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Plants adapt to changing environment by rapid adjustment of metabolic processes. One of the key regulatory hubs in plant cells is the vesicular trafficking, that ensures the correct and timely transport between plasma membrane and other cellular compartments. This is controlled by membrane phospholipid turnover, and executed by a tight cooperation of lipid kinases and phosphatases. Phosphatidylinositol 4-kinases (PI4Ks) are the first enzymes that commit phosphatidylinositol into the phosphoinositide pathway. Phosphoinositides (PPI) are the phosphorylated derivatives of phosphatidylinositol (PI), such as PI-4-phosphate (PI4P) and PI-4,5-bisphosphate (PI(4,5)P 2 ). The formation of membrane domains enriched in PI4P and PI(4,5)P 2 is a crucial component of plasma membrane dynamics. Besides, PI4P and PI(4,5)P 2 serve as substrates for enzymes, especially for PI-PLCs. Phosphoinositides can also act as ligands of many proteins via PPI-binding domains. In the Arabidopsis thaliana genome, twelve putative PI4K isoforms have been identified. Eight belong to type II and four belong to type III (AtPI4Kα1 and α2 and AtPI4Kβ1 and β2). To study the role of the PI4Ks, I have worked with a double mutant defective plant in both the PI4Kβ genes. I have shown that the pi4kβ1β2 double mutant exhibits several root phenotypes: impaired root growth, a lower sensitivity of roots to exogenous auxin, impaired gravistimulation, and misshapen root hair growth. These changes appeared to coincide with a less stable actin cytoskeleton and altered in intracellular trafficking dynamics in pi4kβ1β2 roots. In the roots of this double mutant, gene expression was less responsive to exogenous auxin. These data, therefore, link altered PI4K activity to the modification of vesicular trafficking and actin filaments organization one the one hand to altered auxin response likely due to alteration in auxin homeostasis one the other hand. The second part of my thesis is related to the Blumeria graminis f. sp. hordei (Bgh) interaction with pi4kβ1β2 double mutant. It is known that A. thaliana has non-host resistance to Bgh. Indeed, A. thaliana plants are able to form a special resistance structure -papillae -that acts as a barrier between fungi and plant cells. The pi4kβ1β2 double mutant showed lower resistance to penetration of Bgh at 24 hpi (hour post inoculation). Here, I could show that the lack of PI4Kβ1β2 leads to a decreased accumulation of PI4P in the papillae. My hypothesis is that PI4Kβ1β2 are essential for the successful defense of the plant against Bgh, and more specifically for the formation of a successful papillae. The third part of my thesis concerns the mechanism leading to constitutively active immunity in pi4kβ1β2 double mutant. It was shown that the 4-week-old pi4kβ1β2 plants have a constitutive accumulation of SA that is responsible for the dwarfism of these plants. The question is now to understand the determinants of this constitutive accumulation. Therefore, I crossed the pi4kβ1β2 double mutant with several mutants affected in different receptors or regulators of immunity. If any of these regulators act upstream of SA accumulation or play a role in SA signal transduction, I expected to obtain a reverted plant phenotype. The dwarf pi4kβ1β2 phenotype was preserved for all mutants except one -wrky70/pi4kβ1β2. The rosette size of this triple mutant was WT-like, indicating a possible role of the WRKY70 factor in the constitutive SA accumulation or its transduction. In conclusion, in my thesis, I could describe the multifaceted effects of the pi4kβ1β2 double mutation in A. thaliana. The obtained results open new perspectives on the roles of PPI in the non-host resistance to Bgh and on the mechanisms linking alteration in PI4Kbetas to overaccumulation of SA.

RÉSUMÉ

Les plantes s'adaptent aux changements de leur environnement en ajustant rapidement leurs processus métaboliques. L'un des principaux centres de régulation des cellules végétales est le trafic vésiculaire qui assure le transport correct et rapide entre la membrane plasmique et les autres compartiments cellulaires. Il est contrôlé par le renouvellement des phospholipides membranaires via une coopération étroite de lipide-kinases et de lipide-phosphatases. Les phosphatidylinositol-4-kinases (PI4Ks) sont les premières enzymes qui engagent le phosphatidylinositol (PI) dans la voie des phosphoinositides (PPI). Les PPI sont les dérivés phosphorylés du PI, comme le PI-4-phosphate (PI4P) et le PI-4,5-bisphosphate (PI(4,5)P 2 ). La formation de domaines membranaires enrichis en PI4P et PI(4,5)P 2 est un composant crucial de la dynamique des membranes plasmiques. En outre, PI4P et PI(4,5)P 2 servent de substrats à des enzymes, en particulier aux PI-PLCs. Les PPI peuvent aussi agir comme ligands de nombreuses protéines. Dans le génome d'Arabidopsis thaliana, douze isoformes de PI4K putatifs ont été identifiés dont quatre appartiennent au type III (AtPI4Kα1 et α2 et AtPI4Kβ1 et β2). Pour étudier le rôle des PI4Ks, j'ai travaillé avec une plante double mutante défectueuse dans les deux gènes PI4Kβ. J'ai montré que le double mutant pi4kβ1β2 présente une altération de la croissance des racines et une sensibilité plus faible des racines à l'auxine exogène. Ces changements semblaient coïncider avec un cytosquelette d'actine moins stable et une altération de la dynamique du trafic intracellulaire dans les racines pi4kβ1β2. Dans les racines de ce double mutant, l'expression génétique était moins sensible à l'auxine exogène. Ces données établissent donc un lien entre l'activité altérée de PI4K et la modification du trafic vésiculaire et de l'organisation des filaments d'actine, d'une part, et la réponse altérée à l'auxine, probablement due à une altération de l'homéostasie auxine, d'autre part. La deuxième partie de ma thèse est liée à l'interaction entre Blumeria graminis f. sp. hordei (Bgh) avec le double mutant pi4kβ1β2. On sait que A. thaliana a une résistance de type non-hôte à Bgh. Le double mutant pi4kβ1β2 a montré une plus faible résistance -comparée au sauvage-à la pénétration de Bgh à 24 heures après l'inoculation. J'ai montré que la déficience den PI4Kbetas a conduit à une diminution de l'accumulation de PI4P dans les papilles, une structure qui agit comme une barrière entre le champignon et les cellules végétales. Mon hypothèse est que les PI4K sont essentielles pour la défense des plantes contre Bgh, et plus particulièrement pour la formation de papilles efficaces. La troisième partie de ma thèse concerne le mécanisme conduisant à une immunité constitutivement active dans le double mutant pi4kβ1β2. Les plantes pi4kβ1β2 âgées de 4 semaines présentent une accumulation constitutive de SA qui est responsable du nanisme de ces plantes. La question est donc de comprendre l'origine de cette accumulation constitutive. Par conséquent, j'ai croisé le double mutant pi4kβ1β2 avec plusieurs mutants affectés dans différents récepteurs ou régulateurs de l'immunité. Si l'un de ces régulateurs est placé en amont de l'accumulation du SA, ou joue un rôle dans la signalisation du SA, je m'attendais à obtenir un phénotype réversé. Le phénotype nain de pi4kβ1β2 a été conservé pour tous les mutants sauf un -wrky70/pi4kβ1β2. La taille de la rosette de ce triple mutant est de type sauvage, ce qui indique un rôle possible du facteur WRKY70 dans l'accumulation constitutive du SA ou la transduction du SA. En conclusion, dans ma thèse, j'ai pu décrire de nombreux aspects des effets pléiotropiques de la double mutation pi4kβ1β2 chez Arabidopsis thaliana. Les résultats obtenus ouvrent de nouvelles perspectives sur les rôles des PPI dans la résistance non-hôte à Bgh et sur les mécanismes liant l'altération des PI4Kbetas à la suraccumulation du SA. INTRODUCTION Plant health and productivity depend on root outgrowth, which allows water and nutrient uptake, and is equally crucial for efficient photosynthetic rates [START_REF] Retzer | The TOR-Auxin Connection Upstream of Root Hair Growth[END_REF][START_REF] Waldie | Cytokinin Targets Auxin Transport to Promote Shoot Branching[END_REF]. Root morphogenesis is a complex process, orchestrated by a complex signaling crosstalk at different levels, from single-cell metabolism to hormone transport within plant organs. On-point spatial and temporal organization of cell organelles, the polar establishment of cell architecture and the directed shootward auxin transport are fundamental for correct root cell differentiation. Root hair cell priming and plasticity require fine-tuned, interconnected cellular processes driven by a properly established cytoskeleton that controls the polar delivery of membrane components to the root apex in order to enlarge the cell unidirectionally, and by the transport of auxin through the root tip [START_REF] Retzer | The TOR-Auxin Connection Upstream of Root Hair Growth[END_REF]. Auxin regulates cell polarity by activating ROPs (Rho-like GTPase), which control the polar localization of PIN-FORMED (PIN) family proteins. PIN family proteins are plasma membrane (PM)-integrated auxin efflux carriers responsible for the direction and intensity of auxin flow through the plant body. Their cellular localization and activity are regulated at many levels [START_REF] Habets | PIN-driven polar auxin transport in plant developmental plasticity: A key target for environmental and endogenous signals[END_REF][START_REF] Luschnig | The dynamics of plant plasma membrane proteins: PINs and beyond[END_REF][START_REF] Semeradova | All Roads Lead to Auxin: Posttranslational Regulation of Auxin Transport by Multiple Hormonal Pathways[END_REF], and depend on the lipid composition of the membrane in which they are located.

Phosphoinositides, minor components of PM, are phosphorylated derivatives of phosphatidylinositol (PI), such as phosphatidylinositol-4-phosphate (PI4P) and phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ). Phosphoinositides are important signaling molecules as they are substrates or cofactors of important signaling enzymes. In plants, both PI4P and PI(4,5)P 2 can be substrates to phospholipases C (PLCs) leading to a diacylglycerol and the corresponding phosphorylated inositol. PI(4,5)P 2 is a cofactor of some phospholipases D (PLDs), that catalyze the production of phosphatidic acid, a major plant signaling lipid [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF]. More generally, phosphoinositides can directly interact with membrane proteins (such as ion channels or G protein-coupled receptors) or cytosolic proteins that they can recruit to membranes [START_REF] Noack | Functions of Anionic Lipids in Plants[END_REF][START_REF] Platre | A Combinatorial Lipid Code Shapes the Electrostatic Landscape of Plant Endomembranes[END_REF].

Interestingly, specific relative levels of phosphoinositides are a characteristic feature of different membranes: PM, endoplasmic reticulum and Golgi membranes do not have the same relative composition of phosphoinositides [START_REF] Gronnier | Structural basis for plant plasma membrane protein dynamics and organization into functional nanodomains[END_REF][START_REF] Noack | Functions of Anionic Lipids in Plants[END_REF]. Besides, membrane nanoclusters enriched in certain proteins crucial for signal transduction and transport proteins also have a specific composition of phosphoinositides [START_REF] Galvan-Ampudia | Temporal integration of auxin information for the regulation of patterning[END_REF][START_REF] Jaillais | The Nanoscale Organization of the Plasma Membrane and Its Importance in Signaling: A Proteolipid Perspective1[END_REF]. Formation of membrane domains enriched in PI4P and PI(4,5)P 2 is a crucial component of PM dynamics. Such phosphoinositide-enriched domains are important for the localization of remorins, scaffold proteins governing PM-bound signaling [START_REF] Ke | Salicylic acid regulates PIN2 auxin transporter hyperclustering and root gravitropic growth via Remorin-dependent lipid nanodomain organisation in Arabidopsis thaliana[END_REF], and FLS2, a pattern-recognition receptor that determines the specific perception of the bacterial protein flagellin [START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF]. Remorins are involved in plant-microbe interactions. Remorins are anchored by their C-terminal domain to the cytosolic leaflet of the plasma membrane upon interaction with PI4P and sterol. PI4P accumulates in response to pathogen infection. During infection of A. thaliana with the powdery mildew fungus Erysiphe cichoracearum, the PI(4,5)P 2 pools were dynamically upregulated at the pathogen infection sites and further integrated into the extrahaustorial membrane, while PI4P showed constant levels at the plasma membrane and was absent in the extrahaustorial membrane [START_REF] Qin | Specific Recruitment of Phosphoinositide Species to the Plant-Pathogen Interfacial Membrane Underlies Arabidopsis Susceptibility to Fungal Infection[OPEN][END_REF].

Composition of phosphoinositides is modified by the activities of lipid kinases. PI4Ks phosphorylate the 4th hydroxyl position in the inositol head group of PI to generate PI4P.

PI4P can be further phosphorylated by phosphatidylinositol-4,5-kinases (PI(4,5)K) into PI(4,5)P 2 . There are two types of PI4Ks according to their primary sequences and pharmacological sensitivities. Type II PI4Ks are inhibited by adenosine while type III PI4Ks are inhibited by micromolar concentrations of wortmannin, a steroid produced by the fungi Penicillium funiculosum. In the A. thaliana genome, twelve putative PI4K isoforms have been identified. Eight belong to type II (AtPI4Kγ1-8), and four belong to type III (AtPI4Kα1 and α2 and AtPI4Kβ1 and β2) [START_REF] Akhter | Role of Arabidopsis AtPI4Kγ3, a type II phosphoinositide 4-kinase, in abiotic stress responses and floral transition[END_REF]. Not much is known about type II PI4Ks as they could actually be protein kinases and not lipid kinases [START_REF] Akhter | Role of Arabidopsis AtPI4Kγ3, a type II phosphoinositide 4-kinase, in abiotic stress responses and floral transition[END_REF][START_REF] Galvão | Characterization of a new family of protein kinases from Arabidopsis containing phosphoinositide 3/4kinase and ubiquitin-like domains[END_REF]. We have previously shown that type III PI4Ks are upstream of the PLC activity that controls the responses of tobacco BY2 cells to cryptogein, a fungal elicitor (Cacas et al., 2016). Type III PI4Ks are also upstream of PLC-mediated plant cold response [START_REF] Delage | Arabidopsis Type-III Phosphatidylinositol 4-Kinases β1 and β2 are Upstream of the Phospholipase C Pathway Triggered by Cold Exposure[END_REF] and of the PLC activity that controls basal gene expression in A. thaliana [START_REF] Djafi | The Arabidopsis DREB2 genetic pathway is constitutively repressed by basal phosphoinositide-dependent phospholipase C coupled to diacylglycerol kinase[END_REF]. Type III PI4Ks have also been shown to be activated in response to a SA, whilst the consequent increase in a phosphoinositides content is an important part of the specific response of A. thaliana to this phytohormone [START_REF] Kalachova | The inhibition of basal phosphoinositidedependent phospholipase C activity in Arabidopsis suspension cells by abscisic or salicylic acid acts as a signalling hub accounting for an important overlap in transcriptome remodelling induced by these hormones[END_REF][START_REF] Krinke | Inositol trisphosphate receptor in higher plants: is it real?[END_REF][START_REF] Ruelland | Salicylic acid modulates levels of phosphoinositide dependent-phospholipase C substrates and products to remodel the Arabidopsis suspension cell transcriptome[END_REF]. Since AtPI4Kα2 is a pseudogene and viable homozygous PI4Kα1 mutants have never been obtained, we have opted to work on a double mutant defective in both PI4Kβ genes. Four-week-old pi4kβ1β2 plants exhibited a constitutively high SA level that led to a stunted phenotype (Šašek et al., 2014). However, SA accumulation did not occur in young pi4kβ1β2 seedlings [START_REF] Pluhařová | Salicylic Acid Mutant Collection" as a Tool to Explore the Role of Salicylic Acid in Regulation of Plant Growth under a Changing Environment[END_REF][START_REF] Šašek | Constitutive salicylic acid accumulation in pi4kIIIβ1β2 Arabidopsis plants stunts rosette but not root growth[END_REF] and therefore, they appeared to be the material of choice to study the roles of PI4Ks and phosphoinositides in root development. Several aspects of the role of PI4Ks in plant cell biology have been discovered using pi4kβ1β2 double mutant, such as the involvement of PI4Kβ1 in cell plate formation during cytokinesis [START_REF] Lin | A dual role for cell plate-associated PI4Kβ in endocytosis and phragmoplast dynamics during plant somatic cytokinesis[END_REF], formation of secretory vesicles (Kang et al., 2011a) as well as root hair shaping and polar growth [START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF].

LITERATURE REVIEW

PLANT PI4Ks

Phospholipids in plant cells

Distribution of phospholipids

Phospholipids are a class of lipids, contained in biological membranes. Their structure is based on two hydrophobic fatty acyl groups and a hydrophilic polar head group attached to the glycerol backbone by a phosphodiester link. Because of their amphiphilic nature, phospholipids can form a lipid bilayer, the fundament of the cellular membranes. According to the nature of the polar head, one distinguishes different phospholipid classes. The polar head group can be hydrogen, choline, serine, ethanolamine, inositol or glycerol molecule, forming phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI) or phosphatidylglycerol (PG), respectively.

PI can be phosphorylated at the hydroxyl groups at different positions of the inositol ring.

One distinguishes PI-3-phosphate (PI3P) or PI4P, PI-3,5-bisphosphate (PI(3,5)P 2 ) and PI(4,5)P 2 .

The different phospholipid classes are unequally distributed between the various organellar membranes in eukaryotic cells. PC is the most abundant phospholipid in the majority of organelles. PE is the second most abundant phospholipid in eukaryotic membranes, located in the inner (cytoplasmic) leaflet of the plasma membrane. PE is absent from plastid membranes. PG is localized mainly in plastids [START_REF] Fujii | Phosphatidylglycerol synthesis facilitates plastid gene expression and light induction of nuclear photosynthetic genes[END_REF]. In A. thaliana apical pollen tube, PS is mainly localized in the trans-Golgi network/early endosome, certain post-Golgi compartments, and the plasma membrane [START_REF] Zhou | The Tip-Localized Phosphatidylserine Established by Arabidopsis ALA3 Is Crucial for Rab GTPase-Mediated Vesicle Trafficking and Pollen Tube Growth[END_REF]. PI(4,5)P 2 is localized mainly at the plasma membrane and in the nucleus. PI4P is spread between the plasma membrane (the highest concentration), trans-Golgi network (TGN), and Golgi apparatus [START_REF] Platre | A Combinatorial Lipid Code Shapes the Electrostatic Landscape of Plant Endomembranes[END_REF]. PI(3,5)P 2 is localized in late endosomes.

The different phospholipid classes have distinct roles. In plastid membranes, besides its structural role, PC serves as a precursor for the synthesis of glycerolipids, such as monogalactosyldiacylglycerol, digalactosyldiacylglycerol and sulfoquinovosyldiacylglycerol [START_REF] Ohlrogge | Lipid biosynthesis[END_REF]. PS plays a main role in participating in the negative surface charge to membranes due to the acidic nature of its headgroup [START_REF] Yeung | Contribution of phosphatidylserine to membrane surface charge and protein targeting during phagosome maturation[END_REF]. PS is needed for root cytokinesis, by mediating vesicular trafficking for cell plate formation [START_REF] Yamaoka | Phosphatidylserine Is Required for the Normal Progression of Cell Plate Formation in Arabidopsis Root Meristems[END_REF]. PG are present in thylakoid membranes in chloroplasts, and are important in photosynthesis, especially in photosystem II. It maintains the structural integrity of the quinone-binding site [START_REF] Kobayashi | Roles of Lipids in Photosynthesis[END_REF]. PA is a biologically active lipid molecule that activates defense responses during salt stress [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF]. The physiological roles of phosphoinositides will be discussed in a separate section.

Phosphoinositides synthesis

The metabolism of phosphoinositides (PPIs) is regulated by specific kinases, phosphatases, and phospholipases. Phosphatidylinositol is the initial substrate for phosphorylating the hydroxyl groups along the inositol ring. During the biosynthesis of PPIs, the first phosphorylation occurs at the hydroxyl group at positions 3, 4 or 5 of the inositol ring giving rise to seven phosphoinositide derivatives. The six phosphoinositides found in plants: PI3P, PI4P, PI5P, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 . A seventh PI, PI(3,4,5)P 3 , has so far only been reported in animal cells (Fig. 1) [START_REF] Dieck | A Role for Phosphoinositides in Regulating Plant Nuclear Functions[END_REF]. The six phosphoinositides found in plants: PI3P, PI4P, PI5P, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 . A seventh PI, PI(3,4,5)P 3 , has so far only been reported in animal cells (in red frame) [START_REF] Kusano | The Arabidopsis Phosphatidylinositol Phosphate 5-Kinase PIP5K3 Is a Key Regulator of Root Hair Tip Growth[END_REF].

The structures of PI4Ks will be detailed below. Concerning PI3K, it phosphorylates PI at its 3′-hydroxyl position thus forming PI3P [START_REF] Raynaud | Pharmacologic Characterization of a Potent Inhibitor of Class I Phosphatidylinositide 3-Kinases[END_REF]. PI3Ks are localized in cytosol, plasma membrane, central vacuole of stomata, and in endosomal vesicles that are close to Golgi stacks [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]. PI3Ks are involved in plant growth and development [START_REF] Welters | AtVPS34, a phosphatidylinositol 3-kinase of Arabidopsis thaliana, is an essential protein with homology to a calcium-dependent lipid binding domain[END_REF], normal stomatal movements in response to abscisic acid [START_REF] Jung | Phosphatidylinositol 3-and 4-phosphate are required for normal stomatal movements[END_REF], root hair elongation [START_REF] Lee | The Arabidopsis phosphatidylinositol 3-kinase is important for pollen development[END_REF], cytoskeleton arrangements [START_REF] Dove | Identification of a phosphatidylinositol 3hydroxy kinase in plant cells: association with the cytoskeleton[END_REF]. PI(4,5)P 2 is synthesized from PI4P by PI4P5K. A. thaliana genome possesses 11 genes encoding PI4P5K isoforms [START_REF] Mueller-Roeber | Inositol Phospholipid Metabolism in Arabidopsis. Characterized and Putative Isoforms of Inositol Phospholipid Kinase and Phosphoinositide-Specific Phospholipase C[END_REF]. They can be clustered into two groups based on their structure, one group containing AtPI4P5K1-9 and the other formed by AtPI4P5K10-11 [START_REF] Ischebeck | At the poles across kingdoms: phosphoinositides and polar tip growth[END_REF]. My PhD work concerns the role of PI4Ks, so the next part will be devoted to introducing the different types of this enzyme.

The PI4Ks

Diversity of PI4Ks

A lot of information on PI4Ks was derived from mammals and yeast [START_REF] Barylko | A Novel Family of Phosphatidylinositol 4-Kinases Conserved from Yeast to Humans *[END_REF].

The yeast genome has three genes that encode one type II PI4Ks (Lsb6) and two type III PI4Ks (Pik1, Stt4) [START_REF] Strahl | Synthesis and function of membrane phosphoinositides in budding yeast, Saccharomyces cerevisiae[END_REF]. Stt4 is the yeast orthologue of the human PI4KIIIα while Pik1 is the yeast ortholog of mammalian PI4KIIIβ (Kapp-Barnea et al., 2003, p. 1).

There are indeed two types of PI4Ks according to their primary sequences and pharmacological sensitivities. Type II PI4Ks are inhibited by adenosine and calcium while type III PI4Ks are inhibited by wortmannin (WM) (inhibits PI3K at the nanomolar concentration and PI4K at the micromolar concentration), a steroid produced by the fungi Penicillium funiculosum [START_REF] Balla | Phosphatidylinositol 4-kinases[END_REF]. Phenylarsine oxide (PAO) inhibits type III PI4Ks, with relatively little effect on type II PI4K enzymes, and, among the type III enzymes, PI4KIIIα is more sensitive to PAO than PI4KIIIβ [START_REF] Balla | A plasma membrane pool of phosphatidylinositol 4-phosphate is generated by phosphatidylinositol 4kinase type-III alpha: studies with the PH domains of the oxysterol binding protein and FAPP1[END_REF]. LY294002 is a PI3K inhibitor [START_REF] Takahashi | Differential Effects of Phosphatidylinositol 4-Kinase (PI4K) and 3-Kinase (PI3K) Inhibitors on Stomatal Responses to Environmental Signals[END_REF].

Type II PI4Ks are smaller than type III PI4Ks, 70 kDa and 100-230 kDa respectively.

Eight A. thaliana putative type II PI4Ks (PI4Kγ1-PI4Kγ8) have been identified (S. Liu et al., 2012) (Fig. 2). Fig. 2: Twelve predicted PI4K proteins of Arabidopsis thaliana [START_REF] Szumlanski | Phosphatidylinositol 4-Phosphate is Required for Tip Growth in Arabidopsis thaliana[END_REF].

Concerning type III PI4Ks, A. thaliana genome encodes two PI4KIIIα and two PI4KIIIβ subtypes [START_REF] Balla | Phosphatidylinositol 4-kinases[END_REF] that have different protein domain structure. PI4KIIIα1 contains LKU (lipid kinase unique), PH (Pleckstrin homology) and kinase domains while PI4KIIIα2 contains only the PI3/4 kinase domain. PI4KIIIβ1 and PI4KIIIβ2 have the same structure, consisting of a LKU domain followed by amphiphatic repeats (repetitive motif), an NH (novel homology) domain and the PI3/4 kinase catalytic domain (Fig. 3). The description of PH domains will be detailed below (section 1.3.2.1). LKU -lipid kinase unique domain is conserved in both PI4KIIIα and PI4KIIIβ types but has different locations. This domain is predicted to be helical and comprise about 100 residues. NH -novel homology domain, interacts with RabA4b GTPase [START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF]. A repetitive domain consists of 11 repeats of a charged core unit. It is unique for the plant β isoforms and is responsible for targeting PI4Kβs to the plasma membrane, possibly via binding to PA, PI, or PI4P [START_REF] Ma | MORN motifs in plant PIPKs are involved in the regulation of subcellular localization and phospholipid binding[END_REF]. No clear function can be assigned to the LKU and NH; they may play a role in the interaction of PI4K with other proteins and/or membrane structures. AtPI4KIIIα2 is likely to be a pseudogene (nonfunctional gene). AtPI4KIIIβ2 is 83% identical to AtPI4KIIIβ1 [START_REF] Mueller-Roeber | Inositol Phospholipid Metabolism in Arabidopsis. Characterized and Putative Isoforms of Inositol Phospholipid Kinase and Phosphoinositide-Specific Phospholipase C[END_REF]. Type II PI4Ks have a different primary structure from that of type III enzymes. Type II PI4Ks contain PI3/4 kinase catalytic domain and a variable number (none, one, or two) of ubiquitin-like (UBL) domains. They do not have the PIbinding domains such as the PH (that is present in the type III AtPI4Kα) or the repetitive domains (that are present in the type III AtPI4Kβ). The UBL domain is essential for protein-protein interaction. According to the number of UBL domains, type II PI4Ks can be divided into three subgroups: no UBL (PI4Kγ1, γ2, γ8), one UBL (PI4Kγ5, γ6, PI4Kγ7) and two UBLs (PI4Kγ3, PI4Kγ4) (Yong Tang 2016). Mammalian type II PI4Ks are present in the TGN, subcompartments of the endoplasmic reticulum and endosomes especially in the case of the type IIα enzyme [START_REF] Balla | A plasma membrane pool of phosphatidylinositol 4-phosphate is generated by phosphatidylinositol 4kinase type-III alpha: studies with the PH domains of the oxysterol binding protein and FAPP1[END_REF].

PI4KIIα activity and association with membranes is dependent on palmitoylation [START_REF] Barylko | Palmitoylation Controls the Catalytic Activity and Subcellular Distribution of Phosphatidylinositol 4-Kinase IIα[END_REF]. Not much is known about A. thaliana type II PI4Ks; some data suggest that they could act as protein kinases and not lipid kinases [START_REF] Galvão | Characterization of a new family of protein kinases from Arabidopsis containing phosphoinositide 3/4kinase and ubiquitin-like domains[END_REF].

Mammalian PI4KIIIα is associated with the plasma membrane [START_REF] Szentpetery | Genetic and functional studies of phosphatidyl-inositol 4-kinase type IIIα[END_REF], endoplasmic reticulum and Golgi apparatus. In mammalian cells, PI4KIIIα could shuttle from cytosol to plasma membranes. Mammalian PI4KIIIβ is mainly associated with the Golgi apparatus [START_REF] De Matteis | Phosphatidylinositol-4-phosphate: The Golgi and beyond[END_REF]. Plant AtPI4KIIIβ1 and AtPI4KIIIβ2 localized on the plasma membrane, Golgi apparatus and cytoplasmic vesicle membranes (Kang et al., 2011a;[START_REF] Lou | The Highly Charged Region of Plant β-type Phosphatidylinositol 4-kinase is Involved in Membrane Targeting and Phospholipid Binding[END_REF]. AtPI4KIIIα1 localizes at the perinuclear region and plasma membrane [START_REF] Noack | A nanodomain-anchored scaffolding complex is required for the function and localization of phosphatidylinositol 4-kinase alpha in plants[END_REF]. Plant PI4Ks are also expected to be present in the endoplasmic reticulum, but for now no confirmation is available.

Role of PI4Ks in trafficking

PI4Ks that synthesize PI4P are crucial regulators of membrane trafficking. PI4Ps are localized in different compartments of the A. thaliana endomembrane system [START_REF] Simon | A multi-colour/multi-affinity marker set to visualize phosphoinositide dynamics in Arabidopsis[END_REF]. The highest concentration of PI4P is found at the plasma membrane; lower concentrations are detected in post-Golgi/endosomal compartments with the lowest concentrations of PI4P being detected in the Golgi. PI4P is involved in several secretory and endocytic trafficking pathways that will be described below (Kang et al., 2011a;[START_REF] Lee | The Arabidopsis phosphatidylinositol 3-kinase is important for pollen development[END_REF][START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF].

The interaction between PI4Ks and small guanosine triphosphatases (GTPases) is a background mechanism required for expansion and remodeling of PI4P-containing membranes. In A. thaliana, PI4Kβ1 interacts with a small GTPase (RabA4b), and acts in the polarized exocytosis of cell wall materials such as pectin and xyloglucan in root hairs (Kang et al., 2011a;[START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF]. The A. thaliana RabA4b has been detected in TGN-like compartments. PI(4,5)P 2 is crucial for endocytosis. It functions as an important coreceptor regulating endocytic proteins by their selective recruitment to the plasma membrane. PI(4,5)P 2 commonly binds to endocytic clathrin adaptors (for example, AP-2, epsin) (Choi et al., 2015, p. 2). In addition PI(4,5)P 2 acts through the actin cytoskeleton, which universally controls all internalization pathways [START_REF] Platre | A Combinatorial Lipid Code Shapes the Electrostatic Landscape of Plant Endomembranes[END_REF].

Cellulose microfibrils ensure plant cell wall structural and mechanical rigidity. In plants, cellulose is synthesized by cellulose synthase complexes (CSCs) that consist of cellulose synthase catalytic subunits (CESAs). Cellulose synthesis by CSCs occurs at the plasma membrane. However, CESAs were shown to be localized in several intracellular compartments including the Golgi apparatus, the TGN. Recent research has identified a few proteins involved in the intracellular trafficking of CSCs. PI4K inhibitors affect the internalization of CESA3, which should be due to an inhibitory effect on an early clathrinmediated endocytosis [START_REF] Fujimoto | Phosphatidylinositol 3-Kinase and 4-Kinase Have Distinct Roles in Intracellular Trafficking of Cellulose Synthase Complexes in Arabidopsis thaliana[END_REF].

PI4P and PI(4,5)P 2 are involved in the regulation of clathrin-dependent endocytosis at the tips of pollen tubes. Maintaining the balance between PI4P and PI(4,5)P 2 accumulation in the apical plasma membrane is important for a clathrin-dependent endocytosis. PI(4,5)P 2 induces the formation and invagination of clathrin-coated pits while PI4P plays a role at the last step of clathrin-dependent endocytosis at pollen tube tips [START_REF] Zhao | Phosphoinositides Regulate Clathrin-Dependent Endocytosis at the Tip of Pollen Tubes in Arabidopsis and Tobacco[W][END_REF].

Salt stress leads to the internalization of a plasma membrane aquaporin (PIP2;1) from the plasma membrane to the vacuolar lumen that is mediated by a clathrin-mediated endocytosis.

PI4K is a part of such activity as shown by using PAO. This inhibitor of type III PI4Ks significantly suppressed the salt-induced internalization of plasma membrane aquaporin in root epidermal cells [START_REF] Ueda | Salt stress induces internalization of plasma membrane aquaporin into the vacuole in Arabidopsis thaliana[END_REF].

The formation of dot-like endosomal components in plasma membranes implicating GFP-PATROL1 is dependent on PI4K activity, as shown by WM and PAO treatments in A. thaliana cotyledon leaf epidermis. PATROL1 is a translocation factor of the plasma membrane proton pump ATPase (PM H + -ATPase) and a key regulator of stomatal opening under low carbon dioxide conditions [START_REF] Higaki | Dynamics and Environmental Responses of PATROL1 in Arabidopsis Subsidiary Cells[END_REF]. In A. thaliana guard cells, GFPtagged PATROL1 localized in the cytoplasm and on dot-like endosomal components that became prominent during stomatal closure [START_REF] Hashimoto-Sugimoto | A Munc13-like protein in Arabidopsis mediates H+-ATPase translocation that is essential for stomatal responses[END_REF].

Role of type III PI4Ks in organelle physiology

PI4P negatively regulates the division of chloroplasts. The inhibition of type III PI4Ks by PAO caused an increase in chloroplast divisions in parallel with an increase in the amount of a chloroplast division machinery component -DYNAMIN-RELATED PROTEIN5B (DRP5B) localized on the surface of chloroplasts. PI4Kα1 is the main contributor to the regulation of chloroplast divisions. When PI4Kα1 expression was transiently knocked-down, the levels of PI4P decreased in chloroplasts, the number of chloroplasts increased, and their size was diminished compared with non-induced plants [START_REF] Okazaki | Phosphatidylinositol 4-Phosphate Negatively Regulates Chloroplast Division in Arabidopsis[END_REF].

Changes in the PPI metabolism have been shown to be important for phototropin-mediated processes including phototropic responses and guard cell movements. Phototropin is a photoreceptor which is involved in regulating light dependent processes. Treatment with a PLC inhibitor leads to a dose-dependent inhibition of phototropin-mediated chloroplast movements. This suggests a PI(4,5)P 2 -PLC involvement in such phototropin-mediated movements [START_REF] Aggarwal | Phosphoinositides Play Differential Roles in Regulating Phototropin1-and Phototropin2-Mediated Chloroplast Movements in Arabidopsis[END_REF].

PI4KIIIα1 is the main donor to the PI4P production required for chloroplast biogenesis in leaves [START_REF] Okazaki | Phosphatidylinositol 4-Phosphate Negatively Regulates Chloroplast Division in Arabidopsis[END_REF], while PI4KIIIβ1 and PI4KIIIβ2 play redundant roles in root tissue trafficking [START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF].

Role of type III PI4Ks in responses to stress

Throughout their development, plants can experience various types of stress. Those include abiotic ones such as light, temperature, soil water potential changes, or biotic ones comprising various interactions with microorganisms.

Phosphoinositides play a role as signaling molecules in stomatal responses to environmental signals. Application of PAO has led to specific inhibition of the stomatal response to CO 2 , suggesting an intermediate role of PI4K [START_REF] Takahashi | Differential Effects of Phosphatidylinositol 4-Kinase (PI4K) and 3-Kinase (PI3K) Inhibitors on Stomatal Responses to Environmental Signals[END_REF].

In the experiments of [START_REF] Jung | Phosphatidylinositol 3-and 4-phosphate are required for normal stomatal movements[END_REF] an important role of PI3P and PI4P for stomatal movements in guard cells was suggested. By conducting in vitro assays with protein extracts from guard cell-enriched epidermal samples, they have shown that WM inhibits PI3K, PI4K and PI4P5K, whereas LY294002 inhibits PI3K and PI4K but not PI4P5K. In the presence of 1 to 10 μM WM, stomatal opening induced by the circadian clock-related treatments (darkness or white light) were greatly enhanced [START_REF] Jung | Phosphatidylinositol 3-and 4-phosphate are required for normal stomatal movements[END_REF].

The enzyme activity of PI4K was measured in the vesicles enriched in plasma membrane fraction in seedlings treated with or without NaCl. NaCl treatment leads to increased PI4P content, while PAO treatment reduces PI4P content in NaCl-treated seedlings (Y. Yang et al., 2021). Organic acids (malate, citrate, and oxalate) are secreted from the roots of some plants to protect their sensitive root tips from aluminum (Al) rhizotoxicity in acidic soils [START_REF] Liu | Aluminum-activated citrate and malate transporters from the MATE and ALMT families function independently to confer Arabidopsis aluminum tolerance[END_REF]. The role of type III PI4Ks in Al-inducible malate secretion was shown in A. thaliana with the help of PAO inhibitor [START_REF] Wu | Involvement of phosphatidylinositol metabolism in aluminum-induced malate secretion in Arabidopsis[END_REF]. This is only a fraction of the experiments that document the involvement of type III PI4Ks in plant responses to stresses. Yet how phosphoinositides act in cell signaling, notably the direct product (PI4P) and by-product (PI(4,5)P 2 ) of type III PI4K, remains to be an open question.

Mode of action of phosphoinositides

As we have just seen, phosphoinositides have diverse functions and are essential for shaping the membranes, controlling vesicular trafficking and regulating plant physiology. Yet, what is known about the molecular mode of actions of phosphoinositides? PI4P and PI(4,5)P 2 participate negatively charging membranes in which they are incorporated, thus triggering electrostatic interactions with positively charged amino acids in membrane-associated proteins and regulates ion channels. This can occur through phosphoinositide binding domains present in the proteins. Besides, phosphoinositides can act as substrates of enzymes, especially of PI-PLCs. This is what I am now going to detail.

Phosphoinositides acting through PI-PLC as substrates

PI-PLC

PI(4,5)P 2 is the substrate for the phosphoinositide specific phospholipase C (PI-PLC), which produces diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 3 ) as second messengers in a Ca 2+ -dependent manner [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF]. PI4P also serves as a substrate for PI-PLC in plants [START_REF] Arisz | Plant PA signaling via diacylglycerol kinase[END_REF]. A. thaliana contains 9 genes that encode PI-PLC enzymes [START_REF] Munnik | Plant phospholipid signaling: "in a nutshell[END_REF], all of them are structurally related to the PLCζ isoform, as they are formed by the succession of EF hand, X/Y and C2 domains [START_REF] Wang | Autoregulation and Homodimerization Are Involved in the Activation of the Plant Steroid Receptor BRI1[END_REF].

