 2014). Enucleated sieve elements conducting sugar loaded sap and companion cells are the two phloem cell types. Protophloem comprises small early differentiating sieve elements, and metaphloem sieve elements differentiate later and are larger. BREVIS RADIX (BRX) and OCTOPUS (OPS) genes encode plasma membrane proteins that were shown to promote phloem sieve element differentiation [START_REF] Depuydt | Suppression of Arabidopsis protophloem differentiation and root meristem growth by CLE45 requires the receptor-like kinase BAM3[END_REF][START_REF] Lucas | The Plant Vascular System: Evolution, Development and Functions[END_REF]. In brx and ops mutants, protophloem is frequently interrupted by cells that failed to differentiate (Rodriguez-Villalon et al., 2014;[START_REF] Depuydt | Suppression of Arabidopsis protophloem differentiation and root meristem growth by CLE45 requires the receptor-like kinase BAM3[END_REF][START_REF] Truernit | OCTOPUS, a polarly localised membrane-associated protein, regulates phloem differentiation entry in Arabidopsis thaliana[END_REF]. Such phenotype is reminiscent of cvp2 and cvp2 cvl1 mutants (see II. D. 2.;Rodriguez-Villalon et al., 2015;Carland and Nelson, 2004). Interestingly, brx cvp2 double mutant displays a wild-type protophloem phenotype, and consistently CVP2 over expression mimicked brx phenotyope. On the contrary, ops single mutant and ops cvp2 double mutant protophloem were identically impaired, whereas introgression of OPSprom::OPS-GFP into cvp2 cvl1 double mutant, therefore increasing the amount of OPS proteins, fully rescued protophloem defects (Rodriguez-Villalon et al., 2015). It showed that OPS and CVP2 are involved in the same pathway with OPS acting downstream of CVP2. cvp2 cvl1 PIP/PIP2 ratio were 25% lowers than wild-type one, consistently with CVP2 and CVL1 PI(4,5)P2 5-phosphatase activity in vitro (Rodriguez-Villalon et al., 2015). Exogenous modification of PI (4,5)P2 and PI4P levels by the same group revealed that affecting these phosphoinositides was sufficient to affect vasculature differentiation (see III. C. 2. for more details; Gujas et al., 2017). Therefore, protophloem differentiation constitutes a great example that PI (4,5)P2 balance can be required to achieve differentiation programs in plants.

Concerning animals, in wild-type Drosophila larva, 21% of hemocytes (immune cells) are lamellocytes (cells involved in encapsulating large foreign bodies), whereas in dOCRL depleted larva, hemocyte population is composed at 62% of lamellocytes (Del Signore et al., 2017). At the cellular scale, dOCRL depleted hemocytes displayed mis-localised PI (4,5)P2 on endosome derived vacuoles, as decribed for other Drosophila cell types (Carim et al., 2019;Ben El Kadhi et al., 2011). As hemocytes differentiate from the same stem cell lineage, such skewed ratio suggests that PI(4,5)P2 patterning could be required for proper differentiation in an animal model. Alternatively, altered lifepan of hemocytes populations could also be caused by PI (4,5)P2 mis-localisation and explained the shift observed between them. PI(4,5)P2 plays a key role in a large variety of cellular and developmental processes. It is therefore not surprising that its mis-patterning at the subcellular scale has pleotropic impacts, stressing the criticalness of molecular actors involved in PI(4,5)P2 metabolism. Among them, OCRL 5-phosphatase hold pivotal role. In plant cells, PI(4,5)P2 is proportionally 5-times less abundant than in animal cells, and much less data are available regarding the importance of PI(4,5)P2 and its patterning. Some biological functions of PI (4,5)P2 in animal cells actually are taken over by PI4P in plant cells (Platre et al., 2018;Platre and Jaillais, 2017;Simon et al., 2016), but we still lack evidence to rationally propose or refute a narrower role of PI (4,5)P2 in plant cells compaired to animal ones (see research article n°2 in this manuscript).

Phosphoinositide-phosphatases pattern PI4P

PI4P is, like PI (4,5)P2, present at the plasma membrane in animal, yeast and plant cells. It is also present on the membrane of intracellular compartments (see I. C. 3.; Simon et al., 2014;Hammond et al., 2014). PI4P subcellular pattern is conserved over time, despite en masse exchanges of membrane by vesicular trafficking and non-vesicular exchanges, indicating that control mechanisms exist. Some may involve phosphoinositide phosphatases.

a. PI4P patterning during budding from a donor membrane

Sac2 is PI4P 4-phosphatase mainly expressed in the nervous system, heart, kidney, skeletal muscle, pancreatic islets and placenta in human (Nguyen et al., 2019;Hsu et al., 2015b;[START_REF] Minagawa | Identification and Characterization of a Sac Domain-containing Phosphoinositide 5-Phosphatase[END_REF]. In animal cells, PI4P mainly resides in Golgi membranes, and only smaller fractions of PI4P biosensors co-localise with the plasma membrane, late endosomes and lysosomes (Figure 12). In Sac2 null mutants, GFP-2xPH FAPP1 and GFP-OSBP PI4P biosensors localised to the Golgi area, like in wild-type cells, but also to intracellular compartment including some positive for transferrin (Tfn), a cargo endocytosed via transferrin receptor (TfR; Hsu et al., 2015b). This mislocalisation of PI4P on endosomes was reversed upon introduction of mCh-Sac2 in Sac2 null cells. Therefore, PI4P absence from endosomes requires Sac2. Sac2 localised to chlatrin coated pits and endosomes (see II. C. 1.;Hsu et al., 2015b;Nakatsu et al., 2015b), consistently with a role in dephosphorylating PI4P originating from the plasma membrane (Hammond et al., 2014), and/or generated by PI(4,5)P2 5-phosphatases such as OCRL and Synj1/2 during endocytosis or on endosomes (Figure 27; please not that this PI(4,5)P2 derived PI4P is also eliminated by via its conversion into PI (3,4)P2 and then PI3P on animal early endosomes; Wang et al., 2019).

In plant cells, despite PI4P main pool sitting at the plasma membrane, no PI4P phosphatase are reported so far to dephosphorylate this lipid during endocytosis and/or on newborn endocytic vesicles.

However, the TGN that functions as early and recycling endosome in plant cells (Dettmer et al., 2006), also comprises PI4P. Thus, PI4P might not be eliminated during retrograde trafficking from the plasma membrane to TGN. However, upon budding from the TGN and maturing into late endosomes / multivesicular bodies (LE/MVB), PI4P must be eliminated as the membranes of these organelles are enriched into PI3P and PI (3,5)P2. Such elimination could involve a yet unidentified PI4P 4-phosphatase or a phospholipase.

b. PI4P patterning prior fusion to target membrane

It was recently shown that human Sac2 PI4P 4-phosphatase localised to insulin granules in insulin secreting cells (see II. C. 3.; Nguyen et al., 2019). These granules correspond to insulin filled compartments that travel to the cell cortex where they are docked to the plasma membrane and await membrane fusion. Upon stimulation, exocytosis of a fraction of these granules occurs, releasing insulin into interior milieu. Therefore, insulin granules are specialised distal organelles in anterograde vesicular transport. Nguyen et al. (2019) knocked-down Sac2 and found no effect on basal secretion levels of growth hormone, used as proxy of insulin secretion. However, they observed that Sac2 knock-out reduced insulin secretion upon acute stimulation of these cells (through both increased glucose concentration and depolarisation). Additional elegant experiments showed that reduced insulin granule exocytosis in absence of Sac2 resulted from defects of vesicles to properly dock (Nguyen et al., 2019). Authors do not mention an increase in PI4P biosensor recruitment at insulin granules in Sac2 knock-down cells, that would indicate a patterning defect of PI4P. However, their observations strongly support a model where PI4P would remain too abundant on exocytic vesicles to allow proper docking (Figure 27).

Interestingly, dephosphorylation of PI4P on vesicles targeted to exocytosis may not be specific to insulin granule secretion, and Sac2 may not be the only phosphoinositide phosphatase involved in PI4P patterning on exocytic vesicles. sac1Δ and inp52Δ inp53Δ yeast mutants have elevated levels of PI4P on intracellular compartments, including Golgi apparatus, and at the plasma membrane, showing that Sac1p and synaptojanin-like Inp52p/Sjl2p and Inp53p/Sjl3p are required for PI4P subcellular patterning Sac2 TGN plasma membrane [START_REF] Laporte | A gene mutated in X-linked myotubular myopathy defines a new putative tyrosine phosphatase family conserved in yeast[END_REF][START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF]. Interestingly, in both mutants mentioned before, there were an increased in Osh2p recruitment at Sec4p positive vesicles, id est secretory vesicles. As Osh2p is recruited to membranes by PI4P, it strongly suggested that depletion of Sac1p or of both Inp52p/Sjl2p and Inp53p/Sjl3p, allowed PI4P presence on vesicles that budded from the TGN and were targeted to exocytosis [START_REF] Ling | Osh4p is needed to reduce the level of phosphatidylinositol-4phosphate on secretory vesicles as they mature[END_REF]. This idea fits wells with genetic data showing that plasma membrane synthesised PI4P and Golgi synthesised PI4P constitute distinctive pools (Del Bel and Brill, 2018).

c. Control of plasma membrane, Golgi apparatus and endoplasmic reticulum PI4P levels

Depletion of yeast and Metazoan Sac1, a PI4P 4-phosphatase, led to additional recruitment of PI4P fluorescent biosensors to Golgi apparatus, plasma membrane, and ER, indicating an elevation of PI4P levels at the corresponding membranes (Del Bel and Brill, 2018;[START_REF] Tahirovic | Regulation of intracellular phosphatidylinositol-4phosphate by the Sac1 lipid phosphatase[END_REF][START_REF] Roy | Multiple pools of phosphatidylinositol 4-phosphate detected using the pleckstrin homology domain of Osh2p[END_REF]. Disruption of Vacuolar protein sorting-associated 74 (Vps74)-mediated Sac1 recruitment at the Golgi as well increased PI4P levels at this organelle [START_REF] Cai | Sac1-Vps74 structure reveals a mechanism to terminate phosphoinositide signaling in the Golgi apparatus[END_REF], consistently with Sac1 Nterminal region requirement for Golgi localisation [START_REF] Wang | The First Transmembrane Domain of Lipid Phosphatase SAC1 Promotes Golgi Localization[END_REF][START_REF] Faulhammer | Growth control of golgi phosphoinositides by reciprocal localization of sac1 lipid phosphatase and pik1 4kinase[END_REF]. Therefore, Sac1 patterns PI4P in yeast and animal cells. Sac1 localises to the ER membrane and/or Golgi apparatus membranes, and consistently with Sac1 targeting PI4P pools residing at these organelles.

Interestingly, despite clear evidence of Sac1 impacting plasma membrane pool of PI4P, Sac1 does not localise at the plasma membrane (see II. C. 3.). For years, the predominant model to explain this paradox was that Sac1 could act in trans on the plasma membrane. Indeed, although tethered to the ER membrane, Sac1 linker region could extend to roughly 15 nm and virtually act in a nearby membrane (Figure 28A; Manford et al., 2010b). In a liposome-based in vitro assay, yeast Sac1p was able to dephosphorylated PI4P on nearby membranes in presence of Osh3p, a lipid transport protein (yeast ORP homolog, see below), and the yeast integral ER membrane proteins VAPs Scs2/22p, substantiating Sac1 in trans activity [START_REF] Stefan | Osh proteins regulate phosphoinositide metabolism at ER-plasma membrane contact sites[END_REF]. Sac1p was also found enriched at ER-plasma membrane contact sites in cultured cells, where both membrane only are more or less 10 nm apart (Dickson et al., 2016).

The ability of Sac1 to act in trans got however more and more questioned. A study found that Sac1 could not act in trans in an in vitro liposome assay [START_REF] Mesmin | XA fourstep cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi Tether OSBP[END_REF], contrary to Stefan et al.

(2011) conclusions, that might had been a overstated, as for instance Osh3p might have transported PI4P

from Sac1p-free liposomes to Sac1p liposomes. Also, Sac1p linker region was found necessary for catalysis [START_REF] Cai | Sac1-Vps74 structure reveals a mechanism to terminate phosphoinositide signaling in the Golgi apparatus[END_REF], and in this configuration, Sac1p no longer can cross the cytosolic gap between ER and PM membranes (Moser von Filseck and Drin, 2016). Besides, more recent studies did not find Sac1 enriched at ER-plasma membrane contact sites [START_REF] Zewe | SAC1 degrades its lipid substrate Ptdins4P in the endoplasmic reticulum to maintain a steep chemical gradient with donor membranes[END_REF], contrary to Dickson et al. (2016).

Concomitant publications moreover showed that both in mammalian and yeast cells, PI4P is transported from the plasma membrane to the ER membrane, via non-vesicular lipid exchanges (see II. E. 3. d. iii.; [START_REF] Chung | PI4P/phosphatidylserine countertransport at ORP5-and ORP8mediated ER -Plasma membrane contacts[END_REF]Von Filseck et al., 2015a). Non-vesicular lipid transport is mediated by lipid transport proteins able to extract lipids from a membrane, to host it in a hydrophobic cavity, and to release it in a target membrane (see II. E. 3. D. iii. for more details; Moser von Filseck and Drin, 2016). PI4P transport from the trans-Golgi in human cells relies on OSBP [START_REF] Mesmin | Sterol transfer, PI 4P consumption, and control of membrane lipid order by endogenous OSBP[END_REF][START_REF] Mesmin | XA fourstep cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi Tether OSBP[END_REF], the founding member of ORP/Osh family of lipid transport proteins, and on Osh4p in S. cerevisiae (de [START_REF] De Saint-Jean | Osh4p exchanges sterols for phosphatidylinositol 4-phosphate between lipid bilayers[END_REF]. PI4P

transport from the plasma membrane to the ER membrane relies on Osh6/7p in yeast (Figure 29) and ORP5/8 in human cells (Figure 30; [START_REF] Chung | PI4P/phosphatidylserine countertransport at ORP5-and ORP8mediated ER -Plasma membrane contacts[END_REF]Von Filseck et al., 2015a). Such plasma membrane and Golgi to ER transport of PI4P raised the possibility that ER resident Sac1 could control plasma membrane PI4P levels even if acting in cis on the ER membrane. [START_REF] Zewe | SAC1 degrades its lipid substrate Ptdins4P in the endoplasmic reticulum to maintain a steep chemical gradient with donor membranes[END_REF] carried an elegant study attempting to put an end to the controversy concerning Sac1 cis and/or trans modus operandi. They used Sac1 (ER tethered, therefore acting in trans at the plasma membrane) or a Sac1 truncation (depleted of its transmembrane domain, therefore acting in cis at the plasma membrane) and acutely induced ectopic recruitment at the plasma membrane using chemical based system (rapamycin system, see III. D. 2.). They observed that Sac1 in trans activity was way lower that in cis. They also report a strong increase of Sac1 in trans activity when (i) elongating of the linker region between SAC phosphatase domain and the transmembrane domain, by at least 16 amino acids (~6 nm), or (ii) either forcing trans configuration or increasing ER-plasma membrane contact sites numbers (Figure 28B). Overall, this article convincingly indicated that Sac1 preferentially acts in cis on the ER, dephosphorylating PI4P transported from the plasma membrane. Therefore, Sac1 controls PI4P levels at the plasma membrane, and the Golgi apparatus, even though localising and acting at the ER membrane (Figure 29 and 30). Nevertheless, an even more recent article investigated Sac1 mediated control of TGN PI4P levels at ER-TGN contact sites [START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF]. They observed Sac1 in trans 4-phosphatase activity in vitro, in lipisome based assays, and found that the Golgi and TGN protein FAPP1 increased this activity. They also showed that FAPP1

does not extract PI4P for trans membrane as OSBP likely had done in (Dickson et al., 2016). Additional In plant cells, Sac1 homologs are AtSAC6-8 and at least AtSAC7/RHD4 was shown to be a PI4P 4-phosphatase as well (see II. A. 1. and II. B. 2. ii.). PI4P accumulates at the plasma membrane of root hair tip, even though in a broader domain than PI(4,5)P 2 (Noack and Jaillais, 2017;[START_REF] Vermeer | Imaging phosphatidylinositol 4-phosphate dynamics in living plant cells[END_REF]Thole et al., 2008). In root hairs, AtSAC7/RHD4 knock-out decreased plasma membrane recruitment of YFP-PH FAPP1 PI4P biosensor, which localised more to intracellular compartments (Thole et al., 2008).

Therefore, AtSAC7/RHD4 is required for PI4P patterning, at least in root hairs. This result should however be confirmed with a PI4P sensors that only binds PI4P, instead of PH FAPP1 co-incident recognition of PI4P and ARF1. Further investigation of AtSAC6-8 localisation and function might reveal a conserved role of these PI4P phosphatases in plant cells, and their possible implication in plant cell membrane contact sites functions like animals and yeat. Such studies could prove especially relevant, as plant cells have an opposite gradient of PI4P (PI4P main pool at the plasma membrane), compared to animal cells (PI4P main pool at the Golgi and TGN; Simon et al., 2016;Platre and Jaillais, 2016;Simon et al., 2014;Hammond et al., 2014). Original mechanisms that may implicate plant PI4P 4-phosphatase could explain this stinking difference.

d. PI4P patterning is required for various cell processes to these vesicles to the plasma membrane where they await membrane fusion, resulting in overall decreased secretion of insulin (Nguyen et al., 2019). Therefore, Sac2 mediated PI4P dephosphorylation is required for late anterograte transport and proper insulin secretion. Interestingly, Sac2 was found mutated in diabetics patients, indicating the physiological relevance of this process (Nguyen et al., 2019).

Increased levels of PI4P in the Golgi and TGN upon Sac1 depletion of mis-localisation affected Golgi morphology and function [START_REF] Foti | Sac1 Lipid Phosphatase and Stt4 Phosphatidylinositol 4-Kinase Regulate a Pool of Phosphatidylinositol 4-Phosphate That Functions in the Control of the Actin Cytoskeleton and Vacuole Morphology[END_REF], especially leading to failure to retain Golgi resident proteins and impaired protein secretion [START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF][START_REF] Cai | Sac1-Vps74 structure reveals a mechanism to terminate phosphoinositide signaling in the Golgi apparatus[END_REF]. It shows Sac1 mediated patterning of PI4P requirement for additional secretory pathways. In Arabidopsis, knock-out of AtSAC7/RHD4 affects polar secretion at the tip of root hairs, proving AtSAC7/RHD4 requirement for polarised secretion, likely though disturbed PI4P patterning (Thole et al., 2008).

In yeast, sac1Δ genetic interactions with genes involved in vacuolar trafficking led [START_REF] Tahirovic | Regulation of intracellular phosphatidylinositol-4phosphate by the Sac1 lipid phosphatase[END_REF] to investigate possible endocytic defects cause by SAC1 depletion. They performed a time course analysis of internalisation of the lipid dye FM4-64, and found that the dye reached vacuole external membrane in sac1Δ a 42 % after it did in wild-type yeast, therefore showing that the endocytic pathway was impaired by SAC1 depletion, possibly because of PI4P mis-patterning this mutation generates.

Taken together, PI4P patterning by various PI4P-phosphatases appears critical for various steps of vesicular trafficking, both in secretory/anterograde/exocytic and for retrograde/endocytic pathways.

ii. Cell differentiation requires proper PI4P patterning

Tip growth increases root hair cells surface, consistent with their specialised function as exchange surfaces of water and ions by diffusion. Therefore, their shape is a key element of their differentiation. In sac7/rhd4 null mutants, root hairs length is strongly reduced and their shape largely affected (Thole et al., 2008), likely exemplifying PI4P patterning requirement for proper differentiation in this cell type.

iii. Non-vesicular lipid exchanges requires proper PI4P patterning

As mention previously, the integral membrane protein Sac1 patterns PI4P, including at membranes it does no localise (plasma membrane, TGN, secretory vesicles; see II. E. 3. c.). Two nonexclusive mechanisms may explain this finding: (i) Sac1 might act in trans, on other membranes that contain PI4P at membrane contact sites where the gap between both membrane is narrow ennough and/or (ii) Sac1 might act in cis, on the membrane its sits in, but dephosphorylating PI4P lipids transported by non vesicular lipid-exchanges, that often occur at membrane contact sites, from various membranes (see II. E; 3. c.).

OSBP lipid transport protein localises to ER-trans Golgi membrane contact sites in human cells, and transports PI4P from the Golgi to the ER, and counter-transport cholesterol from the ER to the Golgi apparatus (Figure 30; [START_REF] Mesmin | Sterol transfer, PI 4P consumption, and control of membrane lipid order by endogenous OSBP[END_REF][START_REF] Mesmin | XA fourstep cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi Tether OSBP[END_REF] , 2016;Von Filseck et al., 2015a;[START_REF] Chung | PI4P/phosphatidylserine countertransport at ORP5-and ORP8mediated ER -Plasma membrane contacts[END_REF]. PS and sterols are synthesised in the ER luminal leaflet and enriched at the plasma membrane cytosolic leaflet in yeast, animal and plant cells (Platre et al., 2018;Platre and Jaillais, 2017;[START_REF] Xu | Phosphatidylserine flipping enhances membrane curvature and negative charge required for vesicular transport[END_REF][START_REF] Fairn | High-resolution mapping reveals topologically distinct cellular pools of phosphatidylserine[END_REF]. Therefore, PS and sterol transports occur against their concentration gradient: such transport is endergonic. On the contrary, PI4P counter-transport is thermodynamically spontaneous, as PI4P is more enriched at the plasma membrane and Golgi, where PI 4-kinases synthesised it, than in the ER membrane where Sac1 hydrolyse it (Del Bel and Brill, 2018;[START_REF] Moser Von Filseck | Running up that hill: How to create cellular lipid gradients by lipid counter-flows[END_REF]Balla, 2013).

Consequently, the current model based on solid in vitro results proposes that ORP/Osh, which are responsible for the counter transport of PS/sterols and PI4P, act as coupling agents enriching the plasma membrane in PS and Golgi membrane in sterols, thanks to PI4P transport (Von Filseck et al., 2015b;a;[START_REF] Chung | PI4P/phosphatidylserine countertransport at ORP5-and ORP8mediated ER -Plasma membrane contacts[END_REF]. Maintenance of a steep PI4P gradient by Sac1-mediated hydrolysis of PI4P at the ER is critical for this function (Figure 29 and 30). Therefore, PI4P patterning, which largely relies on Sac1, is required for PS and sterol transport and accumulation at their functional localisations. In plant cells, PS main pool as well sits at the plasma membrane (Platre et al., 2018). However, no non-vesicular transport of PS has been reported so far. Please note that PI4P/sterol and PI4P/Sterol non-vesicular lipid exchanges likely also occurs between additional membranes [START_REF] Luo | Intracellular Cholesterol Transport by Sterol Transfer Proteins at Membrane Contact Sites[END_REF][START_REF] Moser Von Filseck | Running up that hill: How to create cellular lipid gradients by lipid counter-flows[END_REF].

Sac1 was also shown to be important for ER-TGN membrane contact sites [START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF][START_REF] Mesmin | Sterol transfer, PI 4P consumption, and control of membrane lipid order by endogenous OSBP[END_REF]. There, PI4P is exchanged for sterols synthesised in the ER. Sac1 likely both act in cis and in trans at ER-TGN contact sites [START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF]. The latter is puzzling, as it would reduce PI4P gradient and therefore efficiency of sterol countertransport. Yet, drug inhibition of OSBP, the founding member of ORP family, led to accumulation of sterols at ER/lipid droplets, with a concomitant decrease in sterols levels at the TGN. PI 4-kinases, rather that PI4P phosphatases have been reported so far to be critical for PI4P mediated control of sterol transport [START_REF] Mesmin | Sterol transfer, PI 4P consumption, and control of membrane lipid order by endogenous OSBP[END_REF]. However, genetic interactions show that, in yeast, Sac1p and membrane contact site proteins are redundant for sterol homeostasis [START_REF] Quon | Endoplasmic reticulum-plasma membrane contact sites integrate sterol and phospholipid regulation[END_REF], suggesting that Sac1p contributes to non vesicular transport of sterols.

Taken together, these results indicate that PI4P patterning, which largely depends on Sac1, is in turn critical for proper subcellular patterning of PS and sterols, by allowing their non-vesicular transport at membrane contact sites.

Take home message from II.

Phosphoinositide differential accumulation in specific membranes (id est their subcellular patterning) is critical for multiple cellular processes, and it requires phosphoinositide phosphatases. There are five main families of phosphoinositide phosphatases, which have various (i) substrate and catalytic activities, (ii) subcellular localisations, (iii) spatio-temporal expression patterns and (iv) control mechanisms. These specificities explains non-redundancy of a most of them, and shows that phosphoinositide phosphatases constitute an extensive "tool kit" allowing precise regulation of phosphoinositides levels and localisation endogenously.

Interestingly, researchers can hijack phosphoinositide phosphatase. Together with additional methods, these exogenous manipulations of phosphoinositides constitute precious assays to investigate phosphoinositide biolology (see III.).

III. EXOGENOUS MANIPULATION OF PHOSPHOSPHOINOSITIDES FOR PHOSPHOINOSITIDE RESEARCH

Phosphoinositides play critical roles in various cellular, physiological, developmental (see II.) and even infectious processes (Balla, 2013). In order to detect their implication in such processes and to unravel the mechanisms by which they do so, assays aiming at perturbing phosphoinositides were developed. Here, I will review some of these assays, and try to point out their pros and cons. A short recent review dealt with this topic (Idevall-Hagren and De Camilli, 2015), but only addressing cultured cells models. I will therefore focus on other models whenever possible, and especially pluricellular organisms, such as Arabidopsis and Drosophila.

A. Knock-outs and knock-down mediated manipulation of phosphoinositides

Both forward genetic approaches, based on non-directed mutagenesis, and reverse genetic more recently made possible to modulate phosphoinositide levels knock-out and knock down, in particular affecting genes encoding enzymes involve in phosphoinositide metabolism (phosphoinositide-kinases,phosphatases, -phospholipases). proper root hair growth [START_REF] Zhang | Knockdown of arabidopsis PLC5 reduces primary root growth and secondary root formation while overexpression improves drought tolerance and causes stunted root hair growth[END_REF]. Knock-outs were also used to alter phosphoinositide metabolism (see II.).

Knock

Overall, manipulation of phosphoinositide levels via knock-outs and knock-downs of genes encoding enzymes involved in phosphoinositide metabolism can be achieved in cultured cells and pluricellular organisms. However, these modifications are not acute, and therefore may led to difficulties in dicephering direct from indirect effects of disturbed phosphoinositide homeostasis. Also, depleted proteins might have functions beyond their catalytic activity (see II. B. 3. For two examples), making even more hazardous to conclude that observed effects originate from phosphoinositides. Still, knock-outs and knock-down remain are useful tools, especially in order to complement or exacerbate phenotypes that may be caused by phosphoinositides (double knock-downs, knock-out and knock-down, etc.).

B. Pharmacological approaches for phosphoinositides manipulation

For many years, genetic approaches have been supplemented with the use of various compounds that allowed more acute and/or easy manipulation of phosphoinositide levels. These pharmacological approaches are still used now days, on animal, yeast and plant models.

Pharmacological modulation of phosphoinositide metabolism-enzymes

It is rather intuitive that, in order to modulate respective levels of phosphoinositide, drugs inhibiting their synthesis or their hydrolysis would be tools of choice.

a. Pharmacologic inhibition of phosphoinositides synthesis

Various compounds are used to deplete one or several phosphoinositide species. Most are inhibitors targeting phosphoinositide kinases, which prevent synthesis of a phosphoinositide species while it is still consumed by phosphoinositide phosphatases and phospholipases.

Phenylarseneoxide (PAO) has been a widely use to deplete PI4P from animal cultured cells and plant cells (Platre et al., 2018;Simon et al., 2016;Idevall-Hagren and De Camilli, 2015;[START_REF] Fujimoto | Phosphatidylinositol 3-kinase and 4kinase have distinct roles in intracellular trafficking of cellulose synthase complexes in arabidopsis thaliana[END_REF]. PAO is pan-PI 4-kinases inhibitor, even though it preferentially targets PI4KIIIα , the kinase synthesising plasma membrane PI4P in animal cells. In Arabidopsis root cells, PI4P main pool sits at the plasma membrane (see I. C. 3. b.; Simon et al., 2016Simon et al., , 2014)), and PAO when used at 30 µM, led to efficient PI4P biosensor solubilisation from the plasma membrane into the cytosol in 30 minutes (Figure 31A and B; Simon et al., 2016). In animal cultured cells, a 20 µM PAO treatment led to solubilisation of catalytically inactive GFP-Sac2 D460N in only 10 minutes (see II. C. 3. b. i.;Hsu et al., 2015a). Also, whereas not affected at 30 minutes, a 2-hour 30 µM PAO treatment reduced PI(4,5)P2 levels in plant cells (Platre et al., 2018;Simon et al., 2016), likely due to the depletion of PI4P which is PI(4,5)P2 precursor (Figure 31A andB).

Therefore, PAO constitutes an efficient drug to rapidly decrease PI4P levels, and is suitable for use on pluricellular organisms. It may as well be used for PI (4,5)P2 depletion in addition of PI4P. PAO however has drawbacks, including that it has additional cellular targets in animal cells, and likely in other Eukaryotes as well (Idevall-Hagren and De Camilli, 2015).

Wortmannin (Wm) used at low concentration (< 1µM) and LY294002 are pan-PI 3-kinases inhibitors acting though competitive inhibition of with ATP from which these enzymes get energy and phosphate from, allowing them to perform phosphorylations. These compounds have been extensively used on animal cultured cells, and proved suitable for studies on pluricellular organisms such as Arabidopsis seedlings, Drosophila embryos, and C. elegans (Simon et al., 2016;[START_REF] Fujimoto | Phosphatidylinositol 3-kinase and 4kinase have distinct roles in intracellular trafficking of cellulose synthase complexes in arabidopsis thaliana[END_REF][START_REF] Reversi | Plasma membrane phosphoinositide balance regulates cell shape during Drosophila embryo morphogenesis[END_REF][START_REF] Samokhvalov | Autophagy protects against hypoxic injury in C. elegans[END_REF]. Wortmannin used at high concentration (~ 30 µM) not only decreases levels of PI 3-kinases products (PI3P in plants; PI3P, PI (3,4)P2 and PI (3,4,5)P3 in animals), but also PI4P levels (Figure 31A; Takagi and Uemura, 2018;Idevall-Hagren and De Camilli, 2015;[START_REF] Vermeer | Imaging phosphatidylinositol 4-phosphate dynamics in living plant cells[END_REF][START_REF] Matsuoka | Different sensitivity to wortmannin of two vacuolar sorting signals indicates the presence of distinct sorting machineries in tobacco cells[END_REF].

Overall, several drugs suitable for both cultured cells and pluricellular models can be used. They 

b. Pharmacological modulation of phosphoinositides hydrolysis

Phosphoinositides levels can as well be modulated though inhibition of phosphatases and/or phospholipases that hydrolyse them. For instance, U73122 is a pan-phospholipases C (PLC) inhibitor.

PLCs catalyse PI(4,5)P2 hydrolysis into diacylglycerol (DAG) and inositol (1,4,5)P3. Consistently, U73122

treatments elevated PI(4,5)P2 levels in mammalian, insect and plant cultured cells (Figure 31A and C; Carim et al., 2019;[START_REF] Van Leeuwen | Visualization of phosphatidylinositol 4,5-bisphosphate in the plasma membrane of suspension-cultured tobacco BY-2 cells and whole Arabidopsis seedlings[END_REF]Ma et al., 2009;[START_REF] Wong | PIP2 hydrolysis and calcium release are required for cytokinesis in Drosophila spermatocytes[END_REF]. This drug was also successfully used on root and cotyledon epidermis where it induced a four-times increase in GFP-PH PLC PI (4,5)P2 biosensor localisation at the plasma membrane (Lee et al., 2019;Barbosa et al., 2016). U73122 therefore is suitable for pluricellular models. Unfortunately, it causes strong sides effects including rapid inhibition of cytoplasmic streaming in Vicia sativa (Angiosperm Fabaceae) cells (Caillaud, 2019;Den Hartog et al., 2001). Oppositely, m-3M3FBS stimulates PLCs enzymatic activity and was therefore shown to decrease PI(4,5)P2 levels in Drosophila cultured cells (Figure 31A; Carim et al., 2019). m-3M3FBS was also used on Drosophila organoïds [START_REF] Semple-Rowland | Activation of phospholipase C mimics the phase shifting effects of light on melatonin rhythms in retinal photoreceptors[END_REF], and thus might be suited for studies on pluricellular organism.

Few inhibitors of phosphoinositide phosphatases are also published, in particular PTEN inhibitors such as VO-OHpic that allow to study the tumor suppressor function of this gene (Idevall-Hagren and De Camilli, 2015).

Taken together, phosphoinositide catabolic enzymes can be manipulated to modulate phosphoinositide levels, however these approaches are less developed than inhibition of phosphoinositide kinases.

c. Perspectives and applications of pharmalogical modulation of phosphoinositide metabolism

Phosphoinositide manipulation via inhibitors and activators of enzymes involved in phosphoinositide metabolism poses general issues. First, drugs are only specific within a very narrow concentration range, which is easily controlled in vitro, but somehow difficult to control even in cultured cells due to variable plasma membrane permeability to them, and a fortiori when working with pluricellular models. Second, drugs often have off-target effects, that may not be known, and affect cellular processes distinct from phosphoinositide metabolism. With these drawbacks in mind, pharmacological modulation of phosphoinositide kinases, phosphatases and phospholipases yet constitutes a valuable tool allowing relatively fast modulation of phosphoinositide levels.