Seven PI-PLC are likely to be catalytically active (AtPLC8 and AtPLC9 lack the enzymatic activity) [START_REF] Tasma | Expression and evolution of the phosphoinositide-specific phospholipase C gene family in Arabidopsis thaliana[END_REF]. These isoforms are differentially expressed in response to drought, cold or salt stress (Fig. 4) [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF]. When several expression data points with different time or different dose of treatment were available, the one with the most apparent and consistent changes in PI-PLC expression was chosen. ABA, abscisic acid; CK, cytokinins; Bl, brassinolide; GA, gibberellic acid; IAA, indolacetic acid; ET, ethylene; MeJa, methyl jasmonate; SA, salicylic acid [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF].

The X/Y domain is essential for enzymatic activity PI-PLC. Many residues are highly conserved in the X/Y domains of all eukaryotic PI-PLCs and they are involved in substrate binding and catalysis. The EF-hand domain includes four helix-loop-helix folding motifs. EF hand has the ability to bind calcium [START_REF] Kumar | Plant Pathogen Interactions: Crop Improvement Under Adverse Conditions[END_REF]. However, plant PI-PLCs have no full length EF-hand domain since most of them have a truncated EF-hand consisting of only two helix-loop-helix motifs [START_REF] Otterhag | N-terminal EF-hand-like domain is required for phosphoinositide-specific phospholipase C activity in Arabidopsis thaliana[END_REF] while several plant PI-PLCs have no N-terminal EF-hand, such as AtPLC2 [START_REF] Hirayama | A gene encoding a phosphatidylinositol-specific phospholipase C is induced by dehydration and salt stress in Arabidopsis thaliana[END_REF]. All identified plant PI-PLCs contain a C2 domain, which will be described below. The linker region between the X and Y domains is highly hydrophilic and extremely divergent and plays different roles in different PI-PLCs. Plant PI-PLCs linker region includes a high percentage of acidic residues that are exposed at the surface of the folded protein [START_REF] Hirayama | A gene encoding a phosphatidylinositol-specific phospholipase C is induced by dehydration and salt stress in Arabidopsis thaliana[END_REF]. The role of the linker in plant PI-PLC activity remains to be identified. Ca 2+ regulates activity, subcellular localisation and substrate preference of PLC. In vitro assays demonstrated that PI-PLC uses PI(4,5)P 2 , PI(4)P, or PI as substrates, depending on Ca 2+ concentrations. In plant PI-PLC could be soluble in cytosol or bind to the membrane [START_REF] Nomikos | Phospholipase Cζ binding to PtdIns(4,5)P2 requires the XY-linker region[END_REF]. Soluble PI-PLC generally prefers PI to PI(4,5)P 2 and PI(4)P under millimolar levels of Ca 2+ , whereas membrane-associated PI-PLC selects PI(4,5)P 2 and PI(4)P as substrates under micromolar Ca 2+ [START_REF] Hong | Plant phospholipases D and C and their diverse functions in stress responses[END_REF].

Type III PI4Ks feed PI-PLC with substrates

Here I will give the experiments that indicate that type III PI4Ks are upstream PI-PLC and feed PI-PLC with their substrates. The roles of PI-PLC in responses to stresses will be detailed below.

Cryptogein is a MAMP protein from the oomycete Phytophthora cryptogea. The protein promotes cell death and systemic acquired resistance-inducing activities in Nicotiana tabacum [START_REF] Cacas | The combined action of 9 lipoxygenase and galactolipase is sufficient to bring about programmed cell death during tobacco hypersensitive response[END_REF]. After treatment cells with the cryptogein peptide production of PA increased and reached a maximum within the first 10 min and then plateaued. It was shown the role for a PI-PLC/DGK (diacylglycerol kinases) pathway in cryptogein-induced PA production in tobacco cell cultures. Application of PLC and DGK inhibitors (edelfosine and R59022 respectively) decreased cryptogein-induced PA accumulation in a dosedependent manner. In addition, treatment with 30 μM WM resulted in a 46% inhibition of cryptogein-induced PA accumulation (Cacas et al., 2016). There was a functional coupling between type III PI4K and PI-PLC leading to the control of the expression of a cluster of genes. The transcriptome of the response to edelfosine (a PI-PLC inhibitor) was compared to that obtained with 30 μM WM (a concentration that inhibits type III PI4K activity). 596 genes had their expression similarly affected by edelfosine and WM, this being at least 10fold more than expected in case of a random distribution [START_REF] Djafi | The Arabidopsis DREB2 genetic pathway is constitutively repressed by basal phosphoinositide-dependent phospholipase C coupled to diacylglycerol kinase[END_REF]. PI(4,5)P 2 can be substrates for PLD. The PLD role in responses to stress will be detailed below.

Treatment of suspension cells with WM before a cold shock leads to 80% reduction of PI4P labeling at 22°C and PI(4,5)P 2 was no longer detectable [START_REF] Delage | Arabidopsis Type-III Phosphatidylinositol 4-Kinases β1 and β2 are Upstream of the Phospholipase C Pathway Triggered by Cold Exposure[END_REF]. Type III PI4Ks of A. thaliana feed PI-PLC pathway with substrate. PI-PLC activity at 0°C was reduced by 40% in a pi4kIIIβ1β2 double-mutant whereas it was not significantly lowered in either pi4kIIIβ1 or pi4kIIIβ2 simple-mutants [START_REF] Delage | Arabidopsis Type-III Phosphatidylinositol 4-Kinases β1 and β2 are Upstream of the Phospholipase C Pathway Triggered by Cold Exposure[END_REF].

Metabolites derived from the PI4K pathway regulate early Al-inducible expression of AtALMT1. PI4K inhibitors PAO blocked Al-responsive events controlled by AtALMT1. PAO significantly inhibited early Al-inducible expression of AtALMT1 (22%). PAO also suppressed the early Al-inducible expression of Al-biomarker genes. In addition, PAO reduced malate secretion to 21% by 35S:AtALMT1 plants. In contrast, there was no reduction of malate content of the root cells by inhibitor. It suggests PAO inhibits the process of Al-activated malate transport but not the synthesis of malate [START_REF] Wu | Involvement of phosphatidylinositol metabolism in aluminum-induced malate secretion in Arabidopsis[END_REF].

Another experiment is in favor of type III PIKs providing the substrate to PI-PLC pathway. In the above mentioned experiment [START_REF] Jung | Phosphatidylinositol 3-and 4-phosphate are required for normal stomatal movements[END_REF], the authors showed that WM (10 μM) reduced the probability of ABA-induced [Ca 2+ ] cyt increases as well as the stomatal closing induced by ABA [START_REF] Jung | Phosphatidylinositol 3-and 4-phosphate are required for normal stomatal movements[END_REF]. As [Ca 2+ ] cyt is considered to be downstream PI-PLC this is consistent with type III PI4K being upstream PI-PLC pathway.

PI-PLC in plant response to stress

PI-PLC plays an important role in biotic and abiotic stress response in plants [START_REF] Kalachova | The inhibition of basal phosphoinositidedependent phospholipase C activity in Arabidopsis suspension cells by abscisic or salicylic acid acts as a signalling hub accounting for an important overlap in transcriptome remodelling induced by these hormones[END_REF]. PI-PLC is involved in plant adaptation to drought, heat, and cold conditions [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF].

Different salts (NaCl, KCl) and osmotic stress inducers (mannitol, sorbitol and mannose) induce an increase of IP 3 , PI-PLC product. Increase of calcium level dependent on PI-PLC was observed in A. thaliana root tips [START_REF] Dewald | Rapid accumulation of phosphatidylinositol 4,5bisphosphate and inositol 1,4,5-trisphosphate correlates with calcium mobilization in salt-stressed arabidopsis1[END_REF], seedlings [START_REF] Perera | Transgenic Arabidopsis plants expressing the type 1 inositol 5-phosphatase exhibit increased drought tolerance and altered abscisic acid signaling[END_REF] and tobacco cells [START_REF] Cessna | The externally derived portion of the hyperosmotic shock-activated cytosolic calcium pulse mediates adaptation to ionic stress in suspension-cultured tobacco cells[END_REF]. The Ca 2+ signal may mediate the function of PI-PLCs as part of the salt stress response [START_REF] Han | Phospholipids in Salt Stress Response[END_REF]. [START_REF] Xia | Arabidopsis phosphoinositidespecific phospholipase C 4 negatively regulates seedling salt tolerance[END_REF] showed that AtPLC4 is a negative regulator of A. thaliana seedling growth under salt stress and Ca 2+ . Cytosolic Ca 2+ signal in animal cells is induced by IP 3 , while in plant cells, IP 6 also mobilizes intracellular Ca 2+ , thereby inducing the cytosolic Ca 2+ signaling. The accumulation of PI(4,5)P 2 and PI(3,5)P 2 during salt stress, and further production of cytosolic Ca 2+ can be a strategy for plant salt tolerance [START_REF] Han | Phospholipids in Salt Stress Response[END_REF]. The IP 3 -induced Ca 2+ release is well described for animals. The mammalian IP 3 -receptor is a huge molecule (2700 amino acids) with a well-defined domain structure. Based on the presence of this domain, no homologous protein in plants has been found. The presence of an ion transport domain is more general, and several proteins possessing a similar domain can be found in A. thaliana and rice genomes, but those represent mostly the genes previously annotated as K + channels with a quite different domain architecture from what would be expected for a true IP 3 -receptor homologue [START_REF] Krinke | Inositol trisphosphate receptor in higher plants: is it real?[END_REF]. IP 3 gates plant endomembrane Ca 2+ release channels, which might result from binding to a coupled receptor that shares some homology with the animal IP 3 receptor [START_REF] Cousson | Arabidopsis Ca2+-dependent protein kinase CPK3 mediates relationship of putative inositol triphosphate receptor with slow-type anion channel[END_REF]. No functional plant receptor of IP 3 has yet been identified [START_REF] Dong | Does diacylglycerol serve as a signaling molecule in plants?[END_REF].

Plants accumulate proline for decreasing osmotic stress action. In A. thaliana, intracellular calcium level, mediated by IP 3 -dependent calcium release, represents an essential and ratelimiting factor for proline accumulation in response to salt stress [START_REF] Parre | Calcium signaling via phospholipase C is essential for proline accumulation upon ionic but not nonionic hyperosmotic stresses in Arabidopsis[END_REF].

Dehydration responsive element binding protein 2 (DREB2) genes are essential for the response to environmental stresses, including dehydration [START_REF] Ruelland | Salicylic acid modulates levels of phosphoinositide dependent-phospholipase C substrates and products to remodel the Arabidopsis suspension cell transcriptome[END_REF]. The expression level of DREB2A is negatively regulated by PI-PLC.

ABA is one of the main plant stress hormones that accumulate upon stress exposure and it controls many plant defence reactions including in the salt stress response [START_REF] Yu | How Plant Hormones Mediate Salt Stress Responses[END_REF]. PI-PLCs are involved in plant ABA-dependent signaling. For example, external ABA application leads to IP 3 accumulation in A. thaliana seedlings [START_REF] Xiong | FIERY1 encoding an inositol polyphosphate 1-phosphatase is negative regulator of abscisic acid and stress signaling in Arabidopsis[END_REF]. AtPI-PLC1 is induced during ABA-mediated salt stress response [START_REF] Sanchez | Arabidopsis PLC1 Is Required for Secondary Responses to Abscisic Acid Signals[END_REF]. ABA plays a key role during the response to dehydration stress and is known to induce stomatal closure to reduce water loss [START_REF] Cutler | Abscisic Acid: Emergence of a Core Signaling Network[END_REF]. PI-PLCs (such as AtPI-PLC7 and AtPI-PLC3) have been reported as regulators of stomatal opening that depend on ABA [START_REF] Yu | How Plant Hormones Mediate Salt Stress Responses[END_REF]. The stomatal closure response was tested in leaf peels of the WT (wild type) and knock-down plc3 mutants after treatment with different concentrations of ABA. Guard cells of plc3 mutants were compromised in ABA-dependent stomatal closure [START_REF] Zhang | Arabidopsis Phospholipase C3 is Involved in Lateral Root Initiation and ABA Responses in Seed Germination and Stomatal Closure[END_REF].

In control conditions, the plc5/7 double mutant has less open stomata compared to wild-type plants, while upon ABA treatment the plc5/7 mutants were less responsive [START_REF] Di Fino | Arabidopsis phosphatidylinositol-phospholipase C2 (PLC2) is required for female gametogenesis and embryo development[END_REF].

Heat stress induces the accumulation of IP3 (within minutes) in A. thaliana [START_REF] Liu | Primary evidence for involvement of IP3 in heat-shock signal transduction in Arabidopsis[END_REF].

AtPLC3 may affect the thermotolerance of A. thaliana through the Ca 2+ content and the expression of heat shock proteins [START_REF] Ren | The role of AtPLC3 and AtPLC9 in thermotolerance in Arabidopsis[END_REF]. The deletion of AtPLC9 results in decreased thermotolerance while the overexpression of AtPLC9 results in increased thermotolerance [START_REF] Gao | Arabidopsis thaliana Phosphoinositide-Specific Phospholipase C Isoform 3 (AtPLC3) and AtPLC9 have an Additive Effect on Thermotolerance[END_REF]. Cold stress also activates the PI-PLC signal pathway. IP 3 accumulation, paralleled with decreased levels of PI4P and PI(4,5)P 2 , was observed in A. thaliana suspension cells submitted to chilling stress [START_REF] Ruelland | Activation of Phospholipases C and D Is an Early Response to a Cold Exposure in Arabidopsis Suspension Cells[END_REF]. The PI-PLC activation within the cold stress relies on calcium entry into the cells while substrates for PI-PLCs are supplied by type III PI4K [START_REF] Delage | Arabidopsis Type-III Phosphatidylinositol 4-Kinases β1 and β2 are Upstream of the Phospholipase C Pathway Triggered by Cold Exposure[END_REF].

Several other stresses activate the PI-PLC pathway. For example, hypoxia induces a rapid Gprotein dependent IP 3 accumulation in rice roots. [START_REF] Kanehara | Arabidopsis AtPLC2 Is a Primary Phosphoinositide-Specific Phospholipase C in Phosphoinositide Metabolism and the Endoplasmic Reticulum Stress Response[END_REF] revealed that AtPLC2 is responsible for the endoplasmic reticulum stress responses in A. thaliana.

In addition, PI-PLC-derived molecules are involved in plant defense reactions. A. thaliana mutants expressing a mammalian type I inositol polyphosphate 5-phosphatase have low levels of IP 3 , IP 6 and had a reduced cytosolic Ca 2+ increase in response to flagellin [START_REF] Ma | Linking ligand perception by PEPR pattern recognition receptors to cytosolic Ca2+ elevation and downstream immune signaling in plants[END_REF]. As a result, PI-PLC regulates plant defense reactions through Ca 2+ levels that are perceived by Ca 2+ dependent protein kinases [START_REF] Lin | Inverse modulation of plant immune and brassinosteroid signaling pathways by the receptor-like cytoplasmic kinase BIK1[END_REF].

To conclude, plant PI-PLC plays an important role in signal transduction in response to different stresses. Type III PI4Ks that provide the substrates to these enzymes have therefore a major role. Moreover, PI-PLC also had a great impact on plant development.

PI-PLC in plant response to development

PI-PLC plays a role in regulating growth and development-related processes that are multifaceted. PI-PLCs involvement was shown for polarized pollen growth [START_REF] Cole | Polarized growth: maintaining focus on the tip[END_REF]. Such an asymmetric cell expansion is known to rely on several events including calcium signaling, vesicular trafficking and cytoskeleton rearrangements [START_REF] Cole | Polarized growth: maintaining focus on the tip[END_REF]. In the elongating pollen tube, PI-PLC accumulates in the plasma membrane specifically at the flanks of the tip. On the contrary, PI(4,5)P 2 accumulates at the apex of the pollen tube [START_REF] Dowd | Petunia Phospholipase C1 Is Involved in Pollen Tube Growth[END_REF]. The PI-PLC inhibitor U73122 inhibited pollen tube growth and led to swollen tips, thus indicating that expansion is no longer polarized [START_REF] Helling | Pollen Tube Tip Growth Depends on Plasma Membrane Polarization Mediated by Tobacco PLC3 Activity and Endocytic Membrane Recycling[END_REF]. Such effects as reduction of growth and swelling correlate with the spreading of PI(4,5)P 2 to the flanks of the tip. Consequently, PI-PLC has a major role to create and maintain a PI(4,5)P 2 gradient in the pollen tip, between the apical and lateral membranes, that is necessary for polarized growth [START_REF] Helling | Pollen Tube Tip Growth Depends on Plasma Membrane Polarization Mediated by Tobacco PLC3 Activity and Endocytic Membrane Recycling[END_REF]. PI(4,5)P 2 controle apical pectin deposition and actin cytoskeleton dynamics through membrane trafficking including clathrindependent endocytosis [START_REF] Ischebeck | Phosphatidylinositol-4,5-bisphosphate influences Nt-Rac5-mediated cell expansion in pollen tubes of Nicotiana tabacum[END_REF]. In addition, PI(4,5)P 2 is involved in growth of root hair tips. A. thaliana mutants deficient in phosphatidylinositol-4-phosphate 5-kinase gene PIP5K 3 were significantly impaired in root hair development [START_REF] Stenzel | The Type B Phosphatidylinositol-4-Phosphate 5-Kinase 3 Is Essential for Root Hair Formation in Arabidopsis thaliana[END_REF].

The role of IP 3 , product of PI-PLC, has been established in the differentiation of xylem vessels [START_REF] Zhang | Involvement of phosphoinositide turnover in tracheary element differentiation in Zinnia elegans L. cells[END_REF], asymmetric cell divisions that produce stomatal complexes in Zea mays [START_REF] Apostolakos | The involvement of phospholipases C and D in the asymmetric division of subsidiary cell mother cells of Zea mays[END_REF], cell cycle progression in tobacco, through DNA synthesis control [START_REF] Apone | The G-Protein-Coupled Receptor GCR1 Regulates DNA Synthesis through Activation of Phosphatidylinositol-Specific Phospholipase C[END_REF]. [START_REF] Li | Arabidopsis PLC2 is involved in auxin-modulated reproductive development[END_REF] showed that AtPLC2 is involved in auxin biosynthesis and signaling, thus modulating development of both male and female gametophytes in A. thaliana. Expression levels of the auxin reporters DR5:GUS and DR5:GFP were indeed elevated in plc2 anthers and ovules. Expression of the auxin biosynthetic YUCCA genes was increased in plc2 plants [START_REF] Li | Arabidopsis PLC2 is involved in auxin-modulated reproductive development[END_REF]. AtPI-PLC2 has an impact on the polar distribution of PIN2 and regulates root development through auxin signaling [START_REF] Chen | Phosphatidylinositol-specific phospholipase C2 functions in auxin-modulated root development[END_REF]. Cotyledons, rosette leaves, and the root tissues of plc2 seedlings were smaller than those of WT. The primary roots of plc2 seedlings were not only shorter but also curlier compared with those of WT seedlings.

AtPLC3 is involved in seed germination, root development, stomatal movement and ABA signaling while AtPI-PLC5 is involved in root growth and development [START_REF] Zhang | Arabidopsis Phospholipase C3 is Involved in Lateral Root Initiation and ABA Responses in Seed Germination and Stomatal Closure[END_REF].

plc3 mutants germinated slightly more slowly than WT seeds. plc3 mutant seedlings exhibited significant differences in root system architecture compared with the WT, i.e. shorter primary roots (5-10%), fewer lateral roots (~10-20%) and reduced lateral root densities. In the absence of ABA, no significant differences in the stomatal aperture between the WT and plc3 mutants were found. However, with increasing concentrations of ABA, the plc3 mutant clearly exhibited reduced stomatal closure responses [START_REF] Zhang | Arabidopsis Phospholipase C3 is Involved in Lateral Root Initiation and ABA Responses in Seed Germination and Stomatal Closure[END_REF].

Phosphoinositides binding domains as ligands

Phosphoinositides do not only act as substrates of PI-PLCs, they can also act as ligands of many proteins. PPI-binding domains are diverse and PPI can be bound by Pleckstrin Homology (PH), Phox homology (PX), Epsin N-Terminal Homology (ENTH), C2 (conserved region-2 of protein kinase C), FYVE and others domains (Fig. 5) [START_REF] Kutateladze | Translation of the phosphoinositide code by PI effectors[END_REF]. PPI-binding domains act as effectors of lipid signaling via anchoring proteins to membranes where specific PPIs are present, or through activating proteins by a conformational change, induced under PPI binding [START_REF] Van Leeuwen | Learning the lipid language of plant signalling[END_REF]. 

Pleckstrin homology domain

The PH domain is found in many proteins. It consists of about 100 amino acids [START_REF] Maffucci | Specificity in pleckstrin homology (PH) domain membrane targeting: a role for a phosphoinositide-protein co-operative mechanism[END_REF]. The PH domain contains seven β-strands and one C-terminal α-helix (Fig. 6). Together these elements form a central hydrophobic core that stabilizes the consensus structure. The most conserved elements of PH domains are the hydrophobic residues of the secondary structures that contribute to the hydrophobic core of the domain.

The central Trp of the helix is the most conserved residue, displaying 98.2% identity, with its mutation resulting in misfolding. The conserved secondary structure elements contrast with the much more variable loops which connect the β-strands [START_REF] Lenoir | Membrane and Protein Interactions of the Pleckstrin Homology Domain Superfamily[END_REF].

Fig. 6:

The PH module and its canonical ligand binding sites. Besides protein interaction partners, the PH fold can accommodate binding sites for phosphorylated inositol head groups (orange), polyproline helices (green) and phosphotyrosine peptides (blue). The α-helix and β-strands of the PH module are labeled and numbered in dark yellow [START_REF] Scheffzek | Pleckstrin homology (PH) like domainsversatile modules in protein-protein interaction platforms[END_REF].

The PH domains can have affinity to PI4P, PI(4,5)P 2 , PI3P, PI(3,4)P 2 [START_REF] Stevenson | A Phosphatidylinositol 4-Kinase Pleckstrin Homology Domain That Binds Phosphatidylinositol 4-Monophosphate[END_REF]. Individual PH domains possess specificities for these different PPI. A. thaliana contains 53 proteins with a PH domain (Table 1). Among them are dynamin-related proteins (DRPs), EDR1 (enhanced disease resistance) kinase, 3-phosphoinositide-dependent protein kinase-1 [START_REF] Van Leeuwen | Learning the lipid language of plant signalling[END_REF]. 3′-phosphoinositide-dependent kinase-1 (AtPDK1) has a PH domain that binds a wide spectrum of lipids [START_REF] Deak | Characterisation of a plant 3-phosphoinositide-dependent protein kinase-1 homologue which contains a pleckstrin homology domain[END_REF]. . thaliana (van Leeuwen et al., 2004). Domain structures of A. thaliana proteins containing PH domains. Abbreviations: OBP, oxysterol-binding protein; PH, pleckstrin homology; PLD, phospholipase D; RCC, regulator of chromosome condensation; ANK, ankyrin repeats; BAR, Bin/Amphiphysin/Rvs domain; GED, GTPase Effector Domain; START domain is a lipid/sterol-binding domain; OxysterolBP, oxysterol-binding protein; RhoGAP, Rho GTPase activating protein domain; ARFGAP, ARF GTPase-activating protein; S/T kinases, serine-threonine protein kinase catalytic domains.

No

Name Domains AGI

1 SWAP70 PH At2g30880 2 AGD4 BAR+PH+ArfGap+2ANK At1g10870 AGD2 BAR+PH+ArfGap+2ANK At1g60860 AGD1 BAR+PH+ArfGap+2ANK At5g61980 SFC BAR+PH+ArfGap+3ANK At5g13300 ADL6 DYN+PH+GED At1g10290 DL3 DYN+PH+GED At1g59610 PH At2g29700 PH At5g05710 PH At1g77730 ORP1A PH+OxysterolBP At2g31020 ORP1C PH+OxysterolBP At4g08180 ORP1D PH+OxysterolBP At1g13170 ORP2B PH+OxysterolBP At4g12460 ORP2A PH+OxysterolBP At4g22540 PH+START At3g54800 EDR2 PH+START At4g19040 PH+START At5g45560 PH+START At5g35180 PH+START At2g28320 REN1 PH+RhoGAP At4g24580 PHGAP1 PH+RhoGAP At5g12150 PHGAP2 PH+RhoGAP At5g19390 PH At1g48090 PH At4g17140 PLD zeta1 PX+PH+2PLD At3g16785-90 PLD zeta2 PX+PH+2PLD At3g05630 PH At1g17820 PH At1g73200 PH+6RCC1+FYVE At1g65920 PH+6RCC1+FYVE At3g47660 PH+6RCC1+FYVE At1g69710 PRAF1 PH+6RCC1+FYVE At1g76950 PH+6RCC1+FYVE At5g42140 RCC1 PH+6RCC1+FYVE At3g23270 Disease resistance N like protein PH+6RCC1+FYVE At4g14370 PH+6RCC1+FYVE At5g12350 RCC1 PH+7RCC1+FYVE At5g19420 FLP5 PH At4g32780-85 FKD1 PH At3g63300 FL1 PH At5g43870 FL2 PH At3g22810 FL3 PH At4g14740 FL7 PH At4g16670 FL5 PH At4g17350 F6 PH At5g47440 PDK1-1 S/T-Kinase+PH At3g10540 PDK1-2 S/T-Kinase+PH At5g04510 VPS34 PH+PI3/4Kinase At1g60490 PH+PI3/4Kinase At1g51040 PH+PI3/4Kinase At1g49340 PH+PI3/4Kinase At5g09350 PH+PI3/4Kinase At5g64070
In plants, the lipid-interacting properties of PH domain-containing proteins regulate cellular trafficking processes [START_REF] Allen | Creativity comes from interactions: modules of protein interactions in plants[END_REF]. PH domain-containing protein AtPH1 (AT2G29700.1) directly binds PI3P. The atph1 mutation leads to accumulation of metal transporter, AtNRAMP1, on the vacuolar membrane [START_REF] Agorio | Phosphatidylinositol 3-phosphate-binding protein AtPH1 controls the localization of the metal transporter NRAMP1 in Arabidopsis[END_REF].

Proteins containing both a PH domain and START domain are rare. A. thaliana edr2 mutants showed enhanced disease resistance to the biotrophic powdery mildew pathogen Erysiphe cichoracearum. The EDR2 protein consists of a PH domain and a steroidogenic acute regulatory protein-related lipid-transfer (START) domain, and contains an N-terminal mitochondrial targeting sequence. The PH and START domains are implicated in lipid binding, suggesting that EDR2 may provide a link between lipid signaling and activation of programmed cell death mediated by mitochondria [START_REF] Tang | Regulation of plant defense responses in Arabidopsis by EDR2, a PH and START domain-containing protein[END_REF].

Arabidopsis dynamin-like 6 (ADL6) contains a conserved GTPase domain at the N terminus, a PH domain at the center, and a Pro-rich motif at the C terminus. ADL6 is involved in vesicle formation for vacuolar trafficking at the TGN [START_REF] Jin | A New Dynamin-Like Protein, ADL6, Is Involved in Trafficking from the trans-Golgi Network to the Central Vacuole in Arabidopsis[END_REF]. Other members of dynamin related proteins DRP2A (At1g10290) and DRP2B (At1g59610) involved in endocytosis in A. thaliana. A functional PH domain is crucial for dynamin activity and in localisation of dynamins [START_REF] Bethoney | A possible effector role for the pleckstrin homology (PH) domain of dynamin[END_REF].

Phox homology domain

The PX domain is a type of phosphoinositide binding module that preferentially binds PI3P but can also bind PA, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 , and PI(3,4,5)P 3 [START_REF] Kanai | The PX domains of p47phox and p40phox bind to lipid products of PI(3)K[END_REF]. The PX domain can also interact with other domains and proteins. The PX domain is approximately 120 residues long, and consists of three antiparallel β-strands (β1-β3), followed by three α-helices (α1-α3) (Fig. 7). An extended sequence is found between helices α1 and α2; it is termed the PPK loop as it generally contains a conserved ΨPxxPxK motif (Ψ = large aliphatic amino acids V, I, L, and M). Side chains of residues from the β3 strand, α1 helix and PPK loop together form a binding pocket for the headgroup of the canonical lipid PI3P. PX domain contains a conserved Pro-rich motif that can bind phosphoinositides and SH3 domain. In A. thaliana, eleven PX domain-containing proteins were identified. They are classified into four subgroups [START_REF] Van Leeuwen | Learning the lipid language of plant signalling[END_REF]) (Table 2). The PX domain acts as a wedge-shaped phosphoinositide-binding pocket. It homo-and hetero-dimerization facilitate cellular trafficking and proper membrane localization [START_REF] Pourcher | Analyses of SORTING NEXINs Reveal Distinct Retromer-Subcomplex Functions in Development and Protein Sorting in Arabidopsis thaliana[END_REF]. PX domain-containing proteins (SNX group) are involved in endosomal and vacuolar sorting.

Three of these PX domain proteins are members of the sorting nexin-like (SNX) proteins.

AtSNX1 regulates the distribution of auxin by controlling the trafficking of the plasma membrane transporter AtPIN2. AtSNX1 has a function in root growth and gravitropic response. Compared with WT, snx1 mutants had shorter primary roots, produced fewer secondary roots and exhibited an altered root gravitropic response [START_REF] Jaillais | AtSNX1 defines an endosome for auxin-carrier trafficking in Arabidopsis[END_REF].

Another subcategory of PX-containing proteins consists of two PLD (PLDζ1 and PLDζ2) that will be detailed below. Other PX domain protein -ENDOSOMAL RAB EFFECTOR WITH PX DOMAIN (EREX, At2g25350) and its homologue EREX-LIKE1 (EREL, At4g32160) act together to help sorting and cargo delivery to protein storage vacuoles [START_REF] Sakurai | Endosomal RAB effector with PXdomain, an Interacting Partner of RAB5 GTPases, Regulates Membrane Trafficking to Protein Storage Vacuoles in Arabidopsis[END_REF].

Epsin N-terminal homology and AP180 N-terminal homology domain

The ENTH and AP180 N-terminal homology (ANTH) domains are present in cytosolic proteins which are required in clathrin-mediated vesicle budding processes. Both bind to phospholipids and proteins. The ENTH domain is approximately 150 amino acids in length and is always found located at the N-terminus of proteins. The domain forms a compact globular structure, composed of nine alpha-helices connected by loops of varying length (Fig. 8) [START_REF] De Camilli | The ENTH domain[END_REF]. ANTH domain is a globular structure consisting of 10 folded alpha helices and is similar to the smaller epsin N-terminal homology domain [START_REF] Moshkanbaryans | The Biochemical Properties and Functions of CALM and AP180 in Clathrin Mediated Endocytosis[END_REF]. [START_REF] Ford | Curvature of clathrin-coated pits driven by epsin[END_REF].

The ENTH domain binds inositol phospholipids in the membrane, most notably PI(4,5)P 2 , although the lipid binding specificity differs with individual members of the epsin family.

The ENTH family consists of classical epsin proteins and the epsin-related (epsinR) proteins that play a role in clathrin-mediated endocytosis or Golgi-to-endosome protein trafficking, respectively. For example, mammalian epsin1 binds to PI(4,5)P 2 , whereas mammalian epsinR and bacterial Ent3p bind to PI4P and PI(3,5)P 2 , respectively [START_REF] Itoh | Role of the ENTH Domain in Phosphatidylinositol-4,5-Bisphosphate Binding and Endocytosis[END_REF]. The ENTH domain is essential for binding ENTH domain containing proteins to specific compartments and also creating curvature in the bound membranes for helping production of clathrin-coated vesicles [START_REF] Blondeau | Tandem MS analysis of brain clathrincoated vesicles reveals their critical involvement in synaptic vesicle recycling[END_REF].

Both ENTH and ANTH (E/ANTH) domains mediate the nucleation of clathrin coats on the plasma membrane or the TGN membrane due to connection with phospholipids and proteins [START_REF] Holstein | Sequence analysis of Arabidopsis thaliana E/ANTHdomain-containing proteins: membrane tethers of the clathrin-dependent vesicle budding machinery[END_REF]. Epsin-related proteins can bind directly to clathrin through their multiple clathrin binding motifs or could recruit clathrin to the plasma membrane or the TGN to generate clathrin-coated vesicles.

All plant ENTH proteins resemble mammalian epsins. Plant ENTH regions have high sequence identity (62.6%) and similarity (92.5%).

Sequence analysis of A. thaliana revealed three proteins containing the ENTH signature motif and eight proteins containing the ANTH signature motif. ANTH domain containing proteins can be clustered into two groups based on the presence or absence of NPF (asparagine-proline-phenylalanine) motifs (NPF-rich subfamily vs. NPF-less subfamily) (Fig. 9).

Fig. 9: Plant ANTH proteins. The eight members divide equally into two subgroups on the basis of the presence of the epsin-homology (EH)-interacting NPF motif [START_REF] Holstein | Sequence analysis of Arabidopsis thaliana E/ANTHdomain-containing proteins: membrane tethers of the clathrin-dependent vesicle budding machinery[END_REF].

The three A. thaliana proteins containing the ENTH domain are epsinR proteins, EPSIN1, EPSIN2, and EPSIN3 [START_REF] Holstein | Sequence analysis of Arabidopsis thaliana E/ANTHdomain-containing proteins: membrane tethers of the clathrin-dependent vesicle budding machinery[END_REF]. A. thaliana EPSIN1 interacts with clathrin, adaptor proteins AP-1, vacuolar sorting receptor1 VSR1, and VTI11 (v-SNARE protein) and plays an important role in the vacuolar trafficking of a soluble protein from the Golgi complex to the central vacuole [START_REF] Song | Arabidopsis EPSIN1 Plays an Important Role in Vacuolar Trafficking of Soluble Cargo Proteins in Plant Cells via Interactions with Clathrin, AP-1, VTI11, and VSR1[END_REF]. A. thaliana EpsinR2 plays an important role in protein trafficking through interactions with δ-adaptin, AtVTI12, clathrin, and PI3P. EpsinR2 may be recruited to a specific compartment rich in PI3P in plant cells.

C2 domain

The C2 domain (protein kinase C-conserved 2 domain) contains approximately 130 residues in length and can bind Ca 2+ and other effectors, including phospholipids (such as phosphatidylserine, phosphatidylcholine and phosphatidylethanolamine), inositol phosphates, and proteins. The C2 domains have conserved three-dimensional structures. The Ca 2+ binding is coordinated by four-five amino acid residues in bipartite loops inside the C2 domain.

The C2 domain is present in some PLDs. PLDγ and PLDβ contain Ca 2+ -coordinating acidic amino acids, while PLDα has either positively charged or neutral amino acids. Consequently, Ca 2+ affinity of PLDα could be lower than that of PLDβ and γ [START_REF] Wang | Involvement of Phospholipase D in Wound-Induced Accumulation of Jasmonic Acid in Arabidopsis[END_REF]. These variations in the C2 domains form different biochemical properties that distinguish PLDα from PLDβ and γ (Fig. 10). The other PLDs have no C2 domain. There are 220 C2-domains containing proteins in the A. thaliana genome.

Fig. 10: Domain structures of PLDα, β, γ, and γ2 from A. thaliana. XX in the PLDα C2 marks the loss of two acidic residues potentially involved in Ca 2+ binding. The number of Xs in the PPI-binding motifs marks the loss of the number of basic residues potentially required for PPI binding [START_REF] Wang | Multiple forms of phospholipase D in plants: the gene family, catalytic and regulatory properties, and cellular functions[END_REF].

C2 domains have been shown to bind phospholipids via the Ca 2+ -binding regions and phospholipids, phosphoinositides via a β3-β4 lysine-rich cluster. C2-domain proteins are involved in signal transduction, vesicle trafficking and other cellular processes. The A.

thaliana BAP1 protein contains C2 domain; it negatively regulates defense responses and cell death. The loss of BAP1 function confers an enhanced disease resistance to virulent bacterial and oomycete pathogens [START_REF] Yang | The C2 domain protein BAP1 negatively regulates defense responses in Arabidopsis[END_REF]. One can distinguish two main roles of Ca 2+ in the membrane targeting of C2 domains. The first is Ca 2+ ions make a bridge between the C2 domain and anionic phospholipids. The second is Ca 2+ ions induce intra-or inter-domain conformational changes, which in turn trigger membrane-protein interactions [START_REF] Cho | Membrane Targeting by C1 and C2 Domains *[END_REF].

Ca 2+ -dependent lipid-binding protein (AtCLB) containing a C2 domain binds specifically to the promoter of the A. thaliana thalianol synthase gene (AtTHAS1), whose expression is induced by gravity and light. AtCLB protein was capable of binding to the membrane lipid ceramide. The role of the Atclb gene in negatively regulating responses to abiotic stress in A.

thaliana was identified. The loss of the Atclb gene function confers an enhanced drought and salt tolerance and a modified gravitropic response in T-DNA insertion knockout mutant lines [START_REF] De Silva | Arabidopsis thaliana calcium-dependent lipid-binding protein (AtCLB): a novel repressor of abiotic stress response[END_REF]. All identified plant PI-PLCs contain a C2 domain [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF] Inositol high polyphosphates and phosphoinositides have been described as targets for several C2 domains, including synaptotagmins, DOC2 and classical PKCs. The C2 domain preferentially binds to PI(4,5)P 2 and mammalian PI(3,4,5)P 3 [START_REF] Chen | Molecular Basis for Membrane Recruitment by the PX and C2 Domains of Class II Phosphoinositide 3-Kinase-C2α[END_REF]. A. thaliana synaptotagmin 1 protein (SYT1) containing two C2 domains display phospholipid binding activities. Loss of function of A. thaliana SYT1 causes a reduction in plasma membrane integrity, which leads to a decrease in cell viability [START_REF] Schapire | Arabidopsis Synaptotagmin 1 Is Required for the Maintenance of Plasma Membrane Integrity and Cell Viability[END_REF].

FYVE-domain

The FYVE domain got the name after the four proteins in which this zinc-finger domain was first identified in 1996: Fab1p, YOTB, Vac1p and EEA1 [START_REF] Stenmark | Endosomal Localization of the Autoantigen EEA1 Is Mediated by a Zinc-binding FYVE Finger *[END_REF]. The FYVE domain is essential for endocytosis and vesicular trafficking and it binds only PI3P. The A.

thaliana genome consists of 16 proteins with FYVE domain ( 

PLDs as phosphoinositide-binding proteins

Connections between phosphoinositides and PLDs are crucial for PLDs catalytic activation and/or membrane binding. In the next part I will describe the most important point about PLD-phosphoinositide ability.