Drug induced modulation of phosphoinositide levels have been successfully used in multicellular organisms to study phosphoinositide role in membrane electrostatic field. Our group, among other approaches, depleted PI4P from Arabidopsis root epidermal cells with PAO and observed a decrease of plasma membrane electronegative field, showing that in plants, PI4P is the major determinant of membrane electrostatic field (Simon et al., 2016). A similar experiment carried on pss1 seedlings, which lack phosphatidyl serine (PS), indicated that, in this mutant, membrane electrostatic field was completely abolished by PAO and an inhibitor of phosphatidic-acid (PA) synthesis (Platre et al., 2018). It showed that in plant cells, PI4P but also PS and PA, contribute to the electronegative field of cells membranes (at least to most cortical ones, including the plasma membrane, endosomes and TGN membranes). Others used U73122 in cotyledon epidermis and observed that elevation of PI(4,5)P2 levels induced peripheral cytoskeleton and ER-plasma membrane contact sites reorganisation, similarly to NaCl treatments, suggesting that osmotic stress leadings to these biological responses are transduced via PI(4,5)P2 (Lee et al., 2019) 

Delivery of phosphoinositides and phosphoinositides analogues

Modulation of phosphoinositides levels can also be achieved by directly increasing phosphoinositide molecules number. One cannot directly feed cells with synthetic (or purified) phosphoinositide, as membranes are impermeable to their charged and therefore highly polar phosphorylated head. To tackle this issue, membrane permeable phosphoinositide analogues were designed (Figure 32A; [START_REF] Jiang | Membranepermeant esters of phosphatidylinositol 3,4,5-trisphosphate[END_REF]. Such lipids can insert in cell membranes, and are activated by the hydrolysis of the chemical groups that neutralised inositol head charges, performed by endogenous esterases. Such approaches were successfully used not only in animal cultured cells [START_REF] Laketa | PIP 3 induces the recycling of receptor tyrosine kinases[END_REF][START_REF] Posor | Spatiotemporal control of endocytosis by phosphatidylinositol-3,4-bisphosphate[END_REF][START_REF] Laketa | Membrane-Permeant Phosphoinositide Derivatives as Modulators of Growth Factor Signaling and Neurite Outgrowth[END_REF], but also in whole organisms including Drosophila embryos [START_REF] Reversi | Plasma membrane phosphoinositide balance regulates cell shape during Drosophila embryo morphogenesis[END_REF]. Injection of Drosophila embryos undergoing cellularisation with PI(4,5)P2 analogues increased GFP-PH PLC PI (4,5)P2 biosensor signal at the plasma membranes, showing that the method efficiently elevated PI(4,5)P2 levels (Figure 32B; [START_REF] Reversi | Plasma membrane phosphoinositide balance regulates cell shape during Drosophila embryo morphogenesis[END_REF]. Non-modified (as well as fluorescent)

phosphoinositides were also successfully provided to plant cells, including Arabidopsis seedlings, using polyamine carriers neutralising the negatives charges of phosphoinositides phosphate groups (Nováková et al., 2014;Ozaki et al., 2000).

When interpreting results from such assays, it is critical to keep in mind that these lipids can virtually be loaded in any membrane of the cells, and may therefore induce effects not only due to their increased number, but also to their ectopic localisation. Delivery of phosphoinositides and

phosphosphoinositide analogues yet showed that PI (3,4)P2 and PI (3,4,5)P2 in animal cultured cells stimulates clathrin-mediated endocytosis and tyrosine kinase receptor recycling. It also induced cell protrusions [START_REF] Laketa | PIP 3 induces the recycling of receptor tyrosine kinases[END_REF][START_REF] Posor | Spatiotemporal control of endocytosis by phosphatidylinositol-3,4-bisphosphate[END_REF][START_REF] Laketa | Membrane-Permeant Phosphoinositide Derivatives as Modulators of Growth Factor Signaling and Neurite Outgrowth[END_REF]. In Arabidopsis, delivery of PI (3,5)P2 led to vacuolar defects mimicking those seen upon AtSAC2-5 depletion (Nováková et al., 2014), substantiating that such defects were caused by abnormal levels and/or localisation of PI (3,5) 

C. Chronic genetically encoded systems for phosphoinositides manipulation

The pharmacological approaches described above have drawbacks, including off-target effects due to lack of drug specificity. Similarly, knock-outs and knock-downs may too be not specific because mutated genes could have pleotropic functions. Genetically encoded systems for phosphoinositide perturbation intended to complement the approaches mentioned here before. They rely on stable or transitory transfer of genetic constructs that, when expressed by host cells, will perturb phosphoinositide homeostatsis. Among this type of studies, I will distinguish "chronic" systems (here, III. C.) from acute ones that are tightly controlled and act in the range of seconds (see III. D.).

Constitutively expressed genetic systems for phosphoinositides manipulation a. Stable transformation of constitutively expressed genetic systems for phosphoinositides manipulation

Several studies aiming at getting insights into PI(4,5)P2 roles in plant cells constitutively and ectopically expressed PI4P 5-kinases, in order to increase PI(4,5)P2 level (Im et al., 2014;Ma et al., 2009;Yang et al., 2007). Authors used viral 35S promoter, which is ubiquitously and strongly expressed in plant tissues. In particular, Yang et al. (2007) generated Nicotiana tabacum cultured cell lines constitutively expressing either Arabidopsis GFP-AtPIPK10 or human GFP-HsPIPKIα. GFP-AtPIPK10 localised to the cytosol, whereas GFP-HsPIPKIα localised to the plasma membrane, proving its ability to retain its functional subcellular localisation in an heterologous system (possibly because conserved plasma membrane properties between animal and plant cells are responsible for its recruitment; Figure 33A).

Measurements revealed that 35Sprom::GFP-HsPIP5Kα lines had a 10-fold increase in PI(4,5)P2, indicating that HsPIP5Kα efficiently exerted its PI4P 5-kinase activity (Figure 33A; Yang et al., 2007). Similar systems allowed phosphoinositides manipulation in animal cultured cells as well. Salmonella bacteria inject SigD PI(4,5)P2 phosphatase into host cell cytoplasm, and then SigD depletes PI(4,5)P2 from the plasma membrane of the infected cell (Terebiznik et al., 2002). Heterologous expression of SigD in HeLa cells was sufficient to reduce PI(4,5)P2 levels (Terebiznik et al., 2002), making it an easy tool to manipulate PI(4,5)P2.

Interestingly, constitutive and ubiquitous perturbation of phosphoinositides may sometimes be viable in plurcellular organisms. For example, Arabidopsis lines transformed with 35Sprom::GFP-HsPIP5Kα construct were viable. Purified plasma membrane from such seedlings revealed a 2-3 fold increase in phosphatidyl-phosphate 5-kinase activity, showing that HsPIP5K was functional (Im et al., 2014). Others Overall, constitutive and ectopic expression of genetically encoded systems chronically disturbing phosphoinositides proved to be useful tools, as they for instance allowed to study PI(4,5)P2 interplay with plant K + channels (Ma et al., 2009), starch and anthocyanin accumulation (Im et al., 2014), animal cytokinesis [START_REF] Wong | PIP2 hydrolysis and calcium release are required for cytokinesis in Drosophila spermatocytes[END_REF] and cilia development [START_REF] Gupta | Phosphatidylinositol 4,5-bisphosphate regulates cilium transition zone maturation in Drosophila melanogaster[END_REF]. Such systems can also be used in transient transformation.

b. Transient transformation of constitutively expressed genetic systems for phosphoinositides manipulation

Transient transformation of genetic constructs encoding constitutively expressed proteins that alter phosphoinositide homeostatsis by-passes the need for organism viability. Indeed, only some cells are transformed, and assays are fine as long as cell themselves are viable. Our group for instance transiently transformed Nicotiana benthamiana leaf epidermal cells with 35Sprom::MAP-mTU2-Sac1p construct (Simon et al., 2016). It allowed constitutive expression of yeast Sac1p PI4P phosphatase domain and its targeting at the plasma membrane thanks to the Myristoylation And Palmytoylation (MAP) sequence that is acylated.

Upon expression of MAP-mTU2-Sac1p, mCIT-P4M SidM PI4P biosensor got solubilised from the plasma membrane and/or relocalised to intracellular compartments, indicating a depletion of PI4P main pool at the plasma membrane (Figure 33B; Simon et al., 2016). Sac1p-mediated PI4P depletion in transient assays contributed to show that PI4P is the main anionic lipid responsible for membrane electrostatic field in plant cells (Platre et al., 2018;Simon et al., 2016), and to propose this system as a mean to assess PI4P requirement for plasma membrane targeting of proteins (see protocol article n°1 in this manuscript).

Inducibly expressed genetic systems for phosphoinositides manipulation

Genetically encoded systems, which were inducible expression, were later on designed. They in particular overcome lethality of constitutively expressed systems mention previously (see III. C. 1.) and facilitated to study pluricellular organisms.

Arabidopsis AtPIPK1 and AtPIPK2 are partially redundant PI4P 5-kinases that are ubiquitously expressed (Ischebeck et al., 2013). Heterologous signalling components must be used for inducible expression to avoid endogenous targets. For instance, in plants, Mammal hormones and receptors are suitable. This includes estradiol (an estrogen), for which XVE synthetic gene encodes a recombinant receptor [START_REF] Curtis | A Gateway Cloning Vector Set for High-Throughput Functional Analysis of Genes in Planta[END_REF][START_REF] Zuo | An estrogen receptor-based transactivator XVE mediates highly inducible gene expression in transgenic plants[END_REF], and dexamethasone (a glucocorticoid), for which GVG synthetic gene encodes a recombinant receptor (Marquès-Bueno et al., 2016;Aoyama and Chua, 1997). Placed under pMDCM7 promoter, that contains XVE cassette, AtPIPK1-eYFP and AtPIPK2-eYFP genes could be over-expressed in Arabidopsis by a 5 µM and 24 h estradiol treatment (Figure 34A). Both kinases mainly localised at the plasma membrane, their functional location. Upon expression of either AtPIPK1 or AtPIPK2, in seedlings expressing YFP-PH PLC PI(4,5)P2 biosensor, fluorescence was brighter, indicating a stabilisation of the sensor and suggesting increased levels of PI(4,5)P2 (Ischebeck et al., 2013). In this case, XVE was expressed ubiquitously, making most cells competent to perceive estradiol and therefore have their PI(4,5)P2 levels increased. Arabidopsis PIP5K3 was also successfully expressed under in an estrogen dependent manner [START_REF] Kusano | The Arabidopsis phosphatidylinositol phosphate 5-kinase PIP5K3 is a key regulator of root hair tip growth[END_REF].

Gujas et al. (2017) cloned genetic constructs allowing estradiol inducible expression of

HsPIP5KIα in Arabidopsis. Expression of PIP5KIα was ubiquitous for constructs in which XVE cassette was expressed under ubiquitous UBIQUITIN10 promoter (UBQ10prom::HsPIP5KIα), or restricted to the protophloem for constructs in which XVE was cloned downstream of the protophloem specific BARELY ANY MERISTEM 3 promoter (BAM3::HsPIP5KIα; Figure 34B). Upon induction, GFP-HsPIP5KIα localised nicely at the plasma membrane, its functional localisation (Figure 34B). Also, measurements of 32 P incorporation indicated that induction of HsPIP5KIα expression caused a massive increase in PI(4,5)P2 amount, while PI4P levels dropped, consistently with an increase of PI4P to PI(4,5)P2 conversions. Consistently, induction of HsPIP5KIα expression in Arabidopsis seedlings expressing PH FAPP1 -mCIT led to loss of plasma membrane localisation for this PI4P biosensors, and conversely PH PLC -mCIT PI(4,5)P2 biosensor got recruited at the plasma membrane (Figure 34C; [START_REF] Gujas | [END_REF].

The studies mentioned above reported several system of inducible manipulation of PI(4,5)P2 (and PI4P) levels in a pluricellular organism. In the most recent one, GFP-HsPIP5KIα could be detected only 3 h post induction, and PI4P and PI(4,5)P2 levels were already affected one hour after induction [START_REF] Gujas | [END_REF]. Therefore, inducible systems for phosphoinositide manipulation constitute a great improvement: even though not as acute as techniques used on animal cell cultures (see III. D.), phosphoinositide homeostasis is affected in the range of hours in cells that are in a physiological context (as opposed to cultured cells). Also, such inducible systems allow bypassing lethality issues. Genetically encoded systems manipulating phosphoinositides proved highly relevant for both cellular and developmental biology. For instance, the inducible increase of PI (4,5)P2 levels in Arabidopsis demonstrated the requirement of PI(4,5)P2 for proper polar localisation PIN FORMED 1 (PIN1) and PIN2 auxin transporters (Figure 33C; Ischebeck et al., 2013). It also showed the importance of PI(4,5)P2 for root hair development [START_REF] Zhang | Knockdown of arabidopsis PLC5 reduces primary root growth and secondary root formation while overexpression improves drought tolerance and causes stunted root hair growth[END_REF]Ischebeck et al., 2013;[START_REF] Kusano | The Arabidopsis phosphatidylinositol phosphate 5-kinase PIP5K3 is a key regulator of root hair tip growth[END_REF] and proper differentiation of vascular tissues (Gujas et al., 2017).

D. Acute genetically encoded systems for phosphoinositide manipulation

Acute manipulation of phosphoinositides levels coupled with live confocal imaging allow monitoring short-term effects of disturbance of phosphoinositides, which likely are direct effects. They 

Acute pharmacologic induction of endogenous phosphoinositide metabolism enzymes

I did not emphasise this aspect that was out of the scope of this introduction, but phosphoinositides actually are first known for their roles as secondary messenger, or precursor of such molecules, in intracellular signalling pathways. In particular, in some mammalian cells, PI(4,5)P2 is hydrolysed by PLC isoenzymes into DAG and I (1,4,5)P3 that both act as secondary messengers, triggering Ca 2+ influx in the cytoplasm and modulating K + channels conductivity. PLCs also hydrolyse other phosphoinositide species to a lesser extent. PLC mediated hydrolysis of PI (4,5)P2 occurs in response to (nor)-epinephrine or acetylcholine perception by G-Protein Coupled Receptor (GPCR): (i) α1 adrenergic receptors, or M1R or M3R muscarinic receptors, activating α subunit from Gq heterotrimeric G-proteins or (ii) M1R muscarinic receptors activating βγ subunits from Gi heterotrimeric G-proteins respectively (Figure 35A; [START_REF] Gresset | Erratum: Phosphoinositides I: Enzymes of synthesis and degradation[END_REF][START_REF] Evellin | Stimulation of phospholipase C-ε by the M3 muscarinic acetylcholine receptor mediated by cyclic AMP and the GTPase Rap2B[END_REF].

Several authors took advantage of these signalling pathways and stimulated it in order to acutely deplete plasma membrane phosphoinositides, and especially PI(4,5)P2. Most of studies actually used cell types that do not express the corresponding receptors, sometimes nor the corresponding heterotrimeric G-proteins, and therefore they had to transfect genetic construction to express these signalling components [START_REF] Gulyás | Plasma membrane phosphatidylinositol 4-phosphate and 4,5-bisphosphate determine the distribution and function of K-Ras4B but not H-Ras proteins[END_REF]Falkenburger et al., 2010;[START_REF] Jensen | Fluorescence changes reveal kinetic steps of muscarinic receptor-mediated modulation of phosphoinositides and Kv7.2/7.3 K + channels[END_REF][START_REF] Suh | Regulation of KCNQ2/KCNQ3 current by G protein cycling: The kinetics of receptor-mediated signaling by Gq[END_REF]. M1R

transfected mammalian cultured cells stimulated with acetylcholine agonist oxotremorine M (Oxo-M) for only 60 seconds, had their amounts of phosphatidylinositol-phosphate and phosphatidylinositolbisphosphate decreased by roughly 70% (Figure 35B; Dickson et al., 2016). PI(4,5)P2 depletion, read out by GFP-PH PLC solubilisation, was also observed in 20 seconds by live microscopy (Figure 35C; [START_REF] Dong | Endosome-ER Contacts Control Actin Nucleation and Retromer Function through VAP-Dependent Regulation of PI4[END_REF].

Such approaches have the pros of exploiting endogenous components (PLC, G-proteins), and therefore to possibly modulate phosphoinositides levels in a less dramatic extent than the ones described below (see III. D. 2., 3., and 4.). They also are relatively acute. However, such assays not only affect phosphoinositides levels, but also affect many additional cellular processes, as for instance cytoplasmic Ca 2+ influx causes F-actin depolymerisation (Nández et al., 2014). Such "off-target" effects must be taken into account when interpreting results from PLC induced depletion of phosphoinositides, as they may interfere with cellular processes. Still, such assays substantiated OCRL function of dephosphorylating PI(4,5)P2 on endocytic vesicles (see II. E. 2. a.; Nández et al., 2014), while others showed Sac1 and ERendosome membrane contact sites function of dephosphorylating PI4P on endosomes [START_REF] Dong | Endosome-ER Contacts Control Actin Nucleation and Retromer Function through VAP-Dependent Regulation of PI4[END_REF], and others demonstrated PI(4,5)P2 interplay with K + channels (Falkenburger et al., 2010;[START_REF] Jensen | Fluorescence changes reveal kinetic steps of muscarinic receptor-mediated modulation of phosphoinositides and Kv7.2/7.3 K + channels[END_REF][START_REF] Suh | Regulation of KCNQ2/KCNQ3 current by G protein cycling: The kinetics of receptor-mediated signaling by Gq[END_REF]. Consistently with pros and cons of the method, most of recent studies confirmed their findings by depleted PI(4,5)P2 with another system (see III. B. and III. D. 2. and 4.).

Chemically induced genetic systems for acute manipulation of phosphoinositides

Instead of taking advantage of endogenous enzymes, such as PLC, that modify phosphoinositides levels, some researchers designed an elegant genetic system able on its own to acutely manipulate PI(4,5)P2 levels. They took advantage of mammalian Target Of Rapamycin (mTOR) protein, of which FRB12 and FKB domains heterodimerise in presence of rapamycin (Ho et al., 1996). On one hand they fused FRB12 to a plasma membrane targeting sequence, and on the other hand they fused FKBP to Inp54p and CFP, a yeast PI(4,5)P2 phosphatase (Figure 36A; see II. A. 2. and II. B. 2. a.; Suh et al., 2006;Won et al., 2006). A treatment with rapamycin induced the recruitment to the plasma membrane of CFP-FKB-Inp54p in 30 seconds, and YFP-PH PLC PI(4,5)P2 biosensor got solubilised from the plasma membrane to the cytosol (Figure 36A; Won et al., 2006;Suh et al., 2006), indicating acute PI(4,5)P2 depletion. Rapamycin induced acute PI(4,5)P2 depletion showed PI(4,5)P2 contribution to plasma membrane localisation of small GTPases (Won et al., 2006) and PI(4,5)P2 central role in controlling KCNQ K + ion channel opening (Suh et al., 2006).

Nevertheless, a drawback of acute recruitment of Inp54p at the plasma membrane was that it efficiently reduced PI(4,5)P2 levels at the plasma membrane, but in the meantime increased PI4P levels.

Thus, redundant properties of PI(4,5)P2 and PI4P might prevent researchers from detecting PI(4,5)P2 implication in various cellular processes. Hammond et al., (2012) overcame this issue by generating a Pseudojanin, made of INPP5E PI(4,5)P2 5-phospahtase domain and Sac1p PI4P 4-phosphatase domain fusion. They fused this Pseudojanin to cytosolic FKBP, and also targeted FRB at the plasma membrane (Figure 36B; Hammond et al., 2012). Acute plasma membrane recruitment of pseudojanin efficiently reduced plasma PI(4,5)P2 and PI4P staining signals (Figure 36B; Hammond et al., 2012), indicating their concomitant depletion. This system showed that in animal cells, not only PI(4,5)P2, but also PI4P contributes to the electrostatic field at the surface of animal cell plasma membrane (Hammond et al., 2012). Other studies used FRB -FKBP systems to recruit at the plasma membrane p110α subunit of PI(4,5)P2 3-kinase complex, acutely accumulating PI (3,4,5)P3 (Idevall-Hagren and De Camilli, 2015). Later on, several studies reported amended FRB -FKBP systems able to manipulate phosphoinositides levels on various membranes, including for example PI4P depletion at the Golgi apparatus [START_REF] Dickson | Golgi and plasma membrane pools of PI(4)P contribute to plasma membrane PI(4,5)P2 and maintenance of KCNQ2/3 ion channel current[END_REF] and at insulin granule (secretory vesicles; Nguyen et al., 2019). Eventually, rapamycin was elegantly used to impose in trans activity of the ER integral membrane protein Sac1p, on the plasma membrane PI4P pool, contributing to the demonstration of mostly in cis activity of Sac1p at ER-plasma membrane contact sites [START_REF] Zewe | SAC1 degrades its lipid substrate Ptdins4P in the endoplasmic reticulum to maintain a steep chemical gradient with donor membranes[END_REF].

Therefore, FRB -FKBP systems proved relevant for acute manipulation of phosphoinositides at various membranes in animal cultured cells. Such systems however have some cons, and especially the irreversibility of dimerization induced by rapamycin (or a by rapamycin analogues). This can be overcome by the addition of a competitive ligand [START_REF] Feng | A rapidly reversible chemical dimerizer system to study lipid signaling in living cells[END_REF]. Also, rapamycin treatment interferes with endogenous mTOR complexes that have pleiotropic functions, and one must be cautious when attributing observed effects to phosphoinositide manipulation. To avoid this issue, rapamycin analogues that do not target endogenous mTOR proteins are better suited (Idevall-Hagren and De Camilli, 2015; [START_REF] Fruman | PI3K and cancer: Lessons, challenges and opportunities[END_REF]. Eventually, FRB -FKBP mediated acute accumulation of PI (3,4,5)P3 was reported in Drosophila larva, proving the system viable for phosphoinositide manipulation in pluricellular organisms [START_REF] Khuong | Synaptic PI(3,4,5)P3 Is Required for Syntaxin1A Clustering and Neurotransmitter Release[END_REF]. FRB -FKBP systems have also been reported in Arabidopsis [START_REF] Rosenfeldt | Chemically induced and light-independent cryptochrome photoreceptor activation[END_REF], but so far there is no report of FRB -FKBP systems designed for phosphoinositide manipulation in plant cells.

Voltage induced genetic systems for acute manipulation of phosphoinositides

Voltage clamps techniques consist in applying a difference in electric potentials (id est, a voltage) between to electrodes. Voltage clamps was, and still is, widely used in electrophysiology, for instance to study ion transport across membranes. Interestingly, the discovery of voltage dependent phosphoinositide phosphatases, the so called VSPs (see II. A. Electrophysiology approaches definitely require expertise, and may be tricky to apply to alive multicellular organisms. However, an elegant paper showed that this system offers opportunities to assess in vivo phosphatase activity in heterologous systems [START_REF] Costa | Discovery and functional characterization of a neomorphic PTEN mutation[END_REF]. The authors identified a new mutation, A126G, in PTEN gene from prostate cancer cells. By domain swapping, they cloned a genetic construct encoding Ci-VSPTEN A126G protein fusion, and they observed that A126G mutation prevented PI (3,4)P2 dephosphorylation and reduced PI (3,4,5)P3 hydrolysis (Figure 37B; [START_REF] Costa | Discovery and functional characterization of a neomorphic PTEN mutation[END_REF]. As PTEN and VSPs share large homology in their structures (see II. A. 3.), similar experiments with phosphoinositide phosphatases domains from other family may not be functional when domain swapped with VSDs. However, given PTEN importance in cancerology, this reliable heterologous system that allows testing activities of mutated PTEN variants found in tumors already is valuable.

Light induced genetic (optogenetic) systems for acute manipulation of phosphoinositides a. Optogenetic systems for acute phosphoinositide manipulation

The last fifteen years saw the invention and explosion of genetically encoded systems acutely activated by light. Such systems were initially designed in order to activate given neuronal populations with great spatial and temporal precision, and relied on light activated ion transporters [START_REF] Deisseroth | Optogenetics: 10 years of microbial opsins in neuroscience[END_REF].

Soon, genetic systems allowing light-mediated acute manipulation of phosphoinositides were reported for animal cultured cells (Idevall-Hagren et al., 2012;[START_REF] Toettcher | Light-based feedback for controlling intracellular signaling dynamics[END_REF]. Such systems rely on light inducible heterodimerization of components, one fused to a phopshoinositide kinase or phosphatase domain, and the other to a sequence responsible for its targeting at a given membrane. The two main systems used are based on plant proteins: CRYPTOCHROME 2 (CRY2) -CIB1 and Phytochrome B (PhyB) -PIF6. Endogenously, CRYPTOCHROME 2 (CRY2) blue light receptor interacts with CIB1 transcription factor upon blue light perception [START_REF] Kennedy | Rapid blue-light-mediated induction of protein interactions in living cells[END_REF]. On the other hand, PhyB and PIF6 interaction is triggered by red light, and dissociation accelerated by far-red illuminations [START_REF] Khanna | A novel molecular recognition motif necessary for targeting photoactivated phytochrome signaling to specific basic helix-loop-helix transcription factors[END_REF]. Idevall-Hagren et al. ( 2012) fused N-terminal part of CIB1 (CIBN, which interacts with CRY2) to GFP and to a CAAX sequence acylated by geranyl-geranyl transferases [START_REF] Asano | Pharbin, a novel inositol polyphosphate 5-phosphatase, induces dendritic appearances in fibroblasts[END_REF]. CBIN-GFP-CAAX recombinant protein localised to the plasma membrane (Figure 38A). They also fused the PHR domain from CRY2, which senses blue light and interacts with CIB1, to mCherry and OCRL phosphatase domains that hydrolyses PI(4,5)P2 into PI4P [START_REF] Zhang | The protein deficient in Lowe syndrome is a phosphatidylinositol-4,5-bisphosphate 5-phosphatase[END_REF]. mCherry-CRY2-OCRL was cytosolic in dark (Figure 38A). However, upon blue light illumination, mCherry-CRY2-OCRL was efficiently targeting PI(4,5)P2 and PI (3,4,5)P3 metabolism at the plasma membrane. Nevertheless, optogenetic manipulation of additional phosphoinositide species starts to be reported, with for instance Sac1p based PI4P depletion at the plasma membrane and intracellular compartments (Figure 38B; Nguyen et al., 2019). In addition to being fast and reversible, optogenetic systems allow to perturb phosphoinositides with a subcellular resolution. For instance, activation of CRY2-OCRL via a Total Internal Reflected Fluorescence (TIRF), generated evanescent blue light wave that specifically affected PI(4,5)P2 localised at the plasma membrane contacting the coverslip (Idevall-Hagren et al., 2012). Also, a locally delivered blue light pulse allowed manipulation of phosphoinositides on a given region of the plasma membrane (Idevall-Hagren et al., 2012). Acute optogenetic manipulation of phosphoinositides in animal cultured cells led to important discoveries in phosphoinositide field, including the implication of PI(4,5)P2 and PI4P in the docking of insulin granules (secretory vesicles; Nguyen et al., 2019;[START_REF] Ji | Vesicle Docking Is a Key Target of Local PI(4,5)P2 Metabolism in the Secretory Pathway of INS-1 Cells[END_REF][START_REF] Xie | Plasma Membrane Phosphatidylinositol 4,5-Bisphosphate Regulates Ca2+-Influx and Insulin Secretion from Pancreatic β Cells[END_REF], implication of PI (3,4,5)P3 in intracellular signalling upon insulin perception [START_REF] Xu | Optogenetic activation reveals distinct roles of PIP3 and Akt in adipocyte insulin action[END_REF], PI (3,4,5)P3 role in migrating cells [START_REF] Graziano | A module for Rac temporal signal integration revealed with optogenetics[END_REF][START_REF] Ajith Karunarathne | Optical control demonstrates switch-like PIP3 dynamics underlying the initiation of immune cell migration[END_REF], PI4P role in recruiting Sac2

to one of its functional localisations (Nguyen et al., 2019), and PI4P 4-phosphosphatase activity in vivo of Optogenetic assays in plants may be more complicated to design, as these organisms require light to grow. A recent article describes the use of a recombinant light-gated K + channel constitutively expressed in Arabidopsis guard cells, which control stomata opening and closing [START_REF] Papanatsiou | Optogenetic manipulation of stomatal kinetics improves carbon assimilation,water use, and growth[END_REF].

They observed that acute activation of K + channel by blue light increased the speed of stomata opening and closing. These transgenic Arabidopsis were viable when grown under normal light condition. However, (i) optogenetic systems designed to manipulate phosphosphoinositides may prove toxic if constitutively activated by light exposure in plant cells given the pivotal role of these lipids in various processes, and (ii) the activation would be chronic and not acute. These issues could possibly be overcome by expressing optogenetic components in an inducible manner, therefore allowing plant growth in normal condition, and only using darkness when inducing the expression of proteins fusions responsive to light. A review published this month offer interesting insights into the challenge and perspectives for plant optogenetics systems [START_REF] Banerjee | Structural Basis of Design and Engineering for Advanced Plant Optogenetics[END_REF]. illumination in few seconds. Thus, such phosphoinositide analogues allow acute manipulation of phosphoinositide levels, rapidly increasing the level of a given phosphoinositide species in whole cells, or at a given subcellular localisation. This technique showed that PI(4,5)P2 activates exocytosis in animal cells [START_REF] Walter | PIP2 optical uncaging potentiates exocytosis[END_REF].

b. Acute light mediated activation of phosphoinositide analogues

Take home message from III.

Phosphoinositide manipulations can be achieved in plant, animal and yeast cultured cells, as well as in pluricellular organisms in some cases. These manipulations can be chronic and going on for a long time, or acute and act in a matter of seconds. Disturbance of phosphoinositides rely on manipulation of the expression of endogenous enzymes involved in phosphoinositide metabolism, and/or pharmacological treatments, and/or genetically encoded systems. There is still a striking gap between state of the art acute phosphoinositide manipulation carried out in animal cultured cells and those carried out in pluricellular organisms, such as Drosophila embryos or plant seedlings.

CONCLUSION

To conclude, biological membranes are dynamic structures composed of lipids and proteins.

Phosphoinositides constitute a family of closely related membrane lipids localising in the cytosolic leaflet of most single membrane organelles and of the plasma membrane. Phosphoinositide phosphatases and kinases interconvert phosphoinsotides into one another through the catalysis of their phosphorylations and dephosphorylations.

Phosphoinositides are patterned at the subcellular level, being differentially enriched in the various membranes of Eukaryotic cells, despites membranes constant exchanges of material. This generates a landmark code for many membranes that is critical for cells. Phosphoinositide phosphatases play a central role in patterning phosphoinositides, by regulating their distribution by counteracting their lateral diffusion and controlling their exchanges during vesicular and non-vesicular transports.
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ABSTRACT

Several membranes lipids, and especially phosphoinositides, are differentially enriched within the eukaryotic endomembrane system. This generates a landmark code by modulating the properties of each membrane. Phosphatidylinositol 4,5)P2] in particular is highly enriched at the plasma membrane in yeast, animal and plant cells, where it mediates a wide range of processes such as clathrinmediated endocytosis. To address the functional relevance of such PI(4,5)P2 subcellular patterning in plants, we took advantage of an already characterised Arabidopsis thaliana mutant in the putative PI(4,5)P2

5-phosphatase SUPRESSOR OF ACTIN 9 (AtSAC9), in which the balance between phosphatidylinositol 4-phosphate (PI4P) and PI(4,5)P2 is altered. We show that AtSAC9 enzymatic activity is required for its function. In vivo confocal microscopy revealed that AtSAC9 localises to a subpopulation of trans-Golgi Network / early endosome (TGN/EE) that are spatially restricted to a region close to the cell cortex and that are coated with clathrin. AtSAC9 depletion led to ectopic localisation of PI(4,5)P2 on anomalous intracellular compartments that did not correspond to any Golgi/post-Golgi organelle. This suggests that AtSAC9 patterns PI (4,5)P2 in Arabidopsis by restricting its accumulation specifically at the plasma membrane. sac9-3 -/-additionally displayed endocytic defects, possibly due to mis-patterned PI(4,5)P2.

INTRODUCTION

Phosphoinositides constitute a family of low abundant lipids differentially enriched in the membranes of eukaryotic cells (Platre and Jaillais, 2016;Balla, 2013). These versatile lipids can be interconverted into one another, with for instance PI(4,5)P2 metabolism corresponding to its synthesis by PI4P-5kinases, and its hydrolysis either by PI(4,5)P2 Consistent with a critical role of PI (4,5)P2 in the recruitment of the early clathrin-mediated endocytosis factors, a pip5k1 pip5k2 double mutant in Arabidopsis thaliana, which lacks two ubiquitously expressed PI4P-5Kinases, has abnormal auxin distribution and defective endocytic trafficking of the auxin efflux carriers PIN-FORMED 1 (PIN1) and PIN2 (Tejos et al., 2014;Ischebeck et al., 2013;[START_REF] Mei | Arabidopsis phosphatidylinositol monophosphate 5kinase 2 is involved in root gravitropism through regulation of polar auxin transport by affecting the cycling of PIN proteins[END_REF]. Moreover, overexpression of Arabidopsis PI4P-5KINASE 6 (AtPIP5K6) in tip-growing pollen tube induced massive aggregation of the plasma membrane in pollen tube tips due to excessive clathrindependent membrane invagination, supporting a role for PI (4,5)P2 in promoting early stages of clathrinmediated endocytosis (Zhao et al., 2010).

Several recent studies also showed that PI(4,5)P2 phosphatases are required for late stages of clathrin-mediated endocytosis in animal cells [START_REF] Guo | A SAC phosphoinositide phosphatase controls rice development via hydrolyzing phosphatidylinositol 4 -phosphate and[END_REF][START_REF] Pirruccello | Identification of inhibitors of inositol 5-phosphatases through multiple screening strategies[END_REF]. Many PI(4,5)P2 phosphatases belong to the 5-Phosphatase (5-PTASE) enzyme family, including OCRL and synaptojanins (Syn1/2) in animals, and synaptjanin-like proteins (Inp51p/Snjl1p, Inp52p/Sjl2p and Inp53p/Sjl3p) in Saccachromyces cerevisiae. Arabidopsis thaliana genome contains 15 gene encoding 5-PTASES, but only few were characterised. Mutation in the 5PTASE-9 led to plants more tolerant to osmotic stress, with reduced Reactive Oxygen Species (ROS) production and Ca 2+ influx, highlighting the role of membranebound phosphoinositides in plant salt tolerance (Golani et al., 2013). The 5PTASE-6/COTYLEDON VASCULAR PATTERN2 (CVP2) and 5PTASE-7/CVP2 LIKE 1 (CVL1) are specifically required for vasculature differentiation (Rodriguez-Villalon et al., 2015;[START_REF] Rodriguez-Villalon | ) -Leçons d'option A (biologie cellulaire et moléculaire, et leur intégration à l'échelle de l'organisme) et de contre-option SV (sciences de la vie) dans des domaines variés[END_REF]Nelson, 2009, 2004), whereas the predominant expression of 5PTASE-15/FRAGILE FIBER 3 (FRA3) in developing fibers and vascular cells is consistent with the defective fiber and vessel phenotypes seen in the loss of function fra3 mutant (Zhong et al., 2004).

Proteins containing SUPPRESOR OF ACTIN (or Sac1-like) domains constitute another family of phosphoinositide phosphatases (reviewed in Hsu and Mao, 2013 ). In Mammals and Saccharomyces cerevisiae, there are five proteins containing SAC domains, none of which hydrolyses PI(4,5)P2 via their SAC domain (reviewed in Hsu and Mao, 2015). In Arabidopsis, there are nine SAC, forming three clades:

AtSAC1-5 are putative PI(3,5)P2 5-phosphatases (Nováková et al., 2014;Zhong et al., 2005), AtSAC7/RHD4 is a PI4P 4-phosphatase (Thole et al., 2008) and is related to AtSAC6 and AtSAC8 putative PI4P 4-phosphatases, and AtSAC9 forms the last clade (Zhong and Ye, 2003). AtSAC9 structure is unique, with a putative WW domain following the SAC phosphoinositide phosphatase domain, and a long C-terminal region of 1104 amino acids where no putative domain is predicted by sequence homology analysis (Zhong and Ye, 2003). Interestingly, sac9-1 -/-loss of function mutant displays a three fold increase in PI(4,5)P2 content, together with a slight decrease of PI4P level (Williams et al., 2005).

Thus, AtSAC9 is considered being a putative PI(4,5)P2 phosphatase, even though there is no direct piece of evidence. Besides, AtSAC9 peculiar catalytic motif (CxxSxxRT, contrary to CxxCxxRT in other Arabidopsis SAC proteins) might explain this unique substrate specificity of AtSAC9 toward PI(4,5)P2.

In this study, we took advantage of an already characterized mutant of SUPPRESOR OF ACTIN 9 (AtSAC9) to show that AtSAC9 phosphoinositide phosphatase activity is required for its function.

Using in vivo confocal microscopy, we show that AtSAC9 is both cytosolic and enriched in a subpopulation/region of trans-Golgi network/early endosomes (TGN/EE), which might correspond to clathrin-coated vesicles. We also report that the depletion of AtSAC9 leads to PI(4,5)P2 mis-patterning at the subcellular level, with PI(4,5)P2 not only localising at the PM, but also to an anomalous intracellular compartment of unknown identity. To our knowledge, this is the first time PI(4,5)P2 mispatterning is reported in plants, and that such compartments of unknown identity are described.

Furthermore, AtSAC9 depletion decreased endocytosis efficiency, raising the possibly that mispatterned PI(4,5)P2 might interfere with endocytosis.

RESULTS

AtSAC9 enzymatic activity is important for its function

In order to investigate the subcellular localisation of AtSAC9 in vivo, and the biological relevance of AtSAC9 phosphatase activity, we generated Arabidopsis lines expressing the following fluorescent protein fusions under AtSAC9 native promoter (SAC9prom): mCITRINE-AtSAC9 (mCIT-AtSAC9),

TdTOMATO-AtSAC9 (TdTOM-AtSAC9), and mCIT-AtSAC9 C459A . C459A mutation is expected to abolish AtSAC9 phosphatase activity, as C459 is a catalytic cysteine from C-x(5)-R-[T/S] conserved catalytic motif in the SAC domain (Hsu andMao, 2015, 2013). As previously published (Vollmer et al., 2011;Williams et al., 2005), sac9-1 -/-and sac9-3 -/-seedlings both displayed a strong reduction in growth compared to wild-type Col-0, of which primary roots were twice longer at 12 days post germination (dpg;

Figure 1B andD). We also saw a three-fold decrease in the lateral root density of sac9-1 -/-and sac9-3 -/- (A) Schematic representation of AtSAC9 protein. The SAC catalytic domain as well as the two putative protein-protein interaction modules: a WW domain and a coil-coiled sequence (CC).

(B) Representative images of the macroscopic phenotype observed in (i) wild-type (Col-0), (ii) sac9-1 -/-and sac9-3 -/-loss of function mtuants, (iii) sac9-3 -/-complemented lines expressing full-length genomic DNA encoding AtSAC9 fused to fluorescent protein (mCIT-AtSAC9 and TdTOM-AtSAC9), or (iv) a mutated version of the catalytic cysteine residue within the C-x( 5)-R-[TS] catalytic motif in the SAC domain (mCIT-AtSAC9 C459A ; right panel), and (v) sac9-3 -/-mutants expressing full-length genomic DNA encoding AtSAC9 truncations (AtSAC9∆WW∆CC, SAC9Nter, SAC9 C459A Nter, SAC9∆WW, SAC9∆CC) fused to fluorescent protein (right panel). All the constructs were expressed under the control of the AtSAC9 native promoter (SAC9prom). Pictures are taken 12 days after germination. Experiment independently repeated twice.

(C) Leaf lysates from Col-0, sac9-3 -/-, SAC9prom::mCIT-AtSAC9/sac9-3 -/-, SAC9prom::mCIT-AtSAC9 C459A / sac9-3 -/-, SAC9prom::mCIT-AtSAC9∆WW/sac9-3 -/-, SAC9prom::mCIT-AtSAC9∆CC/sac9-3 -/-, SAC9prom::mCIT-AtSAC9∆WW∆CC/sac9-3 -/-, and SAC9prom::mCIT-AtSAC9∆Nter/sac9-3 -/-were immunoprecipitated with and anti-GFP antibody, run on a SDS-PAGE and immunobloted with anti-GFP primary antibody. Expected sizes: 209.4 kD for mCIT-AtSAC9 and mCIT-AtSAC9 C459A , 206 kD for mCIT-AtSAC9∆WW, 206 kD for mCIT-AtSAC9∆CC, 202 kD for mCIT-AtSAC9∆WW∆CC, and 93.7 kD for mCIT-AtSAC9Nter.

(D) Quantification of primary root length in sac9-3 -/-homozygous mutants expressing mCIT-AtSAC9 and TdTOM-AtSAC9, mCIT-AtSAC9 C459A , mCIT-AtSAC9Nter mCIT-SAC9 C459A Nter mCIT-SAC9∆WW∆CC, mCIT-AtSAC9∆WW, mCIT-AtSAC9∆CC under the control of the native promoter (AtSAC9prom). Wild-type (Col-0) seedlings and two independent mutant alleles of AtSAC9, sac9-1 -/-and sac9-3 -/-, are used as controls. Similar letters correspond to genotypes with non-significantly different root lengths (one-way ANOVA and post hoc Tuckey HSD pairwise test with 95 % confidence level). Blue bars: means. Experiment independently repeated twice.

(E) Same as (D) converning the quantification of the lateral root density (ratio of the number of lateral root to primary root length). Experiment independently repeated twice.

(F) Confocal images of Arabidopsis root epidermis expressing mCIT-AtSAC9 and TdTOM-AtSAC9, mCIT-AtSAC9 C459A , mCIT-AtSAC9Nter mCIT-SAC9 C459A Nter, mCIT-AtSAC9∆WW, mCIT-AtSAC9∆CC, mCIT-AtSAC9∆WW∆CC, under the control of AtSAC9 native promoter (SAC9prom). Arrowheads highlight the presence of spots. Scale bars: 10 µm. Experiment independently repeated at least three times.

(G) Comparison of the number of intracellular compartments per cell in sac9-3 -/-root epidermis expressing mCIT-AtSAC9 and TdTOM-AtSAC9, mCIT-AtSAC9 C459A , mCIT-AtSAC9Nter, mCIT-AtSAC9 C459A Nter, mCIT-AtSAC9∆WW, mCIT-AtSAC9∆CC, mCIT-AtSAC9∆WW∆CC, under the control of the native promoter (SAC9prom). Similar letters correspond to genotypes with non-significantly different values (generalised linear mixed effect model (Poisson family) to account for root as random factor, and post hoc Tuckey HSD pairwise test with 95 % confidence level). Blue bar: mean.

(H) Colocalisation analysis on SAC9prom::TdTOM-AtSAC9 (magenta) and SAC9prom::CIT-AtSAC9 C459A (green). Arrowheads highlight the colocalisation in spots with both TdTOM-AtSAC9 and mCIT-AtSAC9 C459A . Scale bar: 10 µm. Experiment independently repeated at least three times.

(Figure 1E). When introgressed into sac9-3 -/-, both SAC9prom::mCIT-AtSAC9 and SAC9prom::TdTOM-AtSAC9 rescued sac9 mutant phenotype: (i) seedlings looked similar to Col-0 ones (Figure 1B), (ii) primary root length was increased and either close to, or similar to Col-0 value (Figure 1D), and (iii) lateral root density was similar to Col-0 value (Figure 1E). We performed Western-Blots using anti-GFP antibody, and saw that mCIT-AtSAC9 and mCIT-AtSAC9 C459A were expressed detected at 240 kDa, consistent with their expected size of 209.4 kDa (Figure 1C). These results likely indicate that AtSAC9 phosphatase activity is required for mutant complementation, and therefore for AtSAC9 function.

AtSAC9 putative coiled-coil sequence is required for its function

In addition to a SAC domain, in silico predictions revealed in AtSAC9 sequence a putative WW domain and a coiled-coil (CC) sequence that might be involved in protein-protein interactions (Figure 1A).

The long C-terminal region of AtSAC9 is predicted to be largely structured (data not shown), but no putative protein domain could be predicted. We investigated AtSAC9 putative WW domain, putative CC sequence, and C-terminal region importance for AtSAC9 functions. To this end, we generated Arabidopsis lines expressing various truncations of AtSAC9 under the control of AtSAC9 native promoter: on one hand mCIT-AtSAC9Nter and mCIT-SAC9Nter C459A that comprise the SAC and WW domains, and on the other hand mCIT-AtSAC9 ΔWW , mCIT-AtSAC9 ΔCC and mCIT-AtSAC9 ΔWWΔCC that lack the putative WW domain and/or the CC sequence (Figure 1A). We assessed and confirmed mCIT-AtSAC9Nter, mCIT-AtSAC9 ΔWW , mCIT-AtSAC9 ΔCC and mCIT-AtSAC9 ΔWWΔCC expression by Western-Blot (Figure 1C;

expected molecular weights of 93.7 kDa, 206 kDa, and 202 kDa respectively). We observed that only expression of mCIT-AtSAC9 ΔWW in sac9-3 -/-genetic background rescued sac9 phenotype qualitatively (Figure 1B), and quantitatively concerning primary root growth (Figure 1D) and lateral root density (Figure 1E). Therefore, the putative WW domain seems dispensable for AtSAC9 critical functions, whereas the putative CC sequence, and the long C-terminal region (that includes the CC sequence) are required for AtSAC9 functions. Interestingly, mCIT-AtSAC9 ΔCC , but not mCIT-AtSAC9 ΔWWΔCC , partially rescued sac9-3 -/-lateral root phenotype, suggesting a possible concerted function of both these sequences for lateral root formation (Figure 1E).

AtSAC9 localises to intracellular compartments

Some phosphoinositide phosphatases, such as Metazoan Sac1 and yeast Sac1p, are able to dephosphorylate in vitro several phosphoinositide species, but display a narrower specificity in vivo [START_REF] Hughes | SAC1 encodes a regulated lipid phosphoinositide phosphatase, defects in which can be suppressed by the homologous Inp52p and Inp53p phosphatases[END_REF]Guo et al., 1999;Rivas et al., 1999). Also, some enzymes involved in phosphoinositide metabolism, such as yeast PI 4-kinases Stt4p and Pik1p, specifically impact distinct pools of a given phosphoinositide species [START_REF] Yoshida | A novel gene, STT4, encodes a phosphatidylinositol 4-kinase in the PKC1 protein kinase pathway of Saccharomyces cerevisiae[END_REF][START_REF] Flanagan | Phosphatidylinositol 4-Kinase : Gene Structure and Requirement for Yeast Cell Viability Kunisawa[END_REF]. It was therefore critical to investigate the subcellular localisation of AtSAC9, and to assess its relevance.

We used the various fluorescent protein fusion described above, expressed under AtSAC9 native promoter, and assessed their subcellular distribution using fluorescence confocal microscopy. mCIT-AtSAC9 and TdTOM-AtSAC9 localised to a cortical population of dotty structures, with as well a large fraction of the proteins being soluble in the cytosol (Figure 1F and G). Mammalian Sac2 was shown to display a similar subcellular distribution. Interestingly, catalytically inactive Sac2 protein was way less soluble, due to prolonged recruitment by its substrate PI4P (Hsu et al., 2015). Similarly, we observed that mCIT-AtSAC9 C459A was less soluble that wild-type AtSAC9 chimeric proteins, with a three-fold increase in the number of intracellular compartment labelled (Figure 1F andG). We co-localised TdTOM-AtSAC9

and mCIT-AtSAC9 C459A and found a co-localisation of both (Figure 1H), indicating that both functional and catalytically inactive AtSAC9 protein fusion localise to the same intracellular compartments. This result suggests that the phosphoinositide phosphatase activity is required for the dynamic interaction of AtSAC9 with intracellular membranes.

We next assessed the requirement of AtSAC9 C-terminus and putative WW domain and CC sequence for its localisation. In agreement with mCIT-AtSAC9 ΔWW ability to rescue sac9-3 -/-mutant phenotype, depletion of the WW domain did not affect AtSAC9 localisation (Figure 1F andG). Also, mCIT-AtSAC9 ΔCC and mCIT-AtSAC9 ΔWWΔCC were more soluble than wild-type AtSAC9 protein fusions, consistently with their inability to complement sac9-3 -/-(Figure 1F andG). Therefore, the putative CC sequence seems required for full length AtSAC9 localisation to intracellular structures, and this localisation correlates with the requirement of this sequence to complement sac9-3 -/-. mCIT-AtSAC9Nter and mCIT-AtSAC9Nter C459A displayed subcellular distribution resembling that of mCIT/TdTOM-AtSAC9 (Figure 1F and G). However, the punctuate structures labelled by the various AtSAC9 truncations may not be the same ones than those decorated by mCIT/TdTOM-AtSAC9. These results nonetheless suggest that there are regions within AtSAC9 C-terminal tail that may negatively regulate AtSAC9 membrane recruitment.

AtSAC9 localises to a cortical population of clathrin positive TGN/early endosomes

We next investigated the nature of the intracellular dotty structures labelled by mCIT-AtSAC9.

We treated SAC9prom::mCIT-AtSAC9 and SAC9prom::mCIT-AtSAC9 C459A seedlings with the endocytic tracer FM4-64 (Dettmer et al., 2006). Both mCIT-AtSAC9 and mCIT-AtSAC9 C459A co-localised with FM4-64 positive compartments at the cell cortex, just beneath the PM (Figure 2A). Interestingly, whereas no clear fluorescent signal was observed at the plasma membrane in interphasic cells, a diffuse signal around the expanding cell plate, stained by FM4-64, was observed for mCIT-AtSAC9. Besides, mCIT-AtSAC9 C459A even localised strongly at the cell plate (Figure 2A). This might indicate a role of AtSAC9 during cells division. Endosomes, with the exception of late endosomes / multivesicular bodies (LE/MVB) bear small ARF GTPases that are activated by Brefeldin (BFA) sensitive ARF-GEFs (Takagi and Uemura, 2018;[START_REF] Anders | Large ARF guanine nucleotide exchange factors in membrane trafficking[END_REF]. We observed that BFA treatment led to aggregation of mCIT-AtSAC9 and mCIT-AtSAC9 C459A into BFA bodies, similar to CLC2-RFP labelled endosomes -
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TGN CCV , see below; Figure 2B), confirming that both functional and catalytically dead AtSAC9 fusion proteins localise to BFA sensitive compartments (endosomes, TGN, Golgi). We then wanted to get more precise insights into the endosome at which AtSAC9 localises. In Arabidopsis, the trans Golgi network (TGN) functions as early and recycling endosome (Dettmer et al., 2006). Recent work showed that there are subpopulations and regions of TGN. First, there are Golgi-associated and free TGN. Second, on a

given TGN some regions bear clathrin (TGN CCV , for clathrin coated vesicles; [START_REF] Kang | Electron tomography of RabA4b-and PI-4Kβ1-labeled trans Golgi network compartments in Arabidopsis[END_REF] that may correspond to aggregated clathrin-coated vesicles collected after clathrin-mediated endocytosis according to Narasimhan et al. (2019), whereas others are made of naked vesicles that are slightly bigger than CCVs (TGN SV , for secretory vesicle; [START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF]. mCIT-AtSAC9 strongly colocalised with CLC2-RFP (clathrin light chain 2-RFP), W13R (mCH-VTI12) and W129R (mCH-RabA1g), which all are markers of TGN CCV (Figure 2B, C and D; Geldner et al., 2009). The co-localisation of mCIT-AtSAC9 with the TGN CCV was only partial, since mCIT-AtSAC9 was only observed in the cortical section of the cell, at the close vicinity to the plasma membrane (Figure 2A), whereas classical TGN CCV are not restricted to the cell cortex. Contrary to TGN CCV markers, mCIT-AtSAC9 displayed a weak co-localisation with TGN SV markers W24R (mCH-RabA5d) and W25R (mCH-RabD1; [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF], and TdTOM-AtSAC9 weakly co-localised with mCIT-PH FAPP1 (PI4P and Arf1 co-incidence sensor) that also localises at TGN SV (Figure 2C and D; Platre et al., 2018; Simon et al., 2014). Eventually, mCIT-AtSAC9 showed very weak co-localisation with W7R (mCH-RabF2a) late endosome (LE/MVB) marker, and no co-localisation with W18R (mCH-Got1p) Golgi marker (Figure 2C and D;[START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF]. Similar to mCIT-AtSAC9, mCIT-AtSAC9 C459A strongly co-localised with CLC2-RFP and W129R TGN CCV markers, whereas it co-localised much weakly with W25R TGN SV marker and did not co-localised with W18R

Golgi marker (Figure 2E andF). This confirmed that AtSAC9 and AtSAC9 C459A have similar localisations, with the noticeable difference that AtSAC9 C459A is not restricted to the cortex of the cell contrary to AtSAC9.

AtSAC9 is required for PI(4,5)P2 subcellular patterning

It was previously reported that Arabidopsis sac9-1 loss-of-function mutant had a slight diminution of PI4P and cause a four-fold accumulation of PI (4,5)P2, suggesting that it has a PI (4,5)P2 catalytic activity ( Williams et al., 2005). As fluorescent lipid biosensors can be used to quantify lipid amounts (Stanislas et al., 2018;Platre et al., 2018). Therefore, in order (i) to confirm in planta the accumulation of AtSAC9 putative substrate in absence of AtSAC9 enzyme, and (ii) to investigate a putative change in PI (4,5)P2

subcellular distribution, we introgressed mCIT-2xPH PLC and mCIT-TUBBYc, two independents PI(4,5)P2 biosensors (Simon et al., 2014), into sac9-3 -/-genetic background. As expected, both PI(4,5)P2 biosensors strictly labelled the plasma membrane in wild-type cells (Figure 3A andB). In sac9-3 -/-, mCIT-2xPH PLC and mCIT-TUBBYc not only labelled the plasma membrane, but also decorated cortical intracellular compartments (Figure 3A andB). Thus, AtSAC9 is required for PI (4,5)P2 restriction at the plasma membrane. We also observed an increased number of the intracellular compartments labelled by mCIT-PH FAPP1 and mCIT-P4M SidM PI4P sensors, but not for mCIT-PH OSBP PI4P sensor (Figure 3A and B; Simon et al., 2016Simon et al., , 2014)), that may indicate a mis-patterning of this lipid in sac9-3 -/-. As expected, PI3P sensors subcellular localisation was not different between Col-0 and sac9 -/-cells, with both mCIT-FYVE HRS and mCIT-PHOX p40 sensors labelling LE/MVBs and tonoplast (Figure 3A and B;Simon et al., 2014). We also detected a slight but significant decrease of the density of intracellular compartments decorated by mCIT-C2 Lact phosphatidylserine (PS) sensor in sac9-3 -/-(Figure 3A andB).

Taken together, these results indicate that AtSAC9 depletion leads to a massive change in PI(4,5)P2 subcellular patterning, which is present on intracellular cortical structures instead of only being present at the plasma membrane. To a lesser extent, AtSAC9 depletion also affects PI4P and PS subcellular distributions.

PI(4,5)P2 positive compartments in sac9 -/-do not correspond to existing organelles

We next explored what could be the nature of the punctuated structures decorated by two independents PI (4,5)P2 biosensors in absence of functional SAC9 enzyme. In vivo time laps imaging of both mCIT-TUBBYc and mCIT-2xPH PLC in sac9-3 -/-mutant revealed that those intracellular compartments were mobile in the cortex of root epidermal cells (Figure 4A). This observation was consistent with single membrane organelle such as endosomes.

Following treatment with FM4-64 endocytic tracer, those intracellular structures were not FM4-64 positive (Figure 4B), indicating that they were not endosomes. We next imaged mCIT-TUBBYc PI(4,5)P2 sensor and 2xmCH-2xPH FAPP1 PI4P sensor (Simon et al., 2014) in sac9-3 -/-. These sensors both stained the plasma membrane of AtSAC9 depleted cells, but did not co-localised in the cytosol, forming two distinct populations of intracellular compartments (Figure 4C). We did not observed co-localisation of mCIT-TUBBYc in sac9-3 4D). Thus, intracellular PI (4,5)P2 compartments in sac9 -/-do not correspond to TGN/EE.

We next wondered whether these compartments could derive from TGN/endosomes, and have retain some sort of endosomal identity with the presence ARF GTPases, many of which are activated by BFA sensitive ARF-GEF (Takagi and Uemura, 2018). As positive control, we used 2xmCH-2xPHFAPP1

biosensor that co-incidently binds PI4P and Arf1 (Simon et al., 2014), ARF1 relocalising to the Golgi and therefore labelling BFA bodies [START_REF] Naramoto | Insights into the localization and function of the membrane trafficking regulator GNOM ARF-GEF at the Golgi apparatus in Arabidopsis[END_REF]. BFA treatment efficiently induced the so-called BFA bodies made of aggregated TGN, endosomes and Golgi apparatus in sac9-3 -/- [START_REF] Singh | Protein delivery to vacuole requires SAND protein-dependent Rab GTPase conversion for MVB-vacuole fusion[END_REF][START_REF] Jaillais | AtSNX1 defines an endosome for auxin-carrier trafficking in Arabidopsis[END_REF], but did not affect mCIT-TUBBYc positive compartments in the same cells (Figure 4E). Therefore, PI (4,5)P2 intracellular compartments in sac9-3 -/-do not have an endosomal or Golgi identity: they are devoid of any ARF GTPase activated by BFA sensitive ARF-GEF.

All together, these results indicate that the intracellular PI(4,5)P2-positive compartments formed in AtSAC9-depleted cells do not correspond to organelles of the endocytic trafficking pathway and may be abnormal.

Abnormal PI(4,5)P2 positive compartments in sac9 -/-have a low turnover

As anomalous PI (4,5)P2 intracellular compartments in sac9-3-/-did not correspond to known organelle, we investigated their turn over and the origin of the PI(4,5)P2 they bear.

We previously showed that a short-term treatment (15 -30 min) with phenylarsine oxide (PAO), a pan PI 4-kinases inhibitor, significantly depletes PI4P but not PI(4,5)P2 pools at the plasma membrane of plant cells, whereas longer treatment (> 60 min) affects the synthesis of both lipids (Figure 4G; Platre et al., 2018;Simon et al., 2016). We used this pharmacological approach to test the effect of the inhibition of either PI4P, or both PI4P and PI(4,5)P2 synthesis, on sac9-3 -/-anomalous PI(4,5)P2 intracellular compartments. The solubilisation of mCIT-PH FAPP1-E50A PI4P sensor in sac9-3 -/-cells treated for either 30 or 120 min with PAO confirmed the efficient PI4P depletion in both conditions (Figure 4G).

Solubilisation of mCIT-TUBBYc PI (4,5)P2 sensor in wild-type after 120 min of PAO exposure, but not after 30 min, confirmed that an efficient PI(4,5)P2 depletion occurred only for the longest treatment (Figure 4G). A 30 min PAO treatment did not affect anomalous sac9-3 -/-PI(4,5)P2 compartments, but a 120 min PAO treatment significantly reduced the number of anomalous PI(4,5)P2 compartments compared to both 120 min mock treatments and 30 min PAO treatments (Figure 4G andH). Please note however that the effect was moderate compared to the complete solubilisation of mCIT-TUBBYc from the PM in wild-type cells. Yet, it shows that intracellular PI (4,5)P2 compartments in sac9-3 -/-are sensitive to the inhibition of PI(4,5)P2 synthesis.

As PI4P sensors do not localise to these compartments (Figure 4C), PI4P is likely not present there and PI (4,5)P2 cannot be synthesised directly on them. We therefore next investigated whether the PI (4,5)P2 lipids present on sac9-3 -/-anomalous intracellular compartments derived from the plasma membrane pool of PI (4,5)P2. First, we used a genetically encoded system we developed that efficiently depletes PI (4,5)P2 from plant cells (Doumane et al., in prep, see research article n°2 in this manuscript).

This system allowed us to inducibly express MAP-mCH-dOCRL chimeric protein in wild-type and sac9-3 - /-seedlings expressing mCIT-TUBBYc. Myristoylation And Palmitoylation (MAP) sequence targets the protein at the plasma membrane, mCHERRY (mCH) allows to monitor induction and subcellular localisation, and "dOCRL" corresponds to Drosophila melanogaster PI(4,5)P2 5-phosphatase domain from dOCRL protein. In Col-0, dexamethasone-induced expression of MAP-mCH-dOCRL completely solubilised mCIT-TUBBYc PI(4,5)P2 sensor (Figure 4I), showing efficient depletion of the plasma membrane pool of PI (4,5)P2. In sac9-3 -/-, expression of MAP-mCH-dOCRL did not obviously affected mCIT-TUBBYc recruitment at intracellular compartments (Figure 4I). A quantitative analysis would be required here, yet this result still suggests that anomalous PI (4,5)P2 compartments in sac9 -/-do not derive from plasma membrane PI(4,5)P2, or with a very slow turn-over. Second, we pharmacologically inhibited clathrin-mediated endocytosis and monitored a possible reduction of intracellular mCIT-TUBBYc positive compartments in sac9-3 -/-. We also took advantage of ES9-17, a recently published drug that efficiently reduces clathrin-mediated endocytosis in plant cells (Dejonghe et al., 2019). Using FM4-64 endocytic tracer, we observed that 60 min treatments with ES9-17 greatly reduced the number of stained endosomes compared to the mock condition, and that after 180 min ES9-17 exposure, the tonoplast and intracellular compartments were much less fluorescent than in mock controls (Figure 4J). Therefore, ES9-17 drastically reduced endocytic trafficking in our conditions. However, neither 60 min nor 180 min treatments with ES9-17 eliminated mCIT-TUBBYc labelled intracellular compartments in sac9-3 -/-(Figure 4J), showing that PI (4,5)P2 molecules present on them do not originate from the PM pool on the short term. A quantitative analysis would however be required here.

Overall, these results show that the anomalous PI(4,5)P2 intracellular compartments formed in AtSAC9 depleted cells have a low turn-over. This indicates that they no longer are part of vesicular trafficking pathways and mostly behave independently of the other endomembranes. Whether or not the corresponding PI (4,5)P2 molecules originate from the plasma membrane cannot be ruled out at this stage and will need further investigation.

AtSAC9 is required for efficient endocytic trafficking

Mis-localised PI(4,5)P2 on intracellular compartments in sac9-3-/-may originate from endocytosis and rerouted material (see above). Also, mis-localised PI(4,5)P2 may ectopically recruit effector proteins that normally localise at the plasma membrane, many of which contribute to endocytosis [START_REF] Valencia | Endocytosis and Endosomal Trafficking in Plants[END_REF]Thole et al., 2008). We therefore wondered whether the PI(4,5)P2 defective patterning in sac9-3 -/- correlated with endocytic defects. We first simply counted the number of labelled endosomes following FM4-64 endocytic tracer treatment in cells from Col-0 and sac9-3 -/-seedlings [START_REF] Rigal | Live Cell Imaging of FM4-64 , a Tool for Tracing the Endocytic Pathways in Arabidopsis Root Cells[END_REF]. To account for non-independency of cells from a same root in the statistical analysis, we used a linear mixed model accounting for root (image ID) as a random factor (Figure 5A). We observed a significant near two-fold decrease in the number of FM4-64 labelled endosomes per cells in sac9-3 -/-compared to Col-0 (Type II Wald χ 2 test : χ 2 = 9.57, p =0.002; Figure 5B), that was not caused by smaller cells in sac9-3 -/-as the density of FM4-64 labelled endosomes was also strongly and significantly decreased compared to Col-0 (Type II Wald χ 2 test : χ 2 = 11.75, p =0.0006; Figure 5C).

We additionally inhibited recycling with BFA, and used FM4-64 tracer to monitor the endocytosis by measuring the number of BFA bodies labelled by FM4-64 in Col-0 and sac9-3 -/-. We only compared BFA treated Col-0 and sac9-3 -/-seedlings, using again generalized linear mixed model with image ID as a random factor. We observed significantly less FM4-64 labelled BFA bodies per cells in sac9-3 -/-compared to wild-type (Type II Wald χ 2 test: χ 2 = 33.8, p < 0.001; Figure 5D andE), confirming the lower rate of endocytosis in this mutant. We also wondered whether AtSAC9 depletion could cause more general trafficking defects. We therefore performed another BFA assay, but using this time PIN2-GFP to visualise BFA bodies, as PIN2-GFP, which is an integral membrane protein, localises at the plasma membrane and in intracellular organelles as it continuously recycles [START_REF] Dhonukshe | Clathrin-Mediated Constitutive Endocytosis of PIN Auxin Efflux Carriers in Arabidopsis[END_REF]. We only compared the treatments BFA treated PIN2prom::PIN2-GFP/Col-0 and PIN2prom::PIN2-GFP /sac9-3 -/-. We observed significantly less PIN2-GFP labelled BFA bodies per cells in sac9-3 -/-compared to wild-type (Type II Wald χ 2 test: χ 2 = 42.1, p < 0.001). A fraction of PIN2-GFP being intracellular, located on intracellular organelles, the effect observed may therefore indicate an endocytic defect as previous assays and/or a more general defect in trafficking in sac9-3 -/-.

Eventually, we investigated sac9-3 -/-sensitivity to pharmacological inhibition of endocytosis. We treated wild-type and sac9-3 -/-seedlings with ES9-17 for 180 min and labelled the plasma membrane and single membrane organelles membranes with FM4-64. Cells from both mock treated wild-type and sac9-3 -/seedlings did not display any obvious defect (Figure 5H). On the contrary, we observed from time to time dome-shaped plasma membrane invaginations in ES9-17 treated Col-0 seedlings, almost exclusively in elongating or differentiated cells (epidermal or root cap cells). Such cells have stronger endocytic rates than meristematic epidermal cells, substantiating the possibility that these invaginations constitute read-outs of long term disturb endocytosis (Figure 5H). Strikingly, we observed a much higher number of dome-shaped invaginations of the plasma membrane in cells from ES9-17 treated sac9-3 -/-seedlings (Figure 5H), showing that AtSAC9 depletion causes an over-sensitivity to the inhibition of clathrinmediated endocytosis.

Taken together, we provide a line of results showing that AtSAC9 depletion reduces and disturbs efficient endocytic trafficking pathway. We however still lack evidence of the precise steps of endocytosis at which AtSAC9 loss disturbs the process. The endocytosis defects observed correlate with PI(4,5)P2 mispatterning in sac9-3 -/-, and it is tempting to speculate about a causal effect. 

DISUSSION

Here, we investigated AtSAC9 functions in Arabidopsis thaliana. We show that AtSAC9 phosphatase activity and putative CC sequence are required for its function, and that fluorescent AtSAC9 protein fusions co-localise with TGN CCV markers. We additionally observed anomalous relocalisation of PI(4,5)P2 sensors upon AtSAC9 depletion. We eventually show that this altered PI(4,5)P2 subcellular patterning defects in sac9-3 -/-mutant correlates with endocytic defects.

AtSAC9 phosphatase activity is required for its function and modifies its localisation

AtSAC9 PI(4,5)P2 phosphatase activity remains putative, as only indirect evidence suggest it: sac9-1 -/-has a three-fold increase in its PI(4,5)P2 levels, and a slight decrease of PI4P amount (Williams et al., 2005). We failed to characterise AtSAC9 phosphatase activity by both in vitro and in vivo approaches (data not shown). Nevertheless, our report that catalytically inactive mCIT-AtSAC9 C459A fusion protein does not rescue sac9-3 -/-macroscopic phenotype, contrary to mCIT-AtSAC9, shows that AtSAC9 phosphatase activity is required for at least some of AtSAC9 functions. Interestingly, catalytically inactive AtSAC9 protein fusion also had a slightly different subcellular localisation than functional AtSAC9 protein fusions, being less soluble than them. This is reminiscent of Mammalian Sac2 PI4P phosphatase. Indeed, in cultured cells, GFP-Sac2 localises to punctate structures, but also as a large cytoplasmic fraction (Nguyen et al., 2019;Nakatsu et al., 2015;Hsu et al., 2015). However, catalytically inactive GFP-Sac2 C458S is way more enriched to punctate structures and less cytosolic. Hsu et al. (2015) observed that following pharmacological depletion of PI4P, GFP-Sac2 C458S displayed a similar localisation as GFP-Sac2, therefore elegantly demonstrating that PI4P recruits GFP-Sac2 C458S to punctuate structure. Wild-type Sac2 is also recruited by PI4P (Nguyen et al., 2019), but has a shorter residency time at the corresponding membranes given it dephosphorylates PI4P, contrary to GFP-Sac2 C458S . In Arabidopsis, we observed no effect of PAO mediated PI4P depletion on mCIT-AtSAC9 C459A (nor mCIT-AtSAC9; data not shown), showing that PI4P is likely not responsible for mCIT-AtSAC9 C459A additional recruitment to punctuate intracellular structures (even though unlikely in the hypothesis of AtSAC9 being a PI(4,5)P2 phosphatase, and not a PI4P phosphatase). We as well tried to deplete both PI4P and PI(4,5)P2 with long PAO treatments, but we were not able to conclude (data not shown, experiment need to be repeated). However, PI(4,5)P2 has only been reported at the plasma membrane in plants, and it is therefore unlikely that it could recruit mCIT-AtSAC9 C459A to intracellular compartments (that we observed even in Col-0 genetic background). Specific and fast depletion of PI (4,5)P2 using a genetically encoded system we recently developed may however be more suitable to test PI(4,5)P2 possible implication in AtSAC9 recruitment (Doumane et al., in preparation, see research article n°2 in this manuscript).

AtSAC9 C-terminal region is required for its function and localisation

AtSAC9 possess a putative WW domain close to the SAC domain, and a putative coiled-coil (CC) sequence in the C-terminal region of the protein. Both WW domains and CC sequences can mediate protein-protein interactions [START_REF] Wu | CFL1, a WW domain protein, regulates cuticle development by modulating the function of HDG1, a class IV homeodomain transcription factor, in rice and Arabidopsis[END_REF][START_REF] Chen | Characterization of the WW domain of human yes-associated protein and its polyproline-containing ligands[END_REF]. The long C-terminal part of AtSAC9 is specific among Arabidopsis SAC phosphoinositide-phosphatase family (Zhong and Ye, 2003). It is predicted to be largely structured, but no putative domain could be inferred in this region of the protein by homology analysis. We observed that AtSAC9 fusion proteins devoid of either the putative CC sequence, or of the C-terminal tail, could not complement sac9-3 -/-mutant. On the contrary, depletion of only the putative WW domain did not impair sac9-3 -/-complementation. Therefore, AtSAC9 long Cterminus and especially the putative CC sequence, but not the WW domain, seemed required for AtSAC9 functions. mCIT-AtSAC9 ΔWW had a similar subcellular localisation as wild-type AtSAC9 protein fusions, consistent with the idea that AtSAC9 functional localisation corresponded to the punctuate structures it labels. CC depleted AtSAC9 protein fusion on the other hand was much more soluble, showing the requirement of the putative CC sequence for AtSAC9 recruitment to intracellular punctuate structures. It was however puzzling that mCIT-AtSAC9Nter and mCIT-AtSAC9Nter C459A displayed a similar membrane association as functional and full-length AtSAC9 chimeric proteins. This suggests that the SAC phosphatase domain and/or the WW domain are sufficient for AtSAC9 membrane recruitment in absence of the full length C-terminal region, but not in the absence of the CC domain alone. We can speculate that, in AtSAC9 C-terminal region, some regions might play antagonistic roles, with for instance the CC sequence favouring localisation to punctuate structures. This complex and antagonist contribution of various regions of a phosphosinositide-phosphatase protein to its localisation exist in mammalian Sac2, in which Sac2 homology domain (hSac2) decreases GFP-Sac2 C458S localisation to intracellular compartments, but on the contrary increases it in absence of the C-terminal region of the protein (Hsu et al., 2015). Note that we evaluated the recruitment of the different AtSAC9 forms to intracellular compartments, but we

did not yet evaluate whether they localise to the same organelle or not.