PLD diversity

PI(4,5)P 2 is a cofactor of some PLDs that produce PA, a key plant signaling lipid [START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF]. In A. thaliana, PLD is divided into two classes (Fig. 11), differing by the presence of distinct N-terminal phospholipid-binding domains (PX-PH vs. C2). Two of the twelve PLDs contain a PX domain and a PH domain (PLDζ1 and PLDζ2), whereas the remaining ten contain a C2 domain (PLDα (1-3), β (1, 2), γ (1-3), δ, ε) [START_REF] Hong | Plant phospholipases D and C and their diverse functions in stress responses[END_REF] with the fact that some key residues are absent in the PI(4,5)P 2 binding domain [START_REF] Wang | Phospholipase D in hormonal and stress signaling[END_REF]. Although PLDδ is active without PI(4,5)P 2 , application of PI(4,5)P 2 promotes PLDδ activity. PLDβ1 has a PI(4,5)P 2 binding region (PBR1) located after the first HKD domain, and PBR1 binds PI(4,5)P 2 and is essential for PLDβ1 activity [START_REF] Wang | Phospholipase D in hormonal and stress signaling[END_REF]. Moreover, PLDβ1 have two polybasic motifs (K/RxxxxK/RxK/RK/R) for PI(4,5)P 2 binding flanking the second HKD domain, while PLDαs, γs, δ and ε do not have some of the key residues in corresponding region [START_REF] Qin | The Arabidopsis Phospholipase D Family. Characterization of a Calcium-Independent and Phosphatidylcholine-Selective PLDζ1 with Distinct Regulatory Domains[END_REF].

Other features of PLDs

The C2 domain is needed for binding of Ca 2+ and phospholipids, which is essential for enzyme activity [START_REF] Song | Arabidopsis EPSIN1 Plays an Important Role in Vacuolar Trafficking of Soluble Cargo Proteins in Plant Cells via Interactions with Clathrin, AP-1, VTI11, and VSR1[END_REF]. PLDβs, γs and δ all have acidic residues for Ca 2+ binding while PLDαs and PLDε lack some of the Ca 2+ binding residues. The difference in acidic residues in the C2 domain of PLDs may explain different requirements of Ca 2+ for enzyme activity. PLDα is the most common plant PLD, which does not require phosphoinositides for activity when tested at millimolar levels of Ca 2+ [START_REF] Pappan | Plant Phospholipase Dα Is an Acidic Phospholipase Active at Near-Physiological Ca2+ Concentrations[END_REF]. In comparison, PLDβ and γ1 are PI(4,5)P 2 dependent and have maximum activity at micromolar levels of Ca 2+ [START_REF] Qin | Molecular Heterogeneity of Phospholipase D (PLD): CLONING OF PLDγ AND REGULATION OF PLANT PLDγ, -β, AND -α BY POLYPHOSPHOINOSITIDES AND CALCIUM*[END_REF]. PLDβ1 is a plasma membrane localized and interacts with an actin which motif located after the second HKD motif [START_REF] Kusner | Regulation of Phospholipase D Activity by Actin: Actin exerts bidirectional modulation of mammalian phospolipase d activity in a polymerization-dependent, isoform-specific manner*[END_REF].

In A. thaliana, the PLDα class contains three members. PLDα1 and α2 are very similar, whereas PLDα3 is more distinct from other PLDs. PLDα1 localizes in the cytosol and membranes. It moved between them in response to stresses [START_REF] Wang | Involvement of Phospholipase D in Wound-Induced Accumulation of Jasmonic Acid in Arabidopsis[END_REF]. PLDα3 is associated with the plasma membrane. PLDα1 has a motif between 562 and 586 amino acid residues with high similarity to the DRY motif in proteins interacting with the heterotrimeric G protein subunit Gα. PLDα1 interacts with Gα and stimulates its GTPase activity (Zhao and Wang, 2004, p. 1).

PLDδ is associated with the plasma membrane and binds to microtubule [START_REF] Gardiner | A 90-kD Phospholipase D from Tobacco Binds to Microtubules and the Plasma Membrane[END_REF]. PLDδ is activated in response to H 2 O 2 , dehydration, freezing and salinity stress.

AtPLDδ is required for ABA-induced stomatal closure [START_REF] Distéfano | Phospholipase Dδ is involved in nitric oxide-induced stomatal closure[END_REF]. In PLDδ, there is an oleate-binding motif located after the first HKD domain and this motif is responsible for oleate-stimulation of PLDδ. PLDα and δ classes have been linked to high salinity and water-deficit stress as well as to the ABA stress hormone [START_REF] Bargmann | Multiple PLDs Required for High Salinity and Water Deficit Tolerance in Plants[END_REF]. PLDζ2 is associated with the tonoplast membrane [START_REF] Yamaryo | Phosphate availability affects the tonoplast localization of PLDzeta2, an Arabidopsis thaliana phospholipase D[END_REF]. PLDγ was detected in the plasma membrane, intracellular membrane, nuclei and mitochondria [START_REF] Fan | Subcellular distribution and tissue expression of phospholipase Dalpha, Dbeta, and Dgamma in Arabidopsis[END_REF]. PLDε are primarily associated with the plasma membrane.

C2-PLDs used PC, PE and PG as substrates but with different preferences whereas PX/PH-PLDζ1 selectively uses PC as substrate [START_REF] Qin | The Arabidopsis Phospholipase D Family. Characterization of a Calcium-Independent and Phosphatidylcholine-Selective PLDζ1 with Distinct Regulatory Domains[END_REF]. The different substrate preferences point that different PLDs may selectively hydrolyze different phospholipids and form PAs with different acyl composition. Different PLDs perform unique and important functions in specific plant growth, development or stress response processes.

PLD in plant response to development

Rigorously I should only discuss PLDs that are dependent on phosphoinositide. But for the clarity of the section, I will also discuss the involvement of all PLD in developmental processes.

The PLD-mediated lipid degradation has been proposed to play a role in membrane degradation in tissue senescence and seed aging. The first way through which PLD influence is exerted is involvement in phytohormone signaling. PLDα was involved in ABA signaling in A. thaliana. Suppression of PLDα gene leads to retarded senescence [START_REF] Fan | Antisense suppression of phospholipase D alpha retards abscisic acid-and ethylene-promoted senescence of postharvest Arabidopsis leaves[END_REF]. It was shown by delayed yellowing, higher contents of chlorophyll and phospholipids, greater photosynthetic activity, and lower ion leakage when compared with the leaves with normal PLD activity. This effect is obtained because PLDα is a key component contributing to membrane degradation in phytohormone-promoted senescence and PLDα is involved in ABA signaling [START_REF] Kocourková | Phospholipase Dα1 Acts as a Negative Regulator of High Mg2+-Induced Leaf Senescence in Arabidopsis[END_REF]. Suppression of PLDα in A. thaliana also led to enhanced seed quality and viability after storage and after accelerated aging [START_REF] Devaiah | Enhancing seed quality and viability by suppressing phospholipase D in Arabidopsis[END_REF].

PLD is also involved in signaling pathways of ET, another phytohormone involved in stress responses and senescence. Treated A. thaliana leaves with ET lead to increased PLDa gene expression, protein level, and activity [START_REF] Fan | Antisense suppression of phospholipase D alpha retards abscisic acid-and ethylene-promoted senescence of postharvest Arabidopsis leaves[END_REF].

It has been reported that level of PLD gene expression are controlled developmentally in A.

thaliana. The PLDα promoter activity is higher in metabolically active tissues, such as, meristematic and elongation zones, than in mature and senescent ones [START_REF] Novák | Gene Expression Pattern and Protein Localization of Arabidopsis Phospholipase D Alpha 1 Revealed by Advanced Light-Sheet and Super-Resolution Microscopy[END_REF]. In young and rapidly growing tissues PLD provides the mitogenic signals and intermediates for membrane lipid synthesis and remodeling. A high level of PLD expression was noted at the junction regions between primary and lateral roots.

PLDζ1 gene function is implicated in mediating initiation and maintenance of root hairs [START_REF] Ohashi | Modulation of Phospholipid Signaling by GLABRA2 in Root-Hair Pattern Formation[END_REF]. The root-hair pattern of A. thaliana is regulated by gene GLABRA2 (GL2). AtPLDζ1 was identified as a direct target of GL2. Inducible expression of AtPLDζ1 promoted ectopic root-hair initiation, through modulation of phospholipid signaling [START_REF] Ohashi | Modulation of Phospholipid Signaling by GLABRA2 in Root-Hair Pattern Formation[END_REF]. In addition, the loss of PLDζ1 and PLDζ2 decreases primary root growth (Li et al., 2006). PA produced by PLD interacts with AtPDK1, stimulates a protein kinase cascade, and promotes root apical growth and initiation [START_REF] Anthony | A protein kinase target of a PDK1 signalling pathway is involved in root hair growth in Arabidopsis[END_REF].

It has been reported about the distinctive effect of PLDε on plant growth. Increased expression of other PLD genes, e.g. PLDα2, PLDα3 or PLDδ, does not result in overt growth enhancement while PLDε promotes root growth and biomass accumulation. However, the level of expression of PLDε in vegetative tissue is much lower than that of PLDα1 [START_REF] Hong | Phospholipase Dα3 Is Involved in the Hyperosmotic Response in Arabidopsis[END_REF].

A. thaliana PLDδ negatively regulates pollen tube growth through F-actin dynamics. Loss of PLDδ function led to a significant increase in pollen tube growth, whereas PLDδ overexpression resulted in pollen tube growth inhibition [START_REF] Jia | Phospholipase Dδ regulates pollen tube growth by modulating actin cytoskeleton organization in Arabidopsis[END_REF].

PLD in plant response to stress

Here also I will discuss the involvement of all PLDs in stress response, and not only that of phosphoinositide dependent PLDs.

The differences described above in the mode of enzyme activation, subcellular localization indicates that PLDs can be activated differently and have different functions. PLD activity rises in response to various environmental stresses. PLDs are needed for plant growth, development, and response to abiotic and biotic stresses. In this part I will focus on different PLD responses to stress.

Osmotic stress is one of the most important limiting factors for plant growth and plants have some adaptation mechanisms to reduce the damage caused by stress. One of the defense components for that is PLDδ -the most abundant PLD in A. thaliana except PLDα1 and is the one of the major sources of endogenous PA [START_REF] Qin | The Arabidopsis Phospholipase D Family. Characterization of a Calcium-Independent and Phosphatidylcholine-Selective PLDζ1 with Distinct Regulatory Domains[END_REF]. The α-subunit (Gα) of heterotrimeric G-protein interacts with A. thaliana PLDα1 (N. Yang et al., 2021). In addition, PLDδ is activated in A. thaliana during high salinity and rapid dehydration. Moreover, compared to WT plants, PLDδ knockout plants show decreasing tolerance to freezing injuries, while PLDδ overexpression -increasing tolerance (W. Li et al., 2004). Conversely, PLDα1 abrogation through antisense suppression in A. thaliana resulted in a significant increase in freezing tolerance of both non-acclimated and cold-acclimated plants [START_REF] Rajashekar | Suppression of phospholipase Dα1 induces freezing tolerance in Arabidopsis: Response of coldresponsive genes and osmolyte accumulation[END_REF]. Cold treatment activates PLD with forming PtdBut when cold treatment was performed in presence of 0.7% (v/v) butanol present in the medium. PLD triggering was also observed when the temperature of the treatment was set at 0°C or 10°C. PLD activation resulted in accumulation of PA (Munnik et al., 2000, p. 200;[START_REF] Ruelland | Activation of Phospholipases C and D Is an Early Response to a Cold Exposure in Arabidopsis Suspension Cells[END_REF]. PLDα1 is required for high salinity and hyperosmotic stress tolerance in A. thaliana [START_REF] Bargmann | Multiple PLDs Required for High Salinity and Water Deficit Tolerance in Plants[END_REF]. Another role of PLDα1 in A. thaliana is regulation of stomatal closure. PLDα1 deficiency leads to ABA insensitive in the induction of stomatal closure. PLDα1-derived PA binds to ABI1, a negative regulator of ABA signaling, to regulate water loss through stomata [START_REF] Mishra | A Bifurcating Pathway Directs Abscisic Acid Effects on Stomatal Closure and Opening in Arabidopsis[END_REF]. One more member of PLDα that is involved in stress response is PLDα3. PLDα3 promotes root growth in response to osmotic stress. Under hyperosmotic stress, PLDα3-KO plants have shorter and fewer roots, whereas PLDα3-OE plants have longer and more roots [START_REF] Devaiah | Enhancing seed quality and viability by suppressing phospholipase D in Arabidopsis[END_REF].

Another type of stress which involves PLD is hypoxia. It causes metabolic disturbances at physiological, biochemical and genetic levels and results in decreased plant growth and development. It was reported about involvement of all 10 PLD types with C2 domains in Ca 2+ signaling under hypoxia using 10 C2-pld mutants. Among them the PLD 2, PLD and PLD displayed less significant roles in Ca 2+ signaling under hypoxia primarily due to their structural differences [START_REF] Premkumar | Arabidopsis PLDs with C2-domain function distinctively in hypoxia[END_REF].

Important role of PLDβ1 and δ was shown in plant resistance to pathogens. A. thaliana deficient in PLDβ1 demonstrated increased resistance to P. syringae with an increased accumulation of ROS and SA. On the contrary, PLDβ1-deficient plants have a decreased level of JA (jasmonic acid) and PA production induced by Botrytis cinerea infection, as well as JA-inducible gene expression (Zhao et al., 2013, p. 1). PLDβ1 seems to act as a negative regulator of defense responses against biotrophic pathogens, by negatively affecting SAmediated and positively regulating JA-mediated defense signaling pathways. PLDδ is involved in defense against non-host fungal attack. PLDδ together with PLDα1 mediates the symbiotic interaction and beneficial growth effects between endophytic fungus P. indica and A. thaliana [START_REF] Camehl | The OXI1 Kinase Pathway Mediates Piriformospora indica-Induced Growth Promotion in Arabidopsis[END_REF]. PLDδ alone helps to avoid from penetration the nonadapted pathogen barley powdery mildew fungus Bgh and pea powdery mildew fungus Erysiphe pisi into the A. thaliana epidermal cell wall [START_REF] Pinosa | Arabidopsis Phospholipase Dδ Is Involved in Basal Defense and Nonhost Resistance to Powdery Mildew Fungi[END_REF]. PLDδ was localized in the plasma membrane at the site of fungal attack, where it surrounds the cell wall reinforcement.

PA is essential for the resistance against the penetration of powdery mildew fungus, since a decrease in PA production by n-butanol increased the penetration rate of fungal spores on WT leaves [START_REF] Pinosa | Arabidopsis Phospholipase Dδ Is Involved in Basal Defense and Nonhost Resistance to Powdery Mildew Fungi[END_REF]. PLDδ knockout leads to the loss of ETI-induced and cell wall-based defense against the P. syringae, suggesting a role of PLD in plant-microbe interaction and defense responses (Johansson et al., 2014a).

I am now going to introduce the physiological mechanisms in which I am going to study the involvement of PI4Ks in root development and immunity.

PLANT IMMUNITY

Plant defense mechanisms

Plants meet a wide range of microorganisms during their life, and their interactions with these microorganisms can be either helpful or destructive. Plants have evolved a complex immune system to protect themselves against phytopathogens including viruses, bacteria, fungi, oomycetes, nematodes or herbivores. Plant pathogens are often clustered into three types predicated on nutrient acquisition and as a consequence -viability of host tissue [START_REF] Kraepiel | Gram-negative phytopathogenic bacteria, all hemibiotrophs after all?[END_REF]. Biotrophic pathogens establish a long-term feeding relationship with the living cells of plants. Viruses and viroids are biotrophs [START_REF] Singh | Pathogenesis and host-parasite specificity in plant diseases[END_REF]. They are fully dependent on plant metabolism. While viruses and viroids are intracellular parasites, some biotrophic fungi and oomycetes are able to form specific feeding structures named haustoria, which do not enter the cell but increase the pathogen-plant interface. A detailed description of haustoria formation is in chapter 2.2.5. On the other hand, necrotrophs produce toxins and hydrolytic enzymes, which enable them to disrupt plant cells and utilize nutrients.

Necrotrophic pathogens feed off killed cells. Hemibiotrophs share features with both biotrophs and necrotrophs and usually transit from biotrophic stage to necrotrophic [START_REF] Shao | Effectors of Plant Necrotrophic Fungi[END_REF].

Some chemicals belong to pre-formed defenses, other ones to the inducible. Constitutive defenses that are always "on" include mechanical barriers such as cell walls, cuticle and waxes protecting epidermal cells [START_REF] Zaynab | Role of primary metabolites in plant defense against pathogens[END_REF]. It protects the plant from invasion and gives the plant strength and rigidity. In addition to the constitutively present barriers, plants are also equipped with an inducible defense system, which is activated by pathogen recognition. It consists inter alia in the production of chemicals toxic to the pathogens as phytoalexins, in pathogen-degrading enzymes, in programmed cell death necessary to circumvent the pathogen spreading and in the induction of enzymes that reinforce the cell wall [START_REF] Bacete | Plant cell wall-mediated immunity: cell wall changes trigger disease resistance responses[END_REF].

Plenty of pathogens can overcome different plant defense strategies and use various ways for penetration. Among them are direct penetration into epidermal and mesophyll cells (only some fungi and oomycetes), through natural openings (stomata, hydathodes, lenticels) or wounds (Fig. 12). Bacteria that are located in a water film over stomatal openings easily can get inside and reach the sub-stomatal cavity where they can multiply and start infection.

Shortly after recognition of the PAMPs (pathogen associated molecular patterns), plants are capable of closing stomata to restrict the pathogen invasion. Fungal spores generally germinate on the plant surface and germ tubes may directly penetrate epidermal cells through natural openings. Hydathodes are more or less permanently open pores at the margins and tips of the leaves. They are associated with guttation, but not with defence. Lenticels are passive openings on the fruits, stems and tubers that are filled with loosely connected cells to allow passage of air and seem to offer little resistance to pathogen entry [START_REF] Agrios | chapter two -Parasitism and disease development[END_REF].

Fig. 12: Methods of penetration and invasion by fungi. There are three types: direct, through natural openings (stomata, hydathodes, lenticels), through wounds [START_REF] Agrios | chapter two -Parasitism and disease development[END_REF].

Mechanical and chemical defenses

The first line of plant defense is cuticle and waxes. They form an intact and impenetrable barrier that offers protection against a variety of possible attacks. Epicuticular waxes have mixed functions as mechanical barriers and antifungal properties (accumulating antimicrobial β-lactones). The wax efficiently protects plants against environmental stress, mainly desiccation. The rough wax microstructure reduces the contact surface of the leaf to biotic stressors such as insects, herbivores, fungal infections or microbial spores. It prevents pathogen attaching and formation of water film, in which the spores can germinate. Another protective strategy is the use of trichomes and thorns. For example, trichomes are hair-like epidermal outgrowths. They protect the plant from heat and also from the formation of water film, which e.g. disables spore germination. In some cases filled with toxic compounds that are released upon wounding [START_REF] Schilmiller | Harnessing plant trichome biochemistry for the production of useful compounds[END_REF].

Plant secondary metabolites have a role in defense against herbivores, pests and pathogens.

For example, phytoalexins produced by plants act as protection against pests and pathogens.

They may be present constitutively in an inactive storage form (e.g., a glycoside) from which they are released upon pest or pathogen perception (Osbourn, 1996). Phytoalexins consist of diverse chemical families such as, for instance, phenolics, terpenoids, furanoacetylenes, steroid glycoalkaloids, sulfur-containing compounds and indoles [START_REF] Jeandet | Phytoalexins: Current Progress and Future Prospects[END_REF]. For example, camalexins are the main sulfur-containing tryptophan-derived alkaloids in Brassicaceae plants that accumulate in response to pathogenic infection (C. [START_REF] Pedras | The phytoalexins from cultivated and wild crucifers: Chemistry and biology[END_REF]. In A. thaliana, camalexin can be induced after pathogen recognition [START_REF] Gust | Bacteria-derived Peptidoglycans Constitute Pathogen-associated Molecular Patterns Triggering Innate Immunity in Arabidopsis*[END_REF]. Not only biotic, but also abiotic stress (such as ultraviolets, chemicals and heavy metal ions) could induce camalexin in A. thaliana leaves [START_REF] Tierens | Esa1, an Arabidopsis mutant with enhanced susceptibility to a range of necrotrophic fungal pathogens, shows a distorted induction of defense responses by reactive oxygen generating compounds[END_REF]. Other group includes members that are constitutively present -phytoanticipins. Among phytoanticipins are saponins, glucosinolates, cyanogenic glucosides, benzoxazinone glucosides (mainly for grass family (Poaceae)). Saponins are glycosides which are mostly present in flowering plants [START_REF] Faizal | Saponins and their role in biological processes in plants[END_REF]. Glucosinolates are produced mainly by plants belonging to the order Brassicales [START_REF] Halkier | Biology and biochemistry of glucosinolates[END_REF]. A. thaliana contains two groups of these compoundsmethionine-derived aliphatic glucosinolates and tryptophan-derived indolic glucosinolates [START_REF] Wittstock | Glucosinolate research in the Arabidopsis era[END_REF].

Cell-surface and intracellular plant immunity

Plants have evolved an immune system that helps detect pathogens. Pathogens have molecular patterns on their surface and also secrete some molecules that activate an inducible part of immunity. There are two types of receptors that can recognize these patterns: cell surface-localized pattern recognition receptors (PRRs) and intracellular nucleotide-binding domain leucine-rich repeat receptors (NLRs).

PRRs recognize microbe-associated molecular patterns (MAMPs), PAMPs and danger associated molecular patterns (DAMPs). MAMPs and PAMPs are small molecules conserved within a class of microbes [START_REF] Nürnberger | Innate immunity in plants and animals: emerging parallels between the recognition of general elicitors and pathogen-associated molecular patterns[END_REF]. MAMPs are a more general name including also non-pathogenic (e.g. symbiotic) microorganisms. DAMPs are plantderived molecular patterns that are released from pathogen-infected cells or wounded tissue [START_REF] Lotze | The grateful dead: damageassociated molecular pattern molecules and reduction/oxidation regulate immunity[END_REF]. The recognition of MAMPs, PAMPs and DAMPs by plant cells triggers intracellular signaling events, such as protein phosphorylation, ROS production, calcium influx, extracellular alkalization, and defense gene expression [START_REF] Song | Structural biology of plant defence[END_REF]) (Fig. 13).

NLRs specifically recognize pathogen-secreted effectors, are activated through the oligomerization and mediate ETI. ETI activation leads to the programmed cell death.

Both PRR-triggered and NLR-triggered immunity (PTI and ETI) lead to the defense responses including the production of reactive oxygen species (ROS), an influx of extracellular calcium, kinase activation and global transcriptional reprogramming [START_REF] Bjornson | Plant immunity: Crosstalk between plant immune receptors[END_REF]. 

Molecular patterns recognised by plants

MAMPs are the main components for the microbes and are conserved among pathogens, nonpathogenic and saprophytic microorganisms. MAMPs cover all microbes regardless of their pathogenicity. PAMPs are MAMPs specific for pathogenic microorganisms [START_REF] Nürnberger | Innate immunity in plants and animals: emerging parallels between the recognition of general elicitors and pathogen-associated molecular patterns[END_REF]. Among them we can find lipooligosaccharides of gram-negative bacteria, bacterial flagellin, bacterial Elongation Factor-Tu (EF-Tu), glucans and glycoproteins from oomycetes, chitin from fungus cell wall etc (Zhang and Zhou, 2010) (Table 4). They are essential components of microbes bodies (except for EF-Tu, Elf) and have physiological function in their fitness and survival [START_REF] Nürnberger | Innate immunity in plants and animals: emerging parallels between the recognition of general elicitors and pathogen-associated molecular patterns[END_REF]. Flagellin is contained in the flagellum, a locomotory organ of gram-negative bacteria. It has highly conserved Nand C-terminal domains (D1 and D2 domains) with an intervening hypervariable region (D3).

The flagellar filament includes approximately 20,000 subunits of flagellin. EF-Tu is one of the most abundant and highly conserved proteins in bacteria. The primary function of EF-Tu is to transport aminoacylated tRNAs to the ribosome [START_REF] Berchtold | Crystal structure of active elongation factor Tu reveals major domain rearrangements[END_REF]. The Nacetylated 18-aa peptide, elf18, located at N-terminus of EF-Tu protein, serves as a core peptide to elicit plant immunity [START_REF] Kunze | The N Terminus of Bacterial Elongation Factor Tu Elicits Innate Immunity in Arabidopsis Plants[END_REF]. Lipopolysaccharides are bacterial glycoconjugates found on the outer membrane of gram-negative bacteria. Harpin is an acidic, heat-stable, glycine-and leucine-rich, water-soluble protein, secreted by bacteria with a type III secretion system such as P. syringae and Erwinia amylovora [START_REF] Dong | Harpin induces disease resistance in Arabidopsis through the systemic acquired resistance pathway mediated by salicylic acid and the NIM1 gene[END_REF].

However, secretion of harpin is common to many pathogenic bacteria, and harpin induces strong responses in both host as well as non-host plants [START_REF] Alfano | Analysis of the role of the Pseudomonas syringae pv. syringae HrpZ harpin in elicitation of the hypersensitive response in tobacco using functionally non-polar hrpZ deletion mutations, truncated HrpZ fragments, and hrmA mutations[END_REF]. Harpins impaire chloroplast function through modifications of the thylakoid membrane structure that increase photosynthetic rates [START_REF] Garmier | Light and Oxygen Are Not Required for Harpin-induced Cell Death *[END_REF]. Bacteria respond to a rapid temperature drop by small cold shock proteins (CSP) [START_REF] Keto-Timonen | Cold Shock Proteins: A Minireview with Special Emphasis on Csp-family of Enteropathogenic Yersinia[END_REF]. CSP acts as a highly active elicitor of defense responses in tobacco. Plant CSPs also exhibit nucleic acid binding and chaperone activity [START_REF] Nakaminami | Functional conservation of cold shock domains in bacteria and higher plants[END_REF]. Peptidoglycan is a major component of the cell wall of gram-positive bacteria. Fungi cell-wall polysaccharide -chitin and the main fungal sterol -ergosterol, induce plant defense response [START_REF] Wan | A LysM Receptor-Like Kinase Plays a Critical Role in Chitin Signaling and Fungal Resistance in Arabidopsis[END_REF]. Elongation Factor-Tu elf18 (N-acetylated amino terminal fragment of EF-Tu) Gram negative bacteria [START_REF] Kawashima | The structure of the Escherichia coli EF-Tu• EF-Ts complex at 2.5 Å resolution[END_REF] Lipopolysaccharide (LPS) Lipid A/Inner core/Glucosamine backbone Gram negative bacteria [START_REF] Erbs | The role of lipopolysaccharide and peptidoglycan, two glycosylated bacterial microbe-associated molecular patterns (MAMPs), in plant innate immunity[END_REF] Harpin (HrpZ) -Gram negative bacteria [START_REF] Lee | A harpin binding site in tobacco plasma membranes mediates activation of the pathogenesis-related gene HIN1 independent of extracellular calcium but dependent on mitogen-activated protein kinase activity[END_REF] Cold-shock protein RPN1-motif Gram negative, Grampositive bacteria [START_REF] Felix | Molecular sensing of bacteria in plants. The highly conserved RNA-binding motif RNP-1 of bacterial cold shock proteins is recognized as an elicitor signal in tobacco[END_REF] Peptidoglycan Muramyl dipeptide Gram-positive bacteria [START_REF] Jones | Plant innate immunity -direct and indirect recognition of general and specific pathogen-associated molecules[END_REF] Chitin/Chitosan Chitin oligosaccharides

All fungi [START_REF] Wan | A LysM Receptor-Like Kinase Plays a Critical Role in Chitin Signaling and Fungal Resistance in Arabidopsis[END_REF] Ergosterol -All fungi [START_REF] Granado | Perception of Fungal Sterols in Plants (Subnanomolar Concentrations of Ergosterol Elicit Extracellular Alkalinization in Tomato Cells)[END_REF] Cerebrosides A and C Sphingoid base Fungi (Magnaporthe [START_REF] Umemura | Cerebroside Elicitor Confers Resistance to Fusarium Disease in Various Plant Species[END_REF] spp.)

Sulfated fucans

Fucan oligosaccharide Brown algae [START_REF] Klarzynski | Sulfated fucan oligosaccharides elicit defense responses in tobacco and local and systemic resistance against tobacco mosaic virus[END_REF] 

Transglutaminase

Pep13 motif Phytophthora spp. [START_REF] Brunner | Pep-13, a plant defense-inducing pathogen-associated pattern from Phytophthora transglutaminases[END_REF] Arachidonic acid -Oomycetes [START_REF] Boller | A Renaissance of Elicitors: Perception of Microbe-Associated Molecular Patterns and Danger Signals by Pattern-Recognition Receptors[END_REF] DAMPs can be peptides, polysaccharides, nucleotides or oligogalacturonides (Table 5).

During biotic or abiotic stress, plant polypeptides can be proteolytically processed and released to the extracellular space to act as DAMP signals. 

Recognition of molecular patterns by pattern recognition receptors

PAMPs, MAMPs and DAMPS are detected by PRRs. PRRs are cell-membrane localized receptors. One distinguishes receptor-like kinases (RLKs) and receptor-like proteins (RLPs).

RLKs have an extracellular domain for ligand-binding, single transmembrane domain and an intracellular kinase domain that is important for signal transduction. RLPs have a similar structure, but without the intracellular kinase domain. There are different types of extracellular domains. Based on it, PRRs can be divided into the leucine-rich repeat (LRR)-, lysin motif (LysM)-, lectin-, wall-associated kinase (WAK) and other subfamilies (Couto and

Zipfel, 2016) (Fig. 14). Some LRR-RLKs serve as a receptor for hormones. For example, BRASSINOSTEROID INSENSITIVE 1 (BRI1) binds brassinolide and is involved in brassinosteroid signaling (Sun et al., 2013a). 

Receptors used in the study

FLS2 receptors

The FLS2 receptor belongs to the LRR-RLKs family [START_REF] Zipfel | Plant pattern-recognition receptors[END_REF] Flg22 binding to plant receptor kinase FLS2 leads to the recruitment of the LRR-RLK BAK1, which acts as a coreceptor for flg22 and is required for the full activation of FLS2 and flg22triggered immune signaling [START_REF] Zipfel | Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated transformation[END_REF].

PEPR1/2 receptors

PEPR1 and PEPR2 receptors belong to the LRR-RLKs family. PEPR1 and PEPR2 are homologous proteins, containing extracellular LRR motifs (Fig. 16). Both kinases act as receptors for Peps [START_REF] Tang | Structural basis for recognition of an endogenous peptide by the plant receptor kinase PEPR1[END_REF]. Plant elicitor peptide 1 (Pep1), a 23-amino acid endogenous peptide was initially identified as a DAMP in A. thaliana [START_REF] Huffaker | An endogenous peptide signal in Arabidopsis activates components of the innate immune response[END_REF]. It is derived from the carboxyl end of an approximately 100-aa long precursor protein, PROPEP1. A. thaliana encodes eight PROPEP paralogs (PROPEP1-PROPEP8) that contain conserved Pep epitopes in their C-terminus.

Individual PROPEPs have been shown to localize to the cytosol or to be associated with the tonoplast [START_REF] Bartels | The family of Peps and their precursors in Arabidopsis: differential expression and localization but similar induction of patterntriggered immune responses[END_REF], but it is perceived outside of cells, contributing to the assumption that Peps are released into the apoplast during cell damage. Each kinase interacts with different Pep resulting in different responses. PEPR1 recognizes all eight Peps, but PEPR2 detects Pep1 and Pep2. Pep1 binds to the PEPR1-LRR domain, induces heterodimerization between PEPR1 and its coreceptor BAK1, and BAK1-dependent PEPR activation [START_REF] Tang | Structural basis for recognition of an endogenous peptide by the plant receptor kinase PEPR1[END_REF]. Pep-PEPR1 also activates SA, JA, and ET-mediated immune pathways [START_REF] Ross | The Arabidopsis PEPR pathway couples local and systemic plant immunity[END_REF].

CERK1 receptors

CERK1 (chitin elicitor receptor kinase1) receptors belong to the LysM-RLK family. They are responsible for the perception of chitin, the main component of fungal cell walls. Chitin is a polymer of N-acetyl-Dglucosamine [START_REF] Boller | Chemoperception of microbial signals in plant cells[END_REF]. CERK1 contains three extracellular LysM-domains and an intracellular kinase domain (Fig. 16) [START_REF] Wan | LYK4, a Lysin Motif Receptor-Like Kinase, Is Important for Chitin Signaling and Plant Innate Immunity in Arabidopsis[END_REF]. CERK1 can bind to chitin on its own, although this interaction is very weak, so it has been suggested that a second protein may be involved. Lysine motif receptor kinase (LYK) is very similar to CERK1, and is much better at attaching to chitin in A. thaliana. Chitin binds to the LysM domains on two monomers, resulting in homodimerization of CERK1 co-receptor and intracellular kinase domain activity (T. Liu et al., 2012). It was shown that CERK1

phosphorylates receptor-like cytoplasmic kinases BIK1 and PBL19/27 in A. thaliana [START_REF] Yamaguchi | Arabidopsis ubiquitin ligase PUB12 interacts with and negatively regulates Chitin Elicitor Receptor Kinase 1 (CERK1)[END_REF]. PBL19 and PBL27 phosphorylate MAPKKKs to activate mitogenactivated protein kinase (MAPK) cascades [START_REF] Shinya | Selective regulation of the chitin-induced defense response by the Arabidopsis receptor-like cytoplasmic kinase PBL27[END_REF]. BIK1 regulates chitininduced Ca 2+ influx and ROS burst. Feronia, IOS1, and the ubiquitin E3 ligase PUB4 are positive regulators of chitin responses.

After chitin sensing, CERK1 recruits the CERK1-interacting protein phosphatase 1 that deactivates CERK1 by dephosphorylating its Tyr428 [START_REF] Liu | A Tyrosine Phosphorylation Cycle Regulates Fungal Activation of a Plant Receptor Ser/Thr Kinase[END_REF].

CERK1 may mediate the perception of a bacterial PAMP. A. thaliana cerk1 mutants showed enhanced disease symptoms and higher bacterial growth when Pto DC3000 was sprayed onto leaves [START_REF] Gimenez-Ibanez | AvrPtoB Targets the LysM Receptor Kinase CERK1 to Promote Bacterial Virulence on Plants[END_REF]. A. thaliana CERK1 mediates plant immunity in response to non-host resistance to Fusarium oxysporum [START_REF] Huaping | Chitin elicitor receptor kinase 1 (CERK1) is required for the non-host defense response of Arabidopsis to Fusarium oxysporum f. Sp. cubense[END_REF]. CERK1 also involved in salt tolerance. It interacts with calcium channel protein ANNEXIN 1, which is responsible for salt-induced calcium inward flow [START_REF] Espinoza | Chitin receptor CERK1 links salt stress and chitintriggered innate immunity in Arabidopsis[END_REF]. CERK1 has been suggested to cooperate with two LysM-RLPs, LYM1 and LYM3, to regulate bacterial peptidoglycan-triggered immunity in A. thaliana [START_REF] Willmann | Arabidopsis lysin-motif proteins LYM1 LYM3 CERK1 mediate bacterial peptidoglycan sensing and immunity to bacterial infection[END_REF]. CERK1 has been characterized as a receptor or coreceptor for fungi derived molecules besides chitin. In A.

thaliana, CERK1 has been shown to mediate immune responses to the fungal non branched β-1,3-glucan in an LYK5-independent manner [START_REF] Mélida | Non-branched β-1,3-glucan oligosaccharides trigger immune responses in Arabidopsis[END_REF].

BAK1 receptors

BAK1 (BRI1-associated receptor kinase 1) is a co-receptor belonging to the LRR-RLK family. BAK1 is a member of the SERK family and mostly forms ligand-induced heteromers with other RKs for subsequent signaling. A. thaliana contains five members of the SERK family. BAK1 includes a small extracellular LRR domain with five repeats. The LRR domain is followed by a SPP motif, the serine and proline rich domain that defines the SERK protein family [START_REF] Chinchilla | One for all: the receptorassociated kinase BAK1[END_REF], a single membrane-spanning domain, a cytoplasmic kinase domain and a short C-terminal tail (Fig. 17).

BAK1 forms a ligand-inducible complex with the LRR-RK brassinosteroid (BR) receptor BRI1 through the receptor transphosphorylation that increases kinase activity. BAK1 acts as a positive regulator of the BRI1 pathway, bak1 mutants are hyposensitive to BR [START_REF] Wang | Sequential Transphosphorylation of the BRI1/BAK1 Receptor Kinase Complex Impacts Early Events in Brassinosteroid Signaling[END_REF].

BAK1 establishes a ligand-dependent complex with several PRRs. It is needed for the perception of bacterial PAMPs elf18, LPSs, PGNs, HrpZ, csp22 (derived from cold shock protein), the oomycete PAMP -INF1, and the DAMP -Pep1. BAK1 forms a liganddependent complex with FLS2. This connection occurs within seconds of flg22 binding and leads to rapid phosphorylation of FLS2 and BAK1 (Fig. 16). Loss of BAK1 results in reduced flg22 responses [START_REF] Chinchilla | A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant defence[END_REF]. 

NLR signaling

The second major class of immune receptors consists of proteins belonging to the NLR family. The main difference between NLR and PRRs is that NLR proteins detect pathogengenerated virulence molecules in the cytoplasm [START_REF] Bonardi | How complex are intracellular immune receptor signaling complexes?[END_REF]. A TIR domain is α/β protein domain, typically comprises five parallel β-strands alternating with five α-helices [START_REF] Toshchakov | Targeting the TLR signalosome with TIR domainderived cell-permeable decoy peptides: the current state and perspectives[END_REF]. The CC domain contains compact fourhelical bundles [START_REF] Maruta | Structural basis of NLR activation and innate immune signalling in plants[END_REF] (Fig. 19). SNC1 is one of the member NLR group receptors that was studied in the work.

SNC1

A. thaliana SNC1 encodes a TIR-NB-LRR-type R protein. Suppressor of npr1-1, constitutive 1 (SNC1) in A. thaliana localize in the nucleus, decrease nuclear resistance protein pool against avirulent pathogens and attenuates the activation of downstream defense responses [START_REF] Zhu | Arabidopsis resistance protein SNC1 activates immune responses through association with a transcriptional corepressor[END_REF]. ABA deficiency promotes the activity and nuclear localization of SNC1.