AtSAC9 subcellular localisation is consistent with a PI(4,5)P2 phosphatase activity

In both animal and plant cells, PI (4,5)P2 is restricted at the plasma membrane, but absent from endocytic compartments that nonetheless derive from the plasma membrane (Simon et al., 2014;Watt et al., 2002). Oculocerebrorenal Lowe syndrome protein (OCRL) may be the most studied PI(4,5)P2 5phosphatase (De Matteis et al., 2017). OCRL1 from human and dOCRL, its homolog from Drosophila, intervene in early steps of the endocytic trafficking pathway, and especially clathrin-mediated endocytosis stricto sensu. OCRL1 and dOCRL localise to late clathrin-coated pits, endocytic vesicles and early endosomes, where they remove PI(4,5)P2 deriving from the plasma membrane (Cauvin et al., 2016;Nández et al., 2014;Ben El Kadhi et al., 2011). Contrary to animal cells, plants have a minimal endosomal system, where the TGN functions as early endosome collecting endocytic vesicles and recycling endosome rerouting endocytosed cargo the plasma membrane (Dettmer et al., 2006). Therefore, our finding that AtSAC9 chimeric protein localises to the TGN, which lacks PI(4,5)P2 but is enriched is PI4P (Simon et al., 2014), is consistent with a PI(4,5)P2 phosphatase activity. Please however note that PI4P phosphatases, like Metazoan Sac2, as well localise to PI4P compartments (Nguyen et al., 2019;Nakatsu et al., 2015).

Plant cell TGN comprises distinctive regions, made of clathrin-coated vesicle (TGN CCV ), and naked vesicles (TGN SV ), respectively [START_REF] Kang | Electron tomography of RabA4b-and PI-4Kβ1-labeled trans Golgi network compartments in Arabidopsis[END_REF]. We observed that fluorescent AtSAC9 protein fusions co-localise with TGN CCV markers, but very weakly with TGN SV ones. This specific subcellular localisation suggests a function of AtSAC9 in a process specially involving clathrin-coated TGN. Recently, a pre-print article reported that in plants, uncoating of clahtrin-coate vesicles (CCV), formed by clathrinmediated endocytosis, would occur much later than in yeast and animals models. The authors also observed by electron-microscopy endosome-like structure clathrin coated, that could be TGN CCV and/or aggregated CCV (Narasimhan et al., 2019). If this exciting finding were confirmed, this would be consistent with a role of AtSAC9 in the endocytic pathway, consistently with endocytic defects we observed in sac9-3 -/-.

AtSAC9 patterns PI(4,5)P2 at the subcellular level

We observed a relocalisation of two independent PI(4,5)P2 sensors caused by AtSAC9 depletion, that no longer solely labelled the plasma membrane, but also cortical intracellular compartments. This finding substantiates PI(4,5)P2 5-phosphatase putative activity, as the distribution of other phosphoinositide reporter was not or weakly affected in sac9-3 -/-. Also, extension of PI(4,5)P2 territory to internal membranes was as well observed in mammalian and Insect cultured cells, after the depletion of OCRL PI(4,5)P2 5-phosphatase (Del Signore et al., 2017;Cauvin et al., 2016;Ben El Kadhi et al., 2011).

Some other studies depleted OCRL from mammalian cells but did not saw PI(4,5)P2 sensors being relocalised at other membranes than the plasma membrane. However, they monitored cues such as ectopic localisation of F-actin or PI(4,5)P2 binding proteins, which suggested that nevertheless PI(4,5)P2

was likely ectopically present on intracellular organelle membranes (Nández et al., 2014;Vicinanza et al., 2011). However, these studied were carried out in cultured cells, and to our knowledge, our report is the first of PI(4,5)P2 subcellular mis-patterning from cells of a pluricellular organism studied in a physiological context, and a fortiori in plants.

It is also striking that anomalous intracellular PI(4,5)P2 compartments formed in Arabidopsis cells in absence of AtSAC9 did not colocalise with any existing organelles marker we tried, nor with FM4-64 endocytic tracer, and was insensitive to BFA. Indeed, upon OCRL depletion or mis-localisation, mislocalised PI(4,5)P2 was present on early endosomes and endocytic vesicles in Mammalian cells (Cauvin et al., 2016;Vicinanza et al., 2011), and on endosomes and/or anomalous enlarged vacuoles that yet retained an endosomal identity in Drosophila cells (Carim et al., 2019;Del Signore et al., 2017;Ben El Kadhi et al., 2011). BFA insensitivity is even more puzzling, as most organelles bear ARF small G-proteins that make them sensitive to BFA mediated inhibition of most ARF-GEF (ARF Guanine Exchange Factors; [START_REF] Anders | Large ARF guanine nucleotide exchange factors in membrane trafficking[END_REF]. Only very late endosomes (LE) are BFA insensitive, but the cortical localisation and small size of sac9-3 -/-PI(4,5)P2 intracellular compartments does not fit with this identity. Nevertheless, LE/MVBs are sensitive to Wortmannin, and with this assay, we could confirm that PI(4,5)P2 compartments in sac9-3 -/-correspond to a newly formed organelle. In addition, their fast movement in meristematic epidermal root cells, where cytoplasmic stream is very slow, is striking and suggests they interact with molecular motors. Clear and convincing evidence of the existence of a "new" vesicular compartment in sac9-3 -/-would however require electron microscopy or electron tomography observations.

Finally, the low sensitivity of these abnormal PI (4,5)P2 intracellular compartments to PI(4,5)P2 depletion and endocytosis inhibition suggest they have a slow turn-over and likely only are formed occasionally. It is likely that these compartments, despite being mobile, are no longer part of vesicular exchanges, possibly due to attachment factor failure to dock them to target membranes. We favour the hypothesis in which anomalous compartments ectopic PI(4,5)P2 molecules would come from the plasma membrane, where PI(4,5)P2 is synthesised in wild-type cells, as ES9-17 mediated inhibition of endocytosis was not total (as excepted, as it only targets clathrin-mediated endocytosis, and possibly not fully).

However, our work does not rule out the possibility that PI(4,5)P2 is ectopically synthesised in sac9-3 -/- cells, possibly directly on abnormal intracellular membranes. It would therefore be interesting to investigate the subcellular localisation of the eleven PI4P 5-kinases (AtPIP5Ks) that Arabidopsis genome encodes, in the sac9 -/-mutant background [START_REF] Ischebeck | At the poles across kingdoms: Phosphoinositides and polar tip growth[END_REF].

Mis-localised PI(4,5)P2 may explain sac9-3 -/-endocytic defects

We observed that the endocytic pathway is partially impaired in sac9-3 -/-, and that sac9-3 -/-was oversensitive to ES9-17 mediated inhibition of endocytosis. The defects we observed after pharmacological inhibition of endocytosis were not mentioned in the article reporting ES9-17 discovery (Dejonghe et al., 2019). However, we only saw them for long treatments, almost exclusively in elongating or differentiated cells, and very rarely in wild-type. This might explain why the striking defects we observed following ES9-17 long treatments in sac9-3 -/-were not reported before. The fact that the defects were seen in cells with high endocytic rates compared to meristematic epidermal root cells also corroborates the likeliness that these truly are endocytic defects.

In animal cells, PI(4,5)P2 mis-patterning was shown to impair endocytosis. Ectopic localisation of PI(4,5)P2 on organelle membranes, in animal cells lacking OCRL, ectopically recruits extrinsic plasma membrane proteins. Such mis-localised actors include Adaptor Protein complex 2 (AP-2) that is involved in clathrin-mediated endocytosis and subunits from Arp2/3 actin nucleating complex (Cauvin et al., 2016;Vicinanza et al., 2011). It would therefore be precious to assess in AtSAC9 depleted seedlings, the subcellular localisation of proteins known or suspected to interact with PI(4,5)P2: subunits from AP-2 and TPLATE complexes (Zhang et al., 2015), Arp2/3 complex (Guo et al., 2019;[START_REF] Valencia | Endocytosis and Endosomal Trafficking in Plants[END_REF], and so on. In particular, partial mis-localisation of proteins involved in the endocytic pathway may help to rationalise sac9-3 -/-endocytic trafficking defects.

CONCLUSIONS

Taken together, we report here that in sac9-3 -/-Arabidopsis thaliana mutant, cells have an altered subcellular distribution of PI(4,5)P2, than is no longer restricted to the plasma membranes, but also present on intracellular compartments. We show that these abnormal compartments do not correspond to a generic organelle. We show that AtSAC9 localises to a subpopulation of TGN/EE (TGN CCV ), which is consistent with an hypothetical model in which AtSAC9 would hydrolyse PI(4,5)P2 endocytosed from the plasma membrane. We also show that distinct regions of the proteins control its subcellular localisation, and that AtSAC9 function requires its phosphatase activity. We finally report that sac9-3 -/-is partially impaired for endocytic trafficking, possibly due to PI(4,5)P2 mis-patterning.

MATERIALS AND METHODS

Growth condition and plant materials

Arabidopsis thaliana Columbia-0 (Col-0) accession was used as wild-type (WT) reference genomic background throughout this study. Arabidopsis thaliana seedlings in vitro on half Murashige and Skoog (½ MS) basal medium supplemented with 0.8% plant agar (pH 5.7) in continuous light conditions at 21 °C.

Plants were grown in soil under long-day conditions at 21 °C and 70% humidity 16 h daylight.

sac9-3 -/- (Williams et al., 2005) sac9-1 W13R (UBQ10prom::mCH-VTI12) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] W129R (UBQ10prom::mCH-RabA1g) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] W24R (UBQ10prom::mCh-RabA5d) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] AtSAC9∆CC was amplified from SAC9g/pDONR-P2RP3 with SAC9g_deltaCC_C-F and SAC9g_deltaCC_N-R 5'-phosphorylated primers and then ligated to give SAC9g∆CC /pDONR-P2RP3.

AtSAC9∆WW∆CC was amplified from SAC9g∆WW/pDONR-P2RP3 with SAC9g_deltaCC_C-F and SAC9g_deltaCC_N-R 5'phosphorylated primers and then ligated to give SAC9g∆CC∆WW/pDONR-P2RP3.

AtSAC9Nter synthetic cDNA was chemically synthesised.

Construction of plant transformation vectors (destination vectors)

Final destination vectors were obtained using three fragments LR recombination system (life technologies, www.lifetechnologies.com/) using pB7m34GW destination vector (Karimi et al., 2007). The following reactions were set-up to generate the corresponding destination vectors:

FM4-64 staining

Seedlings were incubated in wells containing 1 µM FM4-64 (Life Technologies T-3166; from a stock solution of 1.645 mM = 1 mg/ml in DMSO) in half Murashige and Skoog (½ MS) liquid basal medium without shaking for 30 min and in dark. Seedlings were then mounted in the same medium and imaged within a 10 min time frame window (1 h ± 5 min). 

Western-Blot

Leaves from 1-month-old plants were vacuum infiltrated three times with 100 µM MG132 (inhibitor of proteasome). Treated leaves were grind in liquid nitrogen, and ground material resuspended in 4 ml of extraction buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 5% glycerol, 10 mM DTT, 0.5% Triton X-100, 1% Igepal and 1% protease inhibitors (Sigma) into ½ MS 100 µM MG132) and centrifuged at 17896 g for 40 min at 4°C to obtain the total protein extract in the supernatant. 1 ml of the total protein extract was incubated 20 min with 50 µL of magnetic protein G Dynabeads (Millipore) fused to a GFP monoclonal antibody (1/500 in PBS 0.002 % tween). Beads, antibodies and antibodies bund proteins were magnetically precipitated on columns, eluted and denatured in 40 µL of Lamelli buffer 2X at 95°C for 5 min. 20 µL of immunoprecipitated proteins were loaded onto 7.5 % polyacrylamide gel, run for 105 min at 125 V and blotted on nitrocellulose membranes over-night at 20 V on ice. Membranes were blocked in 5 % milk dissolved in TBST buffer (10 mM Tris-HCL, 150 mM NaCL, 0.05 % Tween20) for 2 h at 4°C. mCITRINE tagged proteins were revealed by using respectively GFP monoclonal antibody

(1/1000 in 5 % milk) as primary antibodies and anti-mousse IgG-HRP conjugated secondaries antibodies

(1/5000 in TBST). Finally tagged proteins were detected by chemiluminescence using ECL, substrate to HRP enzyme, revelation.

Spinning-disk microscopy imaging

Most images (see exceptions below) were aquired with the following spinning disk confocal microscope set up: inverted Zeiss microscope (AxioObserver Z1, Carl Zeiss Group, http://www.zeiss.com/) equipped with a spinning disk module (CSU-W1-T3, Yokogawa, www.yokogawa.com) and a ProEM+ 1024B camera (Princeton Instrument, http://www.princetoninstruments.com; Figure 2B only) or Camera Prime 95B (www.photometrics.com) using a 63x Plan-Apochromat objective (numerical aperture 1.4, oil immersion). GFP and mCITRINE were excited with a 488 nm laser (150 mW) and fluorescence emission was filtered by a 525/50 nm BrightLine! single-band bandpass filter (Semrock, http://www.semrock.com/), mCHERRY was excited with a 561 nm laser (80 mW) and fluorescence emission was filtered by a 609/54 nm BrightLine! single-band bandpass filter (Semrock, http://www.semrock.com. For quantitative imaging, pictures of epidermal root meristem cells were taken with detector settings optimised for low background and no pixel saturation. Care was taken to use similar confocal settings when comparing fluorescence intensity or for quantification.

Total internal reflection fluorescence (TIRF) microscopy

Total Internal Reflection Fluorescence (TIRF) Microscopy was performed using the inverted Zeiss microscope previously described (AxioObserver Z1) equipped with azimuthal-TIRF iLas2 system (Roper Scientific) and a 100x Plan-Apochromat objective (numerical aperture 1.46, oil immersion). The azimuth calibration was performed using the manufacturer recommendation and the iLas2 module in Metamorph software. The optimum critical angle was determined as giving the best signal-to-noise ratio. Images of endocytic event were acquired during 2min with 450ms exposure time, and 500ms between each frame in time-lapse experiments.

CLSM710 and CLSM800 scanning microscopy imaging

Colocalisation experiments from Figure 2C, 2E, and 4D were performed on an inverted Zeiss CLSM710

confocal microscope or an inverted Zeiss CLSM800 confocal microscope using a 63x Plan-apochromatic objective. Dual-colour images were acquired by sequential line switching, allowing the separation of channels by both excitation and emission. In the case of co-localisation, we also controlled for a complete absence of channel crosstalk. GFP was excited with a 488nm laser, CITRINE was excited with a 515nm laser and mCHERRY/Alexa555 were excited with a 561nm laser. Imaging was performed in the root epidermis in cells that are at the onset of elongation.

Root imaging and image quantification

For quantitative imaging, pictures of epidermal root meristem cells were taken with detector settings optimised for low background and no pixel saturation. Care was taken to use similar confocal settings when comparing fluorescence intensity. Pseudo-colored images were obtained using the "Green Fire

Blue" look-up-table (LUT) of Fiji software (http://www.fiji.sc/). The intracellular compartments ("spots") per cell were automatically counted.

Measures, counting and statistical analysis

Primary root length and number of lateral root were manually measured from pictures. For comparing the primary root length and lateral root density between each genotype (Figure 1D-E), we used a one-way ANOVA and post hoc Tukey HSD pairwise tests (95 % confidence level).

For comparing the number of intracellular compartments containing mCIT-SAC9 protein-fusions per cell across conditions (Figure 1G), we manually counted them and used a generalised linear mixed effect -2.47096108 0.0000000 sac9-3 -/--Col-0 -2.47340580 0.0000000 mCIT-AtSAC9 -Col-0 -0.71773900 0.0054810
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Comparison of primary root length and lateral root densities between each genotype using a one-way ANOVA and post hoc Tukey HSD pairwise tests (95 % confidence level). accounting for image ID (id est root) as a random factor. We then computed Tukey Post hoc tests (function "glht" in multicomp) to specifically compare each pair of condition.
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INTRODUCTION

Phosphoinositides are "tiny lipids with giant impacts" on cell homeostasis (Balla, 2013). These low abundant membrane lipids all derive from phosphatidylinositol. Phosphatidylinositol's head can be phosphorylated on positions 3 and/or 4 and/or 5, leading to the synthesis of seven different phosphoinositide species. Detection of phosphoinositides revealed that each species are differentially enriched in the various membranes of Eukaryotic cells (Platre and Jaillais, 2016), constituting a landmark code that allows specific targeting of proteins to given membranes (Simon et al., 2016;Bigay and Antonny, 2012). In particular, phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] is mainly/only present in the cytosolic leaflet of the plasma membrane in wild-type cells of Saccharomyces cerevisiae (Eumycota Ascomycota; [START_REF] Patton | Phosphatidylinositol phosphate, phosphatidylinositol bisphosphate, and the phosphoinositol sphingolipids are found in the plasma membrane and stimulate the plasma membrane H+-ATPase of Saccharomyces cerevisiae[END_REF], human (Metazoa Mammal; Hammond et al., 2012bHammond et al., , 2009)),

Drosophila melanogaster (Metazoa Hexapoda; Carim et al., 2019;Ben El Kadhi et al., 2011), and Arabidopsis thaliana (Archaeplastida Angiosperm; Simon et al., 2014). At the plasma membrane of animal cells, PI(4,5)P2 has a wide spectra of actions including activation of ion channel, being precursor of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) secondary messengers, contributing substantially to plasma membrane surface charge, and being involved in clathrin-mediated endocytosis (CME; [START_REF] Schmid | Cell biology: Lipid switches and traffic control[END_REF]Hammond et al., 2012;[START_REF] Zoncu | ). On the other hand, 2xmCH-KA1 MARK1 delocalised from the plasma membrane upon MAP-mTU2-Sac1 2-518 induced PI4P-depletion, and co[END_REF]Suh et al., 2006). Pharmacological and genetically encoded systems allowing to exogenously modulate PI(4,5)P2 levels in animal cells led to significant advances toward the comprehensive understanding of PI(4,5)P2 functions (Idevall-Hagren and De Camilli, 2015;[START_REF] Di Paolo | Phosphoinositides in cell regulation and membrane dynamics[END_REF].

In plant cells however, less is known about PI(4,5)P2. Interestingly, it seems that some functions of PI (4,5)P2 in animals are not conserved in plants, with for instance plasma membrane surface charge relying on phosphatidylinositol 4-phosphate (PI4P), phosphatidylserine (PS) and phosphatidic acid (PA), but not PI(4,5)P2 (Platre et al., 2018;Simon et al., 2016). However; there are fewer tools available for researcher to modulate PI(4,5)P2 levels in plant cells. On one hand, few pharmacological approaches allow to modulate PI(4,5)P2 amounts in cultured cells and whole seedlings. There are inhibitors of enzymes involved in phosphoinositide metabolism that allow to disturb PI(4,5)P2 amounts: treatment with U-73122 pan-phospholipases C (PLC) inhibitor elevates PI(4,5)P2 levels (Lee et al., 2019;Barbosa et al., 2016), and long phenylarsine oxide (PAO) treatments reduces both PI(4,5)P2 and PI4P levels (Doumane et al., in preparation, see research article n°1 in this manuscript; Platre et al., 2018;Simon et al., 2016). Also, exposure to membrane permeable PI(4,5)P2 analogues increased PI(4,5)P2 amounts (Ozaki et al., 2000).

However, these techniques cause strong side effects and/or are of low efficiency, and none allows to specifically deplete PI(4,5)P2 (Caillaud, 2019;Den Hartog et al., 2001). On the other hand, some genetically encoded systems increasing PI(4,5)P2 levels have also been successfully used in cultured plant cells. Such approaches relied on constitutive over-expression of PI4P 5-kinases, which synthesise PI(4,5)P2 (Im et al., 2014;Ma et al., 2009;Yang et al., 2007). Recently, Gujas et al. (2017) even developed an inducible system allowing tissue specific and inducible elevation of PI (4,5)P2 levels in Arabidopsis plantlets. This system relied on oestrogen-mediated inducible expression of human HsPIP5KIα, which led to both significant consumption of PI4P and production of PI (4,5)P2 in a matter of hours (Gujas et al., 2017). However, no genetically encoded system allow PI (4,5)P2 depletion in plants. This lack in not specific to the plant field, as there are very few report of systems allowing PI (4,5)P2 depletion in pluricellular organism such as animals (Guglielmi et al., 2015).

Here we report a promising dexamethasone inducible genetically encoded system that allows fast and specific PI (4,5)P2 depletion in Arabidopsis. We triggered expression of a plasma membrane anchored PI(4,5)P2 5-phosphatase domain from dOCRL (Drosophila melanogaster), and we observed its expression after three hours. We detected a strong and specific PI (4,5)P2 depletion starting as soon as 90 min after induction. We show that the system is suitable for various aerial organs and root tissues in Arabidopsis.

Finally, we provide first elements indicating that efficient endocytosis and cortical-microtubule orientation require PI (4,5)P2 in Arabidopsis, but also suggesting that PI (4,5)P2 might be dispensable for various processes in plant cells.

RESULTS

dOCRL phosphatase domain acts as PI(4,5)P2 phosphatase in vitro Idevall-Hagren et al. (2012) designed an optogenetic system for light-induced PI(4,5)P2 depletion in cultured mammalian cells. They used in particular a truncation (amino acids 234 to 539) of human OCRL (OCRL1) corresponding to its PI(4,5)P2 5-phosphatase domain. We were concerned that this domain, that underwent natural selection in an endotherm organism with set-point temperature of 37°C, would be less active in Arabidopsis, which we grow at 21°C. Therefore, we decided to use the phosphatase domain of dOCRL, Drosophila melanogaster homolog, as Drosophila are ectotherm and live at ~20°C.

Alignment of OCRL1234-539 and dOCRL allowed us to identify dOCRL168-509 as the homolog region of the truncation used in optogenetic systems (Figure 1A). We first aimed to assess dOCRL activity, which has not been reported so far, even though extensive in vivo data suggest a conserved PI(4,5)P2 5-phosphatase activity (Carim et al., 2019;Del Signore et al., 2017;Ben El Kadhi et al., 2011). We cloned a recombinant dOCRL protein (His-SUMO-dOCRL168-509-His) tagged with two 6-histidine tags and a SUMO tag, making it suitable for expression in Escherichia coli and purification. We purified His-SUMO-dOCRL168-509-His using a cobalt resin-based affinity chromatography and protein concentration (Figure 1B). We subjected the purified protein fractions C1 and C2 to Malachite Green Phosphatase assays, that detect phosphate release by dephosphorylations, in presence of short chain (diC:8) water-soluble phosphoinositides (Maehama et al., 2000). We only assessed dOCRL168-509 activity toward phosphoinositides reported in plant cells (Platre and Jaillais, 2016;Simon et al., 2014). dOCRL168-509 displayed a strong and specific phosphatase activity toward PI(4,5)P2 (Figure 1C), showing that OCRL activity is conserved between Mammals and Drosophila. Therefore, dOCRL168-509 is a domain suitable for specific PI (4,5)P2 depletion in plant cells.

HsOCRL 234-539 ------------------------------------------------------------dOCRL MDTLSEAVANGTATAATRTTKDIVKERFKEDETIEYIFEAYQIKGPEYSNRLLALVSSQS HsOCRL 234-539 ------------------------------------------------------------dOCRL GGTFAIIAFSYLRTPLSSANELIINKVFAIDHNFQLRQDSKSSITTQQFDLSTAEDGPIK HsOCRL 234-539 ----------------------------------------------------------YV dOCRL YYYYATESHHYEEFVAKVISFKSTMAQHDPETVLNFRWLNDYRQIGEVKQELKKRESEYI Homo sapiens OCRL (HsOCRL or OCRL1) truncation (HsOCRL234-539) successfully used in optogenetic systems in mammalian cells (Idevall-Hagren et al., 2012), and (ii) of Drosophila melanogaster dOCRL. We cloned dOCRL168-509 truncation, framed in blue, that is homolog to HsOCRL234-539. Aspartate 468 (D468), framed in orange, is the amino acid we mutated to obtain inactive dOCRL168-509 (see Figure 2 - ----------------------------------------------------------------------------------------------------------------------------------

Inducible expression and subcellular targeting of dOCRL

After validating in vitro the enzymatic activity of the catalytic domain of dOCRL168-509, we next addressed whether this enzyme could efficiently hydrolyse PI (4,5)P2 in plant cell when artificially targeted to the plasma membrane. We fused the dOCRL168-509 (here after named dOCRL) to a Myristoylation And Palmitoylation (MAP) sequence which once acylated is responsible for plasma membrane targeting (Martinière et al., 2012), and to mCHERRY (mCH) fluorescent protein to monitor protein expression and subcellular localisation, by cloning MAP-mCHERRY-dOCRL DNA construct (Figure 2A). In order to observe short term effects of PI (4,5)P2 depletion, we took advantage of dexamethasone (dex) -GVG system that allows efficient inducible expression of proteins in Arabidopsis [START_REF] Marquès-Bueno | A dominant negative mutant of protein kinase CK2 exhibits altered auxin responses in Arabidopsis[END_REF][START_REF] Moreno-Romero | A role for protein kinase CK2 in plant development: Evidence obtained using a dominant-negative mutant[END_REF]Aoyama and Chua, 1997). We cloned GVG (GAL4 VP16 GR) synthetic gene, which encodes a recombinant glucocorticoid receptor binding in trans UAS DNA elements, downstream of ubiquitous and mild/strong UBIQUITIN10 promoter (UBQ10prom; Figure 2A). We next performed site-directed D468G mutation in dOCRL catalytic domain, similarly to D523G mutation already described in human OCRL1 that abolishes its phosphatase activity (Idevall-Hagren et al., 2012).

We could therefore use MAP-mCH-dOCRL168-159 D468G (here after named MAP-mCH-dOCRL dead ) as negative control, together with a MAP-3xmCH recombinant protein (Figure 2A).

We next addressed the timing of expression and the localisation of each construct in Arabidopsis lines stably transformed with UBQ10prom::GVG::MAP-mCH-dOCRL, or UBQ10prom::GVG::MAP-mCH-dOCRL dead , or UBQ10prom::GVG::MAP-3xmCH. In root meristematic epidermal cells, without dex treatment, none of the recombinant mCH tagged fusion-proteins were detected using confocal microscopy (Figure 2B). A 16 h treatment with 0.5 µM dex led to mCH fluorescence, indicating that induction of the genetic construct had occurred (Figure 2B). However, the induction observed was mosaic and a significant number of roots had no cells expressing the constructs. To overcome these issues, we optimised the treatment to a 16 h induction with 5 µM dex. Using this set up, we robustly observed red fluorescence using confocal microscopy. MAP-mCH-dOCRL, MAP-mCH-dOCRL dead and MAP-3xmCH localised as expected at the plasma membrane, and also at intracellular compartments (Figure 2B).

Therefore, a 16 h 5 µM dex treatment is sufficient for efficient inducible expression and targeting of dOCRL PI(4,5)P2 5-phospahtase domain at the plasma membrane in Arabidopsis stable transgenic lines.

Inducibly expressed MAP-mCH-dOCRL specifically and efficiently depletes PI(4,5)P2 in Arabidopsis stable lines

We next tested whether the targeting of dOCRL at the plasma membrane was effective to deplete PI (4,5)P2 in plant cells. In order to assess the level of PI (4,5)P2 at the plasma membrane, we monitored the localisation of genetically encoded fluorescent biosensors, made of a lipid-binding domain (LBD) fused to a fluorescent protein such as mCITRINE (mCIT), which allow monitoring lipid subcellular localisation and levels, using confocal microscopy (Lee et al., 2019;Platre et al., 2018;Stanislas et al., 2018;Idevall-Hagren and De Camilli, 2015;Hammond and Balla, 2015;Simon et al., 2014). We previously observed that upon phosphatidylinositol 4-phosphate (PI4P) and phosphatidylserine (PS) depletion from the plasma membrane, PI4P and PS biosensors are partially or totally released from the plasma membrane to (Platre et al., 2018;Simon et al., 2016). As in normal conditions, PI (4,5)P2 biosensors are only present at the plasma membrane of plant cells (Simon et al., 2014), we expected PI(4,5)P2 biosensors to be released from the plasma membrane into the cytosol (their default localisation), upon PI (4,5)P2 depletion from the plasma membrane (Figure 3A).

Using confocal microscopy, we monitored the subcellular localisation of mCIT-2xPH PLC and mCIT-TUBBYc, two independent PI(4,5)P2 biosensors, in Arabidopsis meristematic cells. Without dex induction, both mCIT-2xPH PLC and mCIT-TUBBYc localised to the plasma membrane (Figure 3B). Induction of the expression of MAP-mCH-dOCRL resulted in solubilisation of both these sensors (Figure 3B), indicating efficient depletion of PI (4,5)P2 from the plasma membrane. On the contrary, targeting at the plasma membrane of catalytically inactive dOCRL dead and of 3xmCH did not affect mCIT-2xPH PLC or mCIT-TUBBYc localisation at the plasma membrane (Figure 3B). We also tested whether the targeting of to the plasma membrane of MAP-mCH-dOCRL affected other membrane lipids than PI(4,5)P2. We saw that MAP-mCH-dOCRL expression did not modify the localisation of the PI4P biosensor mCIT-P4M SidM (Simon et al., 2016), which stayed at the plasma membrane (figure 3B). It did not affect either the localisation of the phosphatidylserine biosensor mCIT-C2 Lact (Platre et al., 2018), or of the phosphatidylinositol 3-phosphate (PI3P) biosensor mCIT-2xFYVE HRS (Simon et al., 2014;Figure 3B). All experiments were repeated independently at least twice.

-

----------------------------------------------------------------------------------------------------------------------------------
To get quantitative measurements, we measured dissociation indexes of PI(4,5)P2, PI4P and phosphatidylserine (PS) biosensors, which quantify the solubilisation of a plasma membrane signal upon dex treatment: dissociation indexes of 1 indicate similar plasma membrane / cytoplasm fluorescence ratio between the mock and treated conditions, whereas above 1, they indicate that the dex treatment increased the cytoplasm fluorescence. To compare dissociation indexes we obtained upon expression of MAP-mCH-dOCRL or of negative controls, we used a linear mixed effect model accounting for root as random factor (as one root per image was imaged, and ten cells per root sampled, and therefore all cells are not independent from each other; Table S1). Upon expression of MAP-mCH-dOCRL, PI(4,5)P2 biosensors mCIT-2xPH PLC and mCIT-TUBBYc had dissociation indexes of ~ 2, indicating a strong solubilisation of these sensors (Figure 3C; Table S1 andS4). Expression of MAP-mCH-dOCRL dead or MAP-3xmCH led to significantly lower dissociation indexes, around ~ 1 for the same biosensors (Figure 3C; Table S1 andS4).

As expected, dissociation indexes for PI4P biosensor mCIT-P4M SidM were not significantly different, with values of ~ 1 both when MAP-mCH-dOCRL or MAP-3xmCH were expressed (Figure 3C; Table S1 andS4), indicating no obvious effect on PI4P. The dissociation index of mCIT-C2 Lact upon expression of MAP-mCH-dOCRL was significantly higher than upon expression of MAP-3xmCH by a short head (dissociation indexes of 0.957 versus 0.815, p-value = 0.043; Figure 3C; Table S1), suggesting a possible slight impact of the system on the homeostasis of phosphatidylserine.

Overall, our results show that MAP-mCH-dOCRL efficiently, specifically, and directly hydrolyse the PI(4,5)P2 pool at the plasma membrane of plant cells. 

MAP-mCH-dOCRL quickly depletes PI(4,5)P2 in vivo

In order to get insights into the kinetic of the PI (4,5)P2 depletion induced by MAP-mCH-dOCRL expression, we performed time-course analysis during dex induction, monitoring mCIT-2xPH PLC PI(4,5)P2 biosensor subcellular localisation and MAP-mCH-dOCRL appearance at the root tip in epidermal cells.

We used an automated root tracking set-up we previously developed [START_REF] Doumane | Automated Tracking of Root for Confocal Time-lapse Imaging of Cellular Processes[END_REF], see protocol article n°2 in this manuscript), and imaged root epidermal cells every five minutes for 6 h 30. 15 minutes after the beginning of the induction (first time-point), mCIT-2xPH PLC nicely labelled the plasma membrane while no mCH fluorescence was observed (Figure 3D). After 90 min, a fraction of mCIT-PH PLC started to be partially solubilised in the cytosol of some cells, indicating that PI (4,5)P2 had started to be depleted. Interestingly, at this stage, MAP-mCH-dOCRL could not be detected yet (Figure 3D).

After 180 min, mCIT-2xPH PLC was cytosolic in most cells, indicating near complete PI (4,5)P2 depletion. This corresponded to the first detection of MAP-mCH-dOCRL (Figure 3D). Consistently, MAP-mCH-dOCRL was first detected in the very same cells that had displayed the first signs of PI (4,5)P2 hydrolysis.

Over the next few hours, mCIT-2xPH PLC retained a cytosolic localisation while MAP-mCH-dOCRL fluorescence increased. We measured dissociation indexes of mCIT-2xPH PLC over-time during this timelapse. We observed that dissociation index increased strongly between 90 and 180 min of dex exposure, before plateauing at ~ 1.8 (Figure 3E). At 180 min, dissociation indexes had increased in all cells, and at 330 min it had reached its maximum in all cells. This shows that, upon induction of its expression, MAP-mCH-dOCRL quickly depletes PI(4,5)P2, actually faster than any other in vivo system for plants.

Altogether, these results showed that this system is rapid and efficient to deplete in an inducible manner PI (4,5)P2 at the plasma membrane of Arabidopsis root cells.

MAP-mCH-dOCRL depletes PI(4,5)P2 in various organs

We next wondered whether this genetic and inducible system was suitable for PI (4,5)P2 depletion in other cell types than meristematic root epidermal cells. We therefore tested the system in elongated root epidermal, root hairs cells and shoot apical meristem for which the PI(4,5)P2 subcellular and tissue patterning is well described (Stanislas et al., 2018;Noack and Jaillais, 2017;Simon et al., 2014). Upon dex treatment, all three MAP-mCH-dOCRL, MAP-mCH-dOCRL dead and MAP-3xmCH were expressed in root hairs, and localised to the plasma membrane and intracellular compartments (Figure S1). Root hair accumulate PI (4,5)P2 on the plasma membrane at their tip (Noack and Jaillais, 2017), and expression of MAP-3xmCH did not affect plasma membrane localisation of mCIT-2xPH PLC , which remained enriched at the tip of the cell (Figure 4A). On the contrary, expression of MAP-mCH-dOCRL solubilised of mCIT-2xPH PLC from the plasma membrane into the cytoplasm of root hair cells, indicating efficient PI (4,5)P2 depletion (Figure 4A). Similarly, we successfully observed fluorescence signal from all three MAP-mCH-dOCRL, MAP-mCH-dOCRL dead and MAP-3xmCH fusion-proteins upon dex treatments in cotyledon epidermal cells (Figure 4B). But only MAP-mCH-dOCRL expression induced a solubilisation of mCIT-2xPH PLC in the cytosol, as indicated by the observation of cytoplasmic threads (Figure 4B). Neither MAP-mCH-dOCRL dead , nor MAP-3xmCH, affected mCIT-2xPH PLC that remained exclusively localised at the plasma membrane (Figure 4B). We also observed efficient MAP-mCH-dOCRL mediated PI (4,5)P2 depletion in epidermal cell of the shoot apical meristem (Figure 4C). Consistently with UBQ10 promoter not being expressed in the central zone (Stanislas et al., 2018), we never observed PI (4,5)P2 depletion nor expression of our fusion proteins in this region of the shoot apical meristem Figure S2). However, our system was efficient for PI (4,5)P2 depletion in whole N-1-Naphthylphthalamic Acid (NPA) induced shoot meristems, in which all epidermal cells had mCIT-2xPH PLC solubilised upon MAP-mCH-dOCRL expression (Figure 4D). Taken together, these results show that our dex inducible system efficiently depletes PI (4,5)P2 in various cell types and organs, both in roots and aerial parts.

PI(4,5)P2 depletion may partially impair endocytosis

Having in hand an exciting systems suitable for fast PI (4,5)P2 depletion, and given PI(4,5)P2 central role in animal cells, we wanted to assess whether PI (4,5)P2 could have conserved functions in plant cells. We especially investigated PI (4,5)P2 possible implication in clathrin-mediated endocytosis, cytoskeleton organisation, polar localisation of membrane proteins and membrane contact sites stability (Figure 5).

In animal and plant cells, clathrin-mediated endocytosis (CME) relies both on clathrin-mediated concentration of cargos and plasma membrane invagination (Narasimhan et al., 2019;[START_REF] Royle | Clathrin-Mediated Endocytosis at the Synaptic Terminal: Bridging the Gap Between Physiology and Molecules[END_REF]. The Adaptor Protein 2 (AP-2) complex selects and binds transmembrane cargos and clathrin, linking both at the plasma membrane. α2 and β2 subunits from animal AP-2 were shown to recruit the complex to PI (4,5)P2 rich membranes in vitro, where µ2 subunit interaction with PI(4,5)P2 triggers a conformational change allowing AP-2 docking to transmembrane cargos [START_REF] Jackson | A large-scale conformational change couples membrane recruitment to cargo binding in the AP2 clathrin adaptor complex[END_REF][START_REF] Collins | Molecular architecture and functional model of the endocytic AP2 complex[END_REF]. AP-2 complex is conserved in plant cells [START_REF] Di Rubbo | The clathrin adaptor complex AP-2 mediates endocytosis of brassinosteroid INSENSITIVE1 in arabidopsis[END_REF], and we therefore speculated that AP-2 might as well require PI (4,5)P2 for its plasma membrane recruitment in plant cells. Tagged µ2 subunit (AP-µ2-GFP) localised mostly to the plasma membrane in control conditions (Figure 5A). Induction of MAP-mCH-dOCRL induced a decrease of AP-µ2-GFP fraction localising at the plasma membrane, whereas induction of MAP-3xmCH had no obvious effect on AP-µ2-GFP (Figure 5A). To quantify AP-µ2-GFP solubilisation, we measured and compared dissociation indexes we obtained upon inductions of MAP-mCH-dOCRL or of MAP-3xmCH, using a linear mixed effect model accounting for image ID as random factor (as one root per image were imaged, and ten cells per root sampled; Table S2).

We found a significantly higher dissociation index of AP-µ2-GFP upon MAP-mCH-dOCRL expression compared to MAP-3xmCH (Figure 5A; Table S2 andS4). This results showed that the depletion of PI (4,5)P2 after expression of MAP-mCH-dOCRL reduced the AP-µ2-GFP fraction present at the plasma membrane. To confirmed the impact of PI (4,5)P2 depletion on the recruitment of the CME components at the plasma membrane, we next assessed the localisation of the CLATHRIN LIGHT CHAIN2 GFP fusion protein (CLC2-GFP). Although no quantification was performed, we did not observed any obvious effect of PI (4,5)P2 depletion on CLC2-GFP localisation using confocal microscopy, which seemed to localise to a similar extent at the plasma membrane and at the TGN/endosomes in control conditions and upon PI (4,5)P2 depletion (Figure 5B).

Since results from relocalisation analysis of AP-µ2-GFP and CLC2-GFP did not allow us to conclude on the effects of the depletion of PI (4,5)P2 on CME, we next searched for additional putative effectors of PI (4,5)P2 involved in endocytosis. In animals, endophilins proteins which comprise BAR and SH3 domains act in the clahtrin-independent and clathrin-dependent endocytosis [START_REF] Boucrot | Endophilin marks and controls a clathrin-independent endocytic pathway[END_REF][START_REF] Renard | Endophilin-A2 functions in membrane scission in clathrin-independent endocytosis[END_REF]. In Arabidopsis, SH3-containing proteins localise at the plasma membrane and have been implicated in various trafficking processes [START_REF] Ahn | SH3P2 plays a crucial role at the step of membrane tubulation during cell plate formation in plants[END_REF][START_REF] Nagel | Arabidopsis SH3P2 is an ubiquitin-binding protein that functions together with ESCRT-I and the deubiquitylating enzyme AMSH3[END_REF][START_REF] Kolb | FYVE1 Is Essential for Vacuole Biogenesis and Intracellular Trafficking in Arabidopsis[END_REF][START_REF] Zhuang | A BAR-Domain Protein SH3P2 , Which Binds to Phosphatidylinositol 3-Phosphate and ATG8 , Regulates Autophagosome Formation in Arabidopsis[END_REF] including CME [START_REF] Adamowski | A Functional Study of AUXILIN-LIKE1 and 2, Two Putative Clathrin Uncoating Factors in Arabidopsis[END_REF][START_REF] Lam | Role of SH3 domain-containing proteins in clathrin-mediated vesicle trafficking in Arabidopsis[END_REF]. Arabidopsis SH3containing proteins were previously reported to bind phospholipids, and that the BAR domain alone was sufficient for this binding [START_REF] Ahn | SH3P2 plays a crucial role at the step of membrane tubulation during cell plate formation in plants[END_REF][START_REF] Lam | Role of SH3 domain-containing proteins in clathrin-mediated vesicle trafficking in Arabidopsis[END_REF]. Among them, SH3P2 was detected by mass spectrometry following CLATHRIN LIGHT CHAIN1 (CLC1) affinity purification [START_REF] Adamowski | A Functional Study of AUXILIN-LIKE1 and 2, Two Putative Clathrin Uncoating Factors in Arabidopsis[END_REF], showing that SH3P2 interacts with the CME machinery. Moreover, SH3P2-GFP co-fractionated with CLATHRIN HEAVY CHAIN (CHC) and was retained in the purified clathrin Coated Vesicle (CCVs) fraction isolated from Arabidopsis plantlets [START_REF] Nagel | Arabidopsis SH3P2 is an ubiquitin-binding protein that functions together with ESCRT-I and the deubiquitylating enzyme AMSH3[END_REF], and SH3P2 was additionnaly shown to interact with AUXILIN-LIKE1/2 and CAP1 [START_REF] Adamowski | A Functional Study of AUXILIN-LIKE1 and 2, Two Putative Clathrin Uncoating Factors in Arabidopsis[END_REF], suggesting a concerted function of these proteins in the CME machinery. In our experiments, following MAP-mCH-dOCRL expression, SH3P2-GFP was delocalised from the plasma membrane to the cytoplasm (Figure 5C), suggesting that its localisation at the plasma membrane is dependent on PI (4,5)P2. Please note however that we lacked MAP-mCH-dOCRL dead or MAP-3xmCH as negative controls, and that this result remains therefore preliminary.

We also observed that MAP-mCH-dOCRL expression affected the plasma membrane morphology. We indeed observed plasma membrane ruffles in elongating and differentiated root epidermal cells following MAP-mCH-dOCRL expression (when we imaged plasma membrane with mCIT-P4M SidM PI4P biosensor; Figure 5D andS3). On the contrary, MAP-3xmCH did not induced formation of such ruffles. We however observed similar invaginations of the plasma membrane, in elongating and elongated root epidermal cells, following prolonged pharmacological inhibition of clathrinmediated endocytosis using ES9-17 inhibitor (Figure 5D -----------------------------------------------------------------------------------------------------------------------------------

PI(4,5)P2 depletion affects microtubules cytoskeleton organisation in elongating root epidermal cells

Contrary to animal cells, plant cells microtubules actually are cortical cytoskeleton components and interact with plasma membrane proteins, including PHOSPHOLIPASE D δ, and lipids such as phosphatidic acid [START_REF] Zhang | Phosphatidic acid regulates microtubule organization by interacting with map65-1 in response to salt stress in arabidopsiscw[END_REF][START_REF] Barton | Analysis of cortical arrays from Tradescantia virginiana at high resolution reveals discrete microtubule subpopulations and demonstrates that confocal images of arrays can be misleading[END_REF][START_REF] Gardiner | A 90-kD phospholipase D from tobacco binds to microtubules and the plasma membrane[END_REF]. We therefore investigated a possible role of PI (4,5)P2 on the organisation of cortical microtubules in Arabidopsis elongated root cells, using our system. We imaged microtubules using TUBULIN α 6 -GFP (TUA6-GFP) protein fusion.

From our preliminary results, in absence of dex induction, cortical microtubules of elongating epidermal cells displayed a strong isotropy, being orthogonal to the elongation axis of the cells as expected (Figure 5D and S2; [START_REF] Polko | The regulation of cellulose biosynthesis in plants[END_REF]. Induction of MAP-mCH-dOCRL often led to anisotropic distribution of cortical microtubules in similar cells (12 roots out of 16, versus 2 out of 11 without the dex treatment; Figure 5E andS3). Upon expression of MAP-3xmCH, we only observed occasionally nonisotropic microtubule orientations (6 roots out of 26, versus 3 roots out of 22 without the dex treatment).

Therefore, cortical microtubule organisation may require PI(4,5)P2, at least in elongating epidermal cells for their proper orientation. Please note however that dexamethasone seems to also slightly inhibit this arragment of microtubules.

We next investigated the impact PI(4,5)P2 depletion from the plasma membrane on plant cell cytoskeleton. Indeed, the activity of actin-remodelling protein in plant cell are known to be regulated by PI (4,5)P2 (Guo et al., 2019;[START_REF] Huang | Arabidopsis Capping Protein (AtCP) Is a Heterodimer That Regulates Assembly at the Barbed Ends of Actin Filaments[END_REF][START_REF] Gungabissoon | Interaction of maize actin-depolymerising factor with actin and phosphoinositides and its inhibition of plant phospholipase C[END_REF][START_REF] Staiger | Profilin and actin-depolymerizing factor: Modulators of actin organization in plants[END_REF]. We therefore investigated qualitatively whether PI(4,5)P2 depletion could affect F-actin cytoskeleton in plant cells. Qualitative observation of the general aspect of the actin filament in elongated root cell using zprojection of the F-actin marker LifeAct-mCIT, we did not observe obvious changes in F-actin organisation upon MAP-mCH-dOCRL expression compared to MAP-3xmCH expression (Figure 5F and S3).

PIN2 polar localisation was not affected by PI(4,5)P2 depletion

We next assess the effects of MAP-mCH-dOCRL mediated depletion of PI(4,5)P2 on cell polarity.

Cell polarity within the plasma membrane, manifested by asymmetric distribution of cargoes, such as receptors and transporters, is crucial for various functions in multicellular organisms. In plant cell, it was reported that the polar domain-delineating mechanisms of auxin transport depended on apical and basal distribution of phosphoinositides at the plasma membrane (Tejos et al., 2014). For instance, the auxin efflux transporters PIN FORMED2 (PIN2) is expressed in root epidermal cells where is it enriched at the upper plasma membrane (Figure 5E; [START_REF] Armengot | Regulation of polar auxin transport by protein and lipid kinases[END_REF]. We therefore tested the effects of the depletion of PI (4,5)P2 by MAP-mCH-dOCRL on the subcellular distribution of PIN2-GFP in root epidermis. In elongating epidermal root cells, we observed a slight decrease of PIN2-GFP polar localisation upon expression of MAP-mCH-dOCRL, compared to MAP-3xmCH control (Figure 5G and S3; Table S3). However, the depolarisation index, which we used to quantify the loss of polar localisation, was not significantly different between MAP-mCH-dOCRL and MAP-3xmCH (Figure 5G and S3; Table S3). It suggested that PI(4,5)P2 depletion is not sufficient to induce a loss of PIN2-GFP polarisation.

PI(4,5)P2 depletion did not obviously affected ER-PM contact sites

Finally, we preliminary investigated the role of PI(4,5)P2 on ER-plasma membrane contact sites.

SYNAPTOTAGMIN 1 (SYT1) localises to ER-plasma membrane contact sites, and is required for ERplasma membrane contact site remodelling in response to ionic and mechanical stresses (Lee et al., 2019;[START_REF] Pérez-Sancho | The arabidopsis synaptotagmin1 is enriched in endoplasmic reticulumplasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF]. In the current model, SYT1 traverses ER membrane and interacts via electrostatic interaction with plasma membrane anionic lipids [START_REF] Pérez-Sancho | The arabidopsis synaptotagmin1 is enriched in endoplasmic reticulumplasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF]. SYT1 binds PI (4,5)P2 in vitro [START_REF] Pérez-Sancho | The arabidopsis synaptotagmin1 is enriched in endoplasmic reticulumplasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF], and Lee et al. (2019) observed that increased levels of PI(4,5)P2, reached via pharmacological inhibition of phospholipases C, mimicked ionic stress, inducing in a similar manner an expansion of SYT1 labelled ER-plasma membrane contact sites. We therefore wondered whether PI(4,5)P2 depletion could alter SYT1 distribution. Imaging root epidermal cells, we observed that SYT1-GFP localised at the plasma membrane and in web-like pattern resembling ER, with no obvious qualitative differences when co-expressing MAP-mCH-dOCRL or MAP-3xmCH (Figure 5E).

As SYT1-GFP displayed a broad ER-like localisation, as previously described in root epidermal cells [START_REF] Pérez-Sancho | The arabidopsis synaptotagmin1 is enriched in endoplasmic reticulumplasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF], we can only conclude that upon preliminary investigation, SYT1 (and likely ER morphology) are not strongly affected bu PI(4,5)P2 depletion.

DISCUSSION

Here, we describe a new genetically encoded system that allows to deplete PI(4,5)P2 from the plasma membrane of plant cells in a matter of hours. We provide as well preliminary results suggesting that PI(4,5)P2 may play a role in endocytosis and microtubules organisation in plant cells.

An efficient system for PI(4,5)P2 depletion in vivo

The stable genetically encoded system we describe in this article is the first allowing PI(4,5)P2 depletion in plant cells that are in their physiological pluricellular context. It is also one of the first as well in any pluricellular organism (Guglielmi et al., 2015). We provide yet unreported in vitro evidence that Drosophila melanogaster dOCRL phosphatase domain specifically dephosphosphorylates PI(4,5)P2, even though we only tested its activity toward phosphoinositides known to be present in plant cells.

Solubilisation of fluorescent lipid biosensor has been successfully used to monitor hydrolysis of many membrane lipids, including PI (3,4,5)P3, PI (3,4)P2 and PI (4,5)P2 in cultured animal cells (Lacroix et al., 2011), and PI4P in plant cells (Platre et al., 2018;Simon et al., 2016). Adopting a similar strategy, we also provide evidence that dOCRL phosphatase domain hydrolyses PI (4,5)P2 in plant cells when targeted at the plasma membrane. We took care of using two distinct PI(4,5)P2 sensors, and of developing proper negative controls that are as well dexamethasone inducible, which ruled out that the observed effect on PI(4,5)P2 sensor could be independent of dOCRL enzymatic activity (side effects of dex -inducible system, recruitment of an endogenous PI(4,5)P2 phosphatase, etc.). Also, the absence of effect observed on various other membrane lipids, including PI4P, PS, and PI3P, indicated that the system specifically targets PI(4,5)P2 without massively affecting the plasma membrane and internal membranes. Interestingly, when expressing HsPIP5KIα, Gujas et al. (2017) observed not only a recruitment of PI(4,5)P2 sensor (1xPH PLC -mCIT) at the plasma membrane, but also a solubilisation of PI4P sensors (PH FAPP1 -mCIT), consistently with PI4P consumption and PI(4,5)P2 synthesis. We could have therefore expected to observe an increased recruitment at the plasma membrane of PI4P sensors upon MAP-mCH-dOCRL expression, consistent with PI(4,5)P2 hydrolysis into PI4P. However, we used another PI4P sensor, mCIT-P4M SidM , which mostly labels plasma membrane PI4P pool (PI4P main pool) and hardly has any soluble fraction. The use of a more soluble PI4P sensor may have allowed to observe an increased recruitment at the plasma membrane, even though these often are coincidence detectors of PI4P and other actors. Alternatively, the development of PI4P FRET biosensors could allow to detect an elevation of PI4P due to PI(4,5)P2 dephosphorylation. Nonetheless, our system is the first allowing specific and efficient depletion of PI(4,5)P2 from the plasma membrane of non-cultured plant cells. Quantitative measurements of PI(4,5)P2 and PI4P levels, which is feasible (Gujas et al., 2017;Simon et al., 2014), would be of great value to confirm biochemically PI(4,5)P2 massive depletion.

A fast system for PI(4,5)P2 depletion in vivo MAP-mCH-dOCRL fluorescence was detected as soon as three hours (sometimes even earlier) after gene induction was triggered. This roughly corresponds to the time required for readily detection of GFP-HsPIP5KIα after oestrogen treatment in Gujas et al. ( 2017) system that increases PI(4,5)P2 levels.

Interestingly, we detected effects on mCIT-2xPH PLC PI(4,5)P2 sensor as soon as twice earlier (90 min after induction) MAP-mCH-dOCRL detection, and in cells which were later the first to express MAP-mCH-dOCRL enough to detect its fluorescence. This correlation strongly suggests that MAP-mCH-dOCRL is highly efficient and strongly depletes PI(4,5)P2 even when not concentrated enough for its fluorescence to be seen.

The system therefore allow relatively fast depletion of PI(4,5)P2, allowing to avoid long term effects that a chronic expression would for instance have. This timing is narrow enough to investigate developmental roles of PI(4,5)P2, as well as physiological and cellular ones. Unfortunately, when studying cellular processes, even faster PI(4,5)P2 depletion, in the range of minutes and seconds, would be required to decipher between direct effects of PI(4,5)P2 depletion and early indirect ones. Chemogenetic, voltogenetic and optogenetic systems available in animal cultured cells allow such studies, as they acutely deplete phosphoinositides in a matter of seconds (Dickson et al., 2016;Hammond et al., 2012;Lacroix et al., 2011;Falkenburger et al., 2010;Won et al., 2006;see Idevall-Hagren and De Camilli (2015) for a review). In the next few years, such acute systems might be reported in plants and allow acute depletion of PI(4,5)P2.

A system suitable for studies in various tissues and organs

Among tissues and organ tested, MAP-mCH-dOCRL and negative controls were the more strongly and robustly expressed at the root tip. However, these constructs were yet significantly expressed in elongating and differentiated epidermal root cells, including root hairs, as well as in cotyledon epidermis, shoot apical meristem, and NPA-induced shoot meristem. Importantly, solubilisation of mCIT-2xPH PLC PI(4,5)P2 sensor was effective in all of these cell types, showing that our system is suitable for study in any of them. Moreover, instead of using the ubiquitous promoter from UBQ10 to control the expression of GVG, MAP-mCH-dOCRL and negative controls could easily expressed in a tissue specific manner using tissue specific promoters, such as BARELY ANY MERISTEM 3 (BAM3) promoter for a protophloem-restricted expression (Gujas et al., 2017;Rodriguez-Villalon et al., 2014), or PROTODERMAL FACTOR 1(PDF1) promoter for an expression restricted to the L1 at the shoot apical meristem [START_REF] Abe | Identification of a cis-regulatory element for L1 layerspecific gene expression, which is targeted by an L1-specific homeodomain protein[END_REF], or EXPANSIN 7 (EXP7) promoter for an expression in root hairs (Simon et al., 2016). This spatial control of GVG expression, and therefore of PI(4,5)P2 depletion would likely be of great help to elucidate PI(4,5)P2 functions in cell differentiation.

Preliminary insights into PI(4,5)P2 functions in plant cells

In order to screen for cellular processes requiring PI (4,5)P2 in plant cells, we crossed inducible UBQ10prom::GVG::MAP-mCH-dOCRL and negative controls with a numerous fluorescently tagged proteins involved in processes known or suspected to be regulated by the phosphoinositide homeostasis.

We first assessed whether endocytosis could be affected by PI (4,5)P2 depletion in plant cells, as PI (4,5)P2 is central to CME in animal cells [START_REF] Zoncu | ). On the other hand, 2xmCH-KA1 MARK1 delocalised from the plasma membrane upon MAP-mTU2-Sac1 2-518 induced PI4P-depletion, and co[END_REF][START_REF] Sun | PtdIns(4,5)P2 turnover is required for multiple stages during clathrin-and actin-dependent endocytic internalization[END_REF]. α2, β2 and µ2 subunits from mammalian AP-2 complex interact with PI(4,5)P2 [START_REF] Jackson | A large-scale conformational change couples membrane recruitment to cargo binding in the AP2 clathrin adaptor complex[END_REF][START_REF] Collins | Molecular architecture and functional model of the endocytic AP2 complex[END_REF]. α2 and β2 interactions with PI(4,5)P2 recruit AP2 to the plasma membrane in coincidence with transmembrane cargo detection, whereas µ2 interaction with PI(4,5)P2 activates the complex. The decreased localisation at the plasma membrane of µ2-GFP that we observed in Arabidopsis by confocal microscopy likely indicates an over-all decreased localisation at the plasma membrane of plant AP-2 complex. We can speculate that a defective activation of the complex may impair its stability at the plasma membrane, and/or that the interaction between µ2 and PI(4,5)P2 contributes directly to anchoring the protein to the plasma membrane in plants. Imaging µ2-GFP upon MAP-mCH-dOCRL-mediated PI(4,5)P2 depletion by Total Internal Reflection Flurorescence (TIRF) microscopy would be especially relevant. It would give access to µ2-GFP density and residency time at the plasma membrane, both of which could explain its reduced plasma membrane localisation upon PI(4,5)P2 depletion. We also report SH3P2-GFP solubilisation from the plasma membrane upon PI(4,5)P2 depletion. SH3P2 was shown to be implicated in CME [START_REF] Nagel | Arabidopsis SH3P2 is an ubiquitin-binding protein that functions together with ESCRT-I and the deubiquitylating enzyme AMSH3[END_REF] and to bind several phosphoinositides in vitro, including PI(4,5)P2 [START_REF] Ahn | SH3P2 plays a crucial role at the step of membrane tubulation during cell plate formation in plants[END_REF]. Our result suggest that PI(4,5)P2 actually recruits SH3P2 to the plasma membrane, either directly, consistently with the in vitro interaction previously observed, or indirectly by recruiting a protein partner of SH3P2.

Contrary to µ2-GFP and SH3P2-GFP, we surprisingly did not found CLC2-GFP plasma membrane localisation to be obviously affected by PI (4,5)P2 depletion. This result is puzzling given that AP-2 complex cooperates with clathrin in clathrin-mediated endocytosis. If confirmed, this result could mean that PI(4,5)P2 affects AP-2, but that other plasma membrane adaptor complex (TPLATE complex, FCHo/Syp1, AP180/CALM, and Ede1/Eps15; Zhang et al., 2015) could compensate for AP-2 partial impairment and recruit clathrin. This would be consistent with AP-2 being critical for animal clathrinmediated endocytosis [START_REF] Mitsunari | Clathrin Adaptor AP-2 Is Essential for Early Embryonal Development[END_REF], whereas Arabidopsis single mutant for AP-2 subunits are viable (Zhang et al., 2015;Yamaoka et al., 2013). It would as well be especially relevant to investigate TPLATE adaptor complex, of which any subunit is critical for Arabidopsis (Gadeyne et al., 2014), and which could be unaffected by PI(4,5)P2 depletion.

MAP-mCH-dOCRL expression also led to appearance of membrane ruffles in elongating and differentiated epidermal root cells, root cap cells, but not in root tip epidermal cells. In animal cells, membrane ruffles have been reported in cultured cells knocked-out or knock-down for enzymes of PI(4,5)P2 metabolism (Gurung et al., 2003;Terebiznik et al., 2002;Mochizuki and Takenawa, 1999). There could therefore be a conserved process affected by disturbed PI (4,5) (Zhao et al., 2010). Yet, one must stay cautious regarding the interpretation of the structures we observed upon MAP-mCH-dOCRL expression as long as we lack proper investigation of endocytic trafficking efficiency (for instance via the quantification of the internalisation of FM4-64 endocytic tracer and/or of mCIT-BRI1 or PEP1R-GFP endocytic cargoes).

We also qualitatively observed that expression of MAP-mCH-dOCRL led to defects in cortical microtubules orientation, which often failed to adopt a proper isotropic organisation orthogonal to cell growth direction. Please note however that so far, we lacked the quantitative measurements needed to strengthen this finding. Nevertheless, it may indicate that the transition of cortical microtubules from anisotropic orientations in meristematic cells, to an isotropic organisation in elongating cell, requires PI (4,5)P2. This may affect proper cellulose microfibrils deposition by microtubule-guided cellulose synthase complexes. The effect of PI(4,5)P2 depletion on microtubules might not be directly due to PI(4,5)P2 itself. Indeed, PI(4,5)P2 can be hydrolysed by PLCs into IP3 and DAG, and DAG is then rapidly phosphorylated into phosphatidic acid (PA). And there are growing evidence of phosphatidic acid role in cortical microtubules orientation [START_REF] Zhang | Phospholipase Dδ negatively regulates plant thermotolerance by destabilizing cortical microtubules in Arabidopsis[END_REF][START_REF] Dhonukshe | Phospholipase D Activation Correlates with Microtubule Reorganization in Living Plant Cells[END_REF][START_REF] Gardiner | A 90-kD phospholipase D from tobacco binds to microtubules and the plasma membrane[END_REF].

Therefore, PI(4,5)P2 depletion might in turn reduce PA levels, and this affected microtubules. A recently designed PA FRET sensor could allow to challenge this hypothesis (Li et al., 2019).

We also investigated whether PI(4,5)P2 depletion could affect polar localisation of PIN2 auxin efflux carrier. Indeed, Arabidopsis pik1/2 mutant, which is impaired for PI(4,5)P2 synthesis, and AtPIP5K1/2 over-expression lines, all display mis-localised PIN1 and PIN2 proteins (Ischebeck et al., 2013). We surprisingly only detected a slight loss of PIN2-GFP polar localisation upon MAP-mCH-dOCRL expression compared to negative controls, but that was not significant. We might have not chosen appropriate imaging and measurement parameters, preventing us to detect PI(4,5)P2 depletion effect on PIN2-GFP. Yet, it seems that no obvious relocalisation occurs in our conditions with our system. Though unlikely, we cannot therefore not rule out that the observed effect on PIN2 by Ischebeck et al. ( 2013) could be a very long term perhaps indirect effect of disturb PI(4,5)P2 balance.

Finally, SYT1-GFP was reported to highlight an increased number of ER-plasma membrane contact sites upon pharmacological elevation of PI(4,5)P2 levels, and ER morphology to be affected.

These changes were similar to those induced by long ionic stress, which as well induced an elevation in PI(4,5)P2 levels, allowing the author to propose that PI(4,5)P2 transduces ionic stress (Lee et al., 2019).

From Lee et al. (2019) observations, we expected that PI(4,5)P2 depletion could reduce the number of ER-plasma membrane contact sites. But we did not observe any obvious change in SYT1-GFP distribution nor ER morphology. Yet, it would be worth investigating more precisely SYT1-GFP and ER response to PI(4,5)P2, for instance by imaging ER-plasma contact site by TIRF microscopy, in a cell type where SYT1-GFP distribution is more restricted to ER-plasma membrane contact sites, like cotyledon epidermis [START_REF] Pérez-Sancho | The arabidopsis synaptotagmin1 is enriched in endoplasmic reticulumplasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF]. Also, PI(4,5)P2 may play a restrictive role in transducing stresses leading to ER-plasma membrane contact site reorganisation, but be dispensable in non stress conditions.

To investigate this, it would be interesting to assess whether PI(4,5)P2 depletion prevent SYT1-GFP and ER reorganisation in response to ionic (and mechanical stress). It is also worth noting that SYT1-GFP response to stresses has mainly been investigated in cotyledon epidermal cells (Lee et al., 2019;[START_REF] Pérez-Sancho | The arabidopsis synaptotagmin1 is enriched in endoplasmic reticulumplasma membrane contact sites and confers cellular resistance to mechanical stresses[END_REF], at the very precise stage of the more recent study. Such cells may behave differentially from epidermal meristematic root cells.

An overall marginal role for PI(4,5)P2 in plant cells?

Overall, our preliminary investigations revealed less cellular processes to be affected by PI (4,5)P2 depletion that we expected from literature in field of animal cell research, and from the apparently high effectiveness of our system depleting PI(4,5)P2. Two non-exclusive main types of arguments can be made: either (i) PI(4,5)P2 is critical in plant cells but the way our systems depletes PI(4,5)P2 is not efficient enough and/or we did not monitored well enough cellular processes, or (ii) PI(4,5)P2 actually plays relatively specific functions in plant cells.

First, we cannot exclude that our inducible system depletes enough PI(4,5)P2 to observe an impact on cells. One could argue that functional PI (4,5)P2 is bound to effector proteins and therefore shielded from MAP-mCH-dOCRL. Yet, PI(4,5)P2 bound to PI(4,5)P2 sensors are quickly hydrolysed, consistent with a fast half-time of protein-lipid interactions. Also, observations were performed 16 h after gene induction, whereas sensor solubilisation was complete after three hours. That membrane lipids remain docked to proteins and therefore protected from hydrolysis is therefore conceptually highly unlikely. We cannot rule out either the fact that locally synthesised pools of PI (4,5)P2 by the plasma membrane localised PI4P 5-kinases may be sufficient for PI (4,5)P2 to fulfil some functions at given discrete subcellular locations. It is also possible that we were blind to a sub-pool of PI(4,5)P2 at the plasma membrane that neither PI(4,5)P2 sensors, nor MAP-mCH-dOCRL, could access, and that these PI(4,5)P2 molecule would sustained cellular processes.

Second, we adopted a screen-like approach for our investigations of possible impacts of PI(4,5)P2 depletion on cellular processes, and therefore did not investigated in depth any of them yet. Further experiments, performed by us and others, in this direction are necessary, especially to conclude that PI (4,5)P2 is dispensable for a cellular process. Yet, cells appeared relatively healthy after 14 h of PI(4,5)P2 depletion. For instance, they apparently still performed endocytosis at this time (data not shown), whereas acute depletion of PI(4,5)P2 freezes endocytosis in ~1 minute in animal cells (Idevall-Hagren et al., 2012).

Third, PI(4,5)P2 may play very specific and precise role in plant cells, contrary to the pleotropic and critical functions of this lipid in animal cells. For instance, in both animal and plant cells, the plasma membrane has the more electronegative surface charge (Ma et al., 2017;Simon et al., 2016;[START_REF] Yeung | Receptor activation alters inner surface potential during phagocytosis[END_REF]). Yet, in animal cells, PI(4,5)P2 is a main contributor of the negative charge forming plasma membrane surface charge, whereas we showed that is dispensable for plant cell membrane surface charge (Platre et al., 2018;Simon et al., 2016).

Perspectives for our PI(4,5)P2 depleting system

The system we present in this article may prove useful for the community of plant cell biologist.

It may be amended, as mentioned several time previously, by using tissue specific promoters for instance.

Also, instead of dOCRL 5-phosphatase domain, others domains with other enzymatic activity could be similarly targeted at the plasma membrane. Such domains could allow depleting other species of plasma membrane lipids, but also constitute systems to assess enzymatic activity of putative PI4P and/or PI (4,5)P2 phosphatases in vivo. The system described here can also be used to assess a protein requirement to PI (4,5)P2 to localise at the plasma membrane.

Conclusion

Here we report a genetically encoded system allowing for the first time to inducibly deplete PI (4,5)P2 in plant cells. PI(4,5)P2 depletion was fast (< three hours) and specific. The system includes proper negative controls, and functioned in various Arabidopsis cell types. We believe these Arabidopsis lines have the potential to be useful for numerous research groups working in the fields of plant cell biology and plant development.

MATERIAL AND METHODS

Sequence alignement

Malachite green phosphatase assay 

Growth condition and plant materials

Arabidopsis thaliana Columbia-0 (Col-0) accession was used as wild type (WT) reference genomic background throughout this study. Arabidopsis thaliana seedlings in vitro on half Murashige and Skoog (½ MS) Basal Medium supplemented with 0.8% plant agar (pH 5.7) in continuous light conditions at 21 °C.

Plants were grown in soil under long-day conditions at 21 °C and 70% humidity 16 h daylight.

Plant transformation and Selection

Plant were transformed and selected as previously described (Platre et al., 2018). Each construct was transformed into Agrobacterium tumefaciens C58 GV3101 strain and selected on YEB media (5g/L beef extract; 1g/L yeast extract; 5g/L peptone; 5g/L sucrose; 15g/L bactoagar; pH 7.2) supplemented with antibiotics (Spectinomycin, Gentamycin, Rifampicin). After two days of growth at 28 °C, bacteria were scooped and re-suspended in roughly 200 mL of transformation buffer (10mM MgCl2; 5% sucrose; 0.25% silweet) and Col-0 Arabidopsis thaliania were transformed by dipping.