SNC1 is involved in the SA-dependent defense response pathway. A gain-of-function mutant in SNC1 resulting from a point mutation snc1, shows enhanced stability of the SNC1 protein, constitutive activation of autoimmunity and reduced plant size [START_REF] Cheng | Stability of plant immune-receptor resistance proteins is controlled by SKP1-CULLIN1-F-box (SCF)mediated protein degradation[END_REF], suggesting a crucial role of SNC1 in plant immune responses. snc1 plants are smaller than WT plants, accumulate high levels of SA, and often have curly leaves.The loss-of-function mutant of SNC1, snc1-11, abolished expression of full length SNC1 transcript [START_REF] Yang | A Haplotype-Specific Resistance Gene Regulated by BONZAI1 Mediates Temperature-Dependent Growth Control in Arabidopsis[END_REF]. snc1-11 mutant is morphologically normal and expresses normal levels of defense-related genes [START_REF] Garner | Opposing functions of the plant TOPLESS gene family during SNC1-mediated autoimmunity[END_REF]. As for the regulation of SNC1, MOS1

(MODIFIER OF snc1-1) factor is essential for the upregulation of SNC1 gene at the chromatin level [START_REF] Li | Regulation of the Expression of Plant Resistance Gene SNC1 by a Protein with a Conserved BAT2 Domain[END_REF] and glycosyltransferase UGT73C7 mediates the redirection of phenylpropanoid metabolism to regulate the transcription of SNC1 [START_REF] Chen | IPyA glucosylation mediates light and temperature signaling to regulate auxin-dependent hypocotyl elongation in Arabidopsis[END_REF].

Plant phytohormones

Salicylic acid

SA is one of the critical plant hormones that activates disease resistance in A. thaliana. SA is a phenolic molecule, synthesized by plants and increases both in PTI and ETI.

SA plays a major role in plant defense [START_REF] Vlot | Salicylic Acid, a Multifaceted Hormone to Combat Disease[END_REF]. Pathogen infection induces SA biosynthesis and accumulation. Also it is involved in physiological processes, such as flowering and seed germination [START_REF] Rajjou | Proteomic Investigation of the Effect of Salicylic Acid on Arabidopsis Seed Germination and Establishment of Early Defense Mechanisms[END_REF]. SA is controlling the biochemical processes in plants, involving stomatal closure, production of chlorophyll and proteins, nutrient uptake, transpiration, and photosynthesis [START_REF] Abbas | Exogenous application of salicylic acid at different plant growth stages improves physiological processes in marigold (Tagetes erecta L.)[END_REF].

SA could be modified by methylation, glycosylation or conjugation to amino acids, making it transportable [START_REF] Ludwig-Müller | A novel methyltransferase from the intracellular pathogen Plasmodiophora brassicae methylates salicylic acid[END_REF] or inactive [START_REF] Dean | Formation and vacuolar localization of salicylic acid glucose conjugates in soybean cell suspension cultures[END_REF]. SA glucose ester (SGE), SA 2-O-ß-D glucoside (SAG) and methyl salicylate (MeSA) serve for transportation;

inactive derivatives are dihydroxyderivatives, 2,3-and 2,5-dihydroxybenzoic acid (2,3-DHBA and 2,5-DHBA, respectively). The SA glycosides could be actively transported from the cytosol to the vacuole as an inactive storage form that can later be converted back to SA [START_REF] Dean | The formation, vacuolar localization, and tonoplast transport of salicylic acid glucose conjugates in tobacco cell suspension cultures[END_REF]. Membrane permeability and volatility of SA can be increased by methylation, which leads to effective long-distance transport of SA [START_REF] Park | Methyl salicylate is a critical mobile signal for plant systemic acquired resistance[END_REF].

External SA application changes expression of several genes [START_REF] Krinke | Inositol trisphosphate receptor in higher plants: is it real?[END_REF][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]. Transcription of the majority of SA-regulated genes is dependent on NONEXPRESSOR OF PR GENES1 (NPR1) [START_REF] Ryu | A comprehensive expression analysis of the WRKY gene superfamily in rice plants during defense response[END_REF]. Two subsets of resistance genes act via pathways that involve enhanced disease susceptibility1 (EDS1) or non-race-specific disease resistance 1 (NDR1), proteins that regulate SA biosynthesis [START_REF] Vlot | Salicylic Acid, a Multifaceted Hormone to Combat Disease[END_REF]. Nucleocytoplasmic lipase-like protein (EDS1) mediates recognition pathogen effectors by TIR-type NLRs that activate transcriptional reprogramming, resistance and host cell death [START_REF] Xu | Autoimmunity conferred by chs3-2D relies on CSA1, its adjacent TNLencoding neighbour[END_REF]. CC-type NLRs require NDR1 to activate the downstream signaling pathway [START_REF] References Aarts | Different requirements for EDS1 and NDR1 by disease resistance genes define at least two R gene-mediated signaling pathways in Arabidopsis[END_REF]. SA is involved in plant responses to abiotic stresses, such as drought, chilling, heavy metal toxicity, heat, and osmotic stress (Rivas-San Vicente and Plasencia, 2011), regulates developmental and physiological processes such as seed germination [START_REF] Rajjou | Proteomic Investigation of the Effect of Salicylic Acid on Arabidopsis Seed Germination and Establishment of Early Defense Mechanisms[END_REF], vegetative growth, senescence [START_REF] Vogelmann | Early Senescence and Cell Death in Arabidopsis saul1 Mutants Involves the PAD4-Dependent Salicylic Acid Pathway[END_REF] and stomatal closure [START_REF] Khokon | Involvement of extracellular oxidative burst in salicylic acid-induced stomatal closure in Arabidopsis[END_REF].

SA has two distinct biosynthetic pathways: the isochorismate (IC) pathway (Route 1) and the phenylalanine ammonia-lyase (PAL) pathway (Route 2) (Fig. 20). Both IC and PAL are derived from chorismate, the end product of the shikimate pathway [START_REF] Wildermuth | Isochorismate synthase is required to synthesize salicylic acid for plant defence[END_REF].

The ICS (isochorismate synthase) pathway is well described in A. thaliana. Susceptible 3 (PBS3) catalyzes the conjugation of IC to glutamate (Glu) to produce IC-9-Glu, which breaks down spontaneously to produce SA. Enhanced Pseudomonas Susceptibility 1 (EPS1) enhances the conversion of IC-9-Glu to SA. b) the proposed phenylalanine ammonia lyase (PAL) pathway. PALs convert phenylalanine (Phe) to trans-cinnamic acid (t-CA), which is oxidized to form benzoic acid (BA) by Abnormal Inflorescence Meristem 1 (AIM1). SA is then produced by hydroxylation of BA via a hypothetical BA-2-hydroxylase (BA2H) [START_REF] Peng | Salicylic Acid: Biosynthesis and Signaling[END_REF].

The first pathway for SA biosynthesis starts from chorismate, which is converted into IC by ICS [START_REF] Gu | Roles of nitrogen and cytokinin signals in root and shoot communications in maximizing of plant productivity and their agronomic applications[END_REF]. The A. thaliana genome contains two ICS homologs, ICS1 and ICS2 [START_REF] Macaulay | The biochemical properties of the two Arabidopsis thaliana isochorismate synthases[END_REF], ICS1 is the main contributor. Both ICS1 and ICS2 are localized in the chloroplasts [START_REF] Groszmann | Hormone-regulated defense and stress response networks contribute to heterosis in Arabidopsis F1 hybrids[END_REF]. EDS5 is a transporter for isochorismate from the plastids to the cytosol. Then an amidotransferase PBS3 catalyzes the conjugation of isochorismate to glutamate with isochorismate-9-glutamate (IC-9-Glu) formaton. IC-9-Glu can spontaneously decompose [START_REF] Rekhter | Isochorismate-derived biosynthesis of the plant stress hormone salicylic acid[END_REF] into SA or be converted to SA by enhanced pseudomonas susceptibility 1 (Torrens-Spence et al., 2019).

The PAL pathway also contributes to SA biosynthesis. A. thaliana has four PAL homologs.

The enzyme PAL converts phenylalanine into trans-cinnamic acid (tCA) and then converted to SA via benzoic acid (BA). The conversion of phenylalanine to t-CA by PAL is one of the rate-determining steps in SA biosynthesis. Another component of PAL pathway, abnormal inflorescence meristem1 (AIM1), has been identified in A. thaliana and rice and is a member of the multifunctional protein family [START_REF] Arent | The Multifunctional Protein in Peroxisomal β-Oxidation: Structure and substrate specificity of the Arabidopsis thaliana protein MFP2 *[END_REF]. AIM1 is involved in the β-oxidation of fatty acids and is required for the conversion of tCA into benzoic acid in A. thaliana seeds [START_REF] Wiszniewski | Knockout of the two evolutionarily conserved peroxisomal 3-ketoacyl-CoA thiolases in Arabidopsis recapitulates the abnormal inflorescence meristem 1 phenotype[END_REF]. The last step, converting BA into SA, is catalyzed by a presumed benzoic acid hydroxylase. This enzyme has not yet been identified [START_REF] Lefevere | Salicylic Acid Biosynthesis in Plants[END_REF].

Jasmonic acid

Jasmonates (jasmonic acid, its precursors and derivatives), are endogenous growth-regulating polyunsaturated fatty acid-derived phytohormones. They are involved in a wide range of plant processes such as growth, development, senescence, and defense [START_REF] Yan | Molecular Reprogramming of Arabidopsis in Response to Perturbation of Jasmonate Signaling[END_REF].

JA regulates plant growth and development, for example, axis elongation during embryogenesis, flower development, leaf senescence, root formation, and stomatal opening [START_REF] Lakehal | Control of adventitious root formation: insights into synergistic and antagonistic hormonal interactions[END_REF]. During abiotic stress, JA is involved in physiological responses such as activation of the antioxidant system, accumulation of amino acids and soluble sugars, regulation of stomatal opening and closing [START_REF] Karpets | Effect of jasmonic acid on the pro-/antioxidant system of wheat coleoptiles as related to hyperthermia tolerance[END_REF].

JA is associated with SA, ET, IAA and other hormones to support plants adaptation to the environment. The effects of SA on the JA pathway can be antagonistic, synergistic, or neutral. JA-responsive genes PDF1.2 and VSP2 are highly sensitive to suppression by SA.

Several regulators of the interaction between the SA and JA pathways have been shown: the redox sensitive transcriptional coregulator NPR1, several WRKY and TGA transcription factors (TF) [START_REF] Caarls | Revisiting Plant Plasma Membrane Lipids in Tobacco: A Focus on Sphingolipids[END_REF].

It has been shown that some WRKY TF (WRKY50, WRKY51, WRKY70, and WRKY62) are regulated by the JA signaling pathway (J. Li et al., 2017). WRKY70 overexpression leads to the constitutive expression of SA-responsive PR (pathogenesis-related) genes and enhanced resistance to the biotrophic pathogen Erysiphe cichoracearum but repressed the expression of JA-responsive marker gene PDF1.2 and compromised resistance to the necrotrophic pathogen Alternaria brassicicola (J. Li et al., 2004).

Interestingly, JA signaling pathway is also triggered through the plasma membrane receptors PEPR1 that are activated by AtPEP1. AtPEP1 also activates plasma membrane phospholipase (DAD1, DGL, and PLD in A. thaliana) that releases linolenic acid (a precursor of JA synthesis) from the phospholipid [START_REF] Hind | Tissue-type specific systemin perception and the elusive systemin receptor[END_REF].

JA could be transported both short-and long-distance [START_REF] Sun | Short-and long-distance signaling in plant defense[END_REF]. In plants, JA could accumulate at the site of injury due to mechanical damage or insect feeding. Deposition leads to the defense genes expression. In the local defense response, exist two ways of shortdistance transmission of the JA. First, AtPEP1 released by the wounding acts as a signaling molecule, transported to the adjacent site through the apoplast and phloem to activate the JA cascade reaction pathway. Second, JA and JA-Ile induced by AtPEP1 act as signals and are transported to adjacent sites for defensive responses [START_REF] Truman | Arabidopsis systemic immunity uses conserved defense signaling pathways and is mediated by jasmonates[END_REF]. Also it is known about the long-distance transmission of JA signals via vascular bundle transmission and/or airborne transmission.

To activate JA responses at low JA concentrations plants used ABC transporter AtJAT1/AtABCG16 that localized on the nuclear and plasma membranes (Q. Li et al., 2017).

When the concentration of JAs is high, JA transporters on the cytoplasmic membrane become dominant that allow to reduce intracellular JA and JA-Ile concentrations to desensitize the JA signal. The JAs signaling could be activated in other cells through JA transportation to the apoplast. During stress AtJAT1/AtABCG16 rapidly regulate the dynamics of JA/JA-Ile in cells, allowing quick transport of JA-Ile into the nucleus to avoid the inhibition of plant growth and development by the defense response [START_REF] Ruan | Jasmonic Acid Signaling Pathway in Plants[END_REF].

Ethylene

ET is multifunctional phytohormone that controls growth and senescence of plants, fruit ripening [START_REF] Nazar | Involvement of ethylene in reversal of salt-inhibited photosynthesis by sulfur in mustard[END_REF]. It is gaseous and has a simple C 2 H 4 structure. ET receptors localized on the endoplasmic reticulum and Golgi apparatus which negatively regulate ethylene responses [START_REF] Dong | Subcellular colocalization of Arabidopsis RTE1 and ETR1 supports a regulatory role for RTE1 in ETR1 ethylene signaling[END_REF].

ET could have a positive and negative impact on plant immunity. In A. thaliana, ET activates SA-responsive PR-1 expression [START_REF] De Vos | Herbivore-Induced Resistance against Microbial Pathogens in Arabidopsis[END_REF]. Conversely, the ET-responsive transcription factors EIN3 and EIL1 were involved in the repression of PAMP-responsive genes in A. thaliana, including the SA biosynthesis gene ICS/SID2, resulting in reduced accumulation of SA [START_REF] Chen | ETHYLENE INSENSITIVE3 and ETHYLENE INSENSITIVE3-LIKE1 repress SALICYLIC ACID INDUCTION DEFICIENT2 expression to negatively regulate plant innate immunity in Arabidopsis[END_REF]. ET is produced in response to multiple environmental stresses both abiotic and biotic. The ET level is higher during the first stage of leaf formation and decreases until it reaches maturity when the leaf is completely expanded, then it increases again during the early step of the senescence initiation. Leaf senescence is activated at the mature stage of leaf development when leaves are fully expanded. The balance between ET and auxin is crucial for the regulation of leaf abscission. During leaf senescence, the auxin concentration declined and tissue sensitivity to ET increased as well as ethylene biosynthesis [START_REF] Botton | The Yes and No of the Ethylene Involvement in Abscission[END_REF].

Five different types of ET receptors are present in A. thaliana: ETR1, ERS1, EIN4, ETR2, and ERS2 [START_REF] Li | The Role of 1-Methylcyclopropene in the regulation of ethylene biosynthesis and ethylene receptor gene expression in Mangifera indica L. (Mango Fruit)[END_REF]. Each contains N-terminal transmembrane, GAF, and histidine (His) kinase domains, and ETR1, EIN4, and ETR2 also contain a receiver domain. In the absence of the hormone, ET receptors activate constitutive triple response 1 (CTR1). CTR1

phosphorylates ethylene insensitive (EIN)-2, an ER-bound, Nramp-like transmembrane protein, to repress its ability to induce ethylene responses [START_REF] Wen | Activation of ethylene signaling is mediated by nuclear translocation of the cleaved EIN2 carboxyl terminus[END_REF]. After the binding of ET to a receptor, CTR1 activity is repressed, and in the absence of CTR1 phosphorylation, EIN2 undergoes proteolytic processing to release its C-terminal domain, which migrates to the nucleus to activate a transcriptional cascade involving EIN3/EIN3-like and ethylene response factor (ERF) transcription factors [START_REF] Wen | Activation of ethylene signaling is mediated by nuclear translocation of the cleaved EIN2 carboxyl terminus[END_REF].

ET levels vary throughout a circadian cycle. Low ET levels were observed at dawn, increasing during the first half of the day, peaking between midday and evening, and decreasing again during the evening, with the peak slightly shifting in time depending on the species [START_REF] Thain | Circadian Rhythms of Ethylene Emission in Arabidopsis[END_REF].

Auxins

Auxins play a major role in plant growth and development under different environmental conditions. Auxin is responsible for apical dominance and phototropism. Auxin promotes cell growth and elongation of the plant. In the elongation process, auxin alters the plant wall plasticity making it easier for the plant to grow upwards. Auxin also influences root formation [START_REF] Abu-Zahra | Influence of Auxin Concentrations on Different Ornamental Plants Rooting[END_REF].

The natural auxins include indole-3-acetic acid, 4-chloroindole-3-acetic acid, phenylacetic acid (PAA), indole-3-propionic acid and inactive auxin precursors indole-3-butyric acid (Fig. 21). IAA is found to be present in much larger quantities than any other auxins. Communication between host plant and microorganisms can occur through secretion of proteins, metabolites and/or volatile organic compounds. Auxin as a signaling molecule could influence beneficial plant-microbe interactions. Plenty of microorganisms have been shown

to produce auxin and influence host plant development [START_REF] Spaepen | Auxin and Plant-Microbe Interactions[END_REF].

For example, Trichoderma virens, a plant-beneficial fungus, produces auxin related compounds and increases the aerial and root growth of A. thaliana [START_REF] Kazan | Auxin and the integration of environmental signals into plant root development[END_REF]. Similarly, the plant-growth-promoting bacterium, Pseudomonas fluorescens, promotes lateral root formation in an auxin-dependent manner (Chu et al., 2020, p. 01). Auxins produced by bacteria and fungi could control root hair initiation and root tip growth in plants [START_REF] Splivallo | Truffles Regulate Plant Root Morphogenesis via the Production of Auxin and Ethylene[END_REF]. A. tumefaciens enhances biosynthesis of two distinct auxins in the formation of crown galls [START_REF] Mashiguchi | Agrobacterium tumefaciens Enhances Biosynthesis of Two Distinct Auxins in the Formation of Crown Galls[END_REF].

The aromatic amino acid L-tryptophan (Trp) is a main precursor for IAA biosynthesis in plants. Trp is synthesized in chloroplasts via the shikimate pathway. Trp-dependent auxin biosynthesis includes production of several intermediates such as indole-3-acetaldoxime, indole-3-acetamide and indole-3-pyruvic acid.

Also exists a Trp-independent pathway for auxin synthesis due to cytosolic indole synthase. It mediates Trp-independent IAA production via the conversion of indole-3-glycerolphosphate to indole [START_REF] Normanly | Arabidopsis thaliana auxotrophs reveal a tryptophan-independent biosynthetic pathway for indole-3-acetic acid[END_REF].

Auxins regulate various physiological processes in plant development, including the establishment of bilateral symmetry in the embryo, root formation and apical dominance, but also in environmental responses such as gravitropism and phototropism [START_REF] Du | Rapid Auxin-Mediated Cell Expansion[END_REF].

Gravitropism happens due to redistribution of auxin in the elongation zone. Roots bend in response to gravity due to a regulated auxin movement. Auxin accumulates in the lower parts of the root, inhibits cell elongation and causes the root to bend.

IAA levels must be precisely regulated during plant growth in response to external and internal cues. The IAA concentration within cells and tissues is controlled by directional transport, localized biosynthesis and inactivation of IAA [START_REF] Casanova-Sáez | Auxin Metabolism in Plants[END_REF]. Two transport mechanisms exist in plants that enable auxin transport from the shoot to the root cap. First, a rapid type mechanism occurs in the phloem, carrying most of the IAA from apical tissues to the root. Second, a slower type mechanism provides protein-controlled cellto-cell transport, called polar auxin transport [START_REF] Petrášek | Auxin transport routes in plant development[END_REF]. This cell-to-cell movement of auxin requires both influx and efflux carrier proteins in the plasma membrane and also in the intracellular spaces. This polar transport is essential for the short distance distribution of auxin, which is mediated by membrane auxin-carrying proteins, including the PIN-formed (PIN) proteins and the ATP-binding cassette subfamily B. The eight A. thaliana PIN proteins are divided into two subfamilies based on the presence or absence of a central hydrophilic domain (Fig. 22) [START_REF] Zwiewka | The Nuts and Bolts of PIN Auxin Efflux Carriers[END_REF]. The larger PIN1-type subfamily comprises PIN1, PIN2, PIN3, PIN4, PIN6 and PIN7, while the PIN5-type subfamily comprises PIN5 and PIN8 [START_REF] Simon | PIN6 auxin transporter at endoplasmic reticulum and plasma membrane mediates auxin homeostasis and organogenesis in Arabidopsis[END_REF]. 

Cytokinins

CK are involved in the regulation of many developmental and physiological processes including leaf senescence, activity of shoot and root meristems, chloroplast development, regulation of cell division, embryogenesis, vascular development [START_REF] Argueso | Cytokinin signaling and transcriptional networks[END_REF]Kieber and Schaller, 2014).

In A. thaliana, CKs produced by Bacillus megaterium stimulate growth [START_REF] Ortíz-Castro | Plant growth promotion by Bacillus megaterium involves cytokinin signaling[END_REF]. CKs synthesized by bacteria induce resistance in A. thaliana against bacterial pathogens [START_REF] Großkinsky | Cytokinin production by Pseudomonas fluorescens G20-18 determines biocontrol activity against Pseudomonas syringae in Arabidopsis[END_REF]. CKs are a major factor in plant-microbe interactions during nodule organogenesis and pathogenesis. Plant cytokinins systemically induce resistance against pathogen infection. This resistance is regulated by endogenous cytokinin and salicylic acid signaling [START_REF] Choi | Cytokinins and plant immunity: old foes or new friends?[END_REF]. Higher levels of CK in plants increased resistance to pathogens [START_REF] Albrecht | Should I fight or should I grow now? The role of cytokinins in plant growth and immunity and in the growth-defence trade-off[END_REF].

The hormone is first perceived by dimerized transmembrane receptors belonging to the cyclase/histidine kinase associated sensory extracellular-4,5-domain-containing histidine kinase (HK) family. A. thaliana has AHK2, AHK3, and AHK4 receptors that work through a four-step phosphorelay signaling chain involving two other downstream effectors. Among them are histidine phosphotransfer proteins (HPt) and B-type response regulators (RR) which serve as transcription factors regulating CK response genes [START_REF] Werner | Cytokinin action in plant development[END_REF].

Several type of natural cytokinins were identified in plants: N 6-(Δ2-isopentenyl) adenine (iP), trans-zeatin (tZ), cis-zeatin (cZ), dihydrozeatin, and topolins (Fig. 23) [START_REF] Sakakibara | CYTOKININS: Activity, Biosynthesis, and Translocation[END_REF]. iP and tZ are the major derivatives and also have higher affinity for the receptors. The biosynthesis of cytokinins happens in two ways: first is derived from tRNA degradation and the second from the isopentenylation of free adenine nucleotides. In both ways a crucial enzyme is isopentenyl transferase. Meanwhile, the formation of cZ depends on the activity of two tRNA-IPTs. Substrates for free adenosine synthesis are dimethylallyl diphosphate and AMP of iP ribonucleoside and iP, respectively [START_REF] Gu | Roles of nitrogen and cytokinin signals in root and shoot communications in maximizing of plant productivity and their agronomic applications[END_REF]. Recent studies indicate that cytokinins were synthesized not only in roots and transported into shoots, but throughout the plant, including in aerial tissues (Kamada-Nobusada and [START_REF] Kamada-Nobusada | Molecular basis for cytokinin biosynthesis[END_REF].

Cytokinins are transported from roots to shoots via the xylem (primarily as tZ-ribosides) and from shoots to roots via the phloem (primarily as iP-type cytokinins) [START_REF] Zürcher | Cytokinin Synthesis, Signaling, and Function-Advances and New Insights[END_REF].

The levels of active cytokinins in a cell can decrease through either conjugation to glucose or through irreversible cleavage by cytokinin oxidases (Kieber and Schaller, 2014). [START_REF] Ma | SERKing Coreceptors for Receptors[END_REF], thus enabling heterodimerization, reciprocal phosphorylation, and full activation of BRI1 and BAK1 kinases [START_REF] Wang | Brassinosteroids Regulate Dissociation of BKI1, a Negative Regulator of BRI1 Signaling, from the Plasma Membrane[END_REF]. BRI1 phosphorylates BRsignaling kinase1, constitutive differential growth1, and some of their homologs, leading to activation of BSU1 (BRI1 suppressor 1) and BSU1-Like1-3 (BSL 1-3) [START_REF] Lin | Inverse modulation of plant immune and brassinosteroid signaling pathways by the receptor-like cytoplasmic kinase BIK1[END_REF].

BSU1/BSLs then inactivate BIN2 (Brassinosteroid-Insensitive 2). As a result, BIN2

substrates brassinazole-resistant 1 and bri1-EMS suppressor 1 get dephosphorylated and transported to the nucleus where they target promoters containing BR-response element CGTGC/TG and/or E-box (CANNTG) motif to regulate the expression of thousands of BRsresponsive genes that are crucial for plant growth and development [START_REF] He | BZR1 Is a Transcriptional Repressor with Dual Roles in Brassinosteroid Homeostasis and Growth Responses[END_REF]. As a result, particular groups of genes are being induced or repressed, modifying cell metabolism and whole plant physiology. The effect of BRs on transcriptomes is not restricted to a few specific genetic targets but affects genes associated with other hormone signaling pathways, especially SA, ABA, JA and auxins [START_REF] Aerts | Multiple levels of crosstalk in hormone networks regulating plant defense[END_REF].

BRs have been implicated in plant interactions with all three trophic-type pathogens:

biotrophs, hemibiotrophs and necrotrophs. BRs able to increase resistance and protect plants from the majority of biotrophs. In A. thaliana treatment with BR induce tolerance to cucumber mosaic virus (CMV) infection, thus BR signaling was necessary for CMV resistance [START_REF] Zhang | Induction of plant virus defense response by brassinosteroids and brassinosteroid signaling in Arabidopsis thaliana[END_REF]. BR-induced CMV tolerance was triggered with an antioxidant system. The effects of BRs on hemibiotrophic and necrotrophic pathogens are pleiotropic; they either promote resistance, increase susceptibility, or have no effect, depending on the pathogens and plant species involved. For example, external BR treatment induces resistance in barley plants to several fungal pathogens exhibiting different trophic lifestyles [START_REF] Ali | Brassinosteroid enhances resistance to fusarium diseases of barley[END_REF]. However, the same application showed no effect on inducing the resistance on A.

thaliana plants infected with the hemibiotrophic bacteria P. syringae or the necrotrophic fungus Alternaria brassicicola [START_REF] Albrecht | Brassinosteroids inhibit pathogenassociated molecular pattern-triggered immune signaling independent of the receptor kinase BAK1[END_REF].

Role of hormones in root development

Plants continuously grow and form new organs in response to developmental and environmental stimuli. A. thaliana is a multicellular organism, whose growth depends on cell division and cell expansion. In the A. thaliana root, primary growth processes are wellstudied.

Permanent growth supported by the activity of stem cells, located in stem cell niches (SCN).

SCN have derivatives, meristematic daughter cells, that form a meristem root zone [START_REF] Heidstra | Plant and animal stem cells: similar yet different[END_REF]. The root forms through root apical meristem that regulates axial primary growth. Firstly SCN activates proliferation of daughter cells, generating the division zone (DZ). When cells stop dividing, they obtain an elongated morphology with forming the elongation zone (EZ). After that cells get tissue-specific features on the basis of their radial position, in the differentiation zone (DiffZ). Separation between dividing and differentiating cells form transition zone (TZ) [START_REF] Dolan | Cellular organisation of the Arabidopsis thaliana root[END_REF]. Throughout the whole time root coordinate activity of the different zones (Fig. 25). protein and activity of the PIN genes and root growth [START_REF] Benjamins | Auxin: The Looping Star in Plant Development[END_REF]. Auxin biosynthesis was increased in developing root and shoot tissues upon application or induced biosynthesis of CK.

Auxin and BR together regulate plant root growth and development [START_REF] Choudhary | Benefits of brassinosteroid crosstalk[END_REF].

The BRAVIS RADIX (BRX) gene of A. thaliana maintains the threshold of BR level to permit optimum action for auxin. BRX expression induced by auxin and mildly repressed by BR [START_REF] Mouchel | BRX mediates feedback between brassinosteroid levels and auxin signalling in root growth[END_REF]. External treatment with BR leads to the expression of auxin responsive genes involved in root development (AXR3/IAA17, AXR2/IAA7, SLR/IAA14). BR also regulates polar auxin transport by the disruption of localization of auxin efflux carriers such as PIN3, PIN4 and influx carriers, AUX1/LAXs [START_REF] Li | Brassinosteroids Stimulate Plant Tropisms through Modulation of Polar Auxin Transport in Brassica and Arabidopsis[END_REF].

Auxin and ET crosstalk regulates root gravitropism, root growth, lateral root development and differentiation and elongation of root hair [START_REF] Pitts | Auxin and ethylene promote root hair elongation in Arabidopsis[END_REF]. ET stimulated auxin biosynthesis in root tips consequently inhibiting root elongation [START_REF] Ruzicka | Ethylene Regulates Root Growth through Effects on Auxin Biosynthesis and Transport-Dependent Auxin Distribution[END_REF]. ET inhibits root growth by impairing auxin perception through TIR1 or auxin transport via influx/efflux carriers [START_REF] Swarup | Auxin cross-talk: integration of signalling pathways to control plant development[END_REF].

JA inhibits primary and lateral root through an auxin independent pathway. Also JA could regulate auxin efflux carriers [START_REF] Corti Monzón | Sunflower root growth regulation: the role of jasmonic acid and its relation with auxins[END_REF]. Treatment by JA reduces PIN1 and PIN2 protein in the plasma membrane that leads to auxin accumulation in the root meristem [START_REF] Sun | Arabidopsis ASA1 is important for jasmonate-mediated regulation of auxin biosynthesis and transport during lateral root formation[END_REF].

'Pathogenesis-related' proteins and their role in defense against pathogens

PR proteins are induced during the response of plants to viruses, bacteria or fungi, oomycetes, nematodes, and phytophagous insects. The first four PR-protein families were isolated in tobacco [START_REF] Van Loon | Polyacrylamide disc electrophoresis of the soluble leaf proteins from Nicotiana tabacum var. 'Samsun' and 'Samsun NN': II. Changes in protein constitution after infection with tobacco mosaic virus[END_REF]. PR genes have also been found to be induced under the treatment with phytohormones, chemicals, under osmotic stress, drought, salinity, wounding, heavy metals, and endogenous treatment. PR proteins are highly resistant to proteolytic degradation and to low pH values, have low molecular mass. They are localized in compartments such as the vacuole, the cell wall and/or the apoplast [START_REF] Stintzi | Plant 'pathogenesis-related' proteins and their role in defense against pathogens[END_REF]. PR genes are activated by the systemic acquired resistance (SAR) pathway, increasing at local infected sites as well as in non infected parts of the plant. PR proteins may be acidic or basic, depending on their isoelectric points. Most acidic PR proteins are secreted into the extracellular spaces, whereas basic PR proteins are predominantly found in the vacuole [START_REF] Niki | Antagonistic Effect of Salicylic Acid and Jasmonic Acid on the Expression of Pathogenesis-Related (PR) Protein Genes in Wounded Mature Tobacco Leaves[END_REF]. PR proteins are localized in almost all plant organs including leaves, stems, roots, and flowers. Acidic PRs are upregulated by various signaling molecules like SA and ROS, while basic PRs are upregulated by ET and MeJa during pathogen attack [START_REF] Sinha | Current overview of allergens of plant pathogenesis related protein families[END_REF]. They are divided into 17 families based on molecular mass, isoelectric point, localization, and biological activity (Table 6). PR1s are the most abundantly produced PR proteins upon pathogen attack. Members of the PR1 form a superfamily of secreted proteins named CAP (from cysteine rich secretory protein (CRISP), antigen 5, and PR1 proteins). A. thaliana has 22 types of PR1-type genes.

Only one of them, A. thaliana PR1 (PR1, At2g14610), is induced by pathogens, insects, or chemical treatments, whereas other PR1-type genes are constitutively expressed in roots and pollen [START_REF] Van Loon | Significance of inducible defense-related proteins in infected plants[END_REF].

Among PR proteins PR2, PR3, PR4, PR5, PR12 have been rated as the potent antifungal proteins in plants [START_REF] Ali | Pathogenesis-related proteins and peptides as promising tools for engineering plants with multiple stress tolerance[END_REF].

Antibacterial properties were shown for the PR10 (ribonuclease-like proteins), PR12

(defensins), PR13 (thionins) and PR14 (lipid-transfer protein). Among them PR10 shows a broad spectrum of antibacterial activity against P. syringae, Agrobacterium tumefaciens, A.

radiobacter, P. aureofaciens and Serratia marcescens [START_REF] Jiang | Isolation and Characterization of a Novel Pathogenesis-Related Protein Gene (GmPRP) with Induced Expression in Soybean (Glycine max) during Infection with Phytophthora sojae[END_REF].

SA in response to pathogen attack could activate the expression of PR1, PR2 and PR5 genes.

Increased expression of PR3, PR4 and PR12 is the indication of the activation of the JA pathway in A. thaliana. Abiotic stresses can also mediate expression of PR genes. Salt and drought stress significantly increases the expression of PR genes in A. thaliana plants [START_REF] Singh | Comprehensive genomic analysis and expression profiling of phospholipase C gene family during abiotic stresses and development in rice[END_REF]. PR2 and PR3 protect cell damage due to cold stress and also possess antifreeze activity [START_REF] Janská | Cold stress and acclimation -what is important for metabolic adjustment?[END_REF].

Plant resistance

Plants are also capable of inducing defence mechanisms and resistance to pathogens in tissues distant from the site of primary infection. SAR and induced systemic resistance (ISR) are two forms of induced resistance wherein plant defenses are preconditioned by prior infection or treatment that results in the whole plant resistance against subsequent challenge by a pathogen or parasite. SAR acts nonspecifically throughout the plant. It has been suggested that SAR is most effective against biotrophic and hemibiotrophic pathogens and not against necrotrophic ones [START_REF] Glazebrook | Contrasting Mechanisms of Defense Against Biotrophic and Necrotrophic Pathogens[END_REF]. SAR requires the signal molecule SA and is associated with accumulation of PR proteins, which contribute to resistance. The roles of PR proteins will be described in chapter 2.3. ISR is a form of plant protection whose roots have been colonized by specific strains of non-pathogenic fluorescent Pseudomonas spp.

(Pescador Azofra, 2021). SAR is SA-dependent plant defense, whereas ISR is dependent on JA and ET. Beneficial microorganisms secrete secondary metabolites that directly antagonize pathogenic bacteria and act as immune elicitors to raise ISR [START_REF] Pršić | Elicitors of Plant Immunity Triggered by Beneficial Bacteria[END_REF].

Among them are phenazines, produced by beneficial Pseudomonas bacteria, cyclic lipopeptides surfactin and VOC 2,3-butanediol, produced by Bacillus spp. [START_REF] Chowdhury | Differential accumulation of callose, arabinoxylan and cellulose in nonpenetrated versus penetrated papillae on leaves of barley infected with Blumeria graminis f. sp. hordei[END_REF]. Another example is extracellular polysaccharides from B. cereus AR156 that could induce systemic resistance to P. syringae in A. thaliana (Jiang et al., 2016, p. 156). Plants can detect the presence of pathogens through membrane receptors. In the case when pathogens secrete proteins known as "effectors" inside the cell, they can interact with intracellular receptors.

Blumeria graminis f. sp hordei and its life cycle

Fungus Bgh, causes a serious disease of barley (Hordeum vulgare) called powdery mildew (Fig. 26). Usual symptoms include grey areas on the upper surface of the leaves (fluffy fungal mycelium). Leaves remain green and active for some time following infection, then gradually become chlorotic and die. During disease progression, the mycelium often becomes dotted with black points (cleistothecia), which are the sexual bodies of the fungus. Life cycle of Bgh includes germination of conidiospores on the plant leaf surface. This is followed by the formation of structures called appressoria and the development of infection hyphae called penetration pegs. Penetration pegs then develop into haustoria, a rootlike structure that invaginates, but doesn't go through the host plasma membrane (Fig. 27).

Afterwards, fungus get all nutrients from the host [START_REF] Hückelhoven | Powdery mildew susceptibility and biotrophic infection strategies[END_REF]. Haustorial body surrounded by the fungal haustorial plasma membrane and plant extrahaustorial membrane.

The extrahaustorial matrix is located between the fungal plasma membrane and the extrahaustorial membrane. The haustorium contains water and nutrients from the host, single nucleus, numerous mitochondria, β-1,3-polyglucans (e.g. callose), xyloglucans, rhamnogalacturonans, and arabinogalactan proteins. Haustorial cytoplasm and extrahaustorial membrane contain a high number of vesicles. On the plant side, the endoplasmic reticulum and plant multi-vesicular bodies locate close to the extrahaustorial membrane [START_REF] Micali | Biogenesis of a specialized plant-fungal interface during host cell internalization of Golovinomyces orontii haustoria[END_REF]. Some data suggest that PI(4,5)P2 is integrated into the plant extrahaustorial membrane, while PI4P appears to be absent from the extrahaustorial membrane [START_REF] Qin | Specific Recruitment of Phosphoinositide Species to the Plant-Pathogen Interfacial Membrane Underlies Arabidopsis Susceptibility to Fungal Infection[OPEN][END_REF]. 

Non-host resistance of Arabidopsis thaliana to Blumeria graminis f. sp hordei

The terms 'non-host plant' and 'non-host pathogen' means that pathogens have a limited range of plants on which they cause disease. Often only plants of a single genus are hosts for a particular pathogen; this is the case for many powdery mildew, rust and bacterial pathogens.

All other plants are by definition 'non-host plants', and the attacking microbes are 'non-host pathogens' [START_REF] Thordal-Christensen | Fresh insights into processes of nonhost resistance[END_REF]. Barley is a host plant to Bgh, and therefore causes a serious disease, although Bgh forms nonhost interactions with other plant species. It is known that A. thaliana is non-host to Bgh. Non-host resistance means that all genotypes of a plant species provide resistance to all genotypes of a pathogen species; resistance means inability of a pathogen to complete its life cycle on that plant species [START_REF] Ashburner | Gene Ontology: tool for the unification of biology[END_REF].

The Arabidopsis-Blumeria graminis f. sp hordei interaction

The A. thaliana-Bgh interaction was extensively investigated [START_REF] Collins | SNARE-protein-mediated disease resistance at the plant cell wall[END_REF]. When conidiospores germinate leading to the formation of the appressoria on plant surface, papillae are produced by plant as a defence response (in the most cases 80-90%). Papillae acts as a barrier (Johansson et al., 2014b). It is supposed that haustoria failed to develop (Fig. 28) (Assaad et al., 2004a). 