Primary transformants (T1) were selected in vitro on the appropriate antibiotic/herbicide (glufosinate for mCITRINE, hygromycin for mCHERRY-tagged proteins). Approximately 20 independent T1s were selected for each line. In the T2 generation at least two independent transgenic lines were selected using the following criteria when possible: (i) good expression level in the root for detection by confocal microscopy upon dexametazone induction, (ii) relatively uniform expression pattern, (iii) line with no obvious abnormal developmental phenotypes. Lines were rescreened in T3 using similar criteria as in T2 with the exception that we selected homozygous lines (100% resistant). At this step, we selected one transgenic line for each marker that was used for further analyses and crosses.

Induction of gene expression with dexamethasone

Dexamethasone (Sigma) stock solution at 25 mM dissolved in DMSO was stored at -20°C in aliquots for up to one month. Plates of ½ MS medium containing 0.8 % agar and 5 µM dexamethasone (added to autoclave medium at 50 -60 °C maximum) were prepared. Five to seven day old seedlings were carefully transferred to such plates and grown back in continuous daylight (see before). 16 h after transfer on dex plates, more or less 90 min, seedlings were mounted in ½ MS medium and imaged.

Time-lapse imaging

Time lapse imaging of cell division and root hair growth were performed mostly as described previously [START_REF] Doumane | Automated Tracking of Root for Confocal Time-lapse Imaging of Cellular Processes[END_REF], with few amendments. In brief, five days old Arabidopsis seedlings were transferred in a chambered cover glass (Lab-Tek II, http://www.thermoscientific.com), which contained (i) 3 ml of ½ MS medium (pH 5.7) containing 0.8 % plant agar (Duchefa, http://www.duchefabiochemie.nl/) and 5 µM dexamethasone and (ii) 800 µL of ½ MS medium (pH 5.7) containing 5 µM dexamethasone. Epidermal cells in the meristematic region of the root tip were subjected to time-lapse imaging with spinning disk confocal microscope. Up to three roots were observed simultaneously and images were collected at different Z-positions every 5 min for 8 hours. Tracking of growing roots was automatically performed [START_REF] Doumane | Automated Tracking of Root for Confocal Time-lapse Imaging of Cellular Processes[END_REF].

Microscopy setup

Images of cotyledons, shoot apical meristem and NPA meristems (Figure 4B requirement of PI4P (and electrostatics) for the targeting of extrinsic membrane proteins to the plasma membrane or endosomes. Ultimately, this system could also be extended to test the phosphatase activity in planta of enzymes putatively involved in PI4P metabolism.
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Introduction

Biological membranes act as selectively permeable barriers between two compartments. For instance, the plasma membrane (PM) limits cytoplasm and extracellular space. That way, the PM allows physico-chemical parameters to be different inside the cell compared to the outside medium, facilitating or even allowing metabolic reaction to occur (1).

In some Prokaryotes and in Eukaryotes, additional biological membranes are present inside the cells.

These endomembrane structures define intracellular compartments in which additional conditions, different from cytoplasm, can exist: the lumen of the endoplasmic reticulum is an oxidising environment whereas the cytoplasm is reducing; the lumen of the vacuole is acid whereas the cytosol is neutral, and so on.

Biological membranes are made of lipids and proteins and their biophysical attributes derive from the individual properties of their components as well as the emergent properties generated by their assembly at the supramolecular scale. Membrane lipids are amphipathic molecules that self-organise in a bilayer of two leaflets. Each leaflet exposes polar groups toward water solvent, interacting with either water molecules or other lipid polar groups. On the other hand, proteins can be associated with membranes via several means. Intrinsic proteins possess hydrophobic domains, such as hydrophobic alpha helixes, embedded inside membranes. Extrinsic proteins are associated with membranes, either by a covalent bond, or by more labile non-covalent bounds with membrane lipids or proteins (2).

Interestingly, extrinsic proteins that associate to the cytosolic leaflet of a membrane appear to be targeted mainly or exclusively to a specific membrane. For example, the SidM protein from Legionella pneumophila localises only to the membrane surrounding this intracellular bacteria in infected mammalian cells (3)(4)(5), whereas Arabidopsis MEMBRANE ASSOCIATED REPRESSOR KINASE 2 (MARK2) localises to the plasma membrane (6). How is this selective subcellular association with membrane achieved? SidM directly interacts with phosphatidylinositol-4-phosphate (PI4P) and localise to PI4P-enriched membranes and MAKR2 is targeted to the highly electronegative electrostatic field beneath the plasma membrane, partially driven by PI4P (6,7).

Phosphoinositides, including PI4P, are indeed key players that confer their identity to the various cellular membranes. These low abundant membrane lipids derive from phosphatidic acid (PA, the simplest phospholipid) bearing in addition an inositol head that can be virtually phosphorylated at three different positions. So far, only phophatidylinositol (PI), three phosphatidylinositol-phosphate (PI3P, PI4P, and PI5P) and two phosphatidylinositol-bisphosphate [PI(3,5)P 2 and PI(4,5)P 2 ] species have been reported in plants. The differential accumulation of theses lipids in the cytosolic leaflet of the plasma membrane and of organelles generates a landmark code, responsible for the selective recruitments of extrinsic proteins (8,9). Altogether, protein recruitments at the molecular level can occur by direct binding to a cognate lipid like SidM does, and/or via the recognition of lipid induced biophysical properties such as membrane curvature, local electrostatic field or packing defects (2,8).

We generated a system that allows the targeting at the plasma membrane-or at both plasma membrane and endosomes-of yeast SUPPRESSOR OF ACTIN 1 (Sac1) PI4P-4phosphtase domain (Sac1 2-518 ; figure 1A) (6,7,10,11). In this system, a catalytically dead version of Sac1 phosphatase domain (Sac1 C392S 2-518 in which a catalytic cysteine was mutated into a serine) serves as negative control (figure 1A). The N-terminal myristoylation and palmitoylation sequence (MAP) was added to the construct to target the catalytic domain of the phosphatase to the plasma membrane. The addition of a fluorescent protein (FP) to this reporter allowed for the detection MAP-FP-Sac1 2-518 in transiently transformed cells of N. benthamiana leaves and confirmed that MAP-FP-Sac1 2-518 localises at the plasma membrane. Depending on the level of expression, MAP-FP-Sac1 2-518 can localise to both plasma membrane and endosomes, which allowed us to test the role of both pools of PI4P on the localisation of our protein of interest (Fig. 1B). We confirmed the efficiency and specificity of this PI4P reporter by co-expressing MAP-FP-Sac1 2-518 together with anionic lipids biosensors. PI4P

biosensors, composed of a FP fused to a PI4P lipid-binding domain, can dynamically track PI4P (Fig. 1C) (6,12,13). For instance, mCITRINE-P4M SidM binds to PI4P and highlights the most abundant pool of PI4P at the plasma membrane of plant cells (Fig. 1D andG). When co-expressed with MAP-FP-Sac1 2-518 , mCITRINE-P4M SidM , however, it relocalises to endosomes where a minor pool of PI4P is found (13). Depending on the level of expression of MAP-FP-Sac1 2-518 , mCITRINE-P4M SidM can solubilise into the cytoplasm when both pools of PI4P, at the plasma membrane and in the endosomes, are depleted (Fig. 1E, F and H). Consistently, MAP-FP-Sac C392S 2-518 does not cause mCITIRNE-P4M SidM delocalisation (Fig. 1I).

This system efficiently decreases PI4P levels, and can therefore be used to assess requirement of PI4P

for the targeting of extrinsic membrane proteins to the plasma membrane or endosomes. Thus, it is possible to transiently express in Nicotiana benthamiana a fluorescent protein of interest together with MAP-FP-Sac1 2-518 to deplete PI4P and PI4P biosensors as internal controls. To extend the colours available on our toolbox, we generated mTURQUOISE2 (mTU2, blue) and mCHERRY (mCH, red) fluorescent MAP-FP-Sac1 2-518 and MAP-FP-Sac C392S 2-518 as well as mTU2, mCITRINE (mCIT, yellow) and red fluorescent PI4P sensors (Table 1) (6,13). Ultimately, this system could also be extended to test the phosphatase activity in planta of enzymes supposedly important for the metabolism of PI4P.

As proof of concept, we successfully co-expressed MAP-mTU2-Sac1 2-518 , mCIT-P4M SidM , and 2xmCH-KA1 MARK1 (figure 2) (7). The KA1 domain from human MARK1 protein corresponds to a cationic stretch targeting the protein to the plasma membrane via electrostatic interactions (14). Since 4. Plate the re-suspended agrobacteria on a YEB agar plate supplemented with the appropriate antibiotics. Spread using sterile glass beads or a cell spreader, and let dry for 30 min. Close the petri dish and incubate in the dark for 16-24 h at 29 °C.

5. Using a 1000 µL pipette tip, scoop the bacteria and gently re-suspend them in 1.5 ml of MgCl 2 10mM Tris-HCl 10 mM pH 7.5. Measure the optic density at 600 nm (OD 600 ) (see Note 4).

6. Prepare premixes of agrobacteria containing the different vectors to be co-expressed to reach a total OD 600 = 1.

7. For a co-infiltration of two types of agrobacteria, mix them so each has a final OD 600 = 0.5 (see Note 5). Double infiltration mixes could, for instance, correspond to:

-2x35Sprom::MAP-mCH-SAC1 2-518 and UBQ10prom::mCIT-P4M SidM (technical positive control).

-2x35Sprom::MAP-mCH-SAC1 C392S 2-518 and UBQ10prom::mCIT-P4M SidM (technical negative control).

-2x35Sprom::MAP-mCH-SAC1 2-518 and a construct encoding your protein of interest tagged with green, yellow, or blue fluorescent protein (here UBQ10prom::2xmCH-KA1 MARK1 ).

-2x35Sprom::MAP-mCH-SAC1 C392S 2-518 and a construct encoding your protein of interest tagged with green, yellow, or blue fluorescent protein (negative control).

8. For a co-infiltration of three types of agrobacteria, mix them so each has an OD 600 = 0.33.

-2x35Sprom::MAP-mTU2-SAC1 2-518 and UBQ10prom::mCIT-P4M SidM together with your protein of interest (here UBQ10prom::2xmCH-KA1 MARK1 ).

-2x35Sprom::MAP-mTU2-SAC1 2-518 and UBQ10prom::mCIT-PH FAPP1-E50A together with your protein of interest (here UBQ10prom::2xmCH-KA1 MARK1 ).

-2x35Sprom::MAP-mTU2-SAC1 2-518 and UBQ10prom::mCIT-C2 Lact together with your protein of interest (here UBQ10prom::2xmCH-KA1 MARK1 ).

-2x35Sprom::MAP-mTU2-SAC1 C392S 2-518 and UBQ10prom::mCIT-P4M SidM together with your protein of interest (here UBQ10prom::2xmCH-KA1 MARK1 ).

-2x35Sprom::MAP-mTU2-SAC1 C392S 2-518 and UBQ10prom::mCIT-PH FAPP1-E50A together with your protein of interest (here UBQ10prom::2xmCH-KA1 MARK1 ). [Abstract] Here we describe a protocol that enables to automatically perform time-lapse imaging of growing root tips for several hours. Plants roots expressing fluorescent proteins or stained with dyes are imaged while they grow using automatic movement of the microscope stage that compensates for root growth and allows to follow a given region of the root over time. The protocol makes possible the image acquisition of multiple growing root tips, therefore increasing the number of recorded mitotic events in a given experiment. The protocol also allows the visualization of more than one fluorescent protein or dye simultaneously, using multiple channel acquisition. We particularly focus on imaging of cytokinesis in Arabidopsis root tip meristem, but this protocol is also suitable to follow root hair growth, pollen tube growth, and other regions of root over time, in various plant species. It may as well be amenable to automatically track non-plant structures with an apical growth.

Keywords: Cell division, Mitosis, Cytokinesis, Root, Microscopy, Tracking, Arabidopsis,

Phosphoinositide

[Background] Cytokinesis is the last step of cell division, when the mother cell cytoplasm is partitioned between two daughter cells [START_REF] Lipka | Mechanisms of plant cell division[END_REF]. In plants, it is achieved through the centrifugal expansion of a cell plate in the division plane, which eventually becomes the newly synthetized cell wall between the cells that underwent mitosis [START_REF] Buschmann | The evolution of cell division: from streptophyte algae to land plants[END_REF][START_REF] Müller | Plant cytokinesis-No ring, no constriction but centrifugal construction of the partitioning membrane[END_REF]. Plant cells, being embedded in a stiff cell wall, cannot migrate. Orientation of cell division together with elongation is therefore critical for organ morphogenesis. Root meristems are a good model to study cell division because they are easily amenable to microscopy techniques without the need of dissection. However, roots undergoing cell division grow in length, and therefore require manual adjustment of the observation field over time. This protocol allows easy time-lapse imaging of cytokinesis, and of other cellular processes.

Materials and Reagents

1. 12-well microplates (Corning, Costar ® , catalog number: 3513) Note: The registration step consists in analysing two successive images and superimposing them using relative position registration (thereafter called registration). For this registration purpose, ImageJ needs to find common features in both images. It is therefore required to have in one of the channel imaged a fluorescent staining that is relatively stable over time. This will allow the imageJ plugin Turboreg to compare two successive images and accommodate the displacement (see Note 1). As stable fluorescent marker with easily recognizable features, we successfully used: 1) plasma membrane localised fluorescent proteins such as myristoylated and palmitoylated YFP (Martinière et al., 2012;Simon et al., 2016), or vital plasma membrane dyes such as FM4-64 (alternatively, other dyes such as propidium iodide [Sigma-Aldrich, catalog number: P4864] can be used), and 2) nucleus localised fluorescent proteins such as H2B-RFP [START_REF] Federici | Integrated genetic and computation methods for in planta cytometry[END_REF][START_REF] Larrieu | A fluorescent hormone biosensor reveals the dynamics of jasmonate signalling in plants[END_REF], or vital nuclei dyes such as Hoechst (Thermo Fisher Scientific, Invitrogen TM , catalog number: H21486). However, any other fluorescent protein or dye might be used, providing that it labels stable structure(s) over time and is photostable during the time-lapse acquisition (see Note 2). Here is an example that is compatible with Figure 5.

General Discussion and Perspectives

Here, I will briefly discuss the results I obtained during my Ph.D. and propose some perspectives to follow up. This discussion focuses on the research articles of this manuscript, and does not deal with the protocol articles that have narrower scopes.

I. THOUGHTS ON THE USE OF PI(4,5)P 2 BIOSENSORS

Most of the results we obtained rely on the use of fluorescent membrane lipid biosensors that we use as reporters for confocal fluorescence microscopy. We in particular use mainly two PI(4,5)P2 biosensors, mCIT-2xPH PLC and mCIT-TUBBYc (see research articles n°1 and n°2 in this manuscript).

A. Powerful tools for in vivo study of PI(4,5)P2 in plant cells […]

As mentioned previously (see Introduction I. C. 3. iii., research articles n°1 and n°2), PI (4,5)P2 biosensors allow to efficiently assess the subcellular localisation of this lipid, and also to get hints concerning its amount in cells (Lee et al., 2019;Stanislas et al., 2018;Platre et al., 2018;[START_REF] Van Leeuwen | Visualization of phosphatidylinositol 4,5-bisphosphate in the plasma membrane of suspension-cultured tobacco BY-2 cells and whole Arabidopsis seedlings[END_REF].

Use of sensors for subcellular localisation of PI(4,5)P2

In the first research article of this manuscript, we mainly focused on the informations that lipid biosensors provided us concerning the subcellular localisation of membrane lipids. Especially, we were able to monitor PI(4,5)P2 relocalisation. We took care to use two independent PI(4,5)P2 biosensors, but did not confirmed our results using a biosensor-independent approach, such as immunolocalisation of PI (4,5)P2 in sac9-3 -/-. The fact that various biosensors of a given lipid do not exactly match each other subcellular distributions suggests that lipid biosensors are not only sensitive to the presence of their target lipid [START_REF] Heilmann | Phosphoinositide signaling in plant development[END_REF]Simon et al., 2014). Some are for instance known to detect another molecule, such as PH FAPP1 domain that binds both PI4P and ARF1 (Platre and Jaillais, 2016), others likely are sensitive to biophysical properties of membranes. article n°1, Figure 5) and depletion (research article n°2, Figure 5) in cells that did not expressed lipid biosensors.

Could PI(4,5)P2 biosensors interfere with PI(4,5)P2 homeostasis?

There are as well reports that despite not displaying obvious macroscopic or cellular phenotypes, cells expressing lipid biosensors have their lipid metabolism significantly affected. Again, collaborators did not detected significant changes in PI (4,5)P2 content of cells expressing mCIT-2xPH PLC or mCIT-TUBBYc compared to wild-types (Simon et al., 2014), suggesting that PI(4,5)P2 was not massively synthesised in response to sensors shielding some of the pool at the plasma membrane. However, "absence of evidence is not evidence of absence", and we cannot exclude that cells expressing lipid biosensors do not behave strictly as wild-type ones. In the scope of the work of my Ph.D., this is not really an issue for the result from the second research article. Indeed, should PI(4,5)P2 biosensors constitutive expression increase PI(4,5)P2, MAP-mCH-dOCRL expression was yet able to deplete PI (4,5)P2. This might be more problematic for the first research article, where the expression of PI(4,5)P2 biosensors in sac9-3 -/-might have increased the pool of PI(4,5)P2, and exacerbated an otherwise minor patterning defect of PI(4,5)P2. To exclude this hypothesis, it would be required to confirm PI(4,5)P2 mispatterning in sac9-3 -/-seedlings that do not express PI(4,5)P2 biosensors, for instance via immunolocalisation of PI(4,5)P2.

3. Could PI (4,5)P2 biosensors be blind to relevant PI (4,5)P2 molecules?

We could also argue that the lipid molecules detected with biosensors are the one free and not bound to endogenous effectors. These would therefore not be the relevant ones, contrary to those docked to endogenous effectors, which would shield them from biosensors, and would be the ones are involved in biological processes. Globally, this is however unlikely, as membrane lipid -protein interactions are dynamic, and therefore allow competition for binding to membrane lipids. We cannot however exclude that, for instance, PI(4,5)P2 sensors would be blind to PI (4,5)P2 during endocytosis, because of the endocytic machinery (adaptor complexes, clathrin coat, and so on) would prevent binding to underneath PI(4,5)P2 and lateral diffusion of sensor-bound PI (4,5)P2 in clathrin-coated pits. Yet, in animal cells where PI (3,4)P2 in transiently synthesised during endocytosis, 2xPH TAPP1 PI (3,4)P2 sensor was able to be recruited, showing that in these cells, the endocytic machinery does not prevent biosensor binding to membrane lipids [START_REF] Posor | Spatiotemporal control of endocytosis by phosphatidylinositol-3,4-bisphosphate[END_REF]. Therefore, it is rather unlikely that upon MAP-mCH-dOCRL depletion of PI(4,5)P2, some PI(4,5)P2 remains shielded by endogenous effectors of PI(4,5)P2, preventing PI (4,5)P2 sensors to bind them and MAP-mCH-dOCRL to hydrolyse them, especially given the time frame of lipid depletion (research article n°2).

Also, biological membrane display lateral heterogeneity, and membrane proteins and lipids sometimes localising to subdomains [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF]Bücherl et al., 2017). It may as well be several pools of PI (4,5)P2 at the plasma membrane, or on other membranes, and we therefore cannot exclude that 2xPH PLC and TUBBYc sensors were only able to detect some of these pools. If not, (i) there could be PI (4,5)P2 remaining at the plasma membrane even after MAP-mCH-dOCRL expression (see III. A.; research article n°1), and (ii) there could be PI (4,5)P2 on internal membranes in wild-type cells, and this pool could become accessible to 2xPH PLC and TUBBYc sensors in sac9-3 -/-for an unknown reason (research article n°2).

4. Could PI (4,5)P2 biosensors display biased or artefactual localisation?

Biosensors supposedly binding the same membrane lipid species sometimes display subcellular localisations different from each other. For instance, mCIT-TUBBYc PI (4,5)P2 sensor labels the nucleus, whereas mCIT-1xPH PLC and mCIT-2xPH PLC do not, or PI4P sensor mCIT-PH FAPP1 labels nicely the plasma membrane and TGN, whereas mCIT-P4M SidM almost exclusively goes to the plasma membrane (Simon et al., 2016(Simon et al., , 2014)). These discrepancies rely on differential affinities for membranes, including the presence and amount of the target lipid, but also of other factors such as for example protein partners, membrane curvature or surface charge. We therefore took care to always use several independent sensors reporting the localisation of a given membrane lipid species in both research articles of this manuscript, to account for potential bias in their localisation.

Also, some sensors might occasionally display artefactual localisations that do not correspond to the lipid they bind. The putative artefactual localisation of PI (4,5)P2 biosensors is a concern regarding our work on PI (4,5)P2 patterning (research article n°1): one could argue that the mis-localised PI(4,5)P2 biosensors we observed in sac9-3 -/-do not correspond to mis-localised PI (4,5)P2, but instead to other factors recruiting the sensors to internal membranes in the mutant. Our use of distinct and independent PI(4,5)P2 biosensors, mCIT-2xPH PLC and mCIT-TUBBYc, reduces the likeliness of such artefacts. Also, we provide clues suggesting that these intracellular structures labelled by PI(4,5)P2 sensors are vesicles/organelles, and not just protein aggregates for instance. Nevertheless, only electron microscopy or electron tomography would allow to make sure that there is a bona fide organelle bearing PI (4,5)P2 in sac9-3 -/-and not wild-type cells.

Overall, fluorescent lipid biosensors are powerful tools we took advantage of to study membrane lipids and especially PI(4,5)P2. Their use comes with some drawbacks, that we were careful to consider in the design of our experiments and when interpreting our results concerning PI(4,5)P2 subcellular localisation and depletion.

II. PI(4,5)P 2 SUBCELLULAR PATTERN AND PATTERNING IN Arabidopsis CELLS

A. Further evidence for a unique PI(4,5)P2 pool at the plasma membrane

In animal cells, a minor pool of PI4P at the plasma membrane was described following the development a new sensor (based on P4M SidM ) years after the Golgi localised major pool was described (Hammond et al., 2014). In plant cells, PI(4,5)P2 has only been reported at the plasma membrane (Simon et al., 2014). Yet, this does not mean that there are not other minor pools at other membranes. However, upon MAP-mCH-dOCRL mediated depletion of plasma membrane PI(4,5)P2, we only observed a solubilisation of PI (4,5)P2 sensors in the cytosol (research article n°2). If there were additional pools of PI(4,5)P2, the sensors would likely have relocalised there, just like PI4P sensors that relocalise to TGN/EE upon PI4P depletion from the plasma membrane (Doumane et al., in preparation, see protocol article n°1 in this manuscript; Platre et al., 2018;Simon et al., 2016). Therefore, we provide clues suggesting that in wild-type plant cells, PI (4,5)P2 is only present at the plasma membrane. Please however note that, as MAP-mCH-dOCRL is not only present at the plasma membrane, but also on some internal membranes, it might as well erase PI(4,5)P2 from these membranes, preventing PI(4,5)P2 sensors relocalisation to these minor pools.

B. A central role for AtSAC9 in PI(4,5)P2 restriction at the plasma membrane?

We show that PI(4,5)P2 biosensors are not only localised at the plasma membrane in sac9-3 -/-, but also on intracellular mobile punctuate structures of abnormal identity.

As AtSAC9 fluorescent protein fusion localises to a clathrin-positive subpopulation of TGN/EE, it is tempting to propose that AtSAC9 could dephosphorylate PI (4,5)P2 endocytosed from the plasma membrane, just like OCRL does in most animal cells (Nández et al., 2014;Vicinanza et al., 2011). In this model, AtSAC9 depletion would no longer allow hydrolysis of PI (4,5)P2 that would, via an unknown mechanism, lead to the abnormal PI (4,5)P2 compartments observed in sac9-3 -/-(research article n°1). We can for instance imagine that these abnormal compartments correspond to uncoated endocytic vesicles that somehow lost most of their identity (e. g. release of small GTPases). To challenge this model, it would be especially relevant to assess AtSAC9 localisation during endocytosis by Total Internal Reflection Fluorescence (TIRF) microscopy. Preliminary observations suggested that mCIT-AtSAC9 C459A could localise to clathrin-coated pits, but this would need to be properly investigated. Also, it would be worth trying to image PI(4,5)P2 biosensor using TIRF microscopy in wild-type and sac9-3 -/-seedlings, and try to see whether we observed them being endocytosed specifically, or substantially more, in absence of AtSAC9.

depletion could be caused by a defective recruitment or stability at the plasma membrane where these protein would normally bind PI (4,5)P2. Imaging of the density and time-residency of these molecules at the plasma membrane using TIRF microscopy could help to confirm or refute this hypothesis.

C. PI(4,5)P2 importance for microtubule organisation in plant cells

Analysis of cortical microtubules by high-resolution scanning electron microscopy in Tradescantia virginiana provided evidence of a physical linkage between plasma membrane and microtubules [START_REF] Barton | Analysis of cortical arrays from Tradescantia virginiana at high resolution reveals discrete microtubule subpopulations and demonstrates that confocal images of arrays can be misleading[END_REF]. This anchoring of cortical microtubules plays an important role in microtubule dynamics (Zhang and Zhang, 2016). In his Ph.D. manuscript, Vollmer (2012) reported that cortical microtubules orientation was not affected in sac9-1 mutant. This work did not lead to a peer-reviewed publication, but relied on apparently robust quantitative analysis. Qualitatively, we did not observed obvious defects in cortical microtubules orientation in sac9-3 -/-either. Interestingly, we observed that MAP-mCH-dOCRL hydrolysis by PLC releases I (1,4,5)P3 and DAG, which in plants is rapidly phosphorylated into phosphatidic acid (PA). Emerging evidence indicates that PA, a low abundant anionic membrane lipid, is critical for cell polarity and growth in plants [START_REF] Heilmann | Phosphoinositide signaling in plant development[END_REF], but also in microtubules dynamics and their plasma membrane anchoring (Zhang and Zhang, 2016). Indeed, PHOSPHOLIPASE D δ (PLDδ), which hydrolyses phospholipids into PA and a soluble head, binds both microtubules and the plasma membrane, and PLDδ activation triggers microtubules reorganisation [START_REF] Zhang | Phospholipase Dδ negatively regulates plant thermotolerance by destabilizing cortical microtubules in Arabidopsis[END_REF][START_REF] Dhonukshe | Phospholipase D Activation Correlates with Microtubule Reorganization in Living Plant Cells[END_REF][START_REF] Gardiner | A 90-kD phospholipase D from tobacco binds to microtubules and the plasma membrane[END_REF]. This may as well require PA, as this product of PLDδ activity recruits the MICROTUBULE ASSOCIATED PROTEIN 65-1 (MAP65-1; [START_REF] Zhang | Phosphatidic acid regulates microtubule organization by interacting with map65-1 in response to salt stress in arabidopsiscw[END_REF]. It is therefore possible that PI(4,5)P2 depletion may modulate PLDδ acitivity or localisation, and/or PA amounts. This could in turn impact cortical microtubule organisation.

We did not observe striking defects in actin cytoskeleton organisation in sac9-3 -/-, nor upon PI(4,5)P2 depletion. A recent pre-print yet reports that PI (4,5)P2 and PI4P would be required for Arp2/3 mediated F-actin nucleation in rice (Guo et al., 2019). Closer investigation of actin microfilaments organisation, and of actin nucleating complex Arp2/3 in sac9-3 -/-and upon PI (4,5)P2 depletion might show a dependency for PI (4,5)P2. 
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Figure 1 .

 1 Figure 1. Membranes present in Eukaryotic cells. Examples of a photosynthetic plant cell and of an animal cell. The endomembrane system corresponds to the membranes of single membrane organelles (light blue) and the plasma membrane (dark blue).

  Figure 2. Steps of vesicular trafficking: budding, transport, and fusion. (A) General steps of vesicular transport. Vesicles bud from a donor membrane. The vesicle is transtransported. Eventually, vesicle membrane and target membrane fuse. (B) When the donor membrane is the plasma membrane, buddind is called endocytosis (stricto sensu). (C) When the target membrane is the plasma membrane, membrane fusion is called exocytosis (stricto sensu).(B-C) "Endocytosis" can be used in a broader meaning, including steps following budding of an endocytic vesicles. Same applies to "exocytosis", that can be meant not only as fusion to the plasma membrane, but also include earlier events.

  i. Membrane lipids are amphipaticVarious membrane lipids exist. ~50 % of membrane lipids are phospholipids, which either are esters of glycerol, fatty acids and phosphoric acid (glycerol-phospholipids; Figure4A), or amide of

Figure 3 .

 3 Figure 3. Vesicular trafficking in Eukaryotic cells. Simplified pathways of vesicular transport in plant cells (minimal endosomal system, like in Saccharomyces cerevisiae) and animal cells. ER: endoplasmic reticulum; TGN : trans-Golgi network (functions of EE and RE in plants and yeast); LE/MVB: late endosome/multivesicular body; EE: early endosome; RE: recycling endosome. Please note that arrows may correspond to vesicular exchanges or compartment maturation.

Figure 4 .

 4 Figure 4. Membrane lipids are amphipatic and self-assemble in bilayer. (A) Examples of the two main types of phospholipids (glycerophospholipids and sphingolipids) and of a sterol. Apolar and thus hydrophobic regions in the molecule are hilighted in grey, whereas polar and hydrophilic ones are hilighted in blue. (B) Schematic representation of a lipid bilayer.Lipids in each leaflet are upside down, polar heads facing water while apolar regions are burried in the bilayer. (C) In biological membranes, the leaflet facing cytosol is called "cytosolic leaflet. The other leaflet either faces the lumen of organelles and is called "luminal leaflet", or faces the extracellular milieu and is called "extracellular leaflet.

Figure 6 .

 6 Figure 6. Membrane proteins associate to membrane via various means. (A) Integral membrane protein are embedded in membranes via transmembrane domains such as transmembrane α-helixes that can be predicted by hydropathy profils (right). (B) Lipid-linked proteins are covalently bound to lipid anchors that tether them to membranes. Such anchors can insert in either leaflets depending on their nature. Intracellular lipid anchors present in plants are displayed (right). (C) Peripheral membrane proteins associate to membranes via non-covalent interactions. These proteins possess domains that either recognise general biophysical properties of membranes (top), or directly bind to membrane lipids or protreins (bottom).

Figure 7 .

 7 Figure 7. Membranes are dynamic structures. (A) Lateral dynamics. Membrane components diffuse lateraly (or horizontally) because they interact via labile noncovalent bonds. (B) Vertical dynamics. Lipids can be transfered from a leaflet to the other one (flip-flop). These transfers are catalysed by ATP dependent and directionnal flippases, or by ATP independent and non-directionnal scramblases. (C) Exchanges between membranes via vesicular trafficking contribute to their dynamic. Membranes of the endomembrane system exchange via vesicular transport. (D) Non-vesicular exchanges between membranes contribute as well to their dynamic.

δ.Figure 8 .

 8 Figure 8. Phosphoinositides are anonic glycerophospholipids that derive from phosphatidulinositol. PI: phosphatidylinositol; PI4P: phosphatidyllinositol 4phosphate (one of the three species of phosphatidylinositol phosphate); PI(4,5)P 2 : phosphatidylinositol 4,5-bisphosphate (one of the three species of phosphatidylinositol bisphosphate). PI(3,4,5)P 3 is not depicted here.

Figure 9 .

 9 Figure 9. Synthesis, transport, and fate of phosphatidyl inositol. Phosphatidylinositol (PI) is synthetised in the cytosolic leaflet of the ER membrane (or ER derived membranes), from phosphatidic acid (PA). CDS enzyme conjugates CDP nucleotide to PA before PI synthase (PIS) remplaces CDP by inositol, making PI. PI is transfered by non-vesicular lipid transport (and likely vesicular trafficking as well) to other membranes. For instance, Nir2 mediates PI transfer to the plasma membrane, and countertransports PA. At the plasma membrane, PI is then processed by phosphoinositide kinases (and possibly phosphoinositide phosphatases), that synthesised phosphoinositides. Please note that all proteins shapes are purely illustrative on this scheme.

AFigure 10 .

 10 Figure 10. Kinases and phosphatases interconvert phosphoinositide species into one another. (A) Phosphoinositide kinases add a phosphate on the inositol head of phosphoinositides, whereas phosphoinositide phosphatases dephosphorylate the inositol ring. Phosphoinositide species present in animal cells are partially or completly written in purple, and those present in plants are partially written in green. iP : inorganic phosphate (HPO 4 2-). (B) Phospholipases C (PLCs) hydrolyse phosphoinositides, and espcially PI(4,5)P 2 . in diacylglycerol (DAG) and I(3,4,5)P 3 .

Figure 11 .

 11 Figure 11. Phosphoinositide fluorescent biosensors allow the detection and quantification of phosphoinositides. (A) generic phopshoinositide biosensors are composed of a fluorescent protein fused a phosphoinositide binding domain (LBD, for lipid binding domain). Biosensors are soluble in absence of phosphosphinositides able to recruit them to membranes. (B and C) Intermolecular FRET biosensors are more sensisitve and can allow quantification of phosphoinositide levels. (B) Inter molecular biosensors produce FRET when phosphoinositide concentration is high enough. One fluorophre can be targeted at the given membrane by an anchor. (C) Intramolecular FRET biosensor.

Figure 12 .

 12 Figure 12. Subcellular distribution of phosphoinositides. Simplified subcellular distribution of phosphoinositides plant (Arabidopsis), animal (human), and fungal (S. cerevisiae) cells. TGN : trans-Golgi network (functions as EE and RE in plants and yeast); LE/MVB: late endosome/ multivesicular body; EE: early endosome; RE: recycling endosome.

Figure 13 .

 13 Figure 13. SAC family of phosphoinositide-phosphatases. The SAC domain charaterise this family. Its member additionnaly comprise transmembrane domains (TM), Sac2 homology domain (HSac2), proline rich regions (proline-rich), RNA binding domain (RBD), WW domain and coil-coiled sequence (CC). Synaptojanins and their yeast homologs also comprise a 5TPase domain.

Figure 15

 15 Figure 15. PTEN family of phosphoinositides-phosphatases. These phosphatases possess a PTEN phosphatase domain. Sometimes, they also include a C2 domain, transmembrane domains (TM), and/or voltage sensitive domain (VSD).

  MTM1, MTMR1 and MTMR2 possess an additional and C-terminal PDZ-B motif. MTMR3 and MTMR4 have a C-terminal FYVE domain instead. MTMR5 and MTMR13 possess a N-terminal DENN (Differentially Expressed in Normal and Neoplastic cells) domain, possibly involed in Rab GTPase regulation, and C-terminal PH (Pleckstrin Homology) domain. Importantly, MTMR5 and MTMR9-13

Figure 16 .

 16 Figure 16. Myotubularin (MTM) phosphoinositide-phosphatase family. In addition of the MTM phosphatase domain, these proteins may have a Pleckstrin-Homology Glucosyl-transferase Rab-like GTPase Activator and Myotubulularin domain (PH-GRAM), a coil-coiled region (CC), a FYVE domain, a Pleckstrin-Homology domain (PH) and/or a DENN domain.