Papillae composition

Papillae consist of callose, cellulose, phenolic compounds, lignin, hydrolases, reactive oxygen species, syntaxin and SNARE proteins [START_REF] Chowdhury | Differential accumulation of callose, arabinoxylan and cellulose in nonpenetrated versus penetrated papillae on leaves of barley infected with Blumeria graminis f. sp. hordei[END_REF]. Correlations were documented between penetration resistance and the presence of osmiophillic substances in papillae [START_REF] Ebrahim-Nesbat | Ultrastructural and Histochemical Studies on Mildew of Barley (Erysiphe graminis DC. f. sp. hordei Marchal)[END_REF]. Osmium has affinity for phospholipids, unsaturated fatty acids, tannins, and phenolic polymers (Fig. 29). CW, cell wall; P, papilla; PL, membrane continuous with plasma membrane; V, vacuole (Assaad et al., 2004b).

The PLD family of enzymes, which directly generate PA through the hydrolysis of structural phospholipids, plays a vital role in lipid-based signaling cascades in plants. In addition, PLD and its product PA have been involved in modulating plant immunity. Distinct from other PLDs, PLDδ is activated by oleic acid and serves as a direct link between the plasma membrane and the microtubule cytoskeleton [START_REF] Pleskot | Regulation of cytoskeletal dynamics by phospholipase D and phosphatidic acid[END_REF].

PLDδ is involved in penetration resistance against Bgh in A. thaliana. PA generated by PLDδ accumulates in papillae and recruits effector proteins, such as protein kinases, phosphatases, and NADPH oxidases, thereby initiating PA-related plant defense signaling [START_REF] Xing | Coordination of Phospholipid-Based Signaling and Membrane Trafficking in Plant Immunity[END_REF].

Recycling during the deposition of material in papilla is crucial for an efficient penetration resistance. Polarization of actin filaments toward the fungal penetration site in leaf epidermal cells involves precise spatiotemporal myosin regulation. Polarized actin filaments mediate trafficking of organelles and vesicles to the penetration site. Disruption of myosin activity prevents pathogen-triggered actin filaments reorganization and organelle movement leading to impaired accumulation of cell wall components in papillae (callose, lignin-like compounds, and PEN1) and reduced penetration resistance [START_REF] Yang | Myosins XI modulate host cellular responses and penetration resistance to fungal pathogens[END_REF].

Role of PEN protein in penetration resistance

Besides, penetration resistance in A. thaliana depends on several PENETRATION (PEN) genes encoding a syntaxin (PEN1), a glycosyl hydrolase (PEN2), and an ABC transporter (PEN3). PEN1 encodes A. thaliana syntaxin SYP121. Syntaxins are members of the superfamily of SNARE domain-containing proteins that are known to mediate resistance to nonadapted pathogens through vesicle trafficking.

Based on the conserved residues in the central layer of the SNARE complex, they can also be classified as Q (glutamine)-and R (arginine)-SNAREs [START_REF] Fasshauer | Conserved structural features of the synaptic fusion complex: SNARE proteins reclassified as Q-and R-SNAREs[END_REF]) [START_REF] Fasshauer | Conserved structural features of the synaptic fusion complex: SNARE proteins reclassified as Q-and R-SNAREs[END_REF]). Q-SNAREs can be further classified into four types, Qa-, Qb-, Qc-, and Qb + c-SNAREs. R-SNAREs are known as vesicle-associated membrane proteins (VAMPs).

According to subcellular localization, SNAREs have been classified as t (target)-and v (vesicle)-SNAREs (Fig. 30). PEN1/SYP121, SNAP33 and VAMP72 form ternary SNARE complexes [START_REF] Kwon | Co-option of a default secretory pathway for plant immune responses[END_REF].

Structure function analysis of these complexes showed that phosphorylation of N-terminal PEN1/SYP121 syntaxins is required for full defense activity in planta [START_REF] Pajonk | Activity determinants and functional specialization of Arabidopsis PEN1 syntaxin in innate immunity[END_REF].

Loss of PEN1 function leads to almost 90% penetration success of Bgh spores [START_REF] Collins | SNARE-protein-mediated disease resistance at the plant cell wall[END_REF]. It was shown that PEN1/SYP121 continuously circulates between the plasma membrane and endosomes. Moreover, no de novo PEN1/SYP121 protein synthesis occurs during the accumulation in papillae (Nielsen and Thordal-Christensen, 2012). PEN1/SYP121 is located not only on the plasma membrane near the papillae, but also inside the papillae (Assaad et al., 2004b).

A. thaliana has PEN1/SYP121 homolog, SYP122 that is mostly located at the plasma membrane. It does not accumulate in papillae and syp122 mutants show an altered cell wall composition but in contrast to pen1 mutants there is no effect on the pre-invasive immunity towards Bgh [START_REF] Pajonk | Activity determinants and functional specialization of Arabidopsis PEN1 syntaxin in innate immunity[END_REF]. From functional analysis was revealed that PEN1/SYP121 proteins were involved predominantly in lipid metabolism, most notable being GDSL lipases (GDSL refers to the consensus amino acid sequence of Gly, Asp, Ser, and Leu around the active site Ser), and cargos associated with oxidative stress responses and protein folding.

Several protease inhibitors were identified mainly as SYP122-specific cargo, alongside with cell wall-associated proteins and seed storage proteins [START_REF] Waghmare | SNAREs SYP121 and SYP122 Mediate the Secretion of Distinct Cargo Subsets1[OPEN][END_REF].

Concerning the other PEN proteins, the PEN2/PEN3-dependent pathway is linked to metabolism and transport of tryptophan-derived secondary metabolites. PEN2 encodes a peroxisome-localized myrosinase involved in hydrolyzing indole glucosinolates and PEN3 encodes a plasma membrane-localized ABC transporter [START_REF] Stein | Arabidopsis PEN3/PDR8, an ATP Binding Cassette Transporter, Contributes to Nonhost Resistance to Inappropriate Pathogens That Enter by Direct Penetration[END_REF]. The current model suggests that PEN2 produces an active compound which is excreted into the apoplast by PEN3 to stop fungal ingress [START_REF] Bednarek | A glucosinolate metabolism pathway in living plant cells mediates broad-spectrum antifungal defense[END_REF].

AIMS OF THE PROJECT

The type III PI4Ks have been extensively investigated not only by the teams in which I performed my thesis research, but also by other research groups over the years. To explore the role of type III PI4Ks, the use of mutants is an approach of choice. However, no homozygous mutant in PI4KIIIα1 is viable. Therefore, the mutant approach has been used to study the role of PI4KIIIβ1 and PI4KIIIβ2. The A. thaliana mutant line pi4kIIIβ1β2

(SALK_040479/SALK_09069) carries T-DNA insertions in both PI4KIIIβ1 and PI4KIIIβ2 (Fig. 31). My work could be divided into three parts. The aim of the first part was to elucidate whether pi4kIIIβ1β2 phenotype could be related to the problem with hormone related processes, and more specifically to IAA related responses. Among them was IAA treatment with subsequent measurements of root, cortical cell, and meristem length. Employing DR5-GUS reporter and DII-VENUS construct helped me check auxin transcriptional response. In addition, responses of selected genes to auxin were tested.

PI4K is interesting in studying not only in terms of phenotype features, but also in plantmicrobe interaction. That's why I decided to expand the topic. The aim of the second part was to elucidate the reason for higher pi4kIIIβ1β2 susceptibility to non-adapted fungal pathogen Blumeria graminis pv. hordei. For that I investigated the involvement of PI4Ks in non-host resistance, especially in papillae formation. Using different biosensors, I checked the localization and the accumulation level of phospholipids like PA, PI4P, PI(4,5)P2 and protein PEN1/SYP121.

In the third part, I wanted to understand what activates the EDS1/PAD4 signaling that promotes ICS1 expression and SA accumulation in pi4kβ1β2 mutants. The pi4kβ1β2 double mutant constitutively accumulated a high SA level via EDS1/PAD4 pathway. To elucidate that, I used mutant approach methodology to see if receptors were involved in some of the phenotypes of the pi4kβ1β2 mutant. Rosette size and callose measurements, evaluating resistance to P. syringae, PR1 expression, were used as a proxy of SA accumulation. 

MATERIAL AND METHODS

CHEMICALS

PLANT MATERIAL

A. thaliana ecotype Columbia-0 was used as WT.

The following single mutant lines were obtained from The Nottingham Arabidopsis Stock Centre (NASC): sid2-3 (salk_042603 [START_REF] Nawrath | Salicylic Acid Induction-Deficient Mutants of Arabidopsis Express PR-2 and PR-5 and Accumulate High Levels of Camalexin after Pathogen Inoculation[END_REF]), pepr1 (salk_059281), pepr2 (salk_098161), snc1-11 (salk_047058), bak1-4 (salk_116202), wrky70 (salk_025198), fls2 (salk_026801C) (Fig. 32).

The cerk1-2 (GABI_096F09) from Frédéric Brunner, ZMBP, University of Tübingen (Fig. The pi4kβ1β2 (SALK_040479/SALK_09069 [START_REF] Preuss | The Arabidopsis Rab GTPase RabA4b Localizes to the Tips of Growing Root Hair Cells[END_REF]) and the sid2/pi4kβ1β2 (SALK_042603/SALK_040479/SALK_09069) were already in the laboratory, and obtained through crosses (Šašek et al., 2014).

32).

Some A. thaliana lines with specific constructs were obtained through colleagues. The given by Anne Guivarc'h (iEES-Paris). The pUBC::Lifeact-GFP line was obtained from Fatima Cvrčková [START_REF] Cvrčková | A new kymogram-based method reveals unexpected effects of marker protein expression and spatial anisotropy of cytoskeletal dynamics in plant cell cortex[END_REF]; the 35S::GFP-SYP121 was obtained from Mads Nielsen (Department of Plant and Environmental Sciences, Copenhagen Plant Science Center, University of Copenhagen) (Nielsen et al., 2012).

PIN2::PIN2-GFP [START_REF] Ischebeck | Phosphatidylinositol 4,5-Bisphosphate Influences PIN Polarization by Controlling Clathrin-Mediated Membrane Trafficking in Arabidopsis[END_REF] and PIN2::PIN2-GFP in a pi4kβ1β2 background [START_REF] Lin | A dual role for cell plate-associated PI4Kβ in endocytosis and phragmoplast dynamics during plant somatic cytokinesis[END_REF], were obtained from Department of cellular biochemistry (Ingo Heilman group), Institute of Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany [START_REF] Lin | A dual role for cell plate-associated PI4Kβ in endocytosis and phragmoplast dynamics during plant somatic cytokinesis[END_REF].

Mutant creation by crosses

The The following double, triple and quadruple mutants: pepr1/pepr2, pepr1/pi4kß1ß2, pepr2/pi4kß1ß2, pepr1/pepr2/pi4kß1ß2, cerk1-2/pi4kß1ß2, bak1-4/pi4kß1ß2, snc1-11/pi4kß1ß2, wrky70/pi4kβ1β2, sid2/wrky70/pi4kβ1β2 mutants were generated by crossing.

Homozygous plants were identified in the F2 or further generations, using PCR.

Genotyping primers are listed in Table 1.

Mutant creation by plant transformation

The DII-VENUS construct in Agrobacterium was created in the Laboratoire de Reproduction et Développement des Plantes, Université de Lyon, France [START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF]. The DII-VENUS construct was introduced into pi4kβ1β2 by floral dip transformation. This method is based on loading unopened plant flowers in a solution of Agrobacterium tumefaciens in the presence of a surfactant (0.02% Silwet L-77). Healthy non-transformed A. thaliana plants were grown in soil pots until they contain as many unopened flowers as possible. A culture of Agrobacterium tumefaciens which carries the desired gene on a binary vector was grown overnight in 5 ml of LB medium (28°C at the rotary shaker, 200 rpm). The culture was then transferred to 500 ml of LB medium and re-cultured overnight (28°C, 200 rpm). Both cultures were performed in the presence of the antibiotic kanamycin (50 μg/ml). Cell density is not critical for successful transformation (OD 600 can range from 0.1-2). Composition of LB medium: NaCl -10 g/l, yeast extract -10 g/l, tryptone -5 g/l, pH=7. The medium was autoclaved for 20 min. at 120˚C. The Agrobacterium culture was spun at the bottom of the cuvette (6000 rpm for 10 min) and the pellet is resuspended in 5% sucrose solution -500 ml.

Before inoculating the plants, Silwet L-77 detergent (final concentration in solution 0.02%) was added to the solution, which must be mixed well. The aboveground part of the plant was immersed in the Agrobacterium solution for 20 seconds. The plants were then drained. The plants were covered for 16-24 h with a transparent plastic cover to maintain high humidity (plants should not be exposed to strong sunlight). The next day, the cover was removed.The plants were watered regularly. It stops as soon as the seeds were ripe. Dry pods with seeds were harvested. Three independent lines were selected and the T4 generation was studied.

METHODS RELATED TO PLANT CULTIVATION

Experiments with seedlings

Seeds were surface sterilized with 1.6% sodium hypochlorite solution containing 0.02% (v/v) TWEEN20. Seeds were stratified for 2 days at 4°C in the dark. Seeds were germinated for 3 days in Petri dishes containing half-strength Murashige-Skoog basal salt medium, pH=5.7, supplemented with 1% (w/v) sucrose and 0.8% (w/v) plant agar at 22 °C under a 16 h light/8 h dark regime in a vertical position.

For selection of DII-VENUS transformed seedlings, they were selected on half-strength Murashige and Skoog plates supplemented with 20 g/L -1 sucrose and 50 μg/mL -1 kanamycin.

Plants that passed the antibiotic test were further examined under a microscope.

For the primary root length analysis, 4 days after germination, seedlings were transferred to square Petri plates containing the same medium supplemented or not with hormones (IAA at 0.05, 0.1 or 1 µM final concentration; BAP at 0.1, 0.5, 1 or 5 µM; SA at 2, 10 or 20 µM).

Stock solutions at 200 mM were prepared in distilled water and a few drops of 1 N NaOH.

After 7 days of cultivation in vertical position Petri dishes were scanned for the primary root length measurement.

For DII-Venus assay 7-day-old seedlings were used. Seedlings were transferred to the plates with media supplemented 0.01 μM IAA for 1 h and subjected to microscopy.

For 4-64 staining 5-day-old A. thaliana seedlings expressing PIN2::PIN2:GFP were incubated with 2 μM FM 4-64 in half-strength Murashige and Skoog liquid medium in multiwell plates for 5 min and then rinsed 3 times in liquid medium.

For actin structure evaluation 7-days-old seedlings were used. Seedlings expressing pUBC::Lifeact-GFP were sprayed with 10 μM latB (latrunculin B) for different time incubations (30, 90 and 150 min) and were used for confocal microscopy.

Experiments with 4-week-old plants

For experiments with 4-week-old plant stratification for 2 days at 4°C in dark conditions was applied to break dormancy. Seeds were transferred to pots with substrate tablets and grown in cultivation chambers (Snijders, Drogenbos, Belgium at 22°C day temperature, 65-70% humidity and 16 h light/8 h dark (LD) or 12 h light/12 h dark (SD)). After 1 week, the seedlings were replanted to one plant per pot. Four week old plants were used for analysis.

Rosette size of soil-grown plants were measured by FiJi (area tool). Rosette weight was determined using analytical scales.

METHODS CONCERNING NUCLEIC ACIDS

Genomic DNA extraction

For DNA extraction, 1-2 leaves from each plant were collected in tubes with 1 g of 1.3 mm silica beads. Leaves were homogenized in tubes using a FastPrep-24 instrument (MP Biomedicals, USA) (6 m/sec, 25 sec). After that, 400 µL of extraction buffer (200 mM Tris-HCL pH=8.0, 250 mM NaCL, 25 mM EDTA, 0.5% (w/v) SDS) were added. Leaves were homogenized a second time with the same condition. Subsequently, samples were centrifuged for 1 min at 13000 rpm. Then, 300 µL were transferred to a new Eppendorf tube with 300 µL isopropanol. After a quick vortex the tube was centrifuged for 5 min at 13000 rpm. The pellet was left for drying and then resuspended in 100 µL of 10 mM Tris-HCL, pH=7.6, 1 mM EDTA.

PCR analyses for genotyping

For genotyping PCR analyses were performed with subsequent primers from Table 7. The PCR was done in 20 µL in presence of 10 µL Master Mix, 0.5 µM of each primer, and 2 µL extracted DNA. For T-DNA mutants, two PCRs were made: LBb1.3 primer aligning to the left border of the insertion with reverse primer (LB+RP) and forward primer with reverse primer (LP+RP). Amplification product from a heterozygous individual should give bands from both LP+RP and LB+RP primer combinations as it contains a single T-DNA insert in either of the alleles. Amplification from a homozygous individual is expected only from LB+RP primer combination as it has T-DNA inserted in both copies of the gene, and WT plants would give a higher size band with LP+RP (Fig. 33). The PCR program consisted of a 15 min initial denaturation step at 95°C followed by 30 min annealing at 55°C, and 30 min primer extension at 72°C, 40 number of cycles.

The specific sizes of the genes PCR product and a control band were assessed after horizontal electrophoresis on a 1% agarose gel containing 0.01% GelRed in 0.1X TAE (Tris-acetate-EDTA) buffer (40 mM Tris (pH=7.6), 20 mM acetic acid, 1 mM EDTA). For size determination, DNA Ladder was loaded in the gel. The bands were observed with the Biorad Universal Hood II Gel Doc System. 

Total RNA extraction

RNA were isolated from 7-day-old seedling roots and shoots (total fresh weight 100-200 mg), leaves of 4-week-old plant. Samples were homogenized in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24 instrument (MP Biomedicals, USA). Total RNA was isolated using a Spectrum Plant Total RNA kit (Sigma-Aldrich, USA) and treated with a DNA-free kit (Ambion, USA). The quantity of extracted RNA was measured using NanoDrop.

RNA-Sequencing

Sequencing was carried out using an Illumina NexSeq500 by the IPS2 POPS platform. RNAseq libraries were made using the TruSeq Stranded mRNA kit (Illumina®, California, USA).

The RNA-seq samples were Single End (SE) sequenced, stranded with a sizing of 260 bp and a read length of 75 bases, lane repartition and barcoding gave approximately 45 million SE reads per sample.

Bioinformatic analyses and statistical treatments for RNA-seq

To facilitate comparisons, each sample followed the same steps from trimming to counts.

RNA-Seq preprocessing included trimming library adapters and performing quality controls.

The raw data (fastq) were trimmed using the Trimmomatic [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF] tool for a Phred Quality Score Qscore >20, read length >30 bases, and ribosome sequences were removed with the sortMeRNA tool [START_REF] Kopylova | SortMeRNA: fast and accurate filtering of ribosomal RNAs in metatranscriptomic data[END_REF]. The genomic mapper STAR (version 2.7. 3a [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF]) was used to align reads against the A. thaliana genome (from TAIRv10), with options--outSAMprimaryFlag AllBestScore --outFilterMultimapScoreRange 0 to keep the bests results. Transcript abundance of each gene was calculated with STAR and counts only single reads for which reads map unambiguously one gene, thus removing multi-hits. According to these rules, around 97% of SE reads were associated with a gene, 1-2% of SE reads were unmapped and 1.22-1.66% of SE reads with multi-hits were removed. Differential analyses followed the procedure previously described [START_REF] Rigaill | Synthetic data sets for the identification of key ingredients for RNA-seq differential analysis[END_REF]. Briefly, genes with less than 1 read after a counts-per-million (CPM)

normalization in at least one half of the samples were discarded. Library size was normalized using the trimmed mean of M-value (TMM) method and count distribution was modeled with a negative binomial generalized linear model. Dispersion was estimated by the edgeR method [START_REF] Mccarthy | Differential expression analysis of multifactor RNA-Seq experiments with respect to biological variation[END_REF] in the statistical software 'R'( 2018)) (Version 3.2.5 R Development

Core Team (2005). Expression differences compared 2 samples using likelihood ratio tests and p-values were adjusted with the Benjamini-Hochberg procedure to control False Discovery Rate (FDR). A gene was declared differentially expressed if the adjusted p-value < 0.05.

Genes were classified using the Classification SuperViewer Tool developed by [START_REF] Zhu | A browser-based functional classification SuperViewer for Arabidopsis genomics[END_REF] as described previously [START_REF] Kalachova | The inhibition of basal phosphoinositidedependent phospholipase C activity in Arabidopsis suspension cells by abscisic or salicylic acid acts as a signalling hub accounting for an important overlap in transcriptome remodelling induced by these hormones[END_REF]. The classification source was set to Gene Ontology categories as defined by [START_REF] Ashburner | Gene Ontology: tool for the unification of biology[END_REF]. The frequency of each category was normalized to the whole Arabidopsis set. The mean and standard deviation for 100 bootstraps of our input set were calculated to provide some idea as to over-or underrepresentation reliability. Similarity analyses were performed using tools developed by

Genevestigator [START_REF] Zimmermann | GENEVESTIGATOR. Arabidopsis Microarray Database and Analysis Toolbox[END_REF]. The "Hierarchical clustering" tool works on the expression matrix defined by a microarray experiment selection and a gene selection. The "Biclustering" tool identifies groups of genes that are expressed above or under a set threshold ratio in a subset of conditions rather than in all conditions.

Transcript abundance evaluation by qPCR

Gene transcription measurement was conducted as described previously [START_REF] Kalachova | Interplay between phosphoinositides and actin cytoskeleton in the regulation of immunity related responses in Arabidopsis thaliana seedlings[END_REF]. In general, 1 μg of RNA was converted into cDNA with M-MLV RNase H-Point

Mutant reverse transcriptase and an anchored oligo dT21 primer. Gene expression was quantified by qRT-PCR using a LightCycler 480 SYBR Green I Master kit and LightCycler 480 (Roche, Switzerland). The PCR conditions were 95°C for 10 min followed by 45 cycles of 95°C for 10 s, 55°C for 20 s, and 72°C for 20 s. Melting curve analysis was then conducted. CT values of target genes were normalized to the housekeeping gene TIP41. The list of the primers used is given in Table 8. 

METHODS RELATED TO PLANT PHYSIOLOGY

Root length measurement

After 7 days of cultivation in vertical position Petri dishes were scanned for the primary root length measurement. Images were imported into FiJi software and root hair length was measured manually using a segmented line tool. At least 60 root hairs from 10 seedlings were analyzed for each variant.

Gravitropic test

Gravitropic response test was performed as previously described [START_REF] Retzer | Brassinosteroid signaling delimits root gravitropism via sorting of the Arabidopsis PIN2 auxin transporter[END_REF]. Fiveday-old seedlings were transferred onto fresh Petri Dishes containing half-strength Murashige-Skoog basal salt medium, pH=5.7, supplemented with 1% (w/v) sucrose and 0.8% (w/v) plant agar and aligned in a horizontal orientation. Plants were scanned at indicated time points using a Horizontal LSM880 with Airyscan module for 12 h and images were used to determine root reorientation. The root turning angle and length were calculated for each time point. Ten roots were imaged for each genotype.

GUS staining

GUS staining was performed as previously described [START_REF] Figueroa-Balderas | Hormonal and stress induction of the gene encoding common bean acetyl-coenzyme A carboxylase[END_REF].

Briefly, 4 or 8-day-old seedlings were incubated in 2 mM X-Gluc, 50 mM NaH 2 PO 4 , pH=7, 0.5% (v/v) Triton-X, 0.5 mM K-ferricyanide, for 16 h at 37°C. Chlorophyll was removed by repeated washing with 80% (v/v) ethanol. Imaging was performed using an ApoTome Zeiss microscope with a 5x objective at bright field settings.

Hormone measurements

Whole roots (50-100 mg) were harvested from quantification by the isotope dilution method. The detailed methodology was described previously [START_REF] Figueroa-Balderas | Hormonal and stress induction of the gene encoding common bean acetyl-coenzyme A carboxylase[END_REF].

Root growth assay with pep1

Seeds were sown on solid half-strength Murashige-Skoog basal salt medium, stratified for 2 days at 4°C in the dark, and placed vertically in the light. At 10 day after germination, seedlings were transferred to square transparent Petri dishes with solid half-strength Murashige-Skoog basal salt medium supplemented with or without the 50 nM of peptides and incubated for another 4 days, after which the plates were scanned and root growth was measured using FiJi.

METHODS CONCERNING PATHOGEN INOCULATION

Treatment with Blumeria graminis

Blumeria graminis f. sp. hordei (Bgh) was cultivated continuously on winter barley (cv.

Stupický staročeský) grown under short day conditions (19°C, 10/14 h, 50% humidity, at a light intensity of 70 μmol m -2 s -1 ). Plants, approximately 4-weeks-old, were inoculated by spreading spores from infected barley onto the adaxial side of their leaves (from leaf to leaf).

To obtain a uniform distribution of conidia, inoculation was performed using an inoculation tower to spray 150-200 conidia per square mm.

Pseudomonas syringae pv. tomato DC3000 infection assay

Inoculation with P. syringae pv. tomato DC3000 was performed according to Katagiri et al.

(2002) with modifications. Bacteria were cultivated overnight on LB medium plates containing rifampicin (50 µg µL -1 ). P. syringae pv. tomato DC3000 were taken from the plate and resuspended in 10 mM MgCl 2 (OD 600 = 0.001). Four-week-old plants were infiltrated with this suspension.

One disc (6 mm) from one leaf, three leaves at the same developmental stage from one plant and three plants were collected as one sample of one genotype at 0 and 3 dpi. Leaf discs were ground in 10 mM MgCl 2 and decimal dilutions were made. Quantification of bacteria was based on colony forming units counting.

METHODS CONCERNING MICROSCOPY

Root morphology microscopy

After 7 days of cultivation in vertical position, Petri dishes seedlings scanned for the primary root length measurement (Epson Perfection V700 Photo, Suwa, Japan, at 600 dpi resolution).

For the measurement of the lengths of meristem, elongation zone and cortical cells, roots were observed under an ApoTome Zeiss microscope with a 5x objective at bright field settings. Images were analyzed with FiJi software [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. At least 12 seedlings were analyzed for each variant. For the measurement of root hair length and density, 5-day-old seedlings were photographed under a stereo microscope (SteREO Discovery V8, Carl Zeiss GmbH, Jena, Germany) equipped with an AxioCam HRc camera.

Confocal microscopy

A For 4-64 staining seedlings were observed using a confocal scanning microscope Zeiss LSM 880 equipped with C-Apochromat 40x/1.2 W objective.

PIN2 immunolocalization

For whole mount immunolocalization of 5-day-old seedlings, the protocol was adapted to the InSituPro VS liquid-handling robot (Intavis AG, Germany). Prior to immunolocalization, BSA in MTSB-T) and incubated first with anti-PIN2 rabbit antibody (dilution 1:500) and then a secondary anti-rabbit Alexa Fluor 546 antibody (dilution 1:1000). Both antibodies were diluted in BSA. Between the described steps, washes with MTSB-T were provided and at the end MTSB-T was exchanged for deionized water. Seedlings were then transferred from the robot to 50% (v.v) glycerol in deionized water and the fluorescence signal was measured using a confocal scanning microscope Zeiss LSM 880 with Airyscan module.

Callose staining and microscopy

Four-week-old A. thaliana plants were treated for 24 h with P. syringae. Distilled water infiltration was used as a control (mock) treatment. Infiltrated leaves were discolored in ethanol/glacial acetic acid (3:1, v/v). The leaves were then rehydrated in successive baths of 70% (v/v) ethanol (at least 1 h), 50% (v/v) ethanol (at least 1 h), 30% (v/v) ethanol (at least 1 h) and water (at least 2 h). Leaves were stained for 4 h with 0.01% (w/v) aniline blue in 150 mM K 2 HPO 4 , pH=9.5. Callose deposition was observed by fluorescence microscopy using a Zeiss AxioImager ApoTome2 (objective 10x). Callose accumulation was calculated using FiJi software [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] as the percent occupancy of aniline blue signal (spots).

At least 15 independent leaves were analyzed per variant.

Penetration success and imaging

For penetration rate estimation and callose visualization, 24 hpi each leaf segment was stained in 250 mg/ml trypan blue for 10 min and bleached in a 1:3 (v/v) acetic-acid/ethanol solution for 24 h. The leaves were then rehydrated in successive baths of 70% (v/v) ethanol (at least 1 h), 50% (v/v) ethanol (at least 1 h), 30% (v/v) ethanol (at least 1 h) and water (at least 2 h) and stained for 4 h with 0.01% (w/v) aniline blue in 150 mM K 2 HPO 4 , pH=9.5.

Stained leaves were observed by classical epifluorescence microscopy and bright-field microscopy using a Zeiss AxioImager ApoTome2 (objective 100x). For each genotype, three biological replicates were performed, considering at least 100 infection sites per variant.

DATA ANALYSIS AND STATISTICS

Student's t-test and one-way ANOVA with Tukey's HSD post-hoc test were applied; the exact number of values and statistical procedures are stated in the figure legends.

Data deposition

Experimental steps, from growth conditions to bioinformatic analyses, have been deposited in the CATdb database [START_REF] Gagnot | CATdb: a public access to Arabidopsis transcriptome data from the URGV-CATMA platform[END_REF]) as ProjectID NGS2020_14_pi4kb1b2 and further submitted to the international repository GEO [START_REF] Edgar | Gene Expression Omnibus: NCBI gene expression and hybridization array data repository[END_REF] as ProjetID=GSE179635.

RESULTS

PART I. Auxin-related responses in roots

The pi4kβ1β2 mutant is impaired in root growth

The PI4Kß1ß2 deficiency in pi4kβ1β2 seedlings led to a decreased primary root length of up to 4-fold compared to the WT control (Fig. 34a,b). The shorter primary root of the mutant appeared to be due to shorter meristem and elongation zones (Fig. 34c). The shorter meristem of pi4kβ1β2 was due to fewer cells (Fig. 34d), some of which showed unfinished cytokinesis.

Interestingly, the CycB1::GUS associated signal occupied a smaller percentage area of the meristem in pi4kβ1β2 roots when compared to the WT (Fig. 34e,f). The elongation zone was almost missing. In the differentiation zone, the pi4kβ1β2 mutant had smaller cortical cells (Fig. 35) and either similar or very small root hair lengths when compared to the WT. This created apparent bare zones (Fig. 34g,h), while the overall total root hair density in pi4kβ1β2 plants did not differ from WT (Fig. 34i). An analysis of the epidermal cell lines [START_REF] Singh | Insight into the early steps of root hair formation revealed by the procuste1 cellulose synthase mutant of Arabidopsis thaliana[END_REF] showed that the regularity of trichoblasts/atrichoblasts formation was not affected in the mutant (Fig. 36). This confirmed that the apparent bare zones were not due to an absence of hairs but to shorter root hairs. 

Responses to IAA and to gravistimulation are impaired in pi4kβ1β2

Mutant and WT 5-day-old seedlings were transferred to a cultivation medium containing various phytohormones. Seven days later, the lengths of the primary root, of the meristem and of the cortical cells were measured. The presence of IAA led to a decrease in the root length of WT plants; the decrease was more than 60% at 100 nM IAA. The pi4kβ1β2 mutant was less sensitive to the auxin treatment, the decrease being only 20% at the concentrations tested (Fig. 37a, Fig. 38). A lower sensitivity to exogenous auxin was also detected at the cellular and/or tissue levels. At 50 nM IAA, the length of WT cortical cells showed a 30%

decrease compared to the control, while the mutant was insensitive. At 1 µM IAA, the decrease in length of WT cortical cells was 50%, compared to the control, while the mutant remained insensitive (Fig. 39a). Concerning meristem size, 100 nM IAA caused a 20%

shortening of its length in WT seedlings but no response was observed for the pi4kβ1β2 mutant; this difference in IAA sensitivity was still apparent even at 1 µM (Fig. 39b).

Interestingly, the sensitivity of primary root length to a cytokinin (BAP) or to SA did not differ between pi4kβ1β2 and WT seedlings (Fig. 39c,d), thus indicating a specific response to auxins.

We then focused on another auxin-related process, the response to gravistimulation.

Interestingly, both root elongation (i.e. the distance that the root tip grew since the 0' time point) and root orientation (i.e. the angle between the root tip at current and 0' time-point)

were affected in the double mutant in due course of 12 h experiment (Fig. 37b,c 

The transcriptome of pi4kβ1β2 roots shows partial similarities to IAA-treated WT roots

In order to better detail the pi4kβ1β2 root phenotypes, an RNAseq transcriptomic analysis of roots was performed. It was found that 2517 and 3418 genes were either up-or down- To focus on the most significant changes, we applied a log2 fold change filter. Genes with the differential expression higher or lower than 1.5 were classified using the Classification SuperViewer Tool developed by (Provart and Zhu, 2003). The classification source was set to Gene Ontology categories as defined by [START_REF] Ashburner | Gene Ontology: tool for the unification of biology[END_REF]. The frequency of a category, normalized to that in the whole Arabidopsis set. The mean and standard deviation for 100 bootstraps of our input set were calculated to provide some idea about over-or under-representation reliability.

Among the genes induced in pi4kβ1β2 roots compared to WT, we found enrichment in genes encoding extracellular, plasma membrane, or cell wall localized proteins, and underrepresentation of genes encoding cytoskeleton or mitochondria-associated proteins.

Interestingly, among the repressed genes, the cell wall-associated proteins were also enriched, while cytoskeleton-localized proteins were overrepresented. As for biological processes, we found enrichment in the categories of "response to stress", "signal transduction"and "development" for both groups of genes. Results of the RNAseq analysis were confirmed by qPCR on a selection of genes (Fig. 42). Among the genes most induced in pi4kβ1β2 roots, we found several that were involved in response to hypoxia, oxidative stress and induced systemic resistance (Fig. 43,44). Next, the list of the 200 most up-regulated and 200 most down-regulated genes in pi4kβ1β2 mutant roots versus WT roots was used as a signature to interrogate public transcriptomic data using the Genevestigator similarity search program [START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF]. This was performed against curated root experiments dealing with root samples and classified as "Hormone", "Temperature" or "Stress". Out of the 10 most similar experiments, 7 concerned treatments with auxin (Fig. 44a). Within this set of curated root experiments (Fig. 44a), we then only selected the experiments dealing with response to auxins. According to the responses in these experiments of the 200 most repressed genes in our pi4kβ1β2 versus WT root comparison, the experiments and the genes were clustered (Fig. 44b). This allowed the identification of clusters of genes, down-regulated in pi4kβ1β2 mutant roots compared to WT ones and down-regulated in some experiments dealing with the response to auxin (Fig. 44b, clusters A, B, C; list of genes of these clusters in table 9).

Table 9. Clusters of genes, down-regulated in pi4kβ1β2 mutant roots compared to WT ones and down-regulated in curated public transcriptomics experiments dealing with the response to auxin (clusters A, B, C); genes that are down-regulated in pi4kβ1β2 roots, but were shown to be upregulated by auxin in curated public transcriptomics experiments dealing with the response to auxin (cluster D); genes upregulated both in pi4kβ1β2 mutant roots versus WT and up-regulated in curated experiments dealing with response to auxin in roots (cluster E); genes upregulated in pi4kβ1β2 mutant roots versus WT but down-regulated in some curated experiments dealing with response to auxin in roots (F).

A B C D E F At1g19900 AGP13 NPF6.4 At4g02850 ACT4 At3g46810 At1g26420 ACSS AGP22 At1g22290 PUP4 At1g58120 At4g12490 UGT74E2 FAR3 At4g01140 At1g78990 TPPH At3g26490 CDEF1 GSTF3 CSLB5 At4g22460 NPF2.3 ATT16 At5g22430 JAL4 NDB4 PIP2-4 MLP43 At1g03660 At1g64590 AIR1B GH3.3 ORG3 At3g19320 ANNAT7 At5g37990 ERFO34 At3g06390 YDK1 PMAT1 PME16 SCPL31 XTH32 At1g11740 ZPF2 BGLU28 At4g38690 At1g33100 At2g19060 ACS9 PME60 At4g12510 At3g26460 At1g76800 CML12 At4g10500 TIP2-3 IPSP ATLP-3 MRS2-8 MSRB8 BGAL4 At5g62330 DIR11 PER10 At5g46900 At4g01890 EXP12 MRN1
We did the same with the 200 most up-regulated genes in the pi4kβ1β2 double mutant compared to WT roots and thus identified genes upregulated both in pi4kβ1β2 mutant roots versus WT and up-regulated in curated experiments dealing with response to auxin in roots (Fig. 44c, cluster E). These clusters represent genes for which the effect of the pi4kβ1β2 double mutation in the root compared to WT is similar to a treatment with auxin. Yet other clusters exist, consisting of genes that are down-regulated in pi4kβ1β2 roots, but were shown to be upregulated by auxins in public transcriptomics data (Fig. 44b, cluster D; table 1), or genes that are up-regulated in pi4kβ1β2 roots, but were shown to be upregulated by auxins in public transcriptomics data (Fig. 44c,cluster F; table 1). The transcript levels of selected auxin responsive genes representing different clusters were monitored by qPCR in mutant and WT plants, treated or not with 10 nM IAA for 24 h (Fig. 44d). The transcript level of AT1G64590, CSLB5, SAUR9, NPF2.4 and BRU6 in the untreated roots of pi4kβ1β2 mutant was similar to that in WT roots treated with auxins. On the other hand, the transcription of CSLB5, FLA13 and BRU6 did not change in response to auxin in the pi4kβ1β2 mutant,

showing another evidence of affected auxin response. 200 genes most down-regulated in pi4kβ1β2 roots compared to the WT were used as a signature to search for transcriptome experiments with the highest similarity. The similarity search was performed against the 550 experiments classified as "stress", "temperature" or "hormone" by Genevestigator (Hruz et al., 2008). Experiments were sorted according to Euclidean distance. Expression of the signature genes in the 10 most similar experiments are shown in color-scale; b, c) hierarchical clustering of curated root experiments dealing with the response to auxins. The 9 curated root experiments dealing with auxins in Genevestigator were retrieved. According to the expression in these experiments of the 200 most down-regulated (b) genes in our pi4kβ1β2 vs. WT root comparison, the genes and experiments were clustered with the Biclustering tool in Genvestigator. The same was done using the 200 most up-regulated (c) genes in our pi4kβ1β2 vs. WT root comparison. Similarities between expression profiles were determined using Pearson correlation. For each experiment, the duration of hormone treatment is indicated. Separated gene clusters with highest levels of induction/repression are labeled and genes are specified on the right panel; d) response of selected genes to auxin. Five-day-old seedlings were transferred to a medium containing 10 nM IAA, and roots for RNA extraction were harvested after 24 h. The data are presented in means ± SE, n=9, with a Tukey honestly significant difference (HSD) multiple mean comparison post hoc test. Different letters indicate a significant difference (one-way ANOVA, Tukey HSD, p-value < 0.05).

Assessing auxin sensitivity of pi4kβ1β2 roots

We next checked auxin transcriptional response by a reporter system, introducing by crossing the auxin sensitive synthetic promoter DR5 [START_REF] Ulmasov | Composite structure of auxin response elements[END_REF] fused to a GUS reporter gene into pi4kβ1β2 background. Surprisingly, the basal level of DR5 promoter activity was lower in root and leaf meristem of the pi4kβ1β2 plants (Fig. 45a,b). After exposure to 10 nM IAA, an important increase of DR5-GUS signal was detected in WT meristems, but not in the pi4kβ1β2 mutant (Fig. 45a,b), confirming that the sensitivity to IAA is impaired in the mutant line.

The DII-VENUS [START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF] construct was introduced into the pi4kβ1β2 mutant by floral-dip agrobacterium transformation. DII-VENUS is a fast maturing form of a yellow fluorescent protein fused in-frame to the Aux/IAA-interaction domain (termed domain II;) and it is rapidly degraded in response to auxin [START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF]. It is used as a reporter of auxin level. As the DII-Venus reporter was introduced by agrobacterium transformation, the potential positional effect of the insert cannot be excluded, so the basal fluorescent signal cannot be compared between the lines but signals can be compared within one line. After exposure to 10 nM IAA, a significant decrease of DII-VENUS fluorescence signal was detected in WT plants, but not in the pi4kβ1β2 mutant (Fig. 45c,d). To check whether the mutant insensitivity to IAA might be a consequence of an elevated IAA level in control conditions, we extracted hormones from the total root system and measured the content of IAA metabolites and conjugates. No difference in the measured free IAA content was 

Localization of auxin efflux transporter PIN2 is altered in the pi4kβ1β2 mutant

As auxin signaling is relying on the correct auxin transport between and within the cells, we investigated the localization and dynamics of auxin transporter PIN2. We analyzed plants expressing PIN2::PIN2-GFP by immunostaining (Fig. 48a-e) and confocal microscopy of PIN2-GFP in both WT and pi4kβ1β2 backgrounds (Fig. 48f-k). Overall, PIN2 was distributed on the PM in the same cell types and with a similar polar distribution in mutant roots compared to WT roots. However, in the pi4kβ1β2 mutant, several "black holes" in the signal were detected along the PM (Fig. 48b,c,d,e,49). When counterstained with FM 4-64, a dye that labels the PM, it was seen that the unstained parts in the pi4kβ1β2 roots corresponded to tunnels between adjacent cells (Fig. 48c,d,e). Confocal microscopy colorcoded projections of pictures were taken over time to track PIN2 intracellular movement in the meristematic zone. The chaotic distribution of vesicles in pi4kβ1β2 compared to the vesicles aligned in WT showed not only differences in the amount of GFP-marked intracellular vesicles, but also that their movement was less rectilinear and very fast in pi4kβ1β2 (compare Fig. 48f,g,h, where vesicles are indicated by white arrows, and the corresponding). Differences in vacuolar morphology were also observed in pi4kβ1β2 (Fig. 48i, j; 50), with bigger and less fragmented vacuoles than the WT. When focused on growing root hair cells, altered movement of fluorescent marked vesicles in mature root hair cells and elongating root hairs in pi4kβ1β2 PIN2::PIN2-GFP was observed. Bright field imaging also revealed differences in the flow of cytoplasmic streaming. Circulation of the cytoplasmic stream occurred close to the PM and in a straight path in the WT, whereas in the mutant stream flowed in less coordinated lanes (data not shown). We then studied the response to a dark shift of whole seedlings, a treatment known to enhance PIN2 delivery to the lytic vacuole [START_REF] Singh | Insight into the early steps of root hair formation revealed by the procuste1 cellulose synthase mutant of Arabidopsis thaliana[END_REF]. A 1 h dark shift caused the translocation of PIN2 to lytic vacuoles in WT roots but not in the double mutant (Fig. 48k,l). All these results point to altered intracellular trafficking dynamics in the roots of pi4kβ1β2 seedlings. 

Actin stability and remodeling are affected in the pi4kβ1β2 mutant

Five-day-old pi4kβ1β2 seedlings expressing pUBC::Lifeact-GFP were sprayed with 10 µM latB, a drug that inhibits actin polymerization. Treated seedlings were then observed under a confocal microscope (Fig. 51a). Without a latB treatment, the fluorescence signal occupancy was lower in pi4kβ1β2 compared to WT seedlings. After a 90 min exposure to latB, the fluorescence signal occupancy in pi4kβ1β2 decreased 40%, while no change was detected in WT plants (Fig. 51b). After a 150 min of exposure to latB, the signal occupancy in WT showed a 35% decrease compared to the control, while the occupancy decreased to 54% for the pi4kβ1β2 mutant compared to control conditions. Interestingly, while WT roots showed a gradual decrease in actin filament bundling (Fig. 51c) in due course of latB treatment, no significant changes were observed in the pi4kβ1β2 double mutant. 

Conclusion and discussion

In the first part, I showed that PI4Kß1ß2 deficiency led to up to a 4-fold decrease of primary root length compared to WT seedlings. A dwarf phenotype, both in the roots and aerial parts, has already been reported for the pi4kβ1β2 mutant. Notably, the small rosette size of 4-weekold pi4kβ1β2 mutant plants has been linked to an increased constitutive SA level (Šašek et al., 2014). Indeed, a pi4kβ1β2/sid2 triple mutant did not accumulate SA and it did not display the stunted rosette phenotype. However, pi4kβ1β2/sid2 seedlings still exhibited shorter roots than WT plants, thus showing that this root phenotype was a SA-independent process [START_REF] Pluhařová | Salicylic Acid Mutant Collection" as a Tool to Explore the Role of Salicylic Acid in Regulation of Plant Growth under a Changing Environment[END_REF][START_REF] Šašek | Constitutive salicylic acid accumulation in pi4kIIIβ1β2 Arabidopsis plants stunts rosette but not root growth[END_REF]. Furthermore, SA accumulation did not occur in young pi4kβ1β2 seedlings [START_REF] Pluhařová | Salicylic Acid Mutant Collection" as a Tool to Explore the Role of Salicylic Acid in Regulation of Plant Growth under a Changing Environment[END_REF][START_REF] Šašek | Constitutive salicylic acid accumulation in pi4kIIIβ1β2 Arabidopsis plants stunts rosette but not root growth[END_REF], thereby confirming that the root length phenotype was not due to high SA levels. Similar SA levels in pi4kβ1β2 and WT roots were found in this work (Fig. 52), thus confirming that the observed root phenotype was not related to altered SA levels and therefore it was an SA-independent process. So what causes the short root phenotype of pi4kβ1β2 seedlings? To answer this question, a detailed analysis of root morphology was undertaken (Fig. 34). The shorter primary roots of the double mutant appeared to be due to a reduced meristematic zone due to a lower number of cells. The CycB1::GUS associated signal occupied a significantly smaller (about 10%) area of the meristematic zone in pi4kβ1β2 seedling roots when compared to the WT. This might explain in part why there were fewer cells in the meristematic zone of the mutant. An absent or a very short transition zone might also result from elevated auxin levels or an enhanced response to auxin. Indeed, the transition zone in a root begins where auxin levels attain a minimum [START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF]. The shorter primary root length in the pi4kβ1β2 double mutant was also associated with smaller cortical cells measured in the differentiation zone.

Due to the observed root phenotypes, an obvious next step was to assess the sensitivity of the double mutant to different hormones known to alter root growth. Root sensitivity to BAP or SA did not differ between pi4kβ1β2 and WT seedlings. On the contrary, a loss of sensitivity in the double mutant to exogenous IAA was observed with respect to inhibition of primary root length, inhibition of cortical cell elongation, and elongation of the meristematic zone (Fig. 37,39a,b). This was in agreement with the experiments of [START_REF] Löfke | Auxin regulates SNAREdependent vacuolar morphology restricting cell size[END_REF][START_REF] Löfke | Auxin regulates SNAREdependent vacuolar morphology restricting cell size[END_REF], showing that altered vesicular trafficking due to inhibited PI4Kβ1β2 activity resulted in lower sensitivity to auxin NAA, altered vacuolar morphology and cell elongation [START_REF] Preuss | The Arabidopsis Rab GTPase RabA4b Localizes to the Tips of Growing Root Hair Cells[END_REF]. Interestingly, pi4kβ1β2 double mutant was less efficient in response to gravistimulation, another auxin-related process. Notably, not only the root elongation, but also the root tip orientation towards gravity vector were impaired in the mutant, suggesting gravity sensing defects.

The pi4kβ1β2 mutant also showed an altered subcellular trafficking behavior of PIN2, including trapping of the PIN2-GFP fusion protein in rapidly moving vesicles and a reduced transport towards the lytic vacuole upon a dark shift of pi4kβ1β2 seedlings. Differences in pi4kβ1β2 vacuolar morphology were also observed, with bigger and less fragmented vacuoles compared to the WT. This phenotype corresponds to that observed when WT A. thaliana were treated with WM, an inhibitor of PI4K activity [START_REF] Löfke | Auxin regulates SNAREdependent vacuolar morphology restricting cell size[END_REF]. In pi4kβ1β2 roots, PIN2 localization by immunostaining and staining with FM64 evidenced "black holes" or stubs corresponding to tunnels between adjacent cells also referred to as "cell wall stubs".

This can be linked with unfinished cytokinesis (Kang et al., 2003, p. 0;[START_REF] Lin | A dual role for cell plate-associated PI4Kβ in endocytosis and phragmoplast dynamics during plant somatic cytokinesis[END_REF].

Based on our observations, a working model is proposed that assembles multiple causes leading to the short root phenotype of the pi4kβ1β2 mutant that arises from several root developmental defects, including reduced cell number and length (Fig. 53). Many correlate with altered dynamics of intracellular delivery processes. Plasma membrane establishment remains incomplete, cell architecture is misshaped, and PIN2 turnover is altered in the root elongation zone. This can be associated with a lower stability of the actin filaments network.

Based on DII-VENUS degradation and gene expression, there appears to be a lack of response to auxin, endogenous or exogenous, in the pi4kβ1β2 mutant. A link between altered trafficking/cytoskeleton integrity and this lack of gene expression response will require further investigations. These data on PI4Kβ mutants and the sensitivity to auxin were published in an article [START_REF] Starodubtseva | An Arabidopsis mutant deficient in phosphatidylinositol-4-phosphate kinases ß1 and ß2 displays altered auxin-related responses in roots[END_REF]. In 2020, our team firstly identified that pi4kβ1β2 has altered SA-independent non-host resistance to the non-host pathogen Blumeria graminis f. sp. hordei [START_REF] Kalachova | Identification of salicylic acid-independent responses in an Arabidopsis phosphatidylinositol 4-kinase beta double mutant[END_REF].

In this work, the pi4kβ1β2 double mutant showed an enhanced successful penetration of Bgh 24 hpi, as seen by the enhanced number of haustoria and dead cells. A similar defect in penetration resistance was seen in pi4kβ1β2/sid2, indicating the SA-independent character of this phenomenon. Higher penetration correlated with greater callose accumulation in the plant tissue. These results seemed to me very promising and interesting. Therefore, I decided to continue research in this direction. The second part is mainly aimed at studying the altered resistance of pi4kβ1β2 double mutant to Blumeria graminis f. sp. hordei.

PART II. Non-host resistance in pi4kβ1β2 mutant

In 2020, the teams with whom I performed my thesis research found that A.thaliana pi4kβ1β2 mutants, deficient in phosphatidylinositol-4-kinases β1 and β2, were susceptible to the nonadapted fungal pathogen Blumeria graminis pv. hordei (Bgh) [START_REF] Kalachova | Identification of salicylic acid-independent responses in an Arabidopsis phosphatidylinositol 4-kinase beta double mutant[END_REF].

However, the mechanisms underlying such susceptibility have not been described. The aim of this part of my thesis is to investigate the involvement of PI4Ks in non-host resistance, especially in papilla formation. The papillae is a unique formation at the penetration site of the fungus that consists of polysaccharides (i.e. callose) and vesicular bodies filled with antimicrobial compounds. One of the key components of the papilla is the protein SYP121, which is recruited to the forming papilla and has lipid-binding properties.

Interaction with non-adapted pathogen results in changes in phospholipid composition of plasma membrane

To study phosphoinositide accumulation during the A. thaliana -Bgh interaction, I used plants that possessed different biosensor constructs. I used a 2xFAPP1-mCherry biosensor for evaluating accumulation of PI4P (Fig. 54a), a mCitrine-1xPASS biosensor for PA (Fig. 54b) and a 2xmCHERRY-2xPH biosensor for PI(4,5)P 2 (Fig. 54c) in 4-week-old A. thaliana WT leaves in response to the fungus. The brightness of the signal is directly related to the accumulation level [START_REF] Gomez | Phosphatidylinositol-4-phosphate controls autophagosome formation in Arabidopsis thaliana[END_REF][START_REF] Lin | A dual role for cell plate-associated PI4Kβ in endocytosis and phragmoplast dynamics during plant somatic cytokinesis[END_REF]. In Figure 54, the left column corresponds to biosensor fluorescence, the central column corresponds to the biosensor fluorescence merged with the brightfield channel, and the right column is a focus of the middle image centered on the forming papillae (Fig. 54). For a better understanding of the images, the fungal spores and appressoria were delimited with white dashed lines. The accumulation of the different phospholipids is seen by the shining of their respective biosensors. We can observe that the accumulation of phospholipids (PI4P, PA, PI(4,5)P 2 ) was detected in the papillae structure 24 h after inoculation. PI4P is a direct product of the action of PI4Ks. Since the PI4K is the main subject of my work, the next step was to test the pi4kβ1β2 mutant for resistance to the Bgh pathogen. 

The pi4kβ1β2 mutant displays less resistance to Blumeria infection

To test the resistance ability of the pi4kβ1β2 mutant plants, I assessed penetration success in response to the non-host pathogen Bgh.

Four-week-old plants were inoculated with Bgh spores for 24 h, were stained with trypan blue and the penetration level was assessed visually under Apotome microscope. Penetration output could be divided into either penetration failure or penetration success. Penetration failure correlates with the formation of an efficient resistance plant structure, the papillae. As for penetration success, we can distinguish several subcategories depending on the developmental stage of Bgh, such as the formation of a haustorium and the response of the plant, such as a hypersensitive response (HR), deviated papillae and granulated cytoplasm (Fig. 55a).

In the WT plants, penetration failure represented approximately 80% of the output, whereas for pi4kβ1β2 mutants it was for 35% (Fig. 55b,c). Notably, the pi4kβ1β2 double mutant showed increased rate of haustoria-formation stage and plant dead-cell stage. This is consistent with what has already been published by the team I worked in (Leontovyčová et al., 2019). The pi4kβ1β2 mutants showed altered resistance to Bgh fungi, with higher levels of penetration and dead cells. My hypothesis was that the susceptibility effect was related to the impaired formation of plant defense structure -papillae. Deficient mutants showed a high number of deviated papillae formation during pathogen attack compared to WT (25% in pi4kβ1β2 versus 5% in WT) (Fig. 55b).

The pi4kβ1β2 mutant accumulates less PI4P during infection

During papillae formation, plants accumulate plenty of molecules near the pathogen entry site, including PI4P. The pi4kβ1β2 double mutant plants lack PI4Kβ enzymes that produce PI4P. To visualize PI4P level and localization in the mutant plants, I used the 2xFAPP1-mCherry biosensor in pi4kβ1β2 plants, obtained by crossing. After 24 h of inoculation with Bgh spores, PI4P accumulation in the papillae was observed by confocal microscopy (Fig.

56).

Fluorescence intensity was measured in WT and pi4kβ1β2 mutant plants. The left column corresponds to the biosensor fluorescence, the central column is the biosensor fluorescence merged with the brightfield channel, and the right column is a crop of the middle image centered on the forming papilla (Fig. 57). For a better understanding of the images, the fungal spores and appressoria were delineated with white dashed lines. Like in WT plants, PI4P was localized in plant papillae structure in the pi4kβ1β2 mutant plants (Fig. 56a). The intensity of the shining was proportional to the level of accumulation [START_REF] Simon | A multi-colour/multi-affinity marker set to visualize phosphoinositide dynamics in Arabidopsis[END_REF]. PI4P content was much lower in pi4kβ1β2 plants compared to that in WT (Fig. 56b). Consequently, the susceptibility of the pi4kβ1β2 mutant plants to Bgh could be related to the altered papillae formation, which correlates with less PI4P. The lack of PI4K led to a lack of PI4P accumulation, which is one of the essential components of successful papillae. Papillae accumulate not only phospholipids but also other molecules. One of the most important proteins for successful papillae is a member of the SNARE protein -SYP121 (PEN1).

SYP121 (PEN1) protein localization in pi4kβ1β2 mutant

The protein syntaxin (SYP121, PEN1) is a member of the SNARE family involved in the formation of papillae. PEN1/SYP121 is not only found on the plasma membrane near the papillae, but also inside the papillae. PEN1/SYP121 constantly circulates between the plasma membrane and the endosomes (Nielsen and Thordal-Christensen, 2012). Investigating PEN1/SYP121 localization seemed very promising to me, because the normal transport of the protein requires a well-established trafficking system, which is lacking in the pi4kβ1β2 mutant plants. Therefore, I decided to check the localization and accumulation of PEN1/SYP121 in my mutant plants. For this purpose, I crossed 35S::GFP-SYP121 construct into pi4kβ1β2. Then plants were inoculated with Bgh for 6, 24 and 48 h and observed under a confocal microscope (Fig. 57a,b). After 6 h, no spore germination was observed. After 24 and 48 h, the spores germinated and started to form appressorium formation. As for the plant structures, papillae was detectable. GFP-SYP121 signals in the pi4kβ1β2 mutant and WT were well detected in the papillae, indicating that the localization of the PEN1/SYP121

protein was not altered in the mutants (Fig. 57b).

To compare the level of signal intensity between WT and pi4kβ1β2, I checked GFP expression by qPCR. Unfortunately, silencing was observed in the pi4kβ1β2 mutants, which made it impossible to compare the intensity signals between the two genotypes (Fig. 57c).

The presence of several T-DNA inserts in the pi4kβ1β2 mutant might have led to the silencing effect and the failure of 35S::GFP-SYP121 expression [START_REF] Daxinger | Unexpected silencing effects from T-DNA tags in Arabidopsis[END_REF].

Since I could not compare the intensity of the GFP signal, I decided to check the expression of PEN1/SYP121 by qPCR. The expression of PEN1/SYP121 was increased after Bgh inoculation in WT plants, whereas this was not the case in pi4kβ1β2 mutants (Fig. 57d). A deficiency of PEN1/SYP121 protein could lead to pi4kβ1β2 susceptibility independently of the correct localization of the protein in the papillae. Most likely, the PEN1 protein was not expressed after inoculation with the pathogen as it should be in WT.

To clarify the cause of the susceptibility of the mutants, other constructs should be used and other molecules measured. This will be discussed in the Perspectives part. 

Conclusion

Despite the fact that much work has already been done to investigate the role of PI4Ks, many aspects are still unclear and need to be explored. In 2020, the teams where I did my thesis found that A. thaliana pi4kβ1β2 mutants lacking the phosphatidylinositol-4-kinases β1 and β2

were susceptible to Bgh. However, the mechanisms underlying this had not been described [START_REF] Kalachova | Identification of salicylic acid-independent responses in an Arabidopsis phosphatidylinositol 4-kinase beta double mutant[END_REF]. The aim of the second part of my thesis was to investigate and better describe the involvement of PI4Ks in non-host resistance, especially in papillae formation. A previously published paper has shown that pen1-1 mutants have a 40% higher penetration rate compared to WT [START_REF] Takemoto | Re-organization of the cytoskeleton and endoplasmic reticulum in the Arabidopsis pen1-1 mutant inoculated with the nonadapted powdery mildew pathogen, Blumeria graminis f. sp. hordei[END_REF]. Therefore, my results showed an accumulation of phospholipids in the papillae and a lower PI4P intensity signal in the pi4kβ1β2 mutants.

This could be one of the reasons for the formation of non-effective papillae and increased sensitivity of the pi4kβ1β2 mutants to Bgh.

Discussion and Perspectives

My work on understanding the role of PI4Kβ1β2 in A. thaliana resistance to Bgh is only beginning. There is still a lot of work to be done. In fact, my results are very preliminary.

Consequently, discussing my data corresponds also to presenting the perspectives to the work.

The establishment of non-host resistance is based on several mechanisms, including membrane trafficking, which is necessary to rapidly transport defense-associated molecules to specific subcellular compartments [START_REF] Wang | Protein trafficking during plant innate immunity[END_REF]. Such molecules are, for example, phenols, callose, cell wall proteins and cell wall polymers.

To investigate the involvement of PI4Ks in non-host resistance, especially in papillae formation, it is important to understand the lipid composition of the papillae in the pi4kβ1β2 mutant. Since the PI4K product PI4P is the precursor for PI(4,5)P 2 , it would be interesting to determine the PI(4,5)P 2 level in the pi4kβ1β2 mutant in our biological system. Indeed I have shown that PI(4,5)P 2 was accumulated in WT papillae. I would expect a decrease of PI(4,5)P 2 accumulation in pi4kβ1β2 papillae. For this purpose, I will need to cross 2x-mCHERRY-2xPH with pi4kβ1β2 in the future.

Note that not only the papillae but also the structure of haustoria can be studied [START_REF] Koh | Arabidopsis thaliana subcellular responses to compatible Erysiphe cichoracearum infections[END_REF][START_REF] Qin | Specific Recruitment of Phosphoinositide Species to the Plant-Pathogen Interfacial Membrane Underlies Arabidopsis Susceptibility to Fungal Infection[OPEN][END_REF]. Haustoria, a structure originating from the fungus, form when papillae are not formed effectively or when papillae are absent. In the pi4kβ1β2 mutant, haustoria also form due to the lack of papillae formation. It would therefore be interesting to Checking the PI4P and PI(4,5)P 2 in papillae would be great in WT and pi4kβ1β2 plants; but it can also be of interest to check these phosphoinositides in the haustorium of pi4kβ1β2 plants submitted to Bgh, to check if a similar profile than the one found for compatible interaction (E. cichoracearum) is found.

PI4P5-kinases (PIP5K) convert PI4P to PI(4,5)P 2 in eukaryotes [START_REF] Choi | PIP kinases define PI4,5P2 signaling specificity by association with effectors[END_REF]. It would be interesting to test pip5k1/pip5k2 mutants resistance to the Bgh inoculation. It should allow us to see whether the pi4kβ1β2 phenotypes (less resistance) are due to PIP or to PIP2. Ideally, monitoring lipids with the sensor in the pip5k1/pip5k2 mutants could be considered. The pip5k1/pip5k2 mutant was used in the study of A. thaliana -E. cichoracearum interaction [START_REF] Qin | Specific Recruitment of Phosphoinositide Species to the Plant-Pathogen Interfacial Membrane Underlies Arabidopsis Susceptibility to Fungal Infection[OPEN][END_REF].

PI4P can have an action of its own. As we have just mentioned, it can also act as a precursor PI(4,5)P 2 . PI4P and PI(4,5)P 2 can be substrates to PI-PLC, leading to DAG that can be phosphorylated into PA. Besides, PI(4,5)P 2 can be a cofactors to some PLDs the product of which is also PA. For all these reasons it would be interesting to determine the level of PA. In WT, using the mCitrine-1xPASS, I have seen PA accumulation in papillae during the Bgh infection. It is likely that the accumulation is reduced in pi4kβ1β2 mutant. To check that, I will need to cross A. thaliana containing the mCitrine-1xPASS construct with pi4kβ1β2.

Concerning the localization of PI4P and PI(4,5)P 2 in papillae, the question is whether these lipids are produced there, both of them, or if they are recruited to this structure. Interestingly, cellular trafficking pathways were shown to be important for the redistribution and recruitment of PI(4,5)P 2 to the extrahaustorial membrane in the A. thaliana -E.

cichoracearum system. This was shown by the use of latrunculin A, oryzalin, BFA, or wortmannin [START_REF] Qin | Specific Recruitment of Phosphoinositide Species to the Plant-Pathogen Interfacial Membrane Underlies Arabidopsis Susceptibility to Fungal Infection[OPEN][END_REF]. Oryzalin (which depolymerizes microtubules) and BFA (inhibits vesicle-mediated trafficking) showed no effect on PI(4,5)P 2 accumulation at the extrahaustorial membrane. Latrunculin A, which sequesters G-actin and prevents F-actin assembly, led to a significant depletion of PI(4,5)P 2 from the extrahaustorial membrane.

Treatment with a high concentration of wortmannin (30 µM) caused a significant depletion of PI(4,5)P 2 at the extrahaustorial membrane. It is known that wortmannin at high concentration inhibits the function of type III PI 4-kinases and thereby reduces the PI4P content. The results suggest that PI(4,5)P 2 accumulation at the extrahaustorial membrane is contingent on actin cytoskeleton formation and is less sensitive to GNOM-mediated vesicular transport. The PI(4,5)P 2 is probably derived from de novo synthesis from the precursor PI4P via the type III PI 4-kinases. What about in papillae, in our system? I think the wortmannin treatment needs to be done with Bgh inoculation for WT A. thaliana. This would be indeed interesting to assess if the pi4kβ1β2 double mutation does mimic the effects of wortmannin. I am reminded that another PI4K, α1, exists and is also sensitive to wortmannin. The polarization of actin filament bundles towards fungal Bgh invasion has been published previously [START_REF] Yang | Myosins XI modulate host cellular responses and penetration resistance to fungal pathogens[END_REF]. Fine-tuned cytoskeleton systems provide correct movement of cytoplasm, proteins, secretory vesicles and organelles toward the penetration sites. According to the first part of my results -pi4kβ1β2 mutants have altered actin cytoskeleton. The pUBC::Lifeact-GFP construct could be used to monitor the actin cytoskeleton in the WT and the pi4kβ1β2 mutant near penetration sites, during Bgh interaction. Altered actin cytoskeleton of the pi4kβ1β2 mutant could also be the reason for forming non-effective papillae (Fig. 60). endocytosis and membrane trafficking [START_REF] Jelínková | Probing plant membranes with FM dyes: tracking, dragging or blocking?[END_REF]. In epidermal cells harboring haustoria, enhanced PI(4,5)P 2 signals formed amorphous assemblies that colocalized with FM4-64-labeled aggregates. These results suggest that induced PI(4,5)P 2 pools in haustorium-forming cells are likely associated with enhanced trafficking from plasma membrane [START_REF] Qin | Specific Recruitment of Phosphoinositide Species to the Plant-Pathogen Interfacial Membrane Underlies Arabidopsis Susceptibility to Fungal Infection[OPEN][END_REF] Pinosa [START_REF] Pinosa | Arabidopsis Phospholipase Dδ Is Involved in Basal Defense and Nonhost Resistance to Powdery Mildew Fungi[END_REF] already showed that 0.6% n-butanol led to higher Bgh penetration rates in A. thaliana. Using pldδ mutant they showed it was less resistant to penetration. They also checked other pld mutants, such as pldβ1-2 pldβ2 and pldζ1 pldζ2. Of the assessed mutants only pldδ had an altered penetration rate. Using pldδ in presence or not of n-butanol, they could conclude that is the sole PLD isoform involved in penetration resistance. PLDδ was targeted to the membranes of papillae in the extracellular space during infection by Bgh [START_REF] Xing | Secretion of Phospholipase DΔ Functions as a Regulatory Mechanism in Plant Innate Immunity[END_REF]. So it seems that PLDδ is the PLD involved in the resistance. PLDδ is active without PI(4,5)P 2 but can be activated by it [START_REF] Wang | A Novel Phospholipase D of Arabidopsis That Is Activated by Oleic Acid and Associated with the Plasma Membrane[END_REF]). Yet, it would be interesting to see if PLDδ is dependent on PI4Ks. More particularly, is its localization affected in the pi4kβ1β2 mutant? And how is the PA level affected in the pldδ. In all cases, to check the effect of n-butanol on PA as seen with the biosensor remains interesting.

Yet, PA can also be produced by DGKs. Here, again we can start by a pharmacological approach, with R59022 the inhibitor [START_REF] Cacas | Diacylglycerol kinases activate tobacco NADPH oxidase-dependent oxidative burst in response to cryptogein[END_REF][START_REF] Kalachova | DIACYLGLYCEROL KINASE 5 participates in flagellin-induced signaling in Arabidopsis[END_REF]. The inhibitor should be used in WT plants possessing the mCitrine-1xPASS construct in interaction with Bgh. The effects of R59022 on papillae formation (and penetration success) is also to be checked. Then, according to the obtained data, checking penetration success in different dgk mutants should be done. DGKs are encoded by 7 genes in A. thaliana. My

French team has a collection of different single and multiple mutants that can be used to that effect.

Then, according to the results obtained with either pld or dgk mutants, the localization of the enzymes of interest (a specific PLD or a specific DGK) during the A. thaliana -Bgh interaction should be investigated, most likely by fusion with a fluorescent protein.

Moreover, it would be interesting to make a transcriptome analysis of A. thaliana inoculated with Bgh. Especially the level of PI4K, PI4P5K PLDs or DGKS encoding genes.

Finally, in addition to lipids, other important components of the effective papilla in the pi4kβ1β2 mutant should be checked. The effective papillae consist of two layers; the first inner layer contains callose and arabinoxylan and the second outer layer contains cellulose and arabinoxylan [START_REF] Chowdhury | Differential accumulation of callose, arabinoxylan and cellulose in nonpenetrated versus penetrated papillae on leaves of barley infected with Blumeria graminis f. sp. hordei[END_REF].

Therefore, I propose as perspective to this work:

1. Cross mCitrine-1xPASS and 2xmCHERRY-2xPH with pi4kβ1β2 to assess the accumulation of PI(4,5)P 2 and the level of PA.

2. Examine the haustorium structure of pi4kβ1β2 mutants: check PI4P, PI(4,5)P 2 and PA localization; check if a similar profile than the one found for compatible interaction (E. cichoracearum) is found.

3. Test pip5k1/pip5k2 mutants resistance to the Bgh inoculation.

4. Monitoring lipids with the sensor in the pip5k1/pip5k2 mutants could be considered.

5. Wortmannin treatment needs to be done with Bgh inoculation for WT A. thaliana.

6. The pUBC::Lifeact-GFP construct could be used to monitor the actin cytoskeleton in the WT and the pi4kβ1β2 mutant near penetration sites.

7. Check vesicular trafficking in pi4kβ1β2 mutants infected cells with Bgh, using FM4-64 with colocalization of PI(4,5)P 2 .

8. Visualize the PI4K (β1, β2 and also a1 forms) and PI4P5K1, PI4P5K2 enzymes during Bgh inoculation.

9. Check PA level with the mCitrine-1xPASS sensor in WT in presence of n-butanol.

10. Check penetration success in the presence of n-butanol.

11. The R59022 inhibitor should be used in WT plants possessing the mCitrine-1xPASS construct in interaction with Bgh.

12. Transcriptome analysis of A. thaliana inoculated with Bgh.

13. Arabinoxylan could be measured by immunolocalization technique of [START_REF] Hervé | Monoclonal antibodies, carbohydrate-binding modules, and the detection of polysaccharides in plant cell walls[END_REF] using antibodies (LM11 antibody (specific for unsubstituted xylan and arabinoxylan)).

14. The cellulose could be labeled with a solution of Pontamine Fast Scarlet 4B [START_REF] Chowdhury | Differential accumulation of callose, arabinoxylan and cellulose in nonpenetrated versus penetrated papillae on leaves of barley infected with Blumeria graminis f. sp. hordei[END_REF].

15. Camalexin content could be determined using a previously described fluorometric method [START_REF] Glazebrook | Isolation of phytoalexin-deficient mutants of Arabidopsis thaliana and characterization of their interactions with bacterial pathogens[END_REF].

16. ROS could be measured by fluorescent dyes (such as H2DCFDA, DHE or Amplex red or spectrophotometric methods [START_REF] Ortega-Villasante | In vivo ROS and redox potential fluorescent detection in plants: Present approaches and future perspectives. Methods, Current Methods to unravel Reactive Oxygen Species[END_REF]. 17. The callose deposition could be measured by aniline blue staining.

PART III. Understanding why pi4kβ1β2 mutant accumulates SA: a mutant approach

The last part of my work was also related to immunity. PI4Kβ1β2 deficiency in the pi4kβ1β2 mutants resulted in a high level of SA accumulation. The mechanism for this is still unknown. We hypothesized that the reason for permanently activated immunity might be due to a misprocessing of immunity-related receptors that would be constitutively activated.

Microbe-associated molecular patterns are perceived by cell surface-localized PRRs. All well-characterized PRRs are RLKs or RLPs [START_REF] Monaghan | Plant pattern recognition receptor complexes at the plasma membrane[END_REF]. Both types of PRRs contain a ligand-binding ectodomain and a transmembrane domain, but only RLKs have an intracellular kinase domain [START_REF] Macho | Plant PRRs and the Activation of Innate Immune Signaling[END_REF]. My aim was to check whether the mutation of some receptors could have an impact on the SA accumulation of pi4kβ1β2 mutants. To identify the relationship between the pi4kβ1β2 phenotype (constitutive immunity) and immunity-related receptors, we generated several multiple mutants. I decided to work with receptors from different groups. They were receptors from different groups -RLKs class (FLS2, PEPR1/2, BAK1 -leucine-rich repeat-receptor kinases; CERK -lysin motif receptor-like kinase); TIR-NBS-LRR type of R protein (ETI pathway) -SNC and transcription factor -WRKY70.

I therefore generated the following multiple mutants: fls2/pi4kβ1β2, pepr1/pepr2, pepr1/pi4kβ1β2, pepr2/pi4kβ1β2, pepr1/pepr2/pi4kβ1β2, snc1-11/pi4kβ1β2, cerk1-2/pi4kβ1β2.

The mutant approach methodology was used to see if receptors were involved in some of the phenotypes of the pi4kβ1β2 mutant. Rosette size and callose measurements, evaluating resistance to P. syringae, PR1 expression, were used as a proxy of SA accumulation.

In addition, I also wanted to see the localization of the receptors and test if they were mislocated or misprocessed. For the PEPR1/2 receptors, I took confocal images to check their localization.

5.3.1

Are immunity related receptors involved in pi4kβ1β2 phenotypes?

Effect of a fls2 mutation

The A. thaliana well-studied PRR is the FLS2 receptor, which specifically binds to the bacterial peptide PAMP flagellin. In terms of rosette size, the fls2/pi4kβ1β2 rosettes were statistically larger than those of the pi4kβ1β2 double mutants, which could indicate partial reversion (Fig. 61a). Nevertheless, PR1 expression and resistance to P. syringae were the same between fls2/pi4kβ1β2 and pi4kβ1β2 plants (Fig. 61b,c). As for callose content, the fls2/pi4kβ1β2 triple mutant showed reversion, as the percentage area of callose depositions was not statistically different from that of the WT plants (Fig. 61d). This reversion of callose accumulation was not consistent with the lack of reversion of PR1 expression, resistance to P. syringae and the partial reversion of the rosette size. Repetition of the measurement of callose deposition is required, as well as measurement of rosette size.

Besides, SA quantitation is necessary. 

Effect of a pepr1 and pepr2 mutations

To check the influence of PEPR1 and PEPR2 receptors on the SA-related phenotypes of pi4kβ1β2 plants, I used double, triple and quadruple mutants, obtained by crossing:

pepr1/pepr2, sid2/pi4kβ1β2, pepr1/pi4kβ1β2, pepr2/pi4kβ1β2, pepr1/pepr2/pi4kβ1β2. All experiments were made on 4-week-old plants. If the PEPR1 or PEPR2 receptors were upstream to SA accumulation, I should then obtain reverted phenotypes, that with WT features.

First, I measured the rosette size. Triple and quadruple mutants (pepr1/pi4kβ1β2, pepr2/pi4kβ1β2 and pepr1/pepr2/pi4kβ1β2) showed a partially reverted phenotype, but with a shorter rosette size compared to that of WT plants. The single pepr2 and double pepr1/pepr2 mutants had the same rosette size as the WT plants (Fig. 63a). The pepr1 single mutants might have a smaller rosette size. The sid2/pi4kβ1β2 triple mutant was used as a control for rosette size reversion. snc1-11 mutation reverted the phenotype. However, resistance to P. syringae and сallose accumulation revealed no reversion (Fig. 64c,d). Again, my results were not consistent. 

Effect of a cerk1 mutation

The last member of cell surface-localized pattern recognition receptors that I tested in my thesis was the CERK1 receptor. For the rosette size and callose accumulation, no reversion was observed (Fig. 65a,c). The values between pi4kβ1β2 and cerk1/pi4kβ1β2 mutants were not statistically different. For the resistance to P. syringae, the cerk1/pi4kβ1β2 triple mutants could show partial reversion (Fig. 65b). Here again, the results are not consistent. 

Effect of a bak1 mutation

Thus, although more research is needed, no clear reversals of all phenotypes associated with high SA could be detected by introducing mutations in one or more of the immunity-related receptors. The fact is that even though our working model is right, that is if the SA is accumulated in the pi4kβ1β2 because the homeostasis of the immunity related receptors are is altered, then mutating only one or two receptors is not likely to be enough to revert the phenotype. The other receptors, not mutated, are numerous and might still cause the phenotype to express. Consequently, I decided to investigate the BAK1 receptor where the effects should be more obvious. BAK1 was originally identified as a BRI1-associated receptor kinase that mediates brassinosteroid signaling [START_REF] Lu | A receptor-like cytoplasmic kinase, BIK1, associates with a flagellin receptor complex to initiate plant innate immunity[END_REF]. It is a co-receptor for many PRRs. I generated the following multiple mutants: bak1-4/pi4kβ1β2, bak1- 

Effect of a wrky70 mutation

In a transcriptomic analysis (unpublished) carried out before I arrived at the lab, the French and Czech teams compared the transcriptomes of sid2/pi4kβ1β2, pi4kβ1β2 and sid2 plants.

The samples were obtained from 15-day-old seedlings. Not surprisingly, the comparison of pi4kβ1β2 and WT showed that the double mutant expressed many genes associated with SA.