Figure 17 .

 17 Figure 17. Assessment of phosphoinositide-phosphatases activities. (A) Autoradiography following a two-dimentionnal paper chromatography of 32 P radiolabelled lipids extracted from wild-type or SAC1 KO yeast. (B) Titration of phosphate released by the green malachite assay when mixing Sac2/INNP5F and short chain phosphoinositides. (left) origin of the phosphate released. (middle) Titration of the phosphate released using recombinant Sac2 and inactive Sac2 D460N purified from E. coli. (right) idem but this time purified from human cells, with accidental co-purification of 5-phosphatases. (C) Domain swapped recombinant protein composed of PTEN phosphtase domain and Ci-VSP voltage dependant domain. A PI(3,4,5)P3 biosensor is also schematized. Upon depolarisation (+80 mV voltage-clamp), PI(3,4,5)P3 biosensor is relsead from the plasma membrane as seen in TIRF microscopy

  Figure 20. Subcellular localisation of few phosphoinositide phosphatases. Most abundant phosphoinositide species in membranes are indicated. PM: plasma membrane EE: early endosome RE: recycling endosome LE/MVB: late endosome/ multi-vesicular body TGN: trans Golgi network ER:endoplasmic reticulum

Figure 23C ;

 23C Figure 23C;Rodriguez-Villalon et al., 2015). AtCVP2 and AtCVL1 restricted expression patterns are consistent with their biological function of controlling phloem differentiation by balancing phosphoinositides (seeII. E. c. iii.; Rodriguez-Villalon et al., 2015, 2014). Additional plant

Figure 27 .

 27 Figure 27. Contribution of Sac2 phosphatase to PI4P subcellular patterning in animal cells. Sac2 dephopshorylates PI4P at clathrin coated pits (CCPs), endocytic vesicles and endosomes. It also dephosphorylates PI4P on Trans-Golgi Network (TGN) and Golgi derived insulin granules in pancreatic βcells, alowing docking of these vesicles at the plasma membrane (PM) where they await exocytosis.

  experiments showed the relevance in situ of a Sac1 trans activity at ER-TGN contact sites, and led[START_REF] Venditti | The activity of Sac1 across ER-TGN contact sites requires the four-phosphate-adaptor-protein-1[END_REF] to propose both in cis and in trans activity of ER-resident Sac1 on TGN PI4P.All together, yeast and animal Sac1 greatly contribute to PI4P patterning, controlling PI4P levels not only at the ER and Golgi, where Sac1 localises, but also on plasma membrane, TGN and secretory vesicles where they do not. The latter actions rely on PI4P transport by non vesicular lipid import of PI4P to the ER membrane coupled with an in cis dephosphorylation of PI4P by Sac1 on the ER membrane, and/or an in trans dephosphorylation of PI4P directly on target membranes (Figure29 and 30). It should be noted that both in cis and in trans action of Sac1 require membrane contact sites, whose biological function highly depend on phopshoinositide and phosphoinositide-phosphatases (seeII. E. 3. d. iii. and iv.).

  -downs reduces the expression level of a gene (or of several genes). Most of the time, it relies on RNA interference mechanisms, with either (i) transfection of small interfering RNA (siRNA), or micro RNA (miRNA), or of a precursor (double stranded RNA), or (ii) transfection of a DNA construct encoding siRNA (also called shRNA in this case) or miRNA. In Drosophila cultured cells (S2 cells), knockdown of dOCRL led to accumulation of PI(4,5)P2 and cytokinesis defects (seeII. E. 2. b. and c.;[START_REF] Mondin | PTEN reduces endosomal PtdIns(4,5)P 2 in a phosphataseindependent manner via a PLC pathway[END_REF]. To assess whether these phenomenons were correlatives consequences of dOCRL depletion, or whether PI(4,5)P2 accumulation could cause cytokinesis defects,[START_REF] Mondin | PTEN reduces endosomal PtdIns(4,5)P 2 in a phosphataseindependent manner via a PLC pathway[END_REF] knocked-down Skittle PI4P 5-kinase, which is the main PI(4,5)P2 synthesising enzyme in S2 cells[START_REF] Roubinet | Molecular networks linked by Moesin drive remodeling of the cell cortex during mitosis[END_REF].Cells knocked-down for both dOCRL and Skittle displayed no cytokinesis defects, showing that lowering PI(4,5)P2 levels is sufficient to rescue cell division phenotype of dOCRL depleted cells. This manipulation of PI(4,5)P2 levels via Skittle knock-down showed that dOCRL depletion affect cell division via disturbed PI(4,5)P2 homeostasis. Similarly, trafficking defects caused by OCRL knock-down in human cultured cells could be rescued by a weak knock-down (50 % of control expression level) of PIP5Kα that synthesises PI(4,5)P2(Vicinanza et al., 2011). Knock-down of genes encoding enzymes involved in phosphoinositide metabolism were as well used in plants, in which for instance down-regulation of Arabidopsis Phospholipase C 5 (PLC5) encoding gene in plc5-1 mutant, showed PI(4,5)P2 homeostasis requirement for

  especially allow fast depletion of phosphoinositides produced by PI 4-kinases and PI 3-kinases. Many other compounds have been used in animal cultured cells (seeIdevall-Hagren and De Camilli, 2015).

  also used genetically encoded systems chronically modifying phosphoinositides, but specifically in few cells types. For instance,[START_REF] Gupta | Phosphatidylinositol 4,5-bisphosphate regulates cilium transition zone maturation in Drosophila melanogaster[END_REF] depleted PI(4,5)P2 from Drosophila spermacotytes via SigD ectopic expression in under β2Tubulin promoter that is germline specific. In this study, they additionally overexpressed Drosophila PI4P 5-kinase Skittles in the germ line, and consistently observed opposite phenotypes comparied to those induced by SigD ectopic expression. Constitutive but manipulation of phosphoinositides, but only in few cells types, likely allows pluricellular organism viability and therefore study of phosphoinositides roles in cells that are in a physiological context.

  therefore constitute amazing techniques in cell biology, but have not yet been developed for multicellular organisms models. These assays rely on acute activation of a genetically encoded systems either by a chemicals (chemogenetic systems, see III. D. 1. and 2.), or by voltage (voltogenetic systems, see III. D. 3.), or by light (optogenetic systems, see III. D. 4. a.).

  3.), led to the development voltage controlled and genetically encoded (voltogenetic) tools for phosphoinositides acute manipulation. VSPs phosphatases, including their use as applied tools, were extensively reviewed recently[START_REF] Okamura | Voltage-sensing phosphatases[END_REF], and I will therefore not dwell too much on the subject. Wild-type Ci-VSP and Dr-VSP are mainly PI(4,5)P2 5-phospahatses and are found in Ciona intestinalis (Metazoa Urochordata) and zebrafish (Danio rerio, Metazoa Teleostei) respectively. Falkenburger et al. (2010) transfected them into human cultured cells expressing as well intermolecular PI(4,5)P2 FRET sensors (see I. C. 3. a.), and carried on voltage clamp experiments (Figure37A). Using this voltogenetic system, they observed that a ~ 1 second depolarisation from -20 mV to + 100 mV transiently abolished the FRET signal, which got mostly recovered 15 seconds after repolarisation (Figure37A). One year later, a domain swapped Ci-VSP and PTEN recombinant protein was published (Figure37B;Lacroix et al., 2011). The recombinant protein (Ci-VSPTEN) was composed of Ci-VSP voltage sensitive domain (VSD) fused to PTEN. Authors expressed it in Xenopus oocytes, Chinese hamster cultured cells, or human kidney cells expressing various phosphoinositides fluorescent biosensors. Ci-VSPTEN displayed a specific PTEN activity in response to voltage in vivo: PI(3,4,5)P3 and PI(3,4)P2 biosensors got solubilised during the depolarisation, indicating hydrolysis of the corresponding phosphoinositides, whereas PI(4,5)P2 biosensors got increasingly recruited at the plasma membrane (Figure37B), consistently with PI(4,5)P2 production from PI(3,4,5)P3. Ci-VSPTEN therefore constitute a tool for acute PI(3,4,5)P3 and PI(3,4)P2 depletion in animal cultured cells.

  recruited at the plasma membrane in ~ten seconds. Concomitantly, RFP-PH PLC PI(4,5)P2 biosensor left the plasma membrane and got solubilised into the cytosol (Figure38A;Idevall-Hagren et al., 2012), indicating rapid depletion of plasma membrane PI(4,5)P2. RFP-PH PLC progressively reacquired a plasma membrane localisation in ~six minutes after stopping blue light illumination (Figure38A;Idevall-Hagren et al., 2012), showing reversibility of mCherry-CRY2-OCRL and CIBN-GFP-CAAX interaction, which allowed efficient replenishment of PI(4,5)P2 pool by PI4P 5-kinases. The same article reported as well blue light-mediated acute induction of PI(3,4,5)P3 synthesis using mCherry-CRY2-iSH2 recombinant protein, as iSH2 binds endogenous PI(4,5)P2 3-kinase catalytic subunit p110α(Idevall-Hagren et al., 2012). Several additional optogenetic systems for phosphoinositide manipulation have been since developed, mainly

  Sac2 (seeII. B. 1. c. ; Nguyen et al., 2019).Interestingly,Guglielmi et al. (2015) successfully depleted PI(4,5)P2 in the blastoderm of Drosophila embryos via an optogenetic approach, showing suitability of these systems for studies in pluricellular organisms. They used a plasma membrane targeted GFP-CIBN and mCherry-CRY2-dOCRL recombinant proteins. After a one-second exposure to blue light, mCherry-CRY2-dOCRL got recruited at the plasma membrane. This induced solubilisation of PH PLC -GFP PI(4,5)P2 biosensor from the plasma membrane (Figure38B;Guglielmi et al., 2015), proving efficient PI(4,5)P2 depletion from the plasma membrane. This article shows PI(4,5)P2 implication in Drosophila embryo morphogenesis via in particular control of cell contractibility and actin cytoskeleton.

Figure 1 .

 1 Figure 1. Structure -function analysis of AtSAC9.

Figure 2 .

 2 Figure 2. AtSAC9 and AtSAC9 C459A protein fusions localise to TGN CCV (A) Left panel: confocal images of Arabidopsis root epidermis of SAC9prom::mCIT-AtSAC9 (green) seedlings and in vivo staining with FM4-64 endocytic tracer (magenta). Right panel: confocal images of Arabidopsis root epidermis of SAC9prom::mCIT-AtSAC9 C459A (green) and and in vivo staining with FM4-64 endocytic tracer (magenta). Upper panel: fluorescent signal observed in the cell cortex; Lower panel: fluorescent signal observed in the center of the cell. White arrowheads highlight the presence of spots; orange arrowheads highlight the cell plate in dividing cell. Scale bar: 10 µm. Experiment independently repeated twice. (B) Left panel: confocal images of Arabidopsis root epidermis co-transformed with SAC9prom::mCIT-AtSAC9 (green) and Clathrin Light Chain 2 (CLC2) fused to RFP (UBQ10prom::CLC2-RFP; magenta) constructs. Right panel: confocal images of Arabidopsis root epidermis co-transformed with SAC9prom::mCIT-AtSAC9 C459A (green) and Clathrin Light Chain 2 (CLC2) fused to RFP (UBQ10prom::CLC2-RFP; magenta) constructs. Upper panel: fluorescent signals observed in the mock treatment; Lower panel: fluorescent signals observed after 50 µM 60 min BFA treatment. White arrowheads highlight the presence of spots where mCIT-AtSAC9 and CLC2-RFP colocalise; blue arrowheads highlight the BFA bodies observed after BFA treatment. Scale bars: 10 µm. Experiment independently repeated at least twice. (C) Confocal images of Arabidopsis root epidermis co-expressing SAC9prom::mCIT-AtSAC9 (green) and TGN CCV markers W13R (mCH-VTI12), W129R (mCH-RabA1g); TGN SV markers W24R (mCh-RabA5d), W25R (mCH-RabD1) as well as PI4P and ARF1 biosensor mCIT-PH FAPP1 ; late endosome/pre-vacuolar compartment (LE/MVB) marker W7R (mCHERRY-RabF2a/Rha1) and Golgi marker W18R (mCh-Got1p; magenta). White arrowheads highlight the spots where mCIT-AtSAC9 and the organelle marker colocalised; black arrows highlight the spots where mCIT-AtSAC9 and the organelle marker did not colocalise. Scale bars: 10 µm. Experiment independently repeated at least twice. (D) Quantification of the percentage of colocalisation between mCIT-AtSAC9 and a given organelle marker. Similar letters correspond to markers with non-significantly different percentage of colocalisation with mCIT-AtSAC9 (one-way ANOVA and post hoc Tuckey HSD pairwise test with 95 % confidence level). Blue bars: means. (E) Confocal images of Arabidopsis root epidermis co-expressing SAC9prom::mCIT-AtSAC9 C459A (green) and TGN CCV marker W129R (mCH-RabA1g); TGN SV marker W25R (mCH-RabD1); late endosome/prevacuolar compartment (LE/MVB) marker W7R (mCHERRY-RabF2a/Rha1) and Golgi marker W18R (mCh-Got1p; magenta). White arrowheads highlight the spots where mCIT-AtSAC9 C459A and the organelle marker colocalised; black arrows highlight the spots where mCIT-AtSAC9 C459A and the organelle marker did not colocalised. Scale bars: 10 µm. Experiment independently repeated at least twice. (F) Quantification of the percentage of colocalisation between mCIT-AtSAC9 C459A and a given organelle marker. Similar letters correspond to markers with non-significantly different percentage of colocalisation with mCIT-AtSAC9 C459A (one-way ANOVA and post hoc Tuckey HSD pairwise test with 95 % confidence level). Blue bars: means.

FFigure 3 .

 3 Figure 3. AtSAC9 depletion relocalises PI(4,5)P2 biosensors. (A) Confocal images of Arabidopsis root epidermis expressing mCIT-tagged lipid sensors in wild-type (Col-0) and sac9-3 -/-genetic backgrounds. Fluorescence intensity is color-coded (green fire blue scale). Scale bars: 10 µm. Experiment independently repeated at least twice. (B) Quantification of the density of labelled intracellular compartments (pixel -2 ) in whole roots epidermis expressing mCIT-tagged lipid sensors in wild-type (Col-0) and sac9-3 -/-. Non-parametric Wilcoxon rank sum tests with Bonferroni correction. * p-value < 0.04; ** p-value < 0.004; *** p-value < 0.0004. Blue bars: means.

Figure 4 . PI( 4 , 5 )

 445 Figure 4. PI(4,5)P2 intracellular compartments in sa c9 -/-do not correspond to existing organelles (A) Temporal-color coded XY 2D image of mCIT-TUBBYc and mCIT-2xPH PLC in sac9-3 -/-root epidermis (Fiji Spectrum Temporal-color code). Scale bar: 10 µm. Experiment independently repeated at least twice. (B) Confocal images of sac9-3 -/-Arabidopsis root epidermis expressing mCIT-TUBBYc (green) and in vivo stained with FM4-64 endocytic tracer (magenta). Scale bar: 10 µm. Experiment independently repeated twice. (C) Confocal images of sac9-3 -/-Arabidopsis root epidermis expressing mCIT-TUBBYc (green) and 2xmCH-PH FAPP1 (magenta) at the cell cortex (upper panel) and at the centre of the cell (bottom panel). Scale bar: 10 µm. (D) Confocal images of sac9-3 -/-root cells where mCIT-TUBBYc (green) was co-visualised together with various TGN markers (magenta), either in fixed tissues using anti-CHC immunolocalisation of clathrinheavy chain (CHC; upper panel), or in vivo in transgenic lines expressing W129R (mCH-RabA1g; middle panel) or (W34R; mCH-RabA1e; lower panel). Scale bar: 10 µm. (E) Confocal images of sac9-3 -/-root epidermal cells co-expressing mCIT-TUBBYc (green) and 2xmCH-PH FAPP1 (magenta). Upper panel: fluorescent signals observed in the mock treatment; lower panel: fluorescent signal observed after 50 µM 60 min BFA treatment. Experiment independently repeated twice. (F) Schematic representation of the mode of action of the PAO on the PI4P and PI(4,5)P2 metabolism based on previously published work from (Platre et al., 2018) and planel G controls. (G) Confocal images of wild-type (Col-0) and sac9-3 -/-root epidermal cells expressing mCIT-PH FAPP1-E50A PI4P biosensor or mCIT-TUBBYc PI(4,5)P2 biosensor, and that underwent mock or 30 µM PAO treatments for 30 or 120 min. Scale bar: 10 µm. Experiment independently repeated twice. (H) Quantification of the number of mCIT-TUBBYc labelled intracellular compartments per cell in sac9-3 - /-following mock or 30 µM PAO treatments for 30 or 120 min. Generalised linear mixed effect model (Poisson family) to account for root as random factor, and post hoc lsmeans pairwise test with 95 % confidence level). * p-value < 0.05; ** p-value < 0.005; *** p-value < 0.0005. Blue bar: mean. Experiment independently repeated twice. (I) Wild-type or sac9-3 -/-seedlings transformed with UB10prom::GVG::MAP-mCH-dOCRL and UBQ10prom::mCIT-TUBBYc. UBQ10prom::GVG::MAP-mCH-dOCRL constructs allow dexamethasone (dex) inducible expression and targeting at the PM of dOCRL PI(4,5)P2 5-phosphatase domain, thanks to the Myristoylation And Palmitoylation (MAP) sequence (Doumane et al., in preparation, see research article n°2 in this manuscript). (J) ES9-17 inhibition of endocytosis in root epidermal cells from wild-type (Col-0) and sac9-3 -/-(left), or UBQ10prom::mCIT-TUBBYc/Col-0 and UBQ10prom::mCIT-TUBBYc/sac9-3 -/-(right) seedlings. Seedlings were exposed to mock or 30 µM ES9-17 treatments for 60 or 180 min. FM4-64 was added after 30 min of treatment (left).
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Figure 1 .

 1 Figure 1. Drosophila dOCRL displays a PI(4,5)P2 phosphatase activity in vitro. (A) Alignment of (i)

  and 3). (B) Coomassie blue staining monitoring purification of recombinant dOCRL phosphatase domain (His-SUMO-dOCRL168-509-His) from Escherichia coli. IN: input, lysate of bacteria induced for the expression of His-SUMO-dOCRL168-509-His; FL: flow through; W: wash; E1 to E3: elution fraction 1 to 3; C1 and C2: concentrated fractions from pulled E1, E2 and E3. C1 and C2 were obtained separately on different days. His-SUMO-dOCRL168-509-His expected molecular weight is 54.8 kD. (C) Malachite green phosphatase assay on His-SUMO-dOCRL169-509-His using short chain water-soluble phosphoinositides. Replicate 1 correspond to C1 fraction. Replicate 2 to C2 fractions. Mock: no phosphoinositide added. This assay was replicated independently four times.

Figure 2 .

 2 Figure 2. Successful inducible expression and subcellular targeting of MAP-mCH-dOCRL and negative controls. (A) Inducible system used in this study. UBQ10 promoter is responsible for mild/strong and ubiquitous expression of GVG (GAL4 VP16 GR) synthetic gene. GR domain binds dexamethasone (dex) and subsequently induces GVG homodimerisation and nuclear import. There, GAL4 domain binds UAS DNA elements and VP16 strongly activates the expression of downstream gene: MAP-mCH-dOCRL 168-509 , or MAP-mCH-dOCRL 168-509 D468G (MAP-mCH-dOCRL dead ), or MAP-3xmCH. MAP is myristoylation and palmytoylation sequence, responsible for plasma membrane targeting. mCH corresponds to monomeric CHERRY fluorescent protein. dOCRL 168-509 D468G is an inactive phosphatase domain (later on called dOCRL dead ). 3xmCH correspond to three fused mCHERRY. (B) For all three inducible constructs we monitored mCH fluorescence without dex treatment, after 0.5 µM 16 h dex treatment, or after 5 µM 16 h dex treatment. Signal intensity is color-coded (green fire blue scale). Scale bars: 20 µm. This experiment was performed independently twice.

Figure 3 .

 3 Figure 3. Fast, inducible and specific depletion of PI(4,5)P2 in plant cells. (A) Use of generic fluorescent biosensors to monitor PI(4,5)P2 depletion. Upon MAP-mCH-dOCRL-mediated hydrolysis of PI(4,5)P2, which sits at the plasma membrane, PI(4,5)P2 sensors are expected to be soluble in the cytosol, their default localisation. On the contrary, targeting of either MAP-mCH-dOCRL dead or MAP-3xmCH is not expected to affect PI(4,5)P2 recruitment at the plasma membrane. (B) Effect of MAP-mCH-dOCRL and negative controls on the localisation of various membrane lipid biosensors. PS: phosphatidylserine. Scale bars: 10 µm. (C) Dissociation indexes of lipid biosensors upon expression of MAP-mCH-dOCRL or negative controls. Dissociation index is the ratio of (i) plasma membrane to cytosol fluorescence ratio without dex treatment, to (ii) plasma membrane to cytosol fluorescence ratio after dex treatment. Statistical analysis with LMER (Type II Wald χ 2 test) and post-hoc tests (see Table S1). ***: p-value < 0.0005; *: p-value < 0.05; n. s. : p-value ≥ 0.05. (D) Time course analysis during dexamethasone treatment of seedlings expressing constitutively mCIT-2xPH PLC and inducibly MAP-mCH-dOCRL. Fluorescence intensity is colour coded (green fire blue scale). Scale bars: 10 µm. White arrowheads: plasma membrane from cells where mCIT-2xPH PLC starts to be solubilised in the cytosol. Orange arrowheads: first detection at the plasma membrane of MAP-mCH-dOCRL. (E) Dissociation index of mCIT-2xPH PLC plotted overtime in 30 cells from one root during the induction of the expression of MAP-mCH-dOCRL.

Figure 4 .

 4 Figure 4. Efficient depletion of PI(4,5)P 2 in various tissues and organs. (A) PI(4,5)P 2 depletion in root hairs. Subcellular localisation of mCIT-2xPH PLC , a PI(4,5)P 2 biosensor, and either MAP-mCH-dOCRL or MAP-3xmCH. (B) Subcellular localisation of mCIT-2xPH PLC and either MAP-mCH-dOCRL, or MAP-mCH-dOCRL dead , or MAP-3xmCH, in cotyledon epidermal cells. Arrowheads point cytoplasmic threads, indicating a cytoplasmic localisation. (C) Subcellular localisation of mCIT-2xPH PLC and MAP-mCH-dOCRL in epidermal cells at the shoot apical meristem. (D) Subcellular localisation of mCIT-2xPH PLC and MAP-mCH-dOCRL in a NPA induced shoot meristem. Absence of treatment (no dex) or 16 h 5 µM dexamethasone treatment (dex). Fluorescence intensity is color-coded (green fire blue scale). Scale bars: 10 µm. All experiments were performed independently at least twice.

Figure 5 .

 5 Figure 5. Effect of PI(4,5)P2 depletion on epidermal root cells. (A) Subcellular localisation of µ2-GFP, a GFP tagged subunit of the AP-2 complex, in cells co-expressing MAP-mCH-dOCRL or MAP-3xmCH upon dexamethasone (dex) treatment, or without induction (no dex). The corresponding dissociations indexes of AP-µ2 are plotted. Blue bars: means. Linear mixed effect model (Type II Wald χ 2 test) accounting for root as a random factor (given the non independence of cells sampled from a given root). ***: p-value < 0.0005. (B) Subcellular localisation of CLC2-GFP after expression (dex) or MAP-mCH-dOCRL or MAP-3xmCH, or without induction (no dex). (C) Subcellular localisation of SH3P2-GFP in absence (no dex) or after induction (dex) of the expression MAP-mCH-dOCRL. (D) Deformations of the plasma membrane (PM) observed upon MAP-mCH-dOCRL expression or upon 180 min treatments with ES9-17 inhibitor of clathrin-mediated endocytosis. All pictures are z-projections. The plasma membrane is labelled by mCIT-P4M SidM , a PI4P sensor. no dex: no treatment. dex: dexamethasone treatment. DMSO: mock treatment corresponding to the negative control corresponding to ES9-17 treatment. ES9-17: 180 min 30 µM treatment. Arrowheads: plasma membrane ruffles and invaginations, often dome-shapped. (E) Cortical microtubules labelled by TUA6-GFP, in non treated cells (no dex) or treated (dex) to induce MAP-mCH-dOCRL or MAP-3xmCH expression. (F) F-actin cytoskeleton labelled by LifeAct-YFPv in cells expressing MAP-mCH-dOCRL or MAP-3xmCH expression. (G) Subcellular localisation of PIN2-GFP with (dex) or without (no dex) expression of MAP-mCH-dOCRL or MAP-3xmCH. The corresponding deplolarisation indexes of PIN2-GFP are plotted. Blue bars: means. Linear mixed effect model (Type II Wald χ 2 test) accounting for root as a random factor (given the nonindependence of cells sampled from a given root). n.s.: p-value ≥ 0.05. (H) SYT1-GFP subcellular localisation upon MAP-mCH-dOCRL or MAP-3xmCH expression. Panels A, B, C, E and D display representative pictures and data from experiments replicated independently at least twice. Panels F, G and H display pictures and data obtained from a single experiment and must therefore be taken with caution. Scale bars: 10 µm.

  Figure S3. Expression of MAP-mCH-dOCRL, MAP-mCH-dOCRLdead and MAP-3xmCH in cells from Figure 5. (A) Expression of MAP-mCH-dOCRL and MAP-3xmCH in cells displayed in Figure 5D. Fluorescence intensity is colorcoded (green fire blue scale). Please not that the crops and scales are not exactly similar to the pictures in the Figure 5D and that these pictures are not zprojections.. (B) Idem for Figure 5E. (C) Idem for Figure 5F. (D) Idem for Figure 5G. Scale bars: 10 µm

Figure 1 .

 1 Figure 1. When targeted at the plasma membrane, the yeast SUPPRESSOR OF ACTIN 1 (Sac1) PI4P-4phosphtase domain efficiently depletes PI4P in plant cells. (A) Genetic constructs used to dephosphorylate PI4P at the plasma membrane, and possibly to a lesser extent at endosomes. (B) MAP-FP-Sac1 C392S 2-518 is targeted at the plasma membrane when expressed in N. benthamiana. (C) PI4P sensors are composed of a lipid-binding domain fused to a fluorescent protein. PI4P sensors, e.g. mCIT-P4M SidM , specifically binds PI4P, but not PI. (D) In resting conditions, PI4P sensors only (mCIT-P4M SidM ) or mainly (mCIT-PH FAPP1-E50A ) label the plasma membrane (PM), which contains the major pool of PI4P in plant cells. (E) Upon PI4P depletion at the PM, PI4P biosensors are expected to relocalise to endosomes. (F) PI4P depletion may also solubilise PI4P sensors into the cytoplasm. (G) mCIT-P4M SidM localises at the PM when infiltrated alone (see diagram D). (H) In cells expressing MAP-mCH-Sac1 2-518 , mCIT-P4M SidM relocalises to endosomes (white arrowhead) and is seen in cytoplasmic threads and around large organelles (orange arrowhead), showing it is soluble in the cytosol (see diagrams E and F). (I) mCIT-P4M SidM localisation is not affected by the expression of MAP-mCH-Sac1 C392S2 2-518 . Scale bars: 40 µm.

Figure 2 .

 2 Figure 2. Assessment of PI4P requirement for subcellular localisation of a protein of interest. Here we used 2xmCH-KA1 MARK1 as example of protein under study. (A) Description of the schematic representation of the molecular actors drawn in B and E. (B-D) When expressing MAP-FP-Sac1 C392S 2-518 , both PI4P sensor and a protein relying on PI4P for its localisation are properly localised. (E-G) Upon expression of MAP-FP-Sac1 1-511 , both mCIT-P4M SidM and 2xmCH-KA1 MARK1 change their subcellular localisation. They are enriched in intracellular compartments (white arrowheads) and/or solubilised in the cytosol as indicated by cytoplasmic threads and surroundings of large organelles (orange arrowheads). (H and I) Example of quantification. Scale bars: 40 µm.

Figure 3 .

 3 Figure 3. First two weeks of culture of Nicotiana benthamiana. Seeds are sowed by simply dropping them onto soil. Seedlings sprout under a cut bottle to prevent dehydration (left). The week after, the bottle is removed (right) and seedlings can be pricked out into individual pots.

Table 1 . 1 Laboratoire

 11 Figure 1

2 .

 2 Microscope slides 76 x 26 x 1.1 mm (RS Components, catalog number: ISO 8037) catalog number: P4864) b. Nuclei dyes such as Hoechst (Thermo Fisher Scientific, Invitrogen TM , catalog number: H21486)

Equipment 1 .

 1 Inverted confocal microscope (e.g., Carl Zeiss, model: AxioObserver Z1), equipped with a spinning disk module (e.g., Yokogawa Electric, model: CSU-W1 [T3 model]) 2. Metamorph and ImageJ software on the computer connected to the microscope central slice for the registration, you need to use the number 60 for the 'Slice used for registration' in step B15.12. In the 'Journal' menu, choose 'CL_ini-Pos-Ch.jnl' for 'end of stage position', 'CL_ini-Pos-Chfinished.jnl' for 'end of acquisition', 'CL_ini-Pos-Ch-finished.jnl' for 'on cancel' (Figure6).

Figure 6 .Figure 7 .

 67 Figure 6. The Multi Dimensional Acquisition Journal tab. Choose the proper journal for each category.

  mediated PI(4,5)P2 depletion impaired isotropic arrangement of microtubules in elongating root epidermal cells. Even though quantifications are required to strengthen this result, this suggests PI(4,5)P2 depletion impacts cortical microtubules reorganisation. This may indicate a role of PI(4,5)P2 on microtubules orientation. There are microtubule associated proteins, such as MICROTUBULE DEPLETION DOMAIN 1 (MIDD1), that directly rely on phosphoinositides for their recruitment at the plasma membrane (Oda and Fukuda, 2012). PI(4,5)P2 might be required for proper recruitment or activity of such microtubule associated proteins, and in turn, be required for cortical microtubules organisation.Alternatively, defects in cortical microtubules orientation we observed upon PI(4,5)P2 depletion could result from indirect effects caused by the perturbation of the homeostasis of other lipids. PI(4,5)P2

  

  

  

  

  

Table of contents General Introduction -Phosphoinositides and phosphoinositide phosphatases: key players for membranes dynamics and functions

  Eukaryotic cells possess a plasma membrane and internal membranes i. Imaging of phosphoinositides by immunofluorescence ii. Imaging of phosphoinositides by immunoelectron icroscopy iii. Imaging of phosphoinositide by genetically encoded biosensors α. Assessment of phosphoinositide subcellular localisation with generic fluorescent biosensors β. Assessment of phosphoinositide subcellular localisation with generic biosensors and electron microscopy γ. Assessment of phosphoinositide amounts with generic fluorescent biosensors δ. Assement of phosphoinositide localisation and levels with FRET biosensors b. Phosphoinositides are differentially enriched in cell membranesCell, which are the structural and functional unit of life, comprise at least one membrane, and sometimes numerous. Membranes are involved in virtually every cellular functions. Biological membranes are made of proteins and lipids that assemble in a supramolecular structure. Among membrane lipids, phosphoinositides constitute a low abundant family that yet plays critical roles.

	iv. Cell differentiation requires proper PI(4,5)P2 balance 3. Phosphoinositide-phosphatases pattern PI4P a. PI4P patterning during budding from a donor membrane b. PI4P patterning prior fusion to target membrane c. Control of plasma membrane, Golgi apparatus and endoplasmic reticulum PI4P levels d. PI4P patterning is required for various cell processes i. Vesicular trafficking requires proper PI4P patterning -ii. Cell differentiation requires proper PI4P patterning General Introduction Phosphoinositides and phosphoinositide
	I. BIOLOGICAL MEMBRANES COMPRISE PHOSPHOINOSITIDES phosphatases: key players for membranes 16 A. II. PHOPHOINOSITIDE PHOSPHATASES CONTROL ENDOGENOUS CELL PROCESSES THROUGH PHOSPHOIN OSITIDES A. Eukaryotes' proteomes comprise several phosphoinositide-phosphatases dynamics and functions

During my Ph.D. training, I studied several putative functions of phosphoinositides in cellular processes using Arabidopsis thaliana (thale cress) as a model organism. I especially focused my investigations on phosphatidylinositol 4,5-bisphosphate [PI

  . PI is then converted into various phosphoinositide species (see I. C. 4.) and/or transported to other membranes (see I. B. 2. and 3., and I.

C. 5.).

  Sac2 and Sac1 reduce PI4P level on secretory vesicles of which the membrane comprises Golgi and TGN derived PI4P (see II. E.3. a. and b.; Nguyen et al., 2019; Del Bel and Brill, 2018;[START_REF] Ling | Osh4p is needed to reduce the level of phosphatidylinositol-4phosphate on secretory vesicles as they mature[END_REF]. Sac2 depletion does not affect insulin granule exocytosis stricto sensu, but it prevents proper docking

	i. Vesicular trafficking requires proper PI4P patterning

  P2. Injection of PI(4,5)P2 analogues in Drosophila embryos also proved relevant, as[START_REF] Reversi | Plasma membrane phosphoinositide balance regulates cell shape during Drosophila embryo morphogenesis[END_REF] observed via FRAP experiments that myosin-II was more stable at the plasma membrane when artificially enriched with PI(4,5)P2 analogues. Interestingly, recently phosphoinositide analogues that can be acutely activated were reported (seeIII. D. 4. b.;[START_REF] Walter | PIP2 optical uncaging potentiates exocytosis[END_REF].

Taken together, phosphoinositide analogues and phosphoinositide delivered by carriers appear as valuable tools, which seem suitable for studies in multicellular organisms. However, despite being out for almost two decades, they stay relatively rare methods in publications.

  Mehdi Doumane1 , Alexis Lebecq 1 , Aurélie Fangain 1 , Romain P. Boisseau 2 , Mathilde Laetitia Audrey Simon, Frédérique Rozier 1 , Vincent Bayle 1 , Maria del Mar Marquès-Bueno, Yvon Jaillais 1* , Marie-Cécile

	Research article n°1
	-Arabidopsis SUPRESSOR OF ACTIN 9
	(AtSAC9) is required for
	PI(4,5)P 2 subcellular patterning
	and efficient endocytosis
	Caillaud 1*
	During my Ph.D. training, I used Arabidopsis thaliana as pluricellular model organism to study
	PI(4,5)P 2. I addressed the following questions:
	-How is PI(4,5)P2 restricted at the plasma membrane of plant cells?
	-What may be the consequences of PI(4,5)P2 defective patterning in plant cells?
	-Is it possible to designed a inducible assay allowing fast and efficient PI(4,5)P2 depletion from plant
	cells?

addition, phosphoinositides research field saw the development of techniques able to disturb phosphoinositide amounts and subcellular localisations. Most advance assays are available in animal cultured cells, and allow acute manipulation of phosphoinositides, allowing great progresses in our understanding of phosphoinositide functions. However, these biological models are not in a pluricellular context, which may (i) give result less relevant than cells from pluricellular organism studied in situ, as cells are not studied in a physiological context, and (ii) do not allow investigation of phosphoinositide functions in processes inherent of pluricellularity, such as development.