Many of these genes were also expressed in the pi4kβ1β2 versus sid2/pi4kβ1β2 comparison, confirming their expression is due to the high SA level of pi4kβ1β2. This transcriptome analysis was not part of my PhD thesis and I will not elaborate on it. However, the transcriptome of sid2/pi4kβ1β2 was also compared with that of sid2 plants. This comparison was interesting because it was possible to see processes dependent on the pi4kβ1β2 directly, independently of the increase of SA. Amongst the genes differentially expressed in this comparison (sid2/pi4kβ1β2 versus sid2), if we focus on the genes related to biotic stress response, we might be able to identify processes related to biotic stress that could be the reason why the SA signaling pathway is triggered. In this context, the attention of my French supervisor was drawn to the transcriptional factor WRKY70. This gene was found to be more highly expressed in sid2/pi4kβ1β2 compared to sid2, implying that it was induced in pi4kβ1β2 independently of SA. Interestingly WRKY70 was shown to be involved in SA signaling and in the SA/JA crosstalk (J. Li et al., 2017). Its expression was not altered in the pi4kβ1β2 versus WT comparison nor in the pi4kβ1β2 versus sid2/pi4kβ1β2, which might be due to the fact that in high SA conditions its expression might be shut down.

In this context, my project was to investigate the role of WRKY70 in the SA-related phenotypes of pi4kβ1β2. I used wrky70/pi4kβ1β2 and sid2/wrky70/pi4kβ1β2 mutants.

Phenotyping tests were performed as previously described. Interestingly, I obtained a reversion effect in all the tests. Indeed, quite a good reversion was obtained for rosette size and weight (Fig. 67a,b). The wrky70/pi4kβ1β2 and sid2/wrky70/pi4kβ1β2 mutants had the same rosette size as the sid2/pi4kβ1β2 control (Fig. 67a). Accordingly, rosette weights were the same in wrky70/pi4kβ1β2 versus sid2/pi4kβ1β2 and sid2/wrky70/pi4kβ1β2 versus WT (Fig. 67b).

PR1 expression was equal between WT and wrky70/pi4kβ1β2, sid2/wrky70/pi4kβ1β2 mutants (Fig. 67c). A similar profile was found for the level of callose accumulation (Fig. 67e).

The resistance assay with P. syringae showed a lower level of resistance for wrky70/pi4kβ1β2 and sid2/wrky70/pi4kβ1β2 than pi4kβ1β2 (Fig. 67d). The resistance of these mutants appeared to be even lower than that of WT. Nevertheless, the sensitivity of WT appeared to be underestimated in this experiment.

WRKY70 expression was assessed by qPCR (Fig. 67f). As expected, the level was decreased in the sid2/wrky70/pi4kβ1β2 and wrky70/pi4kβ1β2 mutants. WRKY70 expression in pi4kβ1β2 was higher than in WT and sid2/pi4kβ1β2 plants (Fig. 67f). 

Conclusion

In order to draw a conclusion on pi4kβ1β2 phenotype features, further experiments are necessary, which was not possible in the frame of my PhD thesis. PI4Kβ1β2 deficiency in the pi4kβ1β2 mutants resulted in impaired development: reduced primary root length and rosette size, callose accumulation, resistance to the hemibiotroph P. syringae, increased expression of PR1. The pi4kβ1β2 mutant has persistently active immunity and a high level of SA accumulation. The mechanism behind this is still unknown. The constitutive activation of immunity involves constantly active receptors. I suspected that the pi4kβ1β2 mutants might have non-functioning or mislocalized receptors.

My aim was to check whether the mutation of some receptors could have an impact on the phenotype features of the triple mutants. In addition, I also wanted to investigate the localization of the receptors and test whether they were mislocated or misprocessed. To determine the relationship between the pi4kβ1β2 phenotype and active immunity, I generated several receptor mutants. They were receptors from different groups -RLKs class (FLS2, PEPR1/2, BAK1 -leucine-rich repeat-receptor kinases; CERK -lysin motif receptor-like kinase); TIR-NBS-LRR type of R protein (ETI pathway) -SNC and transcription factor -WRKY70. There were triple mutants (fls2/pi4kβ1β2, pepr1/pi4kβ1β2, pepr2/pi4kβ1β2, cerk1-2/pi4kβ1β2, snc1-11/pi4kβ1β2, bak1-4/pi4kβ1β2, wrky70/pi4kβ1β2); quadruple mutant (pepr1/pepr2/pi4kβ1β2); double mutant (pi4kβ1β2 and pepr1/pepr2) and single mutant (pepr1, pepr2, cerk1-2, bak1-4). The next methodology was used to see if receptors were involved in the SA phenotype of the pi4kβ1β2 mutant: rosette size and callose measurements, assessment of resistance to P. syringae, PR1 expression. For the PEPR1/2 receptors, I took confocal images to check their localization and functionality. I hoped to obtain a reverted plant phenotype with WT features, meaning that these receptors/regulators are upstream of SA accumulation. For each receptor I have a different reversion result, so I will discuss it separately.

For the FLS2 receptor, in terms of rosette size, the fls2/pi4kβ1β2 rosettes are statistically larger than those of the pi4kβ1β2 double mutants, which could indicate a partial reversion.

Nevertheless PR1 expression and resistance to P. syringae were the same between fls2/pi4kβ1β2 and pi4kβ1β2 plants. As for callose content, the fls2/pi4kβ1β2 triple mutant showed reversion, as the percentage area of callose deposition was not statistically different from that of the WT plants. This reversion for callose accumulation is not consistent with the lack of reversion for PR1 expression and resistance to P. syringae. Repeat measurement of callose accumulation is required, as well as measurement of rosette size.

The part with PEPR1 and PEPR2 receptors showed partial reversion only when rosette size The PEPR1-GFP signal was detected in root cells of the differentiation zone and also in the root meristem. Consistent with [START_REF] Bartels | The family of Peps and their precursors in Arabidopsis: differential expression and localization but similar induction of patterntriggered immune responses[END_REF] data, the activity of the PEPR2 promoter was more restricted to the central cylinder of the root, while GUS expression of the PEPR1 promoter was present in most root tissues. From my data I saw that the signal was distributed throughout the root. In the meristem zone signal was observed only for the PEPR1 receptor, both in WT (left panel Fig. 62c) and in the mutant plants (right panel Fig. 62c). The signal was visible on the plasma membrane and inside the cell in the vesicles. These preliminary data are a good start, but they should be repeated and further developed.

The last representative of the cell surface localized pattern recognition receptors that I tested in my work was the CERK1 receptor. No reversion was observed in rosette size and callose accumulation. The levels between pi4kβ1β2 and cerk1/pi4kβ1β2 mutants were not statistically different. For resistance to P. syringae, the cerk1/pi4kβ1β2 triple mutants could show partial reversion. Again, the results are not consistent.

Then I decided to test the BAK1 mutation. BAK1 was originally identified as a BRI1associated receptor kinase that mediates brassinosteroid signaling [START_REF] Lu | A receptor-like cytoplasmic kinase, BIK1, associates with a flagellin receptor complex to initiate plant innate immunity[END_REF]. It is a coreceptor for many PRRs. For the BAK1 receptor, I obtained a rather interesting result.

Reversion effect was found in PR1 expression, resistance assay and callose measurements.

Surprisingly bak1-4/pi4kβ1β2 was even more resistant to P. syringae and contained more callose than pi4kβ1β2 mutants.

Concerning the generated multiple mutant, the ones involving wrky70 mutant were the most promising. The wrky70/pi4kβ1β2 and sid2/wrky70/pi4kβ1β2 mutants had the same phenotype as WT plants. For example, the wrky70/pi4kβ1β2 and sid2/wrky70/pi4kβ1β2 had the same rosette size as the control sid2/pi4kβ1β2. The same trend was observed for rosette weight, PR1 expression, resistance to P. syringae and callose content. The expression level for wrky70 was higher in pi4kβ1β2 than in WT plants. The reversions were consistent in all assays and quite strong.

Discussion and Perspectives

Concerning the idea of understanding why in the pi4kβ1β2 mutant there is more SA, it has Besides, we know that PUB13 interacts with PI4P (Antignani et al., 2015, p. 13). Interactions between PUB13 and PI4P from the one hand and between PUB13 and FLS2 from the other hand creates a link between PI4Kβ1β2 and FLS2 (Fig. 69a). Is it possible that PI4Kβ enzymes are necessary for PUB13 action on FLS2 that is the direct ubiquitination of FLS2?

In that case, in absence of PI4Kβ1β2 (pi4kβ1β2 mutant), there would be less ubiquitination of FLS2 and therefore a constitutive immunity (Fig. 69b). Such an action on immunity receptors of PI4Kβ1β2 via PUB13 could concern receptors other than FLS2. Indeed, PUB13 has also been shown to ubiquitinate LYSIN MOTIF RECEPTOR KINASE 5 (LYK5), an RLK perceiving the fungal cell wall component chitin, and leads to LYK5 degradation and downregulation of chitin-triggered immune responses [START_REF] Liao | Arabidopsis E3 ubiquitin ligase PLANT U-BOX13 (PUB13) regulates chitin receptor LYSIN MOTIF RECEPTOR KINASE5 (LYK5) protein abundance[END_REF]. A. thaliana BRI1 endocytosis and protein abundance are also regulated by PUB12-and PUB13-mediated ubiquitination. Brassinolide perception promotes BRI1 association with PUB12 and PUB13 and its ubiquitination. Loss of PUB12 and PUB13 results in reduced BRI1 ubiquitination and internalization together with BRI1 accumulation in the plasma membrane (J. Zhou et al., 2018). A similar mechanism could be expected for immunity related receptors, i.e. loss of PUB13 would lead to more receptors. Interestingly, the SA content in pub13 mutants was 63% higher than in WT of A. thaliana [START_REF] Li | The U-Box/ARM E3 Ligase PUB13 Regulates Cell Death, Defense, and Flowering Time in Arabidopsis[END_REF]. The pub12 and pub13 mutants displayed elevated immune responses to flagellin treatment [START_REF] Lu | Direct Ubiquitination of Pattern Recognition Receptor FLS2 Attenuates Plant Innate Immunity[END_REF] (Fig. 69c).

Overall growth defects observed in pub13 mutants were largely restored to the wild type in the pub13/fls2 double mutant background [START_REF] Antignani | Recruitment of PLANT U-BOX13 and the PI4Kβ1/β2 Phosphatidylinositol-4 Kinases by the Small GTPase RabA4B Plays Important Roles during Salicylic Acid-Mediated Plant Defense Signaling in Arabidopsis[END_REF]. In the future, I need to check the FLS2 ubiquitination level in the pi4kβ1β2 mutant to be sure that PI4K deficiency leads to altered PUB12/13 ubiquitination. It is possible to do with in vivo ubiquitination assay of FLS2 (Göhre et al., 2008, p. 2). They used immunoprecipitation method with anti-FLS2 antibody bound to protein G-coupled magnetic beads after which immunoblot analysis with anti-FLS2 and anti-ubiquitin antibodies.

We also need to check FLS2 protein level in the pi4kβ1β2 mutant. It could be done by western blot analyses with FLS2-specific antibodies [START_REF] Chinchilla | The Arabidopsis Receptor Kinase FLS2 Binds flg22 and Determines the Specificity of Flagellin Perception[END_REF].

Also it would be nice to make the dynamics of FLS2 internalization with FLS2::GFP construct. I have FLS2::GFP construct in WT seeds, so I will need to make a crossing with pi4kβ1β2 mutant to be able see the differences between the genotypes.

Interestingly, my Czech team made a proteome analysis of plasma membrane enriched fraction of pi4kβ1β2 mutant. Some immunity related receptors were shown to be more present in the mutant versus in the WT. One of the receptors is CERK1 [START_REF] Junková | Regulation of the microsomal proteome by salicylic acid and deficiency of phosphatidylinositol-4kinases β1 and β2 in Arabidopsis thaliana[END_REF]. CERK1 and LYK5 form a receptor complex for the perception of chitin. [START_REF] Junková | Regulation of the microsomal proteome by salicylic acid and deficiency of phosphatidylinositol-4kinases β1 and β2 in Arabidopsis thaliana[END_REF] suggested that the protein level of CERK1 may be regulated indirectly by PUB12, because PUB12 interacted with the intracellular domain of CERK1, but PUB12 did not ubiquitinate CERK1 [START_REF] Yamaguchi | Arabidopsis ubiquitin ligase PUB12 interacts with and negatively regulates Chitin Elicitor Receptor Kinase 1 (CERK1)[END_REF]. It would be interesting to make a Western blot analysis of CERK1 protein levels in the double mutant versus wild-type plants.

Concerning other receptors, the localization of PEPR1/2 receptors and the perception of pep1 peptide were checked. Both in WT and pi4kβ1β2 mutants, PEPR1 and PEPR2 receptors are localized on the membrane and in the vesicles, in the differentiation zone. The PEPR1 signal was also observed in the meristem zone. Mutant plants were able to perceive pep1 that indicate receptor functionality. I think it would be great to examine the localization of PEPR1 and PEPR2 receptors dynamically, like I did for PIN2 protein (described in result section part 1). This approach could show if there are trafficking problems in pi4kβ1β2 mutants concerning these receptors. As shown earlier, there were altered intracellular trafficking dynamics in the roots of pi4kβ1β2 seedlings. Consistently, I could expect differences in the dynamics of PEPR1 and PEPR2 receptors in pi4kβ1β2 compared to WT. Besides, as explained above for PUB12/13 action, the protein level of PEPR receptors should be checked in pi4kβ1β2 and sid2/pi4kβ1β2 mutants. This could be done either by a dedicated antibody or by the use of a construct made of PEPR1 fused to a tag, under the control of PEPR1 native promoter. Concerning the phenotypes, rosette size showed partial reversion, which can not be said about the other tests. Faced to such a contradiction, we clearly need to assess SA level in these mutants. In fact, priority is to check SA level in all generated triple and quadruple mutants.

Concerning the BAK1 receptor, I got interesting results. As published earlier, A. thaliana mutants impaired in brassinosteroid perception or signaling, including the bak1-4 mutant, display an altered rosette morphology and smaller size (Schwessinger et al., 2011). Thus, it was not surprising that the rosette size of bak1-4/pi4kβ1β2 was the same as pi4kβ1β2.

Because even though we switched off the immune response by bak1-4 mutation, and maybe this switched off the SA overaccumulation, there would still be a brassinolide effect. In the bak1-4/pi4kβ1β2/sid2 mutant, the sid2 mutation is likely to inhibit the accumulation of SA.

This confirms that the short size of bak1-4/pi4kβ1β2/sid2 is probably due to alteration in the brassinosteroid signaling. The fact that the triple mutant bak1-4/pi4kβ1β2 was smaller than the quadruple bak1-4/pi4kβ1β2/sid2 mutant could be due to both SA and brassinosteroid alteration in the triple mutant (as compared to "only" brassinosteroid in the quadruple which binds brassinolide) to immunity effect (it associates with FLS2 receptor) [START_REF] Wang | Sequential Transphosphorylation of the BRI1/BAK1 Receptor Kinase Complex Impacts Early Events in Brassinosteroid Signaling[END_REF]. To split these roles, Benjamin Schwessinger identified a bak1 mutant that is impaired in the immunity aspect, but not in the brassinosteroid signaling. The bak1-5 is a singleamino-acid-substitution mutant of BAK1 that results in hypoactive kinase activity and has been reported to show defects in positive regulation of immune response pathways but appears not to affect brassinolide signaling or cell death regulation pathways [START_REF] Wierzba | An Allelic Series of bak1 Mutations Differentially Alter bir1 Cell Death, Immune Response, Growth, and Root Development Phenotypes in Arabidopsis thaliana[END_REF]. On the contrary, the bak1-4 mutant is a null allele that displays defects in brassinolide signaling, immune response activation, pathogen-induced cell death, and general loss of cell death regulation. The bak1-4 might also be disturbed in brassinolide signaling so what I saw might be a cross talk between brassinolide and pi4kβ1β2. In the future, I need to use the bak1-5 mutant that is only disturbed in co-receptor function and not in brassinolide signaling.

Of my results, the most promising data concern the WRKY70 receptor. Reversion occurred in all phenotyping tests. Either WRKY70 controls SA level in the pi4kβ1β2 plants or it could mean that WRKY70 is downstream of SA: introducing wrky70 mutation would lead to no more SA signaling. Indeed, WRKY70 is considered to be a transcription factor acting downstream SA. In fact it is a node of convergence for JA-mediated and SA-mediated signals in plant defense. WRKY70 is a common component in SA-and JA-mediated signal pathways.

More precisely, the expression of WRKY70 is activated by SA and repressed by JA (J. Li et al., 2004) (Fig. 70). Recognition of a particular pathogen or pathogen-derived elicitor may trigger the synthesis of SA or JA (or both) and lead to subsequent activation of the corresponding signal pathways. The balance between the two pathways determines the level of WRKY70 expression. As a consequence, WRKY70 level determines which type of response is favored. High WRKY70 levels activate expression of SARrelated genes while repressing JA-responsive gene expression. Conversely, low WRKY70 levels favor JA-responses over SAR. Thus, WRKY70 acts directly or indirectly by integrating signals from both pathways, the outcome being dependent on the initial signal strength (J. Li et al., 2004).

The overexpression of WRKY70 was shown to promote up-regulation of SAR-related defense genes and resistance to the hemibiotroph P. syringae and the biotroph E. cichoracearum while enhancing susceptibility to the necrotroph Alternaria brassicicola (J. Li et al., 2004).

The basal levels of free SA, ethylene and JA were not significantly different between the WT plant and WRKY70-overexpressing or WRKY70-silenced lines (J. Li et al., 2004). This pleads for WRKY70 being downstream SA, in the pathway leading from SA to PR gene expression.

More specifically, it would act downstream NPR1. In my work, the reversion phenotype of wrky70/pi4kβ1β2 mutant could be caused by normal SA level compared with increased level of pi4kβ1β2. As mentioned earlier, the WRKY70 signaling is a very complex issue and would certainly require further study.

However, the role of WRKY70 in immunity appears to be more complex. It has been shown

that not only WRKY70 acts downstream SA, but it also participates in controlling SA level.

WRKY70 and its closest homolog WRKY54 have been identified as negative regulators of SA biosynthesis, acting through a negative feedback loop. A wrky54/wrky70 double mutant is characterized by an elevated SA level (Wang et al., 2006). This shows that WRKY70 can participate in a loop that diminishes SA level. In a similar way, it is also well documented that npr1 mutants have increased SA levels [START_REF] Dong | NPR1, all things considered[END_REF]. The way WRKY70 could control SA level might be by repressing SARD1 by binding the motif GACTTTT in the absence of pathogens (M. Zhou et al., 2018). SARD1, together with its close homolog CBP60g, functions as a transcription factor that directly binds to the promoters of genes that control SA synthesis, such as Isochorismate Synthase 1 [START_REF] Sun | ChIP-seq reveals broad roles of SARD1 and CBP60g in regulating plant immunity[END_REF]. The wrky54/wrky70 double mutant has more SARD1 and CBP60g expression level than the WT (Chen et al., PSB, 2021), confirming WRKY70 inhibits the basal level of SARD1 and CBP60g. So these data pleads for WRKY70 negatively regulating SA level, at least in basal conditions.

Interestingly, snc2-1D is an A. thaliana mutant that carries a gain-of-function mutation in a receptor-like protein that constitutively activates plant immune response that closely resembles pi4kβ1β2 mutant. When a suppressor screen was performed, it appeared that mutations in WRKY70 suppressed the constitutive defense response in snc2-1D (Zhang et al., 2010). However, in the snc2-1D mutant WRKY70 would positively regulate SA. The snc2-1D mutant has a higher ICS1 expression level than the WT. Yet, ICS1 expression is lower in snc2-1D/wrky70 and back to WT level in snc2-1D/wrky70/wrky54 (Chen et al., PSB, 2021).

The same pattern is seen concerning SARD1 and CBP60g expression levels. This implies that WRKY70 positively regulates SA level, and it might do so by controlling SARD1/CBP60.

Therefore, the situation might be similar to that in pi4kβ1β2.

Mechanistically, the fact that WRKY70 can either activate or inhibit SARD1 expression depends on its phosphorylation status. Upon infection WRKY70 phosphorylated forms were increased; they activated SARD1 expression through binding to a WT box (a cis element in SARD1 promoter). Non-phosphorylated WRKY70 repressed SARD1 expression by binding to both W and WT cis-elements (Liu et am. 2021).

So, what does it suggest for our subject? It means that WRKY70 can act upstream or downstream of SA. We definitely need to check whether WRKY70 acts upstream SA, acting on SARD1/CBP60g and ICS1 expression, or downstream SA. SA level needs to be checked in wrky70/pi4kβ1β2 triple mutant. The expression levels of SARD1, CBP60g and ICS1 also need to be assessed. Note that in root seedlings SARD1 and CBP60g genes were up-regulated in pi4kβ1β2 mutants, according to my transcriptome analysis (Fig. 71). It could be the reason for the high SA level and SA-related phenotype of pi4kβ1β2 mutants. To check this hypothesis, I need to create a sard1/pi4kβ1β2 and cbp60g/pi4kβ1β2 triple mutants. Yet, the transcriptome concerns seedling in which the accumulation of SA has not yet occurred. qPCR data on older plants, where SA accumulation occurs, need to be done. Therefore, I propose as perspective to this work:

1. Check SA level in all generated triple and quadruple mutants.

2. For FLS2 group mutants: repeat measurement of callose accumulation and rosette size. For the last one use of the platform at Amiens University.

3. Check the FLS2 ubiquitination level by in vivo ubiquitination of FLS2 assay for pi4kβ1β2.

4. Make the dynamics of FLS2 internalization with FLS2::GFP construct.

5. Visualize the PEPR1 and PEPR2 receptors and measure trafficking rate.

6. Measure the protein level of PEPR receptors in pi4kβ1β2 and sid2/pi4kβ1β2 mutants.

This could be done either by a dedicated antibody or by the use of a construct made of PEPR1 fused to a tag, under the control of PEPR1 native promoter.

7. Check the pep1 perception on pepr1, pepr2, pepr1/pepr2 and pepr1/pepr2/pi4kß1ß2 mutants to show the dependence of the presence of receptors on the possibility of perception. It is a control for the assay of pi4kβ1β2 sensitivity to pep1.

8. For bak group mutants: we need to generate the mutants based on pi4kβ1β2 crossed with the bak1-5 mutant. In the set of obtained mutants, the phenotyping needs to be done.

9. Check PR1 expression for all members, including quadruple mutant bak1-4/pi4kβ1β2/sid2.

10. Make a resistance test with other pathogens, like Botrytis cinerea.

11. Test callose level in response to other pathogens.

12. Generate cbp60g/pi4kβ1β2 and sard1/pi4kβ1β2 triple mutants.

13. Make the same list of experiments with cbp60g/pi4kβ1β2 and sard1/pi4kβ1β2 to see the phenotype.

14. Check the WRKY70 expression.

15. Measure the protein level of the WRKY70.

CONCLUSIONS

This thesis focuses on the study role of type III PI4Ks. The mutant approach has been used. I have worked with a double mutant pi4kβ1β2 defective plant in both the PI4Kβ genes. The main findings presented in the Not only the characterisation of the developmental phenotypes and the functioning of immunity, but also the A. thaliana -Bgh interaction were investigated in the pi4kβ1β2 mutant plants.

The main known consequences of PI4K deficiencies are: impaired root growth in seedlings, SA accumulation and higher susceptibility to the non-adapted fungal pathogen Blumeria graminis pv. hordei (small blue boxes in Fig. 72).

Some of the known mutant features cause the various defects. For example, an altered actin skeleton leads to altered vesicle transport, which could be the reason for the formation of non-effective papillae and disturbed cytokinesis (dashed arrows from the box "Altered actin cytoskeleton").

In the double mutant, a loss of sensitivity to exogenous IAA was observed in terms of inhibition of primary root length, inhibition of cortical cell elongation and elongation of the meristematic zone. No difference in the measured content of free IAA was observed between WT and the mutant plants, while the concentrations of some conjugates such as IAA-Glu, CamX, I3A and IAN were higher in the pi4kβ1β2 mutant than in the WT roots. Based on DII-VENUS degradation and gene expression, the pi4kβ1β2 mutant does not appear to respond to endogenous or exogenous auxin. The low response to auxin could be due to this higher conjugation activity. Whether there is a link between altered trafficking/cytoskeleton integrity and the conjugation activity requires further investigations. These data on PI4Kβ mutants and the sensitivity to auxin were published in an article [START_REF] Starodubtseva | An Arabidopsis mutant deficient in phosphatidylinositol-4-phosphate kinases ß1 and ß2 displays altered auxin-related responses in roots[END_REF].

A major consequence of PI4K deficiency is lower PI4P content. PI4P is an important signaling molecule that can serve as a substrate for phospholipases C (PLCs), leading to diacylglycerol and the corresponding phosphorylated inositol. PI4P also interacts directly with membrane proteins or cytosolic proteins, which it can recruit to membranes. Given the broad spectrum of PI4P involvement in different processes, it is logical to assume that its absence in the mutant will result in corresponding consequences in different areas (dashed arrows from the box "Less PI4P content"). One of the consequences is a lower PI4P accumulation in the papillae, leading to a higher penetration rate under Bgh, because of the non-effective papillae forming. The question for the future is to study the link between PI4K mutation, PI4P deficiency and non-effective papillae formation. Since some ubiquitin-like proteins require PI4P for their activity, I might also expect their substrates -plasma membrane receptors -to not function properly. My hypothesis was that faulty cycling of the receptors leads to SA accumulation and constitutive active immunity. This idea should be explored further in the future.

While many questions about the role of PI4K remain to be explored, my work opens up new aspects that were previously unknown. My work shows that the absence of the PI4K not only leads to a significant disturbance in the developmental phenotypes of the mutant, but also to a dysfunction in the immune response as well as to a disturbed interaction with Blumeria. 

ABBREVIATIONS

Fig. 1 :

 1 Fig.1: Pathways for phosphoinositides synthesis. The six phosphoinositides found in plants: PI3P, PI4P, PI5P, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 . A seventh PI, PI(3,4,5)P 3 , has so far only been reported in animal cells (in red frame)[START_REF] Kusano | The Arabidopsis Phosphatidylinositol Phosphate 5-Kinase PIP5K3 Is a Key Regulator of Root Hair Tip Growth[END_REF].

Fig. 3 :

 3 Fig. 3: Protein Domain Structure of PI4K-family members in Arabidopsis thaliana. A truncated image of PI4Kα1 is shown due to a large protein size and a lack of predicted domains in the Nterminal part of PI4Kα1. A space flanked by two slanted lines indicates the location of the truncation (Szumlanski and Nielsen, 2010).

Fig. 4 :

 4 Fig.4: Changes in Arabidopsis thaliana PI-PLC gene expression in response to hormone treatments and during stresses. Shown here are cumulative representative data concerning changes in PI-PLC gene expression in different growth conditions. When several expression data points with different time or different dose of treatment were available, the one with the most apparent and consistent changes in PI-PLC expression was chosen. ABA, abscisic acid; CK, cytokinins; Bl, brassinolide; GA, gibberellic acid; IAA, indolacetic acid; ET, ethylene; MeJa, methyl jasmonate; SA, salicylic acid[START_REF] Pokotylo | The phosphatidic acid paradox: Too many actions for one molecule class? Lessons from plants[END_REF].

Fig. 5 :

 5 Fig.5: PPI-recognizing effectors. Signaling domains and their target PPIs. For each PPI, the hydroxyl group that is phosphorylated is indicated by numbering. Mono-PI3P, PI4P, PI5P; polyphosphorylated PIs: PI(3,5)P 2 , PI(4,5)P 2 , PI(3,4,5)P 3 . The last one PI(3,4,5)P 3 is revealed for mammals. Above each PPI, the domains that can bind them are indicated[START_REF] Kutateladze | Translation of the phosphoinositide code by PI effectors[END_REF].

Fig. 7 :

 7 Fig. 7: Structure of PX domain of p40Phox interacting with phosphatidylinositol 3-phosphate (Allen et al., 2022).

Fig. 8 :

 8 Fig. 8: Structure of ENTH domain: eight α helices connected by loops of varying lengths. Three helical hairpins (α1-2, α3-4, and α6-7) are stacked consecutively with a right-handed twist. Proteins containing this domain can bind to phospholipids including PI(4,5)P 2 and PI(1,4,5)P 3 (on image red molecule)[START_REF] Ford | Curvature of clathrin-coated pits driven by epsin[END_REF].

Fig. 13 :

 13 Fig. 13: Schematic diagram of the plant immune system. Plants contain two types of immune receptors for their immunity. Cell surface-localized pattern recognition receptors (PRR) perceive pathogen-associated molecular patterns (PAMPs) and initiate pattern-triggered immunity (PTI; indicated by black arrows). The intracellular NLR receptors sense the effector that is a molecule delivered by the pathogen into the plant cell with the goal to inhibit PTI. Direct or indirect effector binding activates NLR oligomerization resulting in NLR-dependent effector-triggered immunity (ETI, indicated by blue arrows). Red arrows indicate crosstalk between PTI and ETI (Nguyen et al., 2021).

Fig. 14 :

 14 Fig. 14: Plant cell-surface receptors. RECEPTOR-LIKE KINASE (RLK) contains an extracellular domain, transmembrane domain and a kinase domain. RECEPTOR-LIKE PROTEIN (RLP) possesses an extracellular domain, transmembrane domain and a short cytoplasmic region, but lacks a cytoplasmic kinase domain. RLKs and RLPs are classified in several subgroups based on the diverse composition of the extracellular domains. These include: leucine-rich repeat (LRR) domain; LysM, constituted by lysin motifs; lectin; wall-associated kinases (WAK), comprised of epidermal growth factor-like repeat; S-locus domain; malectin-like; proline-rich; and cysteine-rich repeat, consisting of DUF26 domain (Escocard de Azevedo Manhães et al., 2021).

  (Fig. 15). It is essential for flagellin perception. FLS2 recognizes bacterial flagellin via the direct binding of 22 amino acids epitope (flg22), located close to the N terminus of flagellin.

Fig. 15 :

 15 Fig. 15: 3D structure of bacterial flagellin. Epitope flg22 is highlighted in red[START_REF] Ciarroni | A recombinant flagellin fragment, which includes the epitopes flg22 and flgII-28, provides a useful tool to study flagellin-triggered immunity[END_REF].

Fig. 16 :

 16 Fig.16: Representative images of FLS2, CERK and PEPR receptors. Ovals -LRR domain (for FLS2, PEPR1/2 and BAK1), for CERK -LysM domain, small rectangle -transmembrane domain, big rectangle -kinase domain[START_REF] Zhou | Early signalling mechanisms underlying receptor kinase-mediated immunity in plants[END_REF].

Fig. 17 :

 17 Fig.17: Crystal structure overall structure of FLS2LRR-flg22-BAK1LRR. "N" and "C" represent the N and C terminus, respectively. FLG22 is in red, FLS2 in blue and BAK1 in green(Sun et al., 2013b).

  NLR receptors are encoded by resistance genes. Plant NLR proteins have a C-terminal leucine-rich repeat domain (highly polymorphic and variable in the number of the repeats, and typically confers recognition specificity) and a central NB-ARC domain (nucleotide-binding adaptor shared by Apaf-1, Resistance proteins, and CED-4) (modulates sensor NLR activation state through the essential catalytic P-loop motif) (van der Biezen and Jones, 1998). Plant NLRs are roughly divided into two groups, depending on their N-terminal structures. CNL type NLRs (CC-NB-LRR) have a N-terminal coiled-coil (CC) domain while TNL type NLRs (TIR-NB-LRR) have a N-terminal Toll/interleukin-1 receptor domain (TIR) (Meyers et al., 2003) (Fig. 18A). Both CC and TIR domains have been demonstrated to play key roles in the formation of dimers and oligomers. CC and TIR are signaling domains, the NBD and LRR domains perform regulatory and sensor functions. Recognition of the effector involves an intramolecular conformation change and ATP binding (Fig. 18). During direct or indirect recognition of effector proteins, NLR could create oligomeric complexes -resistosomes. They activate defence responses usually associated with a cell death. A. thaliana has CNL type ZAR1, encoded by the resistance gene HOPZ-ACTIVATED RESISTANCE 1. ZAR1 induces defense mechanisms through an indirect recognition of several bacterial pathogen effectors. These bacterial effector proteins change various RLCKs by acetylation, ribosylation, or uridylylation to trigger virulence. ZAR1 recognizes these modifications and activates immune signaling[START_REF] Burdett | The Plant "Resistosome": Structural Insights into Immune Signaling[END_REF].

Fig. 18 :

 18 Fig. 18: Schematic representation of intramolecular interactions of plant NLRs. a) domain modularity of plant NLRs; b) intramolecular interactions maintain the NLR in an "off" state through the inhibitory function of the LRR domain (top). Effector recognition results in a conformational change that allows nucleotide cycling and NLR activation (middle). Catalytic activity of the NB domain triggers a second conformational change that exposes the N-terminal domain (bottom) (Bonardi and Dangl, 2012).

Fig. 19 :

 19 Fig. 19: a) structure of TIR domain. Five strands indicated by different colors (Toshchakov and Javmen, 2020); b) structure of CC domain. Four-helix bundle α1-α4. (Hao et al., 2013).

Fig. 20 :

 20 Fig. 20: Pathways for the salicylic acid biosynthesis in plants. a) the isochorismate synthase (ICS) pathway in A. thaliana. Chorismate is converted to isochorismate (IC) by ICS1/ICS2 in plastids. IC is transported to cytosol by the MATE transporter Enhanced Disease Susceptibility 5 (EDS5). AvrPphB

Fig. 21 :

 21 Fig. 21: Chemical structures of natural auxins in plants: indole-3-acetic acid, 4-chloroindole-3-acetic acid, phenylacetic acid (PAA), indole-3-propionic acid and inactive auxin precursors indole-3-butyric acid.

Fig. 22 :

 22 Fig. 22: Molecular structures of (a) long PIN proteins (PIN1-4, 6 and 7) and (b) short PIN proteins (PIN5 and 8). The PIN proteins harbor a typical central long hydrophilic loop (HL) between aminoand carboxy-terminal ends with five transmembrane domains (TD) spanning on the plasma membrane (PM). The phosphosites on the HL of long PINs are shown (Zhou and Luo, 2018).

Fig. 23 :

 23 Fig. 23: Structure and composition of cytokinins. Structures of various cytokinins (CKs). N 6-(Δ2isopentenyl) adenine (iP), trans-zeatin (tZ), cis-zeatin (cZ), dihydrozeatin (DZ), and ortho-topolin (oT) are shown as representative natural CKs. Kinetin and thidiazuron (TDZ) may activate cytokinin receptors when administered, but are not physiological regulators of plant growth[START_REF] Osugi | Q&A: How do plants respond to cytokinins and what is their importance?[END_REF].

Fig. 25 :

 25 Fig. 25:Overview of the A. thaliana root apical meristem, its tissues and the main processes contributing to its primary and secondary growth. Representation of an A. thaliana root apex, with its tissue layers and its longitudinal zonation. The root apical meristem can be outlined as a series of concentric cylinders where each cylinder represents a tissue wrapping the inner ones: the vascular tissue (Vasc) as the inner tissue; then, the pericycle (Per); the endodermis (End); the cortex (Cor); the epidermis (Epi); the lateral root cap (LRC) as the outermost protective tissue. Basally and externally, the columella (Col) covers the tip of the meristem. The different root zones are false-colored to highlight the corresponding cell process occurring there. The SCN is composed by the organizing cells and a group of five sets of stem cells that divide asymmetrically and anticlinally, giving rise to meristematic daughter cells that generate all root tissues. In the DZ (in cyan), daughter cells undergo a finite number of stereotyped cell divisions. When the transit-amplifying cell population reaches the EZ (in purple) cells exit the cell cycle and start to acquire the tissue-specific morphological and genetic landmarks that lead to their terminal differentiation. Arrows indicate primary and secondary growth direction in the root[START_REF] Svolacchia | Arabidopsis primary root growth: let it grow, can't hold it back anymore![END_REF].

Fig. 26 :

 26 Fig.26: Blumeria graminis f. sp. hordei infecting barley. Barley powdery mildew infected plants at 5-6 dpi, showing emergence of white pustules as disease symptoms. At this stage, the leaves are green and turgescent[START_REF] Lambertucci | Analysis of Barley Leaf Epidermis and Extrahaustorial Proteomes During Powdery Mildew Infection Reveals That the PR5 Thaumatin-Like Protein TLP5 Is Required for Susceptibility Towards Blumeria graminis f. sp. hordei[END_REF].

Fig. 27 :

 27 Fig. 27:The infection process of Blumeria graminis on barley[START_REF] Money | Chapter 2 -Fungal Cell Biology and Development[END_REF].

Fig. 28 :

 28 Fig. 28: Papillae formation in the case of penetration failure in A. thaliana. a) Representative images of papillae, formed after 24 h after inoculation with Bgh spores on the 4-weeks-old A.thaliana plants. Trypan blue staining and bright field imaging (upper panel), aniline blue staining and UV excitation (lower panel). White arrow indicates papillae structure; Scale bar: 5 µm; b) General structure of papillae (Underwood and Somerville, 2008).

Fig. 29 :

 29 Fig. 29: Transmission electron micrographs of Bgh on Arabidopsis, 48 hpi. Osmiophillic (darkly stained) bodies in the papilla and the layering of osmiophillic substances (arrowhead). CP, cytoplasm;

Fig. 30 :

 30 Fig. 30: Domain architecture of major plant SNARE subfamilies and molecular mechanics of SNARE complex formation and vesicle fusion. a) Scheme of the general domain organization of plant SNARE proteins; b) Scheme of the principle of binary and ternary SNARE complex formation[START_REF] Lipka | SNARE-Ware: The Role of SNARE-Domain Proteins in Plant Biology[END_REF].

Fig. 31 :

 31 Fig. 31: Sequencing of β1-1 and β2-1 T-DNA insertion sites confirmed the positions of the T-DNA inserts within PI-4Kβ1 (intron7) and -4Kβ2 (intron 8) in these two lines[START_REF] Preuss | A role for the RabA4b effector protein PI-4Kbeta1 in polarized expansion of root hair cells in Arabidopsis thaliana[END_REF].

Fig. 32 :

 32 Fig. 32: Schematic representation of gene structure indicating the location of T-DNA insertions. For WRKY70 indicates primer positions.

  CycB1::GUS[START_REF] Colón-Carmona | Spatio-temporal analysis of mitotic activity with a labile cyclin-GUS fusion protein[END_REF] and DR5::GUS[START_REF] Ulmasov | Composite structure of auxin response elements[END_REF] were

  CycB1::GUS[START_REF] Colón-Carmona | Spatio-temporal analysis of mitotic activity with a labile cyclin-GUS fusion protein[END_REF] and DR5::GUS[START_REF] Ulmasov | Composite structure of auxin response elements[END_REF], 35S::GFP-SYP121 and pUBC::Lifeact-GFP constructs were introduced into the pi4kβ1β2 background by crossing, and homozygous F2 or later seeds were used. For CycB1::GUS and DR5::GUS selection was made by PCR specific to GUS until a homozygous line was obtained. For 35S::GFP-SYP121 and pUBC::Lifeact-GFP selection was made by microscopy until all plants had GFP shining.

Fig. 33 :

 33 Fig. 33: PCR genotyping for analysis of T-DNA insertion mutant plants. LP: Left primer; RP: Right primer and LB: Left border primer, HZ: Heterozygous, HM: Homozygous (Batth et al., 2020).

  Zeiss LSM 880 inverted confocal laser scanning microscope (Carl Zeiss AG, Germany) was used with a 40x C-Apochromat objective (NA=1.2 W). Fluorescence signals were processed with Zen Blue software (Zeiss) where PIN2 distribution was evaluated as a ratio of mean fluorescence intensity at the apical plasma membrane to mean intracellular fluorescence intensity of individual cells. Fluorescence associated with LifeAct-GFP, PEN1-GFP or DII-VENUS was acquired by excitation at 488 nm and emission at 490-540 nm for GFP. Fluorescence associated with 2xFAPP1-mCherry or 2xmCHERRY-2xPH(PLC) was acquired by excitation 552 nm and emission at 610-650 nm. Fluorescence associated with mCitrine-1xPASS was acquired by excitation 488-515 nm and emission at 525-550 nm.Images were acquired in z-stacks (step size 0.43 μm, 10-20 sections per stack). LifeAct-GFP signal density, DII-VENUS signal intensity or signal intensity associated with lipid sensors were calculated by FiJi software as the percent occupancy of GFP signal in each maximum intensity projection. For each variant, fluorescent intensity of at least 5 roots were analyzed with 1-5 ROI (region of interest) per 1 root (ROI corresponding to one entire cell for actin; ROI corresponding to meristematic zone for DII-VENUS). For analyzing the skewness, all zstack images were skeletonized and projected using a plugin moment calculator; the skewness of the actin filaments, indicating the degree of actin bundling, was measured[START_REF] Lu | Quantitative Evaluation of Plant Actin Cytoskeletal Organization During Immune Signaling[END_REF]. For tracking PIN2:GFP distribution in WT and pi4kβ1β2 over time, ten frames were continuously obtained by confocal microscopy to track the movement of PIN2:GFP in root epidermis cells in the transition zone and compiled to a movie. PIN2:GFP subcellular distribution and cell properties were monitored on a Zeiss LSM880 microscope (AxioObserver, objective C-Apochromat 40x/1.2 W Korr FCS M27, Filter 493-598, Laser 488 nM, using zoom factor 6. Original picture size was 35,42 μm x 35,42 μm, scale bar is 10 μm. For root hair video showing cytoplasmic streaming, maximum intensity projections of a Zstack of a root hair were taken over time. Fluorescent and bright-field channelsare presented together. Fluorescent channel: visualization of cytoplasmic streaming in root hair cell outgrowing a root hair, based on differential movement of fluorescent intracellular structures in the line PIN2::PIN2:GFP compared to the mutant expressing PIN2:GFP. The movie was reconstructed from confocal pictures captured in 20 frames (time-lapse) and in 18 (WT background)/19 slices (mutant background) through the root hair along the z-axis. Original picture size is 106.27 μm x 106.27 μm, pictures were captured with EC Plan-Neofluar 20x/0.50 (WD=2.0 mm) objective, using zoom factor 4. Scale bar is 10 μm. Brightfield channel: visualization of cytoplasmic streaming in a movie reconstructed from confocal pictures captured in 20 frames (time-lapse) and in 18 (WT background)/19 slices (mutant background) along the root hair in the z-axis. Original picture size is 106.27 μm x 106.27 μm, pictures were captured with EC Plan-Neofluar 20x/0.50 (WD=2.0mm) objective, using zoom factor 4. Scale bar is 10 μm.

  seedlings were fixed 1 h with 4% (w/v) paraformaldehyde dissolved in MTSB (Modified Tryptone Soy Broth) (50 mM PIPES, 5 mM EGTA, 5 mM MgSO 4 •7H 2 O pH=7, adjusted with KOH), at room temperature, with no vacuum. In the robot, the procedure started with several washes with MTSB-T (MTSB+0.01% (v/v) TritonX-100) then cell walls were digested with 0.05% (w/v) Pectolyase Y-23 in MTSB-T and membranes were permeated with DMSO/Igepal in MTSB-T. Samples were blocked with BSA (blocking solution: 2% (w/v)

Fig. 34 :

 34 Fig. 34: Impaired root growth and morphological characteristics of the pi4kβ1β2 mutant. a) representative pictures of the apical root parts of 11-day-old seedlings of A. thaliana WT and the

Fig. 35 :

 35 Fig. 35: Cortical cell length of 11-day-old seedlings of A. thaliana WT and pi4kβ1β2 mutant; Student t-test, n=200.

Fig. 36 :

 36 Fig. 36: Regularity of trichoblast (green) and atrichoblast (magenta) cell lines of 7-day-old seedlings of A. thaliana WT and pi4kβ1β2 mutant, scale bar: 100 μm.

Fig. 37 :Fig. 38 :

 3738 Fig. 37: Auxin-related phenotypes of the pi4kβ1β2 mutant. a) primary root length of 11-day-old seedlings in response to different IAA concentrations, n=22. Central line of the boxplots represents the median, circles represent individual values; p-value is indicated for significantly different groups; t-test with correction for multiple comparisons; b) Elongation rate of primary root under gravistimulation, n=10; c, root tip orientation angle, n=10; c) gravitropic assay, 5-day-old seedlings were rotated to 90° on a horizontal microscope, images were taken every hour. Asterisks indicate

Fig. 39 :

 39 Fig. 39: Response to phytohormones of 11-day-old A. thaliana WT and pi4kβ1β2 mutant seedlings, 7 days after their transfer to square Petri plates containing the same medium supplemented or not with hormones. a) IAA, cortical cell length, n=22; b) IAA, meristem length, n=22; c) SA, primary root length, n=10; d) BAP, primary root length, n=10. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every growing condition; one-way ANOVA with Tukey-HSD post-hoc test.

Fig. 40 :

 40 Fig. 40: Representative images of the gravitropic assay of 5-day-old seedlings of WT and pi4kβ1β2 mutant. Seedlings cultivated vertically were rotated at 90° and imaged on a horizontal microscope for 7 h (one image per h), scale bar: 200 μm.

Fig. 41 :

 41 Fig.41: Enrichment in GO categories in the sets of genes induced (230 genes) or repressed (264 genes) in pi4kβ1β2 versus WT (Biological processes, molecular functions, cellular components). To focus on the most significant changes, we applied a log2 fold change filter. Genes with the differential expression higher or lower than 1.5 were classified using the Classification SuperViewer Tool developed by(Provart and Zhu, 2003). The classification source was set to Gene Ontology

Fig. 42 :

 42 Fig. 42: Transcript levels of selected up-and down-regulated genes in pi4kβ1β2 plants versus the WT. a) selected genes, with the log2 fold change as detected in the NGS experiment; b) transcript levels of the selected genes as measured by qPCR; Root samples were collected from 11-day-old seedlings of A. thaliana WT and the pi4kβ1β2 mutant. Values were normalized to the WT. TIP41 was

Fig. 43 :

 43 Fig. 43: The 20 most induced (a) and 20 most repressed (b) genes for pi4kβ1β2 mutant roots versus WT roots.

Fig. 44 :

 44 Fig. 44: Transcriptomic analysis of pi4kβ1β2 roots. a) similarity between the pi4kβ1β2 roots transcriptome (compared to WT) and the stress-, hormone-or temperature-responsive transcriptomes. The 200 genes most up-regulated in pi4kβ1β2 roots compared to the WT and the

Fig. 45 :

 45 Fig. 45: Auxin sensitivity of the pi4kβ1β2 mutant. a) representative images of DR5-GUS activity in 5-day-old roots and cotyledons in the presence or not of 0.01 µM IAA for 12 h, scale bar: 100 µm. b) DR5-GUS quantification, % of GUS-stained area in root meristem, n=10; c) representative

Fig. 46 :Fig. 47 :

 4647 Fig. 46: Quantitation of IAA metabolites and conjugates in 7-day-old shoots, n=6; Central line of the boxplots represents the median, circles represent individual values; p-value is indicated for significantly different groups, nsnon significant; unpaired t-test.

Fig. 48 :

 48 Fig. 48: Visualization of PIN2 subcellular distribution by confocal microscopy. a) distribution of PIN2 along the PM in WT roots, immunostaining; b) distribution of PIN2 along the PM in pi4kβ1β2 roots, immunostaining; c, d, e) show PIN2 signal overlapping with FM4-64 dye, (c, FM4-

Fig. 49 :

 49 Fig. 49: 3D reconstruction root immunostaining against PIN2. Merged 3D reconstruction of pictures taken along the z-axis of the fluorescent channel to track distribution of PIN2 along the plasma membrane in a, WT and b, pi4kβ1β2 background. Scale bar: 10 mm. Color lines represent axes in 3D reconstruction (X-red, Y-green, Z-Blue).

Fig. 50 :

 50 Fig. 50: 3D reconstruction root epidermis cell transition zone. Merged 3D reconstruction of pictures taken along the z-axis of the brightfield and fluorescent channel of PIN2:GFP distribution along the plasma membrane and vacuole morphology in a, WT and b, pi4kβ1β2 background. Scale bar: 10 mm.

Fig. 51 :

 51 Fig. 51: Actin reorganization in the pi4kβ1β2 mutant in response to latrunculin B. Five-day-old seedlings expressing pUBC::Lifeact-GFP were sprayed with 10 µM latB. a) representative maximum intensity projections of root epidermis of WT and pi4kβ1β2 plants; confocal microscopy, scale bar: 10 μm.; b) quantitative analysis of the density (expressed as percentage of occupancy) of actin filament arrays in epidermal cells; c) quantitative analysis of the extent of filament bundling (expressed as skewness) in epidermal cells. Central line of the boxplots represents the median, plus represents the mean; circles represent individual values; p-value is indicated for significantly different time points within each genotype and for the comparison of genotypes immediately after treatment; one-way ANOVA with Tukey HSD post-hoc test; n=10.

Fig. 52 :

 52 Fig. 52: Salicylic acid content of WT and pi4kβ1β2 roots. Whole root systems (50-100 mg FW per sample) were harvested from 7-day-old vertical grown seedlings, n=6; Student t-test.

Fig. 53 :

 53 Fig. 53:Working model for the impact of pi4kβ1β2 mutations on root length. The pi4kβ1β2 mutations lead to an altered actin cytoskeleton, an altered vesicle trafficking and an altered sensitivity to auxin including ate the gene expression level. Altered trafficking can be linked to PI4K interacting with small G proteins like Rab or Rho proteins; it could also be a consequence of the weakened cytoskeleton. It is hypothesized that both altered cytoskeleton and trafficking prevent a correct cytokinesis. Finally, we propose that the short root phenotype results from multiple causes: altered actin cytoskeleton, altered cytokinesis, altered trafficking, and altered auxin responses.

Fig. 54 :

 54 Fig. 54: Phospholipid sensors in WT. Four-week-plants were inoculated with Bgh and the microscopy was done after 24 h. a) representative images of PI4P signal in papillae, sensor 2xFAPP1-mCherry; b) representative images of PA, sensor mCitrine-1xPASS; c) representative images of PI(4,5)P 2 , sensor 2xmCHERRY-2xPH(PLC). Scale bars: 5 µm

Fig. 55 :

 55 Fig. 55: a) representative images of five types of interactions counted in the penetration success analysis after trypan blue staining; Scale bars: 5 µm. b) data showing penetration success category of Bgh 24 hpi in each genotype: the mean number of cells with either haustoria or dead cells, respectively; (3 repetitions together, n=300 spores for each genotype); c) penetration success in WT and pi4kβ1β2 mutant; Student t-test, n=3.

Fig. 56 :

 56 Fig. 56: PI4P accumulation in papillae, sensor 2xFAPP1-mCherry. Four-week-old plants were inoculated with Bgh for 24 h and observed by confocal microscopy. a) representative images of PI4P

Fig. 57 :

 57 Fig. 57: GFP-SYP121 accumulation in papillae, under 35S::GFP-SYP121 promoter. Four-week-old plants were inoculated with Bgh for 6, 24 and 48 h and noted by confocal microscopy. a) GFP-SYP121 in papilla for WT, Scale bars: 5 µm; b) GFP-SYP121 in papillae for pi4kβ1β2 mutant (increased intensity), Scale bars: 5 µm; c) transcript levels of YFP in WT and pi4kβ1β2 mutant with or without Bgh; d) transcript levels of PEN1 in WT and pi4kβ1β2 mutant with or without Bgh; one-way ANOVA with Tukey HSD post-hoc test.

IFig. 58 :

 58 Fig. 58: Hypothesis concerning pi4kβ1β2 susceptibility. PI4K mutation leads to reduced levels of PEN1 protein that results in the forming non-effective papillae and causes susceptibility to Bgh.

Fig. 59 :

 59 Fig. 59: Diagram illustrating the distribution of host phosphoinositide species in different membrane compartments associated with an E. cichoracearum haustorium in infected epidermal cells; ha, haustorium; Tn, tonoplast; PM, plasma membrane; en, encasement (Qin et al., 2020).

Fig. 60 :

 60 Fig. 60: Hypothesis concerning pi4kβ1β2 susceptibility. PI4K mutation leads to reduced levels of PEN1 protein and altered actin cytoskeleton. Both would result in the forming non-effective papillae and cause susceptibility to Bgh.

Fig. 61 :

 61 Fig. 61: Effect of a fls2 mutation on SA-related phenotypes. a) relative rosette size, n=6; b) PR1 expression, n=4; c) P. syringae proliferation, n=6; d) callose deposition, n=9. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every genotype (one-way ANOVA, Tukey HSD, P < 0.05).

Fig. 62 :

 62 Fig. 62: a) PEPR1 receptor localization in WT (left panel) and pi4kβ1β2 (right panel) in the differentiation zone, Scale bar: 10 µm; b) PEPR2 receptor localization in WT (left panel) and pi4kβ1β2 (right panel) in the differentiation zone, Scale bar: 10 µm; c) PEPR1 receptor localization in WT (left panel) and pi4kβ1β2 (right panel) in the meristem zone, Scale bar: 10 µm; d) root growth inhibition of WT and pi4kβ1β2 plants in the presence of 50 nM pep1, n=10 (one-way ANOVA, Tukey HSD, P < 0.05).

Fig. 63 :

 63 Fig. 63: Effect of pepr1 and pepr2 mutations on SA-related phenotypes. a) relative rosette size of WT, single mutant sid2, pepr1, pepr2, double mutant pi4kβ1β2, triple mutant sid2/pi4kβ1β2, pepr1/pi4kβ1β2, pepr2/pi4kβ1β2 and quadruple mutant pepr1/pepr2/pi4kβ1β2, n=6; b) PR1 expression, n=4; c) P. syringae proliferation, n=6; d) callose deposition, n=9. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every genotype; one-way ANOVA with

Fig. 64 :

 64 Fig. 64: Effect of a snc1-11 mutation on SA-related phenotypes. a) relative rosette size, n=6; b) PR1 expression, n=4; c) P. syringae proliferation, n=6; d) callose deposition, n=10. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every genotype; one-way ANOVA with Tukey-HSD post-hoc test, P < 0.05.

Fig. 65 :

 65 Fig. 65: Effect of a cerk1 mutation on SA-related phenotypes. a) relative rosette size, n=6; b) P. syringae proliferation, n=6; c) callose deposition, n=10. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every genotype; one-way ANOVA with Tukey-HSD post-hoc test, P < 0.05.

Fig. 66 :

 66 Fig. 66: Effect of a bak1 mutation on SA-related phenotypes. a) relative rosette size, n=6; b) PR1 expression, n=4; c) P. syringae proliferation, n=6; d) callose deposition, n=9. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every genotype; one-way ANOVA with Tukey-HSD post-hoc test, P < 0.05.

Fig. 67 :

 67 Fig. 67: Effect of a wrky70 mutation on SA-related phenotypes. a) relative rosette size area, n=6; b) rosette weight, n=12; c) relative expression PR1, n=4; d) resistance to the P. syringae. Infiltration treatment of 4-week-old plants, n=7; e) quantification of callose deposition, n=10; f) relative expression WRKY70, n=3. Central line of the boxplot represents the median; circles represent individual values from three biological repeats. Different letters indicate variants significantly different in every genotype; one-way ANOVA with Tukey-HSD post-hoc test, P < 0.05.

  was measured. No reversion was observed in other tests. It was surprising to see the normal localization of the PEPR receptor in pi4kβ1β2 mutants and its functionality in sensing pep1.In both WT and pi4kβ1β2 mutants, PEPR1 and PEPR2 receptors are localized on the membrane and in the vesicles; in the differentiation zone. PEPR1 signal was also observed in the meristem zone. Several papers have been published on the localization patterns of PEPR1 and PEPR2 receptors. To clarify localization patterns,[START_REF] Ortiz-Morea | Danger-associated peptide signaling in Arabidopsis requires clathrin[END_REF] expressed the genomic sequences of PEPR1 and PEPR2 fused with GFP under their native promoters.

  been shown that PUB12 and PUB13, U-box E3 ubiquitin ligases, polyubiquitinated FLS2 and promoted flagellin-induced FLS2 degradation. FLS2-BAK1 complexes localize predominantly at the plasma membrane and continuously cycle between plasma membranes and internal TGN/early endosome compartments. TGN/early endosome compartments are enriched for PI-4P through the recruitment of PI4Kβ1β2 by active RabA4B. The presence of RabA4B and PI-4P recruits PUB13. Upon flg22, flg22-FLS2-BAK1 complexes are rapidly internalized and ubiquitinated by PUB13 in TGN/early endosome compartments containing RabA4B and RabA4B-recruited PI4Kβ1β2. Loss of PI-4P and/or PUB13 on RabA4Bassociated TGN/EE compartments interferes with the recycling of FLS2-BAK1 to the plasma membrane (non elicited cells) or the sorting and turnover of flg22-FLS2-BAK1 complexes in multivesicular body/vacuole compartments (elicited cells) (Fig. 68).

Fig. 68 :

 68 Fig.68: Model for the RabA4B-mediated recruitment of PUB13 and PI4Kβ1/β2 to regulate the plant defense response(Antignani et al., 2015, p. 13).

Fig. 69 :

 69 Fig. 69: Comparing the PUB12/13 functioning in the WT plants, pub13 mutants and pi4kβ1β2 mutants. a) normal functioning of PUB12/13 in WT plants; b) pi4kβ1β2 mutants hypothesized altered PUB12/13 activity that leads to constitutive immunity; c) in pub13 mutants accumulation of receptors in the plasma membrane.

  mutant). Definitely SA content should be measured for the full set of plants. The partial reversions of bak1-4/pi4kβ1β2 mutants in PR1 expression could mean less SA level in the mutant compared to pi4kβ1β2 double mutant. The single mutant bak1-4 have normal SA level(Yang Gao 2017). It would be also interesting to see the PR1 expression also for quadruple mutant bak1-4/pi4kβ1β2/sid2. It could have full reversion. Concerning the test with P. syringae, it was unexpected to see the higher resistance of bak1-4/pi4kβ1β2 mutants compared to pi4kβ1β2 plants. It would be nice to confirm with other pathogens, like Botrytis cinerea and other pathogens. The same trend was with callose measurements that also need to be checked in response to other pathogens. Single mutant bak1-4, as expected, have the same resistance as WT plants (BirgitKemmerling 2007). These phenotypes I saw might result from two things: effects on SA and effect on brassinosteroid signaling. BAK1 has a dual role: from brassinolide (as an interactor of the LRR-RK Brassinosteroid (BR)-Insensitive 1 (BRI1),

Fig. 70 :

 70 Fig. 70: Working model showing WRKY70-mediated cross talk between SA-and JA-dependent defense signaling.Recognition of a particular pathogen or pathogen-derived elicitor may trigger the synthesis of SA or JA (or both) and lead to subsequent activation of the corresponding signal pathways. The balance between the two pathways determines the level of WRKY70 expression. As a consequence, WRKY70 level determines which type of response is favored. High WRKY70 levels activate expression of SARrelated genes while repressing JA-responsive gene expression. Conversely, low WRKY70 levels favor JA-responses over SAR. Thus, WRKY70 acts directly or indirectly by integrating signals from both pathways, the outcome being dependent on the initial signal strength (J.Li et al., 2004).

Fig. 71 :

 71 Fig. 71: Transcript levels of SARD1 and CBP60g genes in pi4kß1ß2 seedlings versus the WT with the log2 fold change as detected in the NGS experiment (root data).

Fig. 72 .

 72 I will now describe the main conclusions based on the main known facts about the mutant and the intermediate tests carried out to understand the relationship between the cause of the absence of the kinase and the corresponding consequences.

Fig. 72 :

 72 Fig. 72: General working model of PI4K deficiency. The bigger blue box represents the main aim of the study -role of type III PI4Ks. Three smaller blue boxes are the main consequences of PI4K deficiency. Grey boxes are facts that were investigated in this work or are not confirmed yet (hypothesis). Hypothesis boxes contain question marks inside. Short roots were studied in seedlings; where no SA accumulation occurs. But SA accumulation, when it occurs, can impact auxin homeostasis. Dashed lines are not confirmed links. Black lines are confirmed links.

  

  

  

  

  

  

  

Table 1 .

 1 Proteins that contain PH domains in A

Table 2 .

 2 A. thaliana Phox homology domain proteins. Domain structures of A. thaliana proteins containing PX domains.

	Abbreviations: PH, pleckstrin homology; PLD, phospholipase D; PXA, PX-associated domain; SPEC,
	Spectrin repeats; SNX sorting nexin-like		
	No	Name	Domains	AGI
	1	PLD zeta1	PX+PH+2PLD At3g16785-90
	2	PLD zeta2	PX+PH+2PLD At3g05630
	3	SNX5	PX	At3g48195
	4	SNX4	PXA+PX	At2g15900
	5	SNX3	PXA+PX	At1g15240
	6	EREX	PX	At3g15920
	7	EREX-like	PX	At2g25350
	8	EREX-like 1	PX+SPEC	At4g32160
	9	SNX1	PX	At5g06140
	10	SNX2b	PX	At5g07120
	11	SNX2a	PX	At5g58440

Table 3

 3 

	), that could be divided

Table 3 .

 3 A. thaliana FYVE domain proteins. Domain structures of A.

	thaliana proteins containing

2.1.3.3.2 PIP2 binding by PLD

  

	Fig. 11: A. thaliana PLD domain structures and distinguishable biochemical properties.
	C2 domain (PLDα (1-3), β (1, 2), γ (1-3), δ, ε); PX domain and a PH domain (PLDζ1 and PLDζ2)
	(Qin and Wang, 2002).
	PI(4,5)P 2 binding can enhance substrate affinity of the PLD enzymes. PI(4,5)P 2 is required
	for the activity of PLDβ, γ, and ζ. PLDαs and ε are active without PI(4,5)P 2 which correlates
	. The PLDζ1 and
	PLDζ2 are distinctively different from other PLDs; they have PX and PH domains. PLDε is
	distinctively different from the other 11 PLDs in A. thaliana. It has the C2 structural fold, but
	contains no acidic residues involved in Ca 2+ binding in the C2 domain. PLDε is the one that
	is most closely related to the PX/PH PLDζs.

Table 4 .

 4 PAMPs perceived by plant cells.

	PAMPs	Active motif	Pathogen	Reference
	flagellin	flg 22 (amino terminal	Gram negative bacteria (Gómez-Gómez et al.,
		fragment of flagellin)	2001)	

Table 5 .

 5 DAMPs perceived by plant cells[START_REF] Hou | Damage-Associated Molecular Pattern-Triggered Immunity in Plants[END_REF].

	Category	DAMPs	Molecular	Source or	Receptor or	Plant	Reference
			structure or	precursor	signaling		
			epitope		regulator		
	Epidermis	Cutin monomers C16, C18	Epidermis	-	Arabidopsis	(Fauth et al.,
	cuticle		hydroxy and	cuticle		thaliana,	1998)
			epoxy fatty			Solanum	
			acids			lycopersicum	
	Cell wall	Oligogalacturoni	Polymers of 10-	Cell wall pectin	WAK1 (A.	A. thaliana,	(Galletti et al.,
	polysaccharide	des	15 a-1-4-linked		thaliana)	Glycine max,	2011)
	fragments or		GalAs			Nicotiana	
	degrading					tabacum	
	products						
		Cell oligomers	Polymers of 2-7	Cell wall	-	A. thaliana	(Souza et al.,
			ß-1,4-linked	cellulose			2017)
			glucoses				
		Xyloglucan	Polymers of ß-				(Claverie et al.,
		oligosaccharides	1,4-linked				2018)
			glucose with				
			xylose,				
			galactose, and				
			fructose side				
			chains				
		Methanol	Methanol	Cell wall pectin	-	A. thaliana, N.	(Dixit et al.,
						tabacum	2013)
	Apoplastic	CAPE1	11-aa peptide	Apoplastic PR1	-	A. thaliana, S.	(Chen et al.,
	peptides and					lycopersicum	2014)
	proteins						
		GmSUBPEP	12-aa peptide	Apoplastic	-	G. max	(Pearce et al.,
				subtilase			2010)
		GRIp	11-aa peptide	Cytosolic GRI	PRK5	A. thaliana	(Wrzaczek et al.,
							2015)
		Systemin	18-aa peptide	Cytosolic	SYR1/2	Some	(Wang et al.,
				prosystemin		Solanaceae	2018)
						species	
		HypSys	15-, 18-, or 20-	Apoplastic or	-	Some	(Pearce, 2011)
			aa peptides	cytoplasmic		Solanaceae	
				preproHypSys		species	
		Peps	23-36-aa	Cytosolic and	PEPR1/2	A. thaliana, Zea	(Hander et al.,
			peptides	vacuolar		mays, S.	2019)

  Secondary root growth includes continuous generation of vascular tissues due to the activity of the vascular cambium, a bifacial lateral meristem. The cambium forms both types of vascular tissue -water-transporting xylem and sugar-transporting phloem.Plant hormones (auxin, gibberellin (GA), CK, BR, ABA, ET and JA) regulate plant growth and root development. Different hormones regulate root architecture differently. BR positively regulates lateral root whereas, ABA, GA, JA, ET, CK, inhibit lateral root development. Conversely, primary root development is positively regulated by BR, root hair development positively regulated by BR and ET[START_REF] Saini | Auxin: a master regulator in plant root development[END_REF].In A. thaliana, CK stimulates cell differentiation, inhibiting both auxin transport and signaling. CK and auxin regulate root meristem size and ensure root growth. CK signaling is regulated by a negative feedback loop with Short hypocotyl2 (SHY2) gene. SHY2 is a member of the auxin repressor Aux/IAA gene family[START_REF] Chapman | Cytokinin and auxin intersection in root meristems[END_REF]. CK directly activates SHY2 gene transcription, which negatively regulates PIN genes that are responsible for auxin transport and distribution. In comparison, auxin triggers the degradation of SHY2

Table 6 .

 6 Classification of pathogenesis-related proteins(Saboki, n.d.).

	Families	Properties	Example
	PR-1	Antifungal	Tobacco PR-1a
	PR-2	β-1,3-Glucanase	Tobacco PR-2
	PR-3	Chitinase type I, II, IV, V, VI, VII	Tobacco P, Q
	PR-4	Chitinase type I, II	Tobacco "R"
	PR-5	Thaumatin-like	Tobacco S
	PR-6	Proteinase inhibitor	Tomato inhibitor I
	PR-7	Endoproteinase	Tomato P69
	PR-8	Chitinase type III	Cucumber chitinase
	PR-9	Peroxidase	Tobacco "lignin-forming peroxidase"

Table 7 .

 7 List of primers used for genotyping.

	Name	FP

Table 8 .

 8 List of primers used for qPCR.

	Gene ID Name	FP	RP
	AT1G04240	SHY2	GCTCTAGAATGGATGAGTTTGTTAACC	TCGCCCGGGTACACCACAGCCTA
				AACC
	AT5G23060	CaS	GGCTCAAACGCTTGACCTTC	CACGCGGTTCTTAGCATTCG
	AT1G44575	NPQ4	CATTGGAGCTCTCGGAGACAGAGGAA	CTCGTTCGCCTTCGTGAACCCAA
				ACAAT

  . I think it would be useful to perform confocal imaging If PLD is responsible for PA accumulation during Bgh interaction, I expect to detect less PA in papillae. Similarly, I should check penetration success in the presence of n-butanol. If the PA is necessary for papillae formation, I would see it with microcopy.If the n-butanol data are encouraging, then in a second time I would try to check penetration success during Bgh interaction in different PLD mutants. As mentioned in the introduction PLDs are encoded in a multigenic family comprising 12 members. Amongst the PLDs, some are PI(4,5)P 2 -dependent, some are not. The PI(4,5)P 2 dependent ones are of particular interest, but I think it wiser to check all the mutants. To deal with possible redundancy, the use of multiple mutants might be necessary. The teams of my thesis, that are experts in lipid signaling, already possess different pld mutants, by T-DNA insertion. Yet, the use of the cas9/crispr system for genome editing might be suitable to mutate different genes of the same subtype (like PLDβs or PLDγs). Yet, this work has already been done, in 2013 Francesco

	colocalization of PI(4,5)P 2 signals with the FM4-64-labeling in the pi4kβ1β2 mutant plant
	with and without Bgh inoculation. Considering that the mutant has a trafficking disorder,
	PI(4,5)P 2 signals in Bgh-infected and noninfected cells will be coupled with less or no
	PI(4,5)P 2 signals, associated with reduced PM trafficking. Altered PM trafficking could be
	the reason for decreased content of crucial papillae components.
	Finally, visualizing the PI4K (β1, β2 and also a1 forms) and PI4P5K1 and PI4P5K2 enzymes
	should be done during fungal inoculation. It might be interesting to see the exact localization
	of the enzyme at the time of papilla formation.
	Besides, since I detected PA in papillae during A. thaliana -Bgh interaction, it would be
	necessary to investigate where it comes from. A pharmacological approach can help have
	ideas. Adding n-butanol during the interaction would reduce the production of PA by PLD
	(due to the transphosphatidylation that produces phosphatidyl-butanol detrimentally to PA). I
	would first check PA level with the mCitrine-1xPASS sensor in WT in presence of n-butanol.

Cytokinin perception occurs due to a two-component signaling pathway, such as A. thaliana histidine-containing phosphotransfer proteins (AHPs) and A. thaliana response regulators (ARRs) [START_REF] Hwang | Cytokinin Signaling Networks[END_REF] (Fig. 24). Fig. 24: Schematic representation of cytokinin signal transduction pathway. This is an example of the signaling intermediates of one of the phytohormones. A. thaliana Histidine Kinase 2, 3, 4 are cytokinin receptors on cell membranes. Dimers of the receptors bind cytokinins such as zeatin. AHP A. thaliana Histidine Phosphotransfer proteins serve as phosphate shuttle from the cytoplasm to the nucleus. ARR A. thaliana Response Regulator proteins are the response regulators that affect the transcription of downstream target genes that are activated by cytokinins [START_REF] Ramamoorthy | Molecular Genetic Strategies for Enhancing Plant Biomass for Cellulosic Ethanol Production[END_REF].

Brassinosteroids

BRs are a class of steroid hormones in plants that regulate a wide range of physiological processes including plant growth, development and immunity. The most active BR, BL.

The most abundant BRs are BL and castasterone, produced in various plant organs and acting mostly in the neighboring cells and tissues [START_REF] Clouse | BRASSINOSTEROIDS: Essential Regulators of Plant Growth and Development[END_REF]. The physiological effects of brassinosteroids rely on specific recognition of the compound by a protein complex including LRR-RLKs BRI1 [START_REF] Nam | BRI1/BAK1, a Receptor Kinase Pair Mediating Brassinosteroid Signaling[END_REF] and BAK1, which in turn initiates an intracellular phosphorylation relay cascade [START_REF] Russinova | Heterodimerization and Endocytosis of Arabidopsis Brassinosteroid Receptors BRI1 and AtSERK3 (BAK1)[END_REF]. BRI1 subsequently phosphorylates its inhibitor BKI1 and induces its dissociation from the plasma membrane regulated, respectively, in pi4kβ1β2 roots compared to WT roots. To be more stringent, we then only considered the genes passing a threshold of log2 fold change of 1.5. On these genes we performed a Gene Ontology classification (Fig. 41).

Localization of PEPR1 and PEPR2 receptors

The A. thaliana endogenous elicitor peptides (Peps) are released into the apoplast after cell damage and induce immunity by direct binding to the membrane-localized leucine-rich repeat receptor kinases, PEP RECEPTOR1 (PEPR1) and PEPR2 [START_REF] Ortiz-Morea | Danger-associated peptide signaling in Arabidopsis requires clathrin[END_REF]. By sensing Peps, PEPR1 and PEPR2 contribute to the defense response in A. thaliana. Both PEPR1 and PEPR2 are receptor kinases. First, I wanted to check the localization of PEPR1 and PEPR2 receptors in 7-day-old pi4kβ1β2 seedlings and compare it to that in WT plants.

Originally, it was suspected that the pi4kβ1β2 mutants might have a disturbed localisation and/or dynamics of the PEPR1 and/or PEPR2 receptors.

To visualize the receptors, I used PEPR1:YFP and PEPR2:YFP under native promoter lines for confocal imaging. According to preliminary data, PEPR1 and PEPR2 receptors were located in the differentiation zone in both WT and pi4kβ1β2 plants (Fig. 62a,b To test the functionality of pi4kβ1β2 PEPR receptors, I performed a treatment with pep1. My hypothesis was that pi4kβ1β2 mutants might be insensitive to pep1. I checked sensitivity to pep1 by assessing root length.

Ten-day-old seedlings were transferred to plates containing 50 nM pep1 and roots were scanned after 4 days. The biologically active concentration was chosen according to [START_REF] Ortiz-Morea | Danger-associated peptide signaling in Arabidopsis requires clathrin[END_REF]. Incubation with pep1 resulted in root inhibition in WT and the pi4kβ1β2 mutant (Fig. 62d). The mutant plants were thus able to perceive pep1, indicating the functionality of the receptor.

Tukey-HSD post-hoc test, P < 0.05.

Subsequently, the expression of PR1 was checked. In the pi4kβ1β2 plants, there was a constitutively high PR1 expression. No reversion was observed in this test: PR1 expression was at the same level in the pi4kβ1β2 and pepr1/pi4kβ1β2, pepr2/pi4kβ1β2, pepr1/pepr2/pi4kβ1β2 mutant seedlings. The single and double mutants pepr1, pepr2 and pepr1/pepr2 had the same PR1 transcript level as WT (Fig. 63b).

The PI4Kβ1β2 deficiency in the pi4kβ1β2 mutants resulted in resistance to the hemibiotroph P. syringae. To evaluate the resistance to the pathogen, 4-week-old plants were infiltrated with the pathogen. The pepr1, pepr2 and pepr1/pepr2 mutants showed the same pathogen development as observed in the WT. Surprisingly, the pepr1/pi4kβ1β2 triple mutant had also the same resistance as the WT plants. The pepr2/pi4kβ1β2 and pepr1/pepr2/pi4kβ1β2 mutants were not statistically different from pi4kβ1β2. In conclusion, a reversion concerning sensitivity to P. syringae was seen for pepr1/pi4kβ1β2 mutants but was not found in the pepr1/pepr2/pi4kβ1β2 mutants (Fig. 63c). This appears contradictory.

Callose evaluation was chosen for the final test. It was found that pi4kβ1β2 mutants constitutively accumulated a high callose level. This accumulation was mainly SA dependent [START_REF] Pluhařová | Salicylic Acid Mutant Collection" as a Tool to Explore the Role of Salicylic Acid in Regulation of Plant Growth under a Changing Environment[END_REF]. Callose deposition was the same for the plants with the pi4kβ1β2 mutation, regardless of the presence of pepr1 and/or pepr2 mutations. This suggests that there is no reversion. Therefore, mutations in PEPR1 or PEPR2 receptors could partially reverse the size phenotype of the pi4kβ1β2 mutants. However, no reversion was observed in the other phenotypes studied (apart from a single doubtful reversion in the resistance to P. syringae tests). I suggested repeating the rosette size measurements and quantifying the SA level in the different mutants in future studies.

Effect of a snc1 mutation

SNC1 is a TIR-NBS-LRR type of R protein. SNC1 plays a crucial role in the ETI pathway. I used the loss-of-function mutant of SNC1, snc1-11.

For the rosette size there was no reversion: pi4kβ1β2 and snc1-11/pi4kβ1β2 were not statistically different (Fig. 64a).

However, the high expression level of PR1 was only found in the pi4kβ1β2 mutants, while WT and snc1-11/pi4kβ1β2 had the same level (Fig. 64b). It could therefore mean that the 4/pi4kβ1β2/sid2. The same age of the plants and the same test set-up as for the PEPR receptors were used for the evaluation.

The first rosette size test, it was noticeable that the single bak1-4 mutants themselves were smaller than the WT plants (Fig. 66a). In addition, the size of the bak1-4/pi4kβ1β2 rosette was similar to that of pi4kβ1β2 and lower to that of bak1-4. The phenotype was not reverted.

Surprisingly, the quadruple bak1-4/pi4kβ1β2/sid2 mutant did not differ from the bak1-4/pi4kβ1β2 triple mutant, but was smaller than the sid2/pi4kβ1β2 mutant. If the small size of the plants with pi4kβ1β2 mutations were only due to high SA, size reversion, at least partial, should be found in the bak1-4/pi4kβ1β2/sid2 mutant, which was not the case (Fig. 66a).

The evaluation of PR1 expression revealed interesting data. This expression in the bak1-4/pi4kβ1β2 triple mutant was intermediate between that in the bak1-4 mutant and that in the pi4kβ1β2 mutant (Fig. 66b).

In the resistance test, the bak1-4/pi4kβ1β2 mutants were surprisingly even more resistant than the pi4kβ1β2 plants (Fig. 66c). The bak1-4 single mutant had the same resistance as the WT plants. Callose accumulation was also higher in bak1-4/pi4kβ1β2 plants than in pi4kβ1β2 plants (Fig. 66d).

Therefore, the bak1-4 mutation introduces an enhancement of the pi4kβ1β2 phenotypes concerning resistance and callose levels, but leads to a partial reversion for PR1 expression. 
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