-Which plant cellular and developmental processes may require PI

(4,5)

P2 ? And which may not? 1 Laboratoire Reproduction et Développement des Plantes, Université de Lyon, ENS de Lyon, UCB Lyon 1, CNRS, INRA, F-69342 Lyon, France. 2 Division of Biological Science, University of Montana, Missoula, MT 59812, USA.

  washed three times with MTSB. Roots were cut on superfrost slides and dried at root temperature. Roots were permeabilised with 2% Driselase (Sigma), dissolved in MTSB for 30 min at RT, rinsed four times with MTSB before treatment with 10% DMSO, 3% Igepal CA-630 (Sigma), and dissolution in MTSB for 1 h at RT. Aspecific sites were blocked with 5% normal donkey serum (NDS, Sigma) in MTSB for 1 h at

	room temperature. Primary antibodies: rabbit anti-CHC (Agrisera, AS10 690), in 5% NDS/MTSB, was
	incubated overnight at 4 °C and then washed four times with MTSB. Secondary antibodies: Alexa Fluor
	568 (A568) goat anti-Rabbit IgG cross-adsorbed secondary Antibody (ThermofisherA11011) in 5%
	NDS/MTSB, were incubated 3 h at 37°C (water bath) and then washed four times with MTSB.
	Name	of	three fragment LR recombination	
	transgenic line	pDONR-P4P1R	pDONR221	pDONR-P2RP3	pDEST	Final construct (basta)
	mCIT-AtSAC9		SAC9prom cYFPnoSTOP	SAC9g	pB7m34GW	SAC9prom::mCIT-AtSAC9/ pB7m34GW
	TdTOM-AtSAC9		SAC9prom TdTOMnoSTOP SAC9g	pH7m34GW	SAC9prom::TdTOM-SAC9/ pH7m34GW
	mCIT-AtSAC9 C459A SAC9prom cYFPnoSTOP	SAC9g C459A	pB7m34GW	SAC9prom::mCIT-AtSAC9 C459A /pB7m34GW
	mCIT-AtSAC9 Nter	SAC9prom cYFPnoSTOP	SAC9 Nter	pB7m34GW	SAC9prom::mCIT-AtSAC9 Nter /pB7m34GW
	mCIT-AtSAC9 ∆WW	SAC9prom cYFPnoSTOP	SAC9g ∆WW	pB7m34GW	SAC9prom::mCIT-AtSAC9 ∆WW /pB7m34GW
	mCIT-AtSAC9 ∆CC	SAC9prom cYFPnoSTOP	SAC9g ∆CC	pB7m34GW	SAC9prom::mCIT-AtSAC9 ∆CC /pB7m34GW
	mCIT-At SAC9 ∆WW∆CC	SAC9prom cYFPnoSTOP	SAC9g ∆WW∆CC pB7m34GW	SAC9prom::mCIT-AtSAC9 ∆WW∆CC /pB7m34GW

Table S2 . Statistical analysis of the number of intracellular compartments labelled by AtSAC9 fusion proteins (Figure 1G). Comparison

 S2 II Wald χ 2 test)

					Post hoc test (Tukey contrasts)
	Model	χ 2	df P-value Pair	Estimate	P-value
					TdTOM-AtSAC9 -mCIT-AtSAC9	-0.23313	0.99608
					mCIT-AtSAC9 C459A -mCIT-AtSAC9	0 1.15512	0.04541
					mCIT-AtSAC9Nter -mCIT-AtSAC9	-0.41624	0.92431
					mCIT-AtSAC9Nter C459A -mCIT-AtSAC9	-0.12205	0.99998
					mCIT-AtSAC9 ΔWWΔCC -mCIT-AtSAC9 mCIT-AtSAC9 ΔWW -mCIT-AtSAC9 mCIT-AtSAC9 ΔCC -mCIT-AtSAC9 mCIT-AtSAC9 C459A -TdTOM-AtSAC9	-1.85489 -0.19247 -1.44190 1.38825	< 0.001 0.99827 < 0.001 0.01077
					mCIT-AtSAC9Nter -TdTOM-AtSAC9	-0.18310	0.99962
					mCIT-AtSAC9Nter C459A -TdTOM-AtSAC9	0.11109	0.99999
	Number of spots ~ genotype + (1|image ID)	75.07 7	< 0.001	mCIT-AtSAC9 ΔWWΔCC -TdTOM-AtSAC9 mCIT-AtSAC9 ΔWW -TdTOM-AtSAC9 mCIT-AtSAC9 ΔCC -TdTOM-AtSAC9 mCIT-AtSAC9Nter -mCIT-AtSAC9 C459A mCIT-AtSAC9Nter C459A -mCIT-AtSAC9 C459A mCIT-AtSAC9 ΔWWΔCC -mCIT-AtSAC9 C459A mCIT-AtSAC9 ΔWW -mCIT-AtSAC9 C459A mCIT-AtSAC9 ΔCC -mCIT-AtSAC9 C459A mCIT-AtSAC9Nter C459A -mCIT-AtSAC9Nter	-1.62176 0.04066 -1.20877 -1.57136 -1.27717 -3.01001 -1.34759 -2.59702 0.29419	< 0.001 1.00000 0.01352 0.00334 0.06184 < 0.001 0.00911 < 0.001 0.99589
					mCIT-AtSAC9 ΔWWΔCC -mCIT-AtSAC9Nter mCIT-AtSAC9 ΔWW -mCIT-AtSAC9Nter mCIT-AtSAC9 ΔCC -mCIT-AtSAC9Nter AtSAC9Nter C459A mCIT-AtSAC9 ΔWWΔCC -mCIT-	-1.43865 0.22376 -1.02567 -1.73284	0.00429 0.99804 0.10217 < 0.001
					mCIT-AtSAC9 ΔWW -mCIT-AtSAC9Nter C459A mCIT-AtSAC9 ΔCC -mCIT-AtSAC9Nter C459A mCIT-AtSAC9 ΔWW -mCIT-AtSAC9 ΔWWΔCC mCIT-AtSAC9 ΔCC -mCIT-AtSAC9 ΔWWΔCC mCIT-AtSAC9 ΔCC -mCIT-AtSAC9 ΔWW	-0.07043 -1.31986 1.66242 0.41299 -1.24943	1.00000 0.01812 < 0.001 0.95555 0.00424

with a generalised linear mixed effect model (Poisson family)

  P2 homeostasis in both plant and animal cells leading to such plasma membrane distortion. Interestingly, we observed similar ruffles, in the same cell types, upon long treatments with ES9-17, a recently published drug inhibiting endocytosis(Dejonghe et al., 2019). We propose that such ruffles could be a read out of long term disturb endocytosis, for instance caused by an excess of plasma membrane due to unbalanced exocytosis. If so, the appearance of plasma membrane ruffles upon PI(4,5)P2 depletion cold be an additional indication of disturb endocytosis(Doumane et al., in preparation, see research article n°1 in this manuscript). It is not the first observation of plasma membrane ruffles in cells where PI(4,5)P2 homestasis is affected: upon AtPIP5K6 over-expression in pollen tubes, which increases PI(4,5)P2 levels, plasma membrane invaginations also occured. The authors elegantly demonstrated that these plasma membrane distortions are due to CME defects

  s of sonication at full power. Reaction were carried out in a 20 µL volume consisting in reaction buffer containing 500 µM of PS, 100 µM of a given short chain phosphoinoitide species (except for the "mock" condition), and 5 µL of concentrated protein fractions (C1 or C2; except of "no enzyme" condition) corresponding to the final concentration displayed on Figure1C. In the "iP" condition corresponds to addition of inorganic phosphate. Malachite green assay was carried out at 29 °C for 75 min, with gentle shaking every 15 min, and reaction was eventually quenched by the addition of 90 µL of malachite green reagent. Pictures were taken 25 min after the addition of Malachite green reagent, and green coloration qualitatively indicated a significant phosphate release. This Experiment was carried out independently three times, with either one or two replicates each time, and gave consistent results.

	Phosphate released was monitored using a Malachite green phosphatase kit (Echelon) and water
	soluble short chain (di:C8) phosphoinositides (Echelon) stored in glass vials at -20°C as stock solutions of
	500 µM in CHCl3/MetOH (9:1; PI, PI3P, PI4P, PI5P), or in CHCL3/MetOH/H2O (5:5:1; PI(3,5)P2,
	PI(4,5)P2). di:C16 Phosphatidylserine (PS; Echelon) was stored in glass vials at -20°C as a stock solution
	of 10 mM in CHCl3/MetOH (9:1). Before malachite green assay, inorganic solvent was evaporated by
	centrifugation in a speed vac at 45°C for 15 minutes. Dried lipids (PS and one phosphoinositide) were
	then resuspended in reaction buffer (200 mM NaCl 50 mM Tris-HCl pH 7.5; 10 mM KCl; 5 mM MgCl2)
	with a 30
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Constitutive expression of genetic constructs that encode phosphoinositide kinase, phosphatase or phospholipase, allow modifying phosphoinositides levels. Such approaches can be used in stable transformations if non-lethal, or in transient ones.
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(A) FM4-64 uptake assay. Representative images of Col-0 and sac9-3 -/-seedlings treated for 30 min with FM4-64 and imaged. FM4-64 is endocytosed and labels endocytic intracellular compartments (white arrowheads). Scale bar: 10 µm. Experiment independently repeated twice. (G) Quantification from the experiment showed in (F). For PIN2prom::PIN2-GFP/Col-0 and PIN2prom::PIN2-GFP/sac9-3 -/-, the proportion (%) of cells containing 0, 1,2,3,4,5 W25R (UBQ10prom::mCH-RabD1) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] P5Y (UBQ10prom ::mCIT-PH FAPP1 ) (Simon et al., 2014) W7R (UBQ10prom::mCHERRY-RabF2a/Rha1) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] W18R (UBQ10prom::mCH-Got1p) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] P15Y (UBQ10prom::mCIT-TUBBYc) (Simon et al., 2014) P24Y (UBQ10prom::mCIT-2xPH PLC ) (Simon et al., 2014) P18Y (UBQ10prom::mCIT-2xFYVE HRS ) (Simon et al., 2014) P3Y (UBQ10prom::mCIT-PHOX p40 ) (Simon et al., 2014) UBQ10prom::mCIT-C2 Lact (Platre et al., 2018) P21Y (UBQ10prom::mCIT-2xPH FAPP1 ) (Simon et al., 2014) UBQ10prom::mCIT-P4M SidM (Simon et al., 2016) W34R (UBQ10prom::mCH-RabA1e) [START_REF] Geldner | Rapid , combinatorial analysis of membrane compartments in intact plants with a multicolor marker set[END_REF] P21R (UBQ10prom::2xmCH-2xPH FAPP1 ) (Simon et al., 2014) UBQ10prom::mCIT-PH FAPP1-E50A (Simon et al., 2016) UBQ10prom::GVG-tE9::6xUAS-35Smini::MAP-mCH-dOCRL168-509/pH7 AP2µprom::AP2µ-GFP (Yamaoka et al., 2013) PIN2prom::PIN2-GFP (Benková et al., 2003) CLC2prom::CLC2-GFP S. Bednarek Table 1. Plant materials.

Promoters and fluorescent proteins (entry vectors)

AtSAC9 promoter (SAC9prom; 800 bp) was amplified from Col-0 genomic DNA using SAC9prom_fwd_gb

and SAC9prom_rev_gb primers and the corresponding PCR product was recombined into pDONR-P1RP4

(life technologies www.lifetechnologies.com/) vector by BP reaction to give SAC9prom/pDONR-P1RP4.

The mCITRINE containing vectors cYFPnoSTOP/pDONR221 and TdTOMnoSTOP/pDONR221 were described before (Simon et al., 2014;Jaillais et al., 2011).

AtSAC9 constructs (entry vectors)

The genomic sequence of AtSAC9 (At3g59770) was amplified by PCR using 7-day old Arabidopsis seedlings gDNA as template and the SAC9-B2R and SAC9-B3wSTOP primers. The corresponding PCR product was recombined into pDONR-P2RP3 vector by BP reaction to give AtSAC9g/pDONR-P2RP3.

AtSAC9 C459A mutation was obtained by site directed mutagenesis using the partially overlapping SAC9-C459A-F and SAC9-C459A-R primers on SAC9g/pDONR-P2RP3.

AtSAC9∆WW was amplified from SAC9g/pDONR-P2R-P3 with SAC9deltaWW_N_R and SAC9deltaWW_C_F 5'phosphorylated primers and then ligated to give SAC9g∆WW/pDONR-P2R-P3.

BFA treatments

Seedlings were incubated in wells containing Brefeldin A (BFA; Sigma B7651) applied at 50 µM (from a stock solution of 30 mM in DMSO), or a corresponding volume of DMSO as 'mock' treatment, dissolved in liquid ½ MS for one hour in dark without shaking before mounting in the same medium and imaging.

For co-treatment with 50 µM BFA and 1 µM FM4-64, FM4-64 and BFA were added at the same time.

Imaging was performed within a 14 min time frame window (1 h ± 7 min).

PAO treatment

Seedlings were incubated in wells containing 30 µM PAO (Sigma P3075, www.sigmaaldrich.com, PAO stock solution at 60 mM in DMSO), or a volume of DMSO as mock treatment, during the indicated time.

Roots were imaged within a 10 min time frame window around the indicated time. The PAO effects on the localisation of our biosensors were analysed by counting manually the number of labelled compartments per cells (automated counting gave similar results, data not shown). 

ES9-17 treatment

Dexamethasone inducible PI(4,5)P2 depletion

We used UBQ10prom::GVG::MAP-mCH-dOCRL dexamethasone inducible construct to deplete PI(4,5)P2 (Doumane et al., in preparations, see research article n°2 in this manuscript). Dexamethasone (Sigma D1756) stock solution at 25 mM dissolved in DMSO was stored at -20°C in aliquots for up to one month.

Plates of ½ MS medium containing 0.8 % agar and 5 µM dexamethasone (added to autoclaved medium at 50 -60 °C maximum) were prepared. Five to seven day old seedlings were carefully transferred to such plates and grown back in continuous daylight. 16 h after transfer on dex plates, and then seedlings were mounted in ½ MS medium and imaged within a 180 min time frame window (16 h ± 90 min).

Immunolocalisation of clathrin

CHC immunolocalisation in UBQ10prom::mCIT-TUBBYc/sac9-3-/-seedlings was performed as descrebrided by [START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF], with the exception of a 3 h incubation at 37°C for secondary antibody incubation. Briefly, seedlings fixation was performed in 4 % paraformaldehyde dissolved in MTSB (50 mM PIPES, 5 mM EGTA, 5 mM MgSO4 pH 7 with KOH) for 1 h at room temperature and model (Poisson family) accounting for image ID (id est root) as a random factor was used. We then computed Tukey Post hoc tests (function "glht" in multicomp) to specifically compare each pair of condition.

The percentages of mCIT-AtSAC9 or mCIT-AtSAC9 C459A positive punctuate structures that colocalised with markers (Figure 2D) was calculated from manual counts and compared across each condition using a one-way ANOVA followed by post-hoc Tukey HSD pairwise tests.

We automatically measured density of intracellular compartments labelled per root for each biosensor (Figure 3C), and we used non-parametric Wilcoxon rank sum tests to compare Col-0 and sac9-3 -/- genotypes (11 tests total). To account for multiple testing, we used a Bonferroni correction and lowered the significance level of each test at alpha = 0.05/11 = 0.004.

To assess the effect of the inhibitor PAO on anomalous mCIT-TUBBYc intracellular compartments (Figure 4H), we manually counted their number per cell. We tested PAO effect and the effect of treatment duration (30 min and 2 h) on the number of marked intracellular compartments using a generalized linear mixed effect model (Poisson family) to account for image ID as a random factor. Post-hoc tests were performed using the package lsmeans.

In Figure 5B, we compared the number of FM4-64 positive compartments in Col-0 and sac9-3 -/-using a generalised linear mixed model (Poisson family) to account for image ID (id est root) as a random factor.

Density of FM4-64 labelled compartments was also compared in Col-0 and sac9-3 -/-using a linear mixed model accounting for image ID as a random factor (Figure 5C); Type II Wald χ 2 test : χ 2 = 11.75, p =0.0006).

To compare the effects of BFA on FM4-64 treated Col-0 and sac9-3 -/-(Figure 5E), we only compared the BFA treated Col-0 and sac9-3 -/-seedlings using a generalized linear mixed model (Poisson family) with image ID (id est root) as a random factor (Type II Wald χ 2 test : χ 2 = 33.8, p < 0.001).

To compare the effects of BFA on Col-0 and sac9-3 -/-seedmings expressing PIN2-GFP (Figure 5G), we only compared the treatments BFA-Col-0 with BFA-Sac9 using a generalized linear mixed model (Poisson family) with image ID (id est root) as a random factor (Figure 5F). (Type II Wald χ 2 test : χ 2 = 42.1, p < 0.001).
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We Table S3. Statistical analysis of mCIT-AtSAC9 and mCIT-AtSAC9 C459A colocalisation with organelle markers (Figure 2D andF). The colocalisation percentage was compared across each condition using a one-way ANOVA followed by post-hoc Tukey HSD pairwise tests (95 % confidence level).

Biosensor N Col-0 roots N sac9-3 S4. Statistical analysis of the density of intracellular compartments labelled by lipid sensors in Col-0 and sac9-3 -/-(Figure 3B). Non-parametric Wilcoxon rank sum tests to compare the two genotypes (11 tests total). To account for multiple testing, we used a Bonferroni correction and lowered the significance level of each test at alpha = 0.05/11 = 0.004. 

GLMER (Type

Table S5. Statistical analysis of the number of intracellular compartments labelled by mCIT-

TUBBYc in sac9-3 -/-following PAO treatments (Figure 4H). To assess the effect of the inhibitor PAO we tested its effect and the effect of treatment duration (30 min and 2 h) on the number of marked intracellular compartments using a generalized linear mixed effect model (Poisson family) to account for image ID (id est root) as a random factor. Post-hoc tests were performed using the package lsmeans. The effect of chemical and time are barely significant but the interaction is. Post hoc tests show that effect of the treatment is significant for 2 h treatments (but not 30 min ones), and effect of treatment duration is significant for PAO (but not for DMSO). * Corresponding authors: yvon.jaillais@ens-lyon.fr, marie-cécile.caillaud@ens-lyon.fr.

ABSTRACT Phosphatidylinositol 4,5)P2] is a low abundant lipid present at the plasma membrane of Eukaryotic cells. Extensive study in animal cells revealed the pleiotropic functions of PI(4,5)P2. In plant cells, recent works suggest that PI(4,5)P2 is involved in various cellular processes including clathrinmediated endocytosis, polar auxin transport, cytoskeleton remodelling and membrane-contact sites dynamics. To date, most studies investigating the role of PI (4,5)P2 in plant have relied on pharmacological or genetic perturbations of the enzymes responsible for PI(4,5)P2 synthesis and degradation. Both types of approaches have drawbacks, including drugs off-target effects that cannot be excluded. Also, no system allows efficient PI(4,5)P2 depletion in plant cells.

Here we report a genetically encoded and inducible synthetic system that efficiently depletes PI (4,5)P2 in Arabidopsis thaliana in the time scale of hours. We demonstrate the PI(4,5)P2 depletion in cells from various tissues and organs. We also provide preliminary results suggesting that PI (4,5)P2 is important for endocytosis and cortical microtubule organisation. 

Protein purification

3D projections

Shoot apical meristem and NPA-induced meristem projected images (Figure 4C 

Dissociation indexes

Dissociation indexes of membrane lipid fluorescent biosensors were measured and calculated as previously described (Platre et al., 2018). Briefly, we calculated "indexNoDex" in the mock condition, defined as the ratio between the fluorescence intensity (Mean Grey Value function of Fiji software) measured in two elliptical regions of interest (ROIs) from the plasma membrane region (one at the apical/basal plasma membrane region and one in the lateral PM region) and two elliptical ROIs in the cytosol. Next, we measured a similar ratio after dexamethasone treatments (''indexDex''). The dissociation index is the ratio of (indexNoDex)/(indexDex). This dissociation index reveals the degree of relocalisation of the fluorescent reporters from the plasma membrane to the cytosol, between the mock and perturbed conditions (pharmacological treatment or mutant). Dissociation indexes of mCIT-2xPH PLC during timelapse induction of MAP-mCH-dOCRL (Figure 3E) were measured in 30 cells of the same root at each time point. Dissociation index of AP-2µ-GFP was performed similarly, with the exception of segmented lines ROIs instead of ellipses. See Table S4 for detailed sample sizes. S4. Effective corresponding to dissociation indexes calculations. N:number of roots; n: number of cells (10 cells per roots except for 14 cells taken in one root (first line)). * Corresponding author: marie-cecile.caillaud@ens-lyon.fr

SUPPLEMENTAL INFORMATIONS

Abstract

Phosphoinositides are key players from which the various membranes of the cells acquire their identity. The relative accumulation of these low abundant anionic phospholipids in the cytosolic leaflet of the plasma membrane and of various organelles generates a landmark code, responsible for the selective recruitment of extrinsic proteins at given membranes. One of the key players in the protein/lipid interaction at the plasma membrane in plant cells, is phosphatidylinositol 4-phosphate (PI4P), which patterns the recruitment of effector proteins from the plasma membrane to organelles along the endocytic pathway. Here we describe a fast assay to assess the requirement of PI4P for membrane localisation of extrinsic membrane proteins in vivo. This system relies on perturbing PI4P distribution in plant cells via the action of a PI4P phosphatase that depletes the pool of PI4P at a given membrane. This system efficiently decreases PI4P levels, and can therefore be easily used to assess 5. This protocol has been tested on our microscope with objective's magnifications ranging from 10x to 63x. But there is no limitation on this factor, as long as the macro file is edited as described in the second paragraph of the 'Software' section. 2. Use of sensors for (rough) quantification of PI (4,5)P2

In the second research article of this manuscript, we mostly used PI (4,5)P2 biosensors as indicators of the amounts of PI (4,5)P2 molecules in cells: we interpreted PI(4,5)P2 sensors solubilisation from the plasma membrane into the cytosol as an indicator of PI(4,5)P2 depletion.

We could have also quantified fluorescence intensity of the various membrane lipid biosensors introgressed into sac9-3 -/-in the first research article, in order to get clues of the various levels in membranes lipids in the mutant. Indeed, it emerges that certain lipid biosensors (id est PH PLC , C2 Lact ) are more stable when bound to a membrane compared to their cytosolic default localisation (Lee et al., 2019;Stanislas et al., 2018;Platre et al., 2018;[START_REF] Van Leeuwen | Visualization of phosphatidylinositol 4,5-bisphosphate in the plasma membrane of suspension-cultured tobacco BY-2 cells and whole Arabidopsis seedlings[END_REF]. This could have been especially

relevant given that several phosphoinositides were titrated biochemically in sac9-1 -/- (Williams et al., 2005),

and that we could have checked that we as well observed an increase in PI(4,5)P2 levels and a decrease in PI4P ones. However, such approach postulates that observed differences are due to biosensors stability, and therefore that biosensors are synthesised at the same rate. And as sac9 -/-mutants are constitutively stressed and display broad defects, gene expression and protein synthesis might be altered compared to wild-type plants. One way to overcome this issue would be to compare fluorescence intensities of a given biosensor between wild-type and sac9 -/-, but also to normalise these values using fluorescence intensities of biosensors binding other lipids. Alternatively, we could use qRT-PCR to quantify the levels of mRNAs encoding the biosensor in wild-type and sac9 -/-and check that transcription efficiency is similar.

B. […] but which have some drawbacks not to forget

Lipid biosensors also have drawbacks and it is therefore critical not to forget their limitations and cons when interpreting results.

1. Could PI (4,5)P2 biosensors interfere with endogenous PI (4,5)P2 effectors?

One of the main criticisms to the use of lipid biosensors is that they could compete with endogenous protein for the binding of the polar head of the lipid they bind [START_REF] Heilmann | Phosphoinositide signaling in plant development[END_REF].

Consistently, [START_REF] Field | PtdIns(4,5)P2 functions at the cleavage furrow during cytokinesis[END_REF] observed that the overexpression of PH PLC -GFP and GFP-Tubbyc in Drosophila cells provoked cytokinesis defects. These were similar to those observed upon overexpression of Synaptojanin (PI(4,5)P2 and PI4P phosphatase) or of catalytically inactive PI4P 5-kinase (PIP5Kα D227A ) acting as dominant negative [START_REF] Field | PtdIns(4,5)P2 functions at the cleavage furrow during cytokinesis[END_REF]. Thus, overexpression of PI (4,5)P2 biosensors can recapitulate the effect of partial depletion of PI (4,5)P2 in animal cells. In Arabidopsis, we express biosensors under the control of mild/strong UBQ10 promoter, and our group did not detect strong phenotypes associated to the use of biosensors, including mCIT-2xPH PLC and mCIT-TUBBYc, on which most of the conclusions of my Ph.D. are based (Simon et al., 2014). Also, sensor-lipid interactions are of relatively short half-life, and therefore should not shield permanently the access of endogenous effectors of PI (4,5)P2 to it. And in anyway, we assessed the biological relevance of PI (4,5)P2 mis-localisation (research Another hypothesis explaining PI (4,5)P2 positive intracellular compartments in sac9-3 -/-, would be that there are ectopic sites of synthesis of PI (4,5)P2 in AtSAC9 depleted cells. One or several of the eleven PI4P 5-kinases (AtPIP5Ks) present in Arabidopsis proteome could localise to intracellular organelles bearing PI4P, and phosphorylate it into PI (4,5)P2 in these organelles, causing them to lose their identity (e.

g. release of small GTPases). Both models are not mutually exclusive: we can speculate that some PI4P 5kinases are recruited directly or indirectly by PI (4,5)P2, to intracellular membranes bearing PI(4,5)P2 because AtSAC9 did not dephosphorylated it following endocytosis, causing a positive feedback loop.

A third hypothesis is that AtSAC9 may not directly cause the ectopic presence of PI (4,5)P2 on intracellular compartments. Indeed, sac9 -/-mutants are constitutively stressed, and a several abiotic stresses were shown to increase PI (4,5)P2 levels in plant cells (Lee et al., 2019;Williams et al., 2005). Therefore, AtSAC9 depletion could be responsible for a stress response, and this stress response could trigger an accumulation of PI (4,5)P2 that may result in ectopic localisation of PI (4,5)P2. It would be therefore critical to assess whether upon prolonged stress of wild-type seedlings, PI (4,5)P2 sensors would relocalise to intracellular structures like they do in sac9-3 -/-. If so, we would need to investigate how does AtSAC9 triggers a stress response, even though we already know that its phosphatase activity is required for it and therefore that the mechanism must involve phosphoinositides (research article n°1). A possible explaination would be that increased levels of PI (4,5)P2 could led to their increased hydrolysis by PLC, therefore synthesing soluble inositol 1,4,5-triphosphate (I (1,4,5)P3 or IP3). I (1,4,5)P3 is well known secondary messenger in animals, and might be as well a signalling molecule in plants even though no receptor have been yet identified (Krinke et al., 2007). I (1,4,5)P3 is also a precursor of IP5 and IP6, both of which a likely signalling molecules (Sheard et al., 2010;Tan et al., 2007), and may therefore be more concentrated in sac9-/-and cause a stress response. To test this hypothesis, we could need to crosse sac9 -/- with plc loss of function mutants and see whether it supresses sac9 -/-stress phenotype, and/or PI(4,5)P2 mis-patterning.

Eventually, we have to consider the hypothesis that intracellular structures where PI (4,5)P2

sensors localise in sac9-3 -/-are artefacts that do not reliably report PI (4,5)P2. As mention previously, complementary assays that do not rely on biosensors would be required to refute this possibility.

Taken together, our results are consistent with previous reports of PI (4,5)P2 being only present in the plasma membrane of wild-type plant cells, and further strengthen the current model in which no additional minor pools of PI(4,5)P2 on other membranes would exist in plant cells. We also provide good evidence suggesting that AtSAC9 putative PI(4,5)P2 phosphatase prevents PI(4,5)P2 ectopic presence on abnormal intracellular compartments, and possibly even the apparition of such compartment themselves.

III. A RESTRICTED ROLE FOR PI(4,5)P 2 IN PLANT CELLS?

In animals, PI(4,5)P2 as pleotropic functions ranging for signalling and endocytosis, to establishment of membrane surface charge or docking of peripheral membrane proteins. In plants, pip5k1 - /-and pip5k2 -/-mutants are totally impaired for pollen growth and thereby gametophyte lethal (Ugalde et al., 2016), and PIN FORMED 1/2 (PIN1/2) displays an abnomal subcellular localisation in pip5k1 -/- pip5k2 -/-double mutant (Ischebeck et al., 2013), showing that PI(4,5)P2 homeostasis is critical for plant developmental and cellular processes. In both research article we depict in this manuscript, we assessed the consequences of PI(4,5)P2 mis-localisation and depletion in Arabidopsis cells. We did not observed severe impacts of disturbed PI(4,5)P2 pool on cell processes, even though some of our investigations were preliminary (research article n°2).

A. Are sac9 -/-and the inducible system we developed proper tools to study PI(4,5)P2 in plant cells? PI(4,5)P2 formation assists clathrin-mediated endocytosis in Mammals, yeast, and plant cells (Kaksonen and Roux, 2018;Tejos et al., 2014;Ischebeck et al., 2013;Zhao et al., 2010). There are as well reports of PI(4,5)P2 importance for actin microfilaments nucleation in animal and plant cells (Guo et al., 2019;Nández et al., 2014). We therefore expected to observe more severe endocytic and F-actin defects in sac9-3 -/-cells, where PI(4,5)P2 is mis-patterned (research article n°1), and in cells in which we induced MAP-mCH-dOCRL mediated depletion of PI(4,5)P2 (research article n°2).

A first hypothesis to explain these results is that both sac9-3 -/-mutant and the inducible system we developed would not be appropriate to investigate PI(4,5)P2 functions in plant cells. Concerning sac9-3 -/-, it would be the case if PI(4,5)P2 sensor relocalisation was artefactual, and/or if the defects observed in sac9-3 -/-were not due to PI(4,5)P2 mis-localisation (research article n°1). Indeed, PI4P pool is as well affected in sac9-3 -/-, and AtSAC9 may be part of a complex that can no longer function when AtSAC9 is not expressed. Concerning MAP-mCH-dOCRL inducible system, it is more surprising, but the system could be inappropriate if PI(4,5)P2 depletion was not complete enough to provoke strong biological responses. For instance, there might be distinct pools of PI(4,5)P2 at the plasma membrane, and it is possible that PI(4,5)P2 sensors and MAP-mCH-dOCRL could only access some of them. In this hypothesis, we would observe efficient solubilisation of PI(4,5)P2 sensors upon MAP-mCH-dOCRL expression, but there would still be PI(4,5)P2 remaining and possibly able to support biological functions (research article n°2). Concerning both articles, they also might not be acute enough to avoid compensation mechanisms to be set up. Development of optogenetic or chemogenetic systems able to acutely deplete PI (4,5)P2 in plant cells (see introduction III. D. 2. and 4.; [START_REF] Banerjee | Structural Basis of Design and Engineering for Advanced Plant Optogenetics[END_REF], could overcome such putative compensations. However, some data presented in the articles from this manuscript are preliminary, and we did not manage yet to assess in sac9-3 -/-the subcellular localisation of several components of the endocytic and actin nucleation complexes that may be delocalised in AtSAC9 depleted cells.

Overall, our result suggest a role of PI (4,5)P2 in microtubule organisation in plant cells, possibly via PA.

D. Developmental roles of PI(4,5)P2 in plants

The developmental roles of phosphoinositides have been nicely reviewed this year in (Colin and Jaillais, 2020). We did not investigated extensively the role of PI (4,5)P2 in plant development.

Nevertheless, sac9-3 -/-and the inducible system for PI (4,5)P2 depletion we generated may be relevant to this end.

Two independent loss of function mutant alleles of AtSAC9 lead to dwarfism and reduced lateral root density (research article n°1; Williams et al., 2005). These phenotypes might be partially or totally caused by phosphoinositides mis-patterning, which could result in reduced growth and failures to initiate (de)differentiation programs. For instance pip5k1 -/-pip5k2 -/-mutant, which lacks functional PI4P 5-kinases AtPIP5K1/2, displayed disturbed auxin flux and ectopic auxin response likely due to mis-localised PIN auxin efflux carrier (Tejos et al., 2014). It would therefore be relevant to assess what is the auxin distribution in sac9 -/-mutants, using for instance D-II-YFPv reporter (Brunoud et al., 2012). Similarly, we should investigate putative changes in auxin reporters tissue pattern upon MAP-mCH-dOCRL expression, even though we did not detected a change in PIN2-GFP distribution.

sac9-1 -/- (Vollmer et al., 2011) and sac9-3 -/-(data not shown) cells display cell wall stubs that likely result from cytokinetic defects and/or abnormal cell plate attachments. In animal cells, there are tight controls of PI (4,5)P2 levels at the site of cytokinesis (see introduction II. E. 2. b. and c. ii.;Carim et al., 2019;[START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF][START_REF] Kouranti | Rab35 Regulates an Endocytic Recycling Pathway Essential for the Terminal Steps of Cytokinesis[END_REF][START_REF] Field | PtdIns(4,5)P2 functions at the cleavage furrow during cytokinesis[END_REF]. We can speculate that PI(4,5)P2

subcellular patterning contribute to cell plate guidance during cytokinesis. If so, defective cell divisions may explain some of the defects seen in sac9-3 -/-, like for instance reduced lateral root density: lateral root initiation requires asymmetric cells divisions that might be less robust in sac9-3 -/-. Disturbed auxin fluxes as well may impair lateral root initiation or growth. This could mean that PI(4,5)P2 homeostasis is required for proper cell division.

Tropisms, such as gravitropism, rely on a modification of auxin fluxes that results in the curvature of the growing organs. This is supported by the redistribution of PIN auxin efflux transporter. For instance, during gravitropism, there is a short term inhibition of PIN2 recycling in the epidermis at the lower side of the root, that results in an increased number of PIN2 proteins at the plasma membrane, which therefore transport more efficiently auxin on this side of the root (see [START_REF] Armengot | Regulation of polar auxin transport by protein and lipid kinases[END_REF] for a review). Given PI(4,5)P2 proven and putative roles in vesicular trafficking and in PIN protein subcellular patterning, it would be relevant to assess the gravitropic response of sac9-3 -/-and of seedlings expressing MAP-mCH-dOCRL.

Differentiation of several cell types likely relies on PI(4,5)P2 as well. Through the study of CVP2, CVL1, and of an inducible system exogenously synthesising PI(4,5)P2, PI(4,5)P2 / PI4P balance was